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ABSTRACT

This thesis deals with the construction and design of pile

foundations on permafroste. Laboratory creep tests
carried out and support the use of a simple shear
to predict pile creep in permafrost. On the basis
model, design charts were prepared for piles in a
variety of frozen soils. A detailled review of the

on pile creep has confirmed the validity of these

were
analysis
of this
wide
literature

charts,

Numerical methods have been developed to assist data

interpretation of pile creep teste and recommerdations are

glven for conducting field pile tests in permafroste

The wave equation analysis has been adapted for frozen

soils and the dynamics of pile driving in permafrost has

been studieds A review of the literature on driving records

in frozen soils has confirmed the applicability of this

model. Recommendations are given for the use of bored

cast-in-place piles in permafrost. These recommmenda tions

are based on the results of a detailed literature review and

laboratory tests,
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RESUME

L'objet de cette these est d'etudier la construction et
le calcul des fondations sur pleux dans le pergelisole Des
essais de fluage en laboratoire ont confirmée l'interdt d'une
analyse en cisaillement simple des sols, pour predire les
déforma tions differées des pieux dans le pergélisol. Oon a
préparé des abaques, basées sur ce modéle, pour le calcul
des pieux mis en place dans de nombreux types de sols gelese.
Une etude approfondie de la littérature sur le fluage des
pieux a confirmé la validité de ces abaques, On a développé
des meéthodes de calcul numérique pour faciliter l'analysge
des résultats d'essais de fluage de pieux. Or cdonne
Sgalement des directives pour effectuer des essals de
chargement de pileux dans le pergélisol.

Une adaptation aux sols geles de l'anralyse dynamique de
ba ttage des pieux permet d'étudler cette technique dans le
pergéliQol.Une revue de compte-rendus de battage de pleux
dans les sois gelés confirme que cette analyse s'appliques.
On donne des recommandations pour l'utilisation des pieux
fores coulés en place dans le pergélisol; elles sont basees
sur une etude detaillée de le litterature et sur des essals

de laboratoire.
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CHAPTER 1

INTRODUCTION

1.1 Geperpal

Exploration and development of energy resocurces within
the arctic circle in the last two decedes has given
unprecedented impetus for the geotechnical engineering
profession to improve piling practice in permafrost regionse.
Considerable progress has been made with regard to the use
of analytical models to study the interaction between piles
and permafroste. In spite of.this, the constitutive
relationships of frozen soils are still poorly defined and
hence the effectiveness of these enalyses is somewhat
reducede.

Studies of pile construction on permafrost in North
America have been modest. Much of the research has been
directed at improving existing construction technology
(Voodward-Lundgren (1971) and Rooney eX ale (1976) )e The
advent of thermal piles ié a nﬁtable exception to this
trend.

The ma jor objectives of this thesis are to present a

less conservative design procedure for piles in frozen soils



and to qualify the use of bored and driven pilles in

permafrost.

le2 Scope of the Theais

The geotechnical properties of frozen soils are
reviewed in Chapter 2. Existing creep data are examined and
constitutive relationships are proposed for a wide range of
frozen soils. Fracture strength/time-to~failure
relationships with regard to pile driving are also
presented.

The state-of~the-art of piling In permafrost is
reviewed in Chapter 3.

Chapter 4 summarises the results of long-term sinmple
shear creep tests on various frozen soile conducted as vart
of this thesise. The experiments modeled stress transfer at-
the pile/soil interface. In the light of these results an
aralytical model to determine pile creep In frozen soils was
proposed and design curves for piles in a wide range of
frozen soils were presented in Chapter 5. These predicfions
are based on the constitutive relationships outlined in
Chapter 2. In addition a new method of evaluating adfreeze
strengths is proposed.

Chapter 6 presents a theoretical basis for aenalysing
pile driving in frozen soils. Blowcounts and end-bearing
driving stresses are predicted using a modified version of
the wave equation analysis (Smith (1862) ). In addition

guidelines are given for analysing vibratory driving in



permafrost.

Chapter 7 evaluates the feasibility of using bored
cast-in-place concfete piles in permafrost. Recent advances
in cementing technology in permafrost are reviewed and their
application to sub-surface concreting is assessed.

Guldeline§ for conducting pile load tests in permafrost
are given in Chapter 8. These recommendations are based on
the results of theoretical studies of incremental test data
interpretation, short-term creep of compressible piles and
short-term freezeback pressures generated around frozen=-in
pilese.

Chapter 9 suamarises briefly the results of this
research and presents recommendations for pile selection and

design in frozen soils.



CHAPTER 2

GEOTECHNICAL PROPERTIES OF PERMAFROST RELATIVE TO FOUNDATION

DESIGN

221 Introduction

This review includes only the €eo technical properties

of frozen soils that are pertinent to design and

construction of pile foundations in permafroste This

includes creep behaviour at low stresses with regard to pile

design, and fracture behaviour at very high stresses with

regard to pile driving.

2:2 Composition of Frozen Ground

Frozen soil is a complex 4-phase system comprised of
mineral soil particles, ice, water and gasess The
interfacial behaviour of these components 1s governed by
thermodynamic considerations and influenced by external
variables such as stress and temperature.

The size and shape of the mineral grain and the
physico~-chemical nature of its surface strongly influence
the geotechnical properties of frozen grounde.

Notwithstanding this, ice is the most important component

of



frozen soils. The mechanical properties of frozen soil are
do>minated by the visco-plastic nature of icee. The most
important ice type in frozen soils is ice 1 which has a
hexagonal structure.

Unfrozen water exigsts In two states in frozen soil;
namely, strongly bound water and loosely bound water. The
strongly bound water is a layer of water surrounding the
mineral particle. The very high intermolecular forces within
this layer suppress freezing, even at very low tempe ra tures.
The loosely bound water is a water layer surrounding the
strongly bound weter. The intermolecular forces in this
layer are weaker and the water can be frozenes The amount of
unfrozen water present in the frozen soil at a certain
temperature has been empirically related to the specific
surface area of the mineral particles (Anderson and Tice
(1971) ) and approximately related to the liquid limit of
the soil (Tice £t al. (1973) ).

The gaseous phase consists predominantly of water
vapour and is the least important component with respect to
mechanical behavioure.

For a more detailed review the reader is referred to

Anderson and Morgenstern (1973) and to Tsytovich (1975) .
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223 The Geotechunical Properties of Ice
2:.3.1 Rheological Deformation Processes in
BPolycrvatalline Ice

Ice 18 a visco-plastic crystalline material. In
general, a sample of ice will exhibit an instantaneous
elastic response upon application of stresse Thereafter,
time-dependent plastic deformations occury for which three
modes of creep have been defined; namely, primary, secondary
and tertiary creep. The major factors that control the
development of a particular creep mode are the magni tude and
duration of the applied load and the ice temperature. During
primary creep the creep rate continuously decreases; during
the secondary stage the creep rate is constant and during
tertiary creep the creep rate continuously increases. At
hlgﬁ stress levels ice exhibits all three stages of the
clasgsical creep curve. At low stress levels ice deforms in
the primary and secondary modes only. Further, the mode of
deformation may change and the ensuing creep rate will
increase with ean increase in temperature.

For a detailed review of the mechanics of ice creep the
reader is referred to Langdon (1973) y Weertman (1873) ,
Hobbs (1974) +» Glen (1975) , Roggensack (1977) and Baker
(1978) « Briefly, creep is a thermally activated process
and, as such, can be described by an Arrhenius-type

relationship of the form,

é: Blo'ne:g'.r ecsscee2.1



where Q denotes the activation energy, k denotes the
absolute temperature and B! and n are constantse.

In the stress and temperature ranges of interest to
geotechnical engineers (i.e. leas than 100 kPa and warmer
than -10 9C) there are several deformation processes which
may contribute to the creep of polycrystalline ice (Langdon
(1973) )« From this it emerges that creep ac tivated
energies, obtained from creep tests on polycrystelline ice
at warm temperatures, are meaningless since they cannot be
attributed to a single creep processe This prompted
Roggensack (1977) to state

"eesat present, there exists no physical evidence
suggesting an equation more conplex than a simple
power law to relate strain rate to stresse."

At temperatures colder than -1 0C the dominant creep
process is thought to be either "Nabarro-Herring" creep or
dislocational creep (Weertman (1973) )e At warmer
tempe ratures {he creep process is accelerated as a result of
pressure-melting at intergranulare contacts, and
intergranular sliding (Barnes at al. (12971) ).

More recently, Baker (1978) has shown that the creep
rate of polycrystalline ice is strongl& influenced by the
average ice crystal grain size

".eeFor coarse-grained ice (average diameter greater
than about 1,0 mm), it appears that creep is
dominated by internal dislocation movement with

creep reate controlled by the mobility of



{ dislocations in their glide planes. Crystal
boundaries are obstacleas to dislocation motion;
reducing the crystal size thus results in a
reduction in secondary creep rate 1n proportion to
about the sguare of the average grain diametereese

L For fine-grained ice, creep appears to be dominated
by di ffusional processes. Reduction of ice-crystal
size results in an increase in seconda ry creep rate
in proportion to about the inverse-square of the

average grain diameter."

Amaxgm:umumnuunmmnmummg
Polvcrystallipe Ice

The flow law for random polycrystalline ice, under
multiaxial conditions, may be described in terms of the
gecond invariants of deviatoric stress and strain ratee. In
this way the creep behaviour is assumed to be independent of
hydrostatic pressure and the third invariant of stresse. Glen
(1975) has discussed the limitations of these assumptions
and concludes

“"For the present 1t seems reasonable to continue to

use the second invariant theory, while awaiting

further experimental verification of its validity."

Emery and Nguyen (1974) and Ladanyi (1972b) rec ommend
adoption of the effective shear stress and effective shear
strain rate as defined by Odqvist (1966) for general

engineering problems,
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where I> and J, denote the second invariants of deviatoric
etress and strain rate, respectively. The flow law now
becomes

€. = B o Y -
The advantuge of this definition is that Norton's Law can be
recovered in the uniaxial case.

A detailed review of secondary creep rates in random
polycrystalline ice was recently conducted by Morgenstern et
ale. (1979), and is presented in this thesis as Figure 2.1,
The authors determined the following values for the creep
parameters, B and n

B n

-N
(kPa +yr<l)

_10(: 4-5){10'8 3.0
-20¢ 2.0x10-8 3.0
-50¢C 1.0x10-8 3.0

-100cC S.6x10-° 3.0



(years 1)

EFFECTIVE SHEAR STRAIN RATE, ¢,

107" -
— MORGENSTERN ET AL, 1979
- — e NIXON & McROBERTS, 1976
10721
10-3 —
10-4 m
10

EFFECTIVE SHEAR STRESS, o, (kPa)

Figure 2.1

Flow Law for Ice

10
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2:3:2 A Review of the Strength Properties of Polvcrystallipe
Ice

When ice fractures rapidly it does so in a brittle
manner. The process 1s commenced by cracks which are
initiated following plastic deformation of the crystals
(Gold (1872) ). However, at lower stresses ice yields in an
apparently plastic manner as a result of recrystallisa tion
(Steinemann (1258) ),

The strength of ice depends upon temperature, rate of
load application, type of loading, type of ice and the
direction of the stress relative to the grein structure.
Studies of the strength of ice, however, have not usually
been carried out with sufficlent completeness or control to
outline the influences of the preceding factors. Much of the
information on the strength of ice, therefore, is
qualitative and of little general value. Reviews on this
subject have been prepared by Voltkovskii (1960) , Gold
(1972) and Glen (1975) .

Voltkovskii (1960) suggests that the fracture stress
increases linearly with decreasing temperature. Hawkes and
Mellor (1972) have shown that fracture stresses determlined
from compression tests are much higher than those de termined
from tensile tests. Voitkovskii (1960) also suggests that
the fracture stress dctermined from shear tests ig
approximately equal to half the fracture stress determined

from tension testse. Finally, the anisotropic nature of the
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ice mono-crystals renders the fracture stress dépendont upon
the direction of stressing in relation to the optical axis
of the crystal (Gold (1972) ). It arpears that in the
ductile yleld range the yield stress decreases with
decreasing stress application rate and in the brittle

fracture range the fracture stress is rate~independente.

hamsggmmmmmnuumm
mwmwwmmm
Subjected to Low Stresses

The structure of frozen soil is complexe. The presence
of so0il particles in a body of ice can modify or entirely
alter the Indigenous creep mechanisme. The degree of
modification is particularly sensitive to the bulk density
of the frozen soil and the éraln size of the soil particlese.

In general, the presence of soil particles impedes the
nmovement of dislocations within the ice crystals, thereby
suppressing ice creepe. However, the soil particles may also
cause a reduction in the average grain-size of the ice
crystals and at very low concentrations (iees bulk densities
less than 0.95 Mg/m3) the creep rete may be enhanced (Hooke
et al. (1972) ; Baker (1978) ). At higher concentrations of
solids, the suppressive mechanism dominates and the creep
rate is reduced. This phenomenon is analogous to the problem
of dispersion hardening of polycrystalline metals (Reed=~Hill

(1973) )y and has been shown to exist in frozen soils whose
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bulk densities are less than 1.5 Mg/m3 (Hooke gt als(1972)).

The long-term creep characteristics of frozen sol1ls
whose bulk densities are higher than 1.5 Mg/u3 are
illt-defined. The creep mechanism in dense, fine-grained
frozen solls is further complicated by the presence of an
interconnecting network of unfrozen weter. Vialov (1959)
points out that for such soils, time-dependent consolidation
will occur, resulting in increased effective stresses and,
therefore, a strengthening of the soil matrixe Further, the
presence of unfrozen water reduces the average ice crystal
size and also assgsists grain~-boundary sliding, thus
facilitating plastic flow of the ice matrix. Sayles and
Haines (1974) reported unconfined compression creep tests
(greater than 1500 hours) on frozen silts and clays of bulk
densities approximately equal to 1.8 Mg/m3. They indicated
that secondary creep does not exist for such soils,
throughout the time range 0 to 2000 hours and in the stress
range 35 to 250 kPa. Therefore, it is probable that for
frozen fine-grained soils, secondary creep either does not
exist or is insignificant and can be ignored in geotechnical
considerationse.

Similarly, the experimental works of Sayles (1968) and
Sayles (1973) have shown that secondary creep does not exist

at low stresses for dense'coarse-gralned frozen soilse

212422 A Propoged Classification of Frozem Seoils

On the besis of the experimental evidence summarised in
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the previous section, the low stress creep behaviour of

permafrost may be classifiled according to frozen bulk

density. In this regard, the following terms are introduced.

1.

2.

4.

Dirty ice - this term applies to ice that has very low
solid concentrations. Typical bulk densities are between
0.9 and 0.95-1.0 Mg/m3. Introduction of soil particles
into the ice matrix reduces the average grain size of
the ice crystals, thereby giving rise to higher creep
rates than pure ice.

Very dirty ice — this term applies to ice that has
medium to high solids concentrationse. These materials
display secondary creep rates much lower than that of
polycrystalline ice. It is speculated that these soils
do not have extensive grain to grain contacte Typical
bulk densities are between 0.5 - 1.0 and 1.6 - 1.8
Mg/m3.

Ice-poor frozen soil - this term applies to saturated
frozen soils whose deformation behaviours are
cheracterised by primary creeps Tris definition
encompasses all grain sizes and tyoical bulk densities
are between 1.7 - 1.8 and 1.9 - 2.0 Mg/m3.

Ice~-rich frozen soil - this term epplies to frozen soils
having a continuous network of segregated ice. It s
expected that the mineral layers will creep in a primary
mode and that the ice will deform according to a
secondary creep lawe Thus, the overall creep response of

the cozposite material is complex and is very sensitive
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to the reticulate structure of the segregated ice, the
bulk density and grain size of the mineral layers and
the ground temperature,

It is noted that no distinction has been made between
coarse~grained and fine-grained frozen soils. However, it is
speculated that the creep of frozen fine-grained soils at
temperatures very close to the melting point may be
considerably accelerated by high unfrozen water conten tse.
Under these conditions it appears reasonable to suggest that
such soils will undergo large creep displacements and may
displey secondary creep behaviour.

This classification is tentative and is only intended
to provide an approximate framework in which to categorise
the creep behaviour of frozen soils. The bulk density
demarcations have been estimated on tre basis of the
aforementioned creep data and as more data becomes

available, the boundaries may be more clearly defined.

LMAmuwmmxmm
in the Low Stress Range

In sity freezing of coarse-grained soile generally
results in ice-poor frozen soil. Similarly, jpn gity freezing
of fine-grained soils creates a composi te network of
segregated ice and i{ce-poor frozen goilse Very dirty ice is
seldiom encountered in permafrost soils. Therefore, this
review 1s limited to the creep relationships in the low

stress range for ice-rich and ice-poor frozen soils.
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Long-term creep tests have been conduc ted on
undisturbed ice-rich frozen soils contalining varying amounts
of segregated ice (Thompson and Sayles (1972) ¢+ Roggensack
(1977) and McRoberts et al. (1978) ). The field data of
Thompson and Sayles indicate that the ice-rich Fairbanks
silt in the vicinity of Fox, Alaska, displays creep ra tes
comparable to that of polycrystalline icee. In contrast to
this, the data presented by McRoberts et ale (1978) indicate
that Norman Wells silt displays lower creep rates than that
of polycrystalline icee. Roggensack (1977) observed creep
rates in frozen claysy at -0.8 °C, higher than that of
polycrystalline ice.

The data of Roggensack (1977) and McRoberts et ale.
(1978) have been normalised tn -1.0 OC by Nixon (1978) and
these data are summarised in Figure 2<.2. The discrepancies
in these data reflect the sensitivity of the creep behaviour
to the variables outlineq in the previous section. Since the
frozen mineral soil layers are characterised by primary
creepy it is logical to assume that the short- to
middle—term creep response of an ice-rich soil will also be
characterised by primary creepy, and that true steady-state
creep will only be realised when the transient creep in the
mineral layers has become very small. Hence, the long-term
creep response of ice-rich soil is cheracterised by
secondary creep occurring in the reticulate ice structure,

The short-term response will depend very largely on the

relative magnitudes of the primary creep in the frozen soil
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and the ice lenses. For example, dense warm fine-grained
frozen soils possess a hligh unfrozen water content, and it
is probable that primary creep in these soils is more
pronounced than in ice. Thus, for such an ice-rich frozen
soil the stiffer ice lenses will support most of the applied
loady in the short term, and the overall material may appear
to creep in the secondary mode at a rate higher than that of
ice.

In this context, consider the data of Roggensack
(1977 )e These tests were conducted in the temperature range
0 to -1 9C and the s0il mineral layers wer. characterised by
frozen bulk densities in excess of 1.9 Mg/m3, Thus, it is
probable that the soil layers were more deformable in the
short—-term than ice. Hence, these samples may appear ¢to
creep at faster secondary creep rates than those predicted
for analogous samples of pure ice. It is anticipated that in
the long-term the frozen soil layers would stiffen and
therefore, arrest the creep of the overall material.

The above reasoning provides a rational explanation for
the anomalies in the observed creep behaviour of ice~rich
frozen soils, and supports the view trat the flow law for
ice provides a conservative estimate of the creep of an
ice-rich frozeq soil.

Hult (1966) proposed the following multiaxial creep law

to describe the primary creep of high temperature metals

! mo
&e_:[é-f,(lﬂi-;\ot)]l”“(%‘_!—_)H—/Mt“r/‘A cesecec2.4
<
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where 8‘ and 0g are defined in Equation 2.2, t is the time
elapsed after application of load (hr)y &€ is an arbitrarily
selected strain rate, O, is the creep proof stress and = and

M are creep exponents. For frozen soils equation 2.4 may

be more simply stated as follows

€L= chtb : eseeeee2e5

where Ky ¢ and b are temperature-dependent material
parameters. Vialov (1962) proposed that the temperature

dependence of K may be stated as follows

K= [wLe'H)“]C ceseees2.6

where © i1s the temperature below freezing in centigrade
degrees and w and k are material-dependent perameterse
Fguation 2.5 does not take into account the influence
of the mean normal pressure (0]+-6ir-63)/3. where ©, , 0,
and 05 are the three principal stresses. Recognising this,
Ladanyi (1972b) used the Von Mises failure criterion to
model the influence of hydrostatic pressure on the
steady-state creep rates. This approach may be extended to
non-steady creep rates; thus the dependence of strain on the

confining pressure in the primary creep range can be stated

as follows,

€e= K[(ﬁ%o’)o'e*(“'ﬂgmﬁctb R
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where f=(1+sin?)/(1-singd) and O is & "pseudo" internal angle
of frictione The applicability of Equation 2.7 to represent
the creep of ice-poor frozen soile can be explored by
back-analyeis of the confined compression creep data of
Sayles (1973) « Such e synthesis has been undertaken as part
of this thesis and is described in Appendix A. The constants
in Equation 2.7 were determined from analysis of the creep
data and are presented in Table A.3. The applicability of
this type of constitutive relationship was then assessed by
compar.ng the strain/time behaviour, predicted by Equation
2.7y with the actual observed behaviour. This comparison is
presented in Figure 2.3. The agreement between observed and
predicted behaviour is goode. Thus, this set of data supports
the use of Equation 2.7 to describe tte confined compression
creep behaviour of ice-poor frozen soil. Finally, the
predictive capacity of Equation 2.7 was also checked against
unconfined compression creep data (Sayles (1968) .
Inspection of Table A.3 shows that the creep exponents as
determined froem the two data sets are in reasonable
agreement. Further, examination of Figure 2.4 which presents
a comparison of creep data as observed by Savles (1968) and
as predicted by Equation 2.7, confirms that the predictions
are also good.

The accuracy of Equation 2.7 is reduced as the ratio

S, approaches unity and for -EE— less than 125, better

73, o3
accuracy can be obtained if 'f' ig taken as unity.

Unfortunately, at this time lack of multiaxial creep data
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precludes verification of Equation 2.7 and therefore, 1t

should be used with cautione

wawumwammMu
Exrozen Soils Subject to iHigh Strain Rates

This review includes only the strength properties which
are pertinent to pile driving analysis, i.e., strengths
associated with high strain rates,

A review of possible fallure mechanisms for brittle
fracture of frozen soils can be found in Haynes et al.
(1575) and Haynes and Karalius (13877) .

The cowpressive strength of frozen Fairbanks sil+t has
been determined for a wide range of temperatures and strain
rates (Haynes et al. (1975) and Haynes and Karalius (1977)).
The relationship between the compressive strength of frozen
Fairbanks silt, temperature and time-to-faillure (analogous
to strain rate) are summarised in Figures 2.5 and 26y and

can be described by the following equation
m
6('“7—’ Dt& veceecnele8

where GLu is the unconfined uniaxial compressive strength
(M?a), t4 is the time to failure (seconds), D is a
teaperature dependent parameter and m is a constante.

From Figures 2.5 and 2.6 the following relationship was

obtained
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D= l-—{“' OSA—ST ceecaes2e9

where T is the temperature in centirrade degrees helow 0 oc,
and m = ~0.34. Therefore, for frozen Fairbanks silt (bulk
density = 1.83 Mg/m?®), BEquation 2.8 becomes

56u=(‘7+os451->t4’034- ceecee2.10

Haynes and Karalius (1977) found that the compressive
strength of polycryatalline ice is approximately 50-67 %
greater than that of frozen Fairbanks silte The results of
Sayles (1973) indicate that the compressive strength of
frozen Ottawa sand (bulk density = 2.00 Mg/m®) may be as
much as an order of magnitude greater than that of frozen
Falrbanks silt. Finally, the results of Perkins and Ruedrich
(1973) indicate that the compressive strength of Penn sand
(bulk density = 2,07 Mg/m3) 1is approximately 500 % greater
than that of frozen Fairbanks silte Thus, the parame ters in
Equation 2.9 may be approximated for polycrystalline ice,

Ottawa sand and Penn sand.



CHAPTER 3

A REVIEW OF CURRENT PILING TECHNIQUES IN PERMAFROST

321 Geotechnical Problems Associated with Design and
Construction of Pila Ecundationa in Permsfrost

In frozen fine—grained soils, the volume of ice may be
greater than that of the soil solids. Thawing of this ice
can change a perennially frozen soil from a firm bearing
material into a slurry with no supporting capacity.

Permafrost conditions at a site are often in & delicate
state of thermal equilibrium, which renders permafrost a
very difficult material on which to carry out construction
without some thawing of the frozen soiles The situation is
further aggreavated by the impervious nature of the
permafrost; rainfall and water from melting snow cannot
drain lnt§ the groundy, but instead forms pools and lakese.
This induces a net increase of heat flux into the
permafrosty thereby lowering the permafrost table. This is
particulerly important during the design life of a structure
wh@n a degrading thermal regime can reduce the effective
plile embedment area and increase the downdrag loading on the
piles.

During autumn the ground refreezes and in fine—-grained
s0ils piles may experience considerable uplift forces in the
active layer. The heave is seldom uniform and differential
movements may disrupt the foundatione.

The occurence of ice in frozen soil also renders

27
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permafrost a non-linear visco~elastic material. To this
extent, the instantaneous strength is comperable to that of
concrete, while the long-term strength 1s several orders of
magni tude lower. This decrease in strength is associated
with time dopendeht deformation hehaviour.

Long terwm observations on polar glaciers and ice
shelves suggest that the deformation behaviour of ice is
charactefised by undamped creepe. This characteristic of ice
strongly influences the stress-gtrain behaviour of frozen
solls and due consideration must be given to this phenomenon
in the de=zign of pile foundationse.

It should not be inferred that all permafrost soils
present the above problemse Clean, coarse-grained materials
rarely contain apporeciable ice and this obviates frost heave
end thaw consolidation and minimises time-~dependent
considerations. In fact, frozen granular materials usually

provide a very competent foundation base.

22 A Revigw of Pile Ivpes Used ip Permafrost

J22:1 Timber Piles

Timber piles are generally the least expensive pile
type and have been used extensively in the permafrost areas
of Canada. Local spruce and Douglass fir are the most common
source of timber and are readily available in lengths from 6
to 15 m and diameters from 0.15 to 0.35 m. Timber piles must

be protected in the active layer against deterloration and
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decaye. This is achieved using either a “brush—-on'"
preservative or pressure creosoting techniques.

Timber piles offer favourable insulation and seilsmic
propeéties and develop higher adfreeze bond strengths with
permafrost than steel piles. The principle disadvantage of a
timber pile is its comparatively low structural strengthe To
this extent, wooden piles cannot be driven and cannot be

used to support large loadse.

2222 Steel Piles

Steel pipes and H piles are the most common pile type
in Alaska and are now common in northern Canada. Drill stem,
rails and hollow box sections are also used occasionally.

Steel piles must be protected egainst oxidation and
corrosion Iin the active layer. This is easily achieved using
a protective paint. Steel piles are usually more expensive
than timber piles. Further, the adfreeze bond between steel
and frozen soil is less than that between wood and frozen
soil. However, this may be overcome by using a corrugated
steel sectione

The principle advantages of steel piles are that they
can be driven into most types of warm permafrost (Davison et

ale (1978) ) and can support higher structural loads than

timber piles.

2s2:3 Concrete Piles

In North America, economic considerations have led to a
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preference for steel piles over concrete piles. However,
precast, reinforced square and circular concrete piles are
used extensively in the USSR where steel ig a relatively
expensive commodity. Concrete piles meay be driven and can
also support high loads. Furthery, the thermal properties of
concrete render it a more favourable construction material
than steel in permafrost regions,.

The major concern with a concrete pile relates to its
low tensile strength, which generally precludes its use in
areas wﬁere substantial frost heave forces are allowed to
develop on the pile in the active layer.

Cast-in~place piles have been used only occasionally in
permafrost reglons because of the strength and thermal
problems associated with curing concrete in a cold

environmente.

32224 Ihermal Pileg

Thermal piles consist essentially of one or more
concentric steel pipes. They are most often used in areas of
marginal permafrost where extra assurance of freezeback
and/or maintenance of design adfreeze bond is needede.

These self-refrigerated piles remove the heat from the
ground surrounding the embedded portion of the pile, and
transfer it to the top of the pile, where the heat is
dissipated to the atmosphere. Thermal piles of various
designs are in use. The most common is the two phase system

which operates on an evaporation and condensation cycle, in
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which the pile is charged with propane, carbon dioxide or
other suitable evaporative materials (Long (1963) and Long
(1973) ). The ground heat causes the fluid to evancrate,
which in turn condenses in the upper, colder above-ground
portion of the pile, thus effecting a heat transfer
mechanism which functions only in the winter. Flxed
radiation surfaces are commonly used above ground to

facilitate heat transfer.

3¢3 A Review of Pile Emplacement Methoda in Permafrost
The following methods have been used to place piles in

permafrost

1. Placement in a steam=thawed hole of diameter greater
than the pile diameter.

2 Placement in a bored hole of diameter greater than the
pile diameter,

3« Direct driving using an impact hsmmer.

4. Direct driving using a vibratory hammere.

Se Driving into steamed or bored holes of diameters less
than the pile dlametere.
Various combinations and modifications of the above

have also been used,

2:3+1 Placement in a Steam-thawed, Oversized Hole

Prior to 1960, piles were traditionally installed in

permatrost by prethawing sn oversized hole using steam
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pointse The method is quick and cheap and has been
successful when applied with knowledge and control. However,
the consequences of the inproper use of this method are very
serious. Sanger (1969) has documented several instances when
piles have failed as a result of poorly controlled‘stecnlngo
Furthery, injection of steam into permafrost introduces large
quantities of heat and water, which can increase
considerably the time required for pile refreezinge. Sanger
(1969) recommends that "steamed" piles in warm permafrost
should be placed one year in advance of building
constructione Artificial refrigeration may be used to hasten
freezeback, but this technique is expensive and hence is not
particularly attractivee.

Steam may be used for all shapes and types of piles,
but in the past has most commonly been used in conjunction
with timber piles. Steaming oversized holeg is no longer
recommended in warm permafrosts A more detailed account of
this method is glven by Sanger (1969) .

In an attempt to obtain improved steaming control, and
therefore reduce the amount of heat put into the permafrost,
Goncharov (1964) proposed drilling a small pilot hole in
advance of steaminge This method Las proved successful in
the USSR in frozen clays, silts and sands (Goncharov
(1964))s However, it cannot be used in coarse-grained frozen
soils,

A more recent modification to the steaming technigue

has been developed in the USSR (Porkhaev et al. (1877) Jde In
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this method a hole is advanced using a "steam vibroleader",
into which the pile is lightly driven. The steam vibroleader
consists of a hollow tube with a cutting bit attached to its
lower end to which steam is suppliede The steam thaws the
frozen soil around the leader perimeter and then escapes to
the surface through the interior of the leader. A vibratory
pile driver, fixed to the upper section of the tube,y, forces
the leader down into the thawed soile. In this way, thawing
of the ground precedes the advance of the leader thereby
minimising mechanical interaction between the cutting bit
and the permafrost hence increasing the service life of the
cutting bit.

Upon removal of the leader, the pile is driven into the
thawed column of soile The pile displaces the slurry thereby
£illing the annulus around the pile. This 1Is a particularly
attractive feature in winter when artificial slurry
preparation is often very difficulte. This method has been
highly acclaimed in the USSR, where it has been applied with

much success, even in gravelly and bouldery frozen soils.

323.2 Placement in a Bored Qversized Hole

In this method the pile is placed in & pre-bored
oversized hole and the annulus arocund the pile is backfilled
with a soil/water slurry. Sanger (1969) recommends a sand

slurry of the following grading for an annulus greater than

12 mm
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Sieve Size % Finer by Weight
J/8" 100
#4 93-109.
#10 7G-100
#40 17-57
#200 0-17

and for an ennulus less than 12 mm a water or silt/clay
slurry is suggesteds

Slurries are normally prepared in portable concrete
mixers to the consistency of 0.15 m slump concrete, and
placed in approximately one metre lifts around the pile and
vibrated with a small diameter concrete spud vibratore
Sanger (1969) recommends that the temperature of the slurry
should not be greater than 5 9C,

This method may be used for all shapes and types of
piles and has been used extensively in all permafrost soil
types but is particularly usefui when site conditions do not

permit driving or steaminge.

223.3 Direct Driving Using Impact Hammers
It ground conditions permit, pile deiving is the
preferred installation method. The advantages of driving
have been summarised by Davison et ale. (1978) as
1« Minimal disturbance of soil physical and thermal regime
during instellatione.

2. Construction speed during placemente.
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3¢ Immediate load support potential,

4., Placement under severe environmental conditionse
Se¢ MNinimization of discrete work operations.

6e Hihlmizatlon of different trades involvement.

The low compresslve'strength of wood precludes the use
of driven timber piles. Structural steel members of various
sections have been driven in North America in a wide range
of permafrost soile with the exception of very dense
granular deposits. The most successful steel sections have
been H and hollow pipe piles. Davison et al. (1978)
recommend an H pile modified with angle pockets on either
side of the web, for use in coarse-grainecd soils. Piles have
been driven in permafrost using a wide range of impact
driving equipment with rated hammer energles varying from 20

kJ to S4 kJ.

22324 Vibratory Pile Driving

In this method, the pile is vibrated longitudinally at
frequencies of up to 135 cps with an amplitude of 0.02 to
0«03 me The vibrations are produced by roteting eccentric
weightsy whose horizontal components cancel cne another, but
whose vertical components are additive and are transmitted
to the pile through a mechanical or hydraulic clampe The net
downward force on the pile is supplied by the dead weight of
the machine and/or a crowd force from the driving maste.

The vibration generates frictional and exothermal heat

at the pile/soil interface, thereby thawing the adjacent
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soil and hence facilitating drivinge.
This method is best sulted to piles of small
cross—-sectional areay i.e. H and open ended hollow pipe

plles.

223:5 Driving into Undersized Holeg

In order to expedite driving in difficult ground
condi tions a small diameter pilot hole may either be steamed
or drilled. Thig also assists in maintaining correct pile
alignment during drivinge This method is frequently used in
North America to drive steel H piles and is used extensively
in the USSR to drive reinforced concrete piles. However,
recently in the USSR attention has been glven to the zone of
thawved soil which is produced at the t+ip of large area piles
during drivings This contained zone of thawed soil refreezes
in a closed systemy thus generating considerable upward
pressure beneath the tipe. In light of this problem,
Sivanbaev and Kolesov (1976) recommend that such piles be

allowed to stand for 4 to S months prior to loading.

323.6 An Overview of Pile Emplacement Methods

Pile installation techniques now utilize modern
steamingy drilling or driving techniques and effectively
minimise permafrost thermal disturbance. Installation
methods are determined by ground temperatures, the type of
s0ily the required depth of embedment, the type of pile, and

the difficulty and cost of mobilising the required equipment



37

and personnel at the site.

Pile driving is the preferred installation technique in
frozen fine—grained warm pe rmafrost soils. The ef“ectiveness
of pile driving is sti1ll not clearly defined in cold
perﬁafrost and coarse-grained frozen soils, particularly in
relation to vibratory drivinge. At present in North America,
frozen—in piles are considered the only reliable means of
placing piles in these soils. However, the Soviets have
recently developed a new pile installation tool that employs
both steaming and vibratory driving techniquess Using this
method plles have satisfactorily been driven in all types of

frozen soilse.

324 A Review of Design Technigues for Piles in Permafrost

The design of pile foundations in permafrost must
satisfy both rheological and thermal considerations. The
trhermal aspect of pile design addresses the following issues
1e The design must guard against unacceptable changes in

the‘ground thermal regime which may be imposed by the
above-ground structuree.

2. The design must guard against unacceptable changes in
the ground thermal regime which may earise from heat
conduction down the pite. Analytical solutions to this
problem are given by Nees (1951) end Nixon (1978) .

3¢ The time for freezeback of slurried piles must be

determined. Closed-form solutions to this problem are
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based on radial heat flow from an infinite composite
cylinder (Scott (1956) , Lee (1963) and Meksimov
(19867)).

4. The design of thermo-piles requires a computer solution
to the complex problem of transient, three-dineﬁslonal
heat flow around a pile in permafrost. This problem has
been addressed by Long (1963) , Reid et al. (1975) ,
Buchko et ale (1975) 4, and Nixon (1978) .

The rheological aspect of pile design ensures safety
against gross failure or excessive settlement. A pile
emhedment depth is determined which can support the imposed
loads on the pile under the worst loading conditions, unless
suitable end-bearing in a competent materiel can be
obtalned,.

The stresses acting on a pile 1in permafrost during
winter and summer are shown in Figure 3.1. Wherever the pile
is frozen to the soil the loads are trensferred via the
adfreeze bonde The adfreeze bond strength is a function of
time, temperature, the roughness of the pile and the nature
of the frozen soil at its interface. Load transfer in the
thawed zone is effected via adhesion and frictione

In winter the pile mus+t resist both frost heave and
downdrag forces in the active layer. The magnitude of frost
heave will depend upon the frost susceptibility of the soil
and the availability of water.

Consideration of vertical equilibrium gives
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The temperatures in the refreezing active layer are

much colder than in the permatfrost, conseguently, the
adfreeze strength in the active layer, taa is much greater

than that in the peraafrost, TQP e Therefore, a des ign

. against frost-heave based on embedment area alone is usually

1.

2.

<

4.

Se

J.1

impractical and designs usually employ passive measures to
combat frost heave. One or more of the following techniques

have been used

The adfreeze bond may be reduced in the active layer by
lsol;ting the plle in the active layer using an oil-wax
greasee.
The overall stability of the pile may be increased by
either using a corrugated plile or grouting the pile into
a firm bearing horizon.
The frost-susceptible soil around the pile in the active
layer may be replaced with nonfrost-susceptible
material,
The water table may be lowered.
The dead load on the pile may be increased,

If the problem of frost heave is obviated then equation

reduces +to

(’caewza-’cd(zvﬂ'd‘t‘ 621—\:2_%,‘)__:0 tec0eeeele2
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In summer the equation becomes

(taPs L.‘— td.Q4)“-A+ O-‘T_Lé_z..p= O eeecseeded
‘ K i

As mentioned at the outset pile failure can occur in
the form of either gross disruption of the adfreeze bond or
excessive settlement engendered by creep of the frozen soil,
A design agalnst adfreeze bond failure is based upon
published adfreeze strength values and carried out for the
worst loading conditions as defined by Equations 3.2 or 3.3
Inllce-pocr goils creep settlements are damped and the
design focuses on allowable adfreeze strengths. However,
ice=rich frozen soils display non=attenuating creep
characteristics end Nixon and McRoberts (1976) have shown
that for such soils, the design load is determined from
consideration of tolerable creep settlements during the
service life of the structure and not by allowable adfreeze
strengths. They modeled the behaviour of a vertically loaded
pile in a non-linear visco-elastic material and presented
design curves based on limiting creep settlements for piles
in ice and ice-rich permafroste.

The problem of laterally loaced piles in permafrost has
been addressed by Ladanyi ( 1972a) who proposed a design
besed on the analysis of an expanding cylindrical cavitye.

The problem of vibratory loaded piles is still largely
undefined and, as yet, no rational analytical basis for

deslign has been presented. The problem is circumvented by
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employing vibration dampers to isolate the foundation from
the vibration source. Additional precautions are usually
taken to ensure that the imposed vibrations do not causge

resonance in the pile.

22441 Current Pile Desiagn Philosophies in North Americs

At present there are no standards for the design and
construction of pile foundations in permafrost in North
Amerlcaf In 1971 the U.Se Army/Air Force released a
preliminary draft proposing guidelines for foundation design
in permafrust (U.,S.Army /Alrforce (19€¢7) )eo However, this is
still under review and at this time has not yet been
publicly releacsed.

The choice of pile type and implementation method for
small-scale piling operations is usually dictated by the
availability of local materials and equipment. However,
economic considerations on large-scale piling projects
usually justify the use of a comprehensive field
investigation to determine the most suitahle construction
rrocedures. Such investigations often include both
sub-surface logging and pile load test programse. In this
wayy Alyeska Pipeline determined +that a frozen—in steel pile
would be the most suitable pile for tre trans-Alaska
pipeline.

The thermal aspect of design is normally undertaken
using the procedures, ocutlined in the previous section. The

problem of frost-~heave isg usually obviated by use of



43

suil table passive techniques also outlined in the previous
3ections Therefore, the rheological aspect of design reduces
to determining an allowable load which satisfies roth frozen
s0ll atrength and deformatlon congiderations.

In the past the phenomenon of pile creep in frozen
solls was not recognized as a major geotechnical concern and
hence pile desigr was based on adfreeze bond strengths,
Adfreeze strengths for very rough piles (i1.e. wood or
corrugated asteel pilea) approach the shear strengths of the
frozen soilse. However, the adfreeze strengths of smooth
piles are strongly influenced by the presence of ice at the
pile interface and therefore, by the method of installation.
At present there is no comprehensive set of guidelines which
gives recommended adfreeze strength values for various pile
configurationses The selection of adfreeze strength is left
to the discretion of the engineer,

Current design methodology recognises the importance of
pile creep in ice-rich soils and so advocates a "limiting
deformation" based designe. Such designs are based either on
predicted deformation behaviour as obtained from analysis
ory on the results of long-term nile load tests. Nixon and
McRoberts( 19576 ) have proposed a design approach for ice-rich
soils, based on the flow law of icee. The design of piles for
the Trans—-Alaska pipeline was based on field pile creep
tests (Morgenstern (1978) ).

In summary, there appears to be general agreement that

pile design in ice~rich soils should be based on limiting
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creep deformations and in ice-poor soils should be based on
allowaole adfreeze strengths. However, at this time there
have been no attempts to define the range of applicability
of either of these designs. Pile design in
semi-ice-poor/ice~rich soils is, therefore, left to the

discretion of the design engineer.

22442 Current Pile Design Philosophies in the USSR

Pile design 1in the USSR i{is based upon two design codes
entitled SNiP II-B 6-66 and RSN 41-72. A summary of these
codes 1s presented in a recent National Research Council of
Canada Technical Translation (National Research Council of
Canada (1976) ).

The intent of the codes is not to provide the
detlnltfve word on pile design, but rather to recoamend a
rational systematic framework in which design can be carried
oute. In this way, the codes encourage the use of supportive
field and laboratory test programs, especially in areas of
difficult sub-soil conditionse. The codes are besed both upon
a very 1mprésslve collection of field and laboratory data
and experience accumulated over the last fifty yearse

The thermal aspect of pile design is similar to that
used in North America.

The rheological aspect of deslgn invelves the
determination of pile bearing capacity and is based both
upon adfreeze and end-bearing support. The allowable

adfreeze bhond strength is defined to be the maximum adfreeze
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stress which does not generate secondary creep at the
pile-soil interface. In this way, the pile time-dependent
deformations are limited to primary creep. This type of
approach generally precludes excessive creep settlements,
However, it stru;turo settlement tolerances are critical
then the code recommends the use of field pile tests +to
gquanti fy expected settlements.

The procedure for selecting an allowable adfreeze
strength is very thorough and conveys a considerable
undersianding as to pile load transfer mechanismse. Allowable
adfreeze bond strengths are presented in Table 14(5), page
S-14 in NRCC TT~1865(1976) and have been included in Figure
Sel of this thesls for comparison with North American datae.
It should be remembered that the values contain an inherent
factor of safetye.

The procedure for selection of allowable end-bearing
support is also impressive, Details of +his procedure are
described on pages S5-5 to 5-44 (NkCC,1976)e. Briefly, the
end-bearing support 1s determined from the long<term
compressive strength of the materiale This approach can be
extended to account for the case of ice buried at some depth
below the pile tip. The potential for steamed and frozen-in
piles to heave during freeze-~back exists and so the code
recommends that no end-bearing contribution be allowed for
these piles. Further, end-bearing is ignored if the pile tip
is founded directly on ice.

Design against frost-heave is based on adfreeze
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strength considerations and is explained in detail on pages

5-58 to 5-69 (NKCCy1976). Briefly, frost heave is ignored it
the compoeition of the active layer contains legs than 30 %

by weight of particles less than 0.1 mme For fine-grained

soils with favourable ground water conditions, the adfreeze

strength in the active layer is assumed to be 60 to 80 kPa.

If ground water conditions are unfavourable then it is
recommended that the adfreeze strength in the active layer
be determined from field tests.

Much of northern USSR is unglaciated and large amounts
of sub-surface ice are uncommone Consequently, the codes are
oriented towards design in ice-poor frozen soilse. Mo re
recently, however, increased development along the Arctic
coast where ground 1ce 18 more extensive has stimula ted
Soviet interest in pile design in ice-rich frozen soilse.
Vialov (1973) and Eroshenko and Fedoseev (1976) acknowledge
this deficiency in the Soviet Design Codes and recommend the
use of pile load tests to determine the bearing capacity of
pilee in these soils. Eroshenko and Fedoseev (1876) proposed
modifications to the design recommendations in SNiP II-B
6-66 to account for segregated ice within the permafroste.
However, no definitive statement fas been issued, concerning

the predicted creep behaviour of piles in these soils,



CHAFTER 4

LABORATORY STUDIES OF PILE-LOAD TRANSFER MECHANISMS

4.1 Test Qb.ectives

Pile creep in frozeh soils has been predicted using a
simple shear analytical model (Johnston and Ladanyi( 1972)
and Nixon and McRoberts(1976)). This analysis implicitly
assumes that there is no slip at the pile/soil interface.
However, this assumption has never been verifiede The
accuracy of these predictions is further restricted by the
lack of gcod reliable constitutive relationshipses The
objectives of this study were as follows
le¢ To elucidate the load transfer mechanisms between a pile

and various frozen soils and in particular to determine
the creep characteristics of the adfreeze bonde.

2. To study thé influence of frozen bulk density on the
creep of frozen soil,

3e To determine the influence of pile roughness on the
creep characteristics of the edfreeze bonde

4, To evaluate the aeffect of stress history on the creep of
frozen soils.

S¢ To determine the influence on load transfer mechanisns,
of varying normal loads on the leteral surface of the
plle.

The above issues were explored using a simple shear

appara tus,

47
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4.2 Ioa* Materials

The 1issues investigated in this s tudy were not unigue
to any o1e particular soil type but were apolic ble to all
forme of frozen soil. In this regard, three classes of
fr;zon soils were selected as representative of the ma jority
of soil types encountered in permafrost areas. These
materials were frozen concrete sandy, frozen Devon silt and
polycrystalline ice.

Tha grain—-gize curves for the concrete sand and Devon
silt are presented in Figures 4.1 and 4¢2¢ The specific
gravity of the Devon silt was 2.75 and the plastic and
liquid limits were 21 % and 46 %, respectively.

The maximum and minimum dry densities of the concrete
sand were determined to be 1,44 and 1.92 Mg/m3,

respectively,

4.3 Deacrintion 9f the Avnparatus

Three identical sets of appara tus were constructed to
permit simul taneous testing of the three different frozen
materials. Each set consisted of a loading frame, fiva
linear voltage displacement transducers (LVDTs ), one
thermistor, and two aluminum plates, 203 cm by 7.6 cme

A frozen soll sample ( 20.3 cm by 76 cm by 10 e¢m high)
vas sandwiched between each pair of platese The lower plate
was held in an encastre position and the upper plate was

subjected to both constant horizontal shear and vertical
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normal loadings. Horizontal creep displacements of the upper
plate and the frozem soil at intermediate points between the
plates were monitored in the direc*ion of applied shear.
Vertical creep displacements of the upper plate were

moni tored in the direction 61 normal loadinge Hewlétt
Packard 24 DCDT LVDTs monitored deformations to an accuracy
exceeding 0.0001 cm.

Normal loads were applied vie a direct hanging system
to which welghts were added. Shear loads were applied via an
ad justable pulley system to which weights were addede.
Photographs of the apparatus are presented in Figures 4,3
and 4.4.

The three creep cells were located inside a controlled
environment laboratory where ambient temperatures were
maintained between -2 0C and -3 9C, Sample tempera ture
fluctuations were further reduced by enclosing the apparatus
in a large insulated box and circulating ethylene glycol
from a constant-temperature bath through pipes in the
plates. This technique reduced shcrt-term temperature
fluctuations to $0.5 9C, Sample temperatures were monitored
directly by freezing a thermistor into a pre-drilled hole at
the centre of each sample. The thermistors were calibrated
at the outset and on completion of the test program to an
accuracy of $0.01 9C, using a $t0.001 °C quartz thermometer.

Output signals from the LVDTs and thermistors were
monitored and recorded at 6 hour intervals using a2 data

acquisition systeme Information obtained included a record



Figure 4.3 Simple Shear Apparatus

Figure 4.4 Simple Shear Apparatus
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of vertical and horizontal deformations and temperature, A
schematic layout of the apparatus is presented in Figure
- 448

Preliminary tests indicated that the horizontal shear
straln wae approximately constant throughout the sample.,
Thus, in the test program, horizontal soil displacements
were monitored S mm below the upper plate and 5 mm above the
lower platee. In the ensuing analysis it was assumed that the
shear strain rate was constant between these pointse

An integral part of this study was the investigation of
the influence of plate roughness on the creep
characteristics of the adfreeze bond. In this regard, three
plates of different roughnesses were tested. Roughness is
conveniently quantified using centre-line averagese. The
centre line average (CLA) is defined eas the average distance
from peaks to valleys on the material surfece. CLA values
for the three plates were 2.5/4m, 125.0/4m and 5.0 mme The

roughness of the lower plate was S.0 nm for all the testse.

4:4 Material Preparation

4.4.1 Polvcrystalline Ice

It was desirable to test fine-grained (grain size, 1 to
2 mm), homogeneous, isotropic, air-free, polycrystalline ice
(Glen (1955) ).

Hoar~-froet was collected from the pipes of a cold
chamser and sieved in the ice laboratory. Ice crystals

pessing a number 8 sieve, but retained by a number 16 sieve
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wvere loosely placed in a prechilled (=5 9C) P.V.Ce mould
having a diameter of 25 cm and a height of 30 cme Alr—-tfree,
double distilled water prechllled to 0 9C, wes then
introduced into the mould via the bottom aluminum plate
under a vacuum of 62 cm of mercurye Upon completion of
saturation the vacuum was released and the top plate was
rqmoved. The sample was frozen unidirectionally by placing
the bottom plate on dry ice and surrounding the P«VeCe walls
of the mould with zonolite insulation.

St.ecimens prepared in this way were slightly cloudy,
probably because of air bubbles within the original ice
crystals, however their densities were similar to that of
clear ice.

Thin sections were prepared from the ice specimen (Glen
(1955) ) and viewed between crossed polaroids. It was
observed that the peripheral 5 cm of the sample consisted of
preferentially oriented crystals. However, the crystals in
the remainder of the sample were randomly oriented, uniform

and typically 2 mm in sizee.

4+4.2 Erozen Saad

Prechilled (-5 9C) concrete sand was placed loosély
inside a prechilled (-5 0C) cylindrical P«V.Ce mould having
a diameter of 15 cm and a height of 22,5 cme Air-free double
distilled water prechilled to 0 9C was then introduced into
the mould via the bottom plate under a vacuum of 60 cm of

mercurye Upon completion of saturation, the vacuum was
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released and the top plate was removed. To ensure sample
uniformity the mould was sub jected to a nominal vibration.
The sample was then frozen unidirectionally by placing the
bottom aluminum plate on dry ice and surrounding the walls
of the PeVeCe mould with zonolite insulatione

Specimens prepared in this way possessed uniform
moisture contents of approximately 17 %, frozen bulk
densities of approximately 2.05 Mg/m?® and degrees of

saturation of approximately 98 %.

424.3 Frozep Silt
Frozen Devon silt specimens were prepared at three
di fferent moisture contents and are referred to as Sil+t 1,

Silt 2 and Silt 3.

4:4:3.1 Preparation of Silt 1

Devon silt was mixed with distilled water to produce a
slurry of moisture content approximately 70 %« The slurry
was placed in a vacuum flask and 2 vacuum of 60 cm of
mercury wag applied while the flask was simultaneously
vibrated on a vibrating table. This procedure was continued
until the sample was de-aired.

The slurry was then poured into a cylindrical P.V.C,
mould having a diameter of 15.0 cm and a height of 40.0 cme.
The bottom aluminum plate of the mould incorporated a
drainage outlet, over which was placed a porous stone and

two £ lter paperse Two additional filter papers anc one



56

additional porous stone were carefully placed on top of the
slurrys, Uniaxial loading was applied to the sample, taling
care not to ceuse extrusion of the slurry around the upper
porous stone. Loads were applied 1qcrenenta11y. up to a
maximum consolidation pressure of 225 kPa and the sample was
consolidated under two-~way drainage conditions.

Upon completion of primary consolidation, the sample
was unloaded and allowed to attain stress equilibrium under
atmospheric conditionse The sample was then transferred to a
controlled temperature environment and allowed to
equilibrate to a temperature of +1 0C; thereafter, the
sample was frozen unidirectionally by placing the bottom
aluminum plate of the mould on dry ice and surrounding the
walls of the PsVeCe pipe with zonolite insulatione Samples
prepared in this way were completely frozen within 24 hours
a?d produced a uniform silt having a frozen bulk density of
1.9 $0.05 Ng/m3. Halrllhe ice lenses were observed

throughout the samples.

4:4.3:2 Preparation of Silt 2

A de-aired slurry having a moisture content of 70 % was
prepared in the same way as described for Silt 1. Tﬁe slurry
was then prechilled to +1.0 %C and then poured into a
prechilled (+1.0 9C) PoeVeCs mould. The slurry was then
frozen unidirectionally by placing the lower aluminum plate
of the mould on top of dry ice and surrounding the walls of

"the PeVeCe pipe with zonolite insulatione.
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Samples prepared in this way were frozen within 24
houre and produced a uniferm frozen silt having a .rozen
bulk density of 1.5 0.1 Mg/m3, Heirline ice lenses were

observed throughout the samples,

42433 Preparation aof Silt 3

Prechilled (-5 9C) Devon silt was mixed with ice
crystals and prepared in the same way as describved for
polycrystalline icee.

Samples prepared in this way consisted of a silty ice

having a bialk density of 0.95 Mg/m3,

4.5 Sample Preparation

The preparation was identical for all frozen soil
samples,

The cylindrical specimen was removed from the PeVeCe
mould and trimmed in the ice laboratory on a milling
machine. The finished sample was 20.3 cm long by 7.6 cm wide
by 10.0 cm highe The two aluminum test pletes were cleaned
and thoroughly rinsed in distilled water, and frozen to the
top and bottom of the specimens A thin coating of water
droplets was sprayed onto the four exposed faces of the
sample, and a moist sheet of Saran Wrap was wrapped around
the entire sample to effect an air-tight seal to reduce

desjccation of the sample during testing.
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The shafts of two 2.54 cm long flat-head nails were
frozen into two predrilled horizontal holes. The nails were
located 5 mm above the bottom plate. They provided a stable
monitoring datum, against which the two LVDTe were to be
placed. The exact position of the two nails and the upper
plate with respect to the lower plate were recordeds

A thermistor was frozen into a predrilled 2.5 mm
diameter hole which extended to the centre of the sample.

The sample was then assembled within the loading frame
and placed within the insulated test housing unit. Hoses
from the constant temperature bath were cornected to
swagelock fittings on the two plates and ethylene glycol was
circulated through the pipes in the platese Two LVDTs were
positioned vertically, at el ther end of the top plate and
three LYDTs were positioned horizontally, against the two
qails and the upper plgte. The "shear loading" pulley was
adjusted to impart horizontal shear loadirg to the top plate
and the normal loading hanger was assembled around the
sample.

The three apparatuses were positioned beside one
another within the insulated housing unit and allowed to
stand for either 48 hours or until thermal equilibrium was
attained within the samples.

Normal loading and then shear loading were applied

insta taneously.
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4.6 Analvaia of Results
4:6.1 Stress Diatridbution ¥ithin a Simple Shear
Apparatus

The non-uniform stress conditions which develop within
simple shear test specimens complicated interpretation of

the test results. Both the linear stress analyeis performed

by Roscoe (1853) and the non-linear finite element analysis,
described by Duncan and Dunlop (1968) show that the stress
nonformities in simple shear are most severe near the ends
of the specimen.

Simple shear differs from pure shear LYy the absence of
complimentary shear stresses at the ends of the rample. The
magnitudes of shear stresses on planees parstlel to the ends
increase toward the centre, however, and stresses in the
centre of the specimen correspond closely to pure shear
QDuncan and Dunlop (1969) ). For the purpose of this s tudy,
it suffices to approximate non-uniform simple sheer stress
condi tions by uniform pure shear stress conditions hence
simplifying interpretation of the results.

The average values of shear and normal stress on any
horizontal plene may be calculated from equilibrium
considerations. It 18 convenient to analyse shear and normal
loading separately and then superimpose the results to yield
the stress distribution for the combined loading
configuration. In this testing program, the boundary
condition along the lower plate is one of zero displacement

andy, as such, the lower face of the specimen is considered
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encastré. This 1s shown in Figure 4.6.

Normal loading produces a constant uniform vertical
stress distribution throughout the height of the sample
(Figure 4.7)¢ Uniform horizontal shear loading on the upper
plate yields a constant shear stress agistribution with depth
and a bending moment about the horizontal that increases
uniformly with increasing distance from the top plate. The
bending moment on any horizontal plane is conveniently
represented by a triangular normal stress distribution on
that planee. The normal stress varies from O at the top plate
to —6Th/12 at the left hand ccorner of the lower plate and
6Th/12 at the right hand corner of the bottom plate (Figure
4.8)¢ The variation of normal stress, Gy sy in the

y-direction, is described by the relation

67 = %(h_Y)(2X—Q)+{_ seescecd,tl

The shear stress,'tx vin the x-direction is independent

of co-ordinates. Thus,

’C = :E s0c0ccceds2
A

The creep behaviour of ice is markedly different under
tensile and compressive loading (Voitkovskii (1960) e
Therefore, it is desirable to eliminate tensile forces in

the y-direction. This condition 1s satisfied if
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Figure 4.6
Superposition of Normal and Shear Loading in Simple Shear
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P> €lh
¢

.‘.....4.3
In this study, h/l = 0.5 and Equation 4.3 reduces +to

P >3T cececceded

4.6.2 Presentation of Resvults

Displacement and tempe ra ture data were entered into the
computer at six~hour intervals and data reduction and da ta
plotting were executed with the aid of the computer.

Chronological plots were presented for temperature,
applied normal and shear stresses, horizontal shear strain,
horizontel shear strain rate, vertical normal strain and
vertical norwmal strain rate.

Horizontal shear strains relative to the lower nail
were computed for both the upper nail and the upper plate.
The vertical normal strain was defined to be the average
vertical displacement of the upper plate, divided by the
distance bétween the upper and lower platese. Shear strain
rates of the upper nail and normal strain rates of the upper
plate were computed using a five-point moving average
procedure. This technique emoothed the experimental da ta,

thus rendering the curves more amenable to analysis.

426:3 Discussjion of Reaylts

The test program comprised of seven series of tests.
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Each series consisted of isothermal, isochronal creep tests
on three artificially frozen soils.

The intent of test series 1 was to study the influence
of varying shear stresses on the observed shear strain rate
for frozen sand, silt 2 and polycrystalline icee.

The intent of test series 2 was to study the influence
of normal stress on the observed shear strain rate for
frozen sand, silt 2 and polycrystalline ice.

The objectives of test series 3, 4 and 5§ were to study
the influence of frozen bulk density on the observed creep
behaviour of frozen silt.,

Finally, the intent of test series 6 and 7 was to
evaluate the effect of plate roughness on the observed creep
of the adfreeze bond for frozen sand, silt 1 and
polycrystalline ice.

The results are shown in graphic form in Figures B.1 +to
Be27¢ A summary of the data is presented in Table 4ele

The data are conveniently examined under the following

sub—-sectionse.

4262301 Influence of Plate Roughness on the Load Iransfer
Mechanlisn

Inspection of Figures Bel to Be5 demonstrates that for
shear stresses less than 25.0 kPa there is no slipping
between the very rough aluminum plates (CLA = § mm) and the
frozen goil specimens. Adfreeze bond failure, under

suppressed dilatancy corditions, is characteri. ed by
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Test Soil Frozen Bulk Average Upper Plate Shear Shear Normal Normal
Series Type Density Temperature Roughness Stress Strain Rate  Stress Strain Rate
(Mg/n) ) (mm) (kPa) (vr-1) (kPa) (rr-1)
1 Ice 0.901 -0.92 5 17.8 0.0162 57.0 <0.0157
25.0 0.0317 0.0131
17.8 0.0166 0.0187
Sile2 1.59 ~0.89 5 17.8 0.0030 57.0 <0.0003
25.0 -%0.0033 o]
17.8 0 [o]
Sand 2.03 -0.92 5 17.8 0.0053 57.0 0.0073
25.0 <0.036 <0.0131
17.8 0 0.0012
2 Ice 0.900 -0.78 5 17.8 0.0126 57.0 0.026
0.0136 75.0 <0.076
0.0127 100.0 0.123
silt2 1.54 -0.80 5 17.8 <0.0017 57.0 0.0027
] 75.0 <9.0092
0 100.0 <0.0020
Sand 2.05 -0.80 5 17.8 0.0095 57.0 0.011
0.0084 75.0 <0.058
0.0061 100.0 <0.095
3 Siltl 1.76 -0.92 5 17.8 <0.0011 57.0 <0.0068
$ilt2 1.42 -0.85 "5 17.8 <0,0008 57.0 <0.002
Si1t3 0.96 -0.92 5 17.8 <0.0179 57.0 <0.012
4 siic2 1.42 -0.83 5 17.8 <0.0323 57.0 0.0018
si1t3 0.96 ~-0.92 5 7.8 <0.021 57.0 <).017
5 Siltl 1.85 -0.94 5 17.8 <0.0081 57.0 <0.014
S11¢2 1.42 -0.86 5 17.8 0.0012 57.0 0.0022
siit3 0.96 -0.93 5 17.8 0.019 57.0 0.014
6 Ice 0.89 ~0.78 0.0025 6.0 failed 57.0 0.048
Silel 1.89 -0.79 0.0025 17.8 0.021 57.0 0.024
Sand 2.05 -0.85 0.0025 17.8 0.03 57.0 <0.042
7 Ice 0.89 -0.80 0.C125 9.7 0.0066 57.0 0.017
13.5 <0.066 uns teady
17.8 <0.046 0.016
21.3 0.033 0.016
S11tl 1.89 -0.81 0.0025 17.8 <0.012 57.0 <0.018
21.3 0.022 <0.014
Sand 2.05 -0.83 0.0025 17.8 <0.0091 57.0 <0.011

Table 4.1 Summary of Laboratory Test Data
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shearing along frozen soil-frozen soil interfaces. Thus, the
adfreeze bond strength is expected to be comparable to the
shear strength of the frozen soil,

The load transfer mechanisms for smooth (CLA less than
2.5/4m) plates are complexs It has been hypothesised that a
continuous liguid-like layer exists on the surface or
internal boundaries of ice (Barnes et al. (1971!) ). The
theoretical work of Fletcher (1968) indicates that for
temperatures above -5 9C, clear ice crystals may be covered
by a quasi-liquid film whose thicknese is of the order of 1
to 4 nm¢ The thickness of this film increases as the
temperature approaches 0 9C,

The significance of this quasi-liquid film on the
adhes ive properties of 1ce has been addressed by Jellinek
(1959) . He observed that the adhesive bonds of ice to
polished stainless steel plates were much greater in tension
than in shear, and this, he argued, could be attributed to a
quasi-liquid film at the plate-ice interface. Jellinek
assumed the liquid-like leyer to be a Newtonian liquid of
viscosi ty, 7 s and proposed the following relationship
between the velocity of the top plate, U{ y the shear
stress, tt’ at any time, t, and the thickness of the viscous

fllﬂ, L

U‘b= 7% seeseecdes
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The paramot.rs,:}and . are not known experimentally,
However, Jellinek determined an upper bound for L to be 20
nm at -5 9cC,

In this study, the asperities on the smoothest plates
wvere measured to be 2.S/An. Therefore, a single asperi ty was
at least ten orders of magnitude larger than the thickness
of the proposed quasi-liquid filme. Therefore, if the
interface were completely air-free, the viscous film would
follow the contours of the asperities and, under condi tions
of suppressed dilatancy, shear failure would be forced
through the inter-asperital ice (see Figure 4.%9a). Lowever,
inspection of Figure B.20 reveals that the acdfreeze bond
between ice and a plate of roughness 2-§/4m failed at a
stress of 6.0 kPa. This is inconsistent with the above
modele Clearly, the shear plane is not being forced through
inter~asperital pore ice. This suggests that the asperitel
pores are either filled with air or supercooled watere
Thermodynamic considerations cannot account for the
existence of such a large body of supercooled water at -1
0C. Moreover, it is highly probable that during sample
preparation, air voids were trapped in the pores of the
plate surface. Therefore, it is reasonable to assume that
the area of ice through which shearing occurred was only a
swall fraction of the total shear plane area (Figure 4,.,9b).

‘Similar tests were conducted on frozen silt and frozen
sand. The results (Figures B.21 and B«22) indicate that the

adhesive shear strengths ( gresater than 17.8 kPa) exceed
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Figure 4.9
Shear Failure Mechanisms Between a Smooth Plate (CLA = 2.5 um)
and Ice
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that of ices This may be explained using an extension of the
model proposed for ice. The proposed failure mechanism fﬁr
frozen soils is shown in Figure 4,10, The air volds still
occupy the inter-asperital pores. However, fhe soll
particles create an additional frictional resistance along
the shear plane, thereby effecting a higher shear strength.
Thie model is only applicable if the freezing “ront
progresses from the soll to the plate during preparation. If
the freezing front advances in the opposite directiony, then
a thin layer of ice may form at the plate-soil inter face,
and the failure mechanisms would be characieristic of ice
(Figure 4.9b)s Inspection of the plate~soil interfaces on
completion of the tests, revealed that the freezing front
had progressed from the soil during sample preparations

In summary, the adhesive sheer failure mechanism heas
been determined to be a function cf the lce content at the
interface and the local geometry of the asperties on the
interface. It may be expected that a critical plate
roughness exists, above which, ice will fill the pores and
so effect #n increased adhesive shear strengthe. In this
light, the adfreeze strength of ice to a plate of
roughness 125/*m, was determined to be an excess of 213 kPa
(Figure B.24) and is consistent with the above modele.

It is emphasised that the proposed model 1s an
overgimplification of the adhesion problem. However, it does

provide a clear and rational explanation for the phenomena

observed in this study.
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4:623.2 Influence of Stress History on the Creep of Frozea
Solls

Inspection of Figures Bel to B.3 demonstrates that the
creep characteristics of frozen sand and frozen silt are a
function of loading history. Upon cycling the applied shear
strese from 17.8 kPa to 25.0 kPa to 17.8 kPa,y, creep in both
so0il types were arrested. This implies that secondary creep
is either very small or does not exist for these materials
under the lmposed test conditions.

An analogous test revealed that the creep rate of ice
was unaffected by this loading cyclee. This is consistent
with the belief that long-term deformations in ice are

better characterised by secondary creepe

4+6+3.3 Influence of Axial Stress on the Shear Creep of
Erozen Soil

Inspection of Figures Be5 and B.6 reveals that
horizontal shear strain rates for ice and frozen silt are
unaffected by changes in applied axial etresse. This supports
the view that ice and frozen fine—~grained soils behave in a
frictionless manner under low stresses.

In contrast to this, the horizontal shear creep data
for frozen sand (Figure B.7) suggest that ice-poor frozen

sand behaves in a frictional manner under low stressese.
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"4269+3+4 Influence. of Frozen Bulk Density op the Creep of

Erozen Soils

Figure Be.l presents creep data for ice over a period of
48 days. Inspection of these data indicate that s teady—-state
creep conditions were reached after 5 days and continued
throughout the tests, Similar observations were noted in
other creep tests on ice (Figures B.5 and Be24). There fore,
in this study the creep data of ice was analysed in terms of
secondary creep.

The ice data is presented in terms of effective shear
stress and effective shear strain rate (Odqvist (1966) ) and
is compared to the flow law for ice in Figure 4.,11. The
effective shear stress, OL ¢+ and the effective shear strain

rate, éz ¢ reduce to
2 7\
Ge :(0—“+3t‘2) 2 esseceeede b
* - .2 °, 2 \/2
e—t— &el\ - _2::2) sesceceesds?

where tu_and O—nare the applied horizontal shear and
vertical axial stresses, respectively, and %ﬁ_and é“are the
measured horizontal shear and vertical axial strain rates,
respectively.

The agreement between these data and tie flow law for
polycrystalline ice is good.

The creep behaviour of frozen sand is depicted in



10

(YR™)

»

EFFECTIVE SHEAR STRAIP;I RATE, &,

72

x
o

T T T T ] 1 1 P
FLOW LAW FOR POLYCRYSTALLINE ICE L
ICE DATA '

FROZEN SILT (&8¢ = 0.96 Mg/m3 ) DATA _

¥

ICE STILL IN PRIMARY CREEP

-0 + O

] ] ] l

EFFECTIVE SHEAR STRESS, Oe ( kPa)

Figure 4.11
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Figures B«3y Be7y Be22 and Be26« The results are consistent
with the current philosophy that ice~poor sand is
characterised by damped frictional creeps Comparison of
Figures Bel and B.3 reveal that frozen sand creeps faster
than ice in the 1Altlal stage of primary creepe. This
observation was also noted in Figures B.S, Be7, Be20, B.22,
Be24 and B.26 and 1s consistent with Tsytovich's philosophy
of damped creep (Tsytovich (1975) )

"In the case of decaying creep of frozen soils,

closure of microscopic cracks, size reduction of

open cavities, and irreversivle shears of particles

relative to one another predominate.™
Moreover, it can also be argued that in the initial period
of dagped creepy the load is supported to a large extent by
the poré icey thereby giving rise to higher creep rates than
observed in polycrystalline ice. This high mobility of the
pore ice is associated with re-orientation of the sand
grains, resulting in a gradual stiffening of the sand
matrixe In this way, the load is gradually transferred to
the soil matrix, thereby strengthening the frozen soil.

The creep behaviour of frozen silt is strongly
dependent upon the frozen bulk density (Figures B.13 to
B.19)s Inspection of Figures B.11, B.12, B.14, B.15 and B.19
reveals that the long-term creep of Silt 3 (bulk ﬁensity =
0.96 Ng/m3?) ig characterised by steady state creeps. The
msecondary creep rates are comparable to those of ice (Figure

4.11). However, on increasing the frozen bulk dens ty to
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1.42 - 1.59 Mg/m3 a considerable change in creep behaviour
was obgerved (Figures B«.2y, Bed4, B.6y, Be8y Be10y Bel2, .13,
Be15y Bel7 and Bel19). Secondary creep rates were
considerably decreased (Table 4.1)¢ Thie phenomenon is
attributed to dispersion hardening of the ice matrix ( Hooke
et ale. (1972) ).

The creep of Silt 1 (bulk density = 1.76 to 1.89 Mg/m3)
is further complicated by an inter-connecting network of
unfrozen water arognd the frozen soil particless Inspection
of Figures B.9y Be12, B.16, B.19, Be21, Be23, Be25 and B.27
reveals that creep in Silt 1 is more pronounced than similar
tests on icey, and is dominated by transient processes even
after 33 daye of constant loading. This ies attributed to

time~dependent consolidatione

4.7 Summary
The simple shear test has proven to be a2 versatile

apparatus for determining the creep characteristics of

‘frozen soil. The following conclusions are inferred from

this study

1. The adfreeze strength is conveniently determined using
the simple shear apparatus described in +his chapter.

2. The integrity of the adfreeze bond ieg maintained and
slip does not occur if the stress applied at the

interface is less than the adfreeze bond strengthe

3¢ The adfreeze bond strength has bern determined to be a

function of the plate roughness and the nature of the
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ice at the interface. A frozen soil-plate model has been
proposed to describe the load transfer characteristics
of very smooth plates (CLA less than 2.5f4m). In
practice piles are never this smooth and it is doubtful
that the model has any practical contribution to pilinge.
However, 1t is of interest to physicists and
aeronautical engineers.

The ehort-term (0 to 45 days) deformation behaviour of
polycrystalline ice in the low stress range (50 to 100
kPa) at -1 9C is characterised by a brief period (0 to S
days) of primary creep and a prolonged period of
apparent secondary creep (5 to 45 days)e The observed
creep rates are consistent with other published creep
data for ice (Morgenstern et al (1979)).

The short-term deformation behavior of ice-poor frozen
sand in the low stress range at -1 9C is characterised
by damped creepe.

There is no evidence in this stpdy to suggest that in
the low stress range secondary creep exists for frozen
sllts at -1 9C. However, creep is enhanced by
consolidation processes at frozen bulk densities greater

than 1.76 Mg/m3.



CHAPTER 5

PILE DESIGN

S:1 Introductiop

The design of a pile foundation requires that both
carrying capacity and settlement te checkede Carrying
capacity is assessed by consideration of adfreeze strengthse.
A settlement based design must ensure that pile creep
displacements throughout the life of the structure are

tolerable.

5.2 Bearing Capacity Desizn

Failure of a pile in frozen soll is associated with
rupture of the adfreeze bond and tertiary creep of the soil
beneath the pile tipe. The strength properties of frozen
soils are temperature and rate-dependent and thus, the
interaction between mobilization of compressive support at
the pile tip and tertiary creep of the adfreeze bond is
complex. Therefore, bearing capacity design i1s based on
allowable "pseudo" adfreeze strengthe which are determined
from long-term field and laboratory tests.

The long-term allowable adfreeze strength is primarily
dependent upon ground tempera ture, the roughness of the plle
and the soil type. A summary of adfreeze strengths is
pres?nted,in Figure S.1. It i3 observed that the adfreeze

strength i8s inversely related to the ice content and

76
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directly related to the roughness of the pile. In the Timit,
the adfreeze strength of very rough piles approaches the
gshear strength of frozen soil.

It was recognised in Chapter 4 that the adfreeze
strength is a function of the area of ice located along the
shear plane which in turn is a function of the pile
roughness. It is proposed that the adfreeze strength of a
frozen soll, ta, is related to the long-term shear strength,

ttt’ by the relation

a:.m,tlx 0000000501

where m is primarily a roughness-dependent parameter.
The long-term shear strength of a frozen soil is
comprised of both frictional eut sy and cohesive, St *

components and can be expressed by a modified Mohr-Coulomb

fajlure theory
'tbt= Cu_-r'O',\'l’tU\QSLL eeeeceeSe2

where Opn is the normal stress on the shear plane.

Thé normal stress on the adfreeze shear plane 1s
typically less than 100 kPa, thus the frictional component
is generally insignificant and may be neglected. Hence,
Equation S.1 reduces to

T

a: mcL‘t 00-00005-3
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A review of long-term cohesive strengths of frozen
soile has been presented by Vialov in hie classicatl
publication, "Rheological Properties and Bearing Capacity of
Frozen Soils" (Vialov (1859) )¢ A summary of these data is
preaontéd in Table S.1 which also includes the long-term
cohesive strength of polycrystalline ice as determined by
Voitkovekii (1960) « These data are also presented in Figure
S¢2 which defines the variation of cotesion with tempe ra ture
for the four soil types outlined in Teble S.1. Comparison of
the ici data for the long-term cohesive and adfreeze
strengths (Figure 5.1) reveals that 'm' is approximately
equal to 0.7 fer timber piles. This is consistent with
long-term adfreeze strengths as determined by Vialov ( 1959).
The long-term adfreeze strengths of steel and concrete piles
are not as well defined; however, it is possible to infer
"'m!' values of 0.6 for both concrete (Johnston and Ladanyi
(1972) ) and steel (Crory (1963) ) piles.

In summary, the long-term adfreeze strength may be
directly related to the soil shear strength by means of a
coefficlient which is dependent only upon the pile type and
installation method. The coefficient 'm' is defined in Table
5.2

It is of interest to note that in the Soviet codes no
distinction 1s made between timber and concrete piles;
however the code does recommend that a reduction factor of
0.7 be applied to steel piles (National Research Council of

Canada (1976) ).



Temperature Icel Ice-rich2 Varved2 Ice—poor2
(°c) silt clay fine sand

-0.35 55 180 230

-1.15 100 260 270

-1.2 160

-1.8 200

-4.0 300

-4.2 300 470 450

1 Voitkovskii (1960)

2 yialov (1959)
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Table 5.1 Summary of Long-term Cohesion for Frozen Soils (kPa)

Pile Type m

Steel 0.6

Concrete 0.6

Timber (uncreosoted) 0.7
Corrugated Steel Pipe 1.0

Table 5.2 Summary of 'm' Coefficients
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It is emphasised that the cohesion must be
representative of the frozen soil condition immediately at
the pile/frozen soil interface. In this weay, Equation 5.3
indirectly incorporates the influence of pile emplacement on
the allowable adfreeze strengthe. For example, when a steel
pile is driven into ice-rich varved clay the soil structure
remains intact and the cohesion of the varved clay may be
used in the design. However, if the pile is frozen-in using
a slurry mixed from the original excavated materjial, th;
varved structure of the soil around the pile is destroyed
and the adfeeze strength should be recduced to that of a
steel pile in ice-rich silt. Moreover, if a steel pile is
frozen-in during winter moisture will migrate to the pile
and a thin layer of ice will coat the surface of the pile.
The adfreeze design should then be based on the cohesion of
ices If the pile is instelled in summer the ice lenses form

within the slurry and not at the pile/soil surfaces

523 Settlement Design

S23.1 Friction Piles

Sedelel Ice and Ice=-rich Fozen Soil

The deformation of the soll around a pile shaft may be
idealised as shearing of concentric cylinders ( see Figure
S5¢3)e This approach has been verified analytically by Frank
(1974) and Baguelin et al. (1975) . Vialov (1959), Johnston

and Ladanyi (1972) and Nixon and McRoberts (1976) have



Figure 5.3
Analytical Model for Friction Piles

82



83

applied this analytical model to frozen soils. Accordingly,
Johnston and Ladanyi (1972) have proposed that the creep of

friction piles in ice may be predicted using

C‘.'O..5.4

where ﬁa_is the pile steady~-state settlement rute (m/yr), a
is the pile radius (m), T 1s the average applied adfreeze
load (kPa), and B and n are temperature dependent
parameters, defined in Chapter 2.
The validity of the analysis is based on the following
assumptions
1. The analysis is insensitive to changes in normal stress
on the lateral surface of the pile.

2. There is no slip at the pile-soil interface.

3+ Gravity forces are negligible.

4. The so0il is homogeneous and isotropic and the properties
are uniform with depth,

Some of these assumptions may be restrictive, and
comments on their validity are necessarye.

Assumption 1 is valid since it was shown in Chapter 2,
that the long-term deformation behaviocurs of ice and
ice-rich frozen soils are independent of normal stresse
Assumption 2 is satisfiled at low stress levela since it was
confirmed in Chapter 4 that piles do not elip through frozen
s0il unless the applied adfreeze loading is greater than the

adfreeze strengthe. Finally, geothermal gradients in
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permafrost are typically greater than 30 m/%C and thus, in
most long pile configurations the temperature distribution
may be assumed uniform with depth. However, if a non-unifora
temperature~derth proflle can be Justified, then Nixon and
McRoberts (1876) have shown how the analysis may be
developed to account for depth-dependent soil properties.
Similarly, radial inhomogeneity may be incorporated into the
analysis by considering the soil as concentric homogeneous
cylinders and integrating the strains across each region.

Th.e above synthesis justifies the use of this analysis
for the prediction of stresses and strains around a friction
pile in frozen soils.,

Therefore, the load carryling capacity, P_. of a friction

S
pile of length L, may be determined €rom

L 2 L
R= < zm(%a)““zi(“g\;)"”(—l';b)"“] N

where k is the number of soil layers.
It is noted that if the soil properties are not

depth-dependent then Equation S.5 reduces to

P, = ZﬂaL(%“>%\ (%i.l)%(—'éy‘ ecesceeSeb

Equation 5.6 is conveniently summarised in graphic form for
polycrystalline ice in Figure S.4 which relates the
normalised pile velocity, haﬂl to the ground temperature and

the average applied shaft stress, T .
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S23:1+2 Ice-goor frozen sclls

A constitutive relationship for frozen soils has been
proposed in Equation 2.7. The ratio, f%; is typi-ally less
than 1.25 for most pile configurationse. Therefore, better

accurecy may be obtained by putting 'f' equal to 1. For the

condition of simple shear Equation 2.7 now reduces to

y= 3% K otb 57

where 7 and T are the shear strain and shear stress,
respectively. Equation 5.7 is analagous to Equation 2.3 and
so the normalised displacement, “a/h.’ may be related to the

applied shaft stress accordingly,

}_Af—q : 3 z Kr .......5.8
at® c -\

Normal stresses at depth on very long piles mey hLave a
significant influence on the pile creep. These high
confining pressures may be incorporated into the analysis
using the ;pproach outlined by Johnston and Ladanyi (1972) .,
Creep constants obtained from Table A«3 were substituted
into Equation 5.8 to yileld creep predictions fer piles 1in
frozen Suffield clay, Hanover silt and Ottawa sand: These
predictions are summarised in graphical form in Figures S.5
to S¢7y respectively. The load carrying capacity of a

friction pile in an ice~poor frozen soil is thus €iven by
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A= 2mal (L%:)% (%}é (I?)é | ...;...s.s

S23:2 End-pearing Piles

Ss3e2.1 ice and ice-rich frozen soils

leonAund McRoberts (1976) simulated end-bearing using
the following two models,

1« A circular footing on a viscous half-space.
2. An expanding spherical cavity in an infinite viscous
mediae.

The two approaches have been compared tc a finite
element solution of the surface fcoting problem(Nixon
(1978))¢ The results of this study are encouraging. It
transpires that for a creep exponent of 3, the two models
predict similar results and overestimate the creep strain as
computed by the finite element analysis by a factor of 1.7.
However, the first epproach is only applicable to surface
loads whereas, the expanding cavity model can similate creep
behaviour at depthe Field and laboratory evidence (Vialov
(198S9) j;Ladanyi and Johnston (1974) ) indicate tkat the
deformation behaviour of frozen scil beneath a deep circular
footing resembles that of an expanding spherical cavity of
radius, a. In this light, the second model is a better
representation of end-bearing.

“he problem of an expanding spherical cavity in a
non-linear viscous frictionless media and its limitations as

applied to a deep circular footing have been discussed in



detail by Ladanyi and Johnaston (1974) . Thus, the relation
between the applied end-bearing pressure, O_ and the

resulting pile settlement rate is given by

C\A._ 2([]-5(_3_.6>n]-3—-1> eeceeoeSel10
-3 S \Zn ©
This can be simplified and approximately expressed by
Cv n
Wa _ 3 0—) esceende
=3 511

from which the end bearing load, PE may be calculated

o

P, = k_lé _;gyk 2_r_r_§fp ceceee5a.12

Equation 5.12 i3 conveniently summarised in graphical
form for polycrystalline ice in Figure 5.8 which relates the
normalised pile velocity to the ground temperature and the

end-bearing pressure, Gé .

D23+2.2 Ice=-poor sgoils

The analysis of end-bearing piles in ice-poor soils may
be solved by introducing Equation 2.7 into the expanding
cavity analysis. This is not a very difficult mathematical
exerclse, however, it has been found that the sqlutlon s0
obtqlned is too complicated for practical uue. Hence, in
this analysis 'f' will be assumed equal to unity. The

acceptability of this has been discussed by Ladanyl and



e
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Johnston (1974) who concluded that the assumption is not
unreasonable in frozen soils. Hence, the time~dependent
pressure~deformation relation is given by

vy 3 o <
“ - K (-_‘ E 0.0..05013
o ze

Equation 5413 is sumwarised in graphical form for
frozen Suffield clay, Hanover silt and Ottawa sand in
Figures 5.9 to 5.11, respectively. From Equation S¢13 the

load carrying capacity of an end-bearing pilte is given by

\
-— -l- w z O:z eceeseSeld
k= Q v ’a_.:1=> 2———; ¢
S23:3 Combined End-bearing and Friction Piles

The non-linearity of Equations 2.3 and 2.7 preclude a
closed soluticn to the pile problem. However, an approximate
solution may be obtained by summing the shaft and tip
components as determined from Equations 5.6 and 5.12 ( ice
and ice-rich frozen soils) and Equations S.9 and S.14
(ice~poor frozen soils): This approach assumes that the
upper layer of soil will be deformed by the load transferred
from the pile shaft and that the lower layer of soil will be
deformed exclusively by the pile base loade. Figure S5.12
shows the separate deformations. The deformation patterns
along Al'-B 'and A2-B2 will not be compatible and this will

lead 0 some interaction between the upper and lower soil
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Uncoupling of Effects Due to Pile Shaft and Base (Randolf and
Wroth (1978)) -
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layers. This simplified approach is therefore only
approximatey, however, the acceptibility of thie model has
been checked against numerical solutions and verified by
Randolph and Wroth (1978) .

Therefore, the total pile load capacity in ice and
ice-rich frozen soilsy P may be determined from Figures 5.4
and S8 or if the temperature distribution is uni form with

depth PT-may be calculated using,
L Ua =
F= 2’“’°‘( ) [(3’#) L +n0\J ceeese5e15

The percentage of load borne at the pile tip in

isothermal ice may be determined from Equations 5.5 and S.15

nao
PE = et AL seseeeeS5el6
N \w
P1- 3!\ l) L + Y\%

Thus, for a 0.2 m diameter pile of length 25 m
inetalled in polycrystalline ice, the fractlion of load
supported in end-bearing is 0.5 % at -1 OC and 0.65 % at =10
9c.

Similarly, the total pile loed capacity in ice=poor

frozen soile is given by,

Lo et <'-, .
_ ! o YT | — cc\]
P‘f = 2WQ (—‘2‘ tg-{b§ L(%@) x seeeseeSel7

end the percentage of load borne at the pile tip in

isothermal frozen ground is given by,



9§

ca
f?.:: ‘3 S5.18
P1 &—':-" ‘E' c’a e 000 0o L}
' (3%) L+ =

Thusy for a 0.2 m diameter pile of length 25 m
installed in isothermal frozen Ottewa sand, the fraction of
load supported in end-bearing is 1.1 %.

From the preceeding review it follows that pile

end-bearing is negligible in homogeneous frozen soilse

524 A Review of 21;3 Creep Jest Results in Permafrost
Pile creep in ice and ice-rich frozen soils and
ice-pocor frozen soils has been predicted using Egquations

S¢15 and S5.16, respectively. In order to evaluate the
applicability of these predictions it is necessary to
compare the predicted behaviour with actual deformation
behaviour as obtained from pile load tests and documen ted

case historiese.

Se4.1 Criteria and Procedures for Analvaipg Pile Creep

The deformation behaviour of a loaded pile in
permafrost is very sensitive to its environmente Therefore,
in order to procure reliable representative creep rates from
the test results it is essential to sub ject each set of data
to a critical and rigorous review giving particular
attention to the following details
1. Ground Conditions

The deformation behaviour of frozen soil is strongly

influenced by the ground conditions, in particular, the
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ice content of the deposit and the ground temperature.
Consequently, these variables must be adeqguately
defined. In Chapter 2 it was recognised that the
long-term deformation behaviour of ice and ice-rich
frozen soils may be approximated by secondary creep
while creep of ice~poor soils 1s characterised by damped
creep. In this light, thg data were categorised as
either 1ce and ice-rich or ice-poor.

Pile Type and Emplacement Me thod

In order to take into account variatiors in pile
geometry and backfill properties the councept of
feffective pile diameter! hgs been introduced. The
effective pile diameter of a squere pile is
theoretically shown to be equal to the pile width in
Appendix C. Similarly, the effective pile diameter of an
H or rectangular pile of cross~sectional dimensions, 1
by b is equal to (l+b)/2. The effective pile diameter
also depends upon the backfill properties. If a sand
slurry is used the effective plle diameter is givan by
the average diameter of the drilled holee. In the
following study the effective pile diameter was not
always obvious. In such cases the effective pile
diameter was get equal to average pile diameter.
Magnitude and Type ot.Loading

The scope of this review encompasses only the creep data

of interest to foundation engineers and the refore, pile

creep data was only included if the ensuing creep was
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not characterised by tertiary creepe.

The vhll&lty of using incremental load testé to
determine static load pile creep has been ass~ssed in
Chapter 4, from which it emerged that ice-poor frozen
soils are stress-path dependent. Thus, in this study,
for ice-poor soils, only creep data during the first
load increment were analysed.

Finally, the data were categorised as either friction

plile data or end bearing pile data.

S:4.2 Outline of Pile Creen Tests

The earliest pile creep teste found in the North
American literature were initiated by AFCEL at the Alaska
Fieldtstatlon. Crory (1963) reports that they produced
little conclusive data.

In 1959 long-term load tests on three creosote-treated
timber piles commenced at Pile Site C on the Alaska Field
Station and have been reported by Madzula (1%66) and Huck
(1967) « Unfortunately, the piles and their instrumentation
were subject to frost-heave forces in the active layer. The
outcome of this is reflected in the creep data presented by
Huck which shows that the piles were heaving during the
summer monthse Therefore, these date are considered
unreliable.

In 1966 six additional pile creep tests were conduc ted
at Pile Site Co. However, Huck (1967) indicetes that the test

loads exceeded the pile side shear capacities and ihus slip
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occurred at the pile~soil interface. Thereforey, these tests
were not analysed in this study.

Crory (1973) and Crory (1975) reported twventy-four hour
incremental pile load tests undertaken by CRREL at Bethel
Alr Force Station and Noose and Spinach Creeks, Alaska.
However, no detailed creep data has been released.

Morgenstern (1978) provided the author with pile creep
test data for two piles in ice-rich silt. The piles were
loaded incrementally at 72 hour intervalse

Juhnston and Ladanyi (1972) published results of one
incremental and ten static load pull-out tests at Thompson
and Gillam, Manitoba. The ground condi tions consisted of
ice-rich silts and clays. Ground temperatures varied from
=0¢1 to -0.3 %C. The loads were very high and all of the
Piles at both sites were pulled out. Anchor GG2 was the only
anchor to be tested in the stress range pertinent to this
study.

Rowley et al. (1973) reported results of a twenty~four
hour incremental pile load test on a timber pile in
Ppermafrost near Inuvike The ground conditions consisted of
ice and ice-rich frozen silt. The average ground temperature
was —-1.4 OC,

Frederking (1974) reported results of load tests on
wooden piles frozen into lake ice at the NRC laboratories in
Ottawae. Unfortunately, temperature control weas very poor
thus no attempt has been made to analyse these resul ts.

A study of the Soviet li terature reveals a comparative
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wealth of pile creep data in frozen solls. Vialov (1959)

reported that in 1950 an extensive pile load testing program

was initiated in the underground chambers of the Igarka

leboratory. The experiments consisted of pushing and pulling

model wooden piles that were embedded in various types of

frozen soil. Ground temperatures were maintained at -0.4 OcC,

Long-term static load tests were also conducted on similar

model piles in ice at -0.4 9C (Vialov (1959)). In addi tion,

the results of static pile load tests on full-gcale concrete

pi lesy driven into various types of frozen soils were also

given. For these cases, the ground temperature varied from

=-Ne2 to =-1.0 oCo

Vialov (1973) summarised results of a long=ternm

incremental load test on a square reinforced concrete pile

in Mokhsogollokh, USSR The foundation material was

primarily ground ice. Temperatures were not reported;

however,

ground temperatures in the permafrost of the

Mokhsogollokh area at a depth of 10 m are -2.0 9C (National

Research

The
circular
Yakutsk,

Oc.

Council of Canada (1276) ).
results of an incremental plle loaed test on a
reinforced concrete pile, embedded mainly in ice at

USSR were also givenss The test temperature was =-2,3

Dokuchayev and Markin (1972) published the results of

one incrementel and static load test c¢n square reinforced

concrete

plles in ice-rich silt. The ground temperature

varicd from ~1,0 9C at the top of the piley, to =4,0 OC at
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the tip.

Vielov (197&) reported results of very long=-term (20
years) field punching tests in ice-rich frozen scil. The
ground temperatures varied from -0.05 °C at the outset to
=2.0 9C on completion of the testse.

Finally, Womick and LeGoullon (197S) have documen ted
the behaviour of pile foundations for +the Fairbanks
Telemqtry Station of European Space Research Organisation.
The permafrost is comprised of bands of ice(up to 3 m thick)
and ice-rich silts. The ground temperature at depth warmed
slowly from =1.1 to «0.5 OC over a period of four years.
Miller (1971) reported that the temperature data in the last
three years wmay be in errore. Therefore, only séttlemente
incurred during the first two Years have been included in

this studye.

224.3 Discussion of Pile Creep Test Data

The preceding review has extracted the reliable creep
data and categorised them according to permafrost type. The
ice-rich and ice-poor frozen soil date for piles are
summarised in Tables 5.3 and S.4, respectively and the
ice-rich punching data are summarised in Table 5.5, It is
convenient to diecuss these data according to these

categorieses

$244321 Ice and Ice-prich Frozen Scils

It was concluded in Chapter 2 that the long-term
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Pile Soil Pile Temp- Bulk Shaft Test Pile Disp. Predicted Pile Disp at Time,t{mm)
Type Diameter erature Densitg Stress Duration at Time,t Suffield Hanover Ottawa Manchester
(m) (°c) (Mg/m”)  (kPa) (hr) (mm) Clayl Silel Sand? Fine Sand2
14 Varved Clay 0.035 -0.4 1.77 50 2800 0.3 0.35 0.009 0.19 0.089
16 Varved Clay 0.035 -0.4 1.77 110 800 0.19 1.5 0.036 0.39 0.32
24 V.Silty Snd 0.035 -0.4 1.91 130 1200 0.19 2.6 0.053 0.54 0.65
25 V.Silty Snd 0.035 -0.4 1.91 80 2000 0.05 0.97 0.021 0.33 0.25
g 110 1400 0.27 1.8 0.039 0.45 0.46
26 Sandy Silt 0.035 -0.4 1.85 100 800 0.13 1.2 0.029 0.35 0.25
27 Sandy S1lt 0.035 0.4 1.85 60 1700 0.13 0.46 0.012 0.22 0.11
29 V.Sandy S1t 0.035 -0.4 1.9 100 1450 0.95 1.5 0.032 0.41 0.37
1  Sndy,Cly St 0.1 -0.3 ? 70 2300 16.9 10.0 0.19 3.1 2.8
30 130 0.75 1.1 0.024 0.51 0.054
12 silty Clay 0.1 -0.15 ? 10 400 1.0 0.16 0.004 0.19 0.008
22 Sndy,Sty Cl 0.1 -0.15 ? 15 500 2.0 0.45 0.009 0.34 0.028
8 Snd+St+Cly 0.1 -0.4 ? 50 900 3.25 5.5 0.079 1.5 0.58
:3 Sty,Cly Snd 0.1 0.7 ? 75 1800 4.4 11.0 0.14 2.4 1.6
11  Snd+St+Cly 0.1 -0.9 ? 100 8000 3.8 25.0 0.26 4.4 6.3
1 sayles(1968,1973)
2 sayles and Haines(1974)
Table 5.4 Summary of Pile Creep Data in Ice-poor Soils
Punch Soil Type Average Test Net Applied Observed Creep Test Duration
Temperature Punch Load Rate, Ug/a
(°c) (kPa) (Yr-1) (Yr)
1 Silt and Sand -0.05 80 0.0099 0.5
-0.1 200 0.0101 6.0
-0.15 200 0.0048 3.0
-0.3 200 0.0013 3.0
-0.7 200 0.0011 3.0
2 Silt and Sand -0.1 200 0.023 0.46
~-0.2 325 0.016 0.3
-0.32 325 0.0031 6.0
~-0.58 325 0.0035 5.0
-0.7 325 0.0037 6.0
3 Clay, Silt -0.12 350 0.045 0.5
and Sand ° =-0.2 350 0.020 0.4
-0.48 350 0.0051 6.0
~-0.63 350 0.0056 4.0
-0.79 350 0.0031 2.0
-0.6 350 0.0031 2.0

Table 5.§ Summary of Punching Test Data (Vialov, 1978)
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deformation behaviour of ice and ice-rich frozen soils may
be approximately represented by steady-state creep and that
the flow law for ice provides the unper limit to the flow
law for ice-rich solls In this light, the friction pile data
have been interpreted as secondary creep and are presented
in Figure S.13 which relates the minimum recorded pile
velocity to the average applied pile shaft stréss. The tests
wvere conducted for durations ranging from 24 to 26000 hours
at -0.4 OC. At a given temperature, scatter in the data may
be attributed to variaticns in duration of testinges At low
stresses long durations are needed to establish
approximately steady state conditions. From the data given
by Vialov (1973) i1t can be seen that steady-state creep had
been achieved after about 240 hours at a temperature of -2,3
oc, under an epplied shear stress of 50 kPae. Long~term tests
in ice at -0.4 2C (Vialov (1959)) resulted in steady-state
conditions after 100 hours under an epplied adfreeze loading
of 100 kPa. In addition, the results of Dokuchayev and
Markin (1972) indicated that steady-state condil tions were
established after 120 hours in ice-rich silt at an average
ground temperature of -~2.5 %C, under an average applied
shaft stress of 170 kPa. This suggests that tests shor ter
than 250 hours are gstill dominated by transient creep and
have been excluded from further analysis of steady state. To
this extent, Figure 5,14 summarises the long-term creep data
for ice and 1ce-rich frozen soil. Inspection of this figure

revea s that the correlation is much improved but . hat the
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data are exclusively at -0.4 OC and =-2.09C. Linear
regression analyses have been performed at these two
temperatures and the results are superimposed upon the_data.
The predicted pile velocities in ice are also shown in this
figure. Comparison between predicted and observed pile creep
is good, hence the available data support the epplication of
the flow law for ice to pile design in ice and ice-rich
frozen soils.

The enq-bearlng creep data in ice-rich frozen soils are
presented in Table 5.5 The data is compared to the
predicted behaviour in ice in Figure 5.15 vhich relates the
normalised pile (punching) velocity to the applied
end-bearing (punching) pressure. It is observed that the
field creep rates are up to two orders of magnitude lower
than the predicted behaviocur in ice. Vialov (1978) reported
rinimal ice lensing at the test site. Thus, these data
support the hypothesis outlined in Chapter 2 that creep
rates in howmogeneous ice lens-free, frozen silt (frozen bulk
density = 1.77 Ng/m3) are much lower than in ice. Further,
it is observed that this discrepancy is reduced at
temperatures very close to the melting point (-0.05 to =-0.1
0C)e This is attributed to the higher unfrozen water

contents at these higher temperaturese.

S:4.3 2 Ice-Poor Frozen Soils

- The long-term deformation behaviour of ice-poor frozen

soil is characterised by damped creep. The primary creep
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data for friction piles in ice-poor solls are summarised in
Table S«4. The data are presented in terms of the total
normalised pile displacement, uQ,o_. at the end of the test.
Table S¢4 aleo includes the predicted normalised
displacements for piles in frozen Suffield clay, Hanover
silt, Ottawa sand and Manchester fine sand. It is observed
that the predicted creep behaviour is consistent with actual
behaviour, except for frozen fine-grained soile at
temperatures very close to the melting point (—0.15 9C). At
these temperatures observed settlements are greater than
predicted settlements. This is attributed to a departure
from the flow law (Equation 5.7) 2s a result of higher
unfrozen water contents.

It is also observed that the pile creep dea ta support
the prediction that loose (as defined by density), ice-poor
frozen silt is stiffer than ice-pocor frozer sand. This
behaviour was also inferred from results of pile load tests
in ice-rich 8ilt and ice=poor clay (Morgenstern (1978)) and
from the results of the laboratory tests outlined in Chapter
4 where it wae concluded that primary creep displacements in
sand are greater than In silt. This behavicur is speculated
as being attributable to the phencmenon of dispersion
hardening in which silt-gsized particles impede the movement
ot dislocations in ice, thereby inhibiting creep (Chapter
2).

"It is demonstrated in Teble 5.4 that the predicted and

observed pile displacements are in good agreement but, in
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order for the long-term behaviour to be accurately
predicted, it is necessary to collate observed and precicted
time exponents. Figure 5.16 summarises the time-displacement
behaviour on & double logarithmic plot for pile tests in
very sandy silt and clayey, silty sand (Vialov (1959)). The
time exponents are determined to be 0.38 and 0.36,
respectively. The corresponding predicted exponents are 0,39
and 0.37, repectively. Clearly, the data are in excellent
agreement.

In summary, it is demonstrated that pile creep
behaviour in ice-poor soils may be reliably predicted on the

basis of laboratory creep data.

Two des=ign approaches have been presenteds The limiting
strength design determines the embedment area such that the
long-term adfreeze strength is not exceedede. The limiting
settlement design determines +he erbedment area such that
long~term creep settlements are tolerable within the life of
the structure.

A critical and detailed analysis cf the pile test data
has confirmed the integrity of the proposed design
techniques,

The relative importance of each design approach may be
assegsed by superimposing the allowable adfreeze strength
curveg for steel piles in ice, ice~poor clay, £ilt and sand

on Figures 5.4 to 5.7, respectively. It is noted that in
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these figures the long-term adfreeze strength for steel
piles is a function of temperature only. In this regard, the
ordinate axis is meanidgless-

Typically, the maximum alloweble normalised pile
velocity in ice and ice-rich frozen soils is 0.03 per year.
This 1s represented as a horizontel line in Figure 5.4,
Clearly, pile design in ice and ice-rich frozen soils is
governed by settlement considerationse.

Similarly, in ice-poor frozen soils adfreeze
considerations will generally govern at colder tempera tures.
However, until more substantive data is avu.ilable such a
generalisation should not be used in practice; rather, it is
recommended that the design be based on both settlement and

adfreeze strength criteria,

S+.6 Proposed Design Procedure

It 1is assumed that the pile typve and erplacement method
have been selected and that the ground conditions and
loadings (Equations 3.2 and 3.3) have been defined. The
proposed design guidelines are shown schematically in Figure
S.17 and described hereafter,

If competent bedrock is within practical piling

distance of the ground surface then end=-bearing piles are

4proterred and may be designed using temperate climate

techniques. If this approach is either impractical or
1npqsslb1e then the piles must develop adequate bearing

capacity in frozen or unfrozen soils.
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Settlement and strength properties of warm (greater
than -1 9C) frozen soils are still poorly defineds. Moreover,
the thermal regime of such soils is in a delicate state of
equilibriume Thus, the presence of an impending structure
and the changes induced by landscape modification will
effect changes in the soil thermal regime, and in particular
may cause some degradation of the permafrost. In this light,
it is recommended that the embedment area be based only on
temperatures colder than -1 0C. Thereforey Iin marginal
permafrost areas where the ground temperature is warmer than
-1 0¢c, special precautions must be taken and three design
alternatives are availables. First, if the permafrost is
thaw-stable (i.e. clean coarse-greined frozen soils) then
the design ray be based on the unfrozen soil properties,
Secondy if the permafrost is thaw-unstable then the soil may
be prethawed and compacteds In both ceses there must be no
crawl space between the struc ture and the ground surface.
Third, the permafrost temperature may be lowered using
artificial refrigerstione. Pile design is then identical to
that for cold permafrost.

If the ground temperature is colder than -1 9C, the
following procedure is recommended., For piles installed in
ice and ice-rich frozen soils (as a tentative guideline a
soil is classified as ice-rich if its frozen bulk density,
lncludlng segregated lcey is less thar sbout 1.7 Mg/m3) the
enbedment area is determined from Figure S.4.

For piles installec in ice~-poor frozen solls +the design
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may be based on either end-bearing or friction support but
not bothy, because the relative displacement required to
mobilise full end-bearing and full friction are not the
same. The pile test results of Sivanbaev ¢t al. (1977)
support this statement. They reported results of incremental
pile load tests on a wide range of pile=-soil configurations
and observed & distinct "plateau!" effect in the
load-settlement data. The authors also report that this has
algo been observed at several other locations in the USSR,
The authors offer no explanation for this prhenomenon;
however, 1{¢ is likely that thig plateau effect corresponds
to the delayed development of end-bearing beneath the pile
tipe.

For a friction pile the required embedment area is
determined from both settlement and strength considerationse.
The allowable adfreeze strength may be estimated from Tables
S¢1 and 5.2 It is emphasised that the allowable adfreeze
strength must reflect the soil condition at the pile
interface during operatione. Thus, for slurried and steamed
piles installed in winter it is recommended that the
adfreeze strength be determined for piles in ice. Further,
the adfreeze strength must be determined for the warmest
soll conditions throughout the design 1l1fe,

In order to satisfy the settlement cri teria it is
neces: 1.ry to determine the glow law parameters as defined by
Equation 2.7. If representative creep test data are not

available then the eambedment area may be inferred from the
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design charts for ice-poor clay, silt and sand, presented 1n
Figures 5.5 to S5.7, respectively. These charts are based on
the results of tests on very loose frozen samples and thus,
are considered to provide the upper limit for predicted
creep displacements of piles in ice-poor clay, silt and sand
at ground temperatures less than -1 9C, respectively.

The approaches are almost certainly conservative but
this should not preclude the application of e factor of
safety. It is recommended that the safety factor be applied
to the embedment area. Its magnitude will depend upon the
constuction control and, more importantly, the accuracy of
the determined design parameters.

Finally, this chapter has only dealt with the support
capaclty aspect of design. There ere many other aspects of
design such as thermal considerations, estimation of
downdrag loading during thawing and, of course, frost-heave
loading during freezing. These concerns were reviewed in

Chapter 3.



CHAPTER 6

ANALYTICAL STUDY OF PILE DRIVING IN PERMAFROST

621 Introduction
Direct driving is the preferred installation me thod.

Both H piles and open-ended piles have been driven
successfully in homogeneous fine-grained frozen soils ugsing
conventional impact driving equipments However, serious
setbacks have been encountered in dense coarse-grained
frozen materials (Woodward-Lundgren (1971) and Crory
{1973))e This prompted Woodward-Lundgren to undertake an
extensive field piling program to determine the most
efficient driving procedures. During the course of this
study,y 13 piles were driven into predrilled holes of
diameter 0¢7 times the pile diameter end 55 piles were
driven directly into permafrost. It was determined that the
success rates for driving directly into permafrost and into
prédrilled holesy in fine-grained frozen soils containing
isolated gravel strata, were 35 % and 70 %y respectively.
The authors anticipated that predrilling the holes to &5 %
of the pile diameter would have ensured a success rate of
100 %. The authors concluded

"Frequently both pipe and H piling were distorted

during driving The H pile exhibi ted particularly

tad directional characteristics in that they

frequently deflected perpendiculer to the minor axis

when an abetruction was encountered, Under similar

116
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conditions pipe piling deformed radially near the

tip but maintained direction"
As a result of this study Woodward-Lundgren concluded that
driving plles to a prescibed depth, without predrilling, is
not practical,

Davison et al. (1878) have observed that H piles will
deform under sustained driving in dense frozen soils using
hammer energies in excess of 22000 fte.lbs. However, they
suggest that high driving stresses may be tolerated if the
column axis is reinforced with steel angles welded to <the
web of the pile. Using this technique, the authors report
that pile feailure did not occur even when piles were driven
at 3300 blows per metre using a Delmag D~22 (Rated Energy,
39800 ft.lbs). The authors conclude that this pile type may
be satléfactorily driven in dense coarse-grained strata by
predrilling a 0¢1 to 0¢15 m diameter pilot hole.

During impact driving most of the energy iIs expended in
breaking down the soil structure, with only a small fractlAn
transferred to the s0il as thermal energye. Thus, only
partial thawing of a very thin layer of soil occurs along
the pile surface. During vibratory driving the pile undergos
10 to 20 vibrations a second and owing to the high frequency
of each blow the energy cannot be diffused and concentrates
in the s80il in the l1mmedlate vicinity of the pile, thus
effecting an increase in temperature and thawing of the
soile This thawed soil has been observed to be in excess of

0.1 metres (Vialov et al. (1969) ).
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In frozen fine-grained soils pile driving outpacéa
thawing and hence the pile point continually penetrates
frozen ground (Vialov gt al. (1969) ). Further, as a result
of frictional heat generated along the lateral surface of
the pile, the adjacent soil is maintained in a thawed state
thus minjimieing shaft resistance and thereby facilitating
drivinge This is supported in the field by Vialov et al.
(1968) who observed that driving rates were invariant with
depth and that liquefied soil is continuelly squeezed out at
the ground surface during vibratory driving.

Huck and Hull (1971) report that the BRD-100 proved
very successful in driving H and pipe piles into
fine-grained frozen soils. They observed driving rates in
massgsive ice of 1.0 m/min. However, difficulties were
encountered when driving pipe piles into bouldery
permafrost. The authors report that the boulders "nlugged
up" the bottom of the pipe and thus the pipes were driven
essentially as displacement piles.

In coarse~-grained frozen soils the pile advancement
rate is ccmmonly less than 10 cm/min (Vialov et al. (1969) )
and driving does not outpace thawinge. In such soils, driving
is considerably facilitated by a reduction in soil strength
following an increase in s0il temperature.

It is anticipated that pile advancement by vibratory
driving in dense granular frozen soils will only occur when
the soil around the pile tip is thawed and the soil

particles are able to undergo liquefaction. Thus, pile
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advancement rates in these soils are expected to be less
than for the ideutical soil in the thawed state.

Vialov et al. (1969) report that square reirforced
concrete pilles can be driven into heavy gravelly loam at a
rate of 5 to 8 cm/min using the S-838 vibratory driver. They
also report that driving is only marginally assisted by
predrilling. However, it is likely that in gravelly frozen
soils vibratory driving will result in less soil extrusion
at the ground surface thus driving in such solls may be
expedited by predrilling.

Despite the widespread success of using vibratory
technlques toc drive piles in the USSR and to advance
boreroles in Canada and the USSRy piles are rerely driven in
the vibratory mode in North American permafroste The recent
experience acquired in Alaska (Woodward-Lundgren (1971) ,
Crory (1973),. Crory (1975) and Davison et gl. (1978) )
with regard to impact drivingy, 1s largely responsible for
the recent upsurge in impact pile dfiving in permafrost.,
However, there is still skepticism regarding vibratory
driving in permafrost in North Americas. This exists as e
result of the limited field experience and has been enhanced
by mechanical problems experienced using conventional
vibratory equipment in arctic environments
(Woodward-Lundgren (1971) ).

The intent of this chapter is to study pile driving
using the wave equation analysis. The documented records for

impact drlving in frozen e0ils are analysed in order to
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construct an appropriate goil model for use in the ana}ysls.
The extension to vibratory piling in permefrost is a complex
thermal-vibration interaction problem and is beyond the
scope of this thesis. However, an analytical approach to

this dynamic problem is outlined et the end of this chapter.

$22 Analveis of Impact Pile Driving Using the ¥ave Eguation
Smith (1962) proposed that tre stresses Induced in a
pile, being driven by an impact hammer, could be described
as a wave or pulse travelling along the pile lengthe The
theory for the one-dimensional wave equation has been
summarised by Holloway (1975) . The governing equation is

2 2
rdu o u 6. 1
bxg a+1_ ) esseees Do

where ¢ 1s the velocity of wave propogation, u is the
element dienlacementy, x is the coordinate location of a
point along the rod and t ie the time. This hLas been
analysed using a finite difference procedure by Smith (1962)
and Bowles (1974) , and more recently using e finlte element
procedure by Holloway (1975) + The finite difference
approach is simpler and has been adopted in this studye.

A tinite difference approximation to the above
differential equation discretizes the physical problem into
small segments. The pile is divided longitudinelly into
discrete masses, interconnected by springse. A complete

description of the finite difference approximation is given
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by Smith (1962) and Holloway (1975) « In order to apply this
procedure to the pile driving problem the physical
characteristices of the hammer, capblock, pile cap and pile
are handled in the same wey as recommended by Smith (1962) .
Smith (1962) modeled the soil resistance by means of the
elastic quake, Q, the ultimate ground resistance, Ruw(t)’
and the viscous damping constant, J. These terms are defined
in detail in his paper.

Frozen soils are visco-elastic, hence the ground
resistance is a function of the time~to—-failure. The
ultimate strength/time~to-failure relationship for frozen
soilsy at very high strain rates, has been summarised in
Chapter 2 and is given by Equation 2.8, Therefore, in order
to determine the soll resistance acting on an element, i,
the time-~to-failure (or strain rate) of the adjacent soil
must be knowne This may be determined from the elastic qua ke
and the element velocity, v.,

[

't{ = g‘ seaseeeb6e2

Bowles (1974) demonstrated that for unfrozen soils the
aolutloﬁ ie only slightly sensitive to the selected value of
quake and that satisfactory results are obtained if Q is
selected between 2,5 and 3.8 mme In this analys;a the gquake
ie assumed to be 2.5 mm.

A convenient simplifying assumption is to neglect shaft

frictions This is a valid assumption for steel piles driven
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into frozen clays, silts and sands, where the thawed slurry
inposes negligible shaft resistance. This assumption is
supported by fleld evidence which indicate that t4h.e blow
counts are invariant with depth (Crory (1975) ). Therefore,
in this sthdy shaft resistance has been neglected.

The ultimate ground resistance, R\HT s Of a
frictionless soil beneath a deep circular footing may be
related to the soil unconfined compressive strength by the

relation

Quh_z 25_702'“ eeceneeabe3

Thusy at any time, t, the soil resistance at the pile
tip may be determined as a function of the velocity of the
pile tip.

The laboratory results of highk strain rate tests on
frozen silts(Haynes et gale (1975) and Haynes and Karalius
(1877) ) indicate that for times~to-failure greater than
approximately 0.4 seconds, the compressive strength is
insensitive to the applied s?rain rates This implies that
when the pile tip velocity is less then 6 mm per sec, the
s0ll resistance assumes a constant value, Ralt o Therefore,
during rebound of the pile tip the soil resistance is a

linear function ot RLH’

QUH': (DV\_ DA) R\.\H’ Ooo..c-§o4
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where D is the tip displacement and D! is the ego0il plastic
displacement at the pile tip.

It is assumed that when D < D! the resistance at the
pile tip is equal to zero« In other words, the pile tip
cannot transmit tensile forces to the underlying frozen
soil.

In summary, the analysis presented herein is identical
to Smith's formulation, with the exception that a new soil
model has been introduced. This analysis is most
conven.ently executed using a computer. A listing of the

program is presented in Appendix D.

€+2 Parametric Studies

Slnce the selection of Q is somewhat arbitrary it is of
interest to study the influence of Q in terms of the overall
gsolution. Such a study was conduc ted for & 10.7 m 10BPS37
steel pile driven into ice (temperature = 0 0C) using a
Delmag D-12 driver. The pile details are summarised in Table
6.1. From the data of Hawkes and Mellor (1972) the
compressive strength of 1ce is gliven by

-0265-0-013T)
Ocu = (5%00- L,(,ST)t_FL ot cescecebe5

where T 18 the temperature in degrees centigrade. Thus at 0

oc

Ccu = 5%00 b_(o'z‘s

00006006.6
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The quake was varied from 0.25 to 4.0 mme The results
are presented in Figure 6.1 Inspection of this figure
indicates that the calculated blowcount is only mildly
sengsitive to the quake.

The parametric study was extended +to study the effect
of ground temperature. The results are presented in Figures
642 and 6¢3 which give the variation of blowcount with
teaperature and the variation of bearing stress with time
since moment of impact, respectively. As expected, the
maximum bearirg stress increases with decreasing temperature
from 230 MPa at =10 0C to 85 NPa at -1 OcC.

Thereforey, using the wave equation analysis 1t is
possible to predict whether the pile tip will be damaged
during driving. The wave equation may also be used to
determine tensile stresses in a concrete pile thus providing

& basis for designing the tensile reinforcement.

624 Comparison of Pradicted Driving Behaviour ¥ith Actual
Eield Driving Records

Crory (1973) reported driving records for SBP36 steel
piles driven into frozen silty sand. Six piles were driven
using a Delmag D-12 diesel hammer. The hemmer had an overall
welight of 5290 1lpbs, including a 2750 1b piston and a 754 1b
anvile Energy output per blow was 22600 ftelbse Cushion
blocks were not used. Pile and pile driver details are
sumrarised in Table 6.2. The actual blowcount was measured

to be 72 blows/me The predicted blowcounts are 29 and 39 .
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blows/m in ice-poor silt and ice, respectively.

Crory (1275) reported driving records for 10BPS57 steel
piles driven in ice-rich silt. Eight bridge foundntion piles
were driven with a Delmag D-12 diesel hammer. The hammer
specifications for this hammer were €iven in the preceding
paragraphe Pile and pile driver detaiis aere summarised in
Table 6.2. The average blowcount was measured “o be 46 blows
per me The predicted blowcounts are 36 and 62 blows/m in
ice-poor silt and ice, respectively.

The agreement between predicted and observed behaviour
is excellent, thereby endorsing the accuracy of the proposed

analysise.

$£:5 Overview

The strength behaviour of frozen soil is strongly
time-dependent and at present, the dependence of soil
strength on the strain rate in the stress fracture range is
poorly defineds, Therefore, it is not possible to determine
alloweble bearing capacil ties on tte basis of driving
records,

A soll model has been proposed fcr use in the wave
equation analysis. This model incorporates time-dependent
fracture strength behaviour. It hes been demonstrated that
an accurate estimate of the blowcount can be obtained by
introducing this model into the wave equation analysise The
wave equation also provides a means of estimating the

maximum compressive and tensile stresses in the pile during
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drivinge.

It transpires that the ground temperature is not as
important a variable in influencing pile driveabillty as has
been suggested in the literature. The only significant
influence that ground temperature has on pile driving is to
alter the penetration rate during drivinge

The wave equation theory mey be extended to analyse
vibratory pile driving. Rocketellor (1967) pursued this
approach to deternine resonant piling frequencies in
unfrozen scoilse. It seems reasonable to assume that this type
of approach could be used in fine- and med ium-grained frozen
80ils where pile penetration rates are high and soil thermal
changes may be neglected. However, in coarse=~grained frozen
soils pile penetration rates are low and appreciable ground
temperature changes occur as the thermal energy accumulates
around the piles Thus, the pile is slowly driven through
unfrozen soil. Clearly, this 1s a complex thermal-resonance
problem.

Finally, on the basis of the evidence presented in this
chaptery, there is no reason to suggest that riles cannot be
practically vibrated through even the densest of frozen

solils,
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CHAPTER 7

CAST-IN-PLACE CONCRETE PILES IN PERNAFROST

2.1 Introduction

Cast-in-place concrete piles offer two major advantages
over slurried and driven piles. First, appreciable
end-bearing support may be realised by a belled pile.
Second,y installation of cast-in-place piles can be
effectively controlled to produce a smooth~ftlowing,
efficient piling program which is of prime concern in major
piling operations.

However, cast—in-place piles have seldom been used in
permafrost regions. The problems of setting and strength
gain of the concrete and of thawing and refreezing of the
surrounding frozen ground, as well as froset-heaving of the
piles in the active layer, have discouraged design engineers
from using concrete piles. However, the frost heave problem
may be circumvented by isolating the pile through the active
layer and the development of gypsum~based oil-well and
calcium flﬁoroalumlnate portland cements hLas overcome many
of the shortcomings of cementing in permafrosts The intent
of this chapter 1s to assess the suitability of cements for
northern construction and so define the use of cast-in-place

concrete piles in permafrost.
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1:2 A Review of Arctic Cements

Cements vary due to the raw materials used, the
percentage composi tion of chemical compounds and
particle-finenees. Some cements are designed with specific
properties for gspecial construction tasks. Cements produced
by different manufacturers may have widely different
workebilities, etrengths, setting characteristics and
durability properties,

In order that a cement may be successfully applied in
cold environments one basic criterion must be satisfieds The
mixing water in the cement must not freeze prior to curing.
There are essentially three ways of overcoming this problem.
Firsty, the temperature of the cement may be artificially
maintained above 0 9C using external heat sourcess This is
expensive and is impractical for sub-surface cementing in
frozen soils. Second, the heat of hydration may be utilised
to maintain the temperature of the cemernt above 0 9c, Third,
sodium or calcium chloride may be added to the cement to
prevent freezing of the mixing water.

At present, there are only trree types of cement that
satisfy these conditionse. Calcium aluminate and calcium
fluorcaluminate cements utilise their high heats of
hydration to prevent freezing, and gypsum—based oil~well
cements contain salts to depress the freezing point of the
mixing watere.

Laboratory testing has shown that calcium aluminate

cemer.ts deteriorate when subjected to continuoue freeze~thaw
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cycles (Cunningham et al. (1972) ). Thus, high-alumina
cements are unsui table for permafrost cementinge

Calcium fluoraluminate or regulated-set cement,
"reg-set" for short, is a recent development of the Portland
Cement Association. Houston and Hoff (1975) describe it
thus,

"It is not a mixture of cements or an admixture, but

it is a rortland cement with some new ingredients

blended in the kilne. The principle difference

hetween reg-set and ordinary portland cement is that

regula ted-set cement contains a new ingredient,
calcium fluoraluminate, which provides very high
early strengthes Associated with the development of
this high early strength is the liberation of large
quanti ties of heat,."

The high heat of hydration enables the cement to gain
its initial set within a few hours and at ambient
temperatures as low as -9.4 OcC. Unfortunately, the Natilonal
Gypsum Company has halted production of this cement and at
the time of writing (June, 1979) it is manufactured only in
Japan and Germanye.

Gypsum portland cement blends offer an effective cement
mixture for cementing oil wells in permafrost. It 1is
avalilable under the trade names, Permafrost cement, Arctlé
set a. 4 Cold sete. Cunningham et al. (1972) descrihe it thus

| "Peruafrost cement is a blende of controlled set

gypsum cementy, API Class G cement, salt, a



——

e

133

dispersant eand chemical additives to control
thickening time.,"

A sixty percent gypsum and forty percent API class G
blend is commonly used. Gypsum provides early strength, even
at low temperatures, while the class G constituent gives
additional later strength. The salt prevents the mixing
water from freezing vrior to curinge.

In summary, there is potential for both permafrost
cement and "reg-set" cement for use in sub-surface
concreting in frozen soils. However, aes mentioned previocusly
reg-set is no longer produced in North Ameiicae Therefore,
the remainder of this chapter will explore the possibility
of uslng.permatrost cement as a binder for structural

concrete for cast-in-place piling.

1.3 Requirepents for a Successful Cement for Use in
Conatructing Cast-in-Place Concrete Piles in Permafrost

The following criteria must be satisfied in order that
a cement may be used successfully to construct cast-in-place
concrete piles.
1« The concrete must be able to set at below-zero
temperatures.,
2. The mixing water must not freeze prior to curinge
3. The concrete must develop adequate compressi#e strength,
4. The heat of hydration must not cause excessive thermal
disturbance to the permafrost.

Se The concrete must be stable to repeated freeze-—thaw
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cycles.
6e Adequate bond strength must develop between the concrete

and the permafroste.

1:4 Evaluation of the Use 9of Permafrost Cement to Construct
Cast-in-Place Concrete Piles

Permafrost cement was designed specifically to meet the
needs of the petroleum industrye There ig no documented
evidence that this cement has been used ir structural

concrete.

J:4.1 Setting Characteristics
Maier g2t ale (1970) have contfirmed that this cement
will hydrate satisfactorily, without freezing, at

temperatures as low as 15 O9F (-10 0¢C).

1:4.2 Determination of Compressive Strengths of Permafrost
Cepent Concrete

A laboratory test program was established to evaluate
the most suiteble design mix for cold weather concveting.
The aggregate consisted of standard concrete sand,

The experimental work in this section was accomplished
in two phases. Phase 1 involved the evaluation of 12
cqpcrete mixes made at varying water/cement ratios (0.4,
0.5y and 0.6) and varylng sand/cement ratios (3.33, 4,0,
4.86y and 6.0)e A test specimen (7.62 cm diameter by 15.2 cm
long) was prepared from each mixture. Slurry temperatures

varied between 3 9C and 8 9C. A thermistor was installed in
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the centre of each cylinder and tempe rature was moni tored

during the first 24 hours of curing.

Temperature~time curing curves are summerised in
Figures 7.1 to 7.4. The following conclusions may be
inferred from these data,
1¢ Initial set was achieved after 4 to 6 hours.

2. Eeat of hydration effected temperature rises of 1.4,
2.1y 2.5 and 4.0 9C for eand/cement ratios of 6.0, 4.86,
4.0 and 3.33, respectively.

3. For a given sand/cement ratio the heat of hydration was
approximately insensitive to variations in the
water/cement ratio.

The unconfined compressive strength of each cylinder
was determined after seven dayse The results are presented
in Table 7.1.

The compressive strength and workebility of the
concrete mixtures were used as indicators to determine the
mixtures most suitable for cast-in-place concrete pilinge.
The following 2 water/cement/sand ratios (by weight) were
selectedy, 0.45/1/2.75 and 0.45/1/3.0.

Phase II involved a more rigorous determination of
deslgn strengths for the 2 selected mixes. Ttree specimens
(7462 cm diameter by 15.2 cm long) were made from each
slurry. The cylinders were cured at a temperature of -3 0OcC,
Compressive strengths were determined after 7 days and are
summarised in Table 7.2. The mean 7-day compressive

strengths, corresponding to sand/cement ratios of Z.75 and
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Sample Water/Cement Cement/Sand  Bulk Compressive Comments
Hunber Ratio Ratio Densitg Strength
(gm/gm) (gn/gm)  (Mg/m?) (MPa)
1 0.4 0.17 1.87 2.47 Very dry mix, porous
2 0.5 0.17 1.96 3.38 Very dry mix, porous
3 0.6 0.17 2.06 4.04 Dry mix, porous
4 0.4 0.21 2.01 5.55 Dry mix, porous
5 0.5 0.21 2.08 6.54 Medium dry mix, porous
6 0.6 0.21 1.96 4,43 Medium dry mix, many air bubbles
7 0.4 0.25 2.15 8.53 Medium dry mix, a few air bubbles
8 0.5 0.25 1.99 6.68 Good consistency, many air bubbles
9 0.6 0.25 1.94 3.65 Wet mix, many air bubbles
10 0.4 0.33 2.13 8.98 Good consistency, a few air bubbles
11 0.5 0.33 1.97 6.55 Wet mix, many air bubbles
12 0.6 0.33 1.58 2.84 Wet mix, many air bubbles
Table 7.1 Summary of 7-day Cylinder Compressive Strengths -~ Phase 1
Sample Water/Cement Sand/Cement Bulk Slump Compressive
Number Ratio Ratio Density - Strength
(gm/gm) (gm/gm) (Mg/n3) (cm) (MPa)
2-1a 0.43 3.0 2.06 18 9.54
2-1b 0.43 3.0 2.06 18 9.14
2-1c 0.43 3.0 2.09 18 10.04
2-2a 0.44 2.75 2.09 9 11.8
2-2b 0.44 2.75 2.09 9 12.2
2-2¢ 0.44 2.75 2.08 9 12.3

Table 7.2 Summary of 7-day Cylinder Compressive Strengths - Phase 2
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3.0, were found to be 12.1 and 9.57 MPa, respectivelye.

1:4.3 The Effect of Cement Hvdration on the Ihermal Regime
of the Persafrost

The heat of hydration of permafrost cement is specified
to be 10000 cal/kg ( Inland-Halliburton (1978) )e The
calculations outlined in Appendix E demonstrate that during
curing the thawed annulus around a 0.5 m diameter permafrost
cement concrete pile cast in ice will not exceed © mme. The
analysis ignores sensible heat and is, therefore,
conservatives Similarly, the thawed annulue around & 0.5 m
diameter pile in permafrost (comprised of 20 % ice by total
weight) was found to be less than 20 mm.

The results indicate that curing of permafrost cement
concrete in frozen soils will not be detrimental to the

thermal stability of the surrounding permafroste

1.4.4 The Effect of Repented Freeze-Thaw Cvcles op the
Compressive Stirength of "Permafrost Cement" Concrete

The stability of permafrost cement to repeated
freeze-thaw cycles has been investigeted by
Anderson (1971a) « Compressive strengths were periodically
determined throughout the test period (26 days)e. Anderson
(1971a) concluded

VeseePermafrost cement appears most durablesee.no

cracking of the samples occurred and there was a

g¢< neral increase in compressive strength throughout
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the test period."

Z:4.5 Evaluation of the Adfreeze Bond Between Permafrost
Cement Concrete and Permafrost

There are two issues that must be examined in relation
to the development of adequate bond strength between
permafrost cement concrete and frozen soil.

The first concern entails studyling the influence of
salty intrinsic in the cement, on the adfreeze bond. This
issue has been addressed by Halliburton Services Limited who
have conducted pull—-out tests on cement columnte cured in ice
(Anderson (1971b) ) and frozen sand and gravel (Anderson
(1971c) ). Adfreeze strengths were reported to very from 21
to 1990 kPa for ice and from 1740 +o 2830 kPa for frozen
sand and gravel. Ambient temperatures and loading rates were
not given. However, it is probable that the samples were
tested immediately after removal from the curing environment
and thus, the temperature at the cement-soil (ice) interface
would be gsimilar to the temperature at which they were cured
which was reported to be =6.7 9C.

Amhieﬁt temperatures in the field are typically warmer
then -5 9C and therefore, this study is8 nct representative
of many fleld conditions. The influence of salt on the
adfreeze bond strength is very sensitive to temperature and
1n warm permafrost salt contamination of the frozen soil,
adjacent to the cement, will prevent complete freezeback
thereby reducing the adfreeze bond strengthe.

Second, the possibility of mixing of the freshly placed
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concrete mixing with the soil, during curing, must be
examined as this may result in weakened concrete a: the
pile/scil interface.

A simple laboratory test progrem was undertaken to
study the above concernse. A rectangular column (7.5 cm by 5
cm by 45 cm) of permafrost cement concrete was mixed at a
water cement ratio of 0.44 and a sand/cement ratio of 2,75
and allowed to cure while in contact with one face of a
vertical rectagular column (75 cm by 10 cm by 45 cm) of
pseudo-layered frozen soil comprising of 20 cm of frozen
sand (moisture content = 20 %), overlying 5 cm of ice,
overlying 20 cm of frozen silt (moisture content = 70 %).
Prior to placement of the concrete slurry the vertical face
of the frozen soil was carefully trimmed to produce a
uniformly smooth contact surfaces. The initial temperatures
of the concrete slurry and frozen soil were 5 9C and -3 9C,
respectively. The specimen was allowed to cure at =3 0C and
after 3 days the interfaces were inspected. It was observed
that the simulated permafrost had not completely frozen back
to the concrete surface. The concrete and frozen soil were
separated by a 2 am zone of unfrozen saline soil. Therefore,
it 1s concluded that salt does diffuse into the surrounding
permafrost, thereby contaminating the pore water and thus
preventing complete freezeback. This diffusion process
probably occurs during the pre-hydration period when the
mixing water is free to migrate irto the thin zone of thawed

soill which is produced when the concrete slurr) placement
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temperature is above 0 9C,

There was no evidence of contamination of the concrete
by the thawed materials. In fact, no visible soil sloughing
had taken place even adjacent to the ice-silt and ice-sand

interfaces.

1.5 Diacussiop

The preceding brief review has shown that permafrost
cement concrete will set and cure at below zero temperatures
and develop adequate compressive strength to support
structural loads. The concrete is alsc stable to freeze-thaw
cycling and is not detrimental to the thermal stability of
the permafroste.

However, the laboratory testing progream has
demonstrated that the cement does have an adverse effect on
the adfreeze bond strength between the concrete and
permafrosts A thawed zone of saline soil was observed at -3
0C around the permafrost cement concretes. The significance
of this contamination is unclear. However, it is speculated
that in cold permafrost (less than =6.7 9C), the thickness
of this unfrozen saline film is decreesed and under such
conditions the pile may be capable of transferring
structural loads to the frozen soil. Furthermore, the degree
to which the thawed zone controls the adfreeze strength
would certainly be reduced as the roughness of the pile is

increased.
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Clearly, a comprehensive field study of this salt
contamination problem must define allowable adfreeze
strengths before this construction method can be -onsidered
as a viable piling alternative. However, it does appear from
this preliminary study that the cement does have potential
for use as a construction material for belled and tapered
piles and footings placed directly on frozen groundes The
governing factor in such cases will be the concrete

strengthe.
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CHAPTER 8

INTERPRETATION OF PILE CREEP TESTS

8.1 Introduction

There are several issues that complicate the
interpretation of field pile creep datas The ma jor concern
relates to the reliability of preaicting long-term behaviour
from short—-term pile creep tests. This concern is
particularly apparent when testing frozen-in timber pilles
since Nhixon and McRoberts (1976) have suggested that pile
compresgibility will considerably ‘influence the short—term
primary creep response at temperatures lower than -2 92C.
Further, the phase change expansion of the pore water during
freeze—-back of the slurry, may effect considerable pressure
buildup along the embedded portion of the pile. Hence, in
frictlional frozen solils (ice-poor) these high lateral
pressures may inhibit short—-term pile creep. Finelly,
deéplte the widespread use of incremental testingy no
definitive statement has bteen issued with regerd to the
effect of stress history on the creep of frozen soils.

Clearly, the above problems pose serious considerations
for design engineers. The intent of this chapter is to

clarify these concerns.
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Behaviour of Frozen Soils

The creep behaviour of ice-poor frozen soils may be
described in terms of Equation 2.5. The validity of this
relationship has been confirmed throughout the time range,
40 to 2000 nhours (Sayles (1968) , Sayles (1973) and Sayles
and Haines (1974) ). Thue, extrapolation of short-term data
(less than 250 hours) in ice-poor frozen soils is expected
to yield satisfactory predictions for the long=term
behaviour.

The interpretation of short-term creep data of ice-rich
frozen soils is more complicated. Long-term creep in such
soils is dominated by secondary creepy, while the short—-term
behaviour 1ia characterised by primary creepe. Thus, in order
to secure accurate predictions of long=-term behaviour, it is
necessary to extrapolate from steady-state creep not damped
creep conditionse.

The duration of primary creep is a function of the
"mobility" of the creep mechanismse. In other words, the more
active the creep mechanisms the shorter the duration of
primary creeps. Therefore, 1t is irferred that secondary
creep will commence more quickly at higher stresses and
wvarmer temperatures. This concept is supported by laboratory
creep tests on polycrystalline ice. Colbeck and Evans (1973)
reported that steady-state creep was observed after
approximately one day of testing at -0.,01 0C, under a

uniax.al loading of 58 kPas Similarly, Mellor and Testa
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(1969) reported steady-state creep after approximately 12
days, at —-2.06 %C, under a uniaxial loading of 43 kPae.
Further, it was observed in the laboratory creep tests on
polycrystalline ice (outlined in Chapter 4) that secondary
creep was achieved after approximately S days at a
temperature of -0.8 9C, under a shear loading of 19 %Pa,

Clearly, extrapolation of short-term data (less than S
days) at temperatures lower than ~1 9C will considerably
overestimate the long-term behaviour.

Woodward-Clyde (1976) extended this idea to piles in
frozen soils and argued that a critical pile displacement
must be attained before secondary creep mey be realised.
They observed that this critical pile displacement varied
from 2.5 cm to 3.8 cm. However, their observations are
inconclusive because of the high test loads and short-term
incremental testing procedure. Further, if a critical
displacement does exist it will surely depend on the ice
content and the plle geometry.

Roggensack (1877) suggests that the extrapolation
question may be circumvented by employing a simple power law

to describe the transient creep of frozen ice-rich solls,

8= P\ta+6 evecseee8el

He observed that the time exponent, a, varied from =-0.2 to
=1e1 and could be tentatively related to the applied

deviatoric stress for a given temperature by the following
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In this way, the total transient strain may be
segregated into primary and secondary components. Equation
8«2 is analogous to Andrade's law (a = =2/3) which Glen
(1955) used to phenomenologically describe the transient
creep of polycrystalline ice.

The constants A and a must be established from high
quality controlled isothermal long-term creep tests.s Such an
undertaking would involve an enormous amount of experimental
testing.

Hence, at this time the only relieble means of securing
representative secondary creep data is to conduct long=-term,

isothermal creep tests.

2.3 The Effect of Pile Compressibility on the Short=term
Creep Behaviour of Piles in Ice-vich Frozep Soils

Nixon and McRoberts (1976) extenced the simple shear
analysis of friction piles to account for pile |
compressibility and concluded that the time regulred to
establish uniform shaft etress conditions and a steady
settlement rate may vary from 1 dey to a&as much as one year,
depéndlné primarily on the ground temperature.

Their enalysis was based on the flow law for icee. In

reality the short-term behaviour of ice-rich frozen soils is
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governed by primary creep and thus, their analysis
overestimates the time required to establish steady state
condi tions.

Primary creep data for polycrystalline ice (Glen
(19535)) and (Mellor and Testa (1969) ) are summarised in
Figure B.1. It 1is observed that this data may be described
in terms of Fquation 2.5« There are insufficient data to
determine the complete dependence of strain on stress,
temperature and time. However, the stress exponent 'c' may
be inferred from Table A«.3 to be approximately equal to 2.0,
Thus, the primary creep law for ice may be expressed as

follows,

! 2,037
£e—~'— [Isg(g-\-l>° ) UQ t aoo.ooo803

Hence, for a rigid friction pile in polycrystalline ice the

short~term pile velocity is given by,

CLQ: D(‘z‘ttBti tscecseBe4
wrere,
seeseee8eS

YA
D (2;t> = 037 a‘t [ {Qb-t-sl)o T']

Furth ry the short-term pile velocity of a compreassible pile
(Nixon and McRoberts (1976) ) in polycrystalline ice is

given by,
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Uq = D(z,%) (32:)1 (%—1—‘;_52 - S

where E is the pille compressibility (MPa).

Equation 8.6 is mildly non-linear and may be solved using an
explicit finite diiference procedure. A liseting of this
program is presented in Appendix F,

The results of this analysis are presented in Figures
8¢2y, 8¢3 and 8.4 for a pile length of 6.0 m and & pile
diameter of 0«3 me A pile modulus of 10 000 MPe was used,
which is representative of a timber pile. The pile adfreeze
loading was chosen to be 31.25 kPae. The results Indicate
steady state equilibrium conditions are achieved much more
quickly than predicted using a secondary creep model (Nixon
and McRoberts (1976) ). Figure 8.2 shows that the plle i1s
approximately 75 % compressed after 5 hours at -2 OC and
after 75 hours at -5 0C, In comparisony, Nixon and McRoberts
(1976) calculated that a similar pile would be 75 %
compressed after approximately 7200 hours at -5 OC, Figures
8¢3 and 8.4 show the variation of pile dlsplaceﬁent ard
shear stress distribution, respectively, with depth and tine
at -5 9C., It is noted that the bottom of the plle starts to
deform after only 2 hours, thereby demonstrating the high
mobility of the frozen soil in response to a loaded
compressible pile. These bredlctions are consistent with
field pile tests (ground temperature ~0.3 9C) where it was
observed that strain-gauge instrumented plles were

compressed after only 2 hours of loading (Morgenstern
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(1978)).

The pile shear stresses immediately after loading are
considerably higher than 31.25 kPa in the upper zone of the
plle. The analysis suggests that the adfreeze bond around
the upper portion of the pile will feil at very early <times.
The stress—transfer mechanism on this portion of the pile is
highly transient and quite complex thereby precluding
theoreticel analysis at this time. However, it 1ise
anticipated that the strain rate in this poertion of the pile
would be very high and thus mobilise very high adfreeze
strengths. In this light, the adfreeze failure zone is

expected to be insignificant.

£:4 The Effect of Freezeback Pressures on the Short-term
Deformetion Behaviour of Frozepn=in Piles

Frozen-in piles cannot be loaded until complete
freezeback has occurreds Freezeback. times vary from 2 days
at -3 0C to 10 or more days at -1 OC. In winter considerable
freezeback pressures may be generated around the pile. Under
such conditions, the upper zone of slurry freezes within
hours and the remainder of the slurry is forced to freeze
under closed drainage conditionse. These pressures slowly
dissipate with time as the surrounding permafrost undergos
stress relaxatione In Chapter 5 it was recognised that the
horizontal overburden stresses imrosed on the lateral
surface of a pile in ice=rich soil may be neglected in pile

designe. However, the behaviours of ice~poor soils are
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noticeably frictional (Sayles (1973) ) and at hilgher
confining stresses (greater than 250 kPa) the lateral
pressures should not be ignorede This is of no real
consequence in pile design, since the conservative influence
of high confining pressures may be ceafely neglected.
However, this phenomenon may have serious implications to
pile test-based designs, where short-term, confined creep is
more subdued than long-term unconfined creep. Clearly, it is
important to study the relaxation of pressures around a
frozen—-in pile.

Davis (1960) solved the problem of relaxation of a
hollow cylinder, in which a state of plane-straln existse.
The axial strain vanishes and the material is assumed
incompressible. At time t=0, the inner radius, r=a, 1is
enlarged a small.anount,P‘1 e« This enlargement is maintained
constant with time. Thus, as the viscous cylinder relaxes,
the elastic strain is slowly converted to plastic strain.
| The sum and difference of stress, s and S, respectively

are given by
S:O‘e-fc'r 3 S:O’e—cr— secsces8e7

The initial purely elastic state of stress is expressed by

the Lame formulas,

2
s.: 2025 PL eveccee8Be§
- (ULOF)Fi
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2
SL" 20 P(.. seceeesB8Be9

bt-a*
creating the radial displacement,

('('7' eccceee8.10

4Ga

wn

Pa-:

where b is the external cylinder radius, PL is the initial
applied internal pressure and G is the shear moduluse.
The radial velocity w=0 vanishes throughout the

cylinder and hence the total rates of strain 1

e and € -must

vanish at all times t. For & primary creep law of the form

of Equation 2.5 this condition may be stated as follows

J4S ENES
i + B(Q(_;) S=0 ceceeeBe1l

where,

Bk)= K bt° ceceseBal2

Therefore,

l-c b J—Sc-tl
‘_S__: = — 4Gt K(‘Z) +\7V ceesee8e13

After integration, and applying the initial boundary

condition that at time t=0, S=S , it transpilres that,

g - Se \ cecese8eld
T [teenak2eaH gf"tb]z:.
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The second unknown, 's?, is prescribed through the

equilibrium equation,
r\zéi = b—(fzs> 0000008015
or dC

Now, from Equation 8.14,

2_(¢2S) = k{%_(l;%_;)%:‘ ceceesBalb
where,

E = 4Gap, ceceee8e17
and

D= (c-0GK2 3T "tk veeeeeB18

Therefore

= 2DE ._9\;(‘;__5_—,;_ + £ (&) cececeBall
r‘(r +D>""
The integral may be evaluated in closed form when 1/(c-1) is
an integer. Thus, for frozen Hanover silt 'c! is

approximately equal to 2 ﬁnd Equation 8.16 becomes,

|
2E PN *3'03(‘:;—'1‘)}*-5&) ceeceeB8a20
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where eb is the value of s at r=be.
Thus, from Equations 8.14 and 8.20 the radial stress, 0}-13

glven by,

Cr = s-S ccesee8s21

This problem has been solved for a 0.15 m diameter pile
installed in a 025 m diameter hole. The ground conditions
were assumed to consist of frozen ice-poor Hanover Silt at
temperatures of -1 9C and -5 OC, The =0il shear modulus was
estimated to be 500 MPa (Kaplar (1969) ). " he moisture
content and frozen bulk density of the slurry are assumed to
be 1§ % and 2.11 Mg/m3, respectively. The maximum redial
enlaqgement of the hole as a result of phase change of the
mixing ﬁater is computed to be 1 mm.

Figure 8.5 shows the effect of ground temperature on
the relaxation of radial stress at the slurry-permafrost
interface. It is observed that at -1 O0C the excess radial
stress dissipates quickly and after 500 hours is egqual to
150 kPa. However, at -5 0C the permafrost relaxes more
slowly and after 500 hours the radial stress is equal to 350
kPa.

Figure 8.6 summarises the relaxation of radial stresses
away from the pile in frozen silt at a temperature of -5 OC,
The analysis shows that the effect of the imposed freezeback
pressures is negligible at soil radii in excess of 3.0 me

it is assumed that the slurry freezes under a closed
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system, and that relaxation occurs only laterally. In
reality, the slurry freezes initially in an open systen, and
thus, freezeback pressures will not be as high as computed,
Furthery, radial stress dissipation will be facilitated by
vertical strees relaxation. Also, the permafrost immediately
surrounding the pile will be warmed by the slurry and thus
the effective relaxation temperature will be higher than the
original ground temperature.

Therefore, the analysis is certeinly conservative. Even
80y the results still confirm that excess stresses dissipate
very quickly. At warm temperatures (greater than -2 9C)
Sanger (1969) recommends a safe freezeback time of at least
10 dayse It is demonstrated in Figure 8.5 that during this
time, radial stresses will have decayed to 155 kPa at -1 OC,
Thus,'ln warm permafrost the residual freezeback pressures
will have only a marginal influence on the short-term
behaviour. However, in cold permafrost it is recommended
that the excess stresses be allowed to dissipate, prior to
test loadinge At a ground temperature of -5 OC this will

require an equilibration perlod of approximately 40 dayse

825 Ihe Use of Incremental Loading in Pile Tests

Incremental load testing has received widespread use in
the Arcflc. The technique enables a considerable quantity of
creep ;ata to be collected from one pile test.

In Chapter 2 it was outlined that the duration of

transient creep in ice-~rich frozen soils is a complex
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function of the segregated ice structure, the bulk density
and grrain size of the mineral s0il, and the groxn&
temperatures In light of this, it is very difficult, at this
tlme,‘to recommend test guidelines which will ensure that
secondary creep will be achieved during the cduration of the
test. Rather, it is recocamended that each load increment be
applied for as long as possible or until steady-state creep
is achieved. In this way, the creep rate at the end of each
increment will provide a conservative estimate of the
secondary creep rate,

Incremental testing is best suited t¢ positive load
ivcrements. If negative load increments are applied
steady-state conditions may be considerably delayed as the
ice structure undergos relaxatione.

Ice~poor frozen soils are characterised by primary
creep thus, interpretation of short-term incremental load
tests is complicat;d by the influence of stress historye
However, it may be reasoned that for positive load
increments of the same duration thre applied load at any
given time tends to dominate the creep behaviour of the soil
compared to prior, lesser loads and that this dominance
becomes greater as time passes. That isy tte long-term
primary creep settlement of an incrementally loaded pile is
approximately independent of stress history and depends only
upon the magnitude of the final lcade. Consequently, the
long~term primary creep settlement of a statically=-loaded

pile 1s expected to be essentially identical to the
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long-term settlement of an incrementally loaded pile
provided, of course, that the final total incremental load
is identical to the static load.

It is demonstrated earlier in thie chapter chat
long—-term primary creep settlements may be safely projected
from short~term static creep datae. Therefore, the governing
factor in defining a satiasfactory duration of the load
increment is dependent only upon stress history
considerations, that is, the incremental load duration must
be selected such that the influence of prior lesser loads on
the current creep behaviour is negligible.

Unfortunately, the absence of high-quality incremental
test data renders it very difficult to estimate satisfactory
load increment durationse. Hencey, at this tlmé it is not
possible to provide guidelines for carrying cut incremental
tests on frozen soils. However, some interesting inferences
concerning interpretation of incremental tests may be drawn
from the predictions of the various material hardening
theories.

Incremental creep curves may be reconstructed from
etatic creep curves using a number of graphical or
theoretical construc tiongs A common technigque is based on
the strain-hardening law (Hult (1966) )s This method was
usged in this thesis to construct the incremental creep curve
for uniaxial incremental loading cf frozen Ottawa Sand at a
temperature of -1 9C, The predicted incremental creep is

compared to the static creep curves in Figure 8.7+
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A more rational procedure, perhaps, 18 to approach the
problem in termms of gtrain energye. The uniaxial strain rate
is expressed as a function of applied uniaxial strain
energye. This relationship is summarised in graphical form in
Figure 8.8. The st~ess contuirs are defined as energy
surfaces (O0'Connor and Mitchell (1978) ). This figure may
now be used to predict the creep displacements during an
incremental load test. The proposed stress data is shown
schematically in Figure 8.8 and corresponds to uniaxial
loads rpplied incrementally at 72 hour intervals, The
resulting incremental strain-time curve is deduced “rom this
figure and is included in Figure 8.7 for comparison with the
strain-hardening law predictions.

It 1s observed that there is a large discrepancy in the
predicted short-term strain behaviour for the two methods.
However, this is only a secondary concern because in the
long-term the predictions will converge and the
discrepancies will be insignificants The primary concern
howevery, is that the predicted time exponenty (b in Equation
2¢5)y at the end of the load increment, 1s comparable to the
actual exponent obtained from a static load teste If this
were not so the long-term predictions would be grossly in
errore This issue is conveniently evaluated in Figure 8.9
wvhich summarises the strain-time curves on a double
logarithmic plot.

It 1s observed that the strain-time curves for the

second and subsequent load increments are curved, This
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non-linearity is attributable to stress history effects; in
the lung—term the curves will become parallel to the actual
static strain-time curve. However, if this non-~linearity
were ignored and the data were interpretated as straight
lines, the energy surface and strain-hardening theories
would predict time exponents of 0.19 and 0.25, respectively.
The reader is reminded that the actual static time exponent
is 0.26. In effect, this means that if the 72 hour
incremental creep curves were extrapolated according to a
simple power law then the long-term (30 year) pile
displacements in frozen Ottawa sand would be underes timated
by as much ae 25 %. This potential error, however, may be
incorporated in the factor of safetys Furthery, the error may
be minimised by selecting large loed increments and applying

the loads for longer periods of time.

826 Qverview
Long-term creep behaviour may be reliably predicted
from stort-term load testse. The degree of accuracy of
prediction will depend primarily upon test controly, and the
duration of the applied load. Adequate test control implies,
1. Ground temperatures remain steady throughout the test
periode.
2. The pile is isolated from external forces in the active
layer (e.@¢ frost heave and downdrag forces)e.
3. The soil and ice conditions and the ground temperature

are adequately def ined.
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4. Instrumentation is accurate and capable of + Jequately
‘uonltorlng the predicted behaviour.

Se¢ Pile installation is implemented using high
quality-control construction techniquesg.

Further, for the speclfic problem of frozen—in‘plles
installed in winter, it 1s recommended that the pile be
allowed to stand for at least 50 days, prior to testing,
unless precautions are taken to relieve the freezeback
pressures (i.e. by actively controlling freezeback or by
backfilling in stages). This practice will ensure that
in-situ lateral earth stresses will be representative of the
long=-term,

The recommended duration of applied loading depends
upon the ice content and the proposed stress path (1.e,
incremental or static loading)e For static and incremental
load tests in ice-rich frozen soils it is recommended that
constant loading be applied either until steady state
conditlons are attained or for as long as possible and in
any event for e minimum reriod of 6 days.

For static load tests in ice-poor frozen soils, it is
recommended that the load be applied for a winimum period of
72 hougs and that only the data after 48 hours be analysed.
This allows time for the rile to undergo elastic compression
and the shear stress distribution to be representative of
the long-~term.

Incremental creep tests in ice=poor frozen soils should

be interpreted with caution. Load increments should be as
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large as poesible and applied for as long es p:s3sible gmo
that stress history effects may be minimiseds. |

Finallyy it is determined that pile coupressibility
effects will generally only affect the creep data during the
first 48 hours of loading, after which time, the shear

stresses may be considered representative of the long-term.



CHAPTER 9
CONCLUDING REMARKS
This theiis has ealt with a wide variety of design and
construction problems associated with piling in permafrost,
In the light of this research the following comments

concerning general piling practice in the arctic are

presented.

f+1 Site Investigation

The s3lection of pile type and installation method are
governed primarily by the nature of ttre subsurface soil
conditions. Therefore, a site investigation is an essential
part of the foundation design progrem. The site
investigation should address the following concerns
1« Soil Conditions,

The soil profile must be adequately determined
particularly throughout the anticipated embedded depthe.
Special attention should be given to determining if
boulders or dense gravel strata are present at the site,
since this condition may grove to be an important design
factor especially in warm permafrost.

The nature and extent of segregated ice should be
identified since this will determine whether thawing can
be permittede A knowledge of the ice structure will alsp
indicate whether the frozen soil is ice=-rich or

lce-poors The distinction between these two conditlons
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is dependent primarily upon the ice structuree A
conservative approach is to assume that the scoil is
ice~rich if the average bulk density is less than 1.7
M¢I;3. Thisrcrlterion should be refined as mﬁre creep
data becomes available. The ground temperature profile
is of importance in design and in governing pile
selection. The temperature at the tip of the pile and
the thickness of the permafrost should be evaluated and
talik zcnes, if present, should be loca ted.

2+ Availability of Local Materials and Equipment.,

| If the site is underlain by thaw~-unstable
reraafrost, a gravel pad should be constructed over the
sites. Hence, a suitable gravel source must be located.
For small projects the cost of equipment

mobilisation is a ma jor portion of the overall budget
and so the choice of pile and instellation method is

often governed by the availability of suiteble local

materials.

2.2 Selection of Piling Syvatepn

Once the site investigation has identified the
permafrost conditions the final pile foundation system may
be selected.

For small structures timber piles are generally the
cheapest pile type. However, timber piies cannot be driven
and must be irstalled in eilther drilled or eteamed holes.
Steel piles are usually more expensive than timber piles but

they can be driven into most types of permafrost and can
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support heavy loads. Pipe piles can also be converted into

- thermal piles. Concrete piles are usually the most e xpensive

pile type in North America and hence are seldom used.
Concrete piles may be lightly driven and can suuport very
high structural loads. Bored plles are not recommended at
this time since it has been demonstrated that present day
cements are unsuitable for cast-in-place piling. Laboratory
studies have shown that permafrost cement-based concrete can
develop adequate compressive strength for use as bored
piles. However, the salt additive present in the cement
diffuses into the thin zone of unfrozen so.l surrounding the
piley, which is produced when thg concrete slurery temperature
is greater than 0 9C, The freezing point of this thin zone
of saline soil is depressed and hence the adfreeze strength
is reduced at warmer temperatures. It is anticipated that
this problem may be overcome by placing the concrete slurry
at a temperature colder than 0° C. Nevertheless, a
comprehensive field study of this problem must define
allowable adfreeze strengths before this construction method
can be considered as a viable piling alternative.

Piles may be installed using impact or vibratory
driving, slurrying and steaming techniqgues. Steaming
introduces large quantities of heat into the permsfrost and
should only be used in cold permafroste Placement in
oversized drilled holes has been very popular at sites where
pile driving has been considered unreliable. In this method

the annulus is backfilled with a sand slurry and allowed to
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refreezes This method may be used for all types and sizes of
»iles but is particularly attractive for placing thermal
piles since these piles cannot be drivene.

Pile driving is the most efficient installation method.
Impact driving of steel piles has been very successful in
fine—-grained frozen soils. Stiffened H piles may also be
driven into coarse-grained frozen soils.

The wave equation analysis has been used to predict
blow counts and end bearing stressee and thus to evaluate
the poiential for tip damage during drivinge It is concluded
that steel H piles may be driven into frozen clays, silts
and medium dense sands using stancdard driving equipment,
even in cold permafrost. However, instantaneous strength
properties of frozen coarse-grained soils must be determined
before the analysis can be extended to predict plle
behaviour in dense permafrost.

A review of the literature on vibratory driving in
frozen soile has revealed that high~frequency vibratory
methods are the most efficient plling method at this timee.
Vibratory driving has tremendous potential ir dense frozen
soils, where problems have been encountered using
conventional steeming, driving and slurrying techniques. The
vibratory energy is converted into heat at the pile and the
plle advances through the permafrost by liquefying the
thawed soil at the pile tip.,

A summary of piling techniques is presented in Figure

9¢1¢ This chart provides guidelines for determining the
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suitable pilling alternatives. The ground temperature and the
soil type are the ma jor geotechnical factors th#t determine
which methods may be considered. Vibratory driving and
slurrying are the most versatile installation methods but
neither technique can be used in all types of frozen soils,
Slurrying techniques must be used in warm rermafrost since
thermal piles cannot be driven,. Moreover, vibratory driving
has advantages over slurrying in dense frozen soils gsince
drilling in these soils is often very difficult.

Economic considerations usually govern the final
selection of the piling system. For small-scale projects the
choice of pile type and installation me thod *ill be governed
by the availability of local materials and equipment and at
this time this usually precludes the use of vicratory driven
piles. Fowever, for large-scale projects the initial high
cost of eéuipment mobilisation may be offset by the
construction time and effort saved by using the more
efficient vitratory piling systeme.

In recent times, the Soviets have experimented with
combined steaming and vibratory techniques. These me thods
appear very promising and offer potential for installing

piles and well casings in dense frozen soils,

9.3 Pile Design
Pile design must satisfy both thermal and rheological
congiderationse The thermal aspect can be subdivided

according to the following headings
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le Degradation of the permafrost beneath the structure
2. Heat Conduction down the pile

3¢ Freezeback time for slurried piles

4. Analysis of thermal piles.

The above concerns may be analysed using the well
established procedures ocutlined in Chapter 3.

The rheological aspect of design ensures nafety against
gross fajilure and excessive settlement. If competent bedrock
is within practical piling distance then end bearing piles
are usually preferred. However, 1f this approach is
impractical then the pile must develop adequate support in
the permafrost soils. Design against skin friction failure
is based upon allowable adfreeze strengths. The long—term
adfreeze strength may be directly related to the long-term
cohesive strength by means of a simple coefficient which is
dependent only upon the pile type( Equation S5.1)s In this
way, the allowable adfreeze strength may be determined fronm
Tables 5.1 and 5.2,

Design against excessive settlement may be based either
upon field creep tests or theoretical predictions of pile
creepe The implications of poor pile testing techniquee have
been studied and guidelines for deta interpretation have
been presented (Chapter 8). However, long>term static and
incremental load tests are needed to improve interpretation
of stage~loaded testa,

Simple shear laboratory studies have outlined the

manner in which the shaft stress is transferred to the
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permafrost via the adfreeze bond. It is concluded that the
shear strain is continuous across the adfreeze bond,
provided that the applied shear stress does not exceed the
long—term adfreeze strengthe.

Long-term creep tests on frozen soils have been
reviewed and creep»laws have been proposed for a wide range
of permafrost soils. It is concluded that the long-term
creep behaviour of all frozen soils mey be described by
primary creep laws and that the long-term deformation
behavicur of ice may be epproximated by steady-state creepe.
Th§ long—-term creep of a composite body of segregated ice
and frozen soil is governed by secondary ~reep within the
network of segregated ice. Hence, it may be argued that the
flow law for ice provides the upper limit to the flow law
for ice-rich frozen soilg. Nevertheless, long-term quality
controlled tests on ice-rich soils are required to refine
the creep laws proposed in this thesis.

In the light of the laboratory studies and the proposed
constitutive relationships vile creep has been analysed
using the theory of simple shearing of concentric cylinders,
The analysis holds for both primary and secondary creep and
is applicable to both ice-rich and ice=poor soils. Design
charte for piles in ice or ice-rich soils, frozen clay,
frozen silt and frozen sand are presented in Figures 5S¢4 to
5.7 respectively.

End bearing support is negligible for piles in

homogeneoue frozen soils. However, if the permafrost
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stiffness increases significantly with depth then an end
bearing design may be justifieds Creep of end bearing piles
has been predicted using the expanding cylindricel cavity
theory and design charts for piles in ice or ice~rich soils,
frozen clay, frozem silt and frozen sand are presented in
Figures 5.8 to S.11 respectively. A criticel and detailed
analysis of pile creep test data in frozen soils has
confirmed the validity of the proposed designse.

In_general, pile design in ice-rich solls ie governed
by settlement. Pile design in ice-poor soils should satisfy
both settlement and strength criteriae. Guidelines for
determining allowable bearing capacities are presented in
Figure S5.18, It is recognised that the gectechnical
properties of warm (greater than -1 9C) permafrost are
poorly defined and that the thermal balance in such soils is
in a very delicate state of equilibriume. Hencey, in marginal
permafrost it is recommended that special precautions be
taken to chill the ground to below -1 2C or to prethaw and
compact the permafrost. Further, pile support in all frozen
soils should only be determined for that portion of the pile
which is embedded in permafrost of temperature colder than
-1 Oc,

In conclusion, it i3 emphasised that case histories and
field studies are needed in which relevant and detailed

frozen soil creep data are clearly recordede.
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APPENDIX A

ANALYSIS OF PRIMARY CREEP DATA, SAYLES (1973)

To facilitate data reduction the resul ts were analysed
in terms of strain rather than strain rate. Inspection of
Equation 2.5 reveals that for constant stress and
temperature, the creep data will give a straight line of

gradienty by, on a double logarithmic plot of strain against

times A summary of the creep data 1s presented, according to
the above format, in Figure A.l. It is observed that this
data does support the simple power relatiowship between
strain and time. The intercept on the strain axisy, at a time
equal to one hour, is defined as 'A'e A summary of b and A
values obtained from Figure A.1 are presented in Table A.1,
Inspection of this table reveals that the time exponent, b,
is essentially insensitive to the magni tude of the applied
stress and assumes an average constant value of 0.26¢ Each
data set has been modified to conply with e constant
exponent of 0.26¢ In this way, Figure Ae.2 presents the
modified plote and Table A+.2 summarises the nmodified A
veluese.

Analysis of these data yields a 'c! value of 1,316 and
an 'f' value of 1.3, which is 2aquivalent to a "pseudo®
friction angle of 7.5 © Comparison of the primary creep data
presented by Vialov (1962) and Sayles (1968) suggests that
k' is somewhat insensitive to material type and ie
approximately equal to 1.0. Thus in this analysis, for 'K!?
equal to 1.0,'w' assumes a value of 21.0 MPao.hr /79C « A
summary of these parameters is presented in Table Ae3s This
table also summarises creep data from other investigators.
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Confining Deviatoric b A x 103
Stress,03 Stress,01-03 (hr- b )
(kPa) (kPa)
345 517 0.233 1.12
345 690 0.24 1.82
345 1380 0.315 2.05
345 1720 0-.259 4.50
517 256 0.287 0.37
517 517 0.189 1.10
517 1030 0.289 1.26
517 1380 0.376 1.26
2760 4130 0.24 14.4
2760 5500 0.22 24.2

Table A.1 Summary of "A' and ' p ' Values

~Data From Sayles (1973)




Confining Deviatoric Molified Modifigd
Stress,03 Stress ;0,~0; ‘b A x 10
(kPa) (kPa) (hr~P
345 517 0.26 0.92
345 690 0.26 1.6
345 1380 0.26 3.1
345 1720 0.26 4.4
517 256 0.26 0.43
517 517 0.26 0.64
517 1030 0.26 1.4
517 1380 0.26 2.4
2760 4130 0.26 12.0
2760 5500 0.26 20.0

Table A.2 Summary of Modified A and A/m Values
-Data from Sayles (1973)
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Soil c b wop k
(MPa.hr°/°Ck)

Suffield Clay> 2.38 0.333  0.73 1.2
Bat-baioss Clay 2.50 0.45 1.25 0.97
Hanover Silt3 2.04 0.151 4.58 0.87
Callovian Sandy Loaml 3.70 0.370 0.88 0.89
Ottawa Sand 1.28 0.449 44,7 1.0
Manchester Fine Sand? 2.63 0.631 2.29 1.0
Ottawa Sand (this study) 1,32 0.263 21.0 1.0

1 Vialov (1962)
2 sayles (1968)

Sayles and Haynes (1974)

Table A.3 Constants for Primary Creep Equation
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APPENDIX B

SUMMARY OF LABORATORY CREEP TEST RESULTS
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APPENILIX D

COMPUTER LISTING - WAVE EQUATION

AL RS IR A LAY Y Yy Y Y T LI I
CRAAB2402 000NV HPNINAEERIRRRRRISINRRIRERINSRANININIESHAN NSRRI ARY
(1] L1
e END BEARING RESISTANCE CNLY = NO TENSICN AT TIF b
@+ IRIS PROGRAX ANALYSES A STATICALLY-DRIVEN PILE USING THE WAVE #%
#* ESUATICN. IT CCMPUTES THE VARIATION CF FILE SET, DISPLACENMENT »#

-

[5

b

[

e

OQ-

WOWUONEWN -

OOONNAOOOOOOONOOOAOOONAHNAMOANANAN

#* AND INTERNAL STRESSES WITH TIME. THE SOIL KECDEL ASSUMES AN s
#* FLASTIC QUAKE OF 0.1 AND ERCVIDES AN END-BEARING RESISTANCE *a
#% WHICH IS A FUNCIICN CF THE VELCCITY OF IHE FILE 117, LORING .s
** FEBOUNL THE FILE BESISTANCE IS DITERMINEL BY ASSUMING THAT *»
$* IHE RESISTANCE AT THE ONSET OF REBOUNKD IS EQUAL 1C SIGL. hd
L2 "

l“i#‘.t#Q.lt‘#“tt‘t.“!‘t“‘“t“.l#ltt‘l"t"t‘tt!t’t.““"ﬁ‘t‘
.."#l‘l"ll".lt‘t"‘i"‘t"t“.l#t'#t““‘.l".lt'.".l““.l.‘..

39

2

V=VELOCIIY
C=LISPLACENENRT

DD=PLASTIIC CISPIACEMENT

F=SCIL RESISTANCE

C=SPRING CCMFRESSION

F=FORCE IN SPRING

E=COEFFICIENT OF RESTITION

W=WEIGHT

K=SPRING MCDULUS
C=QUAKE

SIGL=LCKER LINMIT OF

IINYE-DEPENDENT STRESS

SIGU=UEZPER LIMIT OF JIME~-DEPENDENT STRESS

EO=DENSITY
IN=YOUNGS MODULUS
AL=PILF LENGIH

IFL=LOWER TINE LINMIT OF TIBE-DEPENDENT STRESS

REND=VALUE CF SCI1L BESISTANCE AT IHE ONSET CF KEBOUND

LTI=31I%F INTERVAL

EEAL V(50),C(50),DD(50),R(50),C(50),F(50),E(2),

/R{50) , KD (5C) ,K (50)

READ(1,100)01,E(1),E(2),C,V (1) ,aP,B,AN,TFL, 5O, Y4, AL, K (1), ¥ (2) ,K(1)

bO=K0/ 386
J=0

K1=0

1=0

JA=0

Has=)
COEFF=4.S*AP
Fi=0.0

LL=DTI*4/12% (YN/RC) #%0. &

¥=3aL/DL
DL=AL/X
B=N+2
LE=N-1

DO 39 I=3,N

W(I)=RC*AP*DL*122386

R(I})=AP*¥N/12/DL
K(2)=AF*Y¥¥/12/DL
TINE=D.D

LO 1 I=2,N
V(I)=0.0

DO 2 I=1,¥
F(1)=0.0
€(1)=0.9

DD (1)=2.0
D(1)=0.0
B(1)=0.0
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APPENDIX E
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THAVW PENETRATION AROUND A BORED PILE DURING CURING

In this analysis the water/cement/aggregate ratio of

the "permafrost cement" concrete is assumed to be

0e44/1.0/2.75 by weight, respectively. The density of the

concrete was assumed to be 2.1 Ng/m? and thre heat
hydration of permafrost cement was taken as 10000

Thus, for a 0.5 m diameter pile, the mass of
unit length is 98 kg/m. Therefore, the total heat
to the permafrost is 4.12 kJ/me An upper estimate

of
cals/kge.
cement per
released
of the

thickness of the thawed annulus may be obtained if sensible
heat {8 ignored. Hence; the heat of hydration will melt 12.3
kg/m of jce. This is equivalent to a thawed ennulus of
thickness 9 mm in ice and 20 mm ir permafrost containing 20

% ice by weighte.



COMPUTER LISTING OF FREEZEBACK PRESSURE ANALYSIS PROGRAM

CHk
CHnok
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2
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APPENDIX F

¥2TATS PROGRAM COMPUTES THE CHANGE IN RADIAL STRESS WITH YIME, AROUND® %

*%A SLUPPIFD PTLE, ®%%ux%
DIMENS fO% RE1O0 ), RSTRS(I0),SRICIOY, SLI10 )SBR(10}
RUT Y=, 328 .

G=500,

PRA=,N01 !

C=2.04

SLINE=LN.20

PR=DG8 000

BRB=( -1 YRCHLRI2E4( 1--CIN3%%((C1 }/2)
NDR=]

RNDR=ND--1

T=1«0FE=-23

PO 1 I=1,NNDP

K(Y+1)=2%R{TY)

DO S ¥=1,NDR

SBICY )=DRAX4*GHFR( 1 )/R(1 I*42
E=DRAXASCRP( L)

GOTO 4

T-‘-T*]Oc

TS=T%%0).151 .

D=BTBXEX*(C-1 )*TS

PO 2 1=1,KDR
SB(I)=SBI(I)/((i+BBB*SBILI)**(C-l)*TS))**(1/(0-1))
SL(I)=2*E*(1/(R([)**24D)+1/D*ALOG10(R([)**2/(R(I)*t2+

/D)) I+SLINF
JF(TeLT«0.C001)SLE{Y)=SLINF
RSTRS( 1 )=(SL(T )-SB( I))*500
WRITE(6,41G)T,( RSTRS(Y1),¥=1,8)
lF( T.LT.0.00I )T=0- 001
IF(T.LT.10000,)G0T0 3
FORMAT(T12,3,3X,8FE.2)

STOP
END
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