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ABSTRACT

Piles are commonly used in the Canadian Arctic as a foundation solution. Steel pipe shaft pile,
which is a conventional pile type in the Arctic, is placed in an oversized pre-drilled hole and then
the annulus is backfilled with gravel slurries or grout designed to cure (i.e., a process called
freezeback) at cold temperatures. However, the construction is labor-intensive and freezeback is
time-consuming. Additionally, conventional steel pipe piles may provide lower adfreeze strength
between backfill and frozen soil than other methods.

As an innovative foundation option, continuous-flight piles consist of a steel tube with
continuous spiral flights and a tapered lower segment. These piles can be installed by applying a
compressive load and torque to the pile head. Owing to the difference in pile construction and soil-
pile interface, continuous-flight piles have advantages such as large capacities, rapid installation,
lightweight, and reusability in non-frozen soils. Consequently, continuous-flight piles may present
a better solution for deep foundations in the Canadian Arctic region. However, currently there is
not any design guideline or research on the application of continuous-flight piles in permafrost
regions. The short-term strength and long-term creep settlement of the continuous-flight pile in the
frozen ground may be different from conventional predrilled steel pipe piles. Understanding the
effects of pile shaft features and frozen soil conditions on the axial performance of continuous-
flight piles will provide valuable information for the pile design in permafrost.

To address these gaps, a research program was conducted to characterize the installation
and determine the axial behaviour of continuous-flight piles in frozen soils. Some specific
hypotheses of the research program are: 1) the continuous-flight pile can be screwed into a pilot
hole in frozen soil; 2) the water content, salinity, temperature of soils and pile shaft feature will
affect the performance of piles; 3) the geotechnical failure may occur locally at the soil beneath
the pile threads instead of at the soil-shaft shear surface, based on research of this pile type in non-
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frozen soils; 4) because of the failure pattern, the short-term capacity of the continuous-flight pile
may be greater than conventional piles of similar size, and the long-term creep rates may be less
than that of conventional piles.

The research of model pile testing in frozen soils was carried out at the Cold Regions
Geotechnical Research Center, University of Alberta. Twelve short-term or constant displacement
rate tests, four long-term or constant load tests, and seven installation tests were conducted.
Continuous-flight pile segments with a diameter of 89 mm and a height of 300 mm were installed
and loaded in frozen soils to investigate the installation torque, short-term axial pile capacities,
long-term settlement, and load-transfer mechanism. The effects of porewater salinity (0 and 10
ppt), soil temperature (0 to -5 °C), soil’s water content (20% to 27%), and pile shaft feature were
examined. Strain gauges were installed on the pile surface to measure the internal stress
distribution during axial loading and the torque during installation. Pile segments were installed in
an undersized pilot hole in warm frozen soils using an electric rotary motor. Results showed that
installation was refused at a minimum temperature of -1.88 °C in 10 ppt soil and -1.0 °C in non-
saline soil due to the limitation of the lab equipment. The test pile carried more load than the
smooth pile in the cold frozen soil (-5 °C). The short-term ultimate pile capacity increased
significantly when soil temperature decreased from -1 °C to -5 °C. The pile capacity increased with
decreasing salinity in cold frozen soils while the effect of salinity on the pile capacity in warm
frozen soils (-1 °C) could be neglected. Cylindrical shearing mode and individual bearing mode
were observed for continuous-flight piles in warm and cold frozen soils, respectively.

In conclusion, this research introduces a novel pile type that may be suitable for residential
and commercial projects in Canadian Arctic communities. Findings from this research are
anticipated to contribute to the safe and economic construction of infrastructure across Northern
and Western Canada.
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Normal internal strain of pile shaft;

Negative temperature in °C;

Reference temperature taken as -1 °C;
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1 Introduction

1.1 Background

Permafrost refers to the ground that remains at or below 0 °C for at least two consecutive years,
regardless of soil type, ground ice distribution, or thermal regime (Andersland and Ladanyi 2004).
In Canada, half of the land surface lies in permafrost regions (Johnston 1981), mainly in the arctic
and subarctic regions, which include Yukon, Northwest Territories, Nunavut, northern Quebec,
and Labrador (Figure 1.1). To design foundations in permafrost, it is important to consider how
ground temperature varies over time and depth. These variations can be illustrated by the “trumpet
curve” (Figure 1.2a), which shows the magnitude and depth of ground temperature fluctuations
that correlate with air temperature. Figure 1.2b shows examples of ground temperature

measurements taken in Inuvik, NWT (Holubec 2008).
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Figure 1.1 Permafrost distribution in Canada (after Holubec 2008).
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Figure 1.2 (a). “Trumpet curve” of schematic ground temperature profile; (b) ground temperature
measured between 2006 and 2007 in Inuvik, NWT (after Holubec 2008).

Piles are commonly used for foundations in permafrost in the Canadian Arctic to support
superstructures (e.g., buildings) and above-ground infrastructures (e.g., utilidor). Piles transmit the
structural loads to deep soils where the supporting strength of the soil remains relatively stable
throughout the life of the structure. Piles in permafrost are typically socketed into bedrock and
therefore be deep, despite the relatively low structural loads. In the permafrost regions of Canada,
piles are mostly prefabricated and can be installed mechanically. This installation approach
eliminates the need for an open excavation, which could cause significant thermal disturbance in
the ground (Andersland and Ladanyi 2004).

Pile types used in the permafrost generally include timber, steel, concrete, and composite

(steel/concrete) piles. The selection of a particular pile type depends on various factors, including



soil type, temperature profiles, load conditions, availability of material, construction equipment,
the cost of transportation, and pile installation (Scher 1996). Conventional foundations in cold
regions are straight-shaft smooth pipe pile foundations embedded into the permafrost to elevate
the supported structures above the ground surface. The pile is usually placed in pre-drilled borehole
and the annulus is backfilled with gravel or a cement-based slurry designed to be back-frozen (i.e.,
freezeback) at cold temperatures (Figure 1.3a). Despite its common use, this foundation type has
several disadvantages: the pile may be expensive to construct; the construction and considerable
freezeback may be time-consuming; and the pile capacity may not be maximized because the
capacity relies on the adfreeze bond strength of the shaft surface that is usually smaller than the

strength of adjacent frozen soil (Biggar 1991).
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Figure 1.3 Pile types used in the Canadian Arctic (drawing are not to scale, after Gao et al. 2021).
The design of piles in permafrost should consider several potential modes of failure or
serviceability criteria. Geotechnical evaluations are required to estimate the minimum embedment

depth considering ground temperature, axial shear failure, long-term creep settlement, frost heave



and jacking. Piles should resist short-term and sustained loads and have sufficient resistance to
counteract upward pull occurring within the active layer from frost heave and frost jacking. Often,
creep settlement dominates the pile design, particularly in ice-rich and warm permafrost. Climate
change also poses a risk to the integrity of permafrost and pile foundations. Permafrost and frozen
ground can thaw in response to climate warming. Changes in permafrost temperatures and active
layer thickness will affect the pile performance significantly.

In addition, piles must be protected within the active layer against material deterioration
from physical, chemical, and biological actions. In Inuvik, many timber piles have failed because
of material damage near the ground surface (Figure 1.4a and 1.4b). In recent years, there have been
several cases where new piles or shallow foundations failed to meet the serviceability criteria
because of the malfunction of the active or passive freezing system intended to assist with their
performance. Wood blocking systems can be a viable solution for remediating buildings that have
experienced severe damage to their timber piles (Liu et al. 2022). Instead of remediating failed
timber piles, a stack of timber logs is placed on the ground surface (Figure 1.4c and 1.4d). This
wood blocking can be positioned underneath the building or outside its edges, making it both easy
to install and cost-effective. A case study of a wood blocking system with a health monitoring
program in Inuvik was elaborated by Liu et al. (2022). Wood blocking can still settle due to freeze
and thaw cycles in the active layer. The top wedge of the wood blocking support will need to be
adjusted to close the gaps caused by the settlement.

Several new pile types (Figure 1.3b and 1.3¢) have been introduced to the Canadian Arctic
in the past few decades, such as helix thermopiles and convection piles. A helix thermopile is a
combination of a thermosyphon and an adfreeze pile that incorporates thin-bladed helixes on the
pile surface (Zhang and Hoeve 2015). They work together to extract heat from the permafrost

during winter. A convection pile is an adfreeze steel pipe pile. Convection forms naturally and



extracts the heat from adjacent soils during the winter when the air temperature is colder than the
ground temperature, and dormant during the summer. This has a cooling effect on the adjacent soil

and improves pile performance.

Figure 1.4 (a) Decayed timber pile supporting an apartment building; (b) failed pile under the
utilidor; (¢) and (d) wood block system supporting residental buildings in Inuvik, NWT.
Continuous-flight piles or screw micropiles have been recently introduced to Canadian
foundation industry as a new foundation type. The continuous-flight pile consists of a steel tube
with continuous spiral threads welds on the lower half of the pile shaft and a closed-end tapered
pile tip, with a galvanized coating to provide corrosion resistance. The installation method of
continuous-flight pile is different from conventional piles. Firstly, continuous-flight piles are
screwed into the ground by applying a torque to the pile head while a downward force is also

applied to make the pile advance downward. No pre-drilling is required prior to the pile installation



unless in the gravelly ground; therefore, the ground disturbance is minimum, and the pile is
immediately loadable after installation. Because no soil is removed prior to installation, this pile
type can be classified as displacement pile, and the increase in lateral earth pressure caused by
installation could potentially lead to a higher capacity than conventional piles. Secondly, grouting
and freezeback is not involved in the construction of continuous-flight piles. Therefore, no curing

time is needed, and the piles are immediately loadable after installation.

1.2 Problem Statements and Hypotheses

As a new introduced pile type, continuous-flight piles are anticipated to serve as an optimized
foundation type for infrastructure systems in the permafrost regions of Canada. However, there is
not any previous research on the axial loading behavior of this pile type in permafrost. The load
transfer mechanism along with the pile and the pile-soil interaction failure mechanism are still
unknown. Also, there is not any relevant research on pile foundations that are installed into
permafrost by the torsional method. Understanding the effects of pile shaft feature, soil
temperature, salinity, and water content on the installation and axial performance of continuous-
flight piles will provide valuable information for the pile design in the permafrost.

Specific hypotheses of this research program are:

e The continuous-flight piles can be screwed into a pilot hole of the warm frozen
soils;

e The soil’s water content, salinity, temperature, and pile shaft feature will affect the
installation and axial performance of continuous-flight piles;

e The geotechnical failure may occur locally at the soil beneath the pile threads
instead of at the soil-shaft shear surface, based on research of this pile type in non-

frozen soils. The presence of threads may push the shear failure plane outward to



the edge of the threads. The increased shear strength and plate bearing resistance
in the native soil will therefore significantly increase the limit capacity of the
threaded segment.

e Failure pattern of cylindrical shear mode or individual end bearing mode may
occur. The increased resistance in the native soil leads to a higher short-term
capacity of continuous-flight piles than conventional piles of similar size, and the

long-term creep rates may be less than that of conventional piles.

1.3 Research Objectives
To guide the field application of continuous-flight pile in permafrost of Canada, the specific

objectives of this research are as follows:

Investigate the effects of pile shaft feature, soil temperature, salinity, and water content

on the axial performance and installation torque of continuous-flight pile;

e Determine the short-term stress-strain behaviour and strength of continuous-flight pile
in frozen ground;

e Investigate the long-term creep settlement of continuous-flight pile in frozen ground,

e Understand the load transfer mechanism along the pile and pile-soil interaction failure

mechanism in permafrost;

e Provide a guide for the application of the continuous-flight piles in permaftrost.

1.4 Scope and Significance of Present Research

The research characterized the axial behavior and installation torque of continuous-flight piles in
frozen soils, using the facilities in the Cold Regions Geotechnical Research Center at the
University of Alberta. A laboratory experimental program was developed to examine the effects

of soil temperature, salinity, water content and pile shaft shape upon the continuous-flight pile



performance. The laboratory model pile testing system consists of a soil-pile test cell with two
chambers: inner chamber for the soil and the outer chamber accommodating the circulation of
coolant for temperature control, a temperature-control bath, a servo-control hydraulic loading
equipment, model pile segments, and a data acquisition system. The continuous-flight pile
segments with a diameter of 89 mm and a height of 30 cm were installed and loaded in frozen
soils. The pile head load was recorded using a load cell. Pile head displacements and ground
surface settlements were recorded from the corresponding linear potentiometers. A series of
thermocouples were embedded in the soil chamber to record the soil temperature. Also, strain
gauges were used to measure the internal strains along the pile segment. The measured strains were
thereafter converted into axial forces and installation torques to characterize the behavior of piles
in frozen soils.

Two types of loading tests are conducted in the laboratory: short-term or constant
displacement rate loading test, and long-term or constant loading test. The short-term constant
displacement rate was 2.2 mm/h, which was within the strain rate range adopted in the literature.
The load capacity obtained from the short-term loading tests were referenced to determine the
loading increments for the long-term loading tests. The soil type, water content, salinities,
temperature are selected to cover the range of conditions encountered in coastal Canadian Arctic
communities.

The significance of the present study to geotechnical academic and industrial communities
are stated as follows. A laboratory experimental loading system for continuous-flight piles in
frozen soils was developed at the University of Alberta as part of the present research program.
The experimental program developed techniques and hardware that will aid future research on
frozen soil-foundation-structure interaction. Experience was gained in model construction,

instrumentation, continuous-flight pile installation, axial loading, and data acquisition. By



examining the effects of key parameters on the axial performance, the behavior of piles with a
similar geometry and soil conditions in the field can be anticipated. This research provided a
solution to estimate the installation skin friction, side shear resistance, unit plate bearing resistance,
and long-term creep settlement of continuous-flight piles. The proposed analytical calculation to
the load transfer and installation torque can improve understanding the performance of continuous-
flight piles in frozen soils. The required installation torque measured in the laboratory tests could
be referenced to guide the field application of continuous-flight piles in permafrost of Canada.
Therefore, the outcomes of the present research are anticipated to provide an innovative
foundation type that may be more cost-effective and more capable than conventional foundations.
The findings from present research will also help promote the broader application of continuous-
flight piles in existing and emerging industries such as residential and commercial buildings,
railways, bridges, pipelines, power-transmission towers, and other infrastructure systems. In
addition, the findings are expected to contribute to the safe and economic construction of
infrastructure of indigenous communities, and to help support the economic growth and expansion
of communities and industrial infrastructure across Northern Canada and Western Canada

associated with climate change.

1.5 Thesis Outline

The thesis contains six chapters. A short description of each chapter and appendix is summarized
as follows:

Chapter 1: Introduction

The introduction includes the research background, problem statement and hypotheses, research
objectives, scope, and significance of the research.

Chapter 2: Literature Review



A review of the literature related to the mechanical properties of frozen soils, overview of piles
foundations practice in cold regions, factors influencing pile adfreeze strength and creep
settlement, numerical modeling, and design method of pile foundations in frozen soils is reported
in the literature review.

Chapter 3: Short-Term Axial Loading of Continuous-Flight Pile Segment in Frozen Soil
This chapter includes a review of the short-term axial performance of continuous-flight pile in
frozen soils. A version of this chapter constitutes the paper that has been published in the Canadian
Geotechnical Journal.

Chapter 4: Long-Term Axial Performance of Continuous-Flight Pile in Frozen Soil

This chapter includes a review of the long-term axial performance of continuous-flight pile in
frozen soils. A version of this chapter constitutes the paper that has been published to the Canadian
Geotechnical Journal.

Chapter 5: Laboratory Investigation of Torsional Installation Method for Continuous-Flight
Pile in Frozen Soil

This chapter includes a review of the laboratory investigation of torsional installation method for
continuous-flight pile in frozen soils. A version of this chapter constitutes the paper that will be
submitted to a peer-reviewed journal.

Chapter 6: Summary of Conclusions

In the final chapter, a summary of the conclusions of all the parts is reported. The limitations of
present research and recommendations for further research are given. In addition,
recommendations for continuous-flight pile design in warm permafrost is provided.

Appendix A: Additional laboratory tests photos and drawings are presented in this appendix.
Appendix B: Additional test results are presented in this appendix.

Appendix C: An example of data processing sheet is presented in this appendix.
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2 Literature Review

The behavior and design of pile foundations for the infrastructure in cold regions have been the
focus of research in the past. It is important to have detailed information on subsurface soil
conditions for design and construction purposes. This section reviews the mechanical properties
of frozen soils, overview of pile foundation practice in permafrost, pile adfreeze strength and creep
settlement correlation between frozen soil and pile foundation, and state-of-art research and design

of pile foundations in frozen soils.

2.1 Introduction to Frozen Soil Mechanical Properties

Understanding the mechanical properties of frozen soils is crucial in developing safe and reliable
infrastructure in cold regions. Foundation design and construction in non-frozen soils are heavily
reliant on the mechanical properties of soils, such as shear strength, deformability, and
compressibility. However, in permafrost regions, additional factors must be considered, such as
soil frost susceptibility or thermal conductivity, adfreeze bond strength, and stress-strain
relationships. The complexity of these properties in frozen soils arises from their interdependence
on various factors, including soil type, unfrozen water and ice content, saturation, soil temperature,
stress, and loading rate. For instance, in a given frozen soil, the strength and creep deformation

behavior are primarily influenced by ice content, temperature, salinity, and loading or strain rate.

2.1.1 Factors Influencing Frozen Soil Strength and Creep Settlement

2.1.1.1 Total Moisture Content and Ice Content

The total moisture content is a crucial factor that significantly affect the strength and creep
behavior of frozen soils. In cold regions, the total moisture content of a frozen soil exists in two
phases: ice and water. This condition significantly affects the soil's thermal, hydraulic, and

mechanical properties, including creep, shear strength, and bearing properties (Scher 1996). As
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the moisture content increases, the pore water in the soil increases, which leads to an increase in
the ice content. This increase in ice content leads to an increase in the strength of the frozen soil
due to the increase in interlocking between soil particles. However, if the moisture content
becomes too high, it may lead to a decrease in strength due to a reduction in the air-void ratio and
an increase in the ice lenses, leading to soil heaving and cracking. The ratio of water to ice
primarily depends on the soil temperature, grain size, pressure, and mineral content of the water.

Nerseova and Tsytovich (1963) categorized soil water into three distinct states: gaseous,
bounded, and free. They defined weakly bounded water as adsorbed water that undergoes a phase
change when exposed to sub-zero temperatures, and strongly bounded water as liquid water that
remains in that state even at sub-zero temperatures. Free water, on the other hand, freezes at 0 °C
at one atmosphere.

The relationship between unfrozen water and temperature in saline soils and ice is
described in detail in Ogata et al. (1983). Generally, ice crystals are formed of fresh water
excluding impurities, such as salt ions, from the pure crystalline ice structure into the remaining
unfrozen water. As the temperature decreases, the salt ions are excluded into the remaining
unfrozen brine solution further depressing its freezing point. This process continues until pore
solution become a matrix of ice crystals and salt ions with no liquid brine at the eutectic
temperature, which is -21.3 °C for a sodium chloride solution.

To predict the unfrozen water content, Anderson and Tice (1972) and Dillon and
Andersland (1966) proposed two methods based on specific surface area and temperature. Dillon
and Andersland also accounted for soil activity, clay mineral type, and freezing point depression
of pore water. Tice et al. (1976) developed a method for predicting phase composition curves based

on liquid limit measurements, which applies to soils with a liquid limit of less than 100 or with no
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excessive soluble salts. They suggested the following equation to estimate unfrozen water content
W

wy = a|T|? (2-1)
where T is the soil temperature in °C, and & and f are empirical parameters. Sheng et al. (1995)
utilized volumetric water content @to predict the unfrozen volumetric water content 6:

0, = ge@T? (2-2)
where @1is the initial volumetric water content, and a and b are fitting parameters that depend on
the specific surface area and pore geometry of the soil. Hivon (1991) developed a method to predict
the unfrozen water content of saline soils using data obtained experimentally. Then, the effects of
unfrozen water content on the strength of frozen saline soil were discussed. A decrease in strength

with an increase in unfrozen water content was observed.

2.1.1.2 Soil Temperature

Temperature has a significant impact on the mechanical behavior of frozen soils, as it directly
affects the strength of ice and the amount of unfrozen water content. Generally, a decrease in
temperature increases the strength of a frozen soil, but also makes it more brittle, resulting in a
greater drop in strength after reaching its peak and an increase in the ratio of compressive to tensile
strength (as shown in Figure 2.1, Andersland and Ladanyi 2004). Li et al. (2004) concluded that
the uniaxial compressive strength of frozen clay linearly increases with decreasing temperature;
however, Chen and Lin (2019) proposed that the relationship between the compressive strength
and temperature of frozen soil can be expressed by an exponential function (Ren et al. 2023).
Previous attempts to use the theory of reaction rate processes to express the relationship between
temperature and strength variation in frozen soils have been limited, and the theory is currently

viewed as only an approximation.
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Figure 2.1 Frozen silt uniaxial strength versus temperature (after Andersland and Ladanyi 2004;
Haynes and Karalius 1977).
2.1.1.3 Salinity
In many arctic regions, the porewater or pore-ice can be saline due to marine influence during soil
deposition or subsequent reworking caused by inundation over geological time (Hivon and Sego
1991; Miller and Johnson 1990). Porewater salinities as high as 46 ppt have been reported in the
Baffin Island region (Hanna 1989). In some cases, high “salinity” encountered in the lower
Mackenzie Valley can be attributed to local bedrock (limestone and possibly gypsum) rather than
marine salinity (Hivon and Sego 1991). Electrical conductivity is often used to determine salinity,
and porewater chemistry is not always analyzed. Nixon (1988) presented a simple laboratory test
procedure to measure salinity. The permafrost design engineer must determine if any soil
chemistry could significantly alter the soil's thermal and physical behavior.

In saline soils, the freezing progress leads to the formation of ice crystals which contain

almost fresh water as the salts are expelled upon freezing. As the temperature drops, the ice crystals
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grow, enveloping both the crystals themselves and the soil particles in a highly concentrated brine
solution. Despite the surface tension effects, all medium to fine-grained soils will have some
portion of the porewater remain unfrozen, even at temperatures as low as -5 to -10 °C. However,
in saline soils, the amount of unfrozen porewater is considerably greater due to the high salt
concentrations. Accurately representing the unfrozen moisture content curve in geothermal
analyses is crucial. The impact of salinity on the engineering properties of saline soils has been
conducted by Nixon and Lem (1984). In frozen saline soil, there is effectively less "bonding"
compared to freshwater soil, resulting in considerably less favorable strength and creep
deformation characteristics. This phenomenon is confirmed by Hivon and Sego (1995) who

investigated the effect of salinity on the frozen soil strength using uniaxial compression tests.

2.1.2 Frozen Soil Strength

Strength properties, such as compressive, shear, and tensile strength, are critical considerations in
design. In unfrozen or thawed soils, the strength primarily depends on cohesion and friction
between soil particles (Scher 1996). It is generally accepted that the cohesion is time, strain rate
and temperature dependent as opposed to friction which is usually constant (Andersland and Al-
Nouri 1970). The soil type and grain size distribution are important with respect to the nature of
the strength and the amount of unfrozen water, i.e., fine-grained soils having much higher unfrozen
water content than coarse-grained soils. Unfrozen soil strength is typically not dependent on
loading rate or time. However, in frozen soils, the presence of ice significantly impacts strength-
deformation behavior. Ice exhibits non-Newtonian behavior with strong time-dependent plastic
deformation (Scher 1996). The relative volumes of ice and soil particles influence the strength-

deformation behavior at a given temperature and loading rate (Goughnour and Andersland 1968).
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The presence of unfrozen water in frozen soils is due to freezing point depression and salt exclusion
within the saline pore fluid.

The observations by Ladanyi and Morel (1990) suggest that the strength behavior of frozen
soils can not be predicted by simply adding the strengths of the ice and unfrozen soil components.
It was also observed that the tensile strength of ice leads to a dilatancy hardening effect, which
causes the frozen sand to behave like it is under confinement even under unconfined compression.
Oliphant and Tice (1982) further investigated the mechanisms of strength in frozen soil and
identified three components: the strength of the ice, the strength of the soil, and the interaction
between the ice and soil. Additionally, Ersoy and Torgrol (1978) found that the effect of strain rate
on the measured strength of frozen soils is less significant compared to the effect of temperature.

Hivon and Sego (1995) summarized an extensive laboratory program undertaken to study
the influence of soil type, temperature, and salinity on the strength of three different frozen soils
under conditions of unconfined constant strain rate tests. They concluded an increase in
temperature and salinity (unfrozen water content) causes a significant decrease of strength (Figure
2.2). A predictive model of soil strength in terms of salinity and temperature was presented.

It is important to note that due to their time-dependent behavior, the long-term strength of
frozen soils used for design purposes will generally be much smaller than the ultimate or short-
term strength. To better understand the interactive relationships between ice content, temperature,
strain rate, and confining pressure with frozen soil strengths, researchers have conducted numerous
studies. Summaries of frozen soil strengths versus the interactive relationships with ice content,
temperature, strain rate, and confining pressure are provided in Andersland and Anderson (1978),

Kaplar (1974), and Tsytovich (1975).
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Figure 2.2 Soil strength versus corrected unfrozen water content (after Hivon and Sego 1995).
2.1.3 General Soil Creep Equation
In frozen soil mechanics, it is usually assumed that the total strain, ¢, as a result of a deviatoric
stress increment is expressed in Equation 2-3:
£=1¢gy+© (2-3)
where &, is the instantaneous strain and £(©) is the delayed or creep strain.
For long term problems, such as the behaviour of foundations in permafrost, the short-term

response (including elastic, plastic, and primary creep portions) is summed together to form a

pseudo-instantaneous plastic strain, é® (Hult 1966; Ladanyi 1972):

— @ ()
e=¢e® 4 Epin (2-4)
. de© . . o .
where 57(7;.)" =2 " is the minimum (or steady-state) creep rate and ¢ is time. On the basis of
dt

available experimental experience with frozen soils (Hult 1966 and Ladanyi 1972), both £® and

£,in, D€ expressed conveniently by the power law approximations:
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£ = g, ()" @2-5)

Ok
and
n
£ = e () (2-6)

where o0y¢ is a temperature-dependent total deformation modulus, corresponding to the reference
strain &, same relationship as €, and g.4.

The values of k£ and n can be obtained from uniaxial compression creep tests. For a general
state of stress and assuming the validity of von mises flow rule and volume constancy for all plastic
deformations, including creep strains, the power type creep equation can be written as (Odqvist

1966):
.(¢) . (e \" .
£ =&, (—e) (Norton-Bayley power law creep equation) (2-7)

min oo

where o, and &, are the equivalent stress and strain rate, respectively, defined by

02 = 3], =2 [(0y — 02)2 + (07 — 03) + (03 — 07)?] (2-8)

2

g2 =20y =2 [(6— )7 + (&, — €)% + (&5 — £1)7] (2-9)

N R

where ]2' and ié denote second invariants of stress and strain rate deviation tensor, respectively,
and o,y is the creep proof stress (creep modulus) obtained in uniaxial compression creep tests at a
constant temperature. It should be noted that for axial symmetry, such as in triaxial compression
tests on cylindrical specimens, g, = (0, — 03) and &, = &, so the power law of equation
becomes:

&9 = ¢ (Z=2)n (2-10)

Oco
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For a plane strain case, assuming material incompressibility,o, = > (0, —03) and &, = =¢&;.

V3
n+1 _ n
Then, él(c) = (ﬁ) & (M) . Finally, for a simple shear case one can write for an
2 Oco
incompressible material:
1

v =301~ 03) 2-11)

Y =2& (2-12)
Then,

. ntl g\

y=32¢ () (2-13)

With the ice present as pore cement or discrete veins, ice phase behaviour will probably dominate
any load-deformation relationship determined for frozen soil. Studies of creep in ice are therefore
a useful starting point in the development of appropriate stress-strain relationships for frozen soils.

Glen's (1955) flow law is the most well-known method for predicting constant secondary
strain rate, and it has been utilized by numerous authors, including Morgenstern et al. (1980), Sego
and Morgenstern (1983):

&€ = Ba" (2-14)
where the value of B is determined by the temperature and type of ice, while the value of n can
vary based on the level of stress.

Nixon and Lem (1984) investigated the creep behavior of fine-grained saline frozen soils
and the concept of secondary steady-state was utilized. It was noted that at temperature close to
the freezing point depression where the unfrozen water content is high, it would be important to
differentiate between consolidation and creep effects. Nixon and Pharr (1984) examined the creep
behavior of saturated saline frozen gravel, and they observed that neither a secondary creep stage

nor a minimum strain rate developed during testing. Hivon (1991) conducted an extensive
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laboratory program to investigate the influence of soil type, temperature, and salinity on the creep
of three different frozen soils using unconfined constant stress tests (Figure 2.3). The results
showed that an increase in stress and an increase in salinity cause a decrease in the time to failure
and an increase in the strain rate at failure. Hivon (1991) summarized all of the creep parameters
necessary to predict the strain versus time for Sayles (1968), Vyalov et al. (1988) and Gardner et
al. (1984) models. Table 2.1 lists the obtained creep parameters B and » for sand (A), silty sand
(B), and fine silty sand (C) at the different salinities from Hivon (1991).

Yang et al. (2010) investigated the creep behavior of warm ice-rich frozen sand using a
series of experimental data under different stress levels at temperatures of -1 °C, -1.5 °C, and -2
°C. They concluded the creep characteristic of warm ice-rich frozen sand is significantly
influenced by the stress levels. A statistical damage constitutive model was proposed based on the
experimental results and the validity of the model was verified. Wang et al. (2014) proposed a
simple frozen soil creep model by combining Maxwell, Kelvin and Bingham body, with a
parabolic yield criteria. Then the model was verified by the direct shear creep tests on frozen fine
sand, and the calculated creep strains agree in general with test data (Figure 2.4). Yao et al. (2017)
proposed a frozen soil creep model with shear strength attenuation based on parameters obtained
from compression and triaxial shear tests. It was noted that the progressive development of creep

strain from primary to tertiary stage can be captured reasonably from their model.
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Figure 2.3 Constant stress compression test set-up (after Hivon 1991).
Table 2.1 Creep parameters obtained from Hivon (1991)

B and n VALUES for En =B o ?

Soil Salinity B n
(ppt) (%/hour)

A 0 8.3 x 109 12.2
A 5 0.162 4.6
A 10 0.511 4.2
A 30 36.8 6.7
B 0 9.0x 10°7 13.3
B 5 7.9x 10°3 12.9
B 10 0.010 11.0
B 30 49.9 4.9
C 0 24x10°10 256
C 5 54x106 183
C 10 0.0054 14.0
C 30 57.9 3.25
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Figure 2.4 Comparison between calculated and measured creep strain from direct shear creep tests

(after Wang et al. 2004).

2.2 Overview of Pile Foundations Practice in Permafrost Regions

The straight-shaft smooth timber or steel pipe pile is the conventional foundation used in
permafrost regions (Figure 2.5). These piles are usually placed into a pre-drilled, oversized hole
with the annulus between the pile shaft and the borehole wall, which is backfilled with a soil-water
or grout slurry (Biggar and Sego 1993a, b). The design of the piles is governed by the adfreeze
strength between the pile shaft and frozen backfill and the time-dependent creep deformation
(Weaver and Morgenstern 1981, Heydinger 1987, Ladanyi et al. 1995). Loading tests of model
piles in frozen sand show that smooth straight-shaft piles fail in a brittle manner (Ladanyi and
Guichaoua 1985) and have relatively low axial capacities because the shear failure is mobilized at
the pile-backfill interface and the adfreeze strength is typically smaller than the strength of adjacent

frozen soil.
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Figure 2.5 Timber piles are used for residental building and steel pipe piles are supporting

commercial buildings in Inuvik, NWT.

Due to their brittle load-displacement behaviour, relatively low axial capacities, and long-
term creep deformation, conventional piles may not be appropriate when large capacity and small
settlement are required. To enhance their performance, conventional piles may be modified in the
following ways: 1) use roughened or corrugated pile shafts; 2) add shaft protrusions such as helix,
screws, and lugs; and 3) use a tapered shaft pile.

The surface finish of the pile is critical to the development of surface adfreeze strength
(Sego and Smith 1989). A roughened or corrugated shaft surface will move the shear failure

surface from the pile- backfill interface outward to the backfill-soil interface or inside the frozen
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soil, thus significantly increasing the axial capacities. There is ample evidence that the axial
capacities of piles are increased by roughening or corrugating the pile shaft (Thomas and Luscher
1980, Weaver and Morgenstern 1981, Andersland and Alwahhab 1983, Holubec and Brzezinski
1989). Compared to conventional smooth piles, roughened or corrugated piles showed more plastic
response to short-term loads, and their long-term behaviour could be better predicted (Ladanyi and
Theriault 1990). Holubec (1990) conducted field tests of threaded pipe piles backfilled with either
a grout or clean uniformly graded coarse sand or fine gravel, as an alternative to the sand slurry
pipe. The concepts in the development of the grout and granular thread bar piles are discussed and
field load test results are given to compare the capacities of the two proposed piles designs against
the sand slurry pipe in short term creep tests. A trifold increase in the axial capacity was observed.

Pile shaft protrusions can change the pile performance significantly. Previous
investigations confirmed that protruded piles provide increased axial capacities and reduced creep
settlement. Due to their high capacity, protruded piles have many engineering applications. For
example, flighted piles were used as foundations for transmission towers in Manitoba
(Cutherbertson-Black 2001) and helical piles for the TransAlaska oil pipeline (Zubeck and Liu
2003, Andersland and Ladanyi 2004).

Long (1973) discussed the merit of using rings or helices on piles in lieu of smooth shaft
surfaces to avoid the limitation of adfreeze load transfer. Thermal piles with a flight, a 40-mm-
wide protrusion welded onto the pile shaft surface, were investigated using field (Dubois 1994)
and laboratory tests (Cuthbertson-Black 2001). Johnston and Ladanyi (1972, 1974) conducted field
tests in Northern Manitoba to evaluate the creep behaviour and load capacity of single-helix anchor
piles and grouted rod anchors. Zubeck and Liu (2003) and Liu et al. (1999, 2007) conducted a full-
scale laboratory test and ted their experience with helical piles in Alaska permafrost. Aldaeef and

Rayhani (2022) studied the axial short-term pull-out capacity and creep behavior of helical piles
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in frozen ice-rich silt in the field. Nevertheless, the critical disadvantages of protruded piles are the
difficulty in their installation (Johnston and Ladanyi 1974) and the freezeback time can last as long
as three months (Biggar and Sego 1993a).

The shape of the pile is often modified to change the load transfer process. Tapered shaft
tends to increase the axial compressive capacity and reduce creep settlement. Research on the
performance of tapered piles in permafrost is lacking; it was claimed, however, that a slightly
tapered pile may increase the axial capacity and reduce the settlement in permafrost, even if the
adfreeze bond fails (Andersland and Ladanyi 2004). Due to the taper, an increase in the shaft
resistance was observed because the soil adjacent to the pile was forced to expand radially;
additional lateral pressures developed and led to increases in shear stresses across the pile-soil
surface. Ladanyi and Guichaoua (1985) showed that creep settlement of a slightly tapered pile
depends on the pile taper and its diameter, the interface friction and adhesion, and the soil
resistance against being pushed aside by the pile axial movement. For a power law type of frozen
soil behavior, the penetration resistance of such a pile continues to increase, even after the ice at
the interface is broken.

Zhang and Hoeve (2015) recently introduced helix thermopiles to the Canadian Arctic
(Figure 2.6). A helix thermopile is a type of pile that combines thin-bladed helixes on the surface
with a convection pile, while a convection pile is an adfreeze steel pipe pile. They work together
to extract heat from the permafrost to the air, helping to maintain low soil temperatures and
preserve the adfreeze bond capacity of the soil. Convection forms naturally and extracts the heat
from adjacent soils during the winter when the air temperature is colder than the ground
temperature, and dormant during the summer. This has a cooling effect on the ground and improves
pile performance. Maintaining low permafrost temperatures can also mitigate the effects of climate

change on permafrost and ensure the stability of structures built on or near permafrost. The
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performance of helix thermopile foundation was evaluated by Zhang and Hoeve (2015). This
passive transfer of heat increases soil strength and reduce the pile creep rate, making the helix

thermopile an effective solution for foundation design in permafrost regions.
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Figure 2.6 Helix thermopile foundations under the RCMP building in Inuvik, NWT.
2.3 Pile Adfreeze Strength
Adfreeze strength or bond between the soil and the surface of a pile, post, foundation, etc., which
is a very important soil strength that must be considered when designing foundations. Adfreeze
bonds determine a part of the load-carrying capacity of most foundations, especially piling. Creep
occurs in the adfreeze bond at the contact surface between the pile and the surrounding soil. The
adfreeze strength is primarily temperature-dependent, but is also varies with soils type, moisture
content, and surface characteristics of the piling or foundation. Adfreeze bonds are also important
when assessing frost jacking (Figure 2.7).

Weaver and Morgenstern (1981) recommended that the adfreeze bond strength is related
to the long-term cohesion. The long-term adfreeze strength (7) can be estimated as:

T =m-Cye (2-15)
where m = the pile material roughness coefficient:

= (.6 for steel and concrete
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= (.7 for uncreosoted wood
= 1.0 for corrugated or tapered steel pile (Weaver and Morgenstern 1981)

cit = the long-term cohesion, kPa, of the frozen soil at the design ground temperature (Figure 2.8).

Figure 2.7 Steel pile failure due to frost jacking in Yellowknife, NWT.

The results of constant displacement rate model pile tests conducted by Parmeswaran
(1978) showed the highest adfreeze bond strength measured were for untreated wood, followed by
concrete, and sandblasted steel. When pile surfaces were sandblasted, Sego and Smith (1989)
observed an increase in the adfreeze bond strength of approximately 100% for model piles in sand,
and Biggar and Sego (1989) observed an increase of more than 300% during field pile load tests.

Laboratory measurements of adfreeze strength of Ottawa fine sand to three different types
of model piles under constant rates of loading are reported by Parameswaran (1978), the peak
adfreeze strength measured by short-term tests under constant loading rates increases with
increasing rate of displacement of the pile, according to a power law.

It is well documented that decrease of the temperature of a frozen soil increases the
adfreeze strength of pile because of the reduction of unfrozen water and the increased cohesion of
the ice (Sayles and Haines 1974; Parmeswaran 1980). At temperatures near the freezing point of

the pore water, adfreeze bonds are weak and the soil is highly susceptible to time dependent
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deformation. A summary of the variation of adfreeze bond strength with changes in temperature
in non-saline frozen soils is reported in Weaver and Morgenstern (1981), and in saline permafrost

reported in Velli et al. (1973).
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Figure 2.8 Long-term cohesion of frozen soils (after Weaver and Morgenstern 1981).

Nixon and McRoberts (1976) developed an expression for pile displacement velocity based
upon work by Johnston and Ladanyi (1972). The formulation assumes that the constitutive
behavior of the soil may be described by a simple power law, that the pile displaces at a constant
rate (secondary creep), and that the deformation of the frozen ground around the pile shaft is
idealized as shearing of concentric cylinders. Their relationship supports Vyalov’s observation,
indicating that doubling the pile diameter would reduce allowable shaft stress by approximately
30%. Frederking (1979) and Saeki et al. (1986) also report a reduction in adfreeze bond strength
with increasing pile diameter in tests of piles frozen into an ice sheet.

Field loading tests of piles were conducted in saline permafrost and seasonally frozen rock

to examine the effect of modifications to the pile surface and the backfill material and to compare
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their performance to piles installed using practice at that time (Biggar and Sego 1993 a and 1993b).
In order to better define the effects of soil salinity, and pile surface and backfill modification on
pile performance, a model pile testing program was conducted. The paper reviews the factors
pertinent to pile design and testing in saline frozen soils and describes the results of constant
displacement rate tests on model piles (Biggar and Sego 1993c, Figure 2.9). It was observed that
salinity in the backfill material caused substantial reductions in adfreeze strength and rougher shaft
surfaces significantly increased the adfreeze strength. A study was undertaken to examine pile
performance in soil at salinities in which either adfreeze bond strength or time-dependent
deformation governs the pile capacity. Thereby, guidance on which pile configuration provides

optimum performance in the various native soil conditions was provided by Biggar (1991).
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Biggar et al. (1996) conducted a long-term field load testing program on steel pipe piles
installed with pre-bored holes backfilled with different materials, and to compare the results with
the theory on model pile tests conducted at the University of Alberta (Biggar 1993c). Biggar and
Kong (2001) gave more information about the time-dependent field performance of grout-
backfilled piles or anchors in permafrost and compared the results with design guidelines based on
allowable pile deformations and creep in ice-rich and saline permafrost.

Tang et al. (2019) investigated the effects of permafrost degradation on the axial behavior
of concrete piles in warm permafrost. Quick axial compression tests were conducted on concrete
piles installed in frozen soils in the cold room laboratory (Figure 2.10). Results showed that
adfreeze bond strength was not reached near the pile tip. Piles in frozen soils could still gain the
tip resistance at a displacement as much as 10% pile diameter and did not reach the plunging failure
at such a displacement. They also compared the unit shaft resistance and adfreeze strength obtained

from laboratory tests with the past studies (Table 2.2).
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Figure 2.10 Laboratory loading setup from Tang et al. (2019).
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Table 2.2 Summary of shaft resistance and adfreeze strength from Tang et al. (2019) and selected

literature (after Tang et al. 2019)

Pile type Soil type w (%) T (°C) Maximum g, (kPa) 7aa (kPa) Reference
Concrete Silt (ML) 30 -2.35 962 (P5-S1) 962 Present study
-1.34 750 (P3-S1) 750
-1.10 564 (P4-S1) 564
Clay (CH) 10 -2.29 154 (P5-S2) 154
—1.52 347 (P3-S2) 347
-1.20 305 (P4-S2) 305
-2.11 10 (P5-S3) N/A
—1.46 40 (P4-S3) N/A
-1.28 20 (P3-S3) N/A
Smooth concrete N/A 18 -5to —10 960 960 Tsytovish and Sumgin (1959)
Smooth Timber 610 610
Timber Sand 18 -6 560-1800 560-1800 Parameswaran (1978)
Concrete 800 800
Steel H-section 180-600 180-600
N/A Sand N/A -5 N/A 294 Weaver and Morgenstern (1981)
Steel Saline 18 -55 244 244 Biggar and Sego (1993a, 1993b)
Grout 16.7 -5.1 412 412

Aldaeef and Rayhani (2019) investigated the load transfer behavior of conventional and
helical piles in frozen soft clay utilizing in-situ pile load tests. Then, Aldaeef and Rayhani (2021a)
introduced a new method to predict load transfer of conventional and helical piles in ice-rich frozen
soils based on the freezing ground temperature and the temperature-dependent cohesion. It was
showed that the predicted pile capacities matched well with the measured load capacities in the
frozen ground. They investigated the shear strength between frozen sand and steel, and the ratio
between the internal friction of the frozen sand and the interface friction of the steel-frozen sand

element was assessed (Aldaeef and Rayhani 2021b).

2.4 Creep Settlements of Foundations in Frozen Soils

Residential houses or some commercial buildings are commonly supported on spread footings in
the Canadian Arctic. It is well accepted that the creep settlement governs the design of shallow
and deep foundations. Ladanyi and Johnston (1974) developed a method to predict the creep
settlement and the bearing capacity of frozen soils under deep circular loads. The theory utilizes
experimentally determined creep parameters of frozen soil and is specifically intended for

designing deep circular footings and screw anchors embedded in permafrost soils. The theoretical
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solution was verified against the results from screw anchor field tests and satisfactory agreement

was observed (Figure 2.11).
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Figure 2.11 Comparison of calculated and measured creep rates and point resistance of screw
anchors in permafrost (after Ladanyi and Johnston 1974).

Ladanyi (1975) predicted the creep settlement and time-dependent bearing capacity of strip
footing in frozen soil using a simple mathematical model of an expanding cylindrical cavity. Nixon
(1978) proposed a settlement analysis for spread footings on permafrost:

s=I1-a-B-q" (2-16)
where s is the pile settlement rate, / is an influencing factor which depends only on 7, a is the half-
width of the footing, and B and n are experimental secondary creep parameters. It was suggested
that allowable footing loads will be controlled by limiting long-term settlements rather than
considering the soil strength alone.

To design pile foundation in the permafrost, it is also necessary to have a constitutive creep,

or time-dependent strain rate relationship. Nixon (1978) suggested that limitation of long-term pile
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settlements will control the design loadings. Morgenstern et al. (1980) gave a comprehensive
review of literature related to the behaviour of friction piles in ice and ice-rich soil. In order to
rationalize existing adfreeze strength design procedures and extend settlement based designs
previously developed for ice-rich soils to both friction and end-bearing piles in ice-poor frozen
soils, a compilation of data on allowable adfreeze strength data, frozen soil creep data, and pile
design procedures has been undertaken to facilitate selecting allowable loads on piles in a broad
range of permafrost soils (Weaver and Morgenstern 1981).

The creep settlement of pile in frozen soil is a function of the time, pile diameter, and soil
type and temperature. Weaver and Morgenstern (1981) developed a series of equations for
predicting allowable shear stress and pile capacity versus creep settlement. The salinity of the soil
also greatly affects the creep rates (Nixon 1988, Miller and Johnson 1990). Figure 2.12 illustrates

the predicted creep settlement rate versus applied load and soil salinity.
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Figure 2.12 Prediction for creep settlement for freshwater and saline soils (after Nixon 1988).
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For a frozen soil subjected to simple shear under plane strain conditions, Johnston and
Ladanyi (1972) show that the flow law for a general state of stress reduces to

y = 30+D/2ggn (2-17)
For a flow law having two terms may be written as

y = 3(tD/2p gn1 4 3(241)/2p, 712 (2-18)
Considering the problem of a pile in the frozen ground at a constant temperature, it is assumed that
the pile material is considerably more rigid in the long-term than the surrounding frozen soil and
that the shear stress is distributed uniformly along the pile shaft (Figure 2.13). The shear stress z,
is therefore given by

T, = P/2malL (2-19)

where P is load on the pile, a is the pile radius, and L is the embedded length in permafrost.
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Figure 2.13 Shear stresses and strains in frozen soil (after Nixon and McRoberts 1976).
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The end-bearing stresses are assumed to be zero (Sanger 1969). Following the analysis of Nadai
(1963) and Johnston and Ladanyi (1972), it can be shown that for a weightless soil the applied
shear stress, 7,, at 7= a is related to the shear stress, 7, at any other radius by

T =1,(a/r) (2-20)
Substituting this equation for the shear stress in the flow law expressed by (2-20), we obtain

V= 3(nl+1)/zB1 (%)nl + 3(n2+1)/232 (%)nz (2-21)

As shown in Figure 2.13, the shear distortion is related to the displacement by

du
v=-o (2-22)

where u is the displacement at any radius and similarly the shear strain rate, 7, is related to the

displacement rate, u, by

o du i
V="% (2-23)

Combination of (2-21) and (2-23) yields

du

= _3(n1+1)/231(%)n1 - 3("2"‘1)/232(%)”2 (2-24)

This equation may be integrated to obtain the displacement rate. At the pile radius, a, the soil
displacement rate equals the pile displacement rate, i, and

atr =a,u=1u, (2-25)
Introducing this boundary condition, we obtain

-ny 3(n2+1)/2 B, TZZ a

nq+1 n rl_nl Talla np+1 n 7'1
) = — 1 —_ 2
u 372 By(t,a) (1_n1)+ 372 By(t,a) (1—n2 r— a

(2-26)
We apply the other boundary condition that at an infinite radius the displacement rate is zero, that

1—1’11

1S
atr =oo,u =0 (2-27)

Equations (2-26) and (2-27) provide the following equation for the displacement rate of the pile
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. z(ni+1)/2g M1, 3(m2+1)/2g "2,
0= 1%a'd | 2%y (2-28)

n1—1 nz—l

Equation (2-28) relates the steady pile displacement rate u, to the applied shaft shear stress 7., in
terms of the pile radius a, and the constant B and » determined from uniaxial creep data for the
frozen soil in question.

As for the lateral behavior, conventional pile foundations subject to lateral loading were
investigated using field tests (Rowley et al. 1973, 1975). Foriero and Ladanyi (1991a, b) developed
a general approach to the problem of a laterally loaded pile in a creeping soil using
elastoviscoplastic theory. The practical advantage of that approach was that it provided solutions
to those classic elastoplastic problems, for which the steady-state solution of the viscoplastic
problem reduces to the conventional elastoplastic solution.

Nixon and Lem (1984) conducted 34 creep tests and 11 time-dependent strength laboratory
tests in the saline soils. Then, they combined the creep analysis for vertical and laterally loaded
piles in permafrost with data on the creep of saline fine-grained soils to present the preliminary
design charts for piles in saline permafrost (Neukirchner and Nixon 1987). In 1988, a limited
program of pile load testing was carried out to confirm or modify the initial pile loadings based on

previously published material (Nixon 1988).

2.5 Numerical Modeling of Pile Foundations in Frozen Soils

Nixon and McRoberts (1976) used the finite difference procedure to simulate the behavior of a
compressible pile embedded in an ice-rich soil or ice. A reasonably good agreement is observed
between both the displacements and the shear stresses along the shaft. A finite element computer
program RDPIL.FOR for laterally loaded pile in a viscoelastic layered soil was developed by
Foriero and Ladanyi (1990). The program used a Maxwell model to accommodate the initial elastic

subgrade modulus, which is independent of time. Foriero and Ladanyi (1995) utilised a
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viscoplasticity theory to provide a general approach to the problem of creep in frozen soils. Then
a finite element computer program was developed to verify the validity of the proposed model,
which focused on a layer of the soil-pile system under both plane strain and plane stress conditions
(finite element meshes are shown in Figure 2.14). It concluded that finite element computations
yielded lower results than the analytical solution as shown in Figure 2.15. The finite element
method provided the capability for evaluating soil-pile interaction under lateral loading.

In order to increase the use of helical piers as a cost effective foundation alternative, Zubeck
and Liu (2003) presented the experience with helical piers in Alaska and gave a design example
using the developed finite element analysis and creep results. The analysis incorporated four
models: the Large Model, Small Model, Installation Failure Model, and Creep Model. The creep
equation of Equation (2-7) was adopted in the finite element analysis. Liu et al. (2007) used the
computer program ANSY'S to present a study of the behaviour of helical pier foundations in frozen
ground, the Drucker-Prager yield criteria was used to describe the yield surface for the soil
elements (Figure 2.16). The numerical analysis yielded valuable insights into the creep behavior
of helical piers in frozen ground, specifically regarding the magnitude of settlement that can be
anticipated over extended periods.

Foriero et al. (2005) utilized MATLAB as the FEM computer program to investigate the
laterally loaded pile in permafrost by considering the temperature variation as function of depth.
The creep parameters used in the simulations were obtained from quasi-static cone penetration
tests. The simulated results showed a good agreement with the measured values of the bending
moments and demonstrated a clear distinction between stationary and non-stationary creep (Figure

2.17).
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Figure 2.16 Drucker-Prager circular cone yield surface (Liu et al. 2007).
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Figure 2.17 Comparison of bending moments between finite element simulation and field

measurements (Foriero et al. 2005).
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Crowther (2013) utilized a commercially available computer program LPile that uses p-y
curves to model lateral pile loading and soil interaction. The strength and strain criteria account
for frozen soil particle size, temperature, and load duration in the construction of p-y curves were
discussed. It showed that the deflections calculated using LPile and the strength criteria were in

the range of those measured during the lateral pile load tests performed in Inuvik.

2.6 Design Method of Pile Foundations in Frozen Soils

The design of pile foundations in frozen soils in most cases is based on limiting long-term creep
settlements. Creep settlements are a function of the pile-soil adfreeze stress and temperature. In
addition to compressive loads, design of all piling in non-permafrost and permafrost areas must
also consider the detrimental seasonal frost effects associated with heave and jacking. The correct
design of a pile foundation depends on predicting accurately the depth of the active layer and long-
term ground temperatures, after construction has been completed.

The entire design procedure is summarized in Figure 2.18. Weaver and Morgenstern’s
(1981) method distinguish between ice-rich and ice-poor frozen soils, and they suggested that
portions of frozen ground with temperatures above -1 °C can be neglected. Heydinger (1987)
provided an overview of the 1980’s art on piles in permafrost and identified research needs. Pile
types, installation methods, design techniques and testing procedures are discussed.

Nottingham and Christopherson (1983) presented a design concept for driven piles in
permafrost. They defined maximum adfreeze limits using short term loading criteria, followed by
long term loading to establish long term adfreeze limits based on creep deflection.

Design methods of laterally loaded piles were proposed and discussed in Nixon (1984) and
Neukirchner and Nixon (1987). A design approach is presented by (Crowther 1990) to analyze

laterally loaded piles embedded in layered frozen soil. The design approach makes use of a
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commercially available computer solution that uses p-y curves to model soil and pile interaction.
Shear strength and strain criteria for both ice-rich and ice-poor soil are presented for use in

constructing p-y curves.
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Figure 2.18 Proposed pile design procedure (Weaver and Morgenstern 1981).

Zhang and Hoeve (2015) proposed a geotechnical design of thermopile foundation for a
building in Inuvik, NWT. Geotechnical evaluations were undertaken to estimate the necessary pile
embedment depths, considering specified pile long-term creep settlement criteria and design

criteria to mitigate potential frost jacking.
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Hoeve and Trimble (2018) provided an overview of the current state of the practice of
adfreeze piles. This practice is based on a theoretical basis that was developed between the 1970s
and 1990s, with practical construction considerations considered. It was suggested that piles
should be designed using service loads rather than factored loads to avoid unnecessary
conservatism. An approach to maintaining appropriate conservatism under serviceability limit
state was proposed. The flow law model of Equation (2-14) and (2-28) were used to determine the
pile secondary creep rate. The design input included ground temperature, pile diameter, active
layer thickness at the end of design life, and frost heave considerations. Compression loading and
frost-jacking resistance were also considered. The study also provided an example of an adfreeze
pile design in Old Crow, Yukon using the current design method, which recommended a minimum

length of 5 meters to resist front heave (Figure 2.19).
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Figure 2.19 Slotted pile capacity versus length for building piles of New Community Centre, Old

Crow, YT (after Hoeve and Trimble 2018).
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2.7 Summary

Foundation design in permafrost is heavily rely on the mechanical properties of frozen
soils, which are complex due to their interdependence on various factors, including soil
type, unfrozen water and ice content, saturation, soil temperature, salinity, stress, and
loading rate.

Straight-shaft smooth timber or pipe pile are commonly used in Canadian Arctic
communities since 1950s. New improved pile foundations has been introduced to the
industry practice recently and performance of these pile has been investigated.

Section 2.3 and 2.4 provide a detailed explanation of the factors that may impact the
adfreeze strength and creep settlement of a pile foundation.

Section 2.5 summarizes the research of numerical modeling of pile foundations in frozen

soils and a thorough review of pile design in permafrost is list section 2.6.

From the literature review, it can be concluded that most of the research projects are

focused on the conventional predrilled piles that are backfilled with grout or gravel in the frozen

ground. However, the cost of conventional piles is very high; the construction is labor-intensive

and freeze-back is time-consuming. Since the construction season in the Canadian Arctic is short,

typically from May to October, it is critical to shorten the duration of pile foundation construction;

predrilled piles may provide lower adfreeze bond strength between backfill and frozen soil than

other methods. Effects of climate change, which warms the permafrost and deepens the active

layer, may require alternative pile types and installation methods; piles currently used are more

suitable for commercial projects than residential housing projects in permafrost; notably, there was

a scarcity of research on the axial load distribution during load testing; while there are several

studies on the installation torque of screw piles in unfrozen soil, there is no published research on
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the torque of continuous-flight piles required to install the pile in frozen soils. Thus, communities
of northern Canada need affordable piles for residential houses and commercial applications.
Continuous-flight piles have demonstrated the advantages such as lightweight, large
capacities, reusability, and rapid installation, in the non-frozen soils of Canada. Continuous-flight
piles develop their axial capacity primarily through the continuous-flights on the shaft. Although
research on continuous-flight pile applications in permafrost has not been conducted, past studies
of smooth and protruded piles in permafrost may imply that continuous-flight piles, as a result of
the shaft screws and tapered shape, will provide much larger capacities and smaller creep
displacement than conventional pile foundations in permafrost. The installation process may
further increase the confining stress on adjacent soils and therefore increase the capacities. The
new pile type may be potentially used in the permafrost of Canada and render advantageous against
conventional steel pipe piles. In summary, research on the axial performance of continuous-flight

pile in frozen ground is needed prior to the application of this pile type.
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3 Short-Term Axial Loading of Continuous-Flight Pile Segment in Frozen Soil’

3.1 Introduction

Pile foundations are commonly used in the Canadian Arctic. The short-term capacities and long-
term creep behavior of piles have to be considered in their design. Field testing of full-scale piles
were common for investigating their axial performance in permafrost. For example, Nixon (1988)
examined the pile settlement and creep rates of piles in saline permafrost under constant load. A
field load test program of piles with different shaft treatments and backfills in saline permafrost
was conducted by Biggar and Sego (1993a) and results of short-term uplift capacities of piles were
presented (Biggar and Sego 1993b). Aldaeef and Rayhani (2022) studied the axial short-term pull-
out capacity and creep behavior of helical piles in frozen ice-rich silt in the field.

Because of the high cost of conducting field tests and the challenges of controlling soil
parameters, such as temperature, laboratory tests of model piles are also adopted. For example,
Biggar and Sego (1993c) examined the effects of soil salinity, shaft surface, and backfill
modification on the axial performance of model piles. Tang et al. (2021) measured the frost heave
and thaw settlement of frozen soils around concrete piles in the lab. Tang et al. (2019) investigated
the short-term behavior of model reinforced-concrete piles subjected to degradation of warming
permafrost, where quick axial compression tests were conducted in the cold room to primarily
characterize the capacity of model piles in frozen soils with varying active layer thicknesses and
temperature distributions. A primary objective of these field and laboratory studies was to
determine the adfreeze strength ( 7.q) of piles under short-term axial loads. Adfreeze strength 7. is
the shear strength between the pile shaft and the adjacent frozen soil at failure. The value of zqd

generally increases with decreasing soil temperature and varies with type of shaft surface. The

I A version of this chapter has been accepted by the Canadian Geotechnical Journal
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increased strength is attributed to the temperature's direct influence on the strength of intergranular
ice and the reduced amount of unfrozen water within the colder soil.

Hivon and Sego (1993) reported saline frozen soils are widely distributed in the Canadian
Arctic and salinity is shown to decrease the freezing point of pure water. Mechanical properties of
saline frozen soil were comprehensively investigated in the laboratory (Nixon and Lem 1984,
Hivon and Sego 1995). The short-term ultimate strength of soil was shown to decrease with an
increase in salinity. Salinity accelerated the creep rate of frozen soil under constant load and
reduced its shear strength owing to the greater unfrozen water content in the pores. When the soil
temperature approaches the initial freezing point of pure water, the existence of ice crystals and
unfrozen water within the pores of the soil can trigger a significant decrease of the short-term
ultimate adfreeze strength and an increase of the pile’s long-term settlement rate (Biggar and Sego
1993c, Nixon 1988). Neukirchner and Nixon (1987) summarized the creep analysis for vertical
and laterally loaded piles in saline and non-saline soils and presented the preliminary design charts
for piles in saline permafrost.

The majority of the abovementioned literature on pile foundations was aimed at the
performance of predrilled steel piles that were backfilled, which are the most common type used
in the Canadian Arctic. Pipe piles with a prismatic shaft are placed in an oversized predrilled hole
and then the annulus is backfilled with gravel or a cement-based slurry designed to cure (i.e. freeze-
back) at cold temperatures (Biggar and Sego 1993a). However, this construction approach is labor-
intensive and time-consuming. Since the construction season in the Canadian Arctic is short,
typically from May to October, it is critical to shorten the duration of pile foundation construction.
In addition, the failure surface of predrilled piles takes place along the cylindrical interface

between the backfill and native permafrost, but the adfreeze bond at this interface may be low
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(Biggar and Sego 1993c¢). Effects of climate change, which warms the permafrost and deepens the
active layer, may require alternative pile types and installation methods.

The continuous-flight pile (also termed as screw micropiles in Guo and Deng 2018) has
been recently introduced to the Canadian foundation construction industry. It consists of a steel
tube with continuous spiral threads welded on the lower half of the pile shaft and a closed-end
tapered pile tip, with a galvanized coating for corrosion resistance. The pile can be screwed into
soils by applying torque and axial force on the pile head. Owing to the differences in pile
installation method and soil-pile interface, continuous-flight piles possess many advantages over
conventional smooth-shaft piles in unfrozen soils. The axial performance of continuous-flight piles
in unfrozen soils was investigated by Guo and Deng (2018), Guo et al. (2019), and Khidri and
Deng (2022). Installing a pile into frozen soils by torque is rare in the current practice of the
Canadian Arctic. The continuous-flight pile may be a feasible foundation solution, because the
torsion installation method will reduce the duration of foundation construction. The axial loads
may be applied within hours rather than weeks. Moreover, warming permafrost owing to climate
change might further ease the torsional installation. The engineering behavior of continuous-flight
piles in frozen soils needs to be investigated since continuous-flight pile has not been tested in
permafrost.

This study is aimed at understanding the side shear performance of continuous-flight pile
segments embedded in a laboratory frozen soil under the short-term compressive loads. The results
collected from short-term tests will then be used to obtain the axial loads for long-term creep tests.
A primary objective of the present research is to examine the effects of soil temperature (7),
gravimetric water content (w) and salinity (S) on the adfreeze strength 7.4 and the failure modes of
the model piles. A series of axial load tests of pile segments with a shaft diameter of 89 mm and

length of 300 mm were carried out under a constant displacement rate. The load versus
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displacement curves and axial force strain gauge (SG) readings along the pile length were
measured to evaluate the load-transfer mechanism of the piles in frozen soils. Two failure modes

were identified from the post-test visual inspection and data interpretation.

3.2 Laboratory Experimental Program

3.2.1 Test soil and piles

The continuous-flight piles studied in this research are intended to support the Arctic
infrastructure. Hence, the laboratory testing selected silty sand, common for communities in the
Mackenzie River delta area such as Tuktoyaktuk and Inuvik, NWT, Canada. The field
investigation report (Thurber Consultants 1987) showed that the subsurface soils in these
communities fell into the silty sand type and have a typical band of grain size distribution as shown
in Figure 3.1. Hivon and Sego (1995), and Biggar and Sego (1993¢) tested soils that had a similar
grain size distribution. The present study adopted a mixture of silt and silica intended to be similar

to the soil used by Hivon and Sego (1995).
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Figure 3.1 Grain size distribution (GSD) of test soil.
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A full-size continuous-flight pile is shown in Figure 3.2a. In unfrozen soils, piles are
installed by torquing the pile head and screwing the pile directly into the soil. The pile can vary in
length and diameter to provide the desired performance. The original pile with a length of 1.5 m
and a diameter of 89 mm was selected for the present research. The threads on the pile segments
have a width (wm) of 12 mm and a thickness of 2 mm. The spacing (Sw) between each thread is 50
+ 2 mm. The pile is made of structural steel with a Young’s modulus of 210 GPa and a yield
strength of 248 MPa (Guo and Deng 2018). The pile was cut into three segments to address the
limitation of lab testing equipment (Figure 3.2b). A straight threaded and a straight smooth
segment (Figure 3.2b) were used in this study to compare the axial performance of continuous-

flight piles to the conventional piles.

Vi 4

Straight  Straight Tapered
threaded smooth threaded

Figure 3.2 (a) A prototype screw pile; and (b) pile segments. Note: Results of cylindrical segments
are presented herein.

3.2.2 Test Equipment Setup

This research characterized the axial behavior of continuous-flight piles subjected to rapid loading
in frozen soils, using the facilities at the University of Alberta, Cold Regions Geotechnical

Research Center. The model pile testing equipment was placed in the cold room capable of testing
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down to -40 °C. The testing system consists of test pile segments, test cell, temperature control
system, servo-control hydraulic loading equipment, and data acquisition. The servo-control
hydraulic loading equipment can provide constant loads or constant displacement rates via the load

frame shown in Figure 3.3.
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Figure 3.3 (a) Schematic of testing apparatus; and (b) testing apparatus that was placed inside a
constant-temperature cold room during axial loading tests.

The frozen soil cell was composed of two concentric cells. The soil sample was placed in
the inner cell and ethylene glycol was placed in the outer cell. To maintain the soil mass at a
constant temperature, ethylene glycol from a constant temperature bath was circulated through
copper coils located in the outer cell. At the bottom of the test cell, an aluminum base plate was
inserted during the consolidation stage. During load testing, a PVC base plate with a center hole
replaced the aluminum base plate. The hole in the base plate was slightly larger than the pile

diameter to eliminate end bearing. A hydraulic jack was connected to the servo-control system
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providing a constant hydraulic oil pressure. A ball bearing was placed between the load cell and

pile cap to eliminate loading eccentricity and application of a bending moment to the pile top.

3.2.3 Instrumentation

Strain gauges (SG) were installed to measure internal strains; thus, the load transfer mechanism
and installation torque could be examined. Eight SGs were mounted and uniformly distributed
along the pile shaft surface at different depths (Figure 3.3a). At each SG location, one axial and
one hoop SGs were attached to the surface and connected to the data acquisition system to form a
half Wheatstone bridge circuit. To measure the torque during pile installation, four torsional SGs
were installed on the shaft near the pile head, forming a full Wheatstone bridge that compensates
for the ambient temperature changes and eliminates the error due to other load types (such as axial
loading during the installation stage). Three layers of protective coatings, including epoxy,
modeling clay, and aluminum foil tape, were applied to prevent the SGs and wires from being
damaged. The SG installation technique in the present study was shown to be effective at
protecting the gauges and measuring the desired quantities. A majority of the SGs survived the
installation and loading stages. SGs were calibrated against axial load or torque before the
beginning of every test.

Six thermocouples (TC1 to TC6) were embedded in the soil at different depths and radial
distances from the pile shaft to measure the soil temperature distribution during the entire test
progress (Figure 3.3a). The top-layer thermocouples were embedded 7.5 cm below the ground
surface, the mid-layer thermocouples were in the middle of the soil and bottom-layer
thermocouples were 7.5 cm above the bottom of the test cell. A Linear Potentiometer (LP) was
attached to the hydraulic cylinder to measure the axil pile displacements. To understand the effect

of pile settlement on the adjacent soil, the ground surface settlements near the pile shaft were
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recorded using LP1 and LP2 (Figure 3.3b). A load cell was connected to the hydraulic jack to
measure pile head load. The thermocouples, load cell and LPs were calibrated before use and the

error of temperature was less than 0.2 °C.

3.2.4 Model Construction and Test Procedure

Dry soil was placed in a soil mixer with the appropriate amount of distilled water and NaCl as
required. Mixed soil was placed in buckets with lids and stored in a moisture control room until
ready for use. A PVC cylinder was left in the middle of the soil cell, and the moist soil of the same
weight was placed in four layers loosely and homogenously. After each layer of soil placement,
two thermocouples were placed into the soil at designated radial distances from the center of the
cell. The test cell filled with soil was left in the temperature control room with an ambient room
temperature of 2 °C for at least 24 h to allow for even distribution of moisture content and
temperature inside the soil, self-weight consolidation and stabilization of the soil. Then a
consolidation load plate was placed on top of the soil and a consolidation pressure was applied.
The consolidation pressure of 80 kPa was used to simulate the consolidated soil buried in a depth
of around 4 m. Consolidation pressure and settlement were recorded until 95% consolidation was
achieved.

It can be concluded from the time history of applied normal stress and vertical strain that
the consolidation was finished within 1 h for the soil with an initial gravimetric water content (wo)
of 20% while it took 60 h for the sample with a wo of 35% to complete the 95% consolidation. It
was shown that the water content remained the same for the soil sample with wo of 20% after
consolidation, whereas the water content decreased from 35% to approximately 26% for the soil
sample with wo of 35%. Table 1 summarizes the wo of the mixed soil before consolidation

preparation, the range and average w after consolidation preparation, and the bulk density
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measured from the excavated frozen soil samples at the end of load tests. The results showed that

the densities at different locations were consistent. The bulk densities ranged from 1.47 to 1.64

g/cm?’, changing with the initial water content (Table 1).

Table 3.1 Test matrix

. Initial | Average and Average Average .
Pile .. unfrozen Average soil
Test Load Salinity | water range of bulk
shaft water . temperature
ID type S (ppt) | content | water content density o
feature wo (%) w (%) content (g/em’) T (°C)
0 (70 (] Wa (% ) g
SCD1 0 20 20.2 11.5 -0.7
SCD2 | Straight 0 20 19.9 73 N/A -4.5
SCD3 | smooth 10 20 20.0 N/A -0.8
SCD4 ) 10 20 19.7 N/A -4.6
25.5 (20.6-
TCDI1 0 35 27.5) 10.5 1.47 -1.0
20.2 (18.5-
TCD2 0 20 241 20.2 1.57 0
Constant 26.9 (25.2-
TCD3 displ. 0 35 29.1) 7.3 N/A -4.5
rate 19.5 (16.9-
TCD4 (CD) 0 20 22.2) 7.2 1.57 -4.8
Straight 22.1 (20.1-
TCD5 threaded 10 35 27.6) 1.63 -1.6
TCD6 M 10 20 19.8 (18.8- 1.64 -0.8
21.0)
24.5 (21.3- N/A
TCD7 10 35 31.9) 1.63 -4.3
20.1 (18.1-
TCDS 10 20 23.2) N/A -4.9

A pilot hole was constructed in the soil. The diameter of the pilot hole depends on the lab

(or field) installation equipment and pile shaft size. Several pilot hole diameters were attempted in

the present study, and a diameter of 80 mm was selected because this size enabled the smooth

installation with existing torque equipment in the lab. Other pilot hole sizes may also be adopted

in the laboratory or field, however, the effects of pilot hole size on the installation torque were not

investigated in this study. To prepare the pilot hole, a PVC cylinder was left in the middle of the

soil cell during the soil preparation and consolidation process; this cylinder was removed before
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the test pile segment was torqued into the pilot hole. The PVC cylinder had an outer diameter of
80 mm, to simulate a pilot hole that is slightly smaller than the diameter of a smooth pile shaft of
89 mm. In this case, a downsized ratio (pilot hole diameter/pile shaft diameter) of 0.9 was obtained.
The torque value may change with the pilot hole size, soil temperature, or boundary condition, but
this was not examined in the present work.

Ethylene glycol was circulated through the outer cell until the thermocouples indicated that
the soil had reached the desired test temperature for installation. The installation method is
different from the method for conventional piles (Nixon 1988; Biggar and Sego 1993a and 1993c).
In order to keep the consistent construction method, the smooth segment was also screwed into the
same size pilot hole by applying torque and compressive force on the pile head. Since backfilling
and freeze-back are unnecessary, screw piles may be immediately loaded upon the completion of
their installation. In the present study, the pile was loaded once the desired test temperature (7)) of
soil was reached, which usually took less than 24 h. Upon completion of axial loading tests, the
frozen soil and model pile were excavated with care, physical properties (such as water content
and bulk density) of soil were measured, and the pile failure modes were observed and

photographed.

3.2.5 Test matrix

The constant displacement rate test is a typical method for determining the short-term shear
resistance (7aq) of piles in frozen soils. 12 constant displacement rate tests were conducted in the
present research (Table 1). The constant displacement rate was 2.2 mm/h, which was within the

range adopted in the literature; for example, 0.5 mm/h was used in Biggar and Sego (1993c), 1.2

0.03 to 6 mm/h in Parameswaran (1978) and 1.8 to 18.3 mm/h in Ladanyi and Guichaoua (1985).
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It is generally accepted that a higher rate increases the resistance of piles in frozen soils (Heydinger
1987).

As shown in Table 1, w of 20% and 25% and T of -1 °C and -5 °C were selected to cover
the range of conditions encountered in Arctic communities. The value of w was 15% for ice-poor
sandy silt and 35% for ice-rich silt in Inuvik, and the ground temperature below 5 m depth was
from -0.3 to -4.1 °C (EBA 2004). Another reason for choosing a warm temperature of -1 °C was
that research on the performance of piles in warm permafrost available in the literature is
insufficient. The porewater salinity (S) is defined as:

S (in ppt) = Mmsait / Mwater (3-1)
where msaic (in g) 1s the mass of salt ions and mwater (in kg) is the mass of porewater in the frozen
soil. The salinity of 10 ppt of sodium chloride was selected in the present study. The porewater S
was reported (EBA 2004; Hivon and Sego 1993) to vary from 5 to 11 ppt within a permafrost

depth of 10 m in Inuvik, NWT, Canada.

3.3 Results

3.3.1 Soil Temperature Distribution

Figure 3.4a shows that the average soil temperature in tests TCD4 and TCD6 remained stable
during the loading and consolidation period with a fluctuation of less than 1 °C, which indicated
the constant temperature bath worked effectively during the test. The average temperature was
calculated from all thermocouples embedded in each soil sample. Figure 3.4b shows an example
of soil temperature at different locations within the frozen soil. The temperature fluctuation of the
three layers was less than 0.5 °C during the loading period and a consistent and homogeneous

temperature profile in the soil was maintained.
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Figure 3.4 Example soil temperature readings: (a) Time histories of average soil temperature
during consolidation and axial loading phases (TCD4 and TCD®6); and (b) soil temperature in
different layers during axial loading (TCD4).

3.3.2 Installation Torque

The installation torque of piles in unfrozen soils in the field is an important indicator of the
potential axial performance of a screw pile. Empirical torque versus capacity correlation can be
used for the pile design in unfrozen soils (Guo and Deng 2018). Figure 3.5 shows the relationship
between the installation torque and penetration depth in test TCD6. It is observed that the
installation torque increased with an increasing penetration depth of the pile segment. Torque
refusal, due to the limitation of the electric torque driver in the laboratory, was observed at -1 °C
in non-saline soil and -2 °C in 10 ppt soil. The soil between the threads was squeezed and damaged
when refusal was observed. Also, the installation torque increased significantly with decreasing
temperature and salinity. This can be attributed to the increased soil shear strength due to the
increasing volume of ice crystals in the pores of frozen soil, when the temperature and salinity of
soil decreased. The installation torque is also presumably dependent on the downsized ratio (pilot

hole diameter/pile shaft diameter), but this was not studied in this research. The torque required to
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install a full-scale pile in the field may be approximately proportional to pile length if the boundary

effects of the chamber are neglected.
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Figure 3.5 Example plot of installation torque vs. penetration depth (TCD6: -0.75 °C of T, 10 ppt
of S, and 19.8% of w).

3.3.3 Ground Surface Settlement During Loading

To measure the ground surface settlement during the loading process, two LPs were placed at
radial distances of 1.5 cm (LP1) and 2.5 cm (LP2) away from the pile shaft wall. Figure 3.6
compares typical ground surface settlements with pile head settlements. It can be seen that the
ultimate ground surface settlement for a threaded segment (TCD3) in cold frozen soil
(approximately at -5 °C) ranged from 1 to 2.7 mm, which was 5% to 13.5% of the pile head
settlement (=20 mm). The settlement for a smooth segment (SCD2) was 0.6 mm, which was only
3% of pile head settlement. This implies a limited soil settlement adjacent to the pile shaft when
the pile was axially compressed at a constant displacement rate. The shear failure zone of the
threaded segment (TCD3) was greater than that of the smooth segment (SCD2), when comparing

the free-field soil settlement.
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Figure 3.6 Example of ground settlement near the pile shaft and pile head settlement.

3.3.4 Axial Load vs. Displacement Behavior

The axial load vs. pile head displacement curves for all tests are summarized in Figure 3.7. Figures
3.7a and 3.7b show that threaded pile resistance increased significantly from 2.7 kN (TCD2) to 40
kN (TCD4) when the average T decreased from -1 °C to -5 °C. This can be attributed to the
temperature's direct influence on the strength of intergranular ice and the reduced amount of
unfrozen water within the colder soil. In general, a decrease in 7 increases the strength of frozen
soil, but at the same time results in a more brittle behavior (Andersland and Ladanyi 2004), which
is manifested by the post-peak softening (SCD2 in Figure 3.7a).

Figure 3.7a compares the behavior of threaded and smooth pile segments at -5 °C. The limit
capacities of threaded pile segments were 3 to 4 times of the smooth pile segments, because of the
contribution of outward threads and the shearing of the frozen soil compared to the interfacial
shearing along the smooth pile. Salinity also has a significant effect on the pile capacity at -5 °C.
Non-saline soil (TCD4 and SCD2) carried more load than the soil with S of 10 ppt (TCD8 and

SCD4) because S decreased the strength and thus the capacity. This observation agreed with the
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conclusion that the adfreeze bond between piles and frozen soil is substantially reduced in the
presence of saline pore fluid (Andersland and Ladanyi 2004). The reduction in strength was
attributed to the formation of a liquid film at the ice and steel interface thereby reducing the

effective contact area (Biggar and Sego 1993c).
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Figure 3.7 Axial load vs. displacement curves: (a) piles in soils with different salinity at
approximately -5 °C; (b) piles in soils with different salinity at approximately -1 °C; (c) threaded
piles in soils with different water contents and salinity at approximately -1 °C; (d) threaded piles

in soils with different water content and salinity at approximately -5 °C.

59



Figure 3.7b shows the effects of pile type and soil salinity on the axial performances of the
pile at a soil temperature of -1 °C. The axial load versus displacement behavior of threaded segment
in saline soils (TCD6) was not significantly different from that in non-saline soils (TCD2, Figure
3.7b). The performance of the smooth segment was affected by S at T of -5 °C but there was no
significant difference between saline and non-saline soil at approximately -1 °C, as shown in the
curves of SCD1 and SCD3 in Figure 3.7b. Furthermore, the ultimate capacity differences among
threaded and smooth segments at -1 °C (TCD2, TCD6, SCD1) were not significant.

Figures 3.7c and 3.7d show the impact of S and w on the performance of screw piles. Piles
in soils with different w experienced different patterns of post-peak load vs. displacement behavior.
However, ultimate resistances were not affected by w. It can be concluded the pile capacity
decreased with increasing S for all of the threaded piles in cold frozen soil (-5 °C). The presence
of salt ion in frozen soil triggers a higher volume of unfrozen water and a lower amout of ice
crystals compared to non-saline soil at the temperature of -5 °C, thus, reducing the soil strength.

Azmatch et al. (2011) evaluated the gravimetric unfrozen water content (wy) of Devon silt.
The unfrozen water content curve indicates that wy drops significantly from 25% to 9.5% when
the temperature decreases from 0 °C to -1 °C within the temperature range of the frozen-fringe.
The change in wy 1s small (10.5% to 7.1%) from -1 °C to -5 °C. Then wy, remains almost constant
at 6.5% when the temperature is below -7 °C. Tice et al. (1976) suggested the following equation:

w, =a(6/86,)" (3-2)
where @1is the negative temperature in °C, & is a reference temperature taken as -1 °C, and « and
[ are empirical parameters. According to the values o (= 10.5) and S (= -0.244) of Devon silt
suggested by Azmatch et al. (2011), wu of non-saline frozen soils in the present study are

summarized in Table 1. The values of wy ranged from 11.5% to 7.2% when the temperature
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decreases from -0.7 °C to -4.8 °C, except for sample TCD2 with a temperature of 0 °C. In other
words, the frozen water/ice lens changed by 4.2% when the temperature decreased by 4 °C. The

values of wy of saline soil samples are unavailable herein because of a lack of predictive model.

3.3.5 Failure Mode Observation

Soil and piles were carefully excavated after each loading test so that the failure modes of the
continuous-flight pile segments within the frozen soil could be assessed. Two major failure
patterns were observed, photographed, and inferred from the measured data.

For piles in warm frozen soil approximately at 7" of -1°C, soils around the threaded pile
segment failed approximately in a cylinder shear mode (CSM, Figure 3.8a). The soil adjacent to
the edge of the thread was sheared and a global failure occurred as shown in Figures 3.8b and 3.8c.
In this failure mode, the soil’s unit-area resistance is represented by the internal shear strength 7
(in a unit of kPa) along the global failure surface, and the unit plate bearing resistance gy (kPa) of
the soil can be neglected (Figure 3.8a). The CSM is similar to conventional pile failure that takes
place along the interface between the backfill and the native frozen soil, which is illustrated in
Figure 3.9 (Biggar and Sego 1993c).

For piles in soil at T of approximately -5°C, Figure 3.10 shows a schematic of individual
bearing mode (IBM) of each pile thread and the soil rather than at the soil-shaft shear surface. The
soil resistance can be represented by gy of the threads and 7aq between the soil and shaft, as shown
in Figure 3.10a. A slipping wedge was observed below the threads (Figure 3.10b and 3.10c). The

IBM may be attributed to a strong soil-pile bond at the cold temperature.
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Figure 3.8 (a) Schematic of cylindrical shear mode of piles in warm frozen soil at approximately -

1 °C; and (b) observed global failure; and (c) soil movement at the pile tip (TCD1).
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(a) (b)
Figure 3.9 (a) Soil-pile failure pattern of conventional piles with backfill; and (b) conventional pile

failure (adapted from Biggar and Sego 1993c, drawings are not to scale).

3.3.6 Axial Load Distribution and Adfreeze Strength — Smooth Pile Segment
For smooth pile segments instrumented with SGs, the internal shaft load Q at a SG location is
calculated from Equation 3-3:

Q=0 4=Ee 4 (3-3)
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where o5, 1s the internal normal stress of the pile shaft, 4 is the cross-sectional area of the pile, £
is Young’s modulus of the pile shaft material, and &g is the internal normal strain within the pile

shaft measured using the SG. The average 7.4 between two SGs is estimated as:

_ Qi _Qj _
~ 7zDL 3-4)

Tad
i

where Qi is the internal load at the limit state at i, D is the smooth shaft diameter and Lj is the
length of the shaft segment between i and ;. In the present research, 7.q was estimated at the pile’s

limit state corresponding to the peak from the load vs. displacement curves (Figure 3.7).
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Figure 3.10 (a) Schematic of individual bearing mode for piles in cold permafrost at approximately
-5 °C; and (b) observed slipping wedge; and (c) observed local failure (TCD7).

Figure 3.11a shows the load distributions measured from the load cell and SGs in warm
frozen soil (approximately at -1 °C). Figure 3.11b shows the average 7.4 obtained from the load
cell and 74 between SGs. The average 7. was 38.2 kPa in this non-saline frozen soil, while 7aq
from SG readings varied along the depth, but in general showed a reasonable consistency. The

average T, was 27.9 kPa when the salinity was increased to 10 ppt. Salinity did not show a
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significant effect on the magnitude of %4 in the warm frozen soil; this phenomenon matched the
observation from Figure 3.7b that the effect of salinity on the pile capacity in warm frozen soil

was not significant.
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Figure 3.11 (a) Axial load distribution of SCD1 (-0.7 °C, 20.2% and 0 ppt) and SCD3 (-0.8 °C,
20% and 10 ppt); and (b) adfreeze strength distribution of SCD1 and SCD3. The “Average from
load cell” is the averaged 7.4 estimated from the load cell readings and “SG reading” is obtained
from strain gauge readings.

The average 7aq increased from 38.2 kPa (SCD1) to 240 kPa (SCD2) in non-saline soil and
from 27.9 kPa (SCD3) to 113 kPa (SCD4) in 10 ppt soil, when the average temperature decreased
from -1 °C to -5 °C (Figure 3.12). In addition, %4 decreased with increasing salinity, as observed
in test SCD2 to SCDA4. It is also noted that the internal load measured from SGs had an acceptable
consistency with the measured load from the load cell.

Values of 74 for straight pipe piles with backfill reported in literature are summarized in

Table 3.2. The value of 7aq of the smooth segment in non-saline cold frozen soil from the present
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research was 240 kPa comparable to the Johnston’s (1981) 275 kPa, Biggar and Sego’s (1993c)

220-390 kPa of untreated steel piles, and Tang et al.’s (2019) 154-347 kPa.
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Figure 3.12 (a) Axial load distribution of SCD2 (-4.5 °C, 19.9 %, 0 ppt) and SCD4 (-4.6 °C, 19.7%,
10 ppt; and (b) adfreeze strength distribution of SCD2 and SCD4.

Table 3.2 Adfreeze bond strength z , from selected literature

. Backfill o
kP
Reference Pile type material and w T (°C) S (ppt) | 7,(kPa)
Johnston (1981) Steel | [o7Hich clays or 5 0 275
Linnel and Lobacz
(1980) Steel Sand -4 0 390
Tsytovich (1975) Steel Sand (18%) -5 0 398
Weaver and
Morgenstern (1981) N/A Sand = 0 294
Untreated 5 0 220-390
steel
Biggar and Sego Sandblasted o .
(1993c) steel Sand (18%) -5 0 760-1100
Sandblasted 10 0 | 1240-1380
steel
Silt (30%) -1.1--2.35 0 564-962
Tang et al. (2019) Concrete
Clay (10%) -1.2--2.29 0 154-347
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3.3.7 Load Transfer of Continuous-Flight Piles in Warm Frozen Soil
In the warm frozen soil, the limit load transferred to the threaded segment under the CSM
hypothesis, Onead, Was estimated using Equation 3-5:

Ohes =T, 7(D+2w, )L (3-5)
where 7, is the average shear strength of frozen soil and wy is the thread width (Figure 3.8). The
term /M D+2ww)L is essentially the presumed shear failure area between the soil and “enlarged”
pile shaft associated with failure at the outside of the threads.

Figure 3.13a shows the load distribution of TCD1 measured from the load cell and internal
load from SG readings; Figure 3.13b shows the average 7, estimated from the load cell and SG
readings. The value of average 7 from load cell was 30.5 kPa for TCD1, while 7 estimated from
SGs varied from 28 to 37.5 kPa. Figure 3.14a shows the load distribution for TCD2. The value of
average 7, was estimated 32.4 kPa using Equation 4. In Figure 3.14b, 7, of TCD2 and 7.4 of SCD1
in similar soil conditions were compared. It is noted that the shear strength at the failure surface
decreased from 38.2 kPa (SCD1) to 32.4 kPa (TCD2) when the average T increased from -1 to 0
°C.

The load distribution and shear strength of test TCD6 are shown in Figure 3.15. The value
of 7y was 31 kPa for TCD6, which is 11% greater than %4 of 27.9 kPa of test SCD3. The threads
not only expanded the failure surface outward from the pile surface but also increased the unit area
shear strength, because the failure surface occurred internally within the soil when threads were
present. For conventional piles with backfill, the ratio of 74 /7 is selected from the type and the
roughness of the pile surface. Weaver and Morgenstern (1981) suggested a coefficient of 0.6 for
steel piles and 1.0 for corrugated steel pipe piles with backfill. In the present study, the ratio of 7q

/7 was 0.9 in the 10 ppt soil with T of approximately -1 °C.
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Figure 3.13 (a) Axial load distribution of TCDI(-1 °C, 25.5% and 0 ppt); and (b) strength
distribution of TCD1. The “Average from load cell” is the estimated average 7 from the load cell

readings using Equation 5 and “SG reading” is measured from strain gauge readings.
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Figure 3.14 (a) Axial load distribution of TCD2 (0 °C, 20.2% and O ppt); and (b) strength

distribution of TCD?2.
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Figure 3.15 (a) Axial load distribution of TCD6 (-0.8 °C, 19.8% and 10 ppt); and (b) strength
distribution of TCD6.

Hivon and Sego (1995) measured the strength 7, of frozen soils with various w, 7, and S
from the unconfined compression tests. The values of 7, of soils that are similar to the present soils
are adopted to verify the measured strength in the present study. Table 3.3 summarizes the strength
and 7.4 /7 ratios. It can be observed that 74 /7 in the present research ranged from 0.72 to 0.9,
which are comparable to values suggested in Weaver and Morgenstern (1982). In addition, as
shown in Figures 3.13 to 3.15, values of 7, among TCD1 (30.5 kPa), TCD2 (32.4 kPa) and TCD6
(31 kPa) were not significantly different, which shows that the effect of w and 7 were not
significant for piles in the warm frozen soil. This phenomenon agrees with the results from the
load vs. displacement curves in Figure 3.7c.

In conclusion, continuous-flight piles in warm frozen soil failed under the CSM as
suggested in Figure 8a. The effect of w and S on the value of 7 in the warm frozen soil can be
neglected. The ratios of %4 /7 in the present study were within the range suggested in the literature.
The presence of threads pushed the shear failure outward to the edge of the threads where the soil

shear strength was mobilized along the failure surface, and therefore enhancing the pile capacity.
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Table 3.3 Summary of shear strength and end bearing resistance

Test | Average 7 | o oeer (kPa) | YO, | L kpayt | 7 /7 | g1
ID (kPa) ad (kPa) u ad’ ‘u b u
SCD1 38.2 (Measured) N/A
SCD2 240 (Measured) 333 | 072 [ NA

N/A N/A
SCD3 27.9 (Measured) N/A
SCD4 113 (Measured) 151 | 075 | NA
TCDI | 305

N/A

TCD2 | 324
TcD3 | | 240 (From SCD) 1420 333 0.72 | 4.26
TCD4 240 ( From SCD2) 1410 333 | 072 | 423
TCDS N/A
TCD6 31 27.9 (From SCD3) N/A 0.9 | NA
Tco7 | 113 (From SCD4) 1610 151 0.75 | 9.66
TCDS 113 (From SCD4) 1370 151 0.75 | 822

Note: 1. Obtained from unconfined compression tests of similar frozen soils in Hivon and Sego

(1995).
3.3.8 Load Transfer of Continuous-Flight Piles in Cold Frozen Soil
For the IBM shown in Figure 3.10a, the limit load Onead transferred to the threaded segment was
estimated as:

Oyt = Ta®DL+q,w, L, (3-6)
where Lu is the length of helical threads that was embedded in the soil. In the following
calculations, 7aqof the screw pile was assumed the same as the measured values of 7.q of the smooth

pile in the same soil conditions. Thus, the average ¢ for pile segment can be estimated as:

_ Qhead _Tad ”D L
w, L

th™th

q, (3-7)

Figure 3.16a shows the load distribution measured from the load cell and SG readings for
test TCD4 in cold frozen soil. Figure 3.16b shows the average gy, estimated from the load cell and

SG readings. An average 7.d of 240 kPa, obtained from the results of SCD2, was adopted when
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performing the gy estimation. The average value of g, was 1.41 MPa, whereas ¢, estimated by SG
readings ranged from 600 kPa to 1.9 MPa. The values of average ¢, from the load cell were adopted

in the present study for the convenience of comparison.

50 LN B I l LI B B ) ' L B B ) l LN B A l L) '- B LN B B l L B B ) l L B B ) l LN B B ) l LN B I o
(@) Toaccall N C (b) Average qy, from load cell n
40 —=u— SG reading = ~ —=— qy, from SG reading -
—
v & 1 F 7 5q Of SCD2
= E 30 : . x -
<,_.—> ) Tad = 240 kPa . L - =iy ]
L— 2 , b 9=141MPa - 1 LB il R
+— _ —n u B —n ]
! / 1 F | .
q 10 : - - s~ e — wai] — i ~ e -
L —T a 5 - = = = - — —a :
9 1 n L — n -
—] 0 Ll ' L il ' . l L 1 1 l 'l l- -_l_ L.l _L Il .l_l 1 ' Ll ' L il l L 1 1 ]
0 10 20 30 40 0 500 1000 1500 2000 2500
Q (kN) Stress (kPa)

Figure 3.16 (a) Axial load distribution of TCD4 (-4.8 °C, 19.5% and 0 ppt); and (b) strength
distribution of TCD4. The “Average g, from load cell” is the average gp estimated from the load
cell reading and 7.q was assumed equal to 7. of SCD2.

Figure 3.17a shows the load and strength distribution of TCDS. It appears that the load
distribution from the load cell agrees well with the internal load distribution calculated from the
SGs. In Figure 3.17b, an average 7.q was assumed to be 113 kPa (SCD4) and g, was estimated to
be 1.37 MPa; gy estimated from SGs ranged from 550 kPa to 2 MPa. Test results of TCD3 and
TCD7 were processed in the same way as the data from Figures 3.16 to 3.17 were interpreted; the
patterns of TCD3 and TCD7 were also deemed similar to Figures 3.16 to 3.17. The ratio of gv /%
can be viewed as N, which is the bearing capacity factor in the frozen soil. Ladanyi (1975)
proposed a simple mathematical model for determining the bearing capacity of strip footings in
frozen soils and suggested values of N.ranging from 4 to 16. Table 3 summarizes values of g, and

qv /7 of all relevant tests in the present research. The estimated values of ¢y for all tests ranged
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from 1.37 to 1.61 MPa were not significantly different, which shows that the effects of w and S on
the unit plate bearing capacity of piles in the cold frozen soil could be negligible. The ratios of gv

/7, in the present study ranged from 4.2 to 9.7, which are comparable to values from Ladanyi

(1975).
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Figure 3.17 (a) Axial load distribution of TCD8 (-4.9 °C, 20.1% and 10 ppt); and (b) strength

(=)

0 10

distribution of TCDS. Value of 7.4 was assumed equal to 74 of SCD4.

In conclusion, continuous-flight piles in cold frozen soil failed under the IBM. The effect
of w and § on the value of gy in the cold frozen soil is negligible. Because the plate bearing
resistance is mobilized during loading, the IBM suggests a potential advantage of continuous-flight

piles over conventional smooth piles.

3.4. Conclusions and Limitations
Twelve axial load tests of continuous-flight and smooth piles were conducted in the present study.

The following conclusions can be drawn:

1. The continuous-flight pile can be installed in an undersized pilot hole in frozen soil using
the laboratory equipment which can provide a maximum torque of 3.6 kN-m. Installation

met refusal at a minimum temperature of -1.88 °C in 10 ppt soil because the equipment
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was unable to produce higher torque. The required installation torque increased with the
penetration depth of the pile segment. The installation torque increased significantly with
decreasing frozen soil temperature and salinity.

The continuous-flight pile carried more load than the smooth pile in the cold frozen soil.
The ultimate pile capacity increased significantly when 7" decreased from -1 °C to -5 °C.
The pile capacity increased with decreasing S in cold frozen soils (-5 °C); the effect of §
on the pile capacity in warm frozen soils (-1 °C) could be neglected. The effect of w on
the pile capacity was not significant at -5 °C.

Cylindrical shearing mode (CSM) and individual bearing mode (IBM) were observed for
continuous-flight piles in warm and cold frozen soils, respectively.

. For pile failure in the warm frozen soil, the presence of threads pushed the shear failure
outward to the edge of the threads, mobilizing the shear strength of the frozen soil, and
therefore enhanced the pile capacity. The effect of w and S on the value of 7, along this
failure surface in the warm frozen soil can be neglected. The ratios of 74 /% ranged from
0.72 to 0.9 in the present study, which are comparable to values suggested in the
literature.

. For pile failure in the cold frozen soil, the estimated values of g, ranged from 1.37 to 1.61
MPa and the ratios of g /7w ranged from 4.2 to 9.7. The influences of w and S on the unit

plate bearing resistance of piles in the cold frozen soil were not evident.

Continuous-flight piles may provide a viable solution for pile foundations in the Canadian Arctic;

however, limitations of the present study should be noted. First, only one undersized pilot hole

size was tested. If another hole size is used, the required installation torque would change. Second,

the pile segment was installed in the frozen with a minimum temperature of -2 °C, owing to the
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limitation of the lab installation technique. Lastly, the long-term creep settlement rate of

continuous-flight piles needs to be evaluated.
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4 Long-Term Axial Performance of Continuous-Flight Pile in Frozen Soil?

4.1 Introduction
Research on pile foundations in permafrost is critically important to maintaining infrastructure in
Arctic communities. The design of the piles is governed by the time-dependent creep settlement
and the adfreeze strength between the pile shaft and frozen backfill (Weaver and Morgenstern
1981, Heydinger 1987, Ladanyi et al. 1995). Weaver and Morgenstern (1981) reviewed the
principles for designing piles in permafrost and proposed procedures for predicting the settlement
of piles in ice-rich and ice-poor soils based on the creep model of Morgenstern et al. (1980).
There are three types of creep behavior when frozen soil is subjected to a constant load
(Figure 4.1a). For the ice-poor (typically <35% ice content by weight) soil under low stress, the
soil experiences a small instantaneous deformation (i.e. elastic strain) at the outset and deforms at
a rate that gradually decreased with time; the strain reaches a plateau after a certain time. This is
defined as the primary creep stage. For ice-rich soils under moderate stress, the deformation tends
to increase linearly with elapsed time, therefore steady-state or secondary creep dominants. The
primary stage can often be neglected when the secondary creep is dominant (Hult 1966; Ladanyi
1972). For high-stress level, the creep rate of frozen soil may accelerate (termed the tertiary creep)
until failure occurs. Figure 4.1b shows a typical time history of creep when the soil is under
medium to high-stress levels. A comprehensive creep curve may include three stages, where the
creep rate decreases (I), remains constant (I), and increases (III). From the time history of the pile
displacement or creep curve, the pile settlement rate curve can be determined (Figure 4.1c). The

three periods I to III correspond to the primary, secondary and tertiary creep respectively. The

2 A version of this chapter has been accepted by the Canadian Geotechnical Journal
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creep settlement of piles in frozen soils is a function of the time, rate of loading, pile type, soil

type, and temperature (Parameswaran 1986).
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Figure 4.1 (a) Creep modes of frozen soil; and (b) potential pile axial displacement under constant
stress; and (c) potential pile creep rate under constant stress (adapted from Andersland and Ladanyi
2004).

Straight-shaft smooth pipe piles are a conventional foundation in the Canadian Arctic. The
conventional pile is usually placed in a pre-drilled borehole and backfilled with gravel, grout or
slurries freeze (i.e. freezeback). Figure 4.2a shows a photo and schematic of a conventional straight
pipe pile in Inuvik, NWT. Recently, helix thermopile (Figure 4.2b) has been introduced to the
Canadian Arctic (Zhang and Hoeve 2015). Helix thermopile combines the function of
thermosyphon and adfreeze pile that has continuous thin-bladed helixes on the pile surface to
enhance the pile capacity. Despite the common use, conventional foundation types may possess
several disadvantages. The pile is expensive and labor-intense; it takes time to freeze backfill
before fully mobilize the pile capacity. The pile may be compromised because the capacity relies
on the adfreeze strength along the pile shaft surface that is usually smaller than the strength of

adjacent frozen soil (Biggar and Sego 1993c). Many buildings in the Canadian Arctic have
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demonstrated signs of failure due to excessive settlement or deterioration of the pile shaft (Liu et

al. 2022).
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Figure 4.2 (a) Photo and schematic of a conventional smooth straight-shaft pile in Inuvik, NWT;
and (b) photo and schematic of a helix thermopile supporting a commercial building in Inuvik,
NWT.

Research on the performance of conventional piles was typically carried out in the lab or
the field. Studies on the steel-pipe pile including both field testing (Johnston and Ladanyi 1974,
Nixon 1988, Biggar and Sego 1993a, b, Biggar et al. 1996, Biggar and Kong 2001) and laboratory
model-pile tests (Parameswaran 1978 and 1979, Sego and Smith 1989, Biggar and Sego 1993c¢)
are available in the published literature. In these studies, short-term constant-displacement-rate
and long-term constant applied load are the typical loading methods to obtain the adfreeze strength
and creep settlement of piles respectively. Notably, there was a scarcity of research on the axial
load distribution during constant load testing. Loading tests of model piles in frozen sand show
that smooth straight-shaft piles fail in a brittle manner and have relatively low axial capacities
because the shear failure is mobilized at the pile-backfill interface compared to failure of the

surrounding soil (Ladanyi and Guichaoua 1985).
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The present research evaluates an alternative foundation type that may be suitable for use
in permafrost regions. The continuous-flight pile, also known as a ground screw or screw micropile
(Guo and Deng 2018, Guo et al. 2019, Khidri and Deng 2022), has been adopted in southern
Canada. Unlike conventional piles, this pile is screwed into the ground via torque. Compared to
conventional piles of similar sizes, continuous-flight piles may have several advantages: low cost,
reusability, larger capacities, faster installation, and immediate loading. Past studies of smooth and
protruded (e.g., ribbed or helical) piles in permafrost imply that continuous-flight piles, as a result
of the shaft screws and tapered shape, may provide larger capacities and smaller creep
displacement than conventional pile foundations in permafrost (Holubec 1990; Johnston and
Ladanyi 1972 and 1974; Liu et al. 1999 and 2007). It is anticipated that this pile type can be
screwed into an undersized pilot hole of warm frozen soils induced by climate change. The
installation process may further increase the confining stress on adjacent soils and therefore
increase the pile capacities. Since freeze-back is unnecessary, this pile will reduce construction
time and significantly reduce costs. These attributes of continuous-flight piles are expected to offer
significant benefits to the Canadian Arctic communities.

The creep behavior of continuous-flight piles in permafrost is yet to be studied, although
the adfreeze strength and axial failure mechanism of this pile type subjected to short-term loads
have been reported in Gao et al. (2023a). The present study is focused on the axial creep behavior
of continuous-flight piles in frozen soils under long-term constant applied loads. A primary
objective is to examine the effects of soil temperature (7)), water content (w), and soil salinity (S)
on the stress, pile displacement rate, and failure mode of continuous-flight piles in frozen soils. A
series of axial load tests of model continuous-flight piles with a shaft diameter of 89 mm and a

length of 300 mm were carried out. The load cell (LC), Linear Potentiometers (LP), thermocouples
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(TC), and strain gauges (SG) were used to evaluate the load-transfer mechanism and soil

temperature profile.

4.2 Laboratory Experimental Program

4.2.1 Test Soil and Piles
The test soil was a mixture of Devon Silt and Silica sand. The selected silty sand was similar to
the soil observed in Canadian Arctic communities near the Mackenzie River delta. The grain size
distribution of the test soil was described by Gao et al. (2023a) and frozen soil properties were
investigated by Hivon and Sego (1995).

Continuous-flight piles can have various lengths and diameters. Owing to the limitation of
lab testing equipment, a straight threaded pile segment with a diameter (D) of 89 mm and a length
(L) of 300 mm was tested in this research (Figure 4.3a). The threads on the pile segments have a

width (wm) of 12 mm and a thickness of 2 mm. The spacing between each thread (Sw) is 50 mm.
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Figure 4.3 (a) Test pile segment; and (b) soil cell after consolidation or compaction; and (c)

schematic of testing apparatus that was placed in a temperature control room.
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4.2.2 Test Setup

The model pile tests were carried out in the Cold Regions Geotechnical Research Center at the
University of Alberta. A series of short-term constant-displacement-rate axial load tests of
continuous-flight piles were described by Gao et al. (2023a) to examine the adfreeze strength and
pile failure modes. In the present research, the test setup (Figure 4.3c) identical to that in Gao et
al. (2023a) was used for the constant load tests. The laboratory equipment consisted of a soil-pile
test chamber, a servo-control hydraulic loading system, a temperature control bath, and a data
logger. The soil was placed in the inner chamber and consolidated (or compressed) by applying 80
kPa of overburden pressure on the consolidation loading cap before use (Figure 4.3b). The outer
chamber was filled with ethylene glycol for temperature control. To freeze the soil, ethylene glycol
from a constant temperature bath was circulated through copper coils located in the fluid-filled
outer chamber. The pile segment was twisted into a pilot hole in frozen soil using an electric driver
by applying torque and compressive force on the pile head (Figure 4.4). The pile was then loaded
under a series of constant applied loads. Details of model construction and test procedures are

presented in Gao et al. (2023a).

Figure 4.4 (a) Pile installation; and (b) test pile and cell after installation.
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4.2.3 Instrumentation

During the testing, pile head loads Onead Were recorded using a load cell. Pile head displacement
and ground surface settlement were recorded from the corresponding Linear Potentiometers (i.e.,
LP1 and LP2 in Figure 4.3c). A series of thermocouples (i.e., TC1-6 in Figure 4.3c) were
embedded in the soil chamber at various depths and radial distances to record soil temperature
during the entire test progress.

Research that addresses the internal load distribution of piles in permafrost is rare.
Resistance strain gauges (SGs) were selected to measure installation torque and internal axial
loads. Four torsional SGs were mounted on the same elevation near the pile head to form a full-
Wheatstone bridge circuit that can compensate for the ambient temperature variation and eliminate
the effects of axial loading (Figure 4.3c). For axial SGs, eight locations were selected along the
pile shaft from the pile head to the tip. At each location, two SGs were mounted to the pile shaft
surface and connected to a data acquisition system to form a half-Wheatstone bridge circuit. SGs

were tested for survival and calibrated against axial load and torque before use.

4.2.4 Test Matrix

As shown in Table 4.1, four constant tests TCL1 to TCL4, which had various water content,
freezing soil temperature and soil salinity, were conducted. A water content of 16 to 25%, a
temperature of -0.6 to -4.8 °C, and a salinity of 0 and 10 ppt were selected to cover the range of
conditions encountered in coastal Arctic communities. Salinity S ppt (parts per thousand), is
defined as the ratio of the mass of salt ions to the mass of porewater. The water content was
reported as 15% for ice-poor soil and 35% for ice-rich soil in Inuvik, NWT (EBA 2004).

Meanwhile, the soil temperature ranged from -0.3 to -4.1 °C below 5 m depth and the salinity
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ranged from 5 to 11 ppt within a permafrost depth of 10 m in Inuvik, NWT (EBA 2004; Hivon

and Sego 1993).

Table 4.1 Constant load test matrix

. Average and o
Pl.l ¢ Load . . Average an-d range of Degree of Estimated i (.A))
Test axial . Salinity, | range of soil . of Hivon
D capacity increment, S (ppt) temperature water Saturation | unfrozen water and Sego
] o 2 )
(kN) ! Ohead (kN) T(°C) COI(I(EZI)ltZ, w (%) content, wu (%) (1995)
24.1 (23.5— 66.9 (65.9—
TCL1 2.8 0.3 0 -0.9 (-0.6— - . 52, 2.8
0.9 (-0.6— -1) 25) 68.4) 1.62 (1.5-2.14)
Not 2.2 (-1.1—- 18.4 (17.1— 56.3 (53.6—
TCL2 1,4,6,9 0 . J1-1. 1.68
measured » 4, 6, 2.9) 20.4) 60.3) 0.86 (0.71—-1.4)
15, 20, 30, 4.7 (-3.5— - 56.6 (53.8—
TCL3 43.2 0 — . .5-0. 1.4
35, 40 4.8) 18 (17-18.6) 56.8) 0.51 (0.5-0.62)
-3.9(-3.7—- 16.9 (16.1— 53.2 (51.4— 2.51 (2.24—
TCL4 31.9 10, 20 10 3.63
4.2) 17.8) 55.1) 2.78)

Note: 1. The pile axial capacity was obtained from the short-term axial loading test of the
continuous-flight pile in frozen soil (Gao et al. 2023a); 2. soil properties before freezing.

The constant load test is a common method to study the settlement rate and creep behavior
of piles in frozen soil, since pile foundations are subjected to constant load rather than constant-
displacement-rate during the service life. Johnston and Ladanyi (1974) conducted field constant
load tests of screw anchors (i.e. helical piles) in permafrost, where the loads were applied in
increments of 8.9 kN to a maximum of 22.2 kN and each load was maintained until a constant rate
of strain was obtained. The duration of each load increment ranged from 1 to 18 h. Biggar (1991)
examined the laboratory time-dependent behavior of model piles in saline frozen soils, for which
a load increment of 5 kN was selected and the loading duration for each constant load ranged from
1 h to 83 days. In these constant load tests, the load increment was usually taken as a fraction of
the pile axial capacities. For example, Fish (1982) adopted a load increment equal to 10-20% of
the estimated pile capacity, and each load was held until the settlement rate is less than 0.2 mm/day.
Heydinger (1987) suggested a criteria to stop the load in the constant load tests when the settlement

rate is less than 0.5 mm/day.
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The pile resistances at the ultimate limit states obtained from short-term constant-
displacement-rate tests (Gao et al. 2023a) were referenced when determining the load increment
in the present research. The initial constant loads were started from 10-35% of the limit pile
resistance, which was the maximum load from the short-term load vs. displacement curves. If a
minimum of 0.001 mm/h of displacement rate (i.e. primary creep) or a constant displacement rate
(i.e. secondary creep) was obtained, the axial load would then be increased by 10-30% of the limit
pile resistance. Load increments were continued until the failure was indicated by the acceleration
of the pile displacement rate (tertiary creep), however, no tertiary creep was observed in the present
study. The load was increased to the limit pile resistance or until the cumulative pile displacement
reached a maximum of 20 mm the limit of the space available at the base of the pile (see Figure

4.3¢).

4.3 Results

4.3.1 Installation Torque

The installation torque is one of the primary parameters in the evaluation of axial capacities for
continuous-flight piles. Empirical or theoretical torque-capacity correlation can be applied to the
pile design in unfrozen soils. Guo and Deng (2018) proposed a theoretical torque model to estimate
the torsional resistance of continuous-flight piles installed in cohesive soils. However, there is no
research on the torque-capacity relationship for continuous-flight piles in frozen ground. It is
noticed in the present laboratory installation that the torque increased with the penetration depth
and the maximum torque was observed at the last rotation during installation. Table 4.2
summarizes the maximum installation torque of the tests TCL1-4. The TCL1 with a temperature

of -1.5 °C experienced a maximum installation torque of 560 N-m and TCL3 with a temperature

of 3 °C reached a torque of 110 N-m. The installation torque decreased with warmer temperatures.
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This can be attributed to the decreased soil shear strength due to the increasing volume of unfrozen
water content in the pores of frozen soil when the temperature of soil increases. The test TCL4
with a salinity of 10 ppt and a temperature of 1.1 °C experienced an installation torque of 165 N-m.
The installation torque could be dependent on the soil temperature, salinity, and downsized ratio
(pilot hole diameter/pile shaft diameter). The required installation torque in the field for full-scale

continuous-flight pile is presumably proportional to the pile length.

Table 4.2 Soil temperature and maximum torque during installation

Test ID Soil temperature, T (°C) Maximum torque (N-m)
TCL1 1.3(3t00) 57.0
TCL2 -0.02 (0.38 to -0.39) 500
TCL3 3.36 (3.88 t0 2.6) 228
TCL4 1.19 (2.1 to 1.05) 251

4.3.2 Soil Temperature Distribution

Figure 4.5a shows the time history of the average soil temperature of samples TCL1 and TCL3.
The average soil temperature remained constant during the consolidation and loading phase, which
indicated an effective temperature control system during the test. The average temperature was
calculated from all six thermocouples (TC1-6 in Figure 4.3¢) embedded at different depths and
radial distances to the pile shaft. Figure 4.5b shows an example of the soil temperature (TCL3) at
three different depths within the frozen soil. It is seen that the temperature differences among TC1-
3 were negligible and a homogeneous temperature profile was obtained. In addition, the
temperature fluctuation was less than 0.5 °C during the loading period. Table 4.1 summarizes the

average, maximum, and minimum soil temperature of tests TCL1-4.
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Figure 4.5 Example soil temperature readings: (a) Time histories of average soil temperature
during consolidation and axial loading phases (TCL1 and TCL3); and (b) soil temperature in
different layers during axial loading (TCL3).

4.3.3 Ground Surface Settlement During Loading

The ground surface settlement near the pile shaft was used to compare the pile displacement,
therefore the soil-pile interaction can be inferred. Two Linear Potentiometers LP1 and LP2 were
placed 1.5 cm and 2.5 cm away from the pile shaft wall to record the ground surface settlement
during the loading of the test (Figure 4.3c). Figure 4.6a shows the comparison between pile head
settlement and ground settlement in test TCL1 at the constant load QOnead of 300 N, where Onead
denotes the load applied to the pile head and recorded by the load cell. It is observed from Figure
4.6a that the pile settlement reached 16.3 mm within 5 h of loading, while limited ground
settlements were observed (LP1=0.49 mm and LP2=0.13 mm). Figure 4.7a compares the ground
surface settlements with pile head settlements when the value of Onead was 9 kN in TCL2. It can
be observed that the ultimate ground surface settlements ranged from 0.07 to 0.28 mm, which was
3.5-14% of the pile head settlement (=2 mm). When the soil temperature decreased from -2.2 °C
to -4.7 °C, the comparison between ground surface settlement and pile head settlement in TCL3 is

shown in Figure 4.8a. The ground settlements for LP1 and LP2 at Ohead of 40 kN were 0.45 mm
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and 0.34 mm respectively, which was 9-12% of pile head settlement (=3.7 mm). For the colder
frozen soil (-3.9 °C) with a salinity of 10 ppt, the ground settlements of TCL4 at Ohead of 10 kN
were 3.4 mm and 2 mm (Figure 4.9a), which were 18% and 31% of pile head settlement (=11 mm).
It implies limited soil settlement adjacent to the pile shaft when axially compressed under a
constant load. The shear failure zone of the test TCL4 was greater than that of the TCL3 when the
soil salinity decreased from 10 ppt to non-saline soil. It is also noted from Figures 4.7a and 4.9a
that the ground settlement of LP1 was significantly larger than the value of LP2, which indicated

a curve-shaped soil settlement zone near the pile shaft for each constant load test.
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Figure 4.6 (a) Time history of pile displacement of TCL1; and (b) time history of pile displacement

rate of TCL1. Note: LP1 and LP2 are the ground surface settlements at Qhead of 0.3 kN.
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Figure 4.9 (a) Time history of pile displacement of TCL4; and (b) time history of pile displacement
rate of TCL4. Note: LP1 and LP2 are the ground surface settlements at Onead 0f 10 kN.
4.3.4 Estimated Unfrozen Water Content in Frozen Soil
The relationship between gravimetric unfrozen water content (wy) and soil temperature (7), defined
as the soil freezing characteristic curve, is essential in predicting the mechanical behavior of frozen
soil. Tice et al. (1976) suggested the following equation to estimate w, upon 7:
w, = a|r| (4-1)

where 7 is the soil temperature in °C, and ¢ and  are empirical parameters. Smoltczyk (2002)
suggested the values & (= 1.5) and B (= -0.699) for silty sand; according to these parameters, the
calculated wy in the present study decreased from 1.62% to 0.51% when the temperature decreased
from -0.9 °C to -4.7 °C, which indicates the ice lens changed by 1.1% when the temperature
decrease by 3.8 °C. The values of estimated wy and initial saturation of each soil sample are listed
in Table 4.1.

When the salt ions are present in the frozen soil, Andersland and Ladanyi (2004) proposed

the following equation to determine wy:

wS . 5411
WO -2 4-2
000" "7 ) “-2)

Wu:

87



where §S'is the salinity in ppt. Therefore, the value w, of TCL4 with 10 ppt of salinity is estimated
to be 2.51% when the soil temperature is -3.9 °C (Table 4.1). The presence of salt ions in the saline
frozen soil enhances wy, compared to non-saline soil at the same 7. Hivon and Sego (1995)
measured the unfrozen water content of similar silty sand using the time-domain reflectometry
(TDR) method. Table 4.1 shows the estimated wy are comparable with the results from Hivon and

Sego (1995), an increase in 7 and S causes an increase in wy.

4.3.5 Pile Displacement Rate
The time history of pile head displacement and pile head displacement rate curves for tests TCL1-
4 are summarized in Figures 4.6-4.9. A load of 300 N was initialized in test TCL1 (Figure 4.6a)
and the corresponding pile head displacement increased to a steady value of 16.3 mm in 3 h. The
pile displacement rate reached zero after 3 h of loading (Figure 4.6b), so the primary creep was
observed. Four constant load tests, where the applied axial load Onead equals 1, 4, 6, and 9 kN, were
conducted in TCL2 and the loading durations of each load increment ranged from 20 to 48 h
(Figure 4.7a). The load was paused and increased to the next high-level loads when the pile
displacement rate was lower than 0.001 mm/h. It can be seen from Figure 4.7b that the pile
displacement rates dropped to practically zero for all four loads. Hence it is reasonable to argue
that the primary creep is dominant for TCL2. In addition, the pile at a maximum QOhead 0f 9 kN
experienced a maximum displacement of 2 mm. However, Onead did not show a significant
influence on the pile displacement rates in test TCL2.

Loading steps in TCL3 ranged from 15 to 40 kN (Figure 4.8a). The time histories of
displacement rates show that all creep rates reached constant values from 0.02 to 0.1 mm/h and
steady creeps (secondary creep) were obtained (Figure 4.8b). In this case, the secondary creep was

dominant and the primary creep could be negligible. Figure 4.9 shows the time history of the pile
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displacement rate of TCL4 with a salinity of 10 ppt. Only primary creep was observed during the
two constant loading periods when Onead equals 10 and 20 kN.

In a summary, secondary creep only was observed in test TCL3 with a temperature of -4.7
°C and a salinity of 0 ppt. When the pore fluid became saline or the temperatures were relatively

warm (-0.9 and -2.2 °C), primary pile creep behavior was dominant.

4.3.6 Failure Mode Observation

Gao et al. (2023a) suggested two failure modes for continuous-flight piles under short-term axial
loading. For piles in warm permafrost (at -1 °C), soils around the pile segment failed as a cylinder
shear mode (CSM, i.e global failure). The failure surface took place along the outer edge of the
continuous threads. In this failure mode, the strength developed from the plate bearing is negligible
and the shear resistance of the surrounding soil dominates. For piles in cold permafrost (at -5 °C),
an individual bearing mode (IBM) was observed by Gao et al. (2023a).

To assess the failure mode of piles under constant loads, the soil-pile model was excavated
and examined after each loading test. Two failure modes were observed and inferred from the
measured data (e.g. ground surface settlement). The CSM was observed in tests TCL1 and TCL2,
then the load transfer mechanism from Gao et al. (2023a) was adapted for the shear stress
calculation. For piles in the colder permafrost (TCL3 and TCL4), Figure 4.10a shows that the
failure occurs locally in the soil beneath the pile threads rather not at the soil-shaft shear surface.
The soil capped between threads was pushed down by the axial force (Figures 4.10b and 4.10c).

In this IBM, the plate bearing stress and the shear stress are dominant.
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Figure 4.10 (a) Schematic of individual bearing mode for piles in cold permafrost at approximately
-5 °C; and (b) observed slipping wedge; and (c) observed local failure (TCL3).

4.3.7 Load Transfer to Continuous-Flight Piles in Warm Frozen Soil

The axial load transferred to the continuous-flight pile segment under the CSM hypothesis, Ohead,
was estimated using Equation 4-3 (Gao et al. 2023a):

Qs =T7(D+2w,)L (4-3)
where 7 is the average shear stress of frozen soil; D is the pile diameter; wq is the thread width; L
is the pile segment length embedded in the soil.

Figure 4.11a shows the internal load distribution of TCL2 at Onead 0f 4 and 5 kN; the values
of Ohead Were measured from LC and the internal loads O were calculated from SG readings. It can
be seen that the load distribution estimated from LC was consistence with the values of SGs. Figure
4.11b shows the values 7estimated from LC and SGs using Equation 4-3. The value of 7from LC
was 49 kPa at Onead of 4 kN, while 7estimated from SGs varied from 6 to 72 kPa. The value of 7
from LC was 61 kPa at Onead of 5 kN, while 7estimated from SGs ranged from 7 to 84 kPa. Figure

4.12a shows the internal load distribution of TCL2 at Onead 0f 6 and 9 kN. The value of the average

90



Twas estimated at 73 kPa of 6 kN and 111 kPa of 9 kN. In Figure 4.12b, 7 calculated from LC and

SGs were compared. It is seen that 7 at the failure surface was from 10 to 155 kPa. The values of

7 from SGs were comparable to the values of 7estimated from LC.
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Figure 4.11 (a) Axial load distribution at Oneaq 0f 4 and 5 kN of TCL2 (-2.2 °C, 18.4% and 0 ppt);

and (b) shear stress distribution of TCL2. The “Est. avg. from LC” is average 7estimated from the

load cell readings and “SG” is obtained from the strain gauge readings.

A4

Height (cm)

50

N
o

W
(=]

[ [—— Est. from LC (6 kN)

m SG(6 kN)
[| A LC(6kN)
Est. from LC (9 kN)
= SG(9kN)
A LC (9 kN)

,,,,,,,,,,,

aa sl s s b saalaaaal ooy

- JfrfTrfrrfrereermrT v >
!

(b) —a—SG (6KkN)
Est. avg. from LC (6 kN)

4 6
Q (kN)

10

—a—SG (9 kN) B
e EST. @vg. from LC (9 kN) 4
" g S -
! | ; : 1
N o= e =3 W ]
o =y - 7
Ml | — & b — — 4
: I T 1
a O3 -'—‘a'—‘jﬁ—'ﬁ-‘a’.'—..‘;;-ﬁ“a"a"’"""
i — — e — e~ — ]
ll A 1
SRR TEPUEN PO B B .

50 100 150

z (kPa)
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In conclusion, the load distribution of test TCL2 calculated from the proposed load transfer
mechanism was validated. Internal load distribution estimated from LC and SGs showed a
favourable comparison using Equation 4-3. The estimated average shear stress 7 increased with

the increasing constant load.

4.3.8 Load Transfer to Continuous-Flight Piles in Cold Frozen Soil

The point resistance of a pile in frozen soil or ice tends to become proportional to the penetration
rate after a mobilization period (Ladanyi and Paquin 1978; Sego 1980). Nixon (1978) applied a
theory of creep settlement of strip footings in frozen soils (Ladanyi and Johnston 1974) to
determine the dependence of the pile point resistance g (kPa) on the settlement rate s =ds/dt

(mm/h), where s denotes the pile settlement (Figure 4.13a). This relationship is expressed as:
S:Iann (4_4)
where / denote an influencing factor, which depends only on #; a is the pile toe radius or half-

width of a strip footing; B (kPa™h') and n are the experimental creep parameters.
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y 4 T

%0, 1 1 "

2’0 ! T
AN = iq gravel " I

/ / H E permafrost — q L—I:,';’éir WV;ZI I

. |
Center line Center line Center line

==
SEEEEE S

Figure 4.13 (a) Creep settlement of strip footings in frozen soil (adapted from Nixon 1988); and

(b) schematic load transfer mechanism for continuous-flight piles in cold frozen soil.
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The continuous thread embedded in the frozen soil is similar to the strip footing in the
permafrost. A schematic load transfer mechanism for continuous-flight piles is drawn in Figure
4.13b based on the observation above. Because it is difficult to measure ¢ directly although the
pile had been instrumented, Equation 4-4 could be used for determining the relationship between
the pile settlement rate s and the plate bearing stress g on the continuous threads. Following

Equation 4-4, the average ¢ provided by the continuous threads was estimated from the creep rate:

$ n
(—j )

where s is obtained from the present creep test results in Figure 4.8b. In the calculation, the width
of threads wu 1s taken as the same as the half-width a of a strip footing.

For the IBM shown in Figure 4.10a, the axial load Ohead transferred to the threaded segment
is estimated as:

Oious =TADL +qw, L, (4-6)
where L is the length of the pile segment and L is the length of the continuous helical threads that
are embedded in the soil. Once ¢ has been estimated, the average adfreeze shear stress 7 along the

pile shaft can be estimated as:

_ Oheas = DML
DL

T (4-7)

It should be noted that the secondary creep only existed in test TCL3 with a stable minimum
displacement rate § while the values of § for TCLI, 2, and 4 were practically zero, therefore the
results of TCL3 are discussed herein.

Table 4.3 summarizes the values of s, /, B, and n in Equation 4-5 for the estimation of ¢
in TCL3. It is noted that ¢ increased with the increasing s . Figure 4.14a shows the load distribution

at Onead of 15 and 20 kN in test TCL3. Both curves show a linear load distribution between the
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loads estimated from LC and SGs. Figure 4.14b shows the values of ¢ calculated from Equation
4-5 and the average 7 calculated from Equation 4-7. The value of ¢ was 680.4 kPa and 7was 13.4
kPa at Onead of 15 kN. The values of ¢ and 7were 745.4 and 49.5 kPa respectively when the load
was increased to 20 kN. Meanwhile, the values of ¢ calculated from the SG readings at Onead of 15
and 20 kN ranged from 108 kPa to 2.5 MPa which were comparable with values from the

calculations.

Table 4.3 Parameters used to estimate ¢ in test TCL3

Minimum pile Width of Infl
Oneaa | gisplacement rate | threads | HUCRCC | b panptyz | 43 | 4 (kPa)
(kN) ~ factor 1!
s (mm/h) wm (mm)
15 0.02 680.4
20 0.024 745.4
30 0.05 12 0.4 9-10° 2 1076
35 0.024 745 4
40 0.028 805.1

Note: 1. I was obtained from Nixon (1988); 2. B was obtained from unconfined compression tests

of similar frozen soils in Hivon (1991); 3. n was obtained from Andersland and Ladanyi (2004).

‘ 50 pr—rrrrrrrrrrr v B e
} [ [~ Est. from LC (15 kN) 3 [—m—gq from SG (15 kN) ,
! [| % SG(ISKN) ] ‘ |= «Est.avg. c (15kN) |
| 40 - A Lc(5kN) L | - - o Est. avg. q (15 kN) -
s = " Est. from LC (20 kN) ] ‘ | i
E Ll = sG(20kN) b 1—I—qfrom SG (20 kN)
I B T 3oflA Lcowy | ) h |5 cEstave 2 (20KN) |
L5 & L 0 ! J 1 Est avg. q (20 kN)|
S5 2 g ! 1 i ] H :
L ] [ |
a— L ook - Lo A R SR
. : |
+—T ok ] R b e
| " |
e [ 1
J______‘:P 0 P A i‘ a
0 5 10 15 20
Q (kN) Stress (MPa)

Figure 4.14 (a) Axial load distribution at Oheaqd 0f 15 and 20 kN in TCL3 (-4.7 °C, 18% and 0 ppt);
and (b) stress distribution of TCL3. The “Est. avg. g and 7 is estimated from Equations 4-5 and

4-7, and “q from SG” is obtained from strain gauge readings.

94



The load and stress distribution at Onead of 30, 35, and 40 kN in test TCL3 are shown in

Figures 4.15-4.16. The linear load distribution and comparable stress distribution were also

observed.
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Figure 4.15 (a) Axial load distribution at Onead 0f 30 and 35 kN of TCL3; and (b) stress distribution

of TCL3.
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Figure 4.16 (a) Axial load distribution at Onead of 40 kN of TCL3; and (b) stress distribution of
TCL3.
Table 4.4 summarizes the values of 7and the corresponding adfreeze resistance (Qshafi=7

--D-L), and ¢ and the corresponding plate bearing resistance (QOplaee=qth-Wih-Lth) at Onead of 15-40

95



kN in test TCL3. The values of 7increased from 13.4 to 232.1 kPa when Onead Was increased from
15 to 40 kN. The shaft resistances Qsnaft Were re-distributed as the Ohead increased. The value of
the ¢ was from 680.4 to 1076 kPa when s was increased. The adfreeze strength ( z¢=240 kPa) and
plate bearing strength (g»=1410 kPa) from the short-term axial loading test (Gao et al. 2023a) with
the same soil parameters were used to verify the estimated stress in the present study. It shows 7
/Tad ranged from 0.06 to 0.97 when Oneaqd Was increased from 10 to 40 kN. The value of 7shows a
favourable agreement with 7.4 (7/7.0=0.97) when Ohead reached the limit pile capacity (40 kN) of
the short-term constant-displacement-rate test. The ratios of ¢/g, ranged from 0.48 to 0.76, which
indicates the plate bearing stresses calculated from the constant load tests were smaller than the
strengths in the constant-displacement-rate tests in the same soil conditions. g/qy ratios are
reasonable because it is accepted that ¢ increased with $, and s in short-term loading (2.2 mm/h)

is dramatically greater than s in the long-term constant load tests (0.02-0.05 mm/h).

Table 4.4 Summary of shear and plate bearing stress of TCL3

Min. normalized Adfreeze PlaFe
Ohead o 3 Average Average | bearing 1 1
&N) pile displacement kP shear Qsnart (kPa) 0 T/Tad' | q/qp

rate § /wu (day™) 7 (kPa) (kN) 1 plate

(kN)
15 0.04 13.4 1.4 680.4 13.6 0.06 0.48
20 0.048 49.5 5.1 745.4 14.9 0.21 0.53
30 0.1 82.6 8.5 1076 21.5 0.34 0.76
35 0.048 195.2 20.1 745.4 14.9 0.81 0.53
40 0.056 232.1 23.9 805.1 16.1 0.97 0.57

Note: 1. =240 kPa and g, =1410 kPa, were obtained from the short-term axial loading test of the
continuous-flight pile in frozen soil (Gao et al. 2023a).

Ladanyi and Johnston (1974) predicted and measured the values of ¢ and s/b of screw
anchors installed in permafrost, where b is the diameter of the screw anchor. In the present study

q vs. s/wmwas used to compare the results from Ladanyi and Johnston (Figure 4.17). It can be seen
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that the estimated ¢ from the present study was consistent with the values calculated from the creep

date in Ladanyi and Johnston (1974).
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Figure 4.17 Plate bearing stress vs. minimum normalized pile displacement rate s/wm (S/b in
Ladanyi and Johnston, 1974).

In conclusion, the values of ¢ and 7 of piles under constant loads were estimated and
verified from the literature. The values of ¢ increased with the increasing s and mobilized when

the constant load was increased. The shaft resistances were re-distributed as Onead increased.

4.4 Conclusions and Limitations
In the present research, four continuous-flight piles were loaded under a series of constant load

increments. The following conclusions can be drawn:

1. The continuous-flight pile can be screwed into an undersized hole in frozen soil by
applying compressive load and torque. The required maximum installation torque

increased with increasing penetration depth and decreasing temperature.
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2. Limited soil settlement adjacent to the pile shaft was observed when the pile was axially
compressed under a constant load. CSM and IBM were observed and inferred from the
measured data. The two failure modes suggest beneficial larger capacity and smaller
creep displacement compared to conventional smooth piles.

3. Primary and secondary dominant creeps were observed from the constant load tests. The
estimated 7in CSM increased with the increasing constant load. The values of ¢ in IBM
increased with the increasing s and mobilized when the constant load was increasing.
Pile shaft loads were re-distributed as the Onead increased. The mobilized ¢ suggests a
potential increasing capacity of the continuous-flight pile over conventional smooth piles.

Limitations of the present research may be noted. First, the required installation torque would
change if a different pilot hole size and temperature are selected. The effects of pilot hole size, soil
temperature, and salinity on the pile installation performance are not discussed herein; second, due
to the lack of load increments and duration criteria in the constant load tests, the results in the
present research might be different if the load increments and load duration changes; lastly, the

values of ¢ and 7are estimated from the equation rather than measurement.
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5 Laboratory Investigation of Torsional Installation Method for Continuous-Flight Pile in

Frozen Soil®

5.1 Introduction

Pile foundations are widely used in the Canadian Arctic. Timber piles were used in the 1950s for
residential homes and above-ground infrastructure; in the past decades, commercial structures are
commonly supported by steel pipe piles or recent thermopiles. Guo and Deng (2018) introduced
screw micropiles, also termed continuous-flight piles by Gao et al. (2023a), into the foundation
industry of southern Canada. This pile type, unlike aforementioned piles, is directly screwed into
unfrozen ground by torque. Gao et al. (2023a) investigated the short-term axial behavior of
continuous-flight piles in different frozen soil conditions. Gao et al. (2023b) studied the load
transfer mechanism and failure modes associated with the shaft resistance of the continuous-flight
piles; in the study, they evaluated the effects of soil temperature, water content, and soil salinity
on the long-term creep rate of piles. These studies verified that continuous-flight pile is a viable
foundation solution in permafrost of the Canadian Arctic.

Traditional steel piles are placed in an oversized predrilled hole and then the annulus is
backfilled with gravel or cement-based slurry intended to freezeback at cold temperatures (Biggar
and Sego 1993). The duration of the freezeback waiting period required to fully mobilize the pile
capacity may vary from several days to months (Shang et al. 2018), depending on the air
temperature at the site. Moreover, the freezeback and pile construction process may disturb the
thermal regime of the surrounding permafrost. Specifically, during the cement hydration process,
heat is released as a result of the exothermic reaction between cement and water (Hou et al. 2022).

This can cause the temperature of the surrounding permafrost to increase, which in turn affects the

3 A version of this chapter will be submitted to a peer-reviewed journal
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mechanical properties of the soil and reduce the pile capacity at the early stage (Shang et al. 2018).
Since climate change warms permafrost and thickens the active layer, alternative installation
technology, such as torsional or driving methods, may be feasible for piles in permafrost. Gao et
al. (2023a, 2023b) installed continuous-flight piles by torque into undersized pilot holes of warm
frozen soils. To extend the technology to field application, it is meaningful to investigate the torque
required to install the continuous-flight pile into warm frozen soils that are widespread in the
Canadian Arctic due to climate change. This torsional installation method may promise a fast
construction process, reduced noise and vibration, and a cost-effective solution compared to
conventional methods. The absence of backfilling and freezeback may minimize thermal
disturbance to the ground and allow the pile to be immediately loadable. The torsional method also
aims to improve the vertical alignment of the pile, minimize the ground heave and fully displace
the soil to maximize the lateral earth pressure on the pile shaft, ultimately increasing the pile
capacities.

Current guidance on screw piles in unfrozen soils recommends pitch-matched installation
method to minimize soil disturbance and maintain post-installation pile capacity (Perko 2009).
Understanding installation torque or torsional resistance is crucial for helical piles and continuous-
flight piles. The required installation torque and pile capacity can be estimated upon the soil
shearing resistance developed along the embedded area of the pile, including the shaft and helical
plates (Harnish and El Naggar 2017). While there are several studies on the installation torque of
screw piles in unfrozen soil (Ghaly and Hanna 1991; Sakr 2013; Guo and Deng 2018; Cerfontaine
et al. 2021; Sharif et al. 2021a and 2021b), there is no published research on the torque of
continuous-flight piles required to install the pile in frozen soils.

The present study is aimed at understanding the performance of continuous-flight pile

during the installation stage in laboratory-frozen soils, in order to guide the field application of
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this pile type in permafrost of Canada. A primary objective of the present research is to examine
the effects of soil temperature (#wil), gravimetric water content (w), and salinity (S) on the
installation torque (7)) of pile segments. A series of installation tests of pile segments with a shaft
diameter of 88.9 mm and a length of 300 mm at various frozen soil parameters were carried out in
the laboratory. A simple analytical model for torque based on sleeve resistance was developed.

The study also examined the thermal stability of frozen soil when piles were installed.

5.2 Laboratory Experimental Program

5.2.1 Test Soil and Piles

Silty sand is commonly distributed in the Mackenzie River delta area in Northwest Territories,
Canada. The present study uses a mixture of silt and silica similar to the soil examined by Hivon
and Sego (1995). Biggar and Sego (1993) and Hivon and Sego (1993 and 1995) thoroughly tested
the properties of these frozen soils.

Continuous-flight piles can have different lengths and diameters to meet specific
performance requirements in the field. In this study, a straight threaded segment (Figure 5.1a) and
a straight smooth segment with a diameter of 88.9 mm and a length of 300 mm were utilized.
Further description of the pile type and their engineering behavior in unfrozen soils can be found

in Guo and Deng (2018).

5.2.2 Test Equipment setup

This research characterized the torque of continuous-flight piles and soil temperature subjected to
the torsional installation method, using the facilities of the Cold Regions Geotechnical Research
Center at the University of Alberta. The applied axial compressive load on a pile head when a pile
is screwed into the soil is termed crowd load (V). The installation tests were performed in a

temperature-controlled cold room that was equipped to maintain temperatures as low as -40 °C.
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The laboratory system consists of test pile segments, an electric rotary motor with a reaction bar

(Figure 5.1a), a soil cell (Figure 5.2a), a temperature control system, and a data logger.
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Figure 5.1 (a) photo of continuous-flight pile segment and electric rotary motor; (b) photo and

schematic strain gauges pattern.
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Figure 5.2 (a) photo of pile installation; and (b) schematic of soil cell and pile segment.
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As shown in Figure 5.2b, the soil sample was housed within an inner cell that was
surrounded by an outer cell filled with ethylene glycol. The outer cell was utilized to maintain a
constant temperature for the soil mass. The temperature was regulated by circulating ethylene
glycol (a refrigerant) from a constant temperature bath through copper coils in the outer cell. The
electric rotary motor can maintain proper pile alignment and position. The reaction bar on the side

of the rotary motor prevents the rotation of the motor head.

5.2.3 Instrumentation

Resistance strain gauges (SG) are electrical resistors that measure strain, according to the principle
that a change in specimen length results in a change in SG diameter and resistance. In this study,
strain gauges were glued on the pile shaft’s outer surface to measure internal strains, and thus the
installation torque and axial crowd load could be examined. At the pile head, four strain gauges
were mounted at 45° and 135° relative to the pile’s axial direction and at the same elevation (Figure
1b), forming a full-Wheatstone bridge circuit that can compensate for ambient temperature
changes and cancel the errors from the axial loading. Once the shear strain (y = 2¢&, where £1is the
normal strain along the strain gauge’s direction, according to the strain transformation principle)

is obtained, the installation torque is calculated by:

T=2 =L -T2 (Rt %) (5-1)

where 7 is the shear stress, G is the shear modulus of pile material (steel), R (= 44.45 mm) is the
outer radius of the pile shaft, J is the polar moment of inertia of the tubular cross-section, and r (=
40.85 mm) is the inner radius of the pile shaft. The yield shear strength (zy) of steel when subjected
to simple shear could be estimated to be 1/+/3 times its tensile yield strength (ay) based on the Von
Mises criteria or 0.50y based on the Tresca criteria. The pile shaft and threads in this research are

made from structural steel, which has a Young’s modulus of 210 GPa and oy of 248 MPa. Thus,
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the estimated 7y ranges from 124 to 143 MPa. The first yield torque 7y ranges from 5.1 kN'm to
5.9 kN-m using Equation 5-1.

To measure the axial load during the stages of installation or axial loading, two pairs of
axial and hoop strain gauges (Figure 5.1b) were mounted on the pile shaft outer surface at the same
elevation to form a full-Wheatstone bridge circuit. The axial crowd load (N) has a crucial
importance in selecting appropriate equipment or inferring in-situ soil strength. The crowed load
is calculated by:

N = 0A = ¢EA (5-2)
where E is the Young’s modulus of the pile shaft material (steel), € is the axial strain, and A4 is the
cross-sectional area of the pile shaft. Given gy of 248 MPa, the yield crowd force (Ny) is 239 kN
using Equation 5-2. The maximum allowable crowd force shall be significantly lower than Ny as
the pile shaft may buckle. Strain gauges were calibrated against torque and crowd load before each
test.

Thermocouples (TC) were placed at the top, middle, and bottom layers (TC1, TC2, and
TC3 in Figure 5.2b) to monitor the soil temperature distribution during the entire test progress.

The thermocouples were calibrated before each test.

5.2.4 Test Matrix

To investigate the performance of continuous-flight piles at the stage of torsional installation in
frozen soils, twenty-three pile segments were installed in the soil with temperatures ranging from
3.43 to -1.88 °C. As shown in the test matrix (Table 5-1), the water contents of 16.9% to 26.9%

were selected. The porewater salinity (5, in ppt) of frozen soil is defined as:

S — Msalt (5_3)

Mwater
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where msaic (in g) 1s the mass of salt ions and mwater (in kg) is the mass of porewater in the frozen

soil. The salinity of 10 ppt of sodium chloride was selected to mimic the soil conditions in the

coastal Canadian Arctic communities (see detail in Gao et al. 2023a). In addition to the tests SCD1

to SCD4 (Table 1), which utilized a straight smooth pile segment, the remaining installation tests

employed a straight threaded pile segment (Figure 5.1a).

Table 5.1 Test matrix

. Average Average and range Max A'wrage Sleeve
Test . Salinity, water . resistance, f; (kPa),
1 Pile type of soil temperature, | torque, T’ .
ID S (ppt) | content, i (°C) (N-m) and pile depth at max
w (%) torque (cm)

IN1 0 20.0 -0.25 (0.19—-0.72) 535 108@25.5

IN2 0 20.0 -0.8 (-0.49—-1.0) 211 86.8@12.5

IN3 10 20.0 0.14 (0.34-0.01) 110 21.8@?25.0

IN4 10 20.0 -1.38 (-0.85—-2.12) 317 81.6@20.0

INS 10 20.0 -1.25 (-1.12— -1.44) 772 153@26.0

IN6 10 20.0 -1.88 (-1.67—-1.93) | Refused NA

IN7 0 20.0 -1.0 Refused NA
TCDI 0 25.5 TC Malfunction 21.0 4.08@?23.0
TCD2 0 20.2 -0.07 (-0.03—-0.13) 340 76.1@23.0
TCD3 | Threaded 0 26.9 -0.54 (0—-1.37) 195 41.1@24.5
TCD4 0 19.5 0.67 (0.86— 0.49) 137 25.9@?27.3
TCD5 10 22.1 -0.44 (-0.23—-0.77) 263 63.6@21.3
TCD6 10 19.8 -0.76 (-0.63—-0.92) 326 66.3@25.3
TCD7 10 24.5 -0.09 (0.82—-0.43) 149 30.7@25.0
TCDS8 10 20.1 -0.63 (-0.53—-0.76) 141 25.9@28.0
TCL1 0 24.1 1.30 (3.87—0.90) 57.0 11.5@25.5
TCL2 0 18.4 -0.02 (0.38—-0.39) 500 92.1@?28.0
TCL3 0 18.0 3.36 (3.88—2.60) 228 40.5@29.0
TCL4 10 16.9 1.19 (2.10- 1.05) 251 51.6@25.0
SCD1 0 20.2 -0.08 (0.29—-0.29) 9.12 2.82@26.0
SCD2 Smooth 0 19.9 0.08 (0.41—-0.11) 5.07 1.46@28.0
SCD3 10 20.0 0.08 (0.34— -0.26) 10.7 3.26@26.4
SCD4 10 19.7 -0.18 (0.13—-0.40) 6.76 2.09@26.0

Note: 1. IN = Piles installed without subsequent axial loading tests; TCD and SCD = Piles installed

with subsequent short-term axial loading tests; TCL = Piles installed with subsequent long-term

axial loading tests.
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5.2.5 Model Construction and Test Procedure

Before installing a pile, the soil sample with the desired water content and salinity was prepared
and consolidated in the inner test cell. A pilot hole was constructed while the soil was compacted
and consolidated. The diameter of the pilot hole depends on the laboratory or field installation
equipment and pile shaft size. In the present study, a diameter of 80 mm was selected after trying
several pilot hole diameters, simulating a pilot hole slightly smaller than the diameter of a pile
shaft (D = 88.9 mm). This resulted in a downsized ratio of 0.9 (pilot hole diameter/pile shaft
diameter). Other pilot hole sizes may also be adopted in the laboratory or field, however, the effects
of pilot hole size on the installation torque were not investigated in this study. To create the pilot
hole, a PVC cylinder was left in the center of the soil cell during the preparation and consolidation
process. The PVC cylinder was removed before installing the test pile segment. Ethylene glycol
was circulated through the outer cell until the desired test temperature was reached, as indicated
by the thermocouples. To maintain consistency in the construction method, the smooth segment
was also screwed into the same size pilot hole by applying torque and crowd force on the pile head.

The installation procedure involves several steps to ensure a successful and accurate
measurement. Firstly, the test cell was fixed on the ground and the center pile segment was
positioned over the pilot hole. Then, the continuous-flight pile head was attached to the torque
adaptor using a screw pin. The pile segment was pushed downwards until the bottom flight contacts
the ground surface, and the alignment of the rotary motor was checked using a level gauge and
stabilized with a reaction bar. The installation process begins with the rotation of the pile while
applying a crowd force, and depth was recorded at select intervals. Upon completion, the final

depth, torque, and temperature were recorded.
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5.3 Results

5.3.1 Soil Temperature During Installation

Figures 5.3a to 5.5a illustrate the measured soil temperatures in tests SCD1, TCD6, and TCD7
during the installation period. The average temperature was determined by averaging the readings
from all thermocouples placed in the soil sample. TC1 thermocouples were situated 7.5 cm below
ground surface, TC2 thermocouples were located at the center of the soil, and the TC3
thermocouples were 7.5 cm above the bottom of the test cell (Figure 5.2b). The soil cell has a total
depth of 30 cm. It is observed that all soil temperatures in different layers remained stable with a
variation of less than 0.1 °C and the temperature fluctuation of the three layers remained under 0.9
°C during the installation period. A consistent and uniform temperature profile throughout the soil

was observed. The results indicate a negligible thermal disturbance of the soil during the torsional

installation.
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5.3.2 Installation Torque

The torque required for installing piles in the soil is crucial in determining the potential axial
capacity of continuous-flight piles and selecting field equipment. Table 1 summarizes the required
maximum torques of all piles installed in the present study. It is observed that the smooth pile
exhibited the lowest torque from 5.07 to 10.7 N-m at average soil temperatures from 0.08 to -0.18
°C. Due to the lack of threads on smooth piles and the use of a rotary motor for installation, the
smooth piles were primarily pushed in under the influence of crowd force instead of torque.

The required maximum torque for continuous-flight piles ranged from 21.0 to 772 N-m
with different soil conditions. These torque values are significantly lower than the yield torque 7y
(5.1 to 5.9 kN-m). This is important for ensuring the integrity of the pile shaft, because excessive
torque can lead to permanent twisting failure of the pile shaft. The range of torque values highlights
the importance of considering specific soil conditions when designing and installing continuous-
flight piles into the permafrost. Test INS with an average temperature of -1.25 °C, a water content
0f 20%, and a salinity of 10 ppt exhibited a maximum installation torque of 772 N-m. It is generally
recognized that the required torque increases with decreasing temperature. However, salinity and
water content do not show a significant impact on the required installation torque within the
temperature from 3.43 °C to -1.88 °C.

Torque refusal, caused by the limited capacity of the electric rotary motor in the laboratory,
was observed at -1.0 °C in 0 ppt soil (IN6) and -1.88 °C in 10 ppt soil (IN7). When torque refusal
was reached, the pile stopped advancing downward and instead rotated in place. The soil between

the threads was compressed and shredded as shown in Figure 5.6.

109



Figure 5.6 Photos showing the refusal: (a) IN7: -1 °C, 20% and 0 ppt; and (b) IN6: -1.88 °C, 20%
and 10 ppt.

Figures 5.3b to 5.5b show the time history of installation torque and the corresponding
crowd load in selected tests SCD1, TCD6, and TCD7. The torque and crowd load were manually
imposed onto the pile head using the electric rotary motor. Each spike value in the time histories
corresponds to a revolution when the pile was rotated and advanced downward, and the history
valley usually suggested a manual break in advancing. It is observed from Figures 5.3b to 5.5b
that the peak values of torque and crowd load almost occurred simultaneously. The values of crowd
load measured in these tests ranged from 2.82 to 11.9 kN, which are significantly lower than the
yield crowd force (NVy) of 239 kN. This indicates that piles were able to withstand the crowd loads

applied during the installation process without undergoing permanent deformation or failure.

5.3.3 Relationship between Installation Torque and Penetration Depth

Because axial advancing displacement of piles was not measured, time histories of torque were
used to infer the penetration depth. The torques were manually selected from the peak value of
each revolution, and axial penetration depths were calculated from the final depth and the total

revolution number. Following this estimative methods, Figure 5.7b illustrates the selected peak
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Temperature, t, ;, (°C)

Torque, T (N-m)

torques of each revolution in TCD4 and Figure 5.8b depicts the selected peak torque in IN3.
Figures 5.7c¢ and 5.8c show the relationship between the measured installation torque and the
penetration depth. It is seen from Figures 7¢ and 8c that the measured installation torque mainly

increased with the increasing embedment of the pile segment.
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Figure 5.7 (a) Time histories of soil temperature during installation; (b) manually selected peak
torque at each torsional revolution; and (c) correlation between peak installation torque and
penetration depth (TCD4).

Guo and Deng (2018) assumed that the installation torque is counterbalanced by the torque
produced by unit-area resistance (for both shaft and threads) acting on the pile shaft and the threads.
The model was adopted in the present study to infer the unit-area resistance f; of frozen soils

(Figure 5.9). The installation torque (7) is estimated by:

Witp

T = f:s‘AshaftR + fsAthreaas(R + EX (5-4)

where Asnafi 1S the contacting area of the pile shaft, Ainreads 1S the area of two-sided threads contacting

soil, and wy, is the thread width (= 12 mm). Once the maximum installation torque at the final
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depth is determined from the torque history, one can back-calculate the average fs using Equation
5-4. Assuming the average sleeve f; calculated from maximum torque is constant throughout the
soil, torque versus pile embedded depth could be estimated. Figures 5.7c and 5.8c show the
relationship between calculated torque and embedded depth. The calculated torques agreed

reasonably with the measured torques at various depths.

Figure 5.8 (a) Time histories of soil temperature during installation; (b) manually selected peak
torque at each revolution; and (c) correlation between installation torque and penetration depth
(IN3).

Figure 5.10a summarizes the maximum torques of threaded pile segments in different soil
conditions. Polynomial fitting curves of the scattered data point were drawn to show the trend. It
is shown from the fitting curves that the maximum torque increases with decreasing soil
temperature. This phenomenon can be attributed to the rise in soil shear strength due to an increase
in ice crystal volume within the soil pores as the temperature of the soil decreased. The required

maximum torques in the temperature from 3.43 °C to -1.88 °C were not significantly influenced
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by changes in water content and salinity. The torque is also likely to depend on the pilot hole
diameter, but this was not explored in the research. If chamber boundary effects are disregarded,
the torque needed for installing full-scale piles in the field will be possibly proportional to pile

length.

Figure 5.9 Proposed model relationship between applied torque and sleeve resistance (adapted
from Guo and Deng 2018).

Figure 5.10b summarizes the back-calculated average fs according to the maximum torque
values. It is seen from Figure 10b fitting curves that the sleeve resistance increased significantly
with the decreasing soil temperature. When comparing sleeve resistances at the same soil
temperature, it is generally recognized that the average fs in 0 ppt soil was slightly higher than the
average fs in 10 ppt soil. This observation suggests that the average fs decreases slightly with

increasing salinity.
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Figure 5.11 Comparison of average sleeve resistance (fs) and adfreeze strength (7q) at different
temperatures and salinities. Note: 7.4 was obtained from short-term axial loading tests of smooth
pile from Gao et al. (2023a).

The values of average f;, ranging from 21.8 kPa to 153 kPa, are comparable to the adfreeze

strength (7.¢) measured by Gao et al. (2023a) who investigated the average 7.4 of continuous-flight
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and smooth piles in short-term axial loading tests. As shown in Figure 5.11, the measured 7.4 of
smooth pile segments ranged from 38.2 kPa (SCD?3) to 240 kPa (SCD2) with the temperature from
-0.7 to -4.5 °C in a 0 ppt frozen soil with a water content of 20%. In 10 ppt frozen soil with a water
content of 20%, the measured 7.4 of smooth pile segments ranged from 27.9 kPa (SCD3) to 240
kPa (SCD4) with the temperature from -0.8 to -4.6 °C. The measured 7.4 increased dramatically

with the decreasing temperature and salinity.

5.4 Conclusions

Continuous-flight piles may provide a viable solution for pile foundations in the Canadian Arctic,
and they could be installed into warm permafrost using a rotary motor. Twenty-three installation
tests of continuous-flight and smooth pile segments were reported in the present study. The

following conclusions can be drawn:

1. Continuous-flight pile segments were installed in an undersized pilot hole (0.9 times shaft
diameter) in warm frozen soils using the electric rotary motor. The required maximum
torque for continuous-flight piles segment ranged from 21 to 772 N-m depending on
frozen soil conditions. The smooth pile segment experienced a required torque from 5.07
to 10.7 N-m.

2. Installation was halted at a minimum temperature of -1.88 °C in 10 ppt soil and -1.0 °C in
0 ppt soil because the equipment was unable to produce higher torque.

3. The soil temperature remained stable with a variation of less than 0.1 °C on average
during the installation. Negligible thermal disturbance of the soil was observed during the
installation.

4. The installation torque increased with the penetration depth of the pile segment. The

required maximum installation torque increased significantly with decreasing soil
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temperature. The water content and the salinity did not show a significant impact on the
required maximum torque in the temperature from 3.43 °C to -1.88 °C.

5. An analytical model was proposed, and the estimated average sleeve resistances for the
contimuous-flight pile segment ranged from 21.8 to 153 kPa. These values were observed
to be comparable to the adfreeze strengths of smooth pile in frozen soils with similar
water content and salinity.

Limitations of the present study should be noted. First, only one undersized pilot hole size was
tested. If another hole size is used, the required installation torque would change. Second, the pile
segment was installed in the frozen soil with a minimum temperature of -1.88 °C, owing to the

limitation of the lab installation technique.
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6 Conclusions, Limitations, and Recommendations

Continuous-flight piles may provide a viable solution for pile foundations in the Canadian Arctic,

and they could be installed into warm permafrost using a rotary motor. This research characterizes

conclusions of the short-term and long-term axial, and installation performance of continuous-

flight pile in frozen soils based on laboratory tests. Also, limitations of the present study and

recommendations for design of continuous-flight pile in warm permafrost is illustrated herein.

6.1 Short-term Axial Performance of Continuous-flight Piles in Frozen Soil

Twelve axial load tests of continuous-flight and smooth piles were conducted in the present study.

The following conclusions can be drawn:

1.

The continuous-flight pile can be installed in an undersized pilot hole in frozen soil using
the laboratory equipment which can provide a maximum torque of 3.6 kN-m. Installation
met refusal at a minimum temperature of -1.88 °C in 10 ppt soil because the equipment
was unable to produce higher torque. The required installation torque increased with the
penetration depth of the pile segment. The installation torque increased significantly with
decreasing frozen soil temperature and salinity.

The continuous-flight pile carried more load than the smooth pile in the cold frozen soil.
The ultimate pile capacity increased significantly when soil temperature decreased from -
1 °C to -5 °C. The pile capacity increased with decreasing S in cold frozen soils (-5 °C);
the effect of salinity on the pile capacity in warm frozen soils (-1 °C) could be neglected.
The effect of water content on the pile capacity was not significant at -5 °C.

Cylindrical shearing mode (CSM) and individual bearing mode (IBM) were observed for

continuous-flight piles in warm and cold frozen soils, respectively.
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4. For pile failure in the warm frozen soil, the presence of threads pushed the shear failure

outward to the edge of the threads, mobilizing the shear strength of the frozen soil, and
therefore enhanced the pile capacity. The effect of water content and salinity on the value
of 7, along this failure surface in the warm frozen soil can be neglected. The ratios of 74
/T ranged from 0.72 to 0.9 in the present study, which are comparable to values
suggested in the literature.

For pile failure in the cold frozen soil, the estimated values of unit plate bearing
resistance g, ranged from 1.37 to 1.61 MPa and the ratios of ¢, /7 ranged from 4.2 to 9.7.
The influences of water content and salinity on the unit plate bearing resistance of piles in

the cold frozen soil were not evident.

6.2 Long-Term Axial Performance of Continuous-Flight Pile in Frozen Soil

In this chapter, four continuous-flight piles were loaded under a series of constant load increments.

The following conclusions can be drawn:

1.

The continuous-flight pile can be screwed into an undersized hole in frozen soil by
applying compressive load and torque. The required maximum installation torque
increased with increasing penetration depth and decreasing temperature.

Limited soil settlement adjacent to the pile shaft was observed when the pile was axially
compressed under a constant load. CSM and IBM were observed and inferred from the
measured data. The two failure modes suggest beneficial larger capacity and smaller
creep displacement compared to conventional smooth piles.

Primary and secondary dominant creeps were observed from the constant load tests. The
estimated adfreeze strength 7in CSM increased with the increasing constant load. The

values of unit plate bearing resistance ¢ in IBM increased with the increasing § and
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mobilized when the constant load was increasing. Pile shaft loads were re-distributed as
the pile head load Onead increased. The mobilized g suggests a potential increasing

capacity of the continuous-flight pile over conventional smooth piles.

6.3 Torque Correlation
Twenty-three installation tests of continuous-flight and smooth pile segments were reported in the

present study. The following conclusions can be drawn:

1. Continuous-flight pile segments were installed in an undersized pilot hole (0.9 times shaft
diameter) in warm frozen soils using the electric rotary motor. The required maximum
torque for continuous-flight piles segment ranged from 21 to 772 N-m depending on
frozen soil conditions. The smooth pile segment experienced a required torque from 5.07
to 10.7 N-m.

2. Installation was halted at a minimum temperature of -1.88 °C in 10 ppt soil and -1.0 °C in
0 ppt soil because the equipment was unable to produce higher torque.

3. The soil temperature remained stable with a variation of less than 0.1 °C on average
during the installation. Negligible thermal disturbance of the soil was observed during the
installation.

4. The installation torque increased with the penetration depth of the pile segment. The
required maximum installation torque increased significantly with decreasing soil
temperature. The water content and the salinity did not show a significant impact on the
required maximum torque in the temperature from 3.43 °C to -1.88 °C.

5. An analytical model was proposed, and the estimated average sleeve resistances for the

contimuous-flight pile segment ranged from 21.8 to 153 kPa. These values were observed
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to be comparable to the adfreeze strengths of smooth pile in frozen soils with similar

water content and salinity.

6.4 Limitations and Recommendations for Further Research
It is convinced that continuous-flight piles could provide a better solution for pile foundations in
the Canadian Arctic upon the findings from this research; however, limitations of the present study
should be noted. First, only one undersized pilot hole size was tested. If another hole size and
installation temperature are used, the required installation torque would change. Second, the pile
segment was installed in the frozen soil with a minimum temperature of -1.88 °C, owing to the
limitation of the laboratory installation technique. Third, due to the lack of load increments and
duration criteria in the constant load tests, the results in the present research might be different if
the load increments and load duration changes. Lastly, the values of adfreeze strength 7 and unit
plate resistance ¢ are estimated from the proposed analytical equation rather than measurement.
Compared to conventional steel pipe piles, continuous-flight piles provide a variety of pile
shaft feature (e.g., threaded or tapered at desired location) and dimension, which results in a cost-
effective deep foundation solution. To further guide the application of continuous-light pile in the
permafrost of Canada, full-scale short-term and long-term pile loading tests in the field is highly
recommended in future research. Although the required installation torque measured in the
laboratory tests could be referenced to guide the field application of continuous-flight piles, it is
still suggested that installation tests of the continuous-flight piles in warm or cold permafrost with
a varietry of pilot hole dimensions need to be investigated. Also, the impact of cold frozen soil
temperature down to -10 °C on the installation performance is recommended to study by using
improved installation technique. Small temperature interval from -1 °C to -3 °C near the pure water

freezing point is also recommended in the future study.

120



6.5 Recommendations for Design of Continuous-Flight Pile in Warm Permafrost

Due to the effect of climate change in the next decades, the permafrost is getting warm and the
active layer is deepened. Also, it is more conservative to design pile in warm temperature rather
than in cold permafrost. Based on the literature review in Chapter 2 and findings from the present
work in Chapter 3 to 5, the design of continuous-flight pile should consider three criteria: 1) long-
term load capacity; 2) potential of frost heave and frost jacking; and 3) long-term settlement rate.

For the design criteria against pile capacity in warm permafrost approximate at -1 °C, it is
recommended that the long term adfreeze strength should follow Weave and Morgenstern’s (1981)
method in equation:

Ty =M= C (6-1)
The selection of an appropriate shear strength or cohesion c¢;; of a specific type of soil is critical in
the pile design. A roughness coefficient m of 1.0 is an appropriate value in theory because of the
failure mode in warm permafrost. For design purpose, m of 0.6 may also be selected to be
conservative for continuous-flight pile. To determine the pile capacity, the cylindrical shear mode
is suggested based on the findings from the present laboratory model pile tests:

Q = 1;:t(D + 2wyp)L (6-2)
The projected contacting area should be “enlarged” to the outer edge of the threads.

In addition to compressive load capacity, design of continuous-flight pile should consider
the detrimental seasonal frost effects associated with heave and jacking. The stress caused by frost
heave may be assumed to be 150 kPa (Hoeve and Trimble 2018), which is a conservative value.
The sum of the structure’s load and the load allowed by adfreeze bond capacity must be greater
than the resulting force from frost heave. Accurate prediction of the active layer depth and
providing a sufficient embedded length are critical factors in ensuring the correct pile design when

consider frost heave and jacking. The active layer thickness depends on many factors; because of

121



climate change, the thickness may be as deep as 3 m in the next few decades. It is not uncommon
that the design pile length may be governed by the criteria of frost heave stress.

The design of continuous-flight pile foundations in frozen soils is mainly based on limiting
long-term creep settlements. Creep settlements are a function of the pile-soil adfreeze stress and
temperature. It has been established that the long-term settlement for a common building should
be designed for 50 mm over a period of 50 years, equivalent to an annual settlement of 1.0 mm/year
(Hoeve and Trimble 2018). It is recommended that the steady-state creep settlement calculation

should follow the equation proposed by Nixon and McRoberts (1976):

y 3(n+1)/2 BT
u_ 37 77Bra (6-3)

a n—-1
where 1 is steady pile displacement rate, a is pile radius a, 7. is applied shear stress, and the
constant B and n determined from uniaxial creep data for the frozen soil. The cylindrical shear

mode is also assumed herein.
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Appendix A: Additional Laboratory Test Photos and Drawings

This appendix illustrates additional laboratory photos and drawings including soil preparation,

instrumentation, calibration, and pile loading test.

Figure A.2 Strain gauges installation and calibration.
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Figure A.3 Photo and schematic of loading equipments and data acquisition system.
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Figure A.4 Photo and schematic of soil consolidation in the test cell.
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Figure A.5 Ice lenses in ice-rich soil sample after short-term axial loading (Test ID: TCD3).
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Appendix B: Additional Laboratory Test Results

This appendix describes comprehensive test results in addition to short-term axial loading test
results in Chapter 3, long-term axial loading test results in Chapter 4, and installation test results
in Chapter 5. The results of consolidation, time history of soil temperature during the entire test
progress, installation torque, calculated force from strain gauges, ground settlements are
illustrated. Table B.1 summarizes the pile type, test type, soil salinity, soil water content, and soil
temperature for all tests.

Table B.1 Test matrix

.. Average .
’lielz)st Pile type | Test type Sz(lll)lll;tl)t y watef terﬁl‘)’:::tguerseo(l‘! 0)
content (%)
IN1 0 20.0 -0.3
IN2 0 20.0 -0.8
IN3 Installation 10 20.0 0.1
IN4 without 10 20.0 -1.4
N5 loading 10 20.0 -1.3
IN6 10 20.0 -1.9
IN7 0 20.0 -1.0
TCDI1 0 25.5 -1.0
TCD2 ) 0 20.2 0
TCD3 titrr:;gg; 0 26.9 45
TCD4 Short.-term 0 19.5 4.8
axial
TCD5 loading 10 22.1 -1.6
TCD6 10 19.8 -0.8
TCD7 10 24.5 -4.3
TCD8 10 20.1 -4.9
TCL1 0 24.1 -0.9
TCL2 Long-term |~ 18.4 22
axial
TCL3 loading 0 18.0 -4.7
TCL4 10 16.9 -3.9
SCD1 0 20.2 -0.7
SCD2 Short-term 19.9 45
Smooth axial
SCD3 loading 10 20.0 -0.8
SCD4 10 19.7 -4.6
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Figure B.1 Vertical strain (&y) versus stress (av) during consolidation of TCD1.
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Figure B.2 Installation torque of TCDI.
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Figure B.3 Ground settlements during axial loading of TCD1.
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Figure B.4 Vertical strain (ev) vs. stress (ov) during consolidation of TCD2.
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Soil temperature during entire testing progress of TCD2.
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Soil temperature during axial loading of TCD2.
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Figure B.7 Installation torque of TCD2.
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Figure B.8 Calculated axial force from strain gauges during pile loading of TCD?2.
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Figure B.9 Ground settlements during axial pile loading of TCD2.
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Figure B.10 Vertical strain (&y) vs. stress (ov) during consolidation of TCD3.
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Figure B.11 Soil temperature during installation of TCD3.
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Figure B.12 Calculated axial force from strain gauges during pile loading of TCD3.
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Figure B.13 Ground settlements during axial pile loading of TCD3.
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Figure B.14 Vertical strain (&) vs. stress (ov) during consolidation of TCDS5.
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Figure B.15 Soil temperature during entire testing progress of TCDS5.
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Figure B.16 Soil temperature during consolidation of TCDS5.
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Figure B.19 Pile head load versus displacement during axial loading of TCDS5.
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Figure B.20 Soil temperature during loading of TCDS.
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Figure B.21 Calculated axial force from strain gauges during axial pile loading of TCDS5.
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Figure B.22 Ground settlement during axial pile loading of TCDS5.
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Figure B.23 Vertical strain (&y) vs. stress (ov) during consolidation of TCD6.
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Figure B.24 Soil temperature during entire testing progress of TCD6.
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Figure B.25 Soil temperature during consolidation of TCD6.
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Figure B.26 Soil temperature during installation of TCD6.
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Figure B.28 Soil temperature during loading of TCD6.
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Figure B.29 Calculated axial force from strain gauges during axial pile loading of TCD6.
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Figure B.30 Ground settlement during axial pile loading of TCD6.
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Figure B.31 Vertical strain (&y) vs. stress (ov) during consolidation of TCD7.
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Figure B.32 Soil temperature during entire testing progress of TCD7.
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Figure B.33 Soil temperature during consolidation of TCD?7.
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Figure B.34 Soil temperature during installation of TCD?7.

156

v



T (N*m)
150»
120+

105+

lt’KO

220

140 160
t (min)
Figure B.35 Installation torque of TCD7.
Temperature (°C)
¢ ()é.() 1-58 2.%7 3.%6 4.{5 5%.4 6#3 7%.2 E(%.l ‘; 9.%0
_A‘AMM
-5
6] t(hr)
74

Figure B.36 Soil temperature during loading of TCD7.
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Figure B.37 Calculated axial force from strain gauges during axial pile loading of TCD7.
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Figure B.38 Ground settlement during axial pile loading of TCD?7.
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Figure B.39 Vertical strain (&y) vs. stress (ov) during consolidation of TCDS.
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Figure B.40 Soil temperature during entire testing progress of TCDS.
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Figure B.41 Soil temperature during consolidation of TCDS.
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Figure B.42 Soil temperature during installation of TCDS.
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Figure B.45 Ground settlement during axial pile loading of TCDS.
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Figure B.46 Vertical strain (&y) vs. stress (ov) during consolidation of SCDI.
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Figure B.47 Soil temperature during entire testing progress of SCD1.
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Figure B.48 Soil temperature during consolidation of SCD1.
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Figure B.50 Soil temperature during axial pile loading of SCDI.
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Figure B.51 Soil temperature during consolidation of SCD2.
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Figure B.52 Soil temperature during installation of SCD2.
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Figure B.54 Soil temperature during axial pile loading of SCD2.
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Figure B.55 Soil temperature during consolidation of SCD3.
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Figure B.56 Soil temperature during installation of SCD3.
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Figure B.58 Soil temperature during axial pile loading of SCD3.
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Figure B.59 Soil temperature during consolidation of SCD4.
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Figure B.60 Soil temperature during installation of SCD4.
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Figure B.62 Soil temperature during axial pile loading of SCD4.
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