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Abstract
Knowledge of pore-water pressure is essential to predict the ‘effective stress’ that controls the
‘resistance and deformation’ of a soil and to assess the ‘flow’ of water through it. Flow of water
towards the freezing fringe controls the amount of frost heave in freezing soils. Drainage of this
excess water controls subsequent thaw settlements as the frozen soil thaws. Further, the rate of
dissipation of pore-water pressures control the thaw-instability in warming permafrost slopes. Not
all of the water in a soil is ice at subzero temperatures; therefore, these soils are ‘partially frozen’.
Hence, the challenges associated with measuring pore-water pressure distribution in freezing,
thawing, and frozen soils can all be considered as one category: measuring pore-water pressures
within a ‘partially frozen soil’. Therefore, measurement of pore-water pressures in partially frozen
soils and having methods for estimating the pore-water pressure response to the applied loads are
desirable. In this research, first a new instrument was developed to accurately conduct these
measurements. Then, the measured pore-water pressures were used to study stress transmission
within a partially frozen soil under applied loads, as well as under warming conditions. It was
shown that if a sufficient amount of unfrozen water exists in a soil at subfreezing temperatures, it
provides a continuous liquid phase that transfers pressures independent from the solid phase.
Therefore, effective stress material properties and analysis should be used to evaluate the
resistance and deformation of these partially frozen soils. This is of practical significance in
analyzing stability and in modeling constitutive behavior of soil masses in warm and warming
permafrost, especially for assessing geohazards associated with climate change. It is also of
practical significance in analyzing and designing foundations, retaining structures, underground
facilities, and frozen-core dams in cold regions.
For the first time, measurements of Skempton’s B-bar coefficient in a partially frozen soil at
various initial void ratios were presented and compared to that of the unfrozen soil. Thus, by
assuming superposition, stress distribution between the soil matrix, pore-ice, and pore-water was
evaluated. Further, decrease in load bearing of the ice matrix with increasing temperature was
evaluated via measuring pore-water pressure distribution within a partially frozen soil during

undrained warming. It was also found that in both the partially frozen and unfrozen states, the
pore-water pressure response of overconsolidated sand is bilinear with a well-defined inflection
point. Further, it was shown that the change in effective stress under undrained loading is not zero
in overconsolidated sand specimens; hence, frictional resistance is not zero under undrained
loading due to the stiffer solid phase.
Keywords: Skempton’s pore-pressure parameter, effective stress, permafrost, slope stability,
cemented soils, rapid response piezometer, rigidity of a piezometer
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1. Introduction

1.1

Definition of the problems

1.1.1

Background: what triggered this research?

McSaveney (2002) reported recent massive rock and ice falls (up to 11.8 million m3), earthquakes
(up to 3.9 Richter), floods (up to 7.8 million m3 of water), and rapid rock-ice flow over long
distances (up to 7.5 km at 60m/s) caused by ‘catastrophic instability of slopes’ triggered by
climatic warming in high mountain permafrost.
The warming of ground ice in permafrost slopes can cause ice to melt or reduce its shear
resistance. If the slope is ice rich, water-logged thawed soil at higher water contents than its liquid
limit flows with negligible shear resistance. In other cases, partial thawing increases the pore-ice
temperate and pore-water content and hence reduces the cohesion and shear resistance of the soil
which can lead to instability of the soil mass.
Permafrost slopes that have previously undergone warming may have developed large negative
pore-water pressures (due to rebounding or increased void space after ice melt) that keep them
stable. These negative pore-water pressures may suddenly change to positive pore-water pressures
and lead to instability of soil masses as:
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•

additional ice melts and water from melting ice or snow increases the degree of saturation
in weak zones (especially in varved soils with non-homogenous ice distribution);

•

positive pore-water pressures are generated during a sudden drop in air temperature after
a thaw period when drainage is impeded during freezing of an unfrozen layer between
two frozen layers; and

•

soil deforms under undrained loading conditions.

The generated positive pore-water pressures reduce the in-situ effective stress, and hence the shear
resistance of the soil. This situation may lead to slope instability.
To better understand and analyze the stability of soil masses in continuous and discontinuous
permafrost, better understanding of the freezing and thawing processes, as well as mechanical
behavior of soils at subfreezing temperatures close to 0oC is required.

1.1.2

Outline

First, the practical demands for research on the mechanics of frozen, freezing, and thawing soils
are outlined. To understand these mechanics, knowledge of ‘pore-water pressure distribution’ in
these soils is essential to predict the ‘effective stress’ that controls the resistance and deformation
of these soils, to assess hydraulic gradients that control ‘flow’ and ‘drainage’ of water through
them, and to measure their hydraulic conductivity as they freezes or thaw. To date, no
investigation supported by accurate measurements of ‘pore-water pressure distribution’ within
soils at subzero temperatures and their relation to the effective stresses has been published.
Another application of measuring ‘pore-water pressure distribution’ is in better understanding the
mechanisms that control frost heave, thaw settlement, and thaw instability. The flow of water
towards the freezing fringe controls the amount of frost heave. Drainage of this excess water
controls subsequent thaw settlements as the frozen soil thaws. Further, the rate of dissipation of
pore-water pressure controls thaw-instability in warming permafrost slopes. Water-bearing soils at
subfreezing temperatures close to 0oC are ‘partially frozen’ as they contain unfrozen water.
Therefore, the problem of measuring pore-water pressure within freezing, thawing, and frozen
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soils close to 0oC can all be treated as one category: ‘measuring pore-water pressure within
partially frozen soils’. In this research, first a new instrument (Filter-less Rigid Piezometer) was
developed to measure pore-water pressures in partially frozen soils. Then, this instrument and the
experiment apparatus were tested in order to investigate factors affecting the interpretation of
these measurements and validate the measurements. Finally, this new instrument was used to
study stress transmission within a partially frozen soil under applied loads, as well as under
warming conditions, via measuring pore-water pressure distribution within the soil.
Sand specimens at 30±1 ppt NaCl salinity were used for experiments at temperatures in the range
of -5±0.01oC to +7±0.01oC and total stresses up to 430±1 kPa.

1.1.3

Practical demands for research on the mechanics of frozen, freezing,
and thawing soils

The increased exploration of energy and mining resources in Northern Canada and the opening of
a sea route between Asia and Europe through Canada’s Northwest passage need reliable
engineering theories and techniques to provide safe, economical designs for the land-based
infrastructure required by these projects. The extraction of these resources and their transport
require improved engineering to reduce the costs.
In addition, potential warming associated with climate change will contribute to deepening the
active layer (seasonally freezing and thawing layer) in permafrost regions, which may reduce the
resistance of the ground and increase the risks associated with geohazards: rock avalanches; earth
slides, falls and flows; and deglaciations (Anisimov et al. 1997).
Since approximately 50% of the land in Canada is underlain with permafrost, global warming
poses potential threats through the aforementioned geohazards that may affect the environment as
well as engineering projects (highways, pipelines, railways, infrastructure, and forests). The
resistance and deformation of frozen soils are of practical interest in cold regions for the analysis
and design of:
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•

slopes (Huggel et al. 2010; Mason 1995; McRoberts 1973; McRoberts and Morgenstern
1974a; 1974b; McSaveney 2002; Stoker 1989; Tsui 1987);

•

shallow and deep foundations (Johnston 1981; Ladanyi 1975; Neklyudov et al. 1992;
Vangool 1996; Vyalov 1965; Wang et al. 2006; Weston and Williams 1986);

•

dams (Cathro et al. 1992; Feringer 2008; Semenov 1967; Vasil'ev et al. 1988); and

•

retaining structures (Laba 1975; Li et al. 2002; Novikov 1980; Vyalov et al. 1965).

Previous analysis and design methods in frozen soils either treat the soil as a Tresca (a material
with only cohesion) or a frictional-cohesive material; in both cases, ‘total stresses’ and ‘total stress
material properties’ have been used for their analysis and design. When a water phase with
independent pore-pressure exists in the pore-space of a soil, the total stress material properties
depend on the stress and stress path, and the ‘total stresses’ do not represent the ‘actual stresses’
carried by the solid phase. In these cases, conducting an effective stress analysis using effective
stress material properties provides a more realistic representation of the field behavior of the
ground. To evaluate effective stresses and effective stress material properties, measuring porewater pressure distribution within these soils is required. The challenges in measuring pore-water
pressure in frozen ground are more complicated than in thawed soil because phase changes (ice
melting or formation) occur due to time-dependent heat and mass transfer. Further, melting of ice
under increased pressures and formation of ice from supercooled water when its pressure declines,
increase the complexity of the behavior of frozen soils. These processes occur near 0oC and within
the pressure range of interest for civil engineers. These processes result in viscous deformations,
anisotropy, heterogeneity, and damage mechanisms that influence the resistance and deformation
response of frozen ground (He et al. 2000; Ling and Zhang 2004; Newman and Wilson 1997).
The other 50% of Canada is underlain with seasonally freezing and thawing ground, which may be
affected by frost heave, thaw weakening, and thaw settlement. Freezing- and thawing-induced
deformations affect the serviceability and durability of highways and railroads, chilled gas
pipelines, hot oil pipelines, municipality and communication infrastructure, and all other
engineering structures in areas with cold climates. The cost of damage induced by freezing and
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thawing is high. Hence, efforts need to focus on practical approaches to minimize the negative
effects of freezing and thawing. Freezing and thawing mechanics are also of interest in artificial
ground freezing for controlling groundwater seepage and contamination transport (Iskandar 1987;
Iskandar and Jenkins 1985), structural support of deep and shallow excavation (Jessberger 1981),
and liquid natural gas (LNG) storage (Goto and Minegishi 1988). The effects of freeze-thaw
cycles are not only of great concern in geotechnical engineering, but also in food preservation
(Chassagne-Berces et al. 2009; Haiying et al. 2007), cryosurgery (Chua and Chou 2009; Li et al.
2010), cryo-preservation of biological cells (Mazur 1970), preservation of human organs for
implantation (Asselmeier et al. 1993; Briere et al. 1991; Halberstadt et al. 2003; Thirumala and
Devireddy 2004), soil sciences for agricultural purposes (Sharratt 1993), birth and growth of
pingos (mounds of earth-covered ice found in the Arctic and subarctic areas) (Mackay 1983b), and
the masonry and mortar industry (Coussy and Monteiro 2008). Moreover, geomorphic
development within the Arctic and Alpine areas including patterned ground formation, size sorting
in soils, uplifting of stones by freezing, and frost weathering of rocks, are all related to frost heave,
ice segregation and thaw deformations (Harris et al. 2009; Tharp 1987).
When subjected to freezing and thawing, fine-grained soils generally experience volume changes
(Taber 1929), loss in shear strength (Broms and Yao 1964; Kok 1989), and sometimes alterations
in their hydraulic conductivities during thawing (Wong and Haug 1991), which are significant in
engineering design. Despite the previous research on freezing and thawing of fine-grained soils,
quantitative correlations of the changes in the engineering properties of various soil types
following freezing and thawing are not well established nor are the mechanics of these changes
fully understood. These processes occur near 0oC, within the pressure range of interest for civil
engineers, and are controlled by pore-water migration and drainage within the freezing and
thawing soils. Hence, measuring pore-water pressure distribution within these soils is required to
measure hydraulic conductivity and hydraulic gradients that control these processes.
Addressing challenges associated with geohazards induced by climate change, seasonal and
artificial freezing and thawing of soils, providing engineering solutions to minimize damages to
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the existing infrastructure, and improving design procedures for future construction projects
require measuring pore-water pressure distribution in these soils to establish reliable and realistic
theories and techniques that accurately predict the resistance and deformation of frozen ground
especially when it approaches 0oC and during freezing and thawing of soils. The available
research on the behavior of frozen, freezing, and thawing ground at temperatures close to 0oC is
minimal, even though the physical processes at these temperatures control the soil’s resistance and
deformation. The main reason for this lack of data is the difficulty in conducting experiments at
temperatures close to 0oC.

1.1.4

Need for measuring pore-water pressure in partially frozen soils

Establishing methods for measuring pore-water pressure in soils at subfreezing temperatures close
to 0oC increases the understanding of their mechanics under applied loads and the mechanism of
freezing and thawing processes in these soils. These applications are discussed further in the
following subsections.

1.1.4.1 Application in establishing the effective stress concept in partially frozen
soils
Due to climate warming trends and backed by more than 100 years of extensive observation and
analysis in glaciology (Ladanyi 2006), the accelerating creep of rock glaciers and frozen slopes
has been of increasing interest, especially in recent years. Glaciologists identified the deformation
behavior of glaciers as ‘creep’. As a result, creep tests and creep modeling were used as tools to
simulate the natural behavior of glaciers. The basic creep models are based on ‘total stresses’;
hence, the existing design approaches for frozen soils are also based on ‘total stresses’. The first
published research on frozen ground engineering from Russian resources (Razbegin et al. 1996;
Sadovsky et al. 1988; Tsytovich 1940; 1959; Vyalov et al. 1969; 1965), followed by nongeotechnical engineers at CRREL (U.S. Army Cold Regions Research and Engineering
Laboratory ) who were familiar with von Mises failure criterion for metals, treated frozen soils as
Tresca (or von Mises) materials (having only cohesion) and not porous media having both
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frictional and cohesion strength components (especially with a continuous water phase). Only
‘total stresses’ are required for analysis when a Tresca material is considered. In these cases,
generally the Glen creep constitutive model (Glen 1955; Sayles 1973) was used for geotechnical
design of foundations and stability analysis of frozen soil masses based on a serviceability
criterion.
Several authors studied the frictional behavior of frozen soils and ice (Alkire and Andersland
1973; Andersland and Alnouri 1970; Arenson and Springman 2005b; Bragg and Andersland 1981;
Chamberlain et al. 1972; Fish and Zaretsky 1998; Goughnour and Andersland 1968; Ho et al.
1996; Neuber and Wolters 1977; Parameswaran and Jones 1981; Qi and Ma 2007; RepettoLlamazares et al. 2011; Roggensack and Morgenstern 1978; Sadovskii et al. 1987; Sayles 1973;
Sayles 1974; Song 1984; Tsytovich 1975; Vyalov and Shusherina 1964; Vyalov et al. 1965; Yang
et al. 2010). In all of these studies, the frictional resistance of frozen soil is attributed to its
dilatancy and the frictional nature of the soil matrix. Except for the works by Arenson and his
colleagues (Arenson 2002; Arenson and Springman 2005a; Nater et al. 2008), all of the previous
research on the frictional resistance of frozen soils was limited to the ‘total stress friction angle’.
Arenson (2002) attempted to measure ‘effective friction angle’ of natural permafrost samples that
had high amount of air via measuring pore-water pressure at the top and bottom of (and not
within) frozen soil samples in triaxial tests. The shortcomings of the method used by Arenson and
his colleagues, in accurately measuring pore-water pressures, are discussed in Chapter 2.
The major obstacles in establishing the ‘effective stress’ principle in frozen soils have been:
•

the difficulty of conducting reliable, accurate measurements of unfrozen pore-water
pressures in frozen soils;

•

the lack of data on the continuity of unfrozen pore-water within the soil; and

•

periodic interest in or lack of funds available for research in cold regions engineering.

Therefore, ‘creep deformation constitutive models’ and ‘creep failure criterion’ have been
traditionally used for analysis of the deformations of soil masses in frozen ground. However,
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conducting creep tests to simulate field conditions is time-consuming and expensive. Further, the
current creep tests on frozen soils do not consider pore-water pressure generation and dissipation
in these soils. In reality, ‘effective stresses’ and ‘effective stress material properties’ control the
resistance and deformation of the soil masses and therefore the existing creep methods are not an
effective way for analysis of resistance and deformation of partially frozen soils that have a
continuous water phase. Therefore, measuring pore-water pressure distribution in these soils is
required.
The terms ‘effective stress’ and ‘effective stress shear strength properties’ have been used
somewhat loosely in the literature with different meanings from those defined by geotechnical
engineers. Effective stress shear strength properties are measured either in a true drained test or an
undrained test together with measuring pore-water pressures. A true drained test does not allow
any excess pore-water pressure to build up (its slow loading rate allows complete drainage).
Alternatively, one can cancel the pore-water pressures from the total stresses to calculate the
effective stresses by measuring pore-water pressures in an undrained test. To achieve this goal,
this research developed a method to accurately measure pore-water pressure distribution within
soils at subfreezing temperatures.

1.1.4.2 Applications in predicting frost heave, thaw settlement, and thaw
weakening
Cryo-suction (negative pore-pressure) has been long identified to move water while causing
excessive frost heave during freezing. There is also possibility of developing excessive positive
pore-water pressure during the advance of the freezing front in freezing soils (McRoberts and
Morgenstern 1975). On the other hand, generation of positive pore-water pressures during thawing
due to delayed drainage can result in excessive loss of resistance and increased deformations in
thawing soils.
Summaries of frost heave models (empirical, semi-empirical, hydrodynamic, rigid ice, thermomechanical, and segregation potential), their major assumptions, input and output parameters, and
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their associated numerical methods are presented by several authors (Konrad and Shen 1996;
Kujala 1994; 1997; Sheng 1994). While reviewing the literature on freezing and thawing soils, the
author conceived that ‘hydraulic conductivity’ and ‘tensile strength’ of partially frozen soils near
the freezing front are the soil properties that play major roles in micro and macro behavior of
freezing soils. Furthermore, the transport of water during freezing is controlled by hydraulic
gradients and hence pore-water pressure distribution within the soil. Estimating hydraulic
conductivity of the frozen fringe is of paramount importance in predicting frost heave. So far, only
estimations based on the thawed or frozen hydraulic conductivity (Horiguchi and Miller 1980;
Williams and Burt 1974) are available for predicting frost heave. Several authors have measured
tensile strength of frozen soils at temperatures close to 0oC (Akagawa and Nishisato 2009;
Azmatch et al. 2011; Bragg and Andersland 1981; Haynes 1978). Measuring pore-water pressure
in partially frozen soils is presented in this thesis. Conducting experiments to measure ‘hydraulic
conductivity’ and ‘tensile strength’ of partially frozen soils during freezing and thawing via direct
measurement of pore-pressures remains for future research.

1.1.5

Need for conducting experiments at temperatures close to 0oC and low
applied pressures

While reviewing published experiments on freezing, thawing, and frozen soils, the author
observed that -5 and -10oC have been the most frequently used temperatures for the experiments.
The author believes it is due to the perception that -10oC is the representative temperature of
permafrost at depths of 10 m or more (Baranov 1964; Chamberlain et al. 1972). Further,
controlling temperature at colder temperatures is easier because as temperatures approach 0oC
phase change causes fluctuations. By the time the temperature is lowered to -5oC, most of the ‘free
water’ in the pores of most soils is ice, and the heat transfer associated with phase change induced
by small temperature fluctuations is negligible. Ladanyi and Morel (1990) regard -5oC as the
melting point of frozen sand. By selecting a temperature used by other researchers, one can
compare the experimental results with values found in the literature. These reasons may have led
using -5 and -10oC as experiment temperatures. In artificial ground freezing applications, colder
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temperatures are generally the norm. However, in most common geotechnical engineering
applications, the depth of influence of engineering activity or exploration is within the upper 10 m
layer of the ground (most borehole logs are 9 m or less). Further, viscous flow of (partially) frozen
slopes usually takes place at depths in the upper 1 to 2 m, where the ground is exposed to the
influences of warm air temperatures. Parameswaran (1980) reports considerably lower values of
strength and modulus of frozen sand at -2oC, compared to those predicted by extrapolating the
values measured at lower temperatures.
Extensive research in the former USSR on the mechanical behavior of frozen soils at temperatures
warmer than -3oC have been reported (Tsytovich 1975). However, the accuracy and the reporting
of these experiments have been questioned during a personal communication with Dr. N.R.
Morgenstern. Further, none of these studies investigated the effects of pore-water pressures. This
study focuses on the measurement of pore-water pressure in soils at subfreezing temperatures
close to 0oC.
High stresses can be encountered when carrying out deep excavations using ground freezing
techniques (e.g. shafts in mining projects and underground railways). For instance, Qi and Ma
(2007) estimate a 20 MPa confining pressure in frozen soil at depths of 700 m in coal mines in
Shandong Province, China, where ground freezing is applied to support the excavation walls. On
the other hand, low stresses are of interest for ordinary geotechnical projects within shallow
depths, where normal stresses are in the range of 50 to 200 kPa (e.g. slope stability, foundations,
and shallow excavations for highways, railways, pipelines, and buildings). This study focuses on
the measuring pore-water pressure in soils at effective stresses in the range of 50 to 300 kPa.

1.2

Description of the study

In Chapter 2, the theory and technical requirements for measuring pore-water pressures in partially
frozen soils are discussed, and Filter-less Rigid Piezometer (FRP) is designed to measure ‘porewater pressure distribution’ within these soils. It is necessary to measure the ‘distribution’ of porewater pressures within partially frozen soils to check the ‘continuity’ of pore-water pressures
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within these soils and to evaluate whether pore-water can have independent pressure from the total
stress, hence validating the necessity of using effective stresses for analysis and design in these
soils. Therefore, in Chapter 3, FRPs are used in the Modified Qiu and Sego (MQS) cell to
investigate the continuity of the measured pore-water pressures in partially frozen soils, as well as
factors affecting pore-water pressure measurements in the laboratory and their interpretation.
In Chapter 4, FRPs are used to study the pore-water pressure response to undrained loading and to
undrained warming in a frozen soil at low confining pressures, under low applied backpressures,
and at subfreezing temperatures close to 0oC. These three conditions resemble near surface soil
conditions of interest for geotechnical engineering in permafrost regions. Chapter 5 summarizes
the findings of this research and their practical significance. It also provides recommendations for
future research.
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2. Measuring pore-water pressure in partially
frozen soils: theory and technical requirements

2.1

Introduction

There will be no geotechnical challenges during freezing and thawing or issues with pore ice
development in soils if water does not occupy the pores of the soil. Engineers are interested in
applied stresses (positive and negative pressures) to evaluate resistance and deformations of
materials. Therefore, when water is present in the soil, it is important to first measure and analyze
pore-water pressure within these soils to correctly understand their mechanics under applied loads
and thermal gradients.
When a saturated coarse-grained soil freezes, the pore space gradually infills with ice; hence, its
hydraulic and mechanical behavior changes due to the phase change of the pore-water into ice.
The ice matrix increases the apparent cohesion and tensile strength and reduces compressibility
and hydraulic conductivity of the soil and therefore the soil’s behavior becomes more like a
cemented soil. This analogy guides one to adapt the knowledge of measuring pore-water pressure
in cemented soils for use in partially frozen soils. The challenges in measuring pore-water pressure
in partially frozen soils are associated with:
1.

Low hydraulic conductivity in the partially frozen state

2.

Continuity and availability of the unfrozen water phase
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3.

Thermal effects

4.

Existence of two solid phases (ice and soil grains)

5.

Time and temperature dependency of the ice matrix stiffness

6.

Melting of the ice phase under increase of effective stress or pore-water pressure

7.

Ice formation under decrease of pore-water pressure in supercooled pore-water

This chapter outlines the theoretical support for a reliable technique and development of an
instrument to measure pore-water pressure and its distribution in partially frozen soils in the
laboratory, as well as, design of a Filter-less Rigid Piezometer (FRP) to implement these theories.
The testing and measured results of the FRP are presented in the next chapter. Three conditions
are assumed in the current research:
1.

Soil temperatures are maintained close to, but below, 0oC. It ensures a sufficient amount
of unfrozen water exists in the partially frozen soil to satisfy the continuity of the water
phase.

2.

The applied total pressures are kept low, within the range of interest for geotechnical
engineering applications. In this case pressure melting is minimal.

3.

Laboratory prepared specimens with degree of saturation greater than 98% ± 2% are
studied.

To address the challenges in measuring pore-water pressure in partially frozen soils, first the
lessons learnt from measuring pore-water pressure in unfrozen soils are reviewed. Then, technical
requirements for measuring pore-water pressures in partially frozen soils in the laboratory are
discussed. The concluding remarks of these two sections are then used to guide the design and
fabrication of Filter-less Rigid Piezometer (FRP) which is presented later. The small size of the
sensing tip of the FRP allows measuring pore-pressure distribution at small intervals within the
thin freezing or thawing fringes, which are 1 mm to 20 mm thick. This enhances understanding of
the phenomenon occurring at this scale, as well as, enables measuring hydraulic gradients and
material properties required for future analytical modeling. Further, it allows measuring porewater pressure distribution within specimens (not only at their top or bottom) under various
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loading, thermal, and drainage conditions to evaluate their constitutive and strength behavior in
terms of effective stresses. The testing of FRPs and interpretation of the measured pore-water
pressures are presented in chapter 3.

2.2

Lessons from measuring pore-water pressure in unfrozen
soils

The analogy between freezing of pore-water that cements soil particles and transforms the soil into
a rock-like material leads to adapting the knowledge of measuring pore-water pressure in
cemented soils and rocks for use in partially frozen soils. Therefore, the rigidity requirements for
the pore-water pressure measuring systems in cemented soils are adapted for the design of the
FRPs. Further, compressibility of pore-fluid in soils is reviewed and new insights into total
compressibility of pore fluids are presented. These insights aid interpretation of the measured
pore-water pressures, as well as guide the selection of the fluid to be used in the piezometer
(piezometer fluid). Moreover, the piezometer fluid is regarded as a “hydraulic fluid” and
knowledge from machinery hydraulics are adapted to assist with its selection and specific details
regarding the volume and geometry of the interface of the piezometer fluid and pore-fluid in the
soil. It is further discussed that use of a filter can delay and alter the pore-pressure response of the
piezometer, reduce its reliability, add to its flexibility, and cause loss of hydraulic connection
between the piezometer fluid and the pore fluid in the partially frozen soil. This understanding aids
the design of the FRP which is presented later.

2.2.1

Measurement of pore-water pressure in unfrozen soils

Since 1856 when Henry Darcy first introduced hydrogeology via conducting experiments on water
flow through sand using standpipes in column tests (Bobeck 2004; Bobeck 2006; Darcy 1856) and
since 1907, when installation of the first field standpipe in the Waghad dam (in India) was
documented to check the phreatic surface (Penman 2002) for geotechnical evaluation of the dam,
much advancement has been made to the design, manufacturing, and installation of piezometers,
as well as to the interpretation of the measured data. Development of piezometers and methods for
27

measuring pore-water pressure and suction are reviewed by several authors (Bartholomew et al.
1987; Croney and Coleman 1960; Daehn 1963; Fredlund and Rahardjo 1993; Penman 2002;
Peters and Long 1981; Ridley 2003). Commonly used methods for measuring pore-water pressure
in geotechnical engineering are detailed by Dunnicliff and Green (1993). A relatively new
technique using tensile strength of water has recently been used in suction probes (Guan and
Fredlund 1997; Meilani et al. 2002; Ridley and Burland 1993; Ridley and Burland 1999; Zhang et
al. 2008). Tensile strength of liquids was first measured by Berthelot (1850) and it is closely
related to cavitation pressure (vapor pressure) and the fluid-solid interface characteristics (Ridley
2003). Mechanism of cavitation and the generation of tension in liquids have been reviewed
elsewhere (Arakeri 1979; Sun et al. 2008; Trevena 1984; Washio et al. 2008). To the author’s best
knowledge, in all of the previous works, filters have been used to separate pore-water pressures
from total pressures and the interface of the pore-fluid and the piezometer fluid (fluid inside the
piezometer) is at or within the filter. Further, recent advancements emphasize on the rigidity of
piezometers to correctly measure pore-water pressures. Later, it will be discussed how the removal
of a filter and using miniature fiber optic sensors increases rigidity of the FRPs.
2.2.2

Transmission of pressure states in unfrozen soils

Several authors studied pressure transmission in soils (Barberis 1965; Biot 1956; Biot 1962;
Gibson and Henkel 1954; Mayer and Habib 1955; Paton and Semple 1960). Theoretically,
pressure states applied to a medium will transmit with the speed of mechanical waves (sound) in
that medium. In a fully saturated soil contained within rigid boundaries, it is expected that porewater pressures transmit with the speed of sound across the pore-water phase in the soil. In soils,
pore-water flows under hydraulic gradients and therefore stress transmission is delayed when a
volume of pore-water should be transferred to transfer the new state of the stresses and reach
equilibrium. Barberis (1965) studied transmission of pressures in soils by conducting triaxial tests
on sand, silt, and clay and concluded:
(1) Pressure states do not propagate instantly
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(2) Propagation behavior depends on the permeability of the tested material: the lower the
permeability, the greater the time needed to reach an equilibrium state of pore-water pressures
throughout the sample
(3) The propagation speed varies directly with the change in pressure (∆ ) between the pressure
applied on the top face of the sample and the previous internal water pressure
(4) Stable conditions are reached in a shorter time for positive (compressive) ∆ than for negative
∆
Further, he proposed an interpolation curve for pressure propagation in fluid filled soils:

log

= log(

In which

− . )+

log (

)

(2-1)
is the initial pore-water pressure in the sample.

is the pore-pressure after time , and

Barberis (1965) provided graphs to estimate , , and

. Dunnicliff and Green (1993)

summarized time lag effects on pore-pressure response of piezometers which depend to the porewater volume transfer required to transfer the pressures. They also reviewed advantages and
limitations of various geotechnical instruments and emphasized that ‘reliability’ is maximized by
using the ‘simplest instrument’ that will do the measurement. Later, it will be discussed how the
removal of the filter simplifies FRPs and increases their ‘reliability’, as well as reduces ‘response
time’ when measuring pore-water pressures using FRPs.

2.2.3

Significance of rigidity of piezometer in correctly measuring porewater pressures

A saturated soil consists of soil grains and water. If there are no soil grains, water will carry the
entire load (like a ship floating on water). If there is no water, the soil skeleton will carry the entire
applied load. Pore-pressure equations evaluate what portion of the load will be carried by the
water phase when water is present and has not escaped from the voids between the soil grains.
Knowledge of the pore-water pressure is essential to assess the ‘flow’ of water through a porous
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material and to predict the ‘effective stress’ that controls its resistance and deformation. Therefore,
measurement and having methods for estimating the pore-water pressure response to the applied
loads are desirable. Piezometers were developed to measure these in-situ pore-water pressures.
Pore-pressure equations, on the other hand, provide the estimation methods. Skempton (1948b)
presented the first pore-water pressure equation for saturated unfrozen soils:
=

+ (

−

)

(2-2)

Skempton (1954) further expanded Equation (2-2) for saturated and unsaturated unfrozen soils:
=

+ (

−

)

(2-3)

and:

=

=

1 − (1 − )(1 −

)

(2-4)

Where:
= the excess pore-water pressure due to changes in principal stresses,
, , and

and

are the Skempton’s pore-water pressure parameters

In the transition from soil to rock, as the contacts between the grains grow, the contacts eventually
reach diameters equal to the grain diameter. At this point, the pores vanish and the compressibility
of the skeleton equals the compressibility of the solid phase (Figure 2-1). Hence, with growth of
the solid phase, it carries a larger portion of the applied loads during undrained loading.
The “fluid substitution formula”, relates the dry or drained bulk modulus
saturated) modulus

=

1−

to the undrained (or

by:

Gassmann (1951)

Where:
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(2-5)

= Skempton’s pore-pressure parameter (Berryman 2002; Carroll 1980)
= the Biot-Willis total volume effective-stress coefficient (Berryman 2002; Biot and Willis
1957)
It can be seen that

> . The added ‘rigidity’ in undrained loading is due to pore fluid rigidity

that also contributes to the total stiffness of the soil mass. Further, this added rigidity depends on
Skempton’s pore-pressure parameter ( ). The stress transfer between each phase depends on their
relative stiffness. A flexible piezometer allows the release of pore-pressure and contributes to
softening the fluid phase. In this case, the measuring device alters the quantity being measured.
This effect is greater in cemented soils and rocks with stiff solid matrix as the matrix deformations
under applied stresses do not closely follow the release or dissipation of pore-pressures to
compensate for the released pressure within the liquid phase. This effect on pore-water pressure is
more significant when the volume of unfrozen water available in the soil is small.
Wissa (1969) studied the effects of the rigidity of the measuring equipment on pore-water pressure
response in cemented-soils during undrained shear using triaxial cell. He suggested an extension
to the Skempton’s pore-pressure equation (Skempton 1954) to incorporate the effects of the
compressibility of the measuring equipment:

=

=

=

=

1

Bishop

and

Eldin

(1950)

and
(2-6)

1+

Skempton (1954)
1

1+

+

+(

+

)

= the compressibility of the pore fluid
= the compressibility of the mineral skeleton
= the porosity of the soil
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Wissa (1969)

(2-7)

= the volume of fluid in the pore-water pressure measuring lines (the volume of fluid in pipes
and connections)
= the total volume of the test specimen
= the compressibility of the fluid in the pore-water pressure measuring lines
= the compressibility of the pore-water lines which is equal to the change in internal volume of
the lines per unit change in pressure
= the compressibility of the pore-pressure transducer which is equal to the change in volume
for a unit change in pressure (i.e. required volume transfer of liquid to transfer unit pressure)
Wissa (1969) observed that for uncemented-soils the compressibility of the skeleton exceeds
10-3 cm2/kgf (approximately 98 MPa-1) under normal consolidation pressures. He observed the
errors were less than 2% when comparing the theoretical pore-pressures (Equation (2-6)) with
those obtained using either a null indicator or electric transducer and Equation (2-7). However, in
cemented soils (such as soils stabilized using cement or lime), heavily over-consolidated soils, and
dense sands at high consolidation pressures, Wissa (1969) reported that the compressibility of the
soil skeleton can approach 10-4 cm2/kgf (approximately 980 MPa-1). In this case, the error in
measuring pore-pressures can be greater than 15% when using a mercury null indicator and less
than 7.5% when using an electric transducer. Wissa (1969) also noted the measurements are
‘highly sensitive to leakage’ (i.e. release of pore-pressure due to loss or transfer of pore-water).
To increase the accuracy of measuring pore-pressures in cemented-soils, Wissa (1969) suggested:
1.

To use a transducer with low flexibility (compressibility of transducer less than
1.6 × 10 cm /kgf or approximately 6.13 GPa-1)

2.

To increase the volume of the test specimen,

0

(it is not always feasible: it increases

the time for consolidation because of the increased drainage path. It also requires
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shearing specimens at a slower strain rate to ensure equalization of pore-water
pressures during the test)
3.

To decrease the volume of liquid in the pressure lines by reducing the length and
diameter of the lines (total volume of liquid in the pore-pressure lines should be less
than 3% of the pore volume in the test specimen)

4.

To use a no-leak set up (by sealing the test specimen in a 0.04-cm thick rubber
membrane and using no-volume change, low leakage valves in the pore-pressure
lines)

5.

To ensure saturation by measuring the pore-pressure response at several applied
backpressures while keeping the effective consolidation pressure constant

6.

To apply high consolidation pressure to prevent lateral surface drainage during the
early stages of undrained shear (lateral surface drainage affects the stress-strain and
strength behavior)

They reduced the errors to less than 1% when the first and the third recommendations were
followed.
The analogy of pore-water turning into ice in freezing soils to cement a soil provides guidance to
enhance our knowledge about measuring pore-pressure in partially frozen soils. Therefore the
recommendations given by Wissa (1969) are used for design and testing of Filter-less Rigid
Piezometer. In partially frozen soils with low hydraulic conductivity and small volume of
available unfrozen pore-water, a ‘rigid piezometer’ is required to accurately measure changes in
pore-pressures. A ‘rigid piezometer’ requires only a very small pore-fluid volume transfer to
measure the pressures. The designed FRP requires only a volume transfer of approximately 416
/

which is about 300 times less than the volume transfer required in the best electrical

pressure sensors reported by McKim et al. (1976). The authors did not find other published work
reporting volume change of the sensors in the literature pertaining to measurement of pore-water
pressures in soils at subzero temperatures.
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2.2.4

Rigidity of the piezometer fluid and pore-water

Even a small volume ‘air bubble’ significantly alters the compressibility of the pore fluid. The role
of the piezometer fluid is to transfer pore-pressures to the transducer without affecting the
pressures. The term ‘hydraulic fluid’ is used in mechanical engineering and refers to the medium
through which power is transferred. Hydraulic machines work more efficiently if the hydraulic
fluid has ‘low compressibility’. Other major properties of the hydraulic fluid for power transfer
and control are ‘fast air release’ and ‘low foaming tendency’. Air in a liquid can be in the form of
‘dissolved air’ or ‘entrained air’ (air bubbles of various sizes and foam). Totten et al. (1997)
reviewed air entrainment and release in hydraulic fluids.
If there is no air in the liquid, the compressibility of the liquid is equal to its pure substance
compressibility (primary compressibility). In contact with air, some of the air dissolves into the
liquid or comes out of solution owing to thermal or pressure variations; this adds to the
compressibility of the liquid (added secondary compressibility). However, at any specific pressure
and temperature, only a limited amount of air can dissolve in a liquid. Therefore, the part of the
entrained air that remains as air bubbles within the liquid follows the gas law and its volume
changes when subjected to pressure or temperature changes. The pressure within air bubbles is in
equilibrium with pressure in the liquid and the volume change of these air bubbles add to the
compressibility of the liquid (added tertiary compressibility). Free air that can have independent
pressure of the liquid is treated as an independent phase when considering the mechanics of a
multi-phase medium.
The added secondary compressibility can be calculated using formulas given by Bishop and Eldin
(1950) and Schwab and Köhler (2003) and it increases the compressibility of air-water mixture by
approximately two orders of magnitude (Fredlund and Rahardjo 1993). Based on Boyle’s law and
Henry’s law of solubility, Bishop and Eldin (1950) gave ‘additional compressibility’ of the poreliquid that is operative until all of the free air is dissolved in water. Based on the work of Bishop
and Eldin (1950), Schwab and Köhler (2003) expressed the compressibility of the pore air-water
mixture as:
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+

=

1−

+
(2-8)

: Compressibility of air-water mixture (1/kPa)
: Compressibility of water (1/kPa)
: Degree of saturation
: Henry’s volumetric coefficient of air solubility (Approximately 0.02 cm3 of air per 1 cm3 of
water at room temperature)
: Environment pressure (absolute pressure, kPa)

To estimate the compressibility associated with the added tertiary compressibility, the ideal gas
law can be used. The compressibility of an ideal gas is controlled by its absolute pressure and is
independent of temperature:

=

∆ =

⇒

1

×

=

=−

ideal gas law
1

=

−

×

=−

(2-9)

1
(2-10)

In which:
∆ : Added tertiary compressibility in Pa-1
: Volume of gas in m3
: Absolute pressure of gas in Pa
: Temperature of gas in K
: Number of moles of gas
: Universal gas constant = 8.314472 J·K−1·mol−1
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At 1 atmosphere pressure (101.325 kPa) the compressibility of air is about 9.87×10-6 Pa which is
four orders of magnitude larger than that of water (4.6×10-10 Pa as given by Domenico and Mifflin
(1965)). Therefore, air bubbles that do not dissolve in the fluid dramatically increase the
compressibility of the gas-water mixture. Even though tertiary compressibility has the most effect
on the total compressibility, it was not considered by Bishop and Eldin (1950) and Schwab and
Köhler (2003).
The amount of entrained air in a liquid depends on the method of air entrainment, the method of
measurement, the temperature of the liquid, and the applied pressure (Davidson and Amick 1956;
Rowand Jr et al. 1973). Magorien (1980) reviewed the problems and sources of air contamination
in hydraulic systems and provided guidelines to keep air out of hydraulic systems. Magorien
(1980) emphasized to seal properly, use volume to flow ratio greater than 3, de-gas, use bleed
points, use backpressure, and limit the amount of the flow. The guidelines are used in designing of
FRPs.
Vegetable oils generally have less primary compressibility than mineral oils and can have
compressibility close to that of water (Skinner 1918). Where a fluid of exceptionally high bulk
modulus is required, mercury can be used as a hydraulic fluid in small, sealed systems. The
isothermal bulk modulus of pure mercury at 20oC and zero pressure is 25.1 GPa as compared to
2.18 GPa for water. Mercury and water are the only liquids whose bulk modulus is known with
great accuracy (Hayward 1970). A detailed investigation comparing compressibility of mineral oil,
water, and other hydraulic fluids, as well as, optimization of hydraulic fluids for use as
‘piezometer fluid’ is beyond the scope of this research and remains for future research.
In a saturated soil, some of the ‘liquid water’ turns into ‘water vapor’ during the stress wave
transition period of an unloading scenario. Figure 2-2 shows how liquid water can turn into water
vapor through reduction of ambient pressure at constant temperature. Further, dissolved air in
water may come out of solution (release) when its pressure is reduced. Water vapor and the
released air can create a ‘gas bubble’. The result will be a more ‘compressible’ fluid. Further, this
36

‘gas bubble’ reduces the hydraulic conductivity of the soil for fluid flow and hence volume
transfer of water required to transfer the new stress state is delayed (De Boer 2000; De Boer and
Kowalski 1995; Schwab and Köhler 2003; Smeulders and Van Dongen 1997). The water vapor
bubbles (or water vapor in the humid air bubble) may partially turn into liquid water after the
wave transition period. The amount of water vapor as ‘gas bubble’ in pore-water depends on the
vapor pressure of water, which is a thermodynamic property (depends on temperature and
pressure). During loading, more of the water vapor turns into liquid water and hence increases the
rigidity of the liquid, as well as, hydraulic conductivity of the soil for water flow, which lead to
faster pressure equalization. Cavitatation in water in the form of ‘water vapor bubbles’ can be
observed with the naked eye when water pressure approaches approximately -90 kPa (Fredlund
and Rahardjo 1993). In unsaturated soils, the volume of the air bubbles increases with a reduction
of the stress (similar to ideal gas law), hence it reduces the hydraulic conductivity of the soil and
increases pressure equalization time. Figure 2-2 illustrates the general pressure-temperature
diagram of pure substances. Based on Figure 2-2, it is expected that the vapor pressure of water
decrease with decreasing temperature and that when water turns into ice its vapor pressure should
suddenly drop.
The discussion on compressibility and air entrainment within the piezometer fluid and pore-water
provides a background for interpretation of the measured pore-water pressures and selection of
piezometer fluid presented in this thesis.

2.2.5

The role of a filter in a piezometer

Based on the classic geotechnical engineering literature, the roles of filters in piezometers are to:
1.

separate the pore-pressure from the total pressure in a soil, by transmitting pressure to the
transducer only through the fluid in the measuring system;

2.

maintain the rigidity of the piezometer by eliminating (or minimizing) air from entering
the measuring system (in addition to using a filter, flushing of the piezometer fluid is also
required before each reading in some piezometer systems); and,
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3.

independently measure pore-air and pore-water pressures in an unsaturated soil, only
when air and water pressures differ significantly. Generally, “low air entry” and “high air
entry” filters are used to independently measure pore-air and pore-water pressures,
respectively.

Continuity and hydraulic connection between the pore-water in the soil and the fluid that transmits
pressure to the sensing element (transducer) in the piezometer is necessary to measure pore-water
pressure correctly (Richards and Gardner 1936; Stannard 1992; Toker et al. 2004). If the fluid in
the piezometer is separated from the pore-water phase with a continuous air phase, piezometer
measures pore-air pressures. If the fluid in the piezometer is separated from the pore-water phase
with an occluded ‘air bubble’ (discontinuous air phase), theoretically, the stabilized pressure in the
air bubble and the water phase are not significantly different (provided temperature and volume
are maintained constant under static loading) and the piezometer should measure the correct porewater pressure. In reality, the volume of air bubbles changes with temperature (gas law), therefore
a small fluctuation in temperature would fluctuate the occluded gas volume and thus the measured
pore-pressures. Schwab and Köhler (2003) emphasize that even minor ‘gas bubbles’ change the
properties of the pore fluid dramatically; the ‘gas bubbles’ counteract variations of external
pressures by volume changes, thus causing local transient micro flow, which is further delayed by
low hydraulic conductivity. The general consensus is that when air bubbles are present in the
measuring system, the pore-water pressure measurements are erroneous. The air phase generally
becomes continuous as the degree of saturation of soil is reduced to less than approximately 85%
(Corey 1957). When the degree of saturation is above 90%, the air phase becomes occluded, and
air flow is only by diffusion through the pore-water (Matyas 1966). This research is focused on
soil specimens where the degree of saturation is above 98%.
A high air entry filter (usually a porous ceramic disk or cylinder with very fine pore size) allows
the passage of water, but prevents the ‘flow of free air’ into the measuring system. Filters are rated
by their air entry value: the maximum matric suction that can be maintained across their surface.
Air entry value depends on the pore size of the filter and the surface tension of the liquid used in
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the measuring system (piezometer fluid) and changes slightly with temperature. Commonly,
Kelvin's equation is used to calculate a theoretical air entry value for regular piezometers
(piezometers with filter). By adopting Kelvin's equation:

=(

2

−

)

=

−

)

: air entry value of the FRP

(2-11)

Where:
=(

: air pressure
: mineral oil pressure (pressure of oil in FRP)
: surface tension of the oil in FRP
: radius of curvature of the oil contractile skin or the radius of the transfer tube
The ‘theoretical air entry value’, as well as, the measurement techniques for measuring its value,
assume that ‘flow of free air’ is ‘physically permissible’ through a capillary tube; if there is no free
air, or when there is no space for the free air to enter, ‘flow of free air’ is not permissible.
Even a high air entry filter does not prevent ‘diffusion’ of air into the piezometer fluid. Preferential
solubility of different ‘gas molecules’ of air in water shows the diffused air will not be in the form
of ‘air bubbles’ (that is free air as in a liquid-gas mixture) but is in the form of “gas in solution”.
Findings of Krzyzanowski and Wislicki (1973) and Konishi et al. (1990) confirm that the total gas
in solution is a summation of independent solution of each gas in the liquid, which their
proportionality changes with pressure, temperature, viscosity, liquid type, and gas type
(Krzyzanowski and Wislicki 1973; Staeck 1987). Therefore, one may argue that air bubbles
observed in suction devices used for measuring pore pressures in unsaturated soils came from
micro-flow of ‘free air’, water (that has diffused gas), and water vapor in flexible measuring
systems. There is also a possibility that the gas in solution may be released (because of agitation or
increase in temperature) and coalesce into ‘gas bubbles’. This air accumulates behind the filter and
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introduces an error in the measured pore-water pressures (Bishop and Donald 1961). In a ‘flexible’
pore-pressure measuring system, large volumes of fluid transfer are required to transfer pressures
and this can cause ‘agitation’, as well as, ‘free air’ and ‘dissolved air’ flow. Therefore, it is
concluded that in a flexible piezometer, regardless of the air entry value of the filter, the filter only
delays air entrapment within the piezometer. Further, when air bubbles are trapped in the
measuring system, the filter prevents their release into the soil and the bubbles should be released
by other means such as flushing techniques (Fredlund and Rahardjo 1993).
In current geotechnical engineering practice, a high air entry filter is generally used to increase the
range of negative pore-pressures that can be measured by a flexible or a more rigid piezometer.
Regardless of the air entry value of the filter, a lower limit of -90 kPa applies when attempting to
measure the pore-water pressure in unsaturated soils directly, limited by cavitation of water.
Fredlund and Rahardjo (1993) reported a value of -101 kPa as the lower limit when they used high
air entry filters. This limitation of direct control or measurement of pore-water pressure is
commonly overcome by applying an axis-translation to the specimen as described by Hilf (1956).
By applying a positive pore-pressure, water is forced not to cavitate, hence a continuous water
phase (and less compressible) transfers the pressures to the sensing element (transducer). General
consensus is that axis translation does not alter the mechanics of the multi-phase soil. However, in
reality, when negative pore-pressures are applied to the water phase, volumetric ratio of gas to
liquid in the pore space of soil is increased, hence, hydraulic conductivity of the soil for liquid
flow is decreased. These processes further shift the predicted from the measured values of
quantities that depend on hydraulic conductivity (for example discharge of the liquids through an
unsaturated porous media, amount of frost heave, and pore-water pressure response measured by a
flexible piezometer). Later, Guan and Fredlund (1997) used cyclic pre-pressurization up to 12,000
kPa to dissolve potential cavitation nuclei in the water in a suction probe to increase the
sustainable tension of the water. They reported that their suction probe was able to measure matric
suction up to 1250 kPa with satisfactory accuracy. They still used a 100 kPa ceramic disk for their
suction probe. They also reported that their previous methods of measuring suction in unsaturated
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soils gave lower or higher measured pore-pressures than those measured by their new suction
probe. Further, they reported that equalization time for the suction probe was smaller than other
methods and was in the order of 1 to 18 hours, whereas other methods required 5 hours to 7 days.
The difference between the measured pressure values, as well as, the required equalization time of
the various methods compared in Guan and Fredlund (1997) indicates that the reported measured
values indeed reflect the response of the measuring instrument itself to the applied pressures as
compared to the actual pore-pressures. Further, according to Toker et al. (2004) the capacity of
these new-generation of tensiometers (Guan and Fredlund 1997; Ridley and Burland 1993) is still
limited by the air entry pressure of their porous stone, but not the vapour pressure of water. They
still would need to collect and flush the entrapped air bubbles out of the system. High air entry
disks with a maximum air entry value of 1500 kPa are available (Fredlund and Rahardjo 1993). It
is concluded that in the new generation of tensiometers, a more rigid system is used owing to preconditioned water and use of a smaller volume system. This leads to a faster response time and
more accurate measurements. However, this temporal rigidity is lost by air entrapment. Similar to
flexible piezometers, the filter only delays air entrapment in these measuring systems.
If piezometer fluid does not freely flow out of the piezometer under gravity or applied loads, and
is not replaced with free air, there will not be a need for a filter to measure pore-water pressure
accurately. As long as, the piezometer fluid is in intimate contact with the pore-water and porepressure is transmitted to the transducer only through the fluid in the measuring system. Using a
rigid piezometer fluid, rigid parts, and a rigid transducer helps to achieve this goal. In addition,
removal of the filter adds to the simplicity of the piezometer. Having fewer parts to malfunction or
alter the quantity being measured makes the piezometer more reliable. Moreover, the porous
membranes (filters or high air entry disks) used for piezometers generally have finer pores than the
soil; they have lower hydraulic conductivity, as well as, can produce sharper meniscus curvatures
between the piezometer fluid and the pore fluids; both of these differences can delay and alter
pore-pressure response of the measuring device thus impacting the measured pore-pressure
response.
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2.3

Measuring pore-pressures in partially frozen soils

In this section, first it is discussed that continuity of unfrozen water is required for continuity of
stresses within the continuum, for fluid flow within the porous media, and for hydraulic
connection between fluid phases in the multi-phase media and in the measuring system for
correctly measuring pore-pressures.
In addition, practical and experimental significance of conducting experiments on soils at
subfreezing temperatures close to 0 o C and at low confining pressures are outlined. Then,
shortcomings of the current methods for measuring pore-water pressures in partially frozen soils
are summarized. In conclusion, the critical requirements for developing a rigid miniature
piezometer for measuring pore-water pressures in partially frozen soils are presented.

2.3.1

Significance of continuity of unfrozen water phase

Continuity of phases is mathematically required for continuity of the stress tensor across the
boundary and within the body of the porous media (De Buhan and Dormieux 1996). For example,
the expressions for the static equilibrium state of an infinitesimal element of the material assumes
continuity in stresses (Fung 1977). Further, if the phases are not continuous, they do not meet the
definition of a continuum and the stress in one phase is dependent on that of the other phase(s).
Moreover, continuity is required to ensure fluid flows under head and thermal gradients. Further,
the ‘continuity equations’ of water flow are used together with ‘force equilibrium equations’ to
establish constitutive equations for the porous media (for consolidation) and are valid only if the
continuity of the unfrozen water holds.
In addition, continuity and hydraulic connection of fluid phases in the soil and in the measuring
system is necessary to measure pore-pressures properly. The issues with existence of a continuous
or discontinuous air phase between the fluid phases in the soil and in the measuring system were
previously discussed.
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The amount of unfrozen water in a soil at subzero temperatures is strongly related to the fines
content of the soil and to the geometry of the pore space, whereas the continuity of the water films
mainly depends on the distribution of the fines that fill the pore space between the coarser soil
particles (Konrad 1999). Continuous unfrozen water exists at the ice to soil interface (Anderson
and Morgenstern 1973; Jellinek 1967) and at the grain boundaries in the ice (Barnes et al. 1971b),
even at very low temperatures. However, the thickness of the water film should be enough to
allow water to flow. Figure 2-3 shows the relationship between unfrozen water content, soil type,
salinity, and thickness of the water film in soils at sub-zero temperatures. Experimental data by
Yong (1965) show the unfrozen water content is also related to the initial water content (Figure
2-3.c) but this effect is less for silt compared to clay. It is expected this effect would be even less
for sand.
Continuity of the pore-water phase can be confirmed through using continuity of electrical
conductivity or by independently changing applied pore-water pressure and observing the
measured pore-water pressure within the soil. Electrical confirmation may be considered superior
because of the response delays in pore-pressure. However, electrical conductivity indeed confirms
ion conductivity within the water film, not the flow of water. Further, the electrical resistance
depends on the thickness of water film, salinity, and temperature. It is recommended that response
in pore-pressure in response to independently applied backpressures be used to monitor the
continuity of the water phase and water flow in a frozen soil.

2.3.2

Significance of experiments at subfreezing temperatures close to 0 o C
and at low confining pressures

The practical needs for conducting experiments on soils at subfreezing temperatures close to 0oC
and at low confining pressures were discussed in Chapter 1.
From an experimental point of view, conducting experiments at subfreezing temperatures close to
0oC ensures sufficient unfrozen water exists in the partially frozen soil to satisfy the continuity of
the water phase. Moreover, conducting experiments at low pressures assures pressure melting has
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a minimal impact on the measured pore-water pressures. Therefore, these two conditions not only
are of prime practical importance in frozen ground engineering but also provide favorable
experiment conditions for reliably measuring pore-water pressures in partially frozen soils.

2.3.3

Previous research on measuring pore-water pressure in soils at

subfreezing temperatures
Measurement of pore-water pressures in freezing, thawing, and to some extent in frozen soils has
been the subject of interest from the beginning of modern research in these fields (Arenson and
Springman 2005b; Beskow 1935; Chamberlain 1981; Czurda and Schababerle 1988; Eigenbrod et
al. 1996; Fukuda 1982; Fukuda 1983; Henry 1990; Ingersoll and Berg 1981; Knutsson et al. 1985;
Konrad 1989; Konrad and Morgenstern 1981; McKim et al. 1976; McRoberts and Morgenstern
1975; Miyata et al. 1994; Nishimura et al. 1994; Nixon and Morgenstern 1974; Ogawa et al. 1991;
Penner 1957; Penner 1958; Ruckli 1950; Rydén 1985; Taber 1929; Williams 1966; Yanagisawa
and Yao 1985).
In all of the literature on laboratory measurement of pore-pressures in freezing and thawing soils
to date, except for the work by Eigenbrod et al. (1996), the pore-water pressures were measured
not at the advancing freezing or thawing fronts or within the frozen soil, but at the base or top of
the soil samples at a stationary front. Eigenbrod et al. (1996) used porous plastic filter rings at the
perimeter of the sample, 4 mm spacing along the height of the sample, and used a 50% alcohol
solution to transfer pressures to transducers, which were attached to the filters. They measured
pore-pressures between +44 kPa to -22 kPa. The soil used in their study was a clayey silt with
LL=30%, PL=16%, 90% passing sieve # 200, and clay size fraction = 18.5%. The cooling plate
(at -2oC) in their experiments was at the bottom and the warming plate (0.8oC to 1.0oC) was at the
top of the sample. They used a sample that was 70 mm high and 46 mm in diameter. It is
perceived that the clayey silt used in their experiment at subfreezing temperatures close to 0oC
would have had a large amount of unfrozen water. The shortcomings of the work by Eigenbrod et
al. (1996) are that they did not provide data on the unfrozen water content or confirmation of the
44

continuity of the water phase in their experiments. Further, they used an antifreeze (alcohol) in
contact with partially frozen soil to measure pore-water pressures. It is perceived that using
antifreeze may alter the freezing and pore-ice content of the partially soil and hence altering the
quantity being measured.
Experiments on measuring pore-water pressures in soils at subfreezing temperatures close to 0oC
is of special practical importance in stability assessment of soil masses in permafrost regions. Use
of pore-water pressures brings the advantages of using effective stresses and effective stress
material properties. For the first time, Arenson and his co-researchers (Arenson 2002; Arenson
and Springman 2005b; Arenson et al. 2004) attempted to measure pore-water pressures in natural
permafrost samples in a triaxial cell. Nater et al. (2008) then used their results in an effective stress
analysis for slope stability assessments in Alpine permafrost soils. They reported high air contents
in their natural permafrost samples. They used the term ‘effective shear strength properties’ as the
required geotechnical parameters and adopted triaxial data published by Arenson et al. (2004) and
Arenson and Springman (2005a; 2005b). In these experiments, Arenson (2002) used 2.9 mm thick
brass filters (pore diameters of 0.8 mm) to assure drainage from the top and bottom platens in the
triaxial cell. He used PVC pore-water tubes to transfer pressures to two (electrical) pore-pressure
transducers that were kept at room temperatures. Further, he used antifreeze as the fluid in the
measuring system. He argued “the pores within a frozen soil sample contain air and unfrozen
water, which do not have to be interconnected. Therefore, only total stresses can be measured.
However, the pore system, such as transducers, tubes and platens, are filled with antifreeze, and
therefore air pressures acting at the top and the bottom of the sample can be measured during a
test”.
In the majority of the literature reporting on pore-water pressure measurements in freezing,
thawing, and frozen soils, the measuring system used in unfrozen soft soils were used with frozen
soils, without any modifications. In some cases, the only modification was limited to replacing the
piezometer fluid with alcohol or glycol, both of which alter the freezing of water and hence the
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quantity being measured. In all cases, a filter or ceramic disk was used and little or no attention
was given to the essential ‘rigidity’ and ‘continuity’ requirements as discussed in the current work.
It was generally assumed that when the ceramic disk or filter is initially saturated before the
experiment, the hydraulic connection between the piezometer fluid and the pore-water is
established. This cannot be guaranteed in a soil at subfreezing temperatures. Further, all of the
previous devices used for measuring pore-water pressure in freezing, thawing, and frozen soils
have large sizes which are not suitable for measuring pore-water pressure distribution across
freezing or thawing fringes at fine intervals. Moreover, at their best, the previous works have used
electrical transducers, which require significant volume transfer to correctly measure porepressures and can be affected by electromagnetic interferences. Correct and accurate
measurements are the prerequisite for correctly understanding the physics of freezing, thawing,
and frozen soils, measuring material properties and stress gradients, and developing more efficient
design procedures. Hence, highly controlled boundary conditions (leak free and constant
temperature environment) and rigid small-size measuring systems are required to properly
measure pore-pressures in soils at subfreezing temperatures in the laboratory.

2.4

Need for a miniature piezometer for measuring pore-water
pressures in partially frozen soils

Based on the background and earlier discussions, small size piezometers are required to measure
pore-water pressures in partially soil to satisfy:
1.

The rigidity requirements
•

Low volume measuring instrument

•

Low volume expansion and contraction

•

Low volume transfer to accurately measure pressures

•

Low volume ratio between fluid in the piezometer and specimen
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•

Low volume ratio between the volume of oil required to transfer the pressures
and the water available as unfrozen pore-water

2.

•

Low disturbance in the thermal, flow, and stress fields in the specimen

•

Prevent piezometer fluid from being replaced by air when not using a filter

The need for measuring pore-pressure distribution at small intervals within the freezing
or thawing fringes, which are 1mm to maximum 20 mm thick. To better understand the
phenomenon occurring within these fringes, as well as, to measure stresses and material
properties required for future modeling

3.

The need for measuring pore-water pressure distribution within specimens (not only at
their top or bottom) under various loading, thermal, and drainage conditions to evaluate
constitutive and strength behavior of partially frozen soils in terms of effective stresses

4.

The need for accurate measurements in the laboratory testing on specimen sizes normally
used in geotechnical laboratories

2.5

Design of the filter-less rigid piezometer (FRP)

The review and discussions presented in previous sections led to the design of a Filter-less Rigid
Piezometer (FRP) presented here and subsequent testing of FRPs presented in Chapter 3. The
patent for this method of measuring pore-pressures is pending.
In FRPs, the interface of the piezometer fluid with the pore-water is within the soil (not at or
within a filter), using a droplet injected into the soil through the tip of the FRP. The volume of the
droplet is slightly greater than 4 times the volume that is required to transfer the pressures. The
droplet also provides an oil cap for the tip of the PEEKSilTM tube which prevents flow of free air
into FRP. The oil-saturated soil around the tip of the FRP can be regarded as a filter for the FRP;
the filter of the measuring device would have the same pore-size, hydraulic conductivity, and
deformation characteristics as the soil itself.
Implementation of the theories and technical requirements for measuring pore-water pressure in
partially frozen soils is presented here as a Filter-less Rigid Piezometer. In the following,
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advantages of miniature fiber-optic pressure sensors and mineral oil for use in FRP are outlined.
Then, the design and fabrication of the FRPs are provided.

2.5.1

Miniature fiber-optic pressure sensors

Fiber-optic pressure sensors (FOP sensors) of various size have been used in many engineering
and medical applications owing to their intrinsic insensitivity to electromagnetic interferences
(EMI), electric passivity, corrosion resistance, and long-term reliability, which give them unique
benefits over capacitive or piezo-resistive sensors (Pinet et al. 2007). FISO Technologies Inc. has
developed a variety of miniature FOP sensors by using white-light cross-correlator (Belleville and
Duplain 1995) to measure the absolute cavity length of FISO's Fabry-Perot fiber-optic gauges. The
length of the Fabry-Perot cavity changes with pressure with a sensitivity of ~2 nm/kPa (Pinet et al.
2007). The diameter of the sensing tip of the transducers is 515
transfer of approximately 416

/

. This requires only a volume

to transfer the pressures. This method (Belleville and

Duplain 1995) provides high accuracy and reliable measurements. Each fiber-optic gauge comes
with a 7-digit ID number which allows the signal conditioners to recognize the type and
calibration of the gage. No additional tuning or calibration is required (FISO 2010). FISO
developed silicon-based FOP-MIV pressure sensor originally for medical applications. Two
models of FOP-MIV sensor are available; BA and PK models. The shield of the fiber optic wire is
sealed to the Fabry-Perot tip in the PK model; hence, this model is favored to build a leak-free
piezometer. Figure 2-4 illustrates the schematic of fiber-optic sensor model FOP-MIV-PK used in
this research and the principle of white-light Fabry-Pérot interferometry technology developed by
FISO Technologies Inc. Table 2-1 lists specifications of this sensor and Table 2-2 summarizes the
specifications of the UMI8 unit used for data logging the FOPs.

2.5.2

Mineral oil in FRPs

McKim et al. (1976) compared several piezometer fluids for use in a 200 mm diameter
tensiometer for measuring pore-water pressures in soils at subfreezing temperatures in remote
areas. They reported that a negligible change in calibration is associated with interfacial effects of
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a non-water internal fluid and pore-water. The calibration results presented in Chapter 3 agrees
with their finding. Owing to their specific design, McKim et al. (1976) encountered problems with
de-airing silicone oil and chose to use glycol (an antifreeze liquid) as the piezometer fluid.
In the current study, mineral oil was chosen primarily because it does not freeze at temperatures
down to -30oC, does not affect the freezing temperature of water, is not toxic, and does not change
the chemistry of pore-water for the purpose of this research (for example as compared to alcohol
or glycol). In addition, mineral oil improves the reliability of the measurements as a ‘hydraulic
fluid’ owing to its high lubricating, low total compressibility, and fast air release properties
compared to water. Table 2-3 lists some ‘thermodynamic properties’ of mineral oil and water as
pure substances. The term ‘mineral oil’ is a generic term. The values marked with an asterisk (*)
do not reflect the exact value of the property of the specific mineral oil that was used in this
research (white mineral oil with Chemical Abstracts Service Registry Number 8042-47-5). They
are reported for comparison only. The mineral oil used in this research was provided by Fisher
Scientific and their manufacturer did not have the requested thermodynamic properties. Some
physical and chemical properties of mineral oils are summarized by Godfrey and Herguth (1995).
The advantages of considering piezometer fluid as a hydraulic fluid were discussed earlier. Oils
have long been the preferred ‘hydraulic fluid’ in hydraulic machinery owing to ‘low total
compressibility’, ‘fast air release’, ‘low air entrainment’, ‘high lubricating properties’, ‘low
freezing temperature’, and ‘low chemical reaction with container walls’.
Total compressibility as a summation of primary, secondary, and tertiary compressibilities was
discussed earlier. In a study comparing flow of air bubbles in water and two lightweight mineral
oils, Shollenberger et al. (2002) reported that average volumetric fraction of air bubbles in water
were approximately 1.5 times that of air entrained in the light mineral oils at slow gas flow rates
(approximately 10% air bubble in mineral oils as compared to about 15% air bubbles in water, on
average). Davidson and Amick (1956) also compared air entrainment in water and in mineral oils
and reported the volumes of ‘static bubbles’ were proportional to the surface tension and were
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independent of the gas-flow rate at slow rates. The surface tension of water is about twice that of
mineral oil (Table 2-3) and therefore it is expected to have approximately twice the volume of
static air bubbles in water compared to mineral oil.
Approximately, 6% to 12% volumetric air can dissolve in mineral oil compared to 2% in water
(Table 2-3). Owing to higher ‘solubility’ of air in mineral oil, the air in solution has a higher
tendency to ‘stay in solution’ under agitation and thermal fluctuations when the volume of air is
lower than the air saturation of the liquid.
Yamaguchi (1980a) compared the delay time to initiate cavitation (the time required for gas to
come out of solution and appear as air bubbles that can be seen by the naked eye) in hydraulic
fluids for stepwise reduction in pressure. He generated air bubbles using the ‘shearing method’
described by Yamaguchi (1980b) and found the delay time for water-glycol is approximately 10
times more than that of paraffinic mineral oil. The paraffinic oil had 8.8% dissolved air compared
to only 2.2% dissolved air in water-glycol. The delay time for tap water with 2.5% dissolved air
was 5 to 8 times more than that of paraffinic oil. The cavitation delay time is the time required for
gas to come out of solution and create a bubble, ‘if it must come out of solution to reach a more
stable state’, and affects the ‘response time’ when measuring pore-pressures during an unloading
step. The mineral oil responds approximately 10 times faster than water-glycol in reaching stable
pressure during unloading when secondary compression exists. This makes it more favorable as a
piezometer fluid for measuring pore-pressures in partially frozen soils.
Even though the surface tension of mineral oil is about half of that of water, hence provides a
lower air entry value as compared to water based on Kelvin’s equation, and even though its
primary bulk modulus is in the range of 60% to 90% of that of water (Table 2-3), it is still a
superior ‘piezometer fluid’ compared to water as it improves rigidity and response time of FRPs:
1.

It has approximately half the ‘air entrainment’ of water, hence has lower secondary and
tertiary compressibility. Secondary and tertiary compressibility can increase the
compressibility by 2 and 4 orders of magnitude, respectively.
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2.

It has lower vapor pressure (15 to 25 times less than that of water), hence can sustain
higher negative pressures without cavitation.

3.

Unlike water that requires pre-treatment (such as removal of impurities or pressurizing),
untreated mineral oils can sustain large tensile stresses (Holl 1970; Nakai and Okino
1976; Washio et al. 1999; Washio et al. 2008). In one study, Nakai and Okino (1976)
measured tensile stress in 10 untreated mineral oils used in journal bearings and reported
tensile stresses up to -578 kPa.

4.

It has 10 times faster air release and hence faster response time to reach equalization,
when the air needs to come out of solution to reach a new thermodynamic equilibrium.

5.

It has higher viscosity and thus is less prone to flow away from the tip of the FRP during
micro-flow of fluids required to reach pressure equilibrium.

6.

It provides a more rigid fluid to transfer the pressures in the measuring system, both in
tension and compression, owing to its very low vapor pressure and high air solubility (3
to 6 times that of water).

7.

It has high air solubility, hence, in ‘nearly saturated soils where the amount of entrained
air is small’, all of the entrained air would dissolve in the mineral oil (especially under
backpressure) and no free air remains to contribute to the added secondary or tertiary
compressibility. Further, if the amount of the dissolved air is less than the air saturation
level of the mineral oil, the air has a tendency to stay in solution rather than ‘coming out
and going back into solution’ repeatedly with small fluctuations in pressure.

8.

It has faster air release, hence, in ‘unsaturated soils where the amount of entrained air is
high’, if the air needs to come out of the oil so that the solution reaches a more stable
thermodynamic state, it occurs approximately 10 times faster. This leads to faster
response time. A droplet of oil provides a cap on the tip of the FRP, therefore, the
interface of the piezometer fluid with the pore fluid is within the soil, not in the
piezometer. Together with the rigid design of the FRP, this oil cap makes the flow of free
air into the FRP physically impermissible. Futher, FRPs do not use a filter, therefore, the
air released from solution will not be trapped inside the piezometer as entrained air.
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9.

It has high lubricating properties and hence less resistance in transferring pressures in
PEEKSilTM tube.

Mineral oils may have ‘trace’ solubility in water depending on their chemical formula. For the
purpose of this research, it is assumed that heavy mineral oil is not soluble in water. A detailed
investigation comparing compressibility and optimization of hydraulic fluids for use as
‘piezometer fluid’ is beyond the scope of this research and remains for future research.

2.5.3

Assembling of the filter-less rigid piezometer (FRP)

Guidelines by Wissa (1969) and Magorien (1980) were presented earlier and are used in the
design of FRPs. The FRP presented here uses a fiber optic pressure sensor, mineral oil as the
piezometer fluid, a PeekSilTM tube, and low volume connectors to maximize the rigidity of the
piezometer. A droplet of oil is created on the tip of the PeekSilTM tube that is within the soil to
provide intimate contact between the oil in FRP and unfrozen pore-water in the soil at subfreezing
temperatures. The schematic of a FRP is shown in Figure 2-5. Forming uni-size droplets of high
viscosity mineral oil on the tip of PeekSilTM tubes ensures uniformity and continuity of fluid in the
FRP. The droplet also provides an oil cap for the tip of the PEEKSilTM tube which prevents flow
of free air into the FRP. The volume of the droplet is about 4 times the volume required to transfer
the pressures, which itself is a very small volume. The uni-size droplets are created by first
applying a pressure to the oil between the two valves of FRP and then releasing the pressure into
the soil specimen. Recommended droplet generating pressure is 200-300 kPa more than the
maximum pressure the specimen would be tested at. This procedure should be repeated 4 times to
ensure a proper volume of the droplet is available in the oil cap. The volume of the droplet also
can be controlled by setting a constant flow rate on the syringe pump and injecting oil into the soil
specimen for a controlled amount of time.
The design of FRP allows the sensing element (fiber-optic sensor) to be protected outside the
testing cell and therefore the size of the probe that goes into the specimen is controlled only by the
size of the selected PeekSilTM tube. The PeekSilTM tubes are high-quality tubes used for gas
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chromatography. They provide a smooth internal surface (small resistance for oil flow), high
rupture strength (several MPa), flexibility, chemically inertness, low thermal conductivity, and
low thermal expansion coefficients. Two insulation boxes encapsulate the piezometers to
minimize the effects of the ambient temperature fluctuations on the pore-pressure measurements.
This design has the following advantages:
•

Mineral oil used in the piezometer does not alter the freezing or thawing temperature of
the soil and does not change phase at sub-zero temperatures down to -30oC.

•

Mineral oil provides a more rigid hydraulic fluid compared to water.

•

The small diameter PeekSilTM tubes (made from silica) impose minimal thermal and
mechanical disturbance to the thermal and stress fields within the specimens.

•

Minimal fluid volume transfer is required to transfer the pressures. It provides a rigid
system with rapid response and reliable measurement of pore-pressure when little
unfrozen water is available to transfer the pressures and hydraulic conductivity of the soil
is low.

•

The PeekSilTM tubes can withstand high pressures without closing or undergoing
excessive change in diameter.

•

The cantilevered PeekSilTM tubes are structurally flexible to follow soil deformations
without closing up.

•

The end tip of the PEEKSilTM tube in the soil is surrounded by an uni-size droplet of oil
to convey pore-pressures via intimate contact between piezometer fluid and unfrozen
pore-water.

•

The internal diameter of the PeekSilTM tubes used in this research is 0.07 mm and can be
selected in the range of 0.025 mm to 0.3 mm. FRP is a “filter-less” piezometer used for
measuring pore-pressures in soils at subfreezing temperatures.

•

The electrical and magnetic noises are avoided by using fiber-optic sensors.
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•

Fiber-optic sensors provide rapid response and require low fluid volume transfer to
measure water pressure fluctuations. The pressure sensitivity of fiber-optic sensors is
2 nm/kPa (Pinet et al. 2007).

PEEKsil™ is polymer-sheathed fused silica tubing, developed by SGE Analytical Science Pty Ltd
(SGE 2007), and is available in outside diameters of 1.59 mm, 0.79 mm, and 0.36mm. The
sheathing polymer is PolyEther Ether Ketone (PEEK) that is mechanically strong. PEEKsil™ is
used in applications where solvents must be pumped under high or low pressures with little flow
resistance or possibility of contamination. Other uses of PEEKSilTM tubes are in LC connecting
lines, sample loops, and sample lines. The small size of the PEEKSilTM tubes allows measurement
of pore-water pressures at fine intervals, especially when studying ice lens formation in freezing
soils. Table 2-4 lists some advantages of PEEKSilTM tubing. Table 2-5 lists the parts used for
fabricating one FRP. It should be noted that one syringe pump and one data logger also will be
required to operate a set of FRPs.

2.6

Comparison of the pore-water pressure measurements using
FRP and ordinary piezometers

Applicability of FRPs for measuring positive and negative pore-water pressures in a soil was
confirmed via measuring pore-water pressures generated during shearing of a contractive and a
dilative soil in triaxial testing, as well as, via measuring suction in an unsaturated soil.

2.6.1

Triaxial testing (comparison with electrical pressuremeter)

Three FRPs were installed within loose and dense sand specimens through the base of a triaxial
testing apparatus (Figure 2-6). The specimens were sheared under undrained condition and the
pore-water pressure response within the specimen and at its base were measured. Figure 2-7 shows
photos of the two specimens after the tests. Figure 2-8 shows that the pore-water pressure response
measured using FRPs (within and at the base of the specimens) coincide with the measured values
using an electrical piezometer at the base of the specimens, in both positive and negative pore54

water pressures. For the dense sand specimen, Skempton pore-pressure parameters were = 0.96,
f

= -0.16, and

2.6.2

f

= -0.15.

Suction in an unsaturated soil (comparison with tensiometer)

FRPs were used for measuring negative pore-water pressures in an unsaturated fine sand
specimen. Grain size distribution of the sand used in this research is shown in Figure 2-9. A
tensiometer model UMS T5-18 was used as the reference device. Figure 2-10 shows the
tensiometer and datalogger used in this experiment. Suction was induced using a vacuum pump.
The test results are shown in Figure 2-11. It is observed that the FRP and tensiometer give close
results (difference less than 1 kPa) and show the same trend. More experiments using different
soils and methods of inducing suction remain for future research.

2.7

Summary and conclusions

Lessons learned from measuring pore-water pressures in unfrozen soils and cemented soils, as
well as, theory and technical requirements for measuring pore-water pressures in partially frozen
soils were discussed. The concluding remarks of these discussions were then used to guide the
design of a Filter-less Rigid Piezometer (FRP) presented in this chapter and subsequent testing of
the FRPs and interpretation of the test results in the next chapter.
A flexible piezometer softens the pore fluid phase and hence alters the pressure being measured.
Furthermore, in partially frozen soils where a small volume of unfrozen pore-water is available to
transfer the pressures, rigid piezometers are required to accurately measure the pore-pressures.
Further insights into the governing role of tertiary compressibility of total compressibility of pore
fluids were presented which were not considered in the previous soil mechanics literature. These
considerations aid interpretation of the measured pore-pressures, as well as, guide the selection of
piezometer fluid. Moreover, piezometer fluid was regarded as a “hydraulic fluid” and lessons
learned from machinery hydraulics were adapted for the design of the FRPs.
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The roles of filters in piezometers and conditions where a filter is not required, or should not be
used, were discussed. The use of filter can delay and alter the pore-pressure response of the
measuring device, reduce reliability, add to flexibility, and risk loss of hydraulic connection
between the piezometer fluid and the pore fluid in soils at subfreezing temperatures. In FRPs, the
interface of the piezometer fluid with pore-water is pushed into the soil, without having a filter in
between, using a droplet injected into the soil through the tip of the FRP.
Continuity requirements of unfrozen water for continuity of stresses in continuum, fluid flow and
constitutive equations, as well as, hydraulic connection between fluid phases in the soil and in the
measuring system were reviewed. Further, practical and experimental significance of conducting
experiments at subfreezing temperatures close to 0 o C and at low confining pressures were
outlined.
The shortcomings of the current methods for measuring pore-water pressure in soils at subfreezing
temperatures were summarized and the critical needs for developing a miniature piezometer for
measuring pore-water pressure distribution in partially frozen soils were outlined. These
measurements will be used to better understand the behavior of these soils as they freeze and thaw
and when they are subjected to external loads. They also will be used to measure hydraulic
conductivity and effective stress resistance and deformation material properties for future
modeling.
The fundamental concepts discussed in this chapter enhance understanding and methods of
measuring pore-pressures in multi-phase porous media.
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2.8

Tables

Table 2-1. Specifications of FOP-MIV pressure sensor - Range R3 (FISO 2005)
Pressure range

−40 kPa to 1 MPa

Resolution

0.34 kPa

Accuracy

0.1%

Sensitivity thermal effect

0.15% /°C

Zero thermal effect

0.4 kPa /°C

Proof pressure

3 MPa

Operating temperature

−40°C to 50°C

Connector type

SC connector (other available)

EM/RF/MW susceptibility

Total immunity

Table 2-2. Specifications of UMI8 (FISO 2006)
Sampling rate

20 Hz

Switching time

150 ms

Averaging

1 to 500 samples

Precision

0.025% of full scale

Resolution

0.01% of full scale

Operating temperature

-20°C to 40°C

Communication

RS-232; USB

EM/RF/MW susceptibility

Total immunity

Table 2-3. Thermodynamic properties of mineral oil and water
Property
Heavy Mineral Oil
Water
Density (g/cc) @ 25oC
0.8508 ± 0.0050
998.2 kg/m3

Kinematic viscosity (cSt) @
40oC
Air solubility (volumetric
fraction)

(Hamida 2006)
34.5

(Hamida 2006)
0.658

CO2: 0.841 @ 24-25oC

CO2: 0.759 @ 25oC
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Table 2-3. Thermodynamic properties of mineral oil and water
O2: 0.0283 - 0.0290 @ 25oC
O2: 0.134 @ 24oC

Surface tension (mN/m) @
25oC
Vapor pressure @ 57oC
Vapor pressure @ 1oC

N2:0.071 @ 22-22.5oC

N2: 0.0143 – 0.0150 @ 25oC

(Kubie 1927) *

(Seidell 1919)

6%-12% air (Blume
1976)*

2% air (Blume 1976)

8%-9% air (Godfrey and
Herguth 1995)
34.3 ± 0.7
(Hamida 2006)
n-Decane (C10H22): 1.3 kPa
(Wilhoit et al. 1971) *
n-Decane (C10H22): 0.025
kPa

71.0 ± 1.4
(Hamida 2006)
17.3 kPa (Wilhoit et al.
1971)
0.66 kPa
(Wilhoit et al. 1971)

extrapolated using Antonie
constants given by Wilhoit
et al. (1971) *
Tensile strength

For an untreated mineral oil:
up to 578 kPa (Nakai and
Okino 1976)

Untreated water 40-90 kPa
Theoretical value: 50 MPa
(Ridley 2003)
Measured values:
25 MPa (static) (Briggs
1950)
1 MPa (dynamic)
(Sedgewick and Trevena
1976)

Bulk modulus of elasticity
@ atmospheric pressure

[Isothermal bulk modulus of
liquids is less than
adiabatic (isentropic) bulk
modulus (Hayward 1965)]

(Adiabatic) 1.69 - 1.88
GPa @ 17.9oC for VG 46
mineral oil (Washio et al.
1994) *
(Adiabatic) 1.57 – 1.83
GPA at 40oC for 4
paraffinic mineral oils
(Mia and Ohno 2009)*
(Isothermal) ~ 1.38 GPa @
37.8oC for paraffinic
mineral oil (Klaus and
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13 MPa (dynamic)
(Williams et al. 2005)
(Isothermal) 2.15 GPa @
16oC (Liu 2003)
(Isothermal) 2.2 GPa @
24oC (Bahadori and
Vuthaluru 2009)
(Isothermal) 2.17 GPa @
25oC (Domenico and Mifflin
1965)

Table 2-3. Thermodynamic properties of mineral oil and water
O'Brien 1964)*
Isothermal bulk modulus of 1.64 GPa
2.18 GPa
elasticity @ atmospheric
pressure and 20oC
Based on estimation method
given by Hayward (1970)
(±5% accuracy)

Table 2-4. Advantages of PEEKSilTM tubing (SGE 2007)
Robust Tubing

Pressure rated to 6000 and 10000 psi

Smooth Wall Surface

Exceptionally smooth surface, free of
imperfections, which ensures excellent flow
characteristics. Stainless steel, in contrast, has a
very rough and pitted inner wall surface
Far less likely to block compared to steel tubing

Solvent Compatibility

Effective pH range of 0-10, except for
hydrofluoric acid

Inertness

Extremely low absorption

Precision of inside Diameter

± 1 micron to ± 5 micron

Inside diameter (I.D.)

25µm (± 1 micron) to 300µm (± 5 micron)

Ease of Connection

PEEKsil™ is inherently straight, but is very
flexible (can be coiled), which makes
connection between columns, detectors and
injectors easier than with more rigid stainless
steel tubing

Thermal conductivity

1.38 Wm-1 K-1

Table 2-5. List of parts used for fabricating one FRP
Part/Model
Fiber-Optic Pressure sensor
Model FOP-MIV-PK, range
R3

Quantity

FISO Technologies, Inc.

1

http://www.fiso.com

PEEKSilTM Tube
O.D.: 1.59 mm, I.D.: 0.07 mm,

Manufacturer

SGE Analytical Science Pty, Ltd

1

http://www.sge.com

10 cm long
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Table 2-5. List of parts used for fabricating one FRP
Part/Model
O-ring for Fiber Optic cable,
1/16 in.
NTP brass union tee
1/16 in.
NTP brass valve
B-42F2, 1/8 in., 2500 psi
NTP brass Zero Volume
Reducing Union, 1/8 x 1/16 in.
Steel tube, 1/8 in. O.D.,
5 cm long
Brass tube, 1/16 in. O.D.,
1.5 cm long

2.9

Quantity

Manufacturer

2

1

2
Swagelok
http://www.swagelok.com

6

1

2

Figures

Figure 2-1. Schematic illustration of gradual transition in porous material from soils to rocks
(Lade and De Boer 1997)
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Figure 2-2. Pressure-temperature diagram of a pure substance (Sage and Sage 2000)
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(a) Unfrozen water content for
various soils at temperatures
below 0°C (Williams 1988)

(b) Thickness of unfrozen water film versus
temperature for three representative clays
(Anderson and Morgenstern 1973;
Nersesova and Tsytovich 1963)

(c) Unfrozen water content in clay
and silt at different initial water
contents (Yong 1965)

(d) Unfrozen water contents of fine uniform
sand (soil A)
at various degrees of salinity- TDR
technique (Hivon and Sego 1995)

Figure 2-3. Unfrozen water in soils at subzero temperatures
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(a) Schematic of Fiber-optic sensor Model FOP-MIV-PK (FISO 2005)

(b) Schematic of Fabry-Pérot cavity and
flexible diaphragm (Cibula et al. 2009)

(c) Scanning Electron Microscope (SEM) photo of a
typical fiber-optic sensor with a sensitivity of
~550 nm/bar (Cibula et al. 2009)

(d) Principle of operation of white-light Fabry-Pérot (F-P) interferometry technology (Pinet et al. 2007)
Figure 2-4. Schematic of fiber-optic sensor and principle of white-light Fabry-Pérot
interferometry technology
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Figure 2-5. Schematic of a Filter-less Rigid Piezometer (FRP)-patent pending- cross section of
PEEkSilTM tube is taken from SGE (2007)

Figure 2-6. Feeding the tips of three FRPs into the specimen through the base of a triaxial
apparatus
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a-

Bulging of the loose sand specimen

b-

Development of visible shear plane in the
dense sand specimen

Figure 2-7. Photos of the loose and dense sand specimens after undrained experiments
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500

Measured cell pressure when
a constant cell pressure was
applied using syring pump
(FRP-5)

400

Pressure, kPa

Measured PWP at 3 cm within
the specimen (FRP-1)

300
Measured PWP at 2 cm within
the specimen (FRP-2)

Gs=2.6
γd = 13.6 kN/m3
ω = 31.6 %
e = 0.88
n = 46.7%
S = 93.8%
Strain rate = 0.125 mm/min

200

100

Measured PWP at 1 cm within
the specimen (FRP-6)

Measured PWP at the base of
the specimen (FRP-3)

0
0

2

4

6

8

10

12

14

Axial strain, %

Measured PWP at the base of
the specimen (electrical
piezometer)

(a) Loose sand. The measurements coincide within ± 2 kPa difference.

1000

Measured cell pressure when a
constant cell pressure was
applied using syring pump (FRP5)
Measured PWP at 3 cm within
the specimen (FRP-1)

Pressure, kPa

800
Gs=2.6
γd = 15.1 kN/m3
ω= 25.4%
e = 0.69
n = 41.1%
S = 94.8%
Strain rate= 0.25 mm/min

600
400

Measured PWP at 2 cm within
the specimen (FRP-2)

200

Measured PWP at 1 cm within
the specimen (FRP-6)

0

Measured PWP at the base of
the specimen (FRP-3)

-200
0

2

4

6

8

10

12

14

Axial strain, %

16

18

Measured PWP at the base of
the specimen (electrical
piezometer)

(b) Dense sand. The measurements coincide within ± 2 kPa difference.

Figure 2-8. Measured pore-water pressure response in loose and dense sand under undrained
condition using FRPs and electrical piezometer
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Figure 2-9. Grain size distribution of sand used in this research

Figure 2-10. Tensiometer model UMS T5-18 and Infield7 datalogger
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(a) Pore-water pressure as a function of moisture content in loose fine sand
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Applied vacuum at the base of the specimen, kPa (vacuum pump)

Measured pore-water pressure
using FRP, kPa

(b) Measured suction in loose fine sand as a function of the applied vacuum at the base
2
1

y = 0.975x + 0.4976
R² = 0.9998
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-4
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Measured pore-water pressure using tensiometer, kPa
(c) Relationship between measured suction using Tensiometer and FRP

Figure 2-11. Pore-water pressure within a loose fine sand in response to applied vacuum at the
base of the specimen
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3. Filter-less rigid piezometer for measuring porewater pressures in partially frozen soils

3.1

Introduction

Measuring pore-water pressures in soils at subfreezing temperatures close to 0oC is a major
challenge due to phase change and uncertainties regarding continuity of liquid pore-water in these
soils. Knowing how these pressures develop in a partially frozen soil will enhance our
understanding of their behavior under applied loads, as well as, the behavior of soils during
freezing and thawing. The theory and technical requirements for measuring pore-water pressure
distribution in partially frozen soils and the design of the Filter-less Rigid Piezometer (FRP) for
conducting these measurements in the laboratory are presented in Chapter 2. This chapter presents
the testing of the FRP and testing equipments.
First, the testing equipment, specimen preparation procedure, and the calibration method are
described. Then, effects of air-entrainment and de-saturation, pore-fluid temperature, and ambient
temperature fluctuations on the interpretation of the measured pore-water pressures are studied.
This is followed by examples of pore-water pressure response within a partially frozen soil at
temperatures close to 0oC and at low applied pressures within the range of interest for geotechnical
engineering. Validity of the measurements and continuity of the unfrozen water phase are verified
by applying different backpressures independent from the applied total pressures and measuring
the pore-water pressure responses within the specimens. The partially frozen soil specimens in this
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study are laboratory prepared saline sand specimens with degree of saturation above 98%.
Extending the use of FRPs to other soil types and saturation levels and the study of the pore-water
pressure response and stress transfer mechanism in partially frozen soils is beyond the scope of
this research and remains for future research.

3.2

Materials and methods

3.2.1

Testing equipment

A modified Qiu and Sego cell (MQS cell) was used to calibrate the FR Piezometers and for
measurements of pore-water pressures in both partially frozen and unfrozen specimens. The
original Qiu and Sego cell is a large strain consolidation apparatus developed for research on mine
tailings (Qiu and Sego 2001). The internal diameter of the cell is 10.16 cm and the specimen
height can be up to 28 cm. The modifications consisted of using double O-rings to seal the
specimen area from the air chamber at the perimeter of the loading piston; addition of the top drain
for saturating the specimen, applying backpressures, and water intake and expulsion flow
measurements using a syringe pump; mounting 8 RTDs and 5 FRPs through the cell wall; and
improving thermal control and loading conditions. A paper-filter and a cloth-filter (to provide
reinforcement for the filter paper) on top of the specimen prevent soil from moving into the top
drain during consolidation and testing. The top porous stone is removed from the original design
to allow for ease of saturating the specimen and thermal boundary control. Schematic of the MQS
cell is illustrated in Figure 3-1.
Total stresses are applied to the specimen by changing the air pressure in the air chamber (Figure
3-1) and are controlled using two mechanical air pressure regulators. The use of two regulators
provides enhanced control on the feed of air pressure from the compressor (less fluctuation). The
backpressure is controlled using an ISCO pump model 500D (Teledyne Isco Inc. 2010). Table 3-1
summarizes specifications of this pump. Fluorescein dye is added to the pore-water used for
specimen preparation and in the backpressure line to indicate if the water changes phase during
testing. Use of Fluorescein dye as an indicator of phase change of pore-water in soils was first
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described by Arenson and Sego (2006). The backpressure water is maintained at +0.5±0.1oC using
a separate temperature controlled bath.
A coil was placed around the cell wall and connected in series with the coolant line flowing to the
bottom and top plates and this line was connected to a temperature controlled bath to maintain the
specimen at the desired temperature during the experiments. The MQS cell and the instruments
were all encapsulated in an insulated box to improve ambient temperature control. Krahn and
Fredlund (1972) described a method for maintaining thermal fluctuations in the range of
±0.001oC. Thermal control in the range of ±0.01oC meets the current test program requirements.

3.2.2

Specimen preparation

Figure 3-2 shows the grain size distribution of the sand used in this research. It is the same
material used as Soil A by Hivon and Sego (1995). Its physical, mechanical, and unfrozen water
content as a function of salinity and temperatures were reported by Hivon and Sego (1995). Its
grain size distribution is comparable to marine sands in the Beaufort Sea and similar to the sand
reported on by Sego et al. (1982) and Sego and Chernenko (1984). Sand is an elastic material and
is simple to work with, unlike clay and silt (due to their plastic behavior, ice lens formation, and
ice structure). Further, sand-size particles are present in various mine tailings and their engineering
behavior under conditions studied in this research is of practical significance for many engineering
activities.
Saturated sand (boiled) was placed into the MQS cell using the fluviation technique. The saline
pore-water was prepared by controlling the mass of NaCl (accuracy ±0.1 gram) and the volume of
the de-aired distilled water (accuracy ± 50 ml) used for specimen preparation. The salinities are
further controlled using a portable refractometer (Fisher Scientific. 2001). The accuracy of the
refractometer used in this research is ± 1 ppt. De-aired distilled water was added (accuracy ± 0.1
ml) to compensate for water evaporated during boiling, whenever necessary, to maintain salinity at
the desired level. To prepare a frozen saline sand specimen at desired temperature a rapid freezing
and subsequent warming procedure was used which is described later in this section. As a routine
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procedure in this study, the measuring system is calibrated at the beginning of each test and then
the unfrozen specimen is consolidated to a desired level of effective stress before freezing the
specimen. The measuring system is also calibrated at the end of each test for quality control
purposes.

3.2.3

Calibration of the measuring system to account for the testing
equipment compliance

Factory calibrations of FOP sensors are examined using an Omega portable pressure calibrator
with built-in pressure pump model DPI 603 (OMEGA 2007). The accuracy of this calibrator is
± 0.75 kPa. An insulated box is used to minimize thermal effects. FOPs are zeroed to atmosphere
before checking the factory calibrations.
The MQS cell is used to calibrate the FRPs and also for conducting pore-pressure measurements
in the specimens. For calibration of the FRPs, the water level in the cell is kept above the sand
specimen (FRPs are calibrated after the specimen is placed in the cell). FRPs are calibrated in
loading and unloading by changing pressure in the air chamber. The whole system is thus
calibrated which accounts for the testing equipment compliance, specimen preparation, and other
boundary conditions. The system is calibrated twice: once with the top drain closed (case 1: rigid),
and once with the top drain open (case 2). In case (2), the syringe pump is connected to the top
drain and pressure is measured while it maintains a zero flow rate into the cell. In this case, the
syringe pump is calibrated together with the rest of the instruments in the testing equipment, thus,
accounting for the accumulated system imperfections. Further, the delivered backpressure on the
specimen applied via the syringe pump is also calibrated using the same FOP that measures
pressure in the air chamber by connecting that FOP to the bottom of the MQS cell. As all of the
FRPs and the syringe pump are calibrated against ‘air chamber pressure’, all pressures are
measured using the air chamber pressure as the reference.
The calibration of the FRPs, as well as, the response of the FRPs to independent change of total
pressure (air chamber pressure) and backpressure are checked before and after each test to
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evaluate the quality of the measurements and tightness of the system to water and air. Ambient
temperature is also closely monitored and controlled. Further, clogging of the PEEKSilTM tubes is
evaluated by checking the flow of internal oil in the tubes before and after each test.

3.2.4

Air entry value of FRPs

Generally, Kelvin's equation (Thomson 1871) is used to calculate a theoretical air entry value for
piezometers with filters (Dunnicliff and Green 1993; Fredlund and Rahardjo 1993). A new
approach was used in this research to assess the air entry value of the FRPs based on the concept
of ‘permissibility of air entry’ provided in Chapter 2. An FRP was connected to an air chamber
such that the tip of the PEEKSilTM tube was held upward and an oil droplet was generated on the
tip of the FRP before applying 1 MPa air pressure. This pressure was maintained for two hours
with 5 cycles of lowering pressure to approximately 200 kPa and then raising it to 1 MPa. Then,
the FRP was connected to the bottom of a cylinder full of water and the oil was injected from the
FRP into the water by applying oil pressure to the FRP through valve 2 (Figure 3-3). While the
injected oil was rising to the surface of the water it was visually examined (with naked eye) for
release of air bubbles.

3.2.5

Effects of air-entrainment and desaturation on the calibration of

FRPs
First, FRPs were calibrated using only de-aired water in the MQS cylinder. Then a 1.5 cm air cap
was placed between the water and the loading piston and the FRPs were calibrated again. The
same experiment was conducted using hydraulic oil at temperatures above and below 0oC.
Further, to evaluate the effects of desaturation on the measured pore-water pressures, a saturated
sand specimen was placed in the cell and the FRPs responses were measured. First, a 1.5 cm
‘water cap’ was placed above the sand and a calibration was carried out. Then, the specimen was
de-saturated by draining water from the specimen and then re-flooding the specimen with water.
Volumetric air to water ratio was 0.23 after de-saturation. Volumetric change in the water content
was measured by measuring the difference between volumes of the drained water and the water
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required to fill the pore space in sand at the same effective stress level (80 kPa). Again, a 1.5 cm
‘water cap’ was placed above the desaturated sand and a calibration was carried out. The data
logging was conducted using 5 second intervals to allow time for manual application of pressure
in the air chamber. Effects of desaturation on ‘pressure response’ and ‘pressure equalization time’
of the specimen in both loading and unloading were studied using FRPs

3.2.6

Effects of pore-fluid temperature on the calibration of FRPs

There were concerns that the amount of the load transferred to the specimen is affected by the cell
(or pore-fluid) temperature and that the calibration at a temperature above 0oC might not be
applicable for experiments at temperatures below 0oC. To quantitatively investigate the effects of
cell temperature, as well as, to be able to calibrate at subzero temperatures, a glycol-water mix was
used in the MQS cell.
In the first set of the experiments, only glycol-water mix was placed in the MQS cell and the
response of the FRPs to ‘applied air chamber pressures’ (transferred to glycol-water through
loading piston) were measured at various positive and negative temperatures. In the second set of
the experiments, sand saturated with glycol-water was placed in the MQS cell and preconsolidated to 300 kPa, then it was unloaded at a predefined set of total and backpressures. This
time responses of FRPs to ‘applied backpressures’ were measured at various positive and negative
temperatures. The total pressure (air chamber pressure) was accordingly changed to maintain a
constant effective stress and minimize piston displacements.

3.2.7

Effects of ambient temperature fluctuations on measured pressures

To measure pore-pressures accurately where a limited amount of water is available to transfer
pore-pressures, the piezometer system needs to be as rigid as possible (Chapter 2). However,
rigidity of the measuring system makes it sensitive to thermal fluctuations. Thermally induced
volume fluctuations may cause pressure fluctuations throughout the measuring system and
specimen. To quantify these thermal effects on the measurements, the measuring system was
subjected to thermal fluctuations and its response was recorded. Two setups were used for this
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purpose: an open system and a closed system. In the open system, FRP-4 was open to the MQS
cell (valve 1 was open and valve 2 was closed, Figure 3-3). The temperature of the saturated sand
specimen in the MQS cell was maintained above 0oC and there was a water cap above the sand. A
constant pressure was applied in the air chamber. In the closed system, both valves of FRP-3 were
closed. This simulates the extreme condition when no unfrozen water exists in the specimen and
there is no (micro) flow. Both open and closed systems were subjected to the same thermal
fluctuations and responses of the FRPs were measured.

3.2.8

Rapid freezing and subsequent warming of the specimens

To produce a frozen saline sand specimen at subzero temperatures, the specimen is first rapidly
frozen using a constant flow of liquid nitrogen through the bottom cooling plate of the MQS cell
and venting it to the air (at this stage the coil surrounding the cell is not connected to the coolant
line). The temperature at the top of the specimen (19 cm to 21 cm high) drops to below -14oC
within five hours of cooling with nitrogen. The time required to freeze the specimen depends on
the flow of nitrogen, specimen height, salinity, initial temperature of the specimen, and insulation
of the cell. The minimum temperature measured within the specimen was about -57oC. Rapid
freezing using temperatures down to -180oC was used in the initial trials; however, it was modified
to avoid damages to the FRPs and minimize temperature extremes. The procedure rapidly freezes
the saline sand in an upward freezing direction. To enhance freezing, the cell was insulated and the
specimen was first cooled to +2oC prior to opening the flow of nitrogen. Uni-directional rapid
upward freezing prevents salt rejection and non-uniform salinity distribution within the prepared
specimen (Hivon and Sego 1995). After the specimen is frozen, it is warmed uniformly to -10oC
and then to the desired test temperature, always from colder to warmer temperatures. During the
warming phase, a backpressure using saline water is applied to the top drain of the cell. The
backpressure line is kept unfrozen using a separate temperature controlled glycol bath. For
checking whether the backpressure line at the top of the specimen is open (not frozen or otherwise
clogged), a 10 ml/min flow is applied to the backpressure line using the syringe pump. When the
backpressure line is open, water flows into the cell (and loading piston moves upwards) without
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building up more than about 5 kPa in excess of the applied total pressure (air chamber pressure).
After this observation, the syringe pump is set to maintain a constant backpressure. This control is
performed several times during the warming phase to ensure the specimen can intake or reject
water. An example of desaturation of a specimen during the warming phase and gradual change of
pore-pressures from a negative value to the applied backpressure is presented in the results and
discussion sections.

3.2.9

Continuity of pore-water and validity of the measured pore-pressures
in partially frozen saline sand specimens

Continuity of water phase in partially frozen soil specimens is checked by applying backpressures
independent of the applied total pressure and measuring the corresponding pore-water pressure
response. The water phase is considered continuous if the measured pore-water pressures reflect
the applied backpressures. Continuity of water phase cannot always be guaranteed in a soil at
subfreezing temperatures even at temperatures close to 0oC. An example is demonstrated in which
the specimen was originally saturated; however, desaturation and discontinuity of water phase was
induced during warming the specimen from about -30oC to -3.90oC. The pore-water pressure
response of this specimen during saturation, when it was connected to a backpressure for
continuity test, is presented later.

3.2.10 Pore-water pressure response of a partially frozen saline sand
specimen to undrained loading
An unfrozen saline sand specimen containing 30±1 ppt NaCl in the pore fluid and consolidated at
70 kPa effective stress was first rapidly frozen using liquid nitrogen (upward freezing) and then
warmed to -2.07 ± 0.04 °C, while given access to water (backpressure of 50 kPa). Then pore-water
pressures were measured within the specimen while it was subjected to five loading and unloading
cycles in undrained conditions (top drain of the MQS cell was closed).
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3.2.11 Effect of lateral load transfer to the cell wall on the measured B-bars
in the MQS cell
It is speculated that due to the shear resistance between the specimen and the inside surface of the
wall of the MQS cell, the transferred total stress to the base of the specimen would be less than the
applied total stress at the top, and hence, the calculated B-bar would be less than the actual value.
A total pressure cell was placed at the base of the MQS cell at the bottom of the specimen to
measure transferred total pressure to the base. The voltage output of the load cell was calibrated
using the applied air chamber pressure while the MQS cell was filled with deaired water.
A saline sand specimen (30±1 ppt), 11.1 cm in height and 10.2 cm in diameter, was prepared
according to the method previously described in this research. Pore-water pressure response and
transferred total stress to the base of the specimen were measured before freezing the specimen at
+6.7oC, at three temperatures below 0oC (-4.6oC, -3.4oC, and -2.2oC ), and again in thawed
specimen at +5.0oC. During warming of the partially frozen specimens to the experiment
temperatures no access to water was provided.
Using simplifying assumptions, one can quantify the magnitude of the difference between the
actual and measured B-bar:
: Actual (corrected) pore-pressure parameter of the specimen
: Apparent (without correction) pore-pressure parameter of the specimen
∆

: Change in total stress at the top of the specimen

∆

: Change in total stress at the bottom of the specimen

∆

: Change in total stress at distance x downward from the top of the specimen
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∆

: Change in pore-water pressure at distance x from the top of the specimen at infinitesimal

time t after applying the change of total stress to the top of the specimen (before equalization of
the pore-water pressures)
∆

: Change in pore-water pressure within the specimen after equalization

H: Height of the specimen
∆

=

∆

.∆
∆

=

If ∆

(3-1)
. dx
dx

=∆

.

(3-2)

is potentially uniformly reduced along the height of the specimen to ∆

and

is uniform

within the specimen:

∆

=∆

∆

=

−
∆

−∆
∆

−

−

∆

=

∆

∆

−∆

∆

=

(3-3)
.x

−∆

(3-4)
. x . dx

dx
=

∆

.x

+∆
2

=∆

∆

−

∆

−∆

. x . dx =

∆
(

+∆
2

(3-5)

)

.

(3-6)

2 .∆
∆ +∆

Hence the value of

(3-7)
depends on the value of the ratio of ∆
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/∆

. If ∆

=0, then

=2 .

3.3

Results

3.3.1

Calibration of the measuring system

FOPs, FRPs, and the syringe pump were calibrated according to the methods described earlier.
Figure 3-4 shows the calibration of a FOP sensor model FOP-MIV-PK. The calibration curves for
FRP-3 and syringe pump are shown in Figure 3-5 and Figure 3-6. The correlation coefficients are
close to unity and show slightly better correlation when the top drain is closed. The delivered
backpressure on the specimen applied by the syringe pump was also calibrated and the calibration
curve is shown in Figure 3-7.

3.3.2

Air entry value of FRPs

The experiment for determining air entry value of FRPs showed that air pressure up to 1 MPa did
not induce visually detectable ‘air bubble’ in the oil in the FRP.

3.3.3

Effects of air-entrainment and desaturation on the calibration of

FRPs
To investigate the effects of air-entrainment on the measured pore-pressures, calibration of FRPs
when the MQS cell is filled with either de-aired water or hydraulic oil were compared with the
cases when an air cap is placed over the water or the hydraulic oil (Figure 3-8 to Figure 3-10).
Further, effects of specimen desaturation on ‘pressure response’ and ‘pressure equalization time’
of the specimen were studied using FRPs and the procedure described earlier. The measured
pressures using FRP-3 are shown in Figure 3-11 to Figure 3-13 for the saturated case and in Figure
3-14 to Figure 3-16 for the unsaturated case. The influence of specimen desaturation on calibration
curves of the FRPs is shown in Figure 3-17.

3.3.4

Effects of pore-fluid temperature on the calibration of FRPs

Response of FRPs to the ‘applied total pressure’ (first set of experiments) and to the ‘applied
backpressures’ (second set of experiments) were measured at various cell (pore-fluid)
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temperatures. The results of the first and the second set of the experiments are shown in
Figure 3-18 and Figure 3-19, respectively.

3.3.5

Effects of ambient temperature fluctuations on measured pressures

Figure 3-20 shows the FRP responses to thermal fluctuations in open and closed measuring
systems. It shows that for ±0.23oC fluctuation in ambient temperature, pressure measured in closed
system fluctuated ± 95 kPa whereas it fluctuated only ± 4 kPa in the open system.

3.3.6

Continuity of pore-water and validity of the measured pore-pressures
in partially frozen saline sand specimens

Figure 3-21 shows pore-water pressure response in a “nearly saturated” partially frozen
overconsolidated saline sand specimen (estimated degree of saturation

= 98% ± 2%)

subjected to change in the applied backpressure while the total stress was kept constant. The
continuity of pore-water pressures in the specimen at -1.62oC is shown in Figure 3-21.a. Figure
3-21.b shows that the pore-water pressures measured 10 minutes after application of each loading
step coincide with the applied backpressures on the specimen.
Continuity of the water phase cannot always be guaranteed in a partially frozen soil even at
subfreezing temperatures close to 0oC. Figure 3-22 shows an example of pore-water pressure
response of an unsaturated saline sand specimen at -3.90oC when it was connected to the
backpressure for continuity test. The response of FRPs shown in Figure 3-22 reflects the measured
pore-water pressures during gradual saturation of the specimen after it was connected to the
backpressure port.

3.3.7

Pore-water pressure response within a partially frozen saline sand
specimen to undrained loading

Figure 3-23 shows an example of the pore-water pressure response of partially frozen saline sand
subjected to five undrained loading and unloading cycles. Based on Figure 3-23.b,

for this

specimen is 0.35 during the first loading cycle and 0.34 during the first unloading cycle.
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3.3.8

Effect of lateral load transfer to the cell wall on the measured B-bars
in the MQS cell

Figure 3-24 shows the calibration of total pressure cell. The transferred total and effective stresses
to the base of the specimen in the partially frozen and unfrozen states are shown in Figure 3-25.
Pore-water pressures in response to the applied total stresses to the partially frozen specimen at
-2.2oC are shown in Figure 3-26.

3.4

Discussion

3.4.1

Role of filters, air entry value, and rigidity of the piezometers

Commonly, Kelvin's equation is used to calculate a theoretical air entry value for ordinary
piezometers (piezometers with filters). In this case, for

= 34.3 mN/m and

2.0 kPa is calculated for FRPs. With water (surface tension

=0.035 mm, Uc =

= 0.075 N/m) the ‘theoretical air

entry value’ is Uc = 4.3 kPa. However, the experiment conducted in the current chapter showed
that even air pressures up to 1 MPa did not create visual air bubbles in the FRPs.
The ‘theoretical air entry value’, as well as, the measurement techniques used for measuring its
value (Fredlund and Rahardjo 1993), assume that ‘flow of free air’ is ‘physically permissible’
through a capillary tube; if there is no free air, or when there is no space for the free air to enter,
this kind of flow (flow of free air) is not permissible. Owing to the rigidity of the FRPs and the
geometry of the oil droplet at the tip of the FRP, ‘flow of free air’ into the FRP is not physically
permissible. Only a very small volume transfer (416

/

) is required to transmit pressures

to the fiber optic pressure sensors in the FRPs (Chapter 2) (Kia et al. 2011).
The amount of air going into or coming out of the piezometer fluid (which could be water, oil,
alcohol, or any other hydraulic fluid) is time dependent. Depending on the engineering application,
this time dependency may be ignored or taken into consideration (Fredlund and Rahardjo 1993).
FOPs can be read at time intervals as fast as once per 0.01 second and are factory calibrated to
negative pressures of -40 kPa. The FRPs, as used in the MQS cell, have an equalization time in the
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range of 1 second to 10 minutes in saturated and unsaturated sands (Figure 3-12 to Figure 3-16)
compared to 1 hour to 7 days (Guan and Fredlund 1997) for piezometers and suction probes that
use high air entry ceramics.
The filter can be eliminated if oil does not flow out of PEEkSoil tube under gravity (which is
achieved through its adhesion, higher viscosity of mineral oil as compared to water, and upward
direction of the tip of the FRP) or under the applied loads (which is achieved through the rigid
design of the piezometer). The oil-saturated soil around the tip of the PEEKSilTM tube can be
regarded as a filter for the FRP; the filter of the measuring device would have the same pore-size,
hydraulic conductivity, and deformation characteristics as the soil itself. In this case, even if some
soil enter the PEEKSilTM tube, continuity of liquid phases is maintained provided a proper
diameter of PEEKSilTM tube is selected either by using a diameter that is smaller than the smallest
particle in the soil, or large enough to ensure continuity of the liquid phase around a particle in the
PEEKSilTM tube.
It is difficult to maintain a ‘saturated specimen’ under high air pressure over an extended test time.
When a high air pressure is sustained in an air chamber for a prolonged period of time, eventually
some air leaks or diffuses into the specimen due to imperfect equipment, workmanship, and
procedures. This can be monitored by watching for any deviation in calibration curves before and
after each experiment, increase in the response time of the FRPs to independent changes of
backpressures, and showing equalization patterns that are characteristic of unsaturated specimens.
This is discussed later. Further, air diffusion into the specimen can be minimized by shortening the
experiment duration and duration with high air pressures in the air chamber, increasing the number
of O-rings that seal around the loading piston, or completely replace the pneumatic loading system
with a hydraulic loading system. It is also suggested to use hard metal alloys instead of Perspex as
the material for the cell wall to minimize the chance of the wall getting scratched by the sand
particles.
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3.4.2

Calibration of the measuring system

Figure 3-4 shows the calibration of one of the FOP sensors model FOP-MIV-PK used to monitor
the air chamber pressures. The curve shows a linear correlation and both the correlation factor and
the slope of the line are close to unity. The intercept of the curve is less than the accuracy of the
FOP sensor. The factory calibration and accuracy of the FOP sensors were thus confirmed.
The FRP calibrations all show linear response to the applied loads. The calibration curves for
FRP-3 and the syringe pump are shown in Figure 3-5 and Figure 3-6. The correlation coefficients
were close to unity and show slightly better correlation coefficients in case (1) as compared to case
(2), owing to the rigidity of the system when the syringe pump is not connected to the cell (top
drain is closed). FRPs measure a higher pore-pressure during an unloading step compared to a
loading step. The difference in loading and unloading curves is discussed later and is attributed to
the effects of the loading piston interface with the pore-water and tensile strength of the porewater. The calibration shown in Figure 3-6 is for the pressure measured using the syringe pump in
response to an applied pressure in the air chamber under condition of ‘zero flow’. This is useful
especially during freezing and thawing experiments, when a water supply at a constant
backpressure is applied. The calibration of the syringe pump shown in Figure 3-7 shows the
delivered pressure to the specimen when a specific pressure is applied on the syringe pump and is
useful for measuring the pore-water pressure response to an independent change of applied
backpressure.

3.4.3

Effects of air-entrainment and desaturation on the calibration of

FRPs
Calibration and pore-pressure response of FRPs when the cell is filled with either de-aired water
or hydraulic oil are compared with the cases when an air cap is placed over water or hydraulic oil
in Figure 3-8 to Figure 3-10. These observations aid interpretation of the measured data,
recognition of patterns of pore-pressure response when the specimen desaturates, and evaluation
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of thermal effects on the results from the test program described in this research. By comparing
Figure 3-8 to Figure 3-10 it is observed that:
1.

In both de-aired water and hydraulic oil, the loading curves are above Y = X whereas the
unloading curves tend to be below Y = X. This means for the same applied pressure in
the air chamber, the FRPs measure a slightly smaller value in loading and slightly higher
value in unloading. One may associate this to the frictional forces developed at the
interface between the inside of the PEEKSilTM tube and the internal mineral oil during
micro flow of mineral oil when transferring pressures to FOP. In unloading, the pressures
are delayed, therefore, it takes time for pressure to release and FRPs show a slightly
higher pressure. This is further discussed later and it is concluded that it is associated to
interfacial effects between the loading piston and the fluid in the cell. No matter the
reason for this observed behavior, the calibration of FRPs converts the measured value to
the applied air chamber pressure when all measurements are conducted using the same
equalization time.

2.

In both de-aired water and hydraulic oil, placing an air cap between the loading piston
and the liquid in the cell (changing the interface between the loading piston and the liquid
in the cell with air) results in a calibration curve that coincides with Y = X line, for both
loading and unloading at both positive and negative temperatures.

3.

In loading, the calibration curve is almost parallel to Y = X, whereas in unloading it
deviates from Y=X. However, when an air cap is present between the loading piston and
the liquid in the cell, both loading and unloading curves are parallel to (coincide with)
Y = X.

4.

Decreasing temperature of the hydraulic oil from +6.89oC to -2.98oC increased the
differences between loading and unloading curves (Figure 3-9 and Figure 3-10). When
loading, the colder temperature shifted the calibration curve to the left by 28 kPa, on
average. However, the graph remained almost parallel to Y= X in loading. This shows
colder temperatures do not change the slope of the calibration curve appreciably, during
loading. One may attribute this shift to higher friction between the mineral oil and the
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internal wall of the PEEKSilTM tube at colder temperatures. When unloading, the effect of
the colder temperature was that the angle of the unloading curve increased compared to
the Y=X line. One may attribute this behavior to the increase in viscosity (due to cooling)
and resistance of mineral oil to flow out of the PEEKSilTM tubes. However, adding an air
cap between the piston and the oil resulted in the data corresponding to Y = X line.
Further, this deviation is observed ‘only in unloading’. Therefore, this behavior is
attributed to the lower vapor pressure and higher tensile strength of colder “hydraulic oil”
which results in higher adhesion to the loading piston (i.e. higher interface effect).
5.

The unloading curve when the cell is filled with hydraulic oil is to the right of the curve
for when the cell is filled with de-aired water and has a higher slope. Following the same
argument, this behavior is attributed to lower vapor pressure of the hydraulic oil and
shows a higher loading piston-liquid interface effect.

These observations (effects of an air interface between the loading piston and the liquid in the cell)
explain the effects of desaturation of sand on the calibrations curves shown in Figure 3-17. It can
be observed that for the unsaturated case, both loading and unloading curves moved towards the
Y = X line, and became almost parallel to Y = X. This is similar to when an air cap was placed
between the loading piston and de-aired water or hydraulic oil. Loading and unloading curves are
still slightly to the left and right of the Y = X, respectively. The volumetric air to water ratio in the
specimen was 0.23 after desaturation and a water cap (which also may contained air) was between
the piston and the specimen.
Further, comparison of the measured pore-pressure response and the trend of equalization of the
pore-pressures in a saturated sand specimen (Figure 3-11 to Figure 3-13) with that in an
unsaturated sand specimen (Figure 3-14 to Figure 3-16) shows that:
1.

In saturated sand, after the application of each ‘loading step’, the measured pore-water
pressure first increases quickly and then gradually till it reaches the equilibrium state,
whereas, for unsaturated sand, after the first increases, the measured pressure gradually
decreases till it reaches the equilibrium state.
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2.

In saturated sand, after the application of each ‘unloading step’, the measured pore-water
pressure rapidly decreases, becoming more gradual as it nears the equilibrium state,
whereas, in unsaturated sand, after the first decrease, the measured pressure gradually
increases until it reaches the equilibrium state.

3.

The required time to reach pore-water pressure equalization in the unsaturated sand is
longer than in saturated sand. Based on the equalization times shown in Figure 3-14 to
Figure 3-16, allowing 10 min for equalization before recording the data provides
sufficient time for equalization even when the specimen is unsaturated. It should be noted
that this is the response time of the ‘specimen’ within the testing system to reach its
equilibrium of pressures. The response time of the FOPs is only 0.01 second.

Even though the process of replacing dissolved and entrained air in water with water vapor (by
boiling water) theoretically reduces the air content of the pore fluid in the soil to 0%, however, due
to small cavities on the surface of the loading piston and trapped air under the piston, some air
may still be present. Further, during the process of water expulsion and cell shrinkage during
freezing and subsequent water intake and cell expansion during thawing, the specimen may
become unsaturated because of impeded water intake due to low permeability of soil at
subfreezing temperatures and the imperfect sealing of the connections. Imperfect sealing of
connections allows air to leak or diffuse into the specimen especially when a relative vacuum is
created in the specimen due to the warming induced expansions. The amount of air leaking or
diffusing through a seal depends to the type of seal, pressure gradient, and time. The amount of air
entering the specimen due to these imperfections is usually low and is assumed to go into solution
under the applied backpressures in this research.

3.4.4

Effects of pore-fluid temperature on the calibration of FRPs

Using Figure 3-18 and Figure 3-19 it is observed that:
1.

Decrease of cell temperature (pore-liquid temperature) does not affect the FRP response
to the ‘applied backpressures’ whereas it shifts the calibration curve to the left, in both
glycol-water and hydraulic oil, when pressures are transferred to the liquid by the loading
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piston (i.e. ‘applied air chamber pressure’). It is concluded that this effects is associated
with the medium transferring the pressures to the liquid in the cell, i.e. the loading piston.
2.

The rate by which the slope of the calibration lines changes with cell temperature is
negligible and ranges from -0.002 to 0.006, based on Figure 3-18.a. It is also observed
that the coldest and warmest data points when using glycol-water mix are off the fitted
line. It is perceived that these two data points are affected by tiny amounts of air coming
out of solution as these two measurements were conducted after 48 and 64 hours of
allowance for thermal equalization, whereas the other data points were measured after 24
hours allowance for thermal equalization between data measurements. Insufficient data
were available for hydraulic oil to reach similar conclusions and the trend shown by
hydraulic oil may indeed reflect air coming out of solution, or show a fluid-dependence.
The very low correlation coefficient is an indicator that the slope of the correlation lines
is not influenced by the cell temperature. It is concluded that when the objective of the
measurement is to measure change in pore-water pressure (Δu) to change in total pressure
(Δ ), for example when estimating b-bar, the cell temperature do not have a significant
effect on the results as only the ‘slopes’ of the calibration lines are used.

3.

The rates by which the intercept of the calibration lines changes with cell temperature is
in the range of -3.65 kPa/oC to -3.75 kPa/oC, for glycol-water and hydraulic oil,
respectively. It also shows the same trend for both glycol-water and hydraulic oil (Figure
3-18.b). One may conclude that the influence is a result of the friction between the
loading piston and the cell wall. However, previous observations showed that placing an
air cap between the liquid in the cell and the loading piston diminished the effects of cell
temperature. One may also conclude that the air may create an independent phase in the
pore space of liquid molecules and transfer pressures to the sensing element. However,
based on the background theory discussed in Chapter 2, existence of an independent air
phase requires it to exist as a “continuous entrapped air phase” having air pressure
independent of water pressure, not as “air in solution”.
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3.4.5

Effects of the system compliance on the measured pore-pressures

Effects of compliance of the testing equipment on the measured pore-water pressures in the
laboratory have been studied by several authors and some attempted to calculate corrections for
the measured pore-water pressures (Gibson 1963; Haeri and Shakeri 2010; Martin et al. 1978;
Tokimatsu 1990; Wissa 1969). In the current research, the calibration procedure accounts for the
accumulated system imperfections (including flexibility, frictions, and response time) all through
the calibration factors. The whole system (FR Piezometers as installed in the MQS cell) is thus
calibrated. Further, time lag associated with measuring system is minimized in FRPs owing to
their ‘simplicity’ and ‘rigid design’. Simplicity of instruments maximizes reliability of the
measurements based on the guidelines given by Dunnicliff and Green (1993).
The observed cell temperature effects, desaturation effects, and delayed unloading response are all
influenced by the interface of the loading piston with the pore-liquid. Figure 3-27 illustrates how
water is lifted from its free surface due to its tensile strength and adhesion to steel. The same
phenomenon occurs during an unloading scenario. Tensile strength of liquids is closely related to
cavitation pressure (vapor pressure) and the fluid-container interface characteristics (Ridley 2003).
The mechanism of cavitation and the generation of tension in liquids have been reviewed
elsewhere (Arakeri 1979; Sun et al. 2008; Trevena 1984; Washio et al. 2008). A reduction in
temperature causes vapor pressure to decrease; hence, tensile strength of the liquid and its
adhesion to the loading piston is increased. The delayed separation of the liquid from the piston,
delays pressure equalization in the sand specimen. FRPs with their fast response time measure the
real time change in the pore-fluid pressures.
No matter the reason for the observed behavior being caused by desaturation or the delayed
unloading response, the calibration of FRPs converts the measured value to the applied air
chamber pressure when all measurements are conducted using the same equalization time in the
MQS cell. It was decided to allow 10 minutes for pressure equalization in specimens for the
current test program. It is further concluded that when the objective of the measurement is to
measure change in pore-water pressure (Δu) to change in total pressure (Δ ), for example when
estimating B-bar, the cell temperature does not affect the results because only the ‘slopes’ of the
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correlated response lines are considered. Further investigation on the effects of the system
compliance on the measured pore-water pressures is beyond the scope of this research and remains
for future research.

3.4.6

Effects of ambient temperature fluctuations on the measured

pressures
Figure 3-20 shows the thermally induced fluctuations on the response of the FRPs. For ±0.23oC
fluctuation in ambient temperature FRP-3 fluctuated ± 95 kPa (both valves of FRP-3 were closed)
whereas FRP-4 fluctuated only ± 4 kPa (FRP-4 was open to the cell). Based on these observations,
if the thermal fluctuations are maintained below ±0.01oC (which is also the accuracy level of
RTDs for temperature measurement), the fluctuations in measured pressures will be less than ± 5
kPa in the extreme case of no flow (closed system) and less than ± 0.2 kPa (theoretically) with free
flow or access to water. Considering the ‘simplicity’ of the FRPs, it is concluded that at
temperatures close to 0oC where greater amounts of unfrozen water exists and unfrozen water can
flow in partially frozen soil, the accuracy of FRPs is the same as FOP sensors. The accuracy of
FOP sensors is ± 1 kPa. It should be also noted that FOP sensors are thermally compensated.

3.4.7

Continuity of pore-water and validity of the measured pore-pressures
in partially frozen saline sand specimens

Ice-poor soils will de-saturate during warming and partial thaw, because during phase change the
water occupies 90% of its volume in the frozen state. This can result in negative pore-water
pressures. If backpressure with liquid water is not maintained (for example due to ice-blockage of
the top drain in MQS cell) or delayed (low hydraulic conductivity of frozen soil) for prolonged
periods, then air may enter the specimen. An example of this suction and pore-pressure transition
from negative to positive with gradual saturation during application of backpressures is shown in
Figure 3-22 for a partially frozen saline sand specimen (30±1 ppt salinity). In an attempt to
minimize the possible micro-cracking of the specimen due to change in effective stress, both
backpressure and total stress are changed (almost equal amount) during each loading and
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unloading steps in the experiment shown in Figure 3-22. It is seen that FRP-4 measures a negative
pore-pressure about -100 kPa (which is also the cavitation pressure of water) and then by
saturation, owing to the application of backpressure, reaches the same pressure. The soil at FRP-3
location is partially unsaturated and follows the ‘total pressure’ and not the backpressure trend, till
about 45 minutes has passed (consider the ‘pattern’ of increase of pressure during the loading
steps which portrays a pattern for an unsaturated specimen), and then gradually reaches saturation
and shows a trend of pressure equalization similar to a saturated soil. The FOPs are factory
calibrated only to -40 kPa and no warranty is provided below -40kPa. However, our experience
with positive pressures shows linear response of FOPs (Figure 3-4). FOPs are rated to withstand
positive pressures up to 3 MPa according to factory specifications. Further, experience with FRPs
subjected to negative pressures down to -150 kPa showed the calibration did not change compared
to FRPs that did not experience these high negative pressures. However, pressures higher than 3
MPa failed several FOPs during this research program. High pressures can occur during a rapid
freezing (using liquid nitrogen). One way to dampen these high pressures is to open the back valve
of the FRPs to an oil filled flexible plastic tubing during rapid freezing (temporary increasing the
flexibility of FRPs) and sustain a positive pressure on the line after warming to ensure the intimate
contact of the piezometer fluid and unfrozen pore-water and then close the back valve before
measuring the internal pore-pressures. High pressures also can be managed by controlling the rate
of cooling through adjusting the rate of nitrogen flow into the freezing plate. The later method is
preferred and was used for the subsequent experiments.
It should be noted that validity of pore-water pressure measurements depends on the continuity of
pore-water phase which depends to the amount and distribution of unfrozen pore-water. The
frozen saline sand at 30±1 ppt salinity and -3.90oC has volumetric unfrozen water content
= 13.9% whereas at -2oC it has

= 23.4%. The distribution and amount of salt in a frozen

soil and its temperature affect its volumetric unfrozen water content (Hivon and Sego 1995) and
hydraulic conductivity. The uniformity, speed, and direction of freezing affect the distribution of
salt in the specimen. Natural permafrost soils commonly have a non-uniform salt distribution and
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if they are ice-poor, they will reach an unsaturated state during warming. Figure 3-21 shows the
pore-water pressure response of a nearly saturated saline sand specimen at -1.62oC that was
subjected to change in the applied backpressure while the total stress was kept constant. The FRP
response was linear related to backpressure; the slope was close to unity and the intercepts were 1
to 2 kPa in loading and 1 to 6 kPa in unloading. The fluctuations in the measured pressures are
attributed to the thermal fluctuations (± 0.15 °C) in this ‘nearly saturated’ specimen.

3.4.8

Pore-water pressure response of a partially frozen saline sand
specimen to undrained loading

Figure 3-23.a shows an example of the pore-water pressure response of partially frozen saline sand
subjected to five undrained loading-unloading cycles. Saline sand at 30±1 ppt NaCl and
consolidated at 70 kPa effective stress was first rapidly frozen using liquid nitrogen (upward
freezing) and then warmed to -2.07 ± 0.04 °C, while given access to water. Then it was subjected
to undrained loading and unloading cycles. The loading steps in the first cycle are in 50 kPa steps,
whereas in the subsequent cycles they are in 100 kPa steps. The response of FRPs after 10 minutes
for each loading step were plotted to measure Skempton pore-water pressure parameter,

(Figure

3-23.b). The temperature of the specimen was kept constant with fluctuations in the range of
± 0.01°C during each cycle. As it can be observed in Figure 3-23.b,

for this specimen is about

0.35 at -2.01°C in the first loading cycle and 0.34 in the first unloading cycle. In comparison,
Veyera et al. (1992) reported

parameter, in the range of 1.00 to 0.51, as a function of effective

confining pressure (86-690 kPa) and relative density (6-85%) for two saturated unfrozen sands in
reloading. Further experiments and interpretation of pore-water pressures in a partially frozen soil
are presented in Chapter 4, where the low

values are attributed to void ratio of the sand

specimen, ice content, ice temperature, and degree of saturation.
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3.4.9

Effect of lateral load transfer to the cell wall on the measured B-bars
in the MQS cell

It is observed that the output voltage of the total pressure cell show a linear response to the applied
pressures (Figure 3-24). When calibrating total pressure cell in the MQS cell, the effects of the
piston friction is automatically incorporated in the calibration factors.
The transferred total and effective stresses to the base of the specimen in the partially frozen and
unfrozen states are shown in Figure 3-25. Figure 3-25.a shows that a higher percentage of the total
stress is transferred to the base under colder temperatures (-4.6oC and -3.4oC compared to -2.2oC)
which is the opposite of the expected behavior (i.e. colder ice should develop a stronger bond to
the cell wall and hence reduce the total stress transferred to the base of the specimen). Further, it is
observed that the transferred total stress to the base is reduced in the thawed specimen compared
to the unfrozen specimen before conducting the test. This behavior is due to the desaturation
induced by warming of the specimen while its water-intake line may get blocked due to freezing
of the water line. Figure 3-25.b shows the results when stress transferred via pore-water is
discounted from the total stress transfer. In several data points with the same effective stress but at
different temperature, the transferred effective stress is almost the same. Even though Figure
3-25.b may provide insights into lateral earth pressure coefficients to be used with effective
stresses, it is difficult to use this graph to quantify the effects of these load transfers on the
measured pore-water pressures because various factors are involved (for example: de-saturation
during freezing, warming, and thawing processes of ice-poor soils which impacts the
compressibility of the liquid phase that transfers the pore-water pressures). The study of the
distribution of the load transfer to the cell wall along its height is beyond the scope of the current
research and remains for future research.
Pore-water pressures in response to the applied total stresses to the partially frozen specimen at
-2.2oC are shown in Figure 3-26. Based on this graph: ∆
Equation (3-7)

= 0.9529 ∆

, therefore using

= 1.02418 . The correction is about 2.4% and the corrected
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= 1.02418 (0.8253) = 0.8452. This case is an extreme condition in which the partially frozen
soil desaturated during warming (was not given access to water during warming). An immense
effort has been invested in experiments described in Chapter 4 to assure high degrees of saturation
of the specimens (via giving access to water during warming and applying backpressure) and
therefore the resulted error in calculation of B-bars without applying a correction factor would be
less than 2.4%.

3.5

Summary and conclusions

The importance of measuring pore-water pressures in partially frozen soils subjected to
independent change of backpressure and total stress is that the effective stress concept in partially
frozen soils can be examined and verified. For the first time, examples of the measured pore-water
pressure response to independent changes in both total stress and backpressures were presented, as
well as, the Skempton’s pore-pressure parameter B-bar ( ) for partially frozen saline sand.
Validity of the measurements were verified by observing that the measured pore-water pressures
closely reflect the independent change of backpressures applied to the partially frozen saline sand
specimens. Further experiments and interpretation of pore-water pressures in a partially frozen soil
are presented in Chapter 4. More presentation of data and interpretation of the mechanical
behavior of partially frozen soils in light of effective stress concept will be presented in the near
future.
Testing of FRP and interpretation of the measured pore-pressures using FRPs for measuring porewater pressures in partially frozen soils in the laboratory were discussed. Further, effects of airentrainment, de-saturation, pore-fluid temperature, ambient temperature fluctuations, and testing
system compliance on the interpretation of the measured pore-water pressures were studied. The
calibration method used in this research compensates for a majority of the testing equipment
imperfections.
It was also demonstrated that the interface characteristics between the loading piston and the poreliquid has a determining effect on the delayed response in the unloading scenarios, as well as, on
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the effects of de-saturation, air-entrainment, and pore-fluid temperature on the measured porepressures, and is a function of tensile strength and adhesion of the pore-fluid to the loading piston.
Further study of this matter was not within the scope of the current research and remains for future
research.
The fundamental concepts discussed in this chapter enhance the understanding and method of
measuring pore-pressures in multi-phase porous media. FRP may also have application in
measuring pore-water pressures in stiff clays and also in liquefaction assessment under dynamic
loading, owing to its rigidity (only very small volume transfer of liquid is required to transfer the
pressures) and high frequency data logging (time intervals as small as 0.01 sec).

3.6

Tables

Table 3-1. Specifications of ISCO pump model 500D syringe pump (Teledyne Isco Inc. 2010)
Flow Range (ml/min)

0. 001 – 204

Flow Accuracy

0.5% of the set point

Pressure Range (psi)

10 - 3,750

Pressure Accuracy

0.1% FS

Operating temperature

5 - 40° C Ambient
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Figures
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Legend

1
2
3
4
5
6
7
8

Inflow of glycol from the thermally controlled bath to top
plate
3-way valve for directing glycol to the cell or to the bath
LVDT
Upper drain/backpressure application tube
Open-close valve
Outflow of glycol to the bath from top plate

26

Multi-way valve for saturating oil-line in the FOPs

27
28
29
30
31

To oil reservoir pressurized using syringe pump
A set of 5 FRPs
RTD # 201 to 208 (fed into the specimen)
Insulation box for the syringe pump
Open-close valve for filling the syring pump with
de-aired water
Syringe pump with water in the reservoir (half full)
Porous stone filter

32
33

9
10
11

RTD # 307
O-ring and vacuum grease sealing for air tight
connections
3-way valve on air pressure line
Connected to air compressor
High air pressure dial gage and regulator

12

Low air pressure dial gage and regulator

37

13

Open-close valve on air pressure line

38

14

Rod connecting piston and LVDT

39

15

Air chamber

40

16

O-ring and Vacuum grease sealed loading piston (air and
water tight)
Filter paper+ cloth filter
Loading piston and cooling/warming plate
FOP # 7 to measure air pressure in the chamber

41

17
18
19
20

21
22
23
24
25

34
35
36

Instruments in lab room space (temp = 21oC, not
insulated) enables changing pressures without the need to
open the cold room door (better thermal control of
specimen)
Insulation box for FRPs
Brass ferrule for FRP connections to the cell- NTP
fittings (1/16")
Brass ferrule for RTD connections to the cell- NTP
fittings (1/8")
Specimen
RTD # 106 (E) attached to FOP # 1

42
43
44
45

RTD # 107 (F), in the air in the FRP insulation box
3-way valve on the inflow to the bottom plate
Outflow of the glycol line connected to the bottom
plate
3-way valve to apply pressure to either oil
reservoir or to the specimen (switch between oil
and water)
Open-close valve on the syringe pump. Allows
filling the pump reservoir or applying pressure on
the line
Oil over water reservoir with air vent (saturating
oil line)
Open-close valve on the bottom drain of the MQS
cell
Bottom drain of the MQS cell
Base of the MQS cell
RTD # 308
Inflow of glycol from the thermally controlled bath
to bottom plate
Instruments in lab room space (temp = 21oC, not
insulated) enables changing pressures without the
need to open the cold room door

46
47

Scale for automatic mass measurements
Electrical pressuremeter

48

Open-close valve for the oil saturating line

49
50
51

RTD # 105 (inside the Dummy cell at its wall)
RTD # 103 (B) (in the larger insulation box)
Dummy cell

Figure 3-1. Schematic of Modified Qiu-Sego large strain consolidation cell
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Figure 3-2. Grain size distribution of sand used in this research

Figure 3-3. Schematic of a Filter-less Rigid Piezometer (patent pending)- cross section of
PEEkSilTM tube is taken from SGE (2007)(same as Figure 2-5)
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Measured pressure (FOP-MIV-PK), kPa

450
Temperature = +12.43 ± 0.01oC

400
350
300
250

y = 1.0005x - 0.1476
R² = 1

200
150
100
50
0
0

50

100

150

200

250

300

350

Applied pressure (calibrator model DPI603), kPa
Figure 3-4. Calibration of FOP sensor model FOP-MIV-PK
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400
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Applied air chamber pressure, kPa

500

400
Loading:
y = 1.0177x + 6.2536
R² = 0.9999

300

Loading
Unloading

200

Linear (Loading)
Linear (Unloading)

Unloading:
y = 1.0626x - 14.318
R² = 0.9998

100

0
0

100

200

300

400

500

Measured pore-water pressure (FRP-3), kPa
(a) top drain closed (rigid system)

Applied air chamber pressure, kPa

500
Loading:
y = 1.089x - 9.6872
R² = 0.9964

400

300

Loading
Unloading

200

Linear (Loading)
Unloading:
y = 1.1242x - 33.307
R² = 0.9981

100

Linear (Unloading)

0
0

100

200

300

400

500

Measured pore-water pressure (FRP-3), kPa
(b) top drain open (calibrated together with the syringe pump)
Figure 3-5. Calibration of FRP-3 in the MQS cell
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Applied air chamber pressure, kPa

500
Loading:
y = 1.0845x - 9.5697
R² = 0.9952

400

300

Loading
Unloading

200

Linear (Loading)

Unloading:
y = 1.1434x - 41.666
R² = 0.9987

100

Linear (Unloading)

0
0

100

200

300

400

500

Measured syringe pump pressure, kPa
Figure 3-6. Calibration of syringe pump connected to backpressure line in the MQS cell
(calibrated together with FRPs)

Measured back pressure at the bottom of the
cell (FOP-MIV-PK), kPa

500

400
Unloading:
y = 0.9975x + 2.9299
R² = 0.998

300

Loading
Loading:
y = 0.9908x - 0.6325
R² = 0.9986

200

Unloading
Linear (Loading)
Linear (Unloading)

100

0
0

100

200

300

400

500

Applied back pressure (syringe pump), kPa
Figure 3-7. Delivered backpressure at the bottom of the MQS cell (measured 10 minutes after the
application of each loading step on the syringe pump)
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Applied air chamber pressure, kPa
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Loading, de-aired water @
+8.24 ⁰C

300

Loading, with 1.5 cm air cap
over de-aired water @ +7.16
⁰C

200

Unloading, de-aired water @
+8.24 ⁰C

100

Unloading, with 1.5 cm air cap
over de-aired water @ +7.16
⁰C
Y=X

0
0

100

200

300

400

500

Measured water pressure in MQS cell (FRP-3), kPa
Figure 3-8. FRP response to the applied air chamber pressure when de-aired water is placed in the
MQS cell at positive temperatures, with and without an air cap between the loading piston and the
water

Applied air chamber pressure, kPa

500

400
Loading, hydraulic oil @ +
6.89 ⁰C

300

Loading, with 1.5 cm air cap
over hydraulic oil @ +6.95 ⁰C
Unloading, hydraulic oil @ +
6.89 ⁰C

200

Unloading, with 1.5 cm air cap
over hydraulic oil @ +6.95 ⁰C

100

Y=X

0
0

100

200

300

400

500

Measured oil pressure in MQS cell (FRP-3), kPa
Figure 3-9. FRP response to the applied air chamber pressure when hydraulic oil is placed in the
MQS cell at +6.9oC, with and without an air cap between the loading piston and the oil
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Applied air chamber pressure, kPa

500
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Loading, hydraulic oil @ -2.98
⁰C

300

Loading, with 1.5 cm air cap
over hydraulic oil @ -3.04 ⁰C
Unloading, hydraulic oil @ 2.98 ⁰C

200

Unloading, with 1.5 cm air cap
over hydraulic oil @ -3.04 ⁰C

100

Y=X

0
0

100

200

300

400

500

Measured oil pressure in MQS cell (FRP-3), kPa
Figure 3-10. FRP response to the applied air chamber pressure when hydraulic oil is placed in
the MQS cell at -3oC, with and without an air cap between the loading piston and the oil
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Figure 3-11. Pore-water pressure response in saturated sand in loading and unloading scenarios during calibration (with 1.5 cm water cap
above sand)
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Figure 3-12. Trend of pore-water pressure equalization in ‘saturated sand’ in a ‘loading step’, measured by FRP-3 during calibration (with
1.5 cm water cap above sand)
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Figure 3-13. Trend of pore-water pressure equalization in ‘saturated sand’ in an ‘unloading step’, measured by FRP-3 during calibration
(with 1.5 cm water cap above sand)
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Figure 3-14. Pore-water pressure response in ‘unsaturated sand’ in loading and unloading scenarios during calibration (with 1.5 cm water
cap above sand)
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Figure 3-15. Trend of pore-water pressure equalization in ‘unsaturated sand’ in a “loading step”, measured by FRP-3 during calibration
(with 1.5 cm water cap above sand)
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Figure 3-16. Trend of pore-water pressure equalization in ‘unsaturated sand’ in an “unloading step”, measured by FRP-3 during calibration
(with 1.5 cm water cap above sand)
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(b) unloading
Figure 3-17. Effect of desaturation of specimen on the calibration of FRPs in loading and
unloading: the curves move towards and get parallel to Y=X line
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kPa/0C

(a) Shift of the calibration data points to the left with reduction of the cell temperature
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(b) Influence of the cell temperature on the slope of the fitted calibration lines
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(c) Influence of the cell temperature on the intercept of the fitted calibration lines
Figure 3-18. Influence of cell temperature on measured FRP response to the applied air chamber
pressure when either glaycol-water mix or hydraulic oil is placed in the MQS cell
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(b) Unloading
Figure 3-19. Influence of the cell temperature on measured FRP response to the applied backpressure
when glaycol-water saturated sand is placed in the MQS cell
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(c) Temperature fluctuation
Figure 3-20. Effects of ambient temperature fluctuations on FRP response
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(a) Continuity of pore-water pressures in a “nearly saturated” partially frozen OC sand
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(b) Response of FRP-3 to change in the applied backpressure measured 10 minutes after
application of each loading step
Figure 3-21. Pore-water pressure response in a “nearly saturated” partially frozen OC sand subjected
to change in the applied backpressure while total stress is kept constant
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Figure 3-22. Pore-water pressure response during gradual saturation of an unsaturated partially
frozen saline sand at -3.90oC during a backpressure test to examine the continuity of pore-water
pressures
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(a) Pore-water pressure response of partially frozen saline sand subjected to repeated undrained
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(b) Pore-water pressure response of partially frozen saline sand to an undrained loading,
measured 10 minutes after application of each loading-unloading step in the first loadingunloading cycle
Figure 3-23. Pore-water pressure response of partially frozen saline sand (30±1 ppt salinity) subjected
to repeated undrained loading and unloading
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Figure 3-24. Calibration of the total pressure cell in the MQS cell
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(b) Effective stress transfer to the base of the specimen
Figure 3-25. Total and effective stress transfer to the base of the saline sand specimen (30±1 ppt NaCl)
at temperatures between -4.6oC to +6.7oC
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Figure 3-26. Applied total stress at the ends and the measured pore-water pressure response within a
partially frozen saline sand specimen (30±1 ppt NaCl) at -2.2±0.2oC
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Figure 3-27. Water is lifted from its free surface owing to its tensile strength and adhesion to steel
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4. Pore-water pressure response in a partially
frozen soil

4.1

Introduction

This chapter provides a step toward establishing effective stress analysis and design in partially
frozen soils by independently measuring pore-water pressure and total stress, as well as,
estimating the stress distribution between the ice matrix, soil matrix, and unfrozen water phase in a
partially frozen soil. Modern soil mechanics owes its beginning to the introduction of the concept
of effective stress; the stress that governs deformation and strength of a soil mass. In an effective
stress analysis, effective stresses and effective stress material properties are used. These
properties, unlike total stress material properties, are stress and stress path independent, are
measured at well-distinguishable steps during the test, and have less uncertainty (scatter) due to
the method of identification and measurement. Therefore, identical results (with narrow scatter)
are obtained by others when they use these methods. Owing to the higher confidence in
determining material properties, factors of safety (costs) are selected and used efficiently, which
leads to optimized design to minimize risks. Establishing the effective stress concept for partially
frozen soils is the prerequisite for extending the critical states soil mechanics and limit states
design to frozen ground engineering.
It is necessary to first determine how much of the applied loads are carried by each phase (mineral
soil, water, and ice) to quantify effective stresses and effective stress material properties in a
133

partially frozen soils and its behavior under applied loads. Thus, stress transfer mechanics in
partially frozen soils and the role of pore-water pressure coefficients in determining stress transfer
in unfrozen soils will be reviewed in the following subsections. The major technical obstacles in
setting up the effective stress principle in soils at subfreezing temperatures have been:
(1)- Difficulty with conducting reliable and accurate measurements of unfrozen pore-water
pressure distribution within soils at subfreezing temperatures
(2)- Lack of data on continuity of unfrozen water within soils at subfreezing temperatures
A summary of previous research and technical requirements for measuring pore-water pressures in
soils at subfreezing temperatures, as well as, a reliable method for measuring pore-water pressure
within partially frozen soils is presented in Chapter 2. This chapter presents continuity of unfrozen
water phase within a partially frozen soil and pore-water pressure response to undrained loading
via independently changing applied backpressure and total pressure in uniformly prepared
partially frozen saline sand specimens. First-time measurements of pore-pressure distribution
within a partially frozen soil under applied loads are presented and compared to that in the
unfrozen soil. Thus, by assuming superposition, stress distribution between the ice matrix, soil
matrix, and unfrozen water phase are determined via measurements of Skempton’s pore-pressure
coefficient B-bar ( ) for pore-water and pore-ice. Saline sand specimens at 30±1 ppt NaCl were
used in this study. Sand was used as it is generally considered to have a linear elastic soil skeleton.
It is also shown that the change in Terzaghi’s effective stress under undrained loading is not zero;
hence, frictional resistance is not zero under undrained conditions in partially frozen sand due to
the stiffer solid phase. Study of the effective stress and strain paths under undrained and drained
consolidation of a partially frozen soil is not in the scope of the current research and will be
presented in a separate manuscript.
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4.1.1

Stress transfer mechanics in unfrozen soils: role of pore-water
pressure coefficients

A saturated soil consists of soil grains and water. If there are no soil grains, water will carry the
entire applied load (similar to the case of a ship floating on water). If there is no water, the soil
skeleton will carry the entire applied load. Pore-pressure equations evaluate what portion of the
load will be carried by the water phase when water is present between the soil grains. Knowledge
of the pore-water pressure is essential to assess the flow of water through a porous material and to
predict the effective stress that controls its resistance and deformation. Therefore, estimating the
excess pore-water pressure in response to the applied loads is desirable. Pore-pressure equations
are developed to give estimates of excess pore-pressures under applied loads in field applications
and to simplify numerical analysis using the effective stress approach. Fluids have no shear
resistance and flow when they are subjected to pressure gradients. Skempton (1948b) presented
the first pore-water pressure equation for ‘saturated’ soils (at constant temperature):
=

+ (

−

)

(4-1)

Skempton (1954) further introduced pore-pressure coefficient

and expanded Equation (4-1) to

Equation (4-2) for ‘saturated and unsaturated’ soils:
+ (

=

−

)

(4-2)

Further:

=

=

1 − (1 − )(1 − )
1 − (1 − )(1 − )

(Bishop 1954)

(4-3)

Where:
= the excess pore-water pressure due to changes in principal total stresses, Δσ and Δσ (kPa)
, , and

= the Skempton’s pore-water pressure coefficients
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= Lateral earth pressure coefficient
Pore-pressure coefficient

was originally introduced to represent desaturation effects. Fredlund

and Rahardjo (1993) introduced separate

pore-pressure coefficients for air and water phases in

an unsaturated soil. Later in this chapter, separate
for water and ice phases. Unlike separate

pore-pressure coefficients will be introduced

coefficients for separate phases, separate

coefficients for each phase have a physical meaning; they define what percentage of the total load
is carried by each phase. Various extensions to Equation (4-2) and Equation (4-3) have been used
in soil mechanics for:
•

Controlling staged construction of embankments

•

Stability analysis of earth dams during rapid draw down

•

Predicting deformations of footings under loads

•

Calculating effective stress when carrying out numerical analysis

It should be noted that Equation (4-1) for Skepton’s
specific case of triaxial compression tests (

=

pore-pressure parameter was derived for the
and

is vertical), under conditions of ‘no

water content change’, and it assumes no volume change, linear elasticity, and superposition.
Skempton’s pore-water pressure coefficient

has been termed differently for various boundary

conditions representing practical situations:
•

=

for undrained loading in the oedometer (no lateral strains, K0 loading) (Lambe and

Whitman 1969)
•

=

for undrained loading in uniaxial loading (lateral strains permitted) (Lambe and

Whitman 1969)
•
•

=
=

for isotropic loading (K = 1)
for field condition (field B) in general triaxial loading (

≥

and

can have

any direction) and permitted lateral strains, ‘partial drainage’, and volume change. Porepressure coefficient r (commonly known as ‘pore-pressure ratio’) was first introduced
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by Bishop and Morgenstern and is extensively used for field control of staged
construction of large embankments (Bishop and Morgenstern 1960)
The

coefficient is less than

coefficient for identical soils and is generally used for (Veyera et

al. 1992):
•

Predicting saturation state

•

Estimating changes in effective stress during loading

•

Predicting blast-induced liquefaction

Generally, value of Skempton’s

pore-pressure coefficient is used as a measure to determine

degree of saturation of specimens in the laboratory testing (Bishop and Henkel 1962; Chaney et al.
1979; Lee et al. 1969; Wissa 1969). However, for an unfrozen soil this coefficient is a function of
several soil parameters:

=

1
1+

×

+

×

(1 −

(Lade and Hernandez 1977)

)

(4-4)

Where:
: Porosity of the soil,
: Compressibility of the soil matrix (1/kPa)
: Compressibility of the pore-water (1/kPa)
: Absolute pressure in the pore fluid (kPa), and
: Degree of saturation
In addition to soil parameters, the effects of testing equipment can be far more important on the
measured pore-water pressures (Lade and Hernandez 1977). In a partially frozen soil, ice content
and structure, as well as, time and temperature dependency of the ice matrix stiffness also
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influence

(Chapter 2). System compliance and other factors affecting pore-water pressure

measurements in partially frozen soil specimens are studied in Chapter 3.
To verify saturation in very stiff soils, general practice is to determine

at several successively

higher backpressures while keeping the effective consolidation pressure constant. A measured
value that is ‘constant’ and independent of the magnitude of the backpressure indicates full
saturation (Lee et al. 1969; Wissa 1969).

values for different types of soil at full and nearly

saturation are presented by Black and Lee (1973). However, increasing backpressure in a partially
frozen soil at temperatures close to 0oC may decrease the ice fraction of the soil and hence alter
the measurements.
When best practice laboratory procedures are used to produce saturated specimens, generally
specimens with a degree of saturation above 98% are produced. To generate ideal saturation
conditions in the laboratory, generally high backpressures (for example 1 MPa reported by Mesri
et al. (1976)) are applied to these nearly saturated soil or rock specimens. By applying high
backpressures, air bubbles dissolve in water, up to approximately 2% volumetric (Blume 1976),
and water is forced not to cavitate, hence a less compressible pore-fluid transfers the pressures.
Further insights into compressibility of pore-fluid in a soil and its role on the measured pore-water
pressures are discussed in Chapter 2. Hence, backpressure can be used as a measure of
compressibility of pore-fluid to replicate realistic field conditions with nearly saturated soils at the
same degree of saturation. In these nearly saturated soils air content in the soil does not create an
independent continuous phase. The replication is not 100% accurate. However, it is a practical
measure to make estimations for quantitatively understanding the behavior of partially frozen soils
in this study. The air phase generally becomes continuous as the degree of saturation is reduced to
less than approximately 85% (Corey 1957; Sparkes 1963). Water phase in clay generally becomes
discontinuous and does not flow if the degree of saturation is less than 50% (Barden 1965; Wroth
and Houlsby 1985). Gilbert (1959) showed that for Vicksburg silty clay the air phase is continuous
at moisture content 4% below the optimum moisture content and discontinuous at moisture
content 3% above the optimum moisture content. When the degree of saturation is above 90%, the
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air phase becomes occluded, and air flow is only via diffusion through the pore-water (Matyas
1966). It should be noted that if the water or air phase is not continuous, it cannot be treated as an
independent phase (Fung 1977; Gonzalez and Stuart 2008). The soil specimens in the current
study are laboratory prepared saline sand specimens with initial degree of saturation greater than
99.9%. Degree of saturations remained above 98% throughout the experiments, evaluated by
balance of water inflow and outflow and deformations of the specimens. Further, comparison of
the calibration curves before and after the experiments (unfrozen state) is used as an indicator of
the quality of the measurements by quantifying the effects of air diffusion into the specimens on
the pore-water pressure measurements (Chapter 3).
In addition to determining stress ratio between solid and liquid phase, pore-pressure coefficients
also have application as a failure criterion. Baxter et al. (2010) showed that Skempton’s

pore-

pressure coefficient (Skempton 1954) can be used as a failure criterion for weakly cemented
unfrozen soils. This may have application in warm permafrost soils where the ice matrix provides
a weak cementation to the soil particles.

4.1.2

Stress transfer mechanics in soils at subfreezing temperatures

Ladanyi and Morel (1990) provided a summary of stress-transfer mechanics in soils at subfreezing
temperatures under deviatoric stresses based on the previous research by Ladanyi (1974; 1981;
1985):
(1) When a strain history is applied to an unfrozen soil, its effective stresses are forced to follow a
well-defined path. The strain path in principal strain space is uniquely related to the stress path in
the principal stress space
(2) When a strain history is applied to a frozen soil with no water phase, the effective stress path
followed by the soil skeleton will be the same as that in the same soil but unfrozen. The soil is
regarded as the same soil when its density, degree of consolidation, and water content are the
same. Therefore, at any strain, the stress tensor in the pore-ice equals to the difference between the
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applied stress tensor and the effective stress tensor in the soil skeleton. The pore-ice can
temporarily sustain not only hydrostatic but also deviatoric stresses (unlike water).
(3) Where ice and water phases coexist in the soil pores in a partially frozen soil, a stress change in
one phase is reflected by an equal change in the other phase, their difference remaining constant
under isothermal conditions.
Based on this proposed stress transfer mechanics, the stress changes in the pore-ice can be
predicted under the conditions of consolidated undrained (constant volume) triaxial tests at
constant confining pressures. Following the same line of reasoning, Ladanyi and Morel (1990)
reported that they theoretically evaluated and experimentally confirmed the effect of internal
stresses on the strength under compression of dense, particulate, ice-saturated sand, subjected to
dilatancy-hardening. However, they did not carry out pore-water pressure measurements within
the soils at subfreezing temperatures. Further, their concluding summaries do not consider time
and temperature dependency of the ice matrix stiffness and the time dependent proportionality of
ice and water pressures.
In this chapter, after describing the testing methods and experiments for conducting B-bar tests
and undrained warming, method for estimating stress in pore-ice is described. Effects of
preconsolidation, backpressure, and temperature on pore-water pressure response to undrained
loading in partially frozen and unfrozen saline sand specimens under conditions of low confining
pressures and backpressures are studied. The temperatures were maintained at subfreezing
temperatures close to 0oC in partially frozen specimens. These conditions resemble near surface
soil conditions of interest for geotechnical engineering in permafrost regions. Maintaining
temperatures close to, but below, 0oC ensures sufficient unfrozen water can exist in the partially
frozen soil for continuity of the water phase. Further, in conditions of low applied total pressures
and backpressures, pressure melting of ice is minimized (Chapter 2). For the temperature range of
-1oC to -5oC, a pressure in the range of 9 MPa to 55 MPa is required for pressure melting of
polycrystalline ice (Barnes et al. 1971a). Bragg and Andersland (1981) reported that compressive
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forces between sand particles and pore ice at points of contact induce pressure melting. Ma et al.
(1999) found that at confining stresses in the range of 1 MPa (for frozen silty clay) to 5 MPa (for
frozen fine sand), and at temperatures in the range of -2oC to -15oC, the strength of the frozen soils
decreased with increasing confining pressure owing to pressure melting caused by high contact
pressures. The applied pressures in the current study are kept below 0.5 MPa, which is 10 times
less than the reported value for pressure that cause contact pressure melting in non-saline frozen
fine sand. To the author’s best knowledge, to this date there is no reported method to accurately
quantify points of contact pressure melting in a partially frozen saline soil. The author perceives
that in partially frozen saline sand some of the fragile ice matrix will break and may melt and the
water from pressure melting will freeze back to reach thermodynamic equilibrium should the
thermodynamic conditions after pressure melting and release of high contact pressures dictate so.
A further investigation in this regard remains for future research.
Validity of the measurements and continuity of the unfrozen water phase are verified by
independent change of backpressure. Further, generated pore-water pressures during undrained
warming were studied, as well as, pore-water pressure response to undrained loading within
partially frozen and unfrozen specimens at various temperatures. These observations were used to
study the role of ice fraction and ice melt on the stress transfer mechanics and generated porewater pressures in partially frozen specimens.

4.2

Methods and experiments

Testing equipment and materials, as well as, procedures for specimen preparation, calibration,
rapid freezing, and subsequent warming of the specimens are the same as described in Chapter 3.
Figure 4-1 illustrates the Modified Qiu-Sego large strain consolidation apparatus (MQS cell) and
Figure 4-2 shows the grain size distribution of the sand used in this research. A total of 14 set of
partially frozen and unfrozen experiments were conducted with each set including up to a
maximum of 19 B-bar tests. Data affected by leaking, excessive desaturation or diffusion of air
into the specimen, thermal fluctuations, or discontinuous unfrozen water phase were not used.
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Representative data of the best quality experiments are presented in this chapter. Reviewing the
results of the experiments shows that the experiments show similar general trends. Factors
affecting the measurements or causing erratic observations are discussed later in this chapter and
recommendations for improved measurements are provided. Table 4-1 summarizes properties of
the specimens used in experiments number 12 (unfrozen) and experiment number 14 (partially
frozen) presented in this chapter. Both specimens had salinity of 30±1 ppt NaCl. Initial degree of
saturation is estimated to be greater than 99.9% in freshly placed, previously boiled sand
specimens.

4.2.1

Calibration

Calibration of the measuring system (FRPs as installed in the MQS cell while specimen is in the
cell) before and after each experiment was conducted and interpreted according to the guidelines
given in Chapter 3 as a measure for quality control of the experiments.

4.2.2

Validity of the measured pore-water pressures within partially frozen
saline sand specimens

Continuity of water phase in partially frozen soil specimens is checked by applying backpressures
independent of the applied total pressure and measuring the corresponding pore-water pressure
response. The water phase is considered continuous if the measured pore-water pressures reflect
the applied backpressures and all FRPs show the same trend of pore-pressures within the
specimen.

4.2.3

Effects of preconsolidation on pore-water pressure response to
undrained loading in unfrozen saline sand specimens

Specimens were first consolidated under drained conditions for a minimum of 11 hours. Then,
-tests were conducted on preconsolidated unfrozen specimen by applying stepwise air pressures
in the air chamber of the MQS cell under undrained conditions (drain valves closed) during
loading and subsequent unloading in the range of 100 kPa to 450 kPa. The pore-water pressure
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response of the specimen to the applied vertical loads was measured by FRPs. After each -test,
the specimen was consolidated at a higher effective preconsolidation pressure, and then unloaded
to a predefined initial backpressure and total stress and allowed pressures to equalize for a
minimum of 60 minutes before conducting the next -test.
In several cases,

values were measured at several initial backpressures (keeping the initial

effective stress relatively constant) to quantify the effects of “near saturation conditions” at low
backpressures. For this purpose, after each -test, the top drain was connected to a higher
backpressure, as well as, a higher initial total stress was applied to minimize the change in initial
effective stress before conducting the next -test.
Pore-water pressure responses during loading, unloading, and repeated loading and unloading
were measured using 10 sec intervals and responses after 10 minutes of application of each
loading step were plotted against total pressures (air chamber pressures).

was determined as the

slope of the linear fit for each loading and unloading cycle. It was observed that bilinear
regressions provided better correlation coefficients than linear fits for loading cases in
overconsolidated specimens. For bilinear fits, two separate lines were fitted through the measured
data points. It was observed that the inflection point of the bilinear fit approximates the
preconsolidation pressure plus initial backpressure for that experiment. Therefore, a primary and a
secondary pore-water pressure response can be identified, for total stresses lower and higher than
the total stress at the perceived inflection point. Therefore, primary (initial) and secondary s were
determined as the slope of each line:
=

.

+

for primary response

=

.

+

for secondary response

(4-5)

In which:
: measured pore-water pressure (kPa)
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: applied total pressure (air chamber pressure, kPa)
and
and

: slopes of the primary and secondary response lines (fitted), respectively
: intercept of the lines fitted to the primary and secondary pore-water pressure

responses, respectively (kPa)
Loading steps were conducted using 25 kPa intervals to better define the inflection points of the
bilinear pore-water pressure response of the preconsolidated specimens. Unloading steps were
conducted in 50 kPa intervals.

4.2.4

Effects of preconsolidation on pore-water pressure response to
undrained loading in partially frozen saline sand specimens

The same procedure used for unfrozen specimens was used to conduct -tests for partially frozen
specimens at various preconsolidation levels and constant subfreezing temperature. In an attempt
to reach the same level of preconsolidation void ratios as the unfrozen specimens, preconsolidation
at predefined initial backpressures and total stresses were conducted for a minimum of 48 hours
before each -test in partially frozen specimens, in addition to the initial preconsolidation of the
unfrozen specimen before freezing. In addition to -tests in the partially frozen state, -tests were
also conducted before freezing the specimen, as well as, after the specimen was thawed. Similar to
unfrozen case, it was also observed that pore-water pressure response of the overconsolidated
partially frozen specimens is bilinear. Loading steps were conducted in 50 kPa intervals to shorten
experiment duration.

4.2.5

Effects of warming on pore-water pressures in a partially frozen
saline sand specimen

An overconsolidated partially frozen saline sand specimen (OCR=12) at subfreezing temperatures
close to 0oC was subjected to undrained warming at constant total pressures while pore-water
pressures were measured. Then, the specimen was subjected to a predefined backpressure (194 ±
5kPa) for 60 minutes before conducting a -test. These -tests were conducted in one loading and
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unloading cycle as described before. After the last unloading step of each -test, the specimen was
subjected to a warming cycle while the drain valves remained closed. This procedure was also
continued for two temperatures above 0oC so that the net change in pore-water pressure coefficient
due to change in ice fraction and temperature can be separated from the response of the soil
specimen in the MQS cell.

4.2.6

Estimating pore-ice pressures and role of pore-ice pressure cut-offs

Pore-pressure coefficient

is calculated by measuring pore-water pressure under undrained

condition. This coefficient defines what percentage of the load is carried by the water phase under
undrained condition and what percentage is carried by the solid phase. Via measuring

in

partially frozen and unfrozen specimens under undrained loading and assuming superposition,
stress carried by the ice can be calculated:

=

=

,

−

,

(4-6)

Where:
= the excess pressure in pore-ice due to changes in principal total stresses, Δσ and Δσ (in
kPa)
= pore-ice pressure coefficient

,

,

= pore-water pressure coefficient measured in unfrozen state
= pore-water pressure coefficient measured in partially frozen state

Needle-like ice structure in partially frozen saline sand specimens were observed by Arenson and
Sego (2006). Figure 4-3 shows a schematic of the pore-ice matrix, consisting of contact-ice and
needle-ice, in partially frozen saline sand. When the partially frozen saline sand specimen is
undisturbed before applying further consolidation, the fragile needle-like ice structure has very
low stiffness and sustains negligible pressure; therefore
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≈ 0 and it is ‘assumed’ that negative

values of

do not exist when the specimen is subjected to positive pressures. The author calls

this lower limit of

in compression ‘pore-ice pressure cut off’. It should be noted that ice can

sustain tensile stresses (for example when pore-ice resists specimen dilation) and therefore
negative ice pressures are possible. It is necessary that both partially frozen and unfrozen sand
specimens have the same initial void ratio for Equation (4-6) to be valid. This condition is required
to assume that the soil matrix carries the same amount of stress in both partially frozen and
unfrozen states (Ladanyi and Morel 1990). During the experiments conducted in this research, the
same levels of void ratios were not achieved by consolidating the partially frozen specimens at the
same effective preconsolidation pressures applied to unfrozen specimens even though the
subfreezing temperatures were close to 0oC and up to 4 times the consolidation time was allowed.
Therefore, fitted graphs were used to make comparison between measured B-bars in partially
frozen and unfrozen states at the same void ratios.
In addition to the necessity of comparing B-bars at the same initial void ratios, it is deemed
necessary to consider variables that might affect the pore-pressure measurements such as soil
history (preconsolidation stress and void ratio) and initial loading conditions (initial backpressure
and total stress). To simplify the process of comparing B-bars in partially frozen and unfrozen
specimens having only void ratio as the variable, it is necessary to keep the ‘other variables’
constant so that their effects are eliminated. Alternatively, one may use interpolated values at
constant values of these ‘other variables’.
Variable selection is the process of selecting which independent (predictor) variables (including
transformed variables) from possible candidates should appear in the final regression model.
Stepwise regression procedures are semi-automated processes of building a regression model (or
"fine tuning" existing models) by successively adding or removing variables based solely on the
p-values of the estimated coefficients. The p-value, commonly used in ‘statistical significance
testing’, is the probability of obtaining a ‘test statistic’ at least as extreme as the observed one,
assuming the ‘null hypothesis’ is true. In variable selection case, the null hypothesis is that there is
no relationship between measured phenomena. When the p-value is less than the ‘significance
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level’, the null hypothesis is rejected and the result is said to be ‘statistically significant’ (unlikely
to have occurred by chance). A significance level of 0.1 deems as extraordinary any result that is
within the 10% of possible results under the null hypothesis.
Stepwise variable selection technique in Oakdale Engineering Datafit software (Oakdale
Engineering 2008) was used for data mining and automated multiple variable regression for
finding the best regression curves. It was found that only initial condition variables (initial void
ratio and initial backpressure) met significance level of 0.1 for entry into the model and soil
history variables met significance level of 0.2 for experiments on unfrozen sand specimens.

4.3

Results

4.3.1

Calibration

Figure 4-4 compares the calibration curves before and after two of the partially frozen experiment
during loading with durations of 259 and 633 hours. It is observed that the slope of the calibration
curves did not change significantly and the difference in the slopes of the calibration curves were
1.3% and 1.8% for the 259 hours and 633 hours experiments, respectively.

4.3.2

Validity of the measured pore-water pressures within partially frozen
saline sand specimens

Figure 4-5 shows pore-water pressure response to independent change of total pressures and
backpressures within a nearly saturated partially frozen saline sand specimen (30±1 ppt NaCl) at
-3.22 ± 0.03oC. All FRPs except FRP-5 show the same trend and reflect the applied backpressures.
By further warming the specimen to -3.0 ± 0.03oC, measurements from FRP-5 too coincided with
the rest of the FRPs.
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4.3.3

Effects of preconsolidation on pore-water pressure response to
undrained loading in the unfrozen saline sand specimen

Table 4-2 summarizes the measured B-bars from linear regressions on the measured pore-water
pressure response to undrained loading-unloading scenarios at various initial conditions in the
unfrozen saline sand specimen. Table 4-3 summarizes the primary and secondary B-bars of the
loading steps for the same experiments. An example of the pore-water pressure response in a
loading-unloading scenario is shown in Figure 4-6. Effects of preconsolidation and backpressure
on linear and bilinear pore-water pressure responses in the overconsolidated unfrozen saline sand
specimen are represented in Figure 4-7 and Figure 4-8, respectively.

4.3.4

Effects of preconsolidation on pore-water pressure response to
undrained loading in the partially frozen saline sand specimen

Table 4-4 summarizes the measured B-bars from linear regressions on the measured pore-water
pressure response within the partially frozen saline sand specimen that was subjected to loadingunloading scenarios at various initial conditions. Table 4-5 summarizes the primary and secondary
B-bars of the loading steps for the same experiments. Where validity of the measured pore-water
pressures was questionable, the data have been shaded. When the data points for each B-bar did
not correlate, those B-bars were not considered in averaging. These erratic observations are further
discussed later in this chapter under ice blockage due to collapse and deformation of fragile ice
structure under loads in partially frozen saline sand. An example of pore-water pressure response
in a loading-unloading scenario is shown in Figure 4-9 at -2.88±0.02oC. Figure 4-10 shows that
the effects of preconsolidation and backpressure on the primary and secondary pore-water
pressures within the partially frozen experiment are similar to that of the unfrozen experiment
(Figure 4-8).
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4.3.5

Effects of warming on pore-water pressures in the partially frozen
saline sand specimen

Pore-water pressure response to undrained warming of the partially frozen saline sand specimen is
shown in Figure 4-11. Data was collected at 10 sec intervals however plotted data is from 2 hours
intervals. Decrease of pore-water pressure (

) during undrained warming is shown in

Figure 4-12 for this specimen and the results are tabulated in Table 4-6. A regression in the form
of Equation (4-7) correlates this decrease in pore-water pressures as a function of initial
gravimetric ice content and its decrease:
= a.

(

)

(4-7)

Where:

=

: initial gravimetric ice content

: mass of ice (kg)
: mass of soil particles (kg)
: decrease in initial gravimetric ice content
a , b, and c are regression coefficients. Regression coefficients are presented in Table 4-7 using
data from Table 4-6.
To account for the interface effects due to warming of the cell and the pore-fluid (Chapter 3) and
estimate net change in pore-water pressure decrease by only the soil behavior, a term for
temperature increment can be added to Equation (4-7):
= .

(

) + .

(4-8)

Where:
: temperature increment
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And a to e are regression coefficients. Regression coefficients are presented in Table 4-8 for data
from Table 4-6. Figure 4-13 shows effects of the specimen temperature (after it was warmed) on
its pore-water pressure response to undrained loading and unloading during -tests. Table 4-9
summarizes the B-bars at different temperatures from this experiment.

4.3.6

Ice-blockage and anomaly in the measured pore-water pressures
within saline sand specimens at subfreezing temperatures

Questionable data have been shaded in Table 4-4 and Table 4-5. It was observed that the faulty
readings occur gradually and generally after additional consolidation. The FRPs measuring
discontinuous pore-pressures show deviation from the rest of the FRPs, irregular B-bar values (too
low or too high), or low correlation coefficient in measured pore-pressures. Further, those FRPs do
not pass the backpressure continuity test. Disturbing the deformation field within the specimen by
repeated loading and unloading or further consolidation and warming the specimen restored
continuity of the pore-water phase. Figure 4-14 shows examples of continuous and discontinuous
hydraulic connection of the pore-water phase and FRPs in a partially frozen saline sand specimen
during B-tests.

4.3.7

Pore-ice pressures

Figure 4-15 compares consolidation behavior of the partially frozen and unfrozen saline sand
specimens studied in this chapter. The figure shows only the results from the consolidation steps
in unfrozen and partially frozen experiments. Figure 4-15 shows that the same levels of void ratios
were not achieved in this partially frozen specimen subjected to the same Terzaghi effective
consolidation pressures as the unfrozen specimen even though additional consolidation time was
allowed.
To estimate stress in ice phase at each consolidation level, first a regression model for
interpolating

in the unfrozen saline sand specimen in terms of initial void ratio and backpressure

was established. Datafit software (Oakdale Engineering 2008) was used to fit a 2D polynomial
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regression on data tabulated in Table 4-2 that resulted in Equation (4-9) with coefficient of
multiple determination R2= 0.878:
=

+ .

+ .

+ .

+ .

+ .

+ .

(4-9)

Where:
: initial void ratio
: initial backpressure
a to g are regression coefficients presented in Table 4-10
Then, the predicted

values within the unfrozen specimen were compared to the measured

values within the partially frozen specimen at 100 kPa backpressure and various initial void ratios
(Figure 4-16). Actual measured

values within the partially frozen specimen were used because

sufficient data at 100 kPa backpressure were available. Pore-ice pressure coefficient (

) was

evaluated using superposition (Figure 4-16).

4.4

Discussion

4.4.1

Calibrations

The slope of the calibration curves did not significantly change before and after the two sets of
partially frozen experiments (Figure 4-4) and the differences in the slopes of the calibration curves
were 1.3% and 1.8% at 259 hours and 633 hours of experiments, respectively. Each of these
experiments included several B-bar tests, consolidation, undrained warming, and creep tests.
During undrained warming (usually last steps in the experiments) specimens experienced large
negative pressures (up to -100 kPa) for extended periods. Fredlund and Rahardjo (1993) showed
that when suctions are maintained for extended periods, some air will eventually diffuse or leak
into the specimen. It is possible that some air had diffused into the specimens during the undrained
warming steps. The calibration curves before and after the experiments remained almost identical
in unfrozen experiments with only deviations in the range of the accuracy of the measurements. It
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is recommended that a hydraulic system for loading replace the pneumatic loading system in the
MQS cell for future research.

4.4.2

Continuity and validity of the measured pore-water pressures in
partially frozen saline sand specimens

Figure 4-5 shows the measured pore-water pressure response to independent change of total
pressure and backpressure within a nearly saturated partially frozen saline sand specimen (30±1
ppt NaCl pore-water salinity) at -3.22 ± 0.03oC. The measured pore-water pressures at various
elevations within the partially frozen specimen show the same trends and almost coincide, except
for FRP-5. By further warming the specimen to -3.0 ± 0.03oC, response of FRP-5 too coincided
with the rest of the FRPs. Further, the pore-water pressures show minute fluctuations upon change
of backpressure or total pressure. After equalization (within a maximum of 10 minutes) they
correlate with the applied backpressures. This confirms continuity of the stress in pore-water phase
and hydraulic connection of the FRP fluid and pore fluid. With further consolidation of the
specimen, the hydraulic connection of some FRPs and the pore-water phase was lost and the
measured pore-pressures became erratic (shaded results in Table 4-4 and Table 4-5). This is
discussed further under ice-blockage and anomalies in the measured pore-water pressures later in
this chapter.

4.4.3

Effects of preconsolidation on pore-water pressure response to
undrained loading in the unfrozen saline sand specimen

It was observed that preconsolidation causes two effects on pore-water pressure response:
(a) Bilinear response of pore-water pressures with an inflection point that is related to the
preconsolidation pressure and pore-water pressure at low backpressures
(b) Reduction of
Figure 4-6 compares bilinear versus linear regression for an overconsolidated unfrozen sand
specimen. It is seen that bilinear regressions (Table 4-3) show better correlation coefficients than
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linear regressions (Table 4-2). Further, both regression types show that B-bar decreases with
increasing overconsolidation or decreasing backpressures (Figure 4-7 and Figure 4-8). In addition,
B-bar values are generally higher during unloading than loading steps (Table 4-2). With increasing
preconsolidation pressure, the primary and the secondary pore-water pressure coefficients (

and

) remained ‘almost’ constant or decreased ‘slightly’. The primary responses at various
overconsolidation values (outline markers in Figure 4-8.a) coincided on a shared primary response
line whereas secondary responses (solid markers in Figure 4-8.a) almost stayed parallel with
greater than

. The inflection point of each graph approximated the effective overconsolidation

pressure plus pore-water pressure. Hence, the overall

(linear

) was reduced by increasing

preconsolidation pressure and decreasing void ratio due to the ‘position of the inflection point’.
Position of the inflection point defines how much each of

or

contributes to the overall .

With increasing backpressure, primary B-bar values were increased whereas secondary B-bar
values almost remained constant or showed a slight increase (Figure 4-8.b); therefore the deviation
angle between secondary and primary response lines (the smaller angle of the two angles) became
smaller (i.e.

approached

). Again, the inflection point of each graph approximated the

effective preconsolidation pressure plus pore-water pressure. It should be noted that
indeed reflects a loading state, and therefore

reflects a reloading state, whereas,
generally expected to be less than

. However, with increased backpressure,

In the following paragraph, Equation (4-4) for Skempton’s
interchangeably used for Skempton’s

indeed
are

approached

.

pore-pressure coefficient has been

coefficient to make qualitative comparisons only. One

may attempt to qualitatively describe the behavior discussed in the previous paragraph using
Equation (4-4): by increased backpressure (pore-water pressure),

approaches unity and

compressibility of the pore-water reaches the compressibility of 100% saturated water, and
therefore the differences in the ratio of pore-pressures in specimens having different backpressures
will be minimized. To better understand the physics of the behavior, two important pore-water
pressures should be noted for any given preconsolidation:
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: pore-water pressure at which the inflection point between primary and

(1)

secondary responses occurs
(2)

: pore-water pressure at which

approaches

These two pore-water pressures are not equal and also are different for different preconsolidation
values. Therefore, a different mechanism than simply reaching full saturation of a specimen is
involved. The sand skeleton has two different compressibilities at effective stresses lower and
higher than its effective preconsolidation pressur as shown by examples of

−

́ graphs for

Cambra sand presented by Lade et al. (2006). Considering these two compressibilities, it is
approximates the pore-water pressure that if subtracted from the total

perceived that

pressure at the inflection point gives the maximum effective stress that the specimen has
experienced before. At effective stresses higher then preconsolidation pressure, soil skeleton has a
higher compressibility; hence for the same compressibility of water,
which results in a higher

will have a higher value

. At higher backpressures, compressibility of water is increased by

orders of magnitude (Chapter 2) and water starts to dominate the load bearing. At
the role of lower and higher stiffness in soil matrix is diminished and

approaches

are increased by increasing backpressures. However,

,
. It should

be noted that both

and

at a faster rate than

. This cannot be explained by considering different compressibilities for

primary and secondary consolidation;
therefore for the same ∆

is increasing

is smaller during reloading than in virgin loading,

, the corresponding ∆( ) is larger, hence the corresponding ∆ is

smaller.
It also cannot be simply explained by

and assuming a specific amount of un-dissolved air goes

into solution as this behavior is observed within the ‘primary response zone’ and is related to the
preconsolidation pressure and stress-strain history of the specimen. It is hypothesized that this is
related to the fact that

values are measured during reloading, for a range of deformations that

have undergone a loading and unloading history. It is hypothesized that this takes the pore-fluid
through a specific path of thermodynamic conditions in which a higher amount of gas (original un154

dissolved air and added water vapor) or the same amount of gas but with higher portion of water
vapor exists in pore-fluid and the same amount of reloading will bring it back to the virgin
thermodynamic state. This might be explained if we consider that some of the free occluded gas
may go into a ‘dead’ state, at which it is effectively trapped or absorbed between soil particles or
is dissolved in water, with a lower tendency to turn back to gaseous state than water turning into
water vapor. We call this hypothesized state as ‘apparent secondary desaturation effect’ because
by application of higher backpressures it diminishes, as well as, the effect is analogous to desaturation; Mohr-Coulomb failure line for overconsolidated soils has a cohesion intercept,
analogously, desaturation adds a cohesion intercept to the Mohr-Coulomb failure criterion that its
value is proportional to matric suction in the soil (Fredlund and Morgenstern 1977). Evidence that
may support this hypothesis is that vapor pressure for liquid water is about 100 kPa. However, a
sudden drop in vapor pressure is expected as liquid transforms to a solid (Figure 4-17). The
existence of a semi-solid phase of water may explain suction pressures of 200 kPa to1500 kPa in
unsaturated soils. This range of suctions add a cohesion intercept in the range of 57 kPa to 430 kPa
to shear strength of the saturated soil when it de-saturates (assuming

=16o,

= friction angle

with respect to matric suction (Fredlund and Rahardjo 1993)). Further investigation to evaluate
this hypothesis is required.
Therefore, under undrained loading, when the specimen undergoes larger strains than it has
experienced before, the effective stress (frictional resistance) is decreased at a faster rate. This
faster rise in pore-water pressure may cause effective stress to approach zero on some internal
locations and lead to instability.
The author did not find any published work on the bilinear response of pore-water pressures
during undrained loading under laterally confined deformations but during shearing in triaxial
cells. Sánchez and Sagaseta (1981) and Balasubramaniam and his colleagues (1989; 2007)
reported bilinear pore-water pressure response during shearing of soft clay specimens under
triaxial undrained loading conditions. By considering these previous research, a second hypothesis
is suggested; the inflection point might reflect a critical state. In fact,
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and

may reflect initial

and incremental

and

pore-pressure coefficients,

, observed by Sánchez and Sagaseta

(1981) who reported bilinear effective stress paths, with a well-defined break point, in undrained
triaxial tests in soft clays (Figure 4-18). They reported that this shape of the effective stress path
was irrespective of the stress history. They further reported that a clear break point was observed
in tests that were conducted using triaxial equipments with smooth, lubricated platens together
with using axial drains along the specimen (Sánchez et al. 1979) and was not observed in regular
triaxial tests with rough base. They attributed this observation to the lack of uniformity of the
stress and strain fields in the specimens associated with rough base in standard triaxial tests.
Balasubramaniam and his coworkers (1989; 2007) also reported bilinear relationship between
and

=

= , in which

is the pore-water pressure under undrained shear in a triaxial test,

is the pre-shear isotropic consolidation pressure,

=

and

=

are the shear and mean

normal stresses during the triaxial tests. For preparing their anisotropically consolidated
specimens, they unloaded specimens after the initial isotropic consolidation so that the
overconsolidation stress ratio,

, ranged from 0 to 0.75. They observed that the second linear part

of the normalized pore-pressure response for their anisotropically consolidated samples were
parallel to that of isotropically and normally consolidated samples and had a slope of about 0.52
(Figure 4-19). Mesri and Ali (1999) too observed that in the compression range beyond
preconsolidation pressure ( ́ ) (i.e. normally consolidated state) the ratio of
constant and independent of

(

)
́

remained

́ (effective vertical consolidation pressure) in their fully saturated

overconsolidated Boston Blue clay samples.

4.4.4

Effects of preconsolidation on pore-water pressure response to
undrained loading in the partially frozen saline sand specimens

Overconsolidation and backpressures had the same effects on pore-water pressure response in
partially frozen specimens (Figure 4-10) compared to those described earlier for unfrozen
specimens (Figure 4-8). Stress transmission parameter,
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, defined in Equation (4-10), ranged

from 0.1 to 0.5 with an average of 0.3 for both the partially frozen and unfrozen experiments
(Table 4-2 to Table 4-5) for tests in which both a primary and a secondary B-bar were calculated.

=

(

−

)
(4-10)

Furthermore, all B-bars in partially frozen specimens are less than unity except anomalies that are
discussed later. However, ,

, and

are generally smaller in the partially frozen state than

unfrozen state under similar conditions due to existence of pore-ice which carries a portion of the
stresses as presented earlier. Furthermore, the unloading curve is more separated from the loading
curve for the partially frozen state than unfrozen state (Figure 4-6 and Figure 4-9) due to the
temperature effects on the interfacial characteristics of the loading piston and specimen as outlined
in Chapter 3. Moreover, it is expected that the ice phase (which has plastic behavior) will carry
less load as it unloads than it does during loading compared to elastic sand particles. Further
discussions related to these observations are presented later.

4.4.5

Effects of warming on the measured pore-water pressures in a
partially frozen saline sand specimen

Figure 4-11.a shows the pore-water pressure response within a partially frozen saline sand
specimen during five undrained warming steps. The initial pore-water pressures were 172 to
206 kPa (Table 4-6). The pore-water pressures dropped sharply (34 to 283 kPa for increments of
+0.76 to +2.53oC) within 4 to 16 hours after the application of the warmer temperatures and then
remained relatively constant.
For partially frozen specimens, the pore-water pressure decrease during each step is related to
initial ice content and ice content decrease during that step. These two parameters are related to
the initial temperature, and the latter is also related to the temperature increment (Figure 4-12).
This relationship is simplified as Equation (4-7) in which, for the sand, the calibration coefficients
show a negative -value for the power of
power of

(ice content decrease) and a positive -value for the

(initial ice content). The average size of pores filled with water is smaller in a coarse
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grained granular soil at subfreezing temperatures than the unfrozen soil because solid ice reduces
the average water-filled pore size. Hence, greater suctions can be generated in a partially frozen
soil due to desaturation compared to the same unfrozen soil having the same grain size distribution
and void ratio. Moreover, the higher the ice content, the smaller the average pore size, hence the
higher will be the generated suctions. Further, the more ice turns into water, the lower will be the
degree of saturation (because volume of water is about 9% less than that of the same mass of ice
that turns into water), and hence a greater suction is expected. However, the more ice turns into
water, the larger the average pore size; hence the generated suction may reduce. For the coarse
grained soil used in this experiment, the effect of pore size becoming larger (due to ice melt) is
higher. Hence, b has a positive value and c has a negative value (Table 4-7) in Equation (4-7).
In Chapter 3, using a glycol-water mixture and mineral oil in the MQS cell, it was shown that
warming the pore fluid affects the interface properties of the loading piston and the pore-fluid such
that at warmer temperatures a higher pore-water pressure is measured when the specimen
undergoes a change in effective stress. Equation (4-8) incorporates interface effects due to
temperature increments. The coefficient of regression c approaches zero (Table 4-8) in
Equation (4-8) because the new term for the temperature increment is also responsible for the ice
content decrease; hence a new set of correlation coefficients are fitted for the combined effects. It
should be noted that correlation coefficients in Table 4-7 and Table 4-8 are derived based on a
small database of measured values in Table 4-6. For more accurate evaluations it is suggested to
produce and use a larger database which was not within the scope of this research.
For unfrozen specimens, there were also decreases in pore-water pressure due to thermal
expansion of the cell during undrained warming.
Pore-water pressure distribution within the specimen during undrained warming from -3.11oC to
-2.35oC (Figure 4-11.b) shows that the measured pore-water pressures using FRP-3 to FRP-5
coincide and follow the same pattern shown in Figure 4-11.a while FRP-1 and FRP-2 show an
anomaly. However, after about 24 hours from the start of the warming phase, the measured pore158

water pressure using FRP-1 suddenly drops and coincides with FRP-3 to FRP-5. Data from FRP-2
showed the same pattern after about two hours of warming in the subsequent step. It is concluded
that the hydraulic discontinuity between FRP-1 and FRP2 and the rest of the FRPs was due to a
local ice blockage. With increasing temperature and reduction in the ice content the hydraulic
connection and transfer was re-established. Pore-water pressures coincided within 20 seconds after
hydraulic connection was restored.
Induced pore-water pressures due to undrained heating in ‘unfrozen soils’ had been studied by
several pioneers (Agar et al. 1983; Campanella and Mitchell 1968; Mitchell 1976; Morgenstern
1981). Via experiments on Alberta oil sands at elevated temperatures (up to 300oC) and high
pressures (up to 30 MPa), Morgenstern (1981) introduced pore-pressure parameter

to account

for the changes in pore-water pressure due to undrained heating. Agar et al. (1983) provided a
formulation for

that incorporated the undrained thermal expansion coefficients of mineral

grains and soil mass, undrained coefficient of compressibility of the soil mass, and thermal
volume change due to mineral grain structure collapse. Evaluation of

and material properties

that affect its value in partially frozen soils were not in the scope of the current research and
remain for future research.

4.4.6

Effects of specimen temperature on pore-water pressure response to
undrained loading in a partially frozen saline sand specimen

Figure 4-13.a shows that at warmer temperatures a greater portion of the load is carried by the
pore-water phase when loading saline sand specimen under underained conditions, irrespective of
the presence of pore-ice in the specimen, within the range of temperatures tested in the MQS cell.
However, when pore-ice is present in the specimen, this effect is more evident, as is demonstrated
by the greater slope of its correlation line (Figure 4-13.b). When ice content is reduced or ice
temperature is increased, ice matrix stiffness is reduced; hence, the ratio of the striffness of the
fluid phase to the stiffness of the solid phases is increased. Therefore, pore-water will carry a
higher portion of the load. In addition to the role of the ice content and temperature, when the
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temperature of the pore-water is increased, a higher pore-water pressure is measured in FRPs that
are associated with interfacial effects in the MQS cell as described in Chapter 3. To estimate the
change in pore-ice pressure due to warming, one can differentiate Equation (4-6) with respect to
temperature (T):

,

=

From Figure 4-13.b ,

−

,

(4-11)

= 0.384 − 0.0733 = − 0.0349/ C. The values of

depend on

several factors (salinity, void ratio, degree of saturation, initial backpressure, etc). Evaluation of
these factors was not in the scope of this research.
Even though establishing an interpolation model to estimate B-bars at subzero temperatures from
B-bars at room temperature is appealing, it was not attempted in this research as pore-water
pressure response in a partially frozen soil depends on several factors (such as ice content, soil
type, void ratio, ice structure, salinity, time, and temperature) and only with large databases of test
results could such models be developed. It is also perceived that the curve relating temperature and
B-bar flattens at temperatures close to room temperature and it might be necessary to conduct the
experiments at temperatures closer to 0oC. Establishing such correlations was not within the scope
of this research.

4.4.7

Ice-blockage and anomaly in the measured pore-water pressures
within the saline sand specimens at subfreezing temperatures

Study of the primary and secondary pore-water pressures provides further insights into
understanding pore-water pressure response of partially frozen soils as well as an additional test
for checking validity of and a tool for detecting anomalies in the measured pore-water pressures.
Three categories of anomalies were observed:
1.

Some FRPs did not show the same patterns or values as the rest of the FRPs under
independent application of total pressure and backpressures or during undrained warming
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(for example FRP-5 in Figure 4-5, FRP-1 and FRP-2 in Figure 4-11.b, and FRP-2 in
Figure 4-14.b)
2.

Secondary B-bars greater than unity were observed (2nd and 3rd cycles of B-bar tests
when σ = 239 kPa, Table 4-5)

3. Small correlation coefficients for the same FRPs that did not conform with the rest of the
FRPs and showed too low or too high B-bars (Table 4-4 and Table 4-5).
These anomalies were not observed during unfrozen experiments (Table 4-2 and Table 4-3) or at
the beginning of the partially frozen experiments. In partially frozen experiments, one or all of the
anomalies appeared after the specimens underwent additional consolidation (for data in Table 4-4
after σ =137 kpa) and first appeared at FRPs that were near the top of the specimen in the MQS
cell (FRP-1 and FRP-2). Then, with further consolidation and elapsed time additional FRPs
showed anomalies (for data in Table 4-5 after

=239 kPa).

A negative B-bar implies that pore-water pressure decreased with increasing total pressure
whereas a B-bar greater than unity implies that pore-water pressure increases beyond the increase
in total pressure. Needle-like ice structure in partially frozen saline sand specimens were observed
by Arenson and Sego (2006). Preliminary experiments in Chapter 3 confirmed that the saline ice
forms a porous ice structure through which unfrozen saline water is hydraulically continuous. This
initial hydraulic continuity is lost at higher consolidation levels due to breakage of fragile needlelike ice structure in partially frozen saline sand specimens. At higher void ratio, when the partially
frozen saline sand has not been disturbed, the fragile ice structure provides a porous, less stiff
solid phase. When the stress level of consolidation is increased, the fragile ice-needles break and
may melt and reglatiate together in response to local stresses. This may result in (1) an increase or
decrease of pore-water pressure associated with ice-melt and refreeze, and (2) a more rigid, less
permeable ice matrix. The less porous ice results in lower hydraulic conductivity and due to
heterogeneity it could cause local ice-blockages and hydraulic discontinuity. Further, the
decreased void ratio during consolidation is due to brine water being expelled from the specimen;
it is perceived that the remaining water (liquid water and ice) is less saline. The reduced salinity
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results in reduced unfrozen water content in saline sand (Hivon and Sego 1995). The resulted
lower hydraulic conductivity and lower unfrozen water content can cause discontinuity in
hydraulic connection of the pore-water phase and the FRPs. This behavior was observed at
temperatures colder than -2.6oC but was not observed at temperatures warmer than -1.8oC for
experiments on sand with 30±1 ppt salinity and consolidation pressure of 330 kPa.
Secondary B-bars greater than unity (2nd and 3rd cycles of B-bar tests when

= 239 kPa, Table

4-5) might also be attributed to low hydraulic conductivity and localized pressure induced by
regelation of water. Water from ice-melt caused by localized high stresses at higher consolidation
levels may turn into ice again to reach a new thermodynamic equilibrium. Another hypothesis is
that a mechanism similar to pore-water generation in ‘sensitive soils’ may take place in which
pore-pressure coefficients greater than unity are observed (Skempton 1954). It should be noted
that for

=

= 1, from Equation (4-1):

=

+

(1 − ) =

+ (1 − )

(4-12)

Whereas from Equation (4-3):

=

For

=

1 − (1 − )(1 − )
= 1.0
1 − (1 − )(1 − )

= 30 , Jâky’s formula (Jâky 1944) yields

(Skempton 1954), Equation (4-12) yields
using

(4-13)

= 0.5 results an

= 0.5. With

= 1.5 for a sensitive soil

= 1.25. For a maximum observed

= 1.7 (Table 4-5)

= 2.4. When a soil element is unevenly consolidated (

≠ 1), it

exhibits a cross-anisotropic behavior. In this case principal directions of stresses and strains will
coincide only if they also coincide with the orthotropic axes otherwise normal stresses will
produce shear distortions within the soil (Sánchez and Sagaseta 1981). With breakage of the
needle-like ice it is hypothesized that some shear distortions may occur which induce excess porewater pressures. Anisotropy of (partially) frozen soils has been studied by several authors (Lai et
al. 2009; Razbegin et al. 1996; Vyalov et al. 1990).
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Lowering temperature in a ‘near saturated’ partially frozen sand increases pore-ice that has a
higher volume than the pore-water turned into pore-ice, hence, it increases the degree of saturation
of the soil. Additional freezing can impose pressures higher than total stress to the hydraulically
discontinuous unfrozen brine pockets or oil droplets that become encapsulated with ice. Unlike
soil, ice can sustain tensile stresses; hence, the encapsulated brine pocket or oil droplet can have a
higher pressure than the applied total pressure on the specimen.
Regular responses were restored after the (partially) frozen specimens were warmed (Table 4-9) or
when the deformation field within the partially frozen specimen was disturbed by repeated loading
and unloading or further consolidation (for data in Table 4-5 after

=330 kPa) by melting or

micro-cracking of local ice blockages, respectively. Further experiments are planned for future
research that will use imaging techniques in a special cell to study the change in ice structure
under loading and its effects on the measured pore-water pressures.

4.4.8

Pore-ice pressures

It is required that both the (partially) frozen and unfrozen sand specimens have the same strain
history to assume the soil matrix carries the same amount of stress in both the (partially) frozen
and unfrozen states (Ladanyi and Morel 1990). Even though the subfreezing temperatures were
close to 0oC and up to four times the time for consolidation was allowed for the partially frozen
specimen compared to unfrozen specimens, the same void ratios were not achieved under the same
applied Terzaghi effective preconsolidation pressures (Figure 4-15). Therefore interpolation was
used to compare the results at the same void ratios. However, many factors affect pore-water
pressure coefficients as discussed earlier. A proper variable selection process is required to
balance between interpolation model simplicity and quality of the fit. The model is desired to be as
complete and realistic as possible, and to include any predictor variable that is related to the
response variable. In contrast, it is desirable to include as few predictor variables as possible to
avoid "over-fitting" of the model. Generally, past experience or theory provides good direction;
however, there are also methods to help with the decision process. Data mining techniques (Florin
2011; MacLennan et al. 2009; Myatt and Johnson 2009; Odom and Henson 2002; Witten et al.
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2011) can be used to understand data, to decide which variables should be studied for modeling
the behavior of the system, and to aid decision making especially when huge amount of data need
to be handled or high levels of complexity are involved in the behavior of the systems. Examples
of such situations are when data are acquired at high frequencies or many parameters are
measured. These techniques have been used in several recent geotechnical engineering studies
(Alavi and Gandomi 2011; Baykasoglu et al. 2009; Dyminski et al. 2008; Smith 2009; Tinoco et
al. 2009; Villwock et al. 2007). It is perceived that these techniques will have application in
permafrost engineering due to the added complexity of time and temperature dependency of the
mechanical behavior of freezing, thawing, and frozen soils. It is necessary to have a large database
of measured behaviors and parameters affecting them to best utilize these techniques. Matlab
software (Mathworks 2011) provides a comprehensive toolbox for complicated data mining tasks.
In this research, the ‘stepwise variable selection technique’ in Oakdale Engineering DataFit
software (Oakdale Engineering 2008) was used for data mining. Further, the automated multiple
variable regression capability in DataFit was used for finding the best regression curves. It was
found that only initial condition variables (initial void ratio and initial backpressure) met
significance level of 0.1 for entry into the model and soil history variables met significance level
of 0.2 for experiments on unfrozen sand specimens and therefore were not used in the regressions.
Therefore Equation (4-9) was fitted to the data.
Interpolated B-bars from the unfrozen experiments were compared with measured B-bars from the
partially frozen experiments at the same initial void ratios and initial backpressure (Figure 4-16) to
evaluate pore-ice pressure coefficients (

). Figure 4-16 shows that for this saline sand specimen

having initial salinity of 30±1 ppt NaCl, pore-ice pressure coefficient increased at a rate 10 times
faster than the rate at which the void ratio decreased at temperature of -2.94 ± 0.18oC. In the
beginning of the experiment the ice structure is not disturbed and the stress is almost zero in poreice in the fragile needle-ice matrix. Further consolidation and changes in the structure of the ice
matrix contribute to it becoming more rigid and allowing it to carry a higher portion of the applied
loads.
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At any pressure level ice will creep over time which accelerates by increasing temperature (Barnes
et al. 1971a; Glen 1955; Hooke et al. 1980; Sego and Morgenstern 1983). When strains are
maintained constant, or when other phases contribute to transferring loads, the creep in ice shows
as stress relaxation (Razbegin et al. 1996; Vyalov and Oun 1991; Zaretsky and Fish 1996). The
stress relaxation in the ice phase results in pressure redistribution in the multi-phase partially
frozen soil and decrease in the internal ice pressure. At higher pressures, ice melt will also reduce
pressure in the ice phase. Creep of polycrystalline fresh-water ice (Ashby and Duval 1985; Sinha
1978) and saline ice (Cole 1995) show a simple thermo-rheological behavior; different
temperature creep curves can be shifted horizontally into one master curve in terms of a reduced
time using a time-temperature shift factor (Ashby and Jones 1998; Roman 2003; Roman et al.
1994; Vyalov and Roman 1991). Therefore it might be possible to estimate pore-ice pressure at
various temperatures and elapsed time by conducting a limited number of experiments. These
effects were not in the scope of this research and remain for future research.

4.4.9

Effective stress during undrained loading

In both unfrozen and partially frozen specimens,

values (Lambe and Whitman’s

pore-water

pressure coefficient ) less than unity were measured at various preconsolidation levels in nearly
saturated sand specimens (

greater than 98%) and decreased with increasing effective

preconsolidation pressure.

less than unity indicates that effective stress is not zero under

undrained loading. This finding is explained through stiffness ratio of the phases and is supported
by previous literature.
Pore-pressure coefficient

less than unity in ‘saturated soils and rocks’ is reported in the

literature (Black and Lee 1973; Eigenbrod and Burak 1990; Fragaszy and Voss 1986; Lee et al.
1969; Mesri et al. 1976). Pore-pressure coefficient

less than unity in ‘saturated sands’ is reported

by Zaretskii et al. (1991) and Veyera et al. (1992). In all cases,

or

decreased with increasing

effective consolidation stress and increasing relative density. Eigenbrod and Burak (1990) also
observed that

decreased with increasing stress levels applied to a thinly-interbedded ‘varved

clay’.
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Eigenbrod and Burak (1990) reported

coefficient, in the range of 0.98 to 0.08, as a function of

effective consolidation stress (25-450 kPa) for interbedded ‘varved clay’ during loading and
unloading scenarios. Veyera et al. (1992) reported

coefficient, in the range of 1.00 to 0.51, as a

function of effective consolidation stress (86-690 kPa) and relative density (6-85%) for two
‘saturated sands’ during reloading. In this work,

coefficient values in the range of 0.92 to 0.47

during loading (reloading-loading indeed) and 0.96 to 0.53 during unloading were measured for
the unfrozen saline sand specimens, and in the range of 0.86 to 0.51 during loading (reloadingloading indeed) and 0.86 to 0.54 during unloading were measured for the partially frozen
specimens under effective consolidation stresses in the range of 67 to 330 kPa.
It should be noted that

is never zero; therefore the theoretical value of the

pore-water

pressure coefficient is always less than unity (Equation (4-4)) but approaches unity at high
backpressure levels in soft soils. Further, for identical soils, the

coefficient is always less than

coefficient (Veyera et al. 1992).
Values less than unity for

or

indicate that changes in effective stress are not zero during

undrained loading in saturated soils when the solid skeleton has ‘appreciable stiffness’ compared
to the pore-fluid. Hence, in addition to altering hydraulic continuity and conductivity in soils, the
axis translation technique alters the ratio of pore-fluid compressibility to solid-phase
compressibility, hence, altering the mechanical behavior of the soil.

4.4.10 Effects of B-bar less than unity on frictional resistance
Bishop and Eldin (1950) reported that even a too small to be measured deviation from fully
saturated state can change the compressibility of the pore-liquid by orders of magnitude and can
cause appreciable measurable frictional resistance. Even in initially fully saturated samples if the
pore-water pressure during shear reaches large negative values small bubbles of water vapor and
air freed from solution form which result in a more compressible pore-liquid. During undrained
loading of a ‘saturated soft clay’, the change in effective stress is zero and a zero friction angle is
measured. The true internal friction angle is not zero for clays and is in the range of 10o to 32o
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(Hvorslev 1937; Skempton 1948a). Golder and Skempton (1948) reported that unlike soft to stiff
‘fissured’ clays, friction angle in ‘fully saturated’ silts, silt-stone, and shales was not close to zero
during undrained loading and was in the range 0o to 38o. Bishop and Eldin (1950) state that “this
unexpected result was attributed to dilatancy, although no fully satisfactory explanation was given,
and this led Skempton (1948c) to omit dilatant soils from his theoretical analysis of the changes in
pore-water pressure during shear”. The high values of measured friction angle (up to 38o) was
attributed primarily to (Bishop and Eldin 1950):
1.

Departure from the constant-volume condition that is normally assumed in undrained
tests on fully saturated samples (due to the compressibility of the pore-water)

2.

Incomplete saturation or entrapped air (compressible unsaturated soil)

3.

Generation of negative pore-water pressures during shear, of sufficient magnitude to
cause cavitation, which leads to formation of ‘voids filled with water vapor and gas’ that
were freed from solution (compressible unsaturated soil)

Therefore, when

< 1.0, effective friction angle greater than zero can be measured during an

undrained shear test.
Several authors studied the frictional behavior of frozen soils and ice in uniaxial, triaxial, and
direct shear tests (Alkire and Andersland 1973; Andersland and Alnouri 1970; Arenson and
Springman 2005b; Bragg and Andersland 1981; Chamberlain et al. 1972; Fish and Zaretsky 1998;
Goughnour and Andersland 1968; Ho et al. 1996; Neuber and Wolters 1977; Parameswaran and
Jones 1981; Qi and Ma 2007; Repetto-Llamazares et al. 2011; Roggensack and Morgenstern 1978;
Sadovskii et al. 1987; Sayles 1973; Sayles 1974; Song 1984; Tsytovich 1975; Vyalov and
Shusherina 1964; Vyalov et al. 1965; Yang et al. 2010). In all of these studies, the frictional
resistance is attributed to dilatancy of frozen soil and the frictional nature of the soil matrix.
Except the works by Arenson and his coworkers (Arenson 2002; Arenson and Springman 2005a;
Nater et al. 2008), all of the previous research on frictional resistance of (partially) frozen soils
were limited to ‘total stress friction angle’. The method of measuring pore-water pressure used in

167

the current research differs from that used by Arenson and his coworkers and is described in
Chapter 2.
In partially frozen sand

is less than unity due to the stiffer solid phase. Therefore the change in

effective stress under undrained loading is not zero; hence frictional resistance is not zero under
undrained conditions.

4.5

Conclusions

First time measurements of Skempton’s B-bar coefficient in a partially frozen soil under laterally
confined conditions and at various initial void ratios were presented and compared with the
unfrozen state. Thus, by assuming superposition, stress distribution between soil matrix, pore-ice,
and unfrozen pore-water were evaluated. Pore-ice pressure coefficient (

) increased at a rate

more than 10 times faster than the rate of void ratio decrease in the saline sand specimen having
initial salinity of 30±1 ppt NaCl and at -2.94 ± 0.18oC. Effects of pore-ice structure, pore-ice
pressure cut off, stress relaxation in pore-ice, and ice-melt on pore-ice pressures were discussed.
First time measurements of pore-water pressure distribution within a partially frozen soil during
undrained warming were presented. It was shown that the pore-water pressures dropped sharply
(up to 283 kPa for 0.76oC warming) within the first 4 hours of application of the warmer
temperatures. Correlation models were suggested to predict induced pore-pressures associated
with undrained warming.
Further, the decrease rate of the load bearing of ice matrix with increasing temperature was
evaluated for an overconsoliated partially frozen saline sand specimen at subfreezing temperatures
close to 0oC. For this specimen,

= − 0.0349/ C was estimated.

It was further observed that preconsolidation causes two effects on pore-water pressure response
in both partially frozen and unfrozen specimens: (a)- bilinear response of the pore-water pressures
with an inflection point at a total stress that approximates the preconsolidation pressure plus porewater pressure, and (b)- reduction of . With increasing preconsolidation pressure, the primary
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pore-water pressure coefficient (

) and the secondary pore-water pressure coefficient (

remained ‘almost’ constant or ‘slightly’ decreased. With increasing backpressure,
whereas

almost remained constant or only slightly increased (i.e.

reflect initial and incremental

pore-pressure coefficients,

and

increased

approached

also hypothesized that the inflection point might reflect a critical state and that

)

and

). It was
may

, observed by Sánchez and

Sagaseta (1981) for unfrozen soft clay specimens. It was further observed that

values in the

partially frozen state were smaller than that in unfrozen state due to the contribution of the ice
matrix in load bearing.
Validity of the measured pore-water pressures within partially frozen saline sand specimens and
their anomalies were discussed. Further, it was shown that the change in effective stress under
undrained loading is not zero when the solid phase has appreciable stiffness relative to the fluid
phase; hence, frictional resistance is not zero under undrained conditions in partially frozen sand.
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4.6

Tables

Table 4-1. Summary of the properties of the unfrozen and partially frozen specimens compared in this research
Dry mass of sand (gr)
Initial height of the specimen (mm)
Initial void ratio at zero surcharge

Unfrozen specimen (Exp. No. 12)
2441.3
201.3
0.772

Frozen specimen (Exp. No. 14)
2317.5
191.7
0.777

Table 4-2. Summary of pore-water pressure response to undrained loading-unloading within an unfrozen saline sand
specimen (linear regression)
(kPa)

(kPa)

(kPa)

67

101

79

0.7420

0.7439

L
U

0.8733
0.9077

0.8763
0.9115

0.8852
0.8935

0.8816
0.8966

0.8914
0.9016

0.88156
0.9022

Average
correlation
coefficient
0.9979
0.9995

133

100

75

0.7329

0.7342

L
U

0.683
0.7788

0.7001
0.7727

0.6879
0.768x

0.6875
0.764

0.6961
0.7699

0.69092
0.7714

0.9859
0.998

133

100

79

0.7328

0.7340

L
U

0.7366
0.8341

0.7527
0.8229

0.7465
0.8212

0.7414
0.8152

0.7483
0.824

0.7451
0.8235

0.9957
0.9986

133

149

125

0.7327

0.7336

L
U

0.7924
0.8751

0.8017
0.8538

0.8074
0.8777

0.7997
0.8645

0.7989
0.8666

0.8000
0.8675

0.9973
0.9995

228

101

78

0.7267

0.7282

L
U

0.5489
0.638

0.547
0.644

0.5521
0.6256

0.5502
0.6255

0.5591
0.6356

0.5515
0.6338

0.9855
0.9942

228

101

81

0.7267

0.7283

L
U

0.6015
0.6939

0.615
0.6901

0.612
0.6923

0.6094
0.6816

0.6163
0.6916

0.6108
0.6899

0.9905
0.9951

228

100

59

0.7267

0.7278

L
U

0.6563
0.7478

0.6672
0.7378

0.6801
0.7405

0.6727
0.7303

0.6697
0.737

0.6692
0.7387

0.9951
0.9968

228

151

135

0.7267

0.7278

L
U

0.7312
0.8106

0.7354
0.815

0.7471
0.8234

0.7387
0.8128

0.7373
0.8107

0.7379
0.8145

0.9968
0.9996

228

201

186

0.7267

0.7278

L
U

0.8034
0.8522

0.7928
0.8347

0.7797
0.84

0.7758
0.8409

0.7866
0.8489

0.7876
0.8434

0.9985
0.9992

330

101

78

0.7214

0.7234

L
U

0.4695
0.5591

0.4671
0.5477

0.4769
0.529

0.4738
0.5394

0.4816
0.5386

0.4738
0.5428

0.9974
0.9916

330

149

135

0.7214

0.7243

L
U

0.6796
0.7503

0.6929
0.7827

0.7301
0.7936

0.7226
0.7783

0.7158
0.7763

0.7082
0.7762

0.9961
0.9982

330

200

185

0.7214

0.7239

L
U

0.7608
0.7928

0.7486
0.8099

0.7583
0.8189

0.7561
0.825

0.7652
0.8275

0.7578
0.8148

0.9983
0.9996

330

250

246

0.7214

0.7241

L
U

0.8373
0.9129

0.8154
0.8694

0.8161
0.8804

0.8098
0.8586

0.8366
0.8804

0.823
0.8803

0.9994
0.9999

Loading/
Unloading

FRP-1

FRP-2

FRP-3

FRP-4

FRP-5

Average

0.7517
0.8067
0.8618
0.863
0.8905
0.8348
0.9969
L
0.9556
0.9556
0.8889
0.9111
0.9333
0.9289
1
U
: effective overconsolidation pressure, : initial total pressure, :initial backpressure, : overconsolidation void ratio (minimum void ratio
the specimen has experienced before), : initial void ratio, B: Skempton’s pore-water pressure coefficient, L: during loading, U: during unloading
330

299

291

0.7214

0.7242
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Table 4-3. Summary of primary and secondary pore-water pressure response to undrained loading within an
unfrozen saline sand specimen (bilinear regression)
(kPa)

(kPa)

(kPa)

67

101

79

0.7420

0.7439

Primary
Secondary

NA
0.8932

NA
0.9014

NA
0.9151

NA
0.9126

NA
0.9151

NA
0.9075

Average
correlation
coefficient
NA
0.9991

133

100

75

0.7329

0.7342

Primary
Secondary

0.535
0.7802

0.5395
0.8181

0.5197
0.8179

0.5388
0.8409

0.5548
0.8052

0.536
0.8062

0.9967
0.9935

133

100

79

0.7328

0.7340

Primary
Secondary

0.6641
0.7888

0.6723
0.8181

0.6164
0.8202

0.6321
0.8061

0.7003
0.8068

0.657
0.808

0.998
0.9969

133

149

125

0.7327

0.7336

Primary
Secondary

0.7079
0.8773

0.704
0.8839

0.7328
0.8574

0.7247
0.8587

0.7125
0.8775

0.7164
0.871

0.9992
0.9997

228

101

78

0.7267

0.7282

Primary
Secondary

0.4949
0.7686

0.4891
0.738

0.4833
0.7956

0.489
0.7835

0.5003
0.7742

0.4913
0.772

0.999
0.9979

228

101

81

0.7267

0.7283

Primary
Secondary

0.5392
0.7975

0.5494
0.8097

0.5462
0.7759

0.5527
0.7666

0.5635
0.7852

0.5502
0.787

0.9984
0.9997

228

100

59

0.7267

0.7278

Primary
Secondary

0.6018
0.764

0.6051
0.7606

0.6232
0.7704

0.6174
0.7557

0.6151
0.7739

0.6125
0.7649

0.9997
0.9988

228

151

135

0.7267

0.7278

Primary
Secondary

0.6949
0.8

0.6906
0.8333

0.7325
0.7667

0.7139
0.7667

0.711
0.8

0.7086
0.7933

0.997
1

228

201

186

0.7267

0.7278

Primary
Secondary

0.7964
NA

0.7825
NA

0.7773
NA

0.7728
NA

0.7808
NA

0.782
NA

0.998
NA

330

101

78

0.7214

0.7234

Primary
Secondary

0.4695
NA

0.4671
NA

0.4769
NA

0.4738
NA

0.4816
NA

0.4738
NA

0.9974
NA

330

149

135

0.7214

0.7243

Primary
Secondary

0.6796
NA

0.6929
NA

0.7301
NA

0.7226
NA

0.7158
NA

0.7082
NA

0.9961
NA

330

200

185

0.7214

0.7239

Primary
Secondary

0.7608
NA

0.7486
NA

0.7583
NA

0.7561
NA

0.7652
NA

0.7578
NA

0.9983
NA

330

250

246

0.7214

0.7241

Primary
Secondary

0.8373
NA

0.8154
NA

0.8161
NA

0.8098
NA

0.8366
NA

0.823
NA

0.9994
NA

Response
Type

FRP-1

FRP-2

FRP-3

FRP-4

FRP-5

Average

0.7517
0.8067
0.8618
0.863
0.8905
0.8348
0.9969
Primary
NA
NA
NA
NA
NA
NA
NA
Secondary
: effective overconsolidation pressure, : initial total pressure, :initial backpressure, : overconsolidation void ratio (minimum void ratio
the specimen has experienced before), : initial void ratio, B: Skempton’s pore-water pressure coefficient
330

299

291

0.7214

0.7242
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Table 4-4. Summary of pore-water pressure response to undrained loading and unloading within a partially frozen
saline sand specimen (linear regression)
*

FRP-3

FRP-4

FRP-5

Average

Average
correlation
coefficient

Unfrozen state before freezing the specimen:
0.9087 0.9042 0.9059
L
0.7445
0.8521 0.8616 0.8448
U

0.9095
0.8313

0.9151
0.8378

0.9087
0.8455

0.994
0.999

0.8677 0.8563 0.8686 0.8766
L
0.8968 0.8968 0.8895
0.881
U
Frozen state after rapid freezing and subsequent warming:
0.8186 0.8353 0.8205 0.8197
L
-2.91
128
102
0.7368 0.7377
67
0.8449
0.835
0.8552 0.8447
U
Cycle 1 of 3 repeated undrained loading-unloading:
0.6691
0.677
0.6699
0.659
L
-2.88
130
100
0.7323 0.7332
137
0.6923 0.5767 0.6912 0.6807
U
Cycle 2 of 3 repeated undrained loading-unloading:
0.693
0.7284 0.7004 0.7005
L
-2.88
130
96
0.7318 0.7326
137
0.7217 0.6024 0.7141 0.7065
U
Cycle 3 of 3 repeated undrained loading-unloading:
0.7036 0.7102 0.7097 0.7083
L
-2.87
130
99
0.7315 0.7325
137
0.7424 0.5463 0.7323 0.7213
U
Cycle 1 of 4 repeated undrained loading-unloading:
0.8375
0.8601
0.8515 0.8509
L
-2.89
130
98
0.7291 0.7317
239
0.1988
0.8317 0.8314
0.8448
U

0.8753
0.8931

0.8689
0.8914

0.9976
0.9994

0.8178
0.849

0.8224
0.8458

0.9959
0.9989

0.667
0.6859

0.6684
0.6654

0.984
0.9946

0.6935
0.7188

0.7032
0.6927

0.9891
0.9954

0.6997
0.7378

0.7063
0.696

0.9964
0.9894

0.8559

0.8512

0.9966

0.8489

0.7111

0.9311

T
(oC)

+3.44

+3.53

(kPa)

67

67

(kPa)

129

128

Loading/
Unloading

(kPa)

89

107

0.7441

0.7421

FRP-1

FRP-2

0.7433

Cycle 2 of 4 repeated undrained loading-unloading:
-2.90

239

130

112

0.7291

L

0.8573

U

0.878

L

0.8917

0.731

0.3887
0.0256

0.8248

0.8454

0.8435

0.7519

0.9422

0.8829

0.8613

0.8729

0.7041

0.9886

0.8662

0.8712

0.8699

0.7161

0.8476

0.8983

0.8747

0.8845

0.7167

0.986

Cycle 3 of 4 repeated undrained loading-unloading:
-2.90

239

130

112

0.7291

0.7308
U

0.8981

0.0816
0.0277

Cycle 4 of 4 repeated undrained loading-unloading:
-2.91

239

130

112

0.7291

0.7309

L

0.8597

U

0.8951

L

0.8203

0.0192
0.0231

0.8409

0.8418

0.8557

0.6834

0.8166

0.9046

0.8844

0.9035

0.7221

0.9954

0.809

0.8015

0.8175

0.8121

0.9982

0.7363

0.7463

0.7542

0.7493

0.9904

0.5996

0.7771

0.8224

0.76

0.9882

0.6347

0.8002

0.8416

0.7867

0.9975

0.515

0.5148

0.5171

0.5156

0.9982

0.547

0.5442

0.5557

0.549

0.99

0.5492

0.5515

0.5532

0.5513

0.9994

0.5762

0.5635

0.5797

0.5731

0.9914

Increased initial backpressure:
-2.93

239

179

151

0.7291

0.7305

0.0108
-0.6868

0.0281

U

0.7604

L

0.8409

U

0.8705

L

0.0021

0

-0.3517

-0.0002

U

0.0013

0.0029

-0.0526

-0.4386

L

0.0029

0.0047

-0.4344

-0.6922

0.0029

0.0075

-0.4382

-0.7026

0.8843

Increased initial backpressure:
-2.99

239

279

260

0.7289

0.7297

0.0002
-0.0007

0.0094
-0.6892

Cycle 1 of 2 repeated undrained loading-unloading:
-3.12

332

130

99

0.7251

0.727

Cycle 2 of 2 repeated undrained loading-unloading:

-3.11

332

130

95

0.7251

0.727
U
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*

Average
correlation
FRP-1 FRP-2 FRP-3 FRP-4 FRP-5 Average
coefficient
:
,
: effective overconsolidation pressure, : initial total pressure, :initial backpressure, : overconsolidation void
ratio (minimum void ratio the specimen has experienced before), : initial void ratio, B: Skempton’s pore-water pressure coefficient
* Second numbers after the B (in Italic Bold style in shaded area) are the correlation coefficient of the regression line reported for erratic values
T
( C)
o

(kPa)

(kPa)

(kPa)

Loading/
Unloading
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Table 4-5. Summary of primary and secondary pore-water pressure response to undrained loading within a
partially frozen saline sand specimen (bilinear regression)
T
(oC)

(kPa)

(kPa)

Loading/
Unloading

(kPa)

*

FRP-1

FRP-2

FRP-3

Unfrozen state before freezing the specimen:
NA
NA
NA
Primary
0.7445
0.9513
0.9451
0.9529
Secondary

FRP-4

FRP-5

Ave.

Average
correlation
coefficient

NA
0.9595

NA
0.957

NA
0.9532

NA
0.9978

NA
NA
NA
NA
Primary
0.8908
0.8766
0.89
0.8986
Secondary
Frozen state after rapid freezing and subsequent warming:
NA
NA
NA
NA
Primary
-2.91
128
102
0.7368 0.7377
67
0.8691
0.8618
0.8478
0.8411
Secondary
Cycle 1 of 3 repeated undrained loading-unloading:
0.4949
0.5247
0.4657
0.4755
Primary
-2.88
130
100
0.7323 0.7332
137
0.8187
0.8287
0.8272
0.8202
Secondary
Cycle 2 of 3 repeated undrained loading-unloading:
0.6122
0.0816
0.6327
0.5714
Primary
-2.88
130
96
0.7318 0.7326
137
0.7853
0.7788
0.7849
0.787
Secondary
Cycle 3 of 3 repeated undrained loading-unloading:
0.5625
0.5833
0.625
0.5833
Primary
-2.87
130
99
0.7315 0.7325
137
0.7637
0.7686
0.7507
0.7661
Secondary
Cycle 1 of 4 repeated undrained loading-unloading:
0.8142
0.7631
0.8138
0.8142
Primary
-2.89
130
98
0.7291 0.7317
239
0.9556
0.9333
0.8667
0.8667
Secondary
Cycle 2 of 4 repeated undrained loading-unloading:
0.0493
0.8049
0.7802
0.8093
Primary
0.3068
-2.90
130
112
0.7291
0.731
239
1.25
1.2857
1.2143
1.1786
Secondary

NA
0.8957

NA
0.8904

NA
0.9983

NA
0.8418

NA
0.8523

NA
0.9978

0.4951
0.823

0.4912
0.8236

0.9993
0.9976

0.5918
0.7726

0.498
0.7817

1
0.9962

0.6042
0.7502

0.5917
0.7598

1
0.9976

0.8142
0.9111

0.8039
0.9067

0.9952
1

0.7926

0.7967

0.9999

1.25

1.2321

1

+
3.44
+
3.53

67

67

129

128

89

107

0.7441

0.7421

0.7433

-1

Cycle 3 of 4 repeated undrained loading-unloading:
Primary
-2.90

239

130

112

0.7291

0.8272

0.7308
Secondary

1.7

-0.0291

0.8383

0.8296

0.8065

0.8254

0.9995

1.6

1.65

1.6

1.6375

1

0.8751

0.8399

0.8439

0.8502

0.9998

0.8158

0.8158

0.8684

0.8224

1

0.791

0.785

0.7987

0.7939

0.9982

NA

NA

NA

NA

NA

NA

0.0002

0.5996
-0.9531
NA

0.7771

0.8224

0.8135

0.9999

NA

NA

NA

NA

0.515

0.5148

0.5171

0.5156

0.9982

NA

NA

NA

NA

NA

0.5492

0.5515

0.5532

0.5513

0.9994

-0.893

1.7
-1

Cycle 4 of 4 repeated undrained loading-unloading:
Primary
-2.91

239

130

112

0.7291

0.8418

0.7309
Secondary

0.7895

Primary

0.8007

-0.0315
-0.9012

0.4474
-1

Increased initial backpressure:
-2.93

239

179

151

0.7291

0.7305

Secondary

NA

0.0098
-0.5247

Increased initial backpressure:
-2.99

239

279

260

0.7289

0.7297

Primary
Secondary

0.8409
NA

-0.0007

NA

Cycle 1 of 2 repeated undrained loading-unloading:
-3.12

332

130

99

0.7251

0.727

Primary
Secondary

0.0021

0

-0.3517

-0.0002

NA

NA

-0.0029

-0.0047

-0.4344

-0.6922

Cycle 2 of 2 repeated undrained loading-unloading:
-3.11

332

130

95

0.7251

0.727

Primary

:
,
: effective overconsolidation pressure, : initial total pressure, :initial backpressure, : overconsolidation void
ratio (minimum void ratio the specimen has experienced before), : initial void ratio, B: Skempton’s pore-water pressure coefficient
* Second numbers after the B (in Italic Bold style in shaded area) are the correlation coefficient of the regression line reported for erratic values
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Table 4-6. Decrease of pore-water pressure in saline sand specimen due to undrained warming
Initial porewater
pressure
( ), kPa
205
172
192
203
206

Total
pressure
( ), kPa
231
224
227
228
228

Initial
temperatur
e (T), ᵒC

Temperaur
e increment
(ΔT), oC

-3.11
-2.34
-1.38
-0.48
+2.05

0.76
0.93
0.88
2.53
1.67

Initial
gravimetric
ice content
( )*, %
11.63
9.30
4.27
No ice
No ice

Gravimetric
ice content
decrease
(
), %
2.29
4.85
4.26
No ice
No ice

Pore-water
pressure
decrease
( ), kPa
283
175
64
57
34

* Interpolated using a 10th order polynomial regression on data provided by Hivon (1991)

Table 4-7. Regression coefficients for Equation (4-7) using data in Table 4-6
Regression coefficient

Value (double precision )

a

13.15651354

b

1.332832776

c

-0.243427774

Coefficient of Multiple Determination (R2) = 1.0

Table 4-8. Regression coefficients for Equation (4-8) using data in Table 4-6
Regression coefficient

Value (double precision )

a

3.225614502

b

1.79158017

c

5.52615E-11

d

15.86903758

e

1.38524336

Coefficient of Multiple Determination (R2) = 0.9914
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Predicted
from
Equation
(4-7)
283
175
64
No ice
No ice

Predicted
from
Equation
(4-8)
272
190
57
57
32

Table 4-9. Summary of pore-water pressure response to undrained loading and unloading within a partially
frozen saline sand specimen subjected to undrained warming and subsequent back-pressuring before each -test
*

T

(oC)

(kPa)

(kPa)

(kPa)

2.35

332

228

191

Loading/
Unloading

0.7249

FRP1

L

0.5071

U

0.5842

0.7261

FRP2
0.0061
-0.747

0.0079
-0.7919

FRP3

FRP4

FRP5

Average

Average
correlation
coefficient

0.5192

0.5014

0.5032

0.5077

0.9976

0.586

0.5839

0.5918

0.5865

0.9993

1.39

332

227

190

0.7247

0.7258

L
U

0.5828
0.638

0.5808
0.6198

0.5769
0.6236

0.5791
0.6221

0.5789
0.6337

0.5797
0.6274

0.9983
0.9982

0.48

332

225

196

0.7247

0.7258

L
U

0.6381
0.6834

0.65
0.6756

0.6283
0.6736

0.6383
0.6631

0.6344
0.6815

0.6378
0.6754

0.9994
0.9976

2.05

332

231

199

0.7247

0.7261

L
U

0.7511
0.779

0.7492
0.761

0.7291
0.753

0.7312
0.756

0.7431
0.7683

0.7407
0.7634

0.9947
0.9976

0.8057 0.8116 0.7838 0.7957 0.7913
0.7976
0.9952
L
0.8234 0.8132 0.7969 0.7885 0.8089
0.8062
0.9989
U
:
,
: effective overconsolidation pressure, : initial total pressure, :initial backpressure, : overconsolidation
void ratio (minimum void ratio the specimen has experienced before), : initial void ratio, B: Skempton’s pore-water pressure coefficient
* Second numbers after the Bs (in Italic Bold style in shaded area) are the correlation coefficient of the regression line reported for erratic
values
3.73

332

229

195

0.7247

0.7265

Table 4-10. Correlation coefficients for Equation (4-9)
Regression coefficient

Value (double precision )

a
b
c
d
e
f
g

-8851.966428
36155.79327
-49242.51222
22364.37715
0.000724643
9.23539E-06
-2.38135E-08
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4.7

Figures

Legend

1
2
3
4
5
6

Inflow of glycol from the thermally controlled bath to top plate
3-way valve for directing glycol to the cell or to the bath
LVDT
Upper drain/backpressure application tube
Open-close valve
Outflow of glycol to the bath from top plate

26
27
28
29
30
31

7
8
9
10
11

RTD # 307
O-ring and vacuum grease sealing for air tight connections
3-way valve on air pressure line
Connected to air compressor
High air pressure dial gage and regulator

32
33
34
35
36

12

Low air pressure dial gage and regulator

37

13

Open-close valve on air pressure line

38

14

Rod connecting piston and LVDT

39

15
16

Air chamber
O-ring and Vacuum grease sealed loading piston (air and water
tight)
Filter paper+ cloth filter
Loading piston and cooling/warming plate
FOP # 7 to measure air pressure in the chamber

40
41

17
18
19
20
21
22
23
24
25

42
43
44

Instruments in the laboratory space (temp = 21oC, not
insulated) enables changing pressures without the need to open
the cold room door (better thermal control of specimen)
Insulation box for FRPs
Brass ferrule for FRP connections to the cell- NTP fittings
(1/16")
Brass ferrule for RTD connections to the cell- NTP fittings
(1/8")
Specimen
RTD # 106 (E) attached to FOP # 1

Multi-way valve for saturating oil-line in the FOPs
To oil reservoir pressurized by syringe pump
A set of 5 FRPs
RTD # 201 to 208 (fed into the specimen)
Insulation box for the syringe pump
Open-close valve for filling the syring pump with deaired water
Syringe pump with water in the reservoir (half full)
Porous stone filter
RTD # 107 (F), in the air in the FRP insulation box
3-way valve on the inflow to the bottom plate
Outflow of the glycol line connected to the bottom
plate
3-way valve to apply pressure to either oil reservoir or
to the specimen (switch between oil and water)
Open-close valve on the syringe pump. Allows filling
the pump reservoir or applying pressure on the line
Oil over water reservoir with air vent (saturating oil
line)
Open-close valve on the bottom drain of the MQS cell
Bottom drain of the MQS cell

46
47

Base of the MQS cell
RTD # 308
Inflow of glycol from the thermally controlled bath to
bottom plate
Instruments in the laboratory space (temp = 21oC, not
insulated) enables changing pressures without the
need to open the cold room door
Scale for automatic mass measurements
Electrical pressuremeter

48

Open-close valve for the oil saturating line

49
50

RTD # 105 (inside the Dummy cell at its wall)
RTD # 103 (B) (in the larger insulation box)

51

Dummy cell

45

Figure 4-1. Schematic of Modified Qiu-Sego large strain consolidation apparatus (chapter 3)
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Figure 4-2. Grain size distribution of sand used in this research

Figure 4-3. Schematic of the pore-ice matrix (contact-ice and needle-ice) in a partially frozen saline
coarse grained soil based on research reported by Arenson and Sego (2006)
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500
Calibration before the
experiment, T= 4.92 ±
0.24 ᵒC

Applied air chamber pressure, kPa

450
Before the experiment:
y = 1.0175x + 10.148
R² = 0.9998

400
350

Calibration after the
experiment, T= 4.27 ±
0.01 ᵒC

300
250

Y=X

200
After the experiment:
y = 1.0314x + 3.5961
R² = 0.9995

150
100

Linear (Calibration
before the experiment,
T= 4.92 ± 0.24 ᵒC)

50
0
0

100

200

300

400

500

Measured pore-water pressure (FRP-4), kPa

Linear (Calibration after
the experiment, T= 4.27
± 0.01 ᵒC)

(a) Total duration of the experiment between the two calibrations = 259 hours

Applied air chamber pressure, kPa

500
450

Calibration before the
experiment, T= 4.2 ±
0.08 ᵒC

Before the experiment:
y = 1.0803x - 1.5516
R² = 0.9994

400
350

Calibration after the
experiment, T= 3.73 ±
0.01 ᵒC

300
250

Y=X

200

After the experiment:
y = 1.0623x - 9.5797
R² = 0.9999

150
100

Linear (Calibration
before the experiment,
T= 4.2 ± 0.08 ᵒC)

50
0
0

100

200

300

400

500

Measured pore-water pressure (FRP-4), kPa

Linear (Calibration after
the experiment, T= 3.73
± 0.01 ᵒC )

(b) Total duration of the experiment between the two calibrations = 633 hours
Figure 4-4. Comparison of calibration curves (during loading) before and after two of the partially
frozen experiments
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450
Applied total pressure

400

350
Applied backpressure
(syringe pump)

Pressure, kPa

300
Measured pore-water
pressure (FRP-1)

250

200

Measured pore-water
pressure (FRP-2)

150
Measured pore-water
pressure (FRP-3)

100

Measured pore-water
pressure (FRP-4)

50

0
0:00

0:30

1:00

1:30

2:00

Elapsed time, h:mm

2:30

Measured pore-water
pressure (FRP-5) - showing
anomality

Figure 4-5. Pore-water pressure response to independent change of total pressure and backpressure
within a nearly saturated partially frozen saline sand specimen (30±1 ppt NaCl) at -3.22 ± 0.03oC
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Measured pore-water pressure (FRP-4), kPa

300
Unloading:
y = 0.764x - 18.984
R² = 0.9988

250
200

Loading

150

Unloading

Loading:
y = 0.6875x - 6.6901
R² = 0.9849

100

Linear (Loading)
Linear (Unloading)

50
0
0

100

200

300

400

500

Total pressure, kPa

Measured pore-water pressure (FRP-4), kPa

(a) Pore-water pressure response in an undrained loading-unloading cycle (linear regression)
300
Secondary response
y = 0.8409x - 57.098
R² = 0.9953

250
200

Primary response

150

Secondary response

100

Linear (Primary
response)

Primary response
y = 0.5388x + 18.156
R² = 0.9969

50

Linear (Secondary
response)

0
0

100

200

300

400

500

Total pressure, kPa

(b) Primary and secondary pore-water pressure responses during undrained loading (bilinear
regression )
Figure 4-6. An example of pore-water pressure response in an overconsolidated unfrozen saline sand
specimen ( = 133 kPa, = 74 kPa)

181

Measured pore-water pressure (FRP-4), kPa

500

σp = 24 kPa, Ui = 80 kPa

450

σp = 133 kPa, Ui = 74 kPa

400

σp = 228 kPa, Ui = 77 kPa
σp = 330 kPa, Ui = 77 kPa

350

Y= X

300

Linear (σp = 24 kPa, Ui = 80 kPa)

250

Linear (σp = 133 kPa, Ui = 74 kPa)

200

Linear (σp = 228 kPa, Ui = 77 kPa)
Linear (σp = 330 kPa, Ui = 77 kPa)

150
100
50
0
0

100

200

300

400

500

Applied total stress, kPa
(a) Effect of preconsolidation pressure
500

Ui = 77 kPa

Pore-water pressure (FRP-4), kPa

450

Ui = 81 kPa

σp = 228 kPa

400

Ui = 113 kPa
Ui = 135 kPa

350

Y=X

300

Linear (Ui = 77 kPa)

250

Linear (Ui = 81 kPa)

200

Linear (Ui = 113 kPa)

150

Linear (Ui = 135 kPa)

100
50
0
0

100

200

300

400

500

Total stress, kPa
(b) Effect of backpressure
Figure 4-7. Effects of preconsolidation and backpressure on pore-water pressure response in an
overconsolidated unfrozen saline sand specimen (linear regression)
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Measured pore-water pressure (FRP-4),
kPa

400

Primary response,σp = 24
kPa, Ui = 80 kPa

350

Secondary response,σp =
24 kPa, Ui = 80 kPa

300

Primary response,σp = 133
kPa, Ui = 74 kPa

250

Secondary response,σp =
133 kPa, Ui = 74 kPa

200
150

Primary response,σp = 228
kPa, Ui = 77 kPa

100

Secondary response,σp =
228 kPa, Ui = 77 kPa

50

Primary response,σp = 330
kPa, Ui = 77 kPa

0
0

100

200

300

400

500

Applied total stress, kPa

Linear (Secondary
response,σp = 24 kPa, Ui =
80 kPa)

(a) Effect of preconsolidation pressure
Primary response, Ui = 77 kPa

350

250

Secondary response, Ui = 77
kPa
Primary response @ Ui = 81
kPa
Secondary response, Ui = 81
kPa
Primary response, Ui = 113 kPa

200

Secondary response, Ui = 113
kPa
Primary response, Ui = 135 kPa

σp = 228

Pore-water pressure (FRP-4), kPa

300

150
100
50
0
0

100

200

300

400

500

Total stress, kPa

Secondary response, Ui = 135
kPa
Linear (Primary response, Ui =
77 kPa)
Linear (Secondary response, Ui
= 77 kPa)
Linear (Primary response @ Ui
= 81 kPa)
Linear (Secondary response, Ui
= 81 kPa)
Linear (Primary response, Ui =
113 kPa)
Linear (Secondary response, Ui
= 113 kPa)
Linear (Primary response, Ui =
135 kPa)
Linear (Secondary response, Ui
= 135 kPa)

(b) Effect of backpressure
Figure 4-8 Effects of preconsolidation and backpressure on primary and secondary pore-water
pressures in an overconsolidated unfrozen saline sand specimen (bilinear regression)
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Measured pore-water pressure (FRP-4), kPa

350
300
Unloading:
y = 0.6807x + 13.308
R² = 0.995

250
200

Loading
Unloading

150

Linear (Loading)

Loading:
y = 0.659x + 1.6245
R² = 0.982

100

Linear (Unloading)

50
0
0

100

200

300

400

500

Total pressure, kPa
(a) Pore-water pressure response in an undrained loading-unloading cycle (linear regression)
Measured pore-water pressure (FRP-4), kPa

350
Secondary response:
y = 0.8202x - 57.062
R² = 0.9963

300
250

Primary response

200
Secondary response
150
100

Linear (Primary
response)

Primary response:
y = 0.4755x + 36.743
R² = 0.999

50

Linear (Secondary
response)

0
0

100

200

300

400

500

Total pressure, kPa
(b) Primary and secondary pore-water pressure responses during undrained loading (bilinear
regression )
Figure 4-9. An example of pore-water pressure response in an overconsolidated ‘frozen’ saline sand
specimen ( = 137 kPa, = 100 kPa, T= -2.88±0.02oC)
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Measured pore-water pressure (FRP-4), kPa

400
350
300
250
200
150
100
50
0
0

100

200

300

400

500

Applied total stress, kPa

Primary response,σp = 67 kPa,
Ui = 99 kPa
Secondary response,σp = 67
kPa, Ui = 99 kPa
Primary response,σp = 137 kPa,
Ui = 99 kPa
Secondary response,σp = 137
kPa, Ui = 99 kPa
Primary response,σp = 239 kPa,
Ui = 97 kPa
Secondary response,σp = 239
kPa, Ui = 97 kPa
Primary response,σp = 332 kPa,
Ui = 99 kPa
Linear (Secondary response,σp =
67 kPa, Ui = 99 kPa)
Linear (Primary response,σp =
137 kPa, Ui = 99 kPa)
Linear (Secondary response,σp =
137 kPa, Ui = 99 kPa)
Linear (Primary response,σp =
239 kPa, Ui = 97 kPa)
Linear (Secondary response,σp =
239 kPa, Ui = 97 kPa)
Linear (Primary response,σp =
332 kPa, Ui = 99 kPa)

(a) Effect of preconsolidation pressure
Primary response, Ui = 97
kPa

Pore-water pressure (FRP-4), kPa

400
350

Secondary response, Ui = 97
kPa

σp = 239 kPa

300

Primary response, Ui = 152
kPa

250

Secondary response, Ui =
152 kPa

200

Primary response, Ui = 262
kPa

150

Linear (Primary response, Ui
= 97 kPa)

100

Linear (Secondary response,
Ui = 97 kPa)

50

Linear (Primary response, Ui
= 152 kPa)

0

Linear (Secondary response,
Ui = 152 kPa)

0

100

200

300

400

500

Total stress, kPa

Linear (Primary response, Ui
= 262 kPa)

(b) Effect of backpressure
Figure 4-10 Effects of preconsolidation and backpressure on primary and secondary pore-water
pressures in an overconsolidated partially frozen saline sand specimen at 30±1 ppt salinity (T = -2.94 ±
0.05oC)
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Measured pore-water pressure (FRP-4), kPa
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Warming from -3.11 ᵒC to
-2.35 ᵒC

100

Warming from -2.34 ᵒC to
-1.41 ᵒC

50

Warming from -1.38 ᵒC to 0.50 ᵒC
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Warming from -0.48 ᵒC to
+2.05 ᵒC

-50

Warming from +2.05 ᵒC to
+3.72 ᵒC
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24

36

48
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Elapsed time, hours
(a) Pore-water pressure response to undrained warming steps (FRP-4)
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Total stress

Pressure, kPa

200
150

Measured pore-water
pressure (FRP-1)

100

Measured pore-water
pressure (FRP-2)

50

Measured pore-water
pressure (FRP-3)

0

Measured pore-water
pressure (FRP-4)

-50

Measured pore-water
pressure (FRP-5)

-100
0

12

24

36

Elapsed time, hours
(b) Pore-water pressure response of all FRPs to undarined warming from -3.11oC to -2.35oC
Figure 4-11. Pore-water pressure response to undrained warming within a partially frozen saline sand
specimen ( = 332 kPa, salinity = 30±1 ppt NaCl)
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Pore-water pressure
decrement (Δu), kPa
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y = -853.49x + 905.16
R² = 0.4637
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With ice in the soil
Without ice in the soil

y = 26.744x - 10.663
R² = 1
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Linear (With ice in the soil)

50
0
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Linear (Without ice in the
soil)
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Temperature increment (ΔT), oC
(a) Decrease in pore-water pressure versus temperature increment
Pore-water pressure
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y = -59.579x + 400.4
R² = 0.532

100

Linear (With ice in the soil)
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Gravimetric ice content decrement (Δωi), %
(b) Decrease in pore-water pressure versus decrease in gravimetric ice content

Pore-water pressure
decrement (Δu), kPa

300
y = 28.526x - 65.615
R² = 0.9602

250
200

With ice in the soil

150
100

Linear (With ice in the soil)

50
0
0
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10

15

Initial gravimetric ice content (wi), %
(c) Decrease in pore-water pressure versus initial gravimetric ice content
Figure 4-12. Decrease of pore-water pressure in a saline sand specimen during undrained warming as
a function of temperature increment, gravimetric ice content decrease, and initial temperature
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(a) Effects of temperature on pore-water pressure response to undrained loading within the
specimen
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(b) Effects of specimen temperature on measured B-bars with and without pore-ice within the
specimen
Figure 4-13. Effects of specimen temperature on pore-water pressure response to undrained loading
within a saline sand specimen
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(a) All FRPs show a continuous hydraulic connection (σp= 67 kPa, T=-2.91±0.02oC)
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(b) All FRPs except FRP-2 show a continuous hydraulic connection (σp= 239 kPa, T=-2.9±0.02oC)

Figure 4-14. Examples of continuous and discontinuous hydraulic connection of the pore-water phase
and FRPs. The deviation in FRP-2 response (case b) is due to Ice-blockage caused by collapse of
fragile ice structure in saline sand
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Figure 4-15. Decimated consolidation graphs for partially frozen and unfrozen saline sand specimens
(only results from consolidation steps are shown with no details related to freezing-thawing, loadingunloading, and -tests)
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Figure 4-16. Estimation of average pore-ice pressure coefficient (
superposition. When the specimen is undisturbed the fragile ice structure has very low stiffness and
sustains negligible pressure (
≈ 0, ice pressure cut off)
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Figure 4-17. Pressure-temperature diagram of a pure substance (Sage and Sage 2000)
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Figure 4-18. Effects of stress history (OCR and Kc) on bilinear effective stress path (ESP)in soft clay
specimens during undrained loading in triaxial cell (Sánchez and Sagaseta 1981)

(a) Anisotropically consolidated samples

(b) Isotropically consolidated samples

Figure 4-19. Linear and bilinear pore-water pressure response to monotonic undrained loading of soft
clay samples in triaxial experiments (Balasubramaniam et al. 2007)
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5. Summary of the findings and their practical
significance

5.1

Summary of the findings

5.1.1

Development of FRP for measuring pore-pressures in partially frozen

soils
Theory and technical requirements to correctly measure pore-water pressures in partially frozen
soils were discussed and used to guide the design of Filter-less Rigid Piezometer (FRP).
Further insights into the governing role of tertiary compressibility in total compressibility of porefluids were presented that were not considered in the previous soil mechanics literature related to
pore-pressure measurements. These considerations aid interpretation of the measured porepressures and guide the selection of piezometer fluid. Moreover, piezometer fluid was regarded as
a “hydraulic fluid” and lessons learned from machinery hydraulics were adapted and incorporated
in the design of the FRPs.
The roles of filters in piezometers and conditions where filters are not required, or should not be
used, are discussed. Use of a filter can delay and alter the pore-pressure response of the measuring
device, reduce reliability, add to system flexibility, and risk loss of hydraulic connection between
the piezometer fluid and the pore fluid, especially in partially frozen soils. In FRPs, the interface
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of the piezometer fluid with pore-water is transferred into the soil, without having a filter in
between, by using a droplet of oil injected into the soil from the tip of the FRP.
The continuity of pressures in unfrozen pore-water is required when considering pore-water as an
independent phase according to the definition of continuum in mechanics, to evaluate fluid flow
and constitutive equations. Further, hydraulic connection between the fluid phases in the soil and
in the measuring system is required to properly measure pore-pressures. Moreover, the methods
for confirming the continuity of unfrozen water phase were compared. Further, practical and
experimental significance of conducting experiments at subfreezing temperatures close to 0 o C and
at low confining and backpressures were outlined.
The shortcomings of the previously used methods for measuring pore-water pressure in soils at
subfreezing temperatures were summarized and the critical needs for developing a miniature
piezometer for measuring pore-water pressure distribution in freezing, thawing, and frozen soils
were outlined. These measurements have application in better understanding the behavior of these
soils as they freeze and thaw and when they are subjected to external loads. They also have
application in measuring hydraulic conductivity and effective stress resistance and deformation
material properties.

5.1.2

Interpretation of the response of FRPs and factors affecting the
measurements

Testing of Filter-less Rigid Piezometer (FRP) and interpretation of the measured pore-pressures
using FRPs for measuring pore-water pressures in partially frozen soils in the laboratory were
discussed. Validity of the measurements was verified by observing that the measured pore-water
pressures closely reflect the independent change of backpressures applied to the partially frozen
saline sand specimens. Further, effects of air entrainment, de-saturation, pore-fluid temperature,
ambient temperature fluctuations, and testing system compliance on the interpretation of the
measured pore-water pressures were studied. The calibration method used in this research
compensates for a majority of the testing equipment imperfections.
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It was also demonstrated that the interface characteristics between the loading piston and the poreliquid has an influence on the delayed response during the unloading scenarios, as well as on the
effects of de-saturation, air-entrainment, and pore-fluid temperature on the measured porepressures, and is a function of the tensile strength and adhesion of the pore-fluid to the loading
piston. Further study of this matter was not within the scope of the current research and remains
for future research.
The fundamental concepts discussed in this thesis enhance understanding of methods used for
measuring pore-pressures in multi-phase porous media. FRP may also have application in
measuring pore-water pressures in stiff clays and in liquefaction assessment of sands and silts
under dynamic loading, owing to its rigidity (only very small volume transfer of liquid is required
to transfer the pressures) and high frequency data logging (time intervals as small as 0.01 sec).

5.1.3

Stress transmission in a partially frozen soil

First time measurements of Skempton’s B-bar coefficient in a partially frozen soil under laterally
confined conditions and at various initial void ratios were presented and compared with that in the
unfrozen state. Thus, by assuming superposition, stress distribution between the soil matrix, poreice, and unfrozen pore-water were evaluated. The pore-ice pressure coefficient (

) was

introduced and it was observed that its value increased at a rate more than 10 times faster than the
rate of void ratio decrease in the saline sand specimen having initial salinity of 30±1 ppt NaCl and
at -2.94 ± 0.18oC,. Effects of pore-ice structure, pore-ice pressure cut off, stress relaxation in poreice, and ice-melt on pore-ice pressure were discussed.
First time measurements of pore-water pressure distribution within a partially frozen soil during
undrained warming were presented. It was shown that the pore-water pressures dropped sharply
(up to 283 kPa for 0.76oC warming) within the first 4 hours of application of the warming
temperatures. Correlation models were suggested to predict induced pore-pressures associated
with undrained warming.

206

Further, the decrease rate of load bearing by the ice matrix with increasing temperature was
evaluated for an overconsoliated partially frozen saline sand specimen at subfreezing temperatures
close to 0oC. For this specimen,

= − 0.0349/ C was estimated.

It was further observed that preconsolidation manifests itself in two ways in both partially frozen
and unfrozen specimens:
(a)- Bilinear response of the measured pore-water pressures with an inflection point at a
total stress that approximates the overconsolidation pressure plus pore-water pressure
(b)- Reduction of
With increasing preconsolidation pressure, the primary pore-water pressure coefficient (
the secondary pore-water pressure coefficient (
With increasing backpressure,
increased (i.e.

approached

critical state and that
and

and

) and

) remained almost constant or slightly decreased.

increased whereas

remained nearly constant or only slightly

). It was also hypothesized that the inflection point might reflect a
may reflect initial and incremental

pore-pressure coefficients,

, observed by Sánchez and Sagaseta (1981) for unfrozen soft clay specimens.

values

in the partially frozen state were smaller than that in unfrozen state due to the contribution of the
ice matrix in resisting loads.
Validity of the measured pore-water pressures within partially frozen saline sand specimens and
their anomalies were discussed. Further, it was shown that the change in effective stress under
undrained loading is not zero when the solid phase is of appreciable stiffness relative to the fluid
phase; hence frictional resistance is not zero under undrained conditions in partially frozen sand.

5.1.4

New classification: unfrozen, frozen, and partially frozen soils

Based on the discussion related to the continuity of phases previously outlined in this research it is
suggested to identify three classes of soils as follows:
1. Frozen soils: soils containing pore-ice, in which unfrozen pore-water is not continuous
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2. Partially frozen soils: soils containing pore-ice, in which unfrozen pore-water is continuous
3. Unfrozen soils: soils with no pore-ice
It should be noted that the above classification is more useful in identification of mechanical
behavior of soils than the previous classifications based solely on temperature (permafrost or nonpermafrost soil) or solely based on the existence of ice (frozen and unfrozen).

5.2

Limitations of the findings

5.2.1

Validity of the measured pore-water pressures

Validity of the measured pore-water pressures within a partially frozen saline sand specimen was
verified for temperatures warmer than -3.9oC in this research. However, some random anomalies
in the continuity of pore-water pressures were observed (due to local ice-blockage) at temperatures
colder than -2.6oC but was not observed at temperatures warmer than -1.8oC for experiments with
30±1 ppt saline sand and consolidation pressure of 330 kPa. It is worth noting that the freezing
point of seawater at 30±1 ppt salinity is approximately -1.6oC (Fofonoff and Millard Jr 1983).
Freezing point depression in saline sand at 30±1 ppt NaCl salinity is approximately -1.8oC (Hivon
and Sego 1990).
If we assume that at the same level of volumetric unfrozen water content two partially frozen sand
specimens at different salinities have the same continuity condition in pore-water pressures, one
can evaluate applicability of the findings of this research to a different soil. The unfrozen water in
a soil at subzero temperatures is strongly related to the fines content of the soil and the geometry
of the pore space (also to salinity), whereas the continuity of the water films mainly depends on
the distribution of the fines (also unfrozen water) that fill the pore space between the coarser soil
particles (Konrad 1999). The partially frozen saline sand at 30±1 ppt salinity and -3.9oC has a
volumetric unfrozen water content

= 13.9%. The interpolated temperature is about -1.1oC to

have the same amount of unfrozen water content in a specimen at 10±1 ppt salinity. In fine grained
soils such as clays and silts, greater volume of unfrozen water content exists compared to sand at
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the same temperatures (Figure 2-3.c) and therefore it is expected that findings of this research are
applicable at colder temperatures in these finer grained soils.
It should be noted that the actual temperature at which the pore-water in the partially frozen saline
sand specimen at 30±1 ppt is continuous could be colder than -3.9oC. The reason for this is that the
top drain of the MQS cell clogs at colder temperatures and even though quick warming of top
plate was used to ensure continuity in the top drain and the pore-water in the specimen, there
might be a difference between the reported -3.9oC and the ‘coldest’ temperatures for which
unfrozen pore-water in that soil specimen had continuous pressures (despite local blockages at
temperatures colder than -2.6oC). To overcome the problem of ice blockage of the top drain, it is
suggested to modify the MQS cell so that flash warming of the drain line is possible without
changing the temperature of the specimen. To minimize the overall effect of such warming
procedures, it is suggested to use larger specimens and measure pore-water pressures within the
specimen away from the boundaries.

5.2.2

Limitations in using pore-ice pressure coefficient

Pore-ice pressure coefficient (

) was evaluated assuming ‘superposition principle’ and that the

soil matrix carries the same amount of stress in both partially frozen and unfrozen states provided
the soil has undergone the same strain history; for sand having the same initial void ratio (Ladanyi
and Morel 1990).
The ‘superposition principle’ implies that the system is linear and additive; if input x1 generates
response Y1 and input x2 generates response Y2 then input x1 + x2 generates response Y1 + Y2. The
superposition principle provides an approximation of the actual behavior as the real systems are
only approximately linear within a specific range of inputs. For the case of partially frozen saline
sand, even though it is assumed that the sand matrix is a linear elastic material, the ice matrix is
not linear and also its response is time-dependent (creep or relaxation). Especially, the fragile
needle-ice matrix (Arenson and Sego 2006) is collapsible. For the case of partially frozen clay or
silt, both the ice matrix and the soil matrix are non-linear and their deformations depend on time.
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Therefore, the time factor, and other parameters should be incorporated in the models that attempt
to describe the behavior by assuming allocation of specific portion of stress to each phase. In this
research, response after 10 minutes was uniformly used amongst all experiments to provide a
consistent comparison.
In this research, variables that might affect the measurements such as soil history
(preconsolidation stress and void ratio) and initial loading conditions (initial backpressure, void
ratio, and total stress) were considered. A Data mining technique was used to screen the most
important contributing parameters based on the small generated database of the responses. It was
found that only initial condition variables (initial void ratio and initial backpressure) met
significance level of 0.1 for entry into the model. Soil history variables met significance level of
0.2 for experiments on unfrozen saline sand specimens. As a general rule, the more influential
variables are used in the modeling, the more accurate the predicted result. For the best use of data
mining techniques to model complex systems, generating a large data base of inputs and responses
is required which was not in the scope of this research.

5.3

Practical significance of the findings of this research

For the first time pore-water pressure distribution within a partially frozen soil subjected to
undrained loading, independent backpressures, and undrained warming was accurately measured
and continuity of the measured pore-water pressures was validated. Hence, it was shown that porewater is an independent phase with pore-pressures responding to change in total stresses but
independent of the applied total stress. Therefore effective stresses and effective stress material
properties should be used for analysis and design in these soils. Furthermore, stress distribution
between the soil matrix, pore-ice, and unfrozen pore-water were evaluated for a partially frozen
soil. The significance of findings of this research in evaluating effective stress and effective
friction angle in undrained loading were presented in Chapter 4. Significance associated with slope
stability in warm and warming permafrost, analysis and design of foundation in permafrost,
analysis of thaw subsidence, building constitutive models for partially frozen soils, and analysis of
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water flow and contaminant transport within partially frozen soils are outlined in the following
sections.

5.3.1

Significance in slope stability analysis in warm permafrost

Duncan and Wright (2005) summarized ten common factors that reduce soil strength and six
common factors that increase shear stresses and hence reducing the factor of safety against sliding
in temperate soils. It is of particular importance in permafrost slopes that strength of a soil is
reduced by increase in pore-water pressure (reduced effective stress) and cracking (in tension). On
the other hand, shear stress in soil is increased due to water pressure in cracks at the top of the
slope (short term hydrostatic water pressure on soil) and increase in soil weight due to increase in
water content. The confirmation and quantification of the above statements is challenging as
several factors such as continuity of the water phase, temperature, temperature gradient and
direction of heat flow, salinity, and time (creep, mass and heat transfer) control the mechanics of
the instability of soil and rock masses in permafrost.
Considering various aspects of the stability of soil masses in permafrost is beyond the scope of the
current research. The literature on stability of soil masses in permafrost has been reviewed by
other authors (Mason 1995; McRoberts 1973; Stoker 1989; Tsui 1987). Huggel et al. (2010)
provided a recent review on the literature on slope failure hazards due to global warming.
McSaveney (2002) reported massive rock and ice falls (up to 11.8 million m3), earthquakes (up to
3.9 Richter), floods (up to 7.8 million m3 water), and rapid rock-ice flow to long distances (up to
7.5 km at 60m/s) caused by “instability of slopes” in high mountain permafrost.
The role of effective stress and liquefaction in the stability of freezing, thawing, and frozen slopes
has been reviewed by several authors (Cleall et al. 2006; Finn et al. 1978; Harris and Lewkowicz
2000; Harris et al. 2003; Liu and Wang 2006; Yao and Broms 1965). Findings of the present
research show that effective stress material properties and effective stress analysis should be used
to evaluate resistance and deformation of the partially frozen soils. This will significantly enhance
the analysis of slope stability in warm permafrost slopes. Further, the findings of this study
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showed that in stiff, near saturated, or partially frozen soils

less than unity should be expected;

hence, change in effective stress is not zero under undrained conditions. Therefore, the material
develops frictional resistance against slope movement and instability. Further, rebound and
warming of permafrost slopes creates negative pore-pressures in ice-poor partially frozen sand;
this provides for added resistance.
Frozen permafrost slopes that have undergone warming may have already developed large
negative pore-water pressures (similar to Figure 4-11.a) that may suddenly change to positive
pore-pressures as:
•

Additional water from melting ice increases the degree of saturation (especially in varved
soils with non-homogenous ice distribution)

•

Positive pore-water pressures are generated during a sudden drop in air temperature after
a thaw period due to impeded drainage (freezing of an unfrozen layer between two frozen
layers)

•

Soil deforms under undrained conditions

An example of sudden change in pore-water pressures due to application of backpressure is
presented in Figure 3-22. The initial and subsequent pore-water pressures must be measured to
evaluate the stability of the slopes under different thawing, freezing, and saturation scenarios.
Factors of safety are allocated more efficiently in limit state analysis and design methods.
However, these methods are based on ‘effective stress analysis’. Validity of using effective stress
for analysis of soils at subzero temperatures close to 0oC was verified in this research. Therefore, it
is desired to adapt limit state analysis and design for slope stability analysis for slopes at
subfreezing temperatures close to 0oC. Eurocode 7 uses critical state as the ultimate limit state in
slope stability (Bond and Harris 2008; Orr and Farrell 1999). For this, it is perceived that porewater pressures and strength parameters at critical states are desirable in evaluating the ‘ultimate
limit state’, especially when large, rapid deformations are anticipated during slope failure, at
which conditions all of the overconsolidation-like effects are eliminated (Mayne and Swanson
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1980). The pore-pressures developed during undrained shearing of soils depend on four main
elements: (1) the initial effective vertical stress (
(3) the initial stress state (

′

), (2) the degree of overconsolidation (OCR),

), and (4) the magnitude of the applied shear stress or strain. The

critical state pore-pressure parameter is independent of these factors and has been viewed as a soil
property (Mayne and Swanson 1980).
To adapt limit state analysis and design for slope stability analysis for slopes at subfreezing
temperatures close to 0oC, appropriate load and resistance factors should be established by
considering various parameters such as time, temperature, ice content characteristics, soil type,
and scenario (mode) of slope instability triggers.

5.3.2

Significance in analysis and design of foundations in permafrost

With global warming, the thermal regime in the near surface layer of the ground will change
which impacts the stability and serviceability of foundations in permafrost regions. When a
saturated soil is frozen at temperatures well below 0oC it has a high shear resistance due to ice
bonding. An example of a heavy oil tank supported on a foundation that has a ventilated gravel fill
to keep the ground frozen is shown in Figure 5-1. With warming, the ice bonds will gradually
weaken and melt which also may generate higher pore-water pressures and result in instability.
The risk assesment during transition between the frozen and thawed conditions determines the
expenditure and when and how it is allocated to ensure the safety and serviceability of this type of
infrastructure. This is of significant interest for both the government and private sectors, as well as
insurance companies. A realistic method that can accurately predict the stability and serviceability
of such structures is desired.
Current methods of analysis and design of foundations in permafrost are solely based on total
stresses and do not consider effective frictional resistance and pore-water pressures. In these
methods, the burial depth of the foundation has no effect on the bearing capacity of the foundation
due to overburden pressure but colder temperatures at deeper elevations generally increase
shearing resistance due to existance of colder ice (Andersland and Ladanyi 2004). One implication
213

of the findings of this research is that the burial depth influences the bearing capacity of
foundations on partially frozen soils because increasing burial depth increases the effective stress
and hence the frictional resistance of the soil. On the other hand, delayed drainage of water
produced from melting ice and its effect on reducing effective stress and instability of foundations
should be evaluated in ice-rich soils that have low hydraulic conductivity in partially frozen or
thawed state. It should be also noted that in some thawed soils, cracks would increase the
hydraulic conductivity of the soil mass.

5.3.3

Significance in evaluation of thaw subsidence and constitutive
modeling of partially frozen soils

The findings of this research will significantly enhance the evaluation of thaw subsidence and
modeling deformation of partially frozen soils under applied loads and warming due to the
important role of pore-water pressure generation and dissipation in evaluation of effective stresses
and stress-strain behavior of partially frozen soils (Arenson et al. 2007; Neaupane et al. 1999;
Panday and Corapcioglu 1995; Williams 1995; Zhang 2011). Creep approaches used for modeling
deformation of frozen soils do not consider pore-water pressures and their dissipation when
evaluating deformations. Measuring pore-water pressure distribution in partially frozen soils
provides understanding to evaluate:

•

Distribution of hydraulic conductivity within these soils via direct measurements

•

Effective consolidation and effective pre-consolidation pressures

•

Effective deformation modulus used for constitutive modeling

•

Degree of consolidation and time required for reaching a specific degree of consolidation
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5.3.4

Significance in evaluation of water flow and contaminant transport
within partially frozen soils

Evaluation of water flow and contaminant transport in partially frozen soils requires measurement
or estimation of pore-pressure gradients and is of paramount practical significance, especially with
increased industrial activities in cold regions. These applications may include:

•

Control and assessment of water resources (Kane and Stein 1983; Woo and Winter 1993)

•

Ground freeezing methods for ground water control (McKenzie et al. 2007)

•

Contaminant confinement (Andersland et al. 1996; Iskandar and Jenkins 1985)

•

Risk assessment associated with contaminant transport (McCauley et al. 2002; Meyer and
Wania 2008; Wiggert et al. 1997)

•

Risk assesment associated with instability of partially frozen soil masses due to water
movement and associated saturation process (Mackay 1983a)

Further, to measure hydraulic conductivity distribution within freezing, thawing, and frozen soils,
knowledge of pore-water pressures and continuity of unfrozen water phase are required. This
would have applications in frost heave and thaw weakening prediction models. Continuity of
unfrozen water phase, development of negative pore-water pressures under undrained warming,
and feasibility of measuring pore-water pressure gradients within soils at subfreezing temperatures
will enhance analysis related to water flow and contaminant transport within partially frozen soils.

5.4

Recommendations for future research

Further research on the following topics is recommended:

1) Formulating resistance and deformation of partially frozen soils in terms of effective
stresses
2) Optimizing hydraulic fluids for use as ‘piezometer fluid’
3) Extending the use of FRPs to other soil types and saturation levels
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4) Investigating pore-water pressure distribution in freezing and thawing soils
5) Investigating the effects of the system compliance on the measured pore-water pressures
6) Investigating the characteristics of the interface between the loading piston and the poreliquid and its effects on the stress transmission in soil
7) Conducting experiments to estimate pore-ice pressure at various temperatures as a
function of time in different soils
8) Further improving the MQS cell:
a.

Using hard steel parts and cell wall

b.

Using higher number of O-rings for the loading piston if pneumatic loading
system is used (3 to 5 O-rings are suggested)

c.

Using mechanical loading (no air pressure on O-rings more than atmospheric
pressure)

5.5

d.

Submerge the whole cell in a thermally controlled bath for better thermal control

e.

Conducting strain controlled loading to reach pre-defined strains

Figures

Figure 5-1. Heavy oil tank supported on a foundation that has a ventilated gravel fill to keep the
ground frozen, Inuvik, Northwest Territory, Canada (Andersland and Ladanyi 2004)
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