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Abstract

Soil is the most widely used material in the construction of various civil infrastructure.
Various types of soils are extensively used in its natural or compacted form in the construction of
dams, canals, road and railway subgrades, and waste containment structures such as soil covers
and liners. These infrastructure and foundation soils are exposed to the influence of
environmental factors. In the permafrost and seasonally frozen regions, soils can be in different
states (e.g., saturated or unsaturated, frozen or thawed, or combinations of them) due to the
variations in moisture content and temperature. The soil-water characteristic curve (SWCC),
which is the relationship between soil water content and suction, is used in the interpretation and
prediction of unsaturated soils behavior. Similarly, the soil-freezing characteristic curve (SFCC),
which is the relationship between unfrozen water content and subzero temperature, is used in the
prediction and interpretation of frozen soils behavior. In this thesis, the SWCC and SFCC of two
Canadian soils (i.e. Toronto silty clay (TSC) and Toronto lean clay (TLC)) were extensively
investigated for better understanding the fundamental relationship between SWCC and SFCC.

The soil resilient modulus (M) is a key material property used in the rational design of
pavements. Experimental investigations were undertaken to determine the Mz of five Canadian
soils (i.e., TSC, TLC, Kincardine lean clay (KLC), Ottawa Leda clay (OLC), and Indian Head till
(IHT)), considering the influence of moisture and temperature, with the aid of an advanced
triaxial testing equipment. Two simple models were proposed for estimating the Mz of frozen
soils, in this thesis. In addition, an artificial neural network (ANN) model was developed for
estimating the Mp of the five Canadian soils considering various influencing factors.

The conclusions from the various studies in this thesis are succinctly summarized below.

(1) Four expressions (i.e. power relationship, exponential relationship, van Genuchten
equation, and Fredlund and Xing equation) that are widely used for representing the SFCC were
selected for providing comparisons between the measured and fitted SFCCs for different soils.
The results suggest that the exponential relationship and van Genuchten equation are suitable for

sandy soils. The power relationship reasonably fits the SFCC for soils with different particle



sizes, but not for saline silts. The Fredlund and Xing equation is flexible and provides good fits
for all the soils.

(2) The SFCC and SWCC of TSC and TLC were experimentally determined, analyzed, and
compared. Many factors influence the reliable measurement of SFCC, which include sensors’
resolution and stability, sensor calibration for each soil, and thermodynamic equilibrium
condition. The hysteresis of SFCC for the two soils is mainly attributed to the supercooling of
pore water. The quantitative dissimilarity in the measured SFCC and SWCC may be attributed to
specimen structure variations during compaction and saturation, and during freezing / thawing
processes, and cracks formation due to sensors insertion. In addition, some fundamental
differences may exist between the drying / wetting and freezing / thawing processes, resulting in
dissimilarity.

(3) Two novel models were proposed for the estimation of Mg of frozen soils. The
semi-empirical model extends the mechanics of unsaturated soils and employs SFCC for
prediction. Several coarse- and fine-grained saturated soils were used to validate this model. The
empirical hyperbolic model was proposed considering that the frozen Mz versus subzero
temperature relationship resembles hyperbola. This model was validated on coarse- and
fine-grained soils under saturated / unsaturated conditions. The hyperbolic model has wider
application since it can be used for both saturated and unsaturated frozen soils. Both the models
are simple and promising.

(4) The Mz of five Canadian soils subjected to wetting and freezing was determined by
using the GDS ELDyn triaxial testing system. A freezing system was established for controlling
the desired testing temperatures within the soil specimens. The results suggest: (i) The effect of
subzero temperature on the Mk is significant. (ii) For TLC, KLC, OLC, and IHT, the frozen Mz
versus subzero temperature relationship of the saturated specimen typically has steeper slope
than specimen at the optimum water content, for the temperature range from 0 to -5 °C. (ii1) The
effect of stress levels on the frozen Mr depends on soil type, water content, and subzero

temperature. Lastly, (iv) Loading frequency does not show a significant influence on the frozen



(5) The Mp of the five Canadian soils was determined considering wetting and freeze-thaw
(F-T) conditions. The results suggest: (i) The F-T cycles result in weak soil structure due to
reduction in suction, particles movement, loss of cohesion, and formation of cracks / channels. (i)
The critical numbers of F-T cycles were determined as 1, 1, 2, and 1 for TLC, KLC, OLC, and
IHT at the optimum water content, respectively. (iii) The percentage of reduction in My after the
critical number of F-T cycles was strongly related to the plasticity index for specimens tested at
the optimum water content. (iv) The wetting process results in the decrease in suction and
enlargement of soil pores. Consequently, relatively low Mz values were measured at high water
contents, and the effect of F-T cycles becomes insignificant. Finally, (v) The effect of stress

levels on the Mk was dependent on the initial water content of the specimen and soil type.
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Chapter 1 Introduction

1.1 Background

The most widely used material in the construction of engineered infrastructure is soil, in its
natural or modified form. For example, soils are compacted to form dams, canals, roads and
railway subgrades, and waste containment structures such as soil covers and liners. The
infrastructure constructed is typically in a state of unsaturated condition during their service life.
The soil below the natural groundwater table is in a state of saturated condition; however, the soil
above it is typically in a state of unsaturated condition. There has been significant interest in
understanding the unsaturated soils behavior for geotechnical engineering applications after
Bishop (1959) put forward the now well-known effective stress equation for unsaturated soils.
Rational interpretation of unsaturated soils behavior is important because unsaturated soils are
found in all continents, particularly in the arid and semiarid regions that cover about 33% of the
earth’s surface (Fredlund et al., 2012). These regions are scattered in more than 60% of countries
in the world. In addition, unsaturated soils are also found in tropical countries such as Brazil,
which have extended periods of dry seasons (Feuerharmel et al., 2006).

The zone above the groundwater table is widely referred to as the vadose zone in the
literature, as shown in Figure 1.1. The vadose zone can be divided into three sub-zones based on
the degree of saturation (S), which is defined as the ratio of the volume of water to the total
volume of void space in a soil. There exists a certain depth of soil in the vadose zone,
immediately above the groundwater table, which is referred to as the capillary fringe zone. Water
from the groundwater table migrates into the capillary fringe zone. The soil in this zone can be
considered to be closely in a state of saturation as most or all of the soil pore spaces are occupied
by water; except for the presence of some occluded air bubbles. The degree of saturation is
typically greater than 90%. The depth of the capillary fringe zone depends largely on soil type
and particle size distribution. On the contrary, the surface soil is much drier due to the
evaporation and evapotranspiration effects of the environment. The soil in this dry zone has low

degree of saturation (i.e. S < 15%), and typically has continuous air phase but discontinuous
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liquid water phase (Fredlund et al., 2012). The limited amount of water that is present in this
zone is mainly adsorbed by and tightly held by the soil particles. Between these two zones is a
two-phase transition zone, in which certain amount of air and water co-exist. Both the air phase
and water phase can be continuous in this zone. The soil in the two-phase transition zone has a

degree of saturation typically in the range between 15 to 90%.
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Figure 1.1 Subdivisions of vadose zone (unsaturated zone) on local and regional basis

(modified after Fredlund et al., 2012)

The soil pore water has lower free energy compared to free water due to the interactions
between soil particles, pore water and pore air in unsaturated soils. The soil-water characteristic
curve (SWCC) defines the relationship between the free energy of pore water (or pore water

potential, or soil suction) and the amount of pore water in the unsaturated soil. The quantity of



pore water can be represented by either the gravimetric water content, or volumetric water
content, or degree of saturation (e.g., Qi, 2017). The SWCC is a conceptual and interpretative
tool by which the behavior of unsaturated soils can be understood (Vanapalli et al., 1999;
Elkeshky, 2011). For example, the SWCC has been used for predicting the hydraulic and
mechanical properties of unsaturated soils, such as hydraulic conductivity (e.g., Fredlund et al.,
1994), shear strength (e.g., Vanapalli et al., 1996), and modulus of elasticity (e.g., Oh et al.,
2009).

The SWCC has been used in the mechanistic-empirical design of pavement structures, such
as in the Guide for Mechanistic-Empirical Design of New and Rehabilitated Pavement Structures
that is well known as the Mechanistic-Empirical Pavement Design Guide or MEPDG (ARA, Inc.,
2004). In pavement design, the unbound base / subbase and subgrade soils are typically
compacted at their optimum moisture contents. In other words, these compacted soils are in a
state of unsaturated condition. The deformation at the surface of the subgrade soils has a
significant influence on the pavement performance. Large uneven deformation of the subgrade
soils can lead to fracture of concrete slabs and non-uniform deformation of surface layers of
asphalt pavement.

The concept of resilient modulus (M) was introduced in California, USA during the 1950s
in view of the differences between the real and idealized behavior of pavement materials, since
conventionally pavement layers were characterized by Young’s modulus (Brown, 1996).
Professor Harry Seed and his colleagues at the University of California, Berkeley, were the
pioneers who carried out repeated load triaxial tests on compacted soils and defined the Mg as
the ratio of cyclic deviator stress (which simulates the repeated traftic loading) to the recoverable
(resilient) axial strain, as shown in Figure 1.2. In other words, My is equivalent to a resilient
Young’s modulus (Brown, 1996), or Mk is analogous to the Young’s modulus in statically loaded
strength test (Culley, 1971). A similar definition was applied when testing compacted granular
materials (Hicks and Monismith, 1971). The Mr was recommended as per the AASHTO (1986)

pavement design guide, and has been widely used since then as the key property in the



mechanistic pavement design methods to rationally characterize the resilient behavior of
unbound base / subbase and subgrade soils under repeated traffic loading (Han and Vanapalli,

2016).
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Figure 1.2 The definition of soil resilient modulus

Several types of laboratory testing equipment, which include triaxial shear, simple shear,
resonant column, torsional shear, hollow cylinder test and true triaxial equipment, have been
used for determining soil resilient behavior (e.g., Kim and Stokoe II, 1992; Brown, 2003; Wang
et al., 2005; Puppala, 2008; Han and Vanapalli, 2016). However, these laboratory tests are costly
and time-consuming, as they require large number of samples to be collected and tested for
obtaining representative and reliable results. It is difficult to obtain a large quantity of
undisturbed samples from field in many scenarios; and it is equally difficult to reproduce in-situ
conditions with reconstituted / compacted samples. For this reason, approximate, empirical or

semi-empirical methods are preferred to estimate or predict the soil M. During the past several
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decades, many prediction models related to M have been proposed (e.g., Heukelom and Klomp,
1962; Drumm et al., 1990; Uzan, 1992; Lekarp et al., 2000; Vogrig et al., 2003; ARA, Inc., 2004;
Christopher et al., 2006; Ikechukwu et al., 2018). Recently, Caicedo (2018) have provided a
comprehensive summary of these models for the design of pavements. These include simple
empirical relationships between the Mz and the California Bearing Ratio (CBR) and R-value, and
relationships incorporating soil physical properties and soil stresses. However, these
relationships do not consider the influence of environmental factors on the M of pavement
materials.

The compacted unbound base / subbase and subgrade soils typically stay in an unsaturated
condition during their service life (although both saturated and unsaturated conditions can occur
(Brown, 1996)) and are subjected to environmental influences (e.g., Oloo et al., 1997; Zhang et
al., 2014; lkechukwu et al., 2018; Kodikara et al., 2018). For example, environmental factors
contribute to moisture regime and soil suction variations within the pavement structure which, in
turn, influence the strength and stiffness of these unbound soils (e.g., Hicks, 1970; Zhang et al.,
2014; Han and Vanapalli, 2016). During the past two decades, many researchers demonstrated
the strong correlations between the M and soil suction (or moisture condition) as well as
established models to predict the Mz by incorporating the soil suction (e.g., Johnson et al., 1986;
Heath et al., 2004; Sawangsuriya et al., 2009; Sahin et al., 2013; Han and Vanapalli, 2015). The
variation of soil moisture in the base / subbase and subgrade layers is important to the pavement
design process, because the change in soil stiffness or modulus due to moisture variation is the
direct cause of the deformation and distress of pavements. In the MEPDG, the influence of the
variation of moisture content on the My of unbound soils is predicted with the aid of SWCC.

The environmental impacts on the Mz of unbound soils would not be fully considered by
only incorporating the influence of moisture variation into the prediction models. This is because
the phase change of soil pore water (from liquid to solid or vice versa), which is the result of
freezing and thawing of soils located in cold regions, will have a significant impact on various

soil properties including the M. This soil behavior should be well understood since a vast area



on our earth is categorized as the permafrost or seasonally frozen regions. For example, the
permafrost regions occupy about 24.91x10°km?, i.e. 25.6% of the land surface in the northern
hemisphere (Zhang et al, 2003; Gens, 2010) (as shown in Figure 1.3). The maximum extent of
seasonally frozen ground is much larger, which is approximately 48.12x10°km? or 50.5% of the

exposed lands in the northern hemisphere.
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Figure 1.3 Distribution of permafrost and seasonally frozen regions in the northern

hemisphere (Doré and Zubeck, 2009)

In cold regions, soils are exposed to freezing and thawing processes. Figure 1.4 shows the
soil freezing process in an open-system (i.e. with external water supply). When the air
temperature is lower than the soil temperature, heat is extracted from the soil to the environment,
which results in a temperature profile as presented in Figure 1.4(a). If the air temperature is
below 0 C, a freezing front (i.e. 0 T isotherm) will penetrate downward into the soil. For
example, the frost penetration in northern Ontario, Canada can be deeper than 3 m; while it is

typically around 1 to 2 m in southern Ontario (MTO, 2013). The freezing front progresses as a



function of the imbalance associated with heat supplied to the heat removed as the pore water
freezes in situ (Konrad and Morgenstern, 1980). As the freezing front advances, the upper
portion of the soil becomes frozen while the lower portion remains unfrozen. A partially frozen
layer, namely the frozen fringe, exists between the frozen and unfrozen soil layers (Figure 1.4(b))
(Marion, 1995). Thermodynamic processes in the frozen fringe contribute to the generation of
negative pore water pressure (Williams, 1966; Konrad and Morgenstern, 1980), as presented in
Figure 1.4(c). As a result, hydraulic gradient develops and water migrates from the unfrozen soil
mass to the frozen soil (Van Vliet-Lanoé, 1985; White, 1999). Migration of water to the frozen
soil is manifested as vertical shrinkage cracks below the freezing front (Figure 1.4(b)).

Water that migrates into the soil freezes behind the freezing front. Ice lenses may form if a
sufficient amount of water is accumulated behind the freezing front, resulting in soil mass heave
(Figure 1.4(b)). The thickness and spacing of the ice lenses depend on the relative magnitudes of
the rate of freezing and water availability (Penner, 1961). The rate of freezing near soil surface is
high because the temperature gradient is large. However, the pore water does not have enough
time to form thick ice lenses. Instead, thin ice lenses form with a relatively close spacing for this
situation. As the freezing front penetrates deeper soil layers, the rate of freezing is relatively low
due to lower temperature gradient. For such a scenario, there is enough time for water to migrate
towards the freezing front from the lower unfrozen zone and to freeze. Therefore, thick ice lenses
develop. The formation of ice lenses in Fujinomori clay and glass beads was directly observed by
Watanabe et al. (1997) and Mutou et al. (1998), with the aid of a microscope. The non-uniform
distribution of ice lenses in the soil mass contributes to the development of cracks, which occur
more frequently near the soil surface and decrease in frequency with increasing depth (Benson
and Othman, 1993). These cracks pose a significant influence on the performance of different

infrastructure constructed in frozen soil regions.
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Figure 1.4 Soil freezing in an open-system: (a) temperature profile; (b) soil profile, water
migration and ice lenses formation; and (c) negative pore water pressure profile (modified

after Benson and Othman, 1993)

The unfrozen water and pore ice typically coexist within a frozen soil (He et al., 2016). The
unfrozen water exists in small pore spaces and as thin films adsorbed on the surfaces of soil
particles in equilibrium with the pore ice at subzero temperatures (i.e. temperatures below 0 <C)
(Harlan, 1973). The relationship between unfrozen water content and subzero temperature in a
frozen soil is defined as the soil-freezing characteristic curve, i.e. SFCC (Koopmans and Miller,
1966; Patterson and Smith, 1981; Fu and Dash, 1993; Spaans and Baker, 1996; Azmatch et al.,
2012a; Azmatch et al., 2012b; Liu et al., 2012; Carnero-Guzman et al., 2019). Several
researchers during the past five decades have shown the similarity between SWCC and SFCC
(e.g., Koopmans and Miller, 1966; Spaans and Baker, 1996; Grant and Sletten, 2002; Liu et al.,
2012; Schafer and Beier, 2017). This background lays the foundation for a significant part of the
research presented in this thesis for using the SFCC as a tool for cold regions engineering
practice applications by extending the mechanics of unsaturated soils.

Figure 1.5 shows the typical soil thawing process. As the air temperature goes up above

0 <C, there is a temperature gradient between the air and the soil surface since the upper soil



temperature is below 0 <C. The soil continues to absorb heat from the environment as long as the
temperature of air is higher than that of the upper soil mass. With the thawing front (which is the
0 <C isotherm) penetrating downward, pore ice and ice lenses melt. However, the melt water
from the ice phase is trapped in the thawed layer by the impermeable frozen layer below (Shoop
et al., 2008), resulting in high moisture content or even saturation in the upper portion of the soil
mass. Additional moisture may be added to the surface soils by snow melting and precipitation,
as shown in Figure 1.5. The increased ability to absorb solar radiation at the soil surface would
contribute to a rise in soil temperature due to the higher moisture content and lower albedo of the
thawed soil. Such a phenomenon favors the evaporation of the soil moisture to a certain extent

(Yang et al., 2003).
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Figure 1.5 Typical soil thawing process

The described freezing-thawing process is a weathering process, which has a significant

effect on many engineering applications such as the pavements, railroads, pipelines, and building



constructions (Zaimoglu, 2010). The number of freeze-thaw (F-T) cycles is dependent on the
local climate conditions (e.g., Fraser, 1959; Hayhoe et al., 1992; Ho and Gough, 2006). In
regions where the temperature varies significantly, many cycles of F-T can be typically expected.
Alternatively, if the temperature remains below freezing for a significant period of the winter
season, soil will be subjected to fewer F-T cycles (Othman et al., 1994). The number of F-T
cycles also depends on the location of the soils. Soils that locate near the ground surface, such as
subgrade soils, are more sensitive to change in air temperature and hence are subjected to more
cycles of F-T. On the other hand, deeper foundation soils that have relatively limited or no
fluctuations in temperature are subjected to only a few F-T cycles (e.g., Hayhoe et al., 1992).

The F-T cycles considerably change the physical and mechanical properties of unbound
soils, such as their density, hydraulic conductivity, strength, and stiffness. In general, as the soil
temperature drops below 0 T, ice crystals start nucleating in large soil pores, fissures, and
cracks. When pore water changes phase to ice, its volume increases by 9% due to the opening of
the lattice of its hexagonal crystal structures. As pore water keeps phase changing, the ice
crystals increase in sizes, and they interfere with each other as well as the surrounding soil
particles (Andersland and Anderson, 1978). The formed pore ice exerts pressure and contributes
to the movement and rearrangement of the surrounding soil particles (Fraser, 1959; Chamberlain
and Blouin, 1977). However, the soil particles are not able to move back to their original
positions; due to this reason, the cohesion between soil particles is weakened after the soil thaws.
In addition, the F-T cycles typically weaken the soil structure, resulting in more cracks and
fissures as well as reduction in the fine content in the pores of the coarse fraction. This leads to
higher hydraulic conductivity and lower mechanical strengths, such as shear strength and tensile
strength (e.g., Fredlund et al., 1975; Chamberlain and Gow, 1979; Lerouil et al., 1991; Othman
and Benson, 1992; Simonsen et al., 2002; Wang et al., 2007; Kamei et al., 2012; Li et al., 2012).

1.2 Key objectives and novelty of the thesis

The permafrost and seasonally frozen regions spread out across our earth and occupy a vast
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area. The fundamental behavior of frozen soils and the associated mechanisms should be well
understood for developing sound engineering practices in these regions. Frozen soil typically
consists of four components; namely, soil particles, air, unfrozen water, and ice phases. The most
important parameter in a frozen soil is the amount of unfrozen water and / or ice. The relative
amount of unfrozen water and ice is predominantly controlled by subzero temperature. Since the
SFCC links the degree of phase transition to the subzero temperature in a frozen soil, it is a
fundamental feature of frozen soils. Many other important soil properties in cold regions
engineering practice, such as the hydraulic conductivity, thermal conductivity, strength and
stiffness, are functions of unfrozen water content. In addition, the constitutive relationships for
hydraulic, thermal, and mechanical properties of frozen soils are functions of the quantity of
unfrozen water. Therefore, the SFCC is essential for modeling the transport mechanism of water,
heat, and solutes in frozen soils (e.g., Black and Miller, 1985; Spaans and Baker, 1996; Lai et al.,
2014; Zhang et al., 2016; Lu et al., 2019). The SFCC has also been used to analyze the F-T
behavior of frozen soils (Liu et al. 2012).

The similarity between SFCC and SWCC has been investigated by many researchers (e.g.,
Koopmans and Miller, 1966; Spaans and Baker, 1996; Liu et al., 2012; Schafer and Beier, 2017).
This similarity can be associated with the free energy of pore water in both the unsaturated
unfrozen soil and frozen soil (either saturated or unsaturated) is lowered by the confinement of
soil pores and the interaction by soil particles. The decrease in the quantity of pore water, which
is replaced either by air in unsaturated unfrozen soil or by ice in frozen soil, is related to the
decrease in the free energy of pore water. This physical similarity provides the basis for many
studies using the SFCC in a similar manner as the SWCC for extending the mechanics of
unsaturated soils.

Currently, there are limited experimental studies in the literature related to the Mg of
typical Canadian soils. For example, subgrade soils are typically subjected to moisture variation,
freezing / thawing, and F-T cycles in many areas in Canada, which are seasonally frozen or

permafrost regions. The measured Mg data considering the influence of environmental factors
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can provide a better understanding of soil behavior for the rational design of pavement structures
in these regions. In addition, this information can contribute to the development of simple and
reliable models for estimating the Mr and for using them in the rational design of pavements.
Furthermore, the soil resilient behavior under cyclic loading can promote the understanding of
the mechanical response of soils subjected to other types of long-term low-level dynamic
loadings, such as those induced by train, earthquake, ocean wave, wind, and construction work
(e.g., pile driving, tunneling or blasting) (e.g., Ishikawa et al., 2011; Ling et al., 2013; Ishikawa
and Miura, 2015).

The key objectives and associated novelty of this thesis are summarized below:

(1) Comprehensive review on SFCC and its similarity to SWCC, and on some
commonly used SFCC models.

The basic concepts of SWCC and SFCC are reviewed. In addition, a comprehensive review
related to the similarity between SFCC and SWCC is derived from relevant studies in the
literature. The possible reasons for the hysteretic behavior of SFCC are summarized. In light of
the physical similarity between drying and freezing processes, and wetting and thawing
processes of a soil, the conceptual behavior of SFCC and its similarity to SWCC are derived.
Based on these discussions, SFCC has been conceptually divided into three different zones,
which is consistent to SWCC.

The reliable determination of SFCC is the primary step to employ SFCC as a tool in
engineering practice where frozen soils are encountered. Two different approaches are commonly
used for determining the SFCC. The first approach focuses on the direct measurement of SFCC.
The second approach focuses on estimating SFCC using the soil physical properties, the
similarity between SFCC and SWCC and / or physical and theoretical mechanisms. Some
commonly used methods belonging to these two approaches are reviewed.

The widely used four SFCC expressions are selected and compared to facilitate the use of

these expressions in engineering practice.
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(2) Investigation on the fundamental behavior of SFCC for two Canadian soils.

The SFCC and SWCC of two soils from Toronto, Ontario, Canada (i.e. Toronto silty clay
(TSC) and Toronto lean clay (TLC)) are measured, compared, and analyzed. The freezing and
thawing branches of SFCC were determined to understand the hysteretic characteristics of these
two soils. Experimental results are critically interpreted to understand the fundamental behavior
of the SFCC. The comparison between the measured SFCC and SWCC gives insight to the
similarity and dissimilarity of these two types of water retention curves. The possible reasons for
the dissimilarities between SFCC and SWCC are discussed. The experimental procedures used in
the present study could be followed by future studies for investigating the SFCC behavior of
soils. The need for reliable determination and rational interpretation of SFCC to facilitate its use
for cold region engineering applications is highlighted.

(3) Two models for the estimation of the Mgr of frozen soils, and extending the
mechanics of unsaturated soils to frozen soil engineering by using SFCC as a tool.

Two novel models are proposed for the estimation of the Mg of frozen soils. The first one is
a semi-empirical model, which is established specifically for frozen saturated soils. This model
extends the mechanics of unsaturated soils by using SFCC as a tool in a similar manner as
SWCC. The soil cryogenic suction (depending on subzero temperature) and degree of unfrozen
water saturation are two parameters used in this model. The second one is an empirical
hyperbolic model, which is established for both saturated and unsaturated frozen soils. This
model exploits the hyperbolic shape of the frozen Mr - subzero temperature relationship. The
two models address the shortcomings in the MEPDG that the frozen Mr of unbound soils was set
to constant values (depending on soil types) rather than taking account of the variation associated
with the decrease in soil temperature.

(4) Experimental investigation of the environmental influence (i.e. moisture and
temperature) on the Mr of five Canadian soils.

The MR of five Canadian soils (i.e., TSC, TLC, Kincardine lean clay (KLC), Ottawa Leda

clay (OLC), and Indian Head till (IHT)) considering environmental influences (i.e. moisture and
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temperature) is experimentally determined, with the aid of an advanced cyclic loading triaxial
testing system. The effect of freezing, wetting, and F-T cycles on the Mr of the five soils is
comprehensively investigated. The wetting process simulates the increase in moisture content of
in-situ subgrade soils after compaction and during their service life. The freezing and F-T cycles
simulate the weathering process caused by temperature variation in seasonally frozen regions.
The critical number of F-T cycles determined from the experimental results for the five soils can
be used as a basis for engineering structure design in relevant regions.

The above experimental program contributes to our understanding of the resilient behavior
of typical Canadian soils. It provides first-hand data and promotes the rational implementation of
the MEPDG for the design of pavements in Canada. In addition, the experimental data can be
used for the validation of the two novel models that were proposed and for understanding the
behavior of soils subjected to various types of dynamic loading.

An artificial neural network (ANN) model is established based on the large amount of
experimental data for the estimation of the Mg of the five Canadian soils subjected to variation in
water content, different number of F-T cycles and various stress levels. This novel approach, first
of its kind for the estimation of the Mr considering various influencing factors in cold regions,

can be incorporated into the MEPDG.

1.3 Thesis layout

This thesis is organized in a format of “a collection of manuscripts”. The thesis consists of
nine chapters. Chapter 1 introduces the thesis while Chapter 9 provides overall summary for
the presented studies as well as suggestions for future research. The main contents of the other
seven chapters are succinctly described below.

Chapter 2 presents a comprehensive review on the important concepts related to the
research work addressed in this thesis. The SWCC that is used as a tool in the interpretation and
prediction of unsaturated soils behavior is first reviewed. Along similar lines, the SFCC of frozen

soils is reviewed. The similarity between the SWCC of an unfrozen unsaturated soil and SFCC
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of a frozen saturated soil are critically discussed. In addition, the possible reasons for the
hysteretic behavior of SFCC are summarized. Two approaches in the literature for determining
SFCC (i.e. direct measurement and estimation) are reviewed. Finally, the effects of freezing /
thawing processes and F-T cycles on soil physical and mechanical properties, with a focus on
soil modulus, are critically discussed.

Chapter 3 mainly presents discussions on several widely used SFCC expressions from the
literature. These expressions are categorized into two groups. The first group is based on
empirical relationships between unfrozen water content and subzero temperature. The second
group is developed by exploiting the similarity between SFCC and SWCC, with the aid of the
Clapeyron equation that correlates subzero temperature to cryogenic suction. Four of these SFCC
expressions (two from each category) are selected and used to best-fit the measured SFCCs of
four soils collected from the literature. The results are compared and discussed. Recently, a more
advanced void ratio-dependent SFCC model was proposed by Mu et al. (2018). Some
discussions regarding this SFCC model and its parameters are provided in this thesis. In addition,
a simpler and more straightforward SFCC model, which directly uses subzero temperature
(rather than using cryogenic suction as in the original model) as an independent variable, is
proposed in this thesis. This part of work is summarized in Appendix A.

Chapter 4 presents a comprehensive experimental study on the measurement of both the
SFCC and SWCC of TSC and TLC. The SFCC is measured under a set of subzero temperatures
by using moisture content sensor and temperature sensor, and the SWCC is measured by using
three different methods that covering a wide range of soil suction values, i.e. pressure plate
method, WP4-T dew point method, and vapor equilibrium method. Two freezing methods;
namely, direct freezing and step freezing were used for determining the freezing and thawing
branches of SFCC of the two soils. The experimental results were used to provide comparisons
between SFCC and SWCC. In addition, these results are critically interpreted to understand the
fundamental behavior of the SFCC. Finally, the possible reasons for the dissimilarities between

SFCC and SWCC are critically discussed.

15



In Chapter S, a semi-empirical model, which uses SFCC as a tool, is proposed for
predicting the variation of Mgr of saturated frozen soils with subzero temperature (and the
associated cryogenic suction). Experimental data on seven different unbound road materials
(including both coarse- and fine-grained soils) from the literature are used to validate the
proposed model. This semi-empirical model extends the mechanics of unsaturated soils and
employs SFCC in a manner similar to SWCC for pavement design in cold regions.

In Chapter 6, a model with two-constants is proposed for estimating the variation of soil
Mr with subzero temperature exploiting the hyperbolic shape of the frozen Mr - subzero
temperature relationship. Experimental data on eighteen different unbound materials from the
literature, which include both coarse- and fine-grained soils that were tested under saturated /
unsaturated conditions, are used to validate the proposed model. The proposed model is simple
and is capable of reasonably predicting the Mg of the investigated soils that are in a state of
frozen condition.

Chapter 7 presents an experimental investigation on the frozen Mg of five Canadian soils
(i.e., TSC, TLC, KLC, OLC, and IHT). A freezing system is designed for freezing and
maintaining the soil specimens under the desired testing temperatures. The freezing system
mainly consists of an isotemp bath circulator filled with antifreeze liquid, a wrapped copper coil
that is placed around the soil specimen, and insulation materials for minimizing thermal
exchange between the soil specimen and surrounding environment. The Mr tests are performed
by using a GDS Entry Level Dynamic (ELDyn) triaxial testing system following the AASHTO
standard T307-99 (AASHTO, 2007) with some necessary modifications. The effects of water
content, subzero temperature, stress level, and loading frequency on the frozen Mg are
investigated.

In Chapter 8, the Mr of the above five Canadian soils subjected to different wetting and
F-T conditions are experimentally determined and analyzed. The wetting process simulates the
increase in moisture content of in-situ subgrade soils after compaction and during their service

life. The F-T cycles simulate the weathering process caused by temperature variation in
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seasonally frozen regions. The same triaxial testing system is used and the testing program is

undertaken following AASHTO T307-99 with some modifications. Based on the extensive

experimental data, an artificial neural network (ANN) model is developed for estimating the Mg

of the five soils considering the influence of water content, number of F-T cycles and stress

level.
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Chapter 2  Literature review

2.1 Introduction

In this chapter, the basic concepts of SWCC and SFCC are reviewed. A comprehensive
review on the similarity between SFCC and SWCC is derived from relevant studies in the
literature. The possible reasons for the hysteretic behavior of SFCC are summarized. The
commonly used methods for the determination of SFCC (direct measurement and estimation) are
reviewed. In addition, the effect of freeze-thaw (F-T) cycles and freezing / thawing on the

physical and mechanical properties of soils are reviewed.

2.2 Soil-water characteristic curve (SWCC)

The energy status, which is also termed as soil water potential or pressure, is defined as the
energy (per unit mass, volume, or weight of water) that must be applied to withdraw an
infinitesimal amount of water from the soil to a reference reservoir containing free water (Spaans
and Baker, 1996). The soil water has lower energy than the free water because soil water is
confined by soil pore spaces and influenced by the adsorption of soil particles. The energy of soil
water can be measured in terms of its partial vapor pressure (Fredlund and Rahardjo, 1993).

The pore spaces in an initially saturated soil are occupied by water along with possibly
some occluded air bubbles as shown in Figure 2.1(a). The water phase is continuous at this stage,
which is referred to as the boundary effect stage. When the saturated soil is subjected to drying,
water drains from the pore spaces, and the energy of the remaining pore water decreases (or soil
suction increases). The soil suction () is defined as the pressure difference between the pore air
and pore water phases (i.e. ¥ = p, — pw) along an air-water interface in an unsaturated soil. At a
certain value of soil suction, air phase starts to enter into large pore spaces. This suction value is
generally referred to as the air-entry value (AEV). During this stage (i.e. the primary transition
stage), the air phase is typically not continuous, but the water phase is still continuous, as shown

in Figure 2.1(b).
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The soil suction keeps increasing as the drying process continues. During this process,
more and more water will be replaced by air with an increase in the soil suction. The air bubbles
increase in size and penetrate smaller pore spaces. During this stage (referred to as the secondary
transition stage), both the air and water phases can be continuous, as shown in Figure 2.1(c). The
remainder of pore water is found in increasingly narrower spaces, with decreasing radii of
curvature of the air-water interface. At a certain value of suction, most of the pore water is
replaced by air and only a small amount of water is available in the soil. This water is adsorbed
and is available on the surfaces of soil particles as thin films and confined in small pore spaces
that air phase cannot penetrate under the current suction value (Figure 2.1(d)). This soil water
content is in the residual stage and is widely referred to as the residual water content. Since
adsorptive forces increase with distance close to the soil particle’s surface, and capillary forces
are inversely proportional to the radius of curvature, more energy is needed to remove a

subsequent amount of pore water (Spaans and Baker, 1996).
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(a) Boundary effect stage (b) Primary transition stage

(c) Secondary transition stage (d) Residual stage

L] soilpartice [ Water [ ]JAr (O Air-water interface

Figure 2.1 Probable variations of water and air phases in a saturated soil subjected to

drying (modified after Vanapalli et al., 1996; Yin and Vanapalli, 2018)

The soil-water characteristic curve (SWCC) defines the relationship between suction (or
water potential, or energy) and the gravimetric water content, or volumetric water content, or
degree of saturation of an unsaturated soil. It can be used as a conceptual tool to both interpret
and predict the physical and mechanical behavior of unsaturated soils (Vanapalli et al., 1999).
Figure 2.2 shows a typical plot of SWCC (degree of saturation vs. suction) for a silty soil

highlighting some key features. The SWCC is hysteretic under drying (desorption) and wetting
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(adsorption) conditions. However, it is usually sufficient to only consider the desorption curve.
The AEV and the residual water content (or the residual state of saturation) is shown in Figure
2.2. Use these two distinct points, the SWCC can be divided into three different zones, i.e.
boundary effect zone, transition zone, and residual zone of unsaturation. This is in agreement
with the variations of water and air phases shown in Figure 2.1. The three zones have also been
described as the capillary regime, funicular regime, and pendular regime respectively (e.g., Lu
and Likos, 2004; Yin and Vanapalli, 2018). In addition, two more description methods have been
used to represent the three different zones (Zhang et al., 2014). Thermodynamic considerations
show that the suction value corresponding to zero water content is approximately one million
kPa (Fredlund, 1996). Many expressions have been proposed in the literature for best-fitting the
measured SWCC. The descriptions, advantages and limitations of these expressions can be found
in studies and textbooks such as Leong and Rahardjo (1997), Lu and Likos (2004), and Fredlund
et al. (2012).
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Figure 2.2 Typical plot of SWCC for a silty soil (modified after Vanapalli et al., 1999; Yin
and Vanapalli, 2018)

The physical and mechanical properties of unsaturated soils such as the hydraulic
conductivity, thermal conductivity, shear strength, stiffness, and volume change are difficult to
measure directly since it requires cumbersome equipment that can be operated only by skilled
technicians, and requires a long time. Many studies in the literature have shown that the behavior
of unsaturated soils could be predicted by using the SWCC (e.g., Fredlund and Rahardjo, 1993;
Vanapalli et al., 1999). As the soil moves from a saturated state to drier conditions, the
distribution of water and air phases changes, influencing the properties of unsaturated soils.
Since the SWCC represents the amount of water phase as well as air phase in a soil, it can be
used as a tool to predict the engineering behavior of unsaturated soils. For example, in some
cases the behavior may be primarily related to the volume of the separate phases (e.g., water

content), or the continuity and tortuosity of the water phase (e.g., hydraulic conductivity and
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molecular diffusion) or the air phase (e.g., coefficient of vapor or oxygen diffusion). In other
cases, it is the nature of the interphase contact area controlling stress transfers (e.g., shear
strength and volume change) or interphase mass transfers (e.g., chemical adsorption and
volatilization) which controls behavior. These interphase relationships can be derived using the
SWCC and can then be used for estimating or predicting unsaturated soil properties (Barbour,

1998; Vanapalli et al., 1999).

2.3 Soil-freezing characteristic curve (SFCC)

In a frozen soil, liquid water and pore ice coexist (e.g., Edwards and Cresser, 1992;
Ishizaki et al., 1994; Dash et al., 1995). Bouyoucos (1917) first demonstrated the existence of
liquid water in a frozen soil-water system by use of a dilatometer. The principal factor
determining the quantity of water remaining unfrozen is subzero temperature (Nersesova and
Tsytovich, 1963). Pressure is less important than temperature; however, it is a reasonably
significant factor. An increase in pressure increases the unfrozen water content at a given
temperature. Besides the external influences (i.e. temperature and pressure), solute concentration
can also exert an effect. In addition, the manner in which freezing was accomplished, the soil
microstructure and specific surface area of soil particles, the chemical and mineralogical nature
of the soil matrix, and physicochemical characteristics, especially the nature of the exchangeable
cations may also be important (e.g., Nersesova and Tsytovich, 1963; Anderson and Tice, 1973;
Chai et al., 2018).

For an initially unfrozen saturated soil, all its pore spaces are occupied by liquid water, as
shown in Figure 2.3(a). When the soil is subjected to freezing, the temperature of pore water
decreases. Since pore water is confined and influenced by soil particles, the freezing point of
pore water is lower than that of free water, which typically freezes at 0 <C. This means that pore
water will not freeze when soil temperature decreases to 0 <C. Therefore, at this time, the pore
spaces are completely filled with liquid water. With a further decrease in temperature, however,

small ice crystals will form (nucleate) in large pores and replace some water, as shown in Figure
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2.3(b). This specific subzero temperature can be referred to as the ice-entry value (IEV), which is
analogous to the AEV in the SWCC. There remains a significant quantity of liquid water and the
water phase is continuous at this stage. The ice crystals will increase in size and penetrate
smaller pore spaces. As a result, more and more water will be replaced by ice as soil temperature
decreases (see Figure 2.3(c)). Both the ice and water phases can be continuous during this stage.
Finally, when a certain value of subzero temperature is achieved, most of the pore water become
ice and only a small amount of liquid water is left. This amount of unfrozen water is tightly
adsorbed on the surfaces of soil particles as thin films and confined in small pore spaces, as
shown in Figure 2.3(d). This particular water content can be referred to as the residual unfrozen

water content. At this stage, the ice phase is continuous while the water phase is not.

y]  Soil
& particle

Unfrozen
_water

S

Ice
crystal

Unfrozen

L water

Figure 2.3 Probable variations of unfrozen water and ice phases in a saturated soil
subjected to freezing: (a) no ice has formed; (b) formation of ice crystals; (c) increase of ice

crystals; (d) residual stage
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The soil-freezing characteristic curve (SFCC) describes the relationship between the
amount of unfrozen water and subzero temperature in a frozen soil (Koopmans and Miller, 1966;
Spaans and Baker, 1996; Flerchinger et al., 2006; Azmatch et al., 2012a; Azmatch et al., 2012b;
Liu et al., 2012a; Wu et al., 2015; Watanabe and Osada, 2016; Schafer, 2018). Similar to the case
in unsaturated soils, the quantity of unfrozen water can be represented by either the gravimetric
water content, or volumetric water content, or degree of (unfrozen water) saturation. The
relationship between unfrozen water content and temperature has also been referred to as the
phase composition curve (PCC) (e.g., Anderson and Tice, 1972; Anderson et al., 1973; Liu and
Yu, 2014), unfrozen water characteristic curve (UWCC) (Mu et al., 2018), freezing temperature
equation or equilibrium equation (Kurylyk and Watanabe, 2013), soil freezing curve (SFC)
(Grant and Sletten, 2002), and soil freezing retention curve (SFRC) (Mao et al., 2018). In order
to have similar expression as the SWCC, the abbreviation SFCC is used through the remainder of
this thesis except for Appendix A.

The SFCC links the degree of phase transition to the subzero temperature in a frozen soil.
Therefore, many important soil properties in cold regions engineering practice, such as the
hydraulic conductivity (Azmatch et al., 2012a), segregation potential for frost heave (Konrad,
2001), resilient modulus (Bigl and Berg, 1996b), and strength (Akagawa and Nishisato, 2009;
Agergaard and Ingeman-Nielsen, 2012), can be estimated using SFCC. In addition, the
constitutive relationships for hydraulic, thermal, and mechanical properties of frozen soils are
functions of the quantity of unfrozen water, the SFCC is therefore essential to modeling the
transport mechanism of water, heat, and solutes in frozen soils (e.g., Black and Miller, 1985;
Spaans and Baker, 1996; Zhang et al., 2016; Yu et al., 2018). The SFCC has also been used to
analyze the F-T behavior of frozen soils, for example as recently presented by Liu et al. (2012b).

The cryogenic suction (or cryosuction), which is associated with the potential that develops
between pore ice and pore water (or the pressure difference between the ice and water phases
along curved ice-water interface, i.e. oo = pi - pw) In frozen soils, is conceptually similar to the

suction developed between the air and water phases in unfrozen unsaturated soils (Gens, 2010;
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Caicedo, 2017; Na, 2018). The cryogenic suction is of fundamental importance when considering
the mechanical and other properties of frozen soils, and contributes to the increase of shear
strength, apparent pre-consolidation pressure, and stiffness of frozen soils (Shastri and Sanchez,
2012).

The Clapeyron equation can be used to convert the subzero temperature to cryogenic
suction or vice versa. The original form of the Clapeyron equation, which was derived from the
thermodynamic concept of Gibbs free energy, can be generalized for multiple phases by first
writing the Gibbs-Duhem relationship for each phase and then combining the resulting terms
(Kurylyk and Watanabe, 2013). In a solute-free saturated frozen soil, the relation between
changes in chemical potential for the unfrozen water and ice phases, is given by the

Gibbs-Duhem equation as below (Grant et al., 1999; Lebeau and Konrad, 2012),

dy, =-s,dT, +v,dp, (2.1)
dy =-sdT. +v.dp, (2.2)

where u, and g; are the chemical potential of unfrozen water and ice phases respectively; s, and
s; are the specific entropy of unfrozen water and ice phases respectively; T, and T; are the
temperature of unfrozen water and ice phases respectively; v, and v; are the specific volume (v)
of unfrozen water and ice phases respectively (v = 1/ p, p is the density). At thermodynamic
equilibrium condition, the changes in chemical potential and temperature of the unfrozen water

and ice phases are equal (i.e., duw = dus; T = T; = T), this results in,

v, dp, ~ydp, = (5,5)dT = £dT 23)
which can be rearranged and integrated to give,

Vv 1L
—dp, + %dp, =——=dT 2.4
P; v Pu v T (2.4)

Pi p T

' Vy 1L

dp——* | dp, =—=|=dT 2.5
pfop. Vi,{) P VinoT 25)
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v, 1L
P, — po—v—i(pw— Do) ——V—J-?dT (2.6)

i T
v 17L
PPy A= =) == j = @7
where L is the latent heat of fusion of water (L = 334 kJ/kg); To is the normal freezing
temperature of water (To =0 <C); T is the subzero temperature in <C (when expressed in K, T (K)
=T (C) + 273.15); and po is the reference pressure which is usually taken as the atmospheric
pressure.

Extending the assumption that p; is constant and equal to the atmospheric pressure, and
that the density difference between water and ice phases is negligible (i.e. pw = pi, and vy, = v)),

the above equation (i.e. Eq. (2.7)) can be simplified as,

T +273.15 T +273.15
—p - p,=—Lp, IN— =20 334000 |n LMD 28
Voo = P Pu =2 T 503 15 273.15 (@5)

where weno IS the cryogenic suction in kPa; p,, is the density of water (p,, = 1000 kg/m?). The
calculated cryogenic suction versus subzero temperature relationship by Eq. (2.8) is
approximately linear with a slope of about 1225 kPa/<C when the subzero temperature is not too
low, as shown in Figure 2.4. This value is in agreement with other values provided by different
researchers (e.g., Williams and Smith, 1989; Grant, 1994; Konrad, 1994; Ma et al. 2015; Caicedo,
2018). The theoretical limit of suction in a soil (i.e. 10° kPa) can be converted to a subzero

temperature of -259.47 <C, by using Eq. (2.8).
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Figure 2.4 The Clapeyron equation

Several researchers have summarized various forms of the Clapeyron equations that are
available in the literature (e.g., Spaans, 1994; Black, 1995; Dall’Amico, 2010; Kurylyk and
Watanabe, 2013). A comprehensive review on these various forms of the Clapeyron equation is
out of the scope of this thesis. It is interesting to note that many researhers refer to Eq. (2.8) as
the Clausius-Clapeyron equation. This is, however, not fully valid. As stated by Black (1995):
“This is not correct; the Clausius-Clapeyron equation applies to liquid-vapor equilibrium,
whereas the Clapeyron equation refers to any equilibrium phase composition.” This point of
view is also supported by Hansson et al. (2004), who expressed that the Clausius-Clapeyron
equation is a simplified version of the Clapeyron equation.

The shape of the SFCC depends on the intial void ratio, the cooling rate, and the F-T cycle
(e.g., Konrad, 1989; Azmatch et al., 2012b; Mu et al., 2018). A typical SFCC of Devon silt

specimen measured by Azmatch et al. (2012b) is shown in Figure 2.5. The soil slurry was
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prepared at a moisture content of 60% and then de-aired prior to being consolidated under 100
kPa. The unfrozen water conent was measured using the time domain reflectometry (TDR)
technique. The cryogenic suction value was calculated from the corresponding subzero
temperature by using the Clapeyron equation. As mentioned above, an important point when a
soil is subjected to freezing is the IEV, defined as the subzero temperature or cryogenic suction
at which ice first begins to enter the largest soil pores. The procedure for determining the IEV is
shown in Figure 2.5. The initial straight-line portion of the SFCC is extended to intersect a linear
extension of the transition zone (where there is a sharp drop in the unfrozen water content) of the

SFCC. The intersection of the two straight lines gives the IEV (Azmatch et al., 2012b).
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Figure 2.5 The SFCC of Devon silt specimen consolidated to 100 kPa and determination of

IEV (modified after Azmatch et al., 2012b)
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2.4 Similarity between SFCC and SWCC

As can be seen from the above two sections, the physical process that a soil undergoes
during drying (and wetting) cycles under unfrozen condition has similar features to that when the
soil is subjected to freezing (and thawing) cycles. When an initially saturated soil is subjected to
drying, water is gradually removed and replaced by air, leaving the remainder water at an
increasingly lower matric potential. In a similar fashion, liquid water in the soil changes phase
and gradually becomes ice when it is subjected to freezing. Two different mechanisms contribute
to matric potential; namely, the adsorptive force and capillary force (e.g., Bittelli et al., 2003; Lu
and Khorshidi, 2015). The adsorptive force acts on the mineral-water interface. Water is
adsorbed by soil particles as thin films. Therefore, it is considered immaterial whether ice or air
is present on the other side of the water film; for this reason, reductions of soil matric potential in
frozen and unfrozen conditions due to adsorptive force can be considered identical (Spaans and
Baker, 1996; Na, 2018). The capillary force at the interface of different phases, such as air-water,
ice-water, and air-ice interfaces, is proportional to the surface energy of the interface. The surface
energy of air-water interface is higher than that of ice-water interface (Spaans, 1994). For this
reason, reductions of soil matric potential associated with capillary force are different in a soil
that is at frozen and unfrozen conditions.

The similarity between drying / wetting and freezing / thawing processes was observed
long time ago but has not received sufficient attention (Liu et al., 2012a). Buckingham (1907)
noticed the analogy between the flow of capillary water and flow of heat, which are the result of
water pressure difference and temperature gradient respectively. He also defined the capillary
potential as the measure of the attraction of soil for water. Beskow (1935) initially proposed the
concept that soil freezing is related to soil drying and that water flow to the freezing front in
freezing soils is similar to water flow to the evaporative front in drying soils (Kurylyk and
Watanabe, 2013). Schofield (1935) introduced the pF scale to indicate the energy status or
suction of soil water in the unit of cm H2O. The pF is the logarithm of the Buckingham’s

potential. The free energy difference between soil water and bulk free water (and hence the pF)
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can be directly related to the freezing point depression. The proposed relationship between the pF
and freezing point depression by him is a simplified form of the Clapeyron equation.

Koopmans and Miller (1966) were the pioneers who measured both the SFCC and SWCC
for three different types of soils (i.e. SS, SLS, and SSLS). The SS soil is free of colloidal
materials and represents soils such as sand, silt, or coarse clay fractions that have direct
solid-to-solid (SS) contacts between particles. In SS type soils, each particle is wedged with the
other adjacent particles and the pore geometry is fixed. A change in water content causes a
displacement of the air-water interface within the pore system; however, there will be no change
in the bulk volume of the soil. The other extreme scenario relates to the soil particles are always
separated by liquid water (i.e. solid-liquid-solid), designated as the SLS soil. A change in water
content is accompanied by corresponding changes in particle spacing and in the bulk volume.
Macroscopic cracks may open or close due to changes in water content; however, the air phase
does not penetrate the spaces between particles. The schematic representation of the SS and SLS
soils and their basic features are shown in Figure 2.6. In reality, the behavior of a majority of

natural soils lies in between the SS and SLS; for this reason, they are designated as SSLS soil.
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Figure 2.6 Schematic representation of (a) SS and (b) SLS soils (figures are modified after
Miller, 1980)

It is reasonable to assume that adsorptive force dominates the water retention behavior in
the SLS soil. The SFCC and SWCC are expected to be identical and do not require any
adjustment if soil water is at similar state in the frozen and unfrozen SLS soil. However, because
of the difference between the surface energy of air-water and ice-water interfaces in a SS soil, an
adjustment factor is required to relate its SWCC to SFCC (Koopmans and Miller, 1966; Miller,
1980). Figure 2.7 shows the measured SFCC and SWCC of these three different types of soils.
As can be seen, by using an adjustment factor of 2.2 for the SS and SSLS soils and with no
adjustment for the SLS soil, good agreement was achieved between the SFCC and SWCC
(Miller, 1973). 1t is of interest to note that a value of 2.2 would lead to erroneous result for the
SSLS soil from a theoretical point of view. Investigators were also inspired to find an adjustment
factor that is dependent on temperature since most soils behave as SSLS soils, which cannot be

categorized as dominated by either capillary or adsorptive force (Kurylyk and Watanabe, 2013).
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Soil pore water freezes gradually and the governing force (capillary or adsorptive) may switch
with a decrease in temperature. At higher subzero temperature, pore water is mainly present as
the result of capillary force since the curvature of ice-water interface is significant in this
situation. However, when there is a further decrease in temperature, most pore water becomes ice

and only thin adsorbed film of water is available. Hence at this stage, adsorptive force dominates

and no capillary force is considered (Lebeau and Konrad, 2012; Kurylyk and Watanabe, 2013).
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Figure 2.7 (a) SFCC for second freezing and SWCC for drying for SS soil; (b) SFCC and

SWCC for SLS soil; and (¢) SFCC for third F-T cycle and SWCC for dry-wet cycle for

SSLS soil (data from Koopmans and Miller, 1966)
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Figure 2.8 highlights the characteristics similar in both the SFCC and SWCC. In a SWCC,
the soil is in a state of saturated condition until soil suction reaches to the AEV. The soil water
content drops significantly with the continuous increase of soil suction beyond the AEV point,
until most of the pore water drains away and only a small amount of water is left as thin
adsorbed films on soil particles. This particular water content is known as the residual water
content. It is generally acknowledged that further increase in soil suction does not contribute to a
significant reduction in water content as the residual condition is achieved. The SWCC can thus
be divided into three zones with the aid of the two key definitions (i.e. the AEV and residual
water content): boundary effect zone, transition zone, and residual zone (as summarized in
Section 2.2). In a SFCC, with a decrease in subzero temperature (which corresponds to an
increase in cryogenic suction), ice crystals start to form in large soil pores which were originally
filled with unfrozen water. The corresponding subzero temperature (or cryogenic suction) at this
stage is referred to as the IEV. Both the AEV and IEV can be described by the Young-Laplace
equation, through the surface energy of air-water interface and ice-water interface, respectively.
The unfrozen water content continues to decrease at a relatively faster rate as soil temperature
decreases. At certain subzero temperature, most pore water turns into ice and beyond which
extremely low temperature (i.e. high cryogenic suction) would be required to reduce the quantity
of unfrozen water. This critical point is the residual unfrozen water content (as shown in Figure
2.8(b)), which is similar to the residual water content of SWCC. At this point, unfrozen water is
firmly held by and close to the soil particles (as summarized in Section 2.3). The SFCC could
then be divided into three zones similar to SWCC, as shown in Figure 2.8. In addition, scanning
curves exist for both SWCC and SFCC (e.g., Patterson and Smith, 1981; Spaans and Baker, 1996;
Pham et al., 2005; Parkin et al., 2013). The SFCC also shows hysteretic behavior (Williams,
1967; Homshaw, 1980; Patterson and Smith, 1981; Overduin et al., 2006; Azmatch, 2013; Yu et
al., 2018).
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Figure 2.8 Conceptual sketch for the similarity between SWCC and SFCC

Figure 2.9 displays the typical SWCC and SFCC of sand, silt, and Regina clay using the

data collected from different studies (Smith and Tice, 1988; Vanapalli et al., 1999; Bronfenbrener

and Bronfenbrener, 2012). It should be noted that the SWCC and SFCC of each soil were not

necessarily obtained from identical specimens (the respective soil physical properties are shown

in Figure 2.9). The figure serves for illustrating basic features of SWCC and SFCC of the same

type of soil. For SFCC, the originally measured subzero temperature is converted to cryogenic

suction through the Clapeyron equation (i.e. Eq. (2.8)). As can be seen from Figure 2.9, the

42



SWCC and SFCC show similar trends in variation with an increase in soil suction. The
desorption rate of coarser soils is relatively fast; due to this reason, the water content of sand and
silt drops significantly (pore water is replaced by either air or ice) in a relatively small range of
soil suction, and then levels off. The water content of Regina clay, on the other hand, decreases at
a much slower rate and continues decreasing even when soil suction is relatively high. The
reason for such a behavior is that fine-grained soils consist of small size platy particles, which

have a capacity to retain large amount of water by strong adsorptive forces.
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Figure 2.9 Typical (a) SWCC and (b) SFCC of sand, silt, and Regina clay

Note: SWCC data were collected from Vanapalli et al. (1999); SFCC data of Regina clay was collected from Smith
and Tice (1988) and those of sand and silt were collected from Bronfenbrener and Bronfenbrener (2012). (WL:
Liquid limit; WP: Plastic limit; py: Bulk density, g/cm?; SSA: Specific surface area, m?/g; w: Gravimetric water

content; 0y: Volumetric water content; pqy: Dry density, g/cm?)
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2.5 Hysteresis of SFCC

As shown in Figure 2.8, the SFCC exhibits hysteretic behavior similar to SWCC. This can
be attributed to several possible mechanisms: (1) Supercooling of pore water (Bittelli et al., 2003;
He and Dyck, 2013; Tian et al., 2014; He et al., 2015). Soil pore water does not necessarily
freeze when its freezing temperature is reached. Instead, pore water remains in a liquid phase and
is supercooled to a lower temperature, until freezing is induced by ice nucleation. (2) The effect
of electrolytes (Bittelli et al., 2003; He and Dyck, 2013; Tian et al., 2014; He et al., 2015). Since
electrolytes will be excluded from ice when soil is subjected to freezing, the solute concentration
in the remainder of pore water becomes larger, which contributes to freezing point depression of
pore water and yields hysteresis. (3) Pore geometry (Homshaw, 1980; Anderson et al., 2009).
Hysteresis may be attributed to differences in ice-water interface curvatures during
crystallization (freezing) and melting (thawing), especially in soil that contains a notable
component of pores that are cylindrical. (4) Pore blocking (Bittelli et al., 2003; Anderson et al.,
2009). Bottle neck effect (originating from large pores with narrow necks), which is considered
as a primary cause of the hysteresis commonly observed for air-water phase transition in soil
with a wide distribution of interconnected pores of different radii, may similarly lead to the
hysteresis for ice-water phase transition in the soil. (5) The effect of contact angle (Liu and Yu,
2013; Zhou et al., 2019). The advancing contact angle during soil freezing is different from the
receding contact angle during soil thawing. (6) The change in pore structure. The thixotropic
property and aging effects that influence pore size distribution, may contribute to hysteresis (Liu
and Yu, 2013).

In addition, soil particles typically move from their original positions as soil pores are
enlarged due to ice expansion during the freezing process. Therefore, there would be more large
pores than prior to soil freezing. When soil is subjected to thawing, pore ice melting initiates in
small pores first and then progresses successively to larger pores (Tan et al., 2015). Due to this
reason, for the same unfrozen water content, temperature on the thawing branch is higher than

that on the freezing branch. In other words, the thawing branch is below the freezing branch (i.e.
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hysteresis). Nevertheless, the reasons for hysteresis in porous media such as soils are still not
well understood. This may be associated with the complexity of pore structure, which may likely
comprise of various heterogeneous (at the pore scale) pore geometries, a wide range of pore

diameters and varying degrees of interconnectivity (Anderson et al., 2009).

2.6 Determination of SFCC (or unfrozen water content)

The reliable determination of SFCC is the primary step to employ SFCC as a tool in the
prediction of the physical and mechanical properties of frozen soils. Two different approaches
are commonly used for determining the SFCC. The first approach focuses on the direct
measurement of SFCC, with the aid of convenient and / or advanced testing equipment. Several
methods have been used in laboratory and in situ during the past few decades. A significant
amount of data is published in the literature following these methods. The widely used methods
and their principles, advantages and / or limitations are summarized in Table 2.1. The second
approach focuses on the estimation of SFCC using soil physical properties, the similarity
between SFCC and SWCC and / or physical and theoretical mechanisms. Table 2.2 provides a
summary of these details for the estimation of SFCC. This summary is aimed to provide
information on several representative estimation methods rather than including all the models

that have been proposed in the literature, avoiding tedious contents.
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Table 2.1 Conventional methods for measuring the unfrozen water content

Method

Principle in brief

Advantages and / or limitations

Dilatometry!'

Soil sample is placed in the dilatometer under an immiscible liquid that would not freeze until
-10 °C. The sample is then undercooled to a desired temperature and ice nucleation is induced
by, for example, a gentle tap. The volume of expansion during freezing can be calculated from
the position of the meniscus of the immiscible liquid in the capillary extension of the dilatometer
before and after freezing. The volume of expansion is an indicator of an equivalent quantity of
water that changed phase to ice. The quantity of unfrozen water can be estimated by comparing
to the total water content.

The state, distribution and properties of the
unfrozen water are not known.

This the
unfrozen water content!®, It is most suitable

method wusually overestimates

for the temperature range of 0 to about -2 °C.
This method cannot be used on natural soils,

since samples must be slurried and

completely de-aired'!.

A frozen soil sample is brought to thermal equilibrium at a desired subzero temperature and then
quickly transferred to an adiabatic calorimeter filled with liquid at temperature above 0 °C. Heat
exchange occurs between the sample and liquid until there is an equilibrium condition with

In general, the lower the initial sample
temperature, the less reliable the result.

Adiabatic temperature. The energy gained by the sample is equal to the energy yielded by the liquid, which | The state, distribution and properties of the
calorimetry? can be calculated from temperature change, heat capacity and weight of the calorimeter liquid. | unfrozen water could not be known.
By subtracting the portion of energy absorbed by the sample constituents, the energy expended | The  operation and  calculation are
in melting ice present in the frozen sample is then simply determined. The ice content is then | complicated'®.
computed as this amount of energy divided by the latent heat of freezing.
Some other important aspects (e.g., nucleation
. . . . . . . temperatures, nucleation sites, and the
This method is closely related to calorimetry. When properly calibrated, it is called differential ) P
. . . . R existence of one or more low temperature
scanning calorimetry (DSC, which has also been used for measuring unfrozen water content”). In . . ]
. _ , phases of the interfacial water) are clarified.
) . DTA, the temperature of a sample is compared by means of an electrical thermometer with that o
Differential . . ) . ) Limited to detect the amount of unfrozen
of an inert reference substance while both are exposed symmetrically to a uniformly changing i 3
thermal ) ) water that is able to undergo phase change'-.
) temperature. The sample temperature either lags behind or precedes that of the reference ) ..
analysis ) L ) It is useful primarily as a method for
1 substance depending on whether heat is being released or absorbed during a phase change. When ..
(DTA) - determining unfrozen water content at low

a moist soil is frozen during a low temperature DTA run, an exotherm corresponding to
liberation of the latent heat of freezing is observed. This can be used to estimate the quantity of
ice formed and is the basis for the estimation of the unfrozen water content.

temperatures where the dilatometer and
adiabatic calorimeter are most questioned.
Thermodynamic equilibrium and a complete

SFCC are difficult to achieve.
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Table 2.1 Conventional methods for measuring the unfrozen water content (Cont’d)

Method Principle in brief Advantages and / or limitations
This method was developed to circumvent the limitations of the DTA method. Soil samples
with different water contents are put in the isothermal calorimeter, and then a constant subzero
temperature is applied inside the apparatus. As each sample freezes (freezing is induced
manually), the electrical signal proportional to the energy released within the sample is . o
Isothermal y) gna’ prop gy P This method is limited to temperatures above

calorimetry'~

recorded. Not all the samples will have nucleated if the water content range has been properly
selected. Thus, a plot of exotherm intensity versus water content, yields the minimum water
content at which ice exists (this is taken as the unfrozen water content at the controlled subzero
temperature). A number of measurements at different subzero temperatures, which are
sufficient to construct a SFCC, can be obtained by repeating these steps.

about -10 °C.

X-ray
diffraction
(XRD) 2

In this method, the average distance between mineral grains (individual lamella) in a frozen
sample of a platy clay is determined at various temperatures. It is assumed that during freezing,
segregated ice crystals and polycrystalline ice masses grow at the expense of the unfrozen
water surrounding the soil grains. Hence, by knowing the total surface area of a 2:1
lattice-expanding clay and the average distance between adjacent mineral surfaces, the amount
of unfrozen water contained between adjacent lamella can be estimated.

This method does not have wide applicability
(probably only the expanding lattice clays can
be used as samples). It requires expensive
apparatus and is time-consuming to perform
the test.

It does not account for the unfrozen water
bounding external surfaces.

Frequency
domain
reflectometry
(FDR,
capacitance

aka

technique) *’

The capacitance based techniques have an oscillating circuit and a sensing part which is
embedded in the soil. This technique determines the apparent dielectric constant, K,, of a soil
by measuring the charge time of a capacitor which uses the soil as a dielectric. This capacitor
works with the oscillator to form a tuned circuit, and changes in soil water content are detected
by the changes occurring in the operating frequency. The K, of the soil is more sensitive to
relatively small changes in the proportion of free water in the soil than to changes in the
proportions of the other soil components. Empirical relationship between K, and the volumetric
water content can be used to estimate soil water content.

Low initial cost; fast acquisition; portable.

It is suitable for both laboratory and field use.
There is a great dependence of FDR sensors
on the salt content and on the soil type.

Air gaps around the sensor can profoundly
influence the readings.

Low FDR frequencies are problematic.

Time  domain
transmissometry

(TDT)*

In TDT, an electrical signal is sent along a transmission line and the evanescent field around
the transmission line interacts with the surrounding soil. The pulse speed and wave shape of
these signals are affected by the dielectric constant (K,) of the soil. Empirical relationship
between K, and the volumetric water content can be used to estimate soil water content.

May be circuit board
(semiconductor) problems at temperatures

below -40 °C.

subjected to
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Table 2.1 Conventional methods for measuring the unfrozen water content (Cont’d)

Method Principle in brief Advantages and / or limitations
Accurate and fast measurement; high cost. Its
use is restricted to the laboratory.
. - S Water distribution in the soil sample can be
The nuclei of hydrogen atoms resemble miniature bar magnets that will align along a strong | . forred®
. . . . . . mierred”.
magnetic field. When radio frequencies are applied, atoms absorb a certain amount of energy to : , i .
. . o L . . . Sampling is difficult due to the size
Nuclear realign to another stable position within the magnetic field. If a soil sample is placed ina pulsed | . . . .
. . . . . .. . . limitation, and the results are sensitive to
magnetic NMR analyzer and a single radio frequency pulse is applied, a voltage is induced in a receiver , 0
. . . - . organic matter content™".
resonance coil that surrounds the sample. The magnitude of this voltage is directly proportional to the .
45 . L . - ! . Cannot measure the variation of unfrozen
(NMR)* amount of water in the sample. A drop in signal intensity is observed as soil water freezes if the

NMR is tuned to the hydrogen proton associated with unfrozen water only. Such that the
unfrozen water content can be obtained.

water content dynamically'.

It requires separate calibration for each
sample, and the method is sensitive to
temperature!!. Its reliability still needs to be
studied'.

Time domain
reflectometry
(TDR)*¢7

TDR is a form of pulse-reflection measurement, which can determine the propagation velocity
and reflection of electromagnetic waves in a transmission line. A pulse travels down and will
remain unaltered as long as the characteristic of the transmission line stay the same. However,
any discontinuity in the transmission line will give rise to partial reflection and partial
transmission of the pulse. The apparent dielectric constant (K,) of soil sample can be determined
from the TDR trace (K, is a function of the transmission line length, the velocity of
electromagnetic radiation in free space, and travel time). Empirical relationship between K, and
the volumetric water content can be established®. Specific calibration may be required when
measuring unfrozen water content.

A combined TDR-dilatometer was also used for simultaneously measuring K, and unfrozen
water content'! 12,

High temporal resolution; fast acquisition;
good repeatability.

High initial cost; loss of reflection in highly
saline soil; increase in conductivity with
wetting of the soil mass.

It is suitable for both laboratory and field use.

'Anderson and Morgenstern, 1973; Anderson and Tice, 1973; *Kozlowski, 2003; “Yoshikawa and Overduin, 2005; Smith and Tice, 1988; ®Patterson and Smith,
1980; 'SU et al., 2014; *Topp et al., 1980; °Tian et al., 2014; '°Li et al., 2018; !'Patterson and Smith, 1981; *Patterson and Smith, 1985; *Carnero-Guzman et al.,
2018; "“Kozlowski, 2016; '“Lu et al., 2019a.
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Table 2.2 Various methods used for estimating unfrozen water content

No. | Author(s) | Key information Advantages and / or limitations
. . L. . . Empirical, simple, but hard to guarantee satisfacto
Dillon and | Proposed an equation for predicting unfrozen water content by incorporating p. ) P ) gu Y
) . ) o . . predictions under various conditions. Incapable of
1 Andersland | temperature and certain soil properties, which include specific surface area, activity ) i )
) ) fitting complete SFCC, especially at higher subzero
, 1966 ratio, and the expandable clay lattice.
temperatures.
Unfrozen water content can be conveniently expressed as a function of subzero .. ) )
Anderson ) . . ) Empirical, simple, and theoretically tenable.
) temperature by a simple power curve with two constants, which can be estimated ) .
2 and Tice, ) . . Hard to guarantee satisfactory predictions under
from soil specific surface area. They further plotted a family of SFCC for the range | . ..
1972 . ; ) ) different conditions.
of specific surface areas encompassing various natural soils.
The two-constants power relationship proposed above can be represented as a linear
relationship on log-log coordinate. The slope of the linear relationship is mainly .. ) )
) ) .. ) ) Empirical and simple, requires less measurements.
influenced by soil types and salinity. For a particular soil, the slope value can be . . ) )
) ) ) ) ) ) D The difficulty in accurately measuring the freezing
Xu et al., | estimated by measuring the freezing points of the soil under two different initial ) i .
3 i ) ) ) ) point when the soil has low initial water content may
1985 water contents (i.e. two-point method). A simpler method (i.e. one-point method) | | trod
) } introduce errors.
can also be used to estimate the slope value. Once the slope of the linear ) . .
) .. i ) ) Not widely used in the literature.
relationship is known, the unfrozen water content can be estimated with the aid of
the initial (total) water content and initial freezing point.
Soil physical property parameters are no longer
L , ) . needed. Wide application.
The bundle of cylindrical capillary (BCC) model was present to give physical PP ) )
.. . Can be used when the saturation of the soil under
description of SFCC. Incorporated the Clapeyron equation into the van Genuchten .. ) )
) i i ) unfrozen conditions is unknown. The fitting results
Liu and Yu, | (1980) SWCC equation, and proposed a closed-form relationship between o ) ) )
4 L i ) ) will indicate whether the soil specimen is saturated
2013 temperature and saturation in frozen soils, which can be either saturated or

unsaturated under unfrozen conditions. The parameters in the SFCC equation were
determined by curve-fitting.

before freezing occurs and indicate this water
saturation.

The whole range of SFCC can be reproduced by using
measured data at a relatively small temperature range.
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Table 2.2 Various methods used for estimating unfrozen water content (Cont’d)

No.

Author(s)

Key information

Advantages and / or limitations

Liu and Yu,
2014

Based on the same physical mechanisms as in Liu and Yu (2013), but instead of
using the van Genuchten (1980) equation, the Fredlund and Xing (1994) SWCC
equation was used to establish SFCC equation. The four parameters (a, b, ¢, ;) in
the SFCC equation were first determined from soil index properties. Then, (b, ;)
were fixed and (a, ¢) were adjusted by curve-fitting using the measured data point.
(a, b, ¢, y, are the four parameters used in Liu and Yu model)

Can accurately predict the SFCC with only one
measured data point (i.e., without resorting to
extensive sophisticated experiments), thus facilitate
the use of SFCC in engineering practice.

Wang et al.,
2017

Considered the total amount of unfrozen water in a soil as the sum of unfrozen
water in unfrozen pores and unfrozen water in freezing pores. They determined the
amount of these two types of unfrozen water based on pore size distribution of the
soil and equilibrium thickness of unfrozen water film respectively, extending a
theoretical framework. Specifically, the relationship between the unfrozen water
content in unfrozen pores and subzero temperature was established through the
Gibbs-Thomson equation and pore size distribution. With the aid of the Clapeyron
equation, the pore water potential (which is a function of subzero temperature) was
obtained by assuming zero pore ice potential. The unfrozen water content in
freezing pores was estimated through the equilibrium thickness of unfrozen water
film, which can be calculated from the pore water potential. Therefore, the total
unfrozen water content in a soil can be represented by subzero temperature.

It is more convenient than the empirical formulas in

numerical modeling, and it can overcome the
shortcoming that the empirical formulas are not
derivative at the temperatures near the freezing point.
It directly expresses the relationship between residual
unfrozen water content and temperature under

extremely low temperature conditions.

Amiri et
al., 2018

A stochastic-conceptual approach was employed to generate SFCC, by averaging
the calculated results of water saturation and temperature of a set of heterogeneous
soil columns, through 1-D modelling. The study specifically investigated the effect
of local sub-grid/sub-REV (Representative Elementary Volume) heterogeneity of
soil thermal conductivity and freezing temperature depression on the SFCC.

Suggests that pore water phase change can be partly
attributed to soil heterogeneities besides the capillary
and adsorptive forces.

Different
incorporated.

sources of heterogeneity can be
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Table 2.2 Various methods used for estimating unfrozen water content (Cont’d)

No. | Author(s) | Key information Advantages and / or limitations
The integral form for a SFCC was derived from the perspective of soil pore
structure. According to the assumption that unfrozen water content can be integrated | The parameters of the proposed SFCC equation have
from pore volumes, and the relationship between pore radius and freezing | clear physical meanings, and the equation is
g Bai et al., | temperature (the Gibbs-Thomson equation), the unfrozen water content can be | continuous at the initial freezing temperature.

2018 expressed as a function of temperature (i.e. SFCC), though the so-called distribution | Only one parameter (i.e. the shape factor of the
function (which is a function of temperature). An exponential function was | distribution function) is needed to be determined by
employed as the distribution function, and finally, the theoretical expression of | curve fitting.

SFCC was obtained.
The proposed void ratio-dependent SFCC model separates the freezing of capillary
and adsorbed water. The Gallipoli et al. (2003) SWCC model was modified for | This model explicitly considers both capillarity and
modelling the freezing of capillary water at different void ratios; the cryogenic | adsorption.
9 Mu et al., | suction obtained through Clapeyron equation was used as an independent variable. | It incorporates the influence of void ratio on unfrozen
2018 A new exponential equation was proposed for the freezing of adsorbed water, by | water content.

taking temperature as the independent variable. The proposed model has been used
to predict the SFCC of silt at different initial void ratios and clay over a wide range

of subzero temperatures.

More related to this model

summarized in Appendix A.

discussions are

1, 2, 3: based on soil physical properties. 4: based on similarity between SFCC and SWCC, and on physical mechanisms. 5: based on similarity between SFCC and

SWCC, and on physical mechanisms and soil physical indices. 6: based on pore size distribution and theoretical mechanisms. 7: based on theoretical mechanisms.

8: based on physical mechanisms. 9: partially based on similarity between SFCC and SWCC.
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2.7 Effect of freeze-thaw cycles and freezing / thawing

The effects of the harsh climate found in regions such as north America, north Europe, and
northeast Asia on civil engineering structures should not be neglected by designers and
contractors (Bronfenbrener and Bronfenbrener, 2012). For example, in the Province of Quebec,
Canada, with freezing indices ranging from 800 to over 2000 degree-days, the freezing front
penetrates to depths between 1.2 and 2.0 m, and frost action mainly develops in frost-susceptible
soils, leading to ice lens formation, surface heave, and eventual distress of pavement structures
(Konrad, 2005). In some seasonally frozen areas in northeast China, the frost penetration ranges
between 1.6 to 1.9 m (Liu et al., 2003). In much colder climate regions such as Siberia in the
Russian Federation, freezing indices of 4000 to 6000 degree-days are found with frost
penetration to depths greater than 2.5 m (Feldman, 1988). For construction involving newly
exposed soils in cold regions, care must be taken with respect to F-T cycling. For instance, in
Quebec, newly constructed highway embankments are left unpaved for a few years, which to
some extent is an accommodation relating to F-T action (Eigenbrod, 1996).

The effects of continuous redistribution of water and ice, and displacement associated with
freezing and thawing cause significant alterations in the microstructure of soil fabric
(Hohmann-Porebska, 2002). Several investigations were undertaken to study the effect of
freezing / thawing and F-T cycles on the physical and mechanical properties of soils, such as
volume change (e.g., Hamilton, 1966; Dagesse, 2010; Dagesse, 2016), void ratio (e.g.,
Chamberlain and Gow, 1979; Viklander, 1998), hydraulic conductivity (e.g., Burt and Williams,
1976; Chamberlain and Gow, 1979; Chamberlain et al., 1990; Benson and Othman, 1993;
Eigenbrod, 1996; Viklander, 1998; Viklander and Eigenbrod, 2000; Hohmann-Porebska, 2002;
Ishikawa et al., 2010; Ishikawa and Tokoro, 2013), thermal conductivity (e.g., Tucker, 1985;
Mizoguchi, 1990; Overduin et al., 2006), stress-strain relationship (e.g., Simonsen, et al., 2002;
Ishikawa et al., 2010; Li et al.,, 2012; Li et al., 2015; Lu et al., 2019b), water retention
characteristic (e.g., Ishikawa et al., 2010; Ishikawa and Tokoro, 2013), shear / compressive

strength (e.g., Czurda and Hohmann, 1997; Qi et al., 2008; Li et al., 2012; Ghazavi and Roustaei,
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2013; Xie et al., 2015; Liu et al., 2016; De Guzman et al., 2018; Xu et al., 2018; Lu et al., 2019b;
Xu et al., 2019), rheological and viscous properties (e.g., Zhou et al., 2018), and modulus /
stiffness (e.g., Johnson et al., 1979; Skaggs, 1992; Li et al., 2012; Ghazavi and Roustaei, 2013;
Liu et al., 2016; Lin et al., 2017; Lu et al., 2019b; Tian et al., 2019). Several review papers have
provided comprehensive summaries regarding the physical and mechanical properties, and
constitutive models of soils in cold regions (e.g., Jessberger, 1981; Qi et al., 2006; Ma and Wang,
2012; Lai et al., 2013; Qi et al., 2016). This section is aimed to provide a critical review on the

influence of freezing / thawing and F-T cycles on soil properties, especially on soil modulus.

2.7.1  Effect of freeze-thaw cycles

Fine-grained soils, when exposed to F-T cycles, will generally experience volume changes,
loss in shear strength and increased compressibility (Graham and Au, 1985), and frequently
alterations in their hydraulic conductivity (Eigenbrod, 1996).

For example, most studies demonstrated that F-T cycles generate micro-fissures within the
soils and correspondingly change their hydraulic conductivity. Chamberlain and Gow (1979)
performed unidirectional open-system freezing and thawing on four fine-grained soils. The slurry
samples were prepared at a water content twice the liquid limit and were consolidated in a
specially designed F-T consolidation apparatus (Chamberlain and Blouin, 1977). Figure 2.10
illustrates the void ratio change of the slurry sample during the freezing and thawing processes.
The slurry sample is fully consolidated to point @ (where pore water pressure is zero) on the
virgin compression curve. When the sample is frozen under one-dimensional open-system
freezing, the sample undergoes a net increase in void ratio to point b in terms of total stress
analysis, due to the expansion of water to ice and water migration from the external source.
However, since large cryogenic suction (i.e. negative pore water pressure) forms below the
freezing front during the freezing process, the effective stress at this location increases. Therefore,
the clay layer just below the warmest ice lens is over-consolidated to point b’ (the void ratio

decreases). Upon thawing, the effective stress path within the clay layers (between two adjacent
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ice lenses) is depicted along line b’-c¢ to point ¢, where the pore water pressures are in
equilibrium with the applied load. The slurry sample has undergone a net decrease in void ratio

from point a to ¢ (Chamberlain and Blouin, 1977).
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Figure 2.10 Theorized thaw consolidation process (modified after Chamberlain and Gow,

1979)

The hydraulic conductivity test indicated that there was an increase in vertical hydraulic
conductivity of different types of fine-grained soils (Chamberlain and Gow, 1979). The increase
in the hydraulic conductivity was attributed to the formation of polygonal shrinkage cracks and /
or the reduction in the fine content in the pores of the coarse fraction, the mechanism controlling
the process depending on soil type. While cracks and other structural changes may not be visible
to the naked eye after thawing, they have been observed under scanning electron microscope
(SEM) (Hunsicker, 1987). At low magnification, distinct cracks spaced at 0.5 mm were observed
in Fort Edwards Clay specimens. However, at higher magnifications, voids as large as 0.005 mm
were observed within the aggregates formed during the freezing process (Othman et al., 1994).

Therefore, freezing and thawing processes cause changes in both the macro- and
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micro-structures of soils.

Previous studies show that F-T has a dual influence on soil density, i.e. loose soils tend to
densify and dense soils become looser after F-T cycles (Qi et al., 2008). According to this
phenomenon, Viklander (1998) proposed a residual void ratio with respect to F-T cycles. This
phenomenon has been confirmed by other studies (Qi and Ma, 2006; Qi et al., 2008). Viklander
(1998) observed void ratio change of a fine-grained non-plastic till subjected to F-T cycles. The
void ratios of different specimens show significant change after one F-T cycle, after which the
change is less substantial. Figure 2.11 is a schematic illustration of the freezing-thawing process
for initially loose and dense soils. The initially loose soil experiences volume increase during
freezing (due to ice-lensing) and decrease during thawing (due to consolidation of soil matrix).
Therefore, the density will increase and larger soil particles will come closer. On the other hand,
the void ratio of an initially dense soil might increase due to F-T, since soil particles cannot fall
back to exactly the same position after thawing, resulting in a net volume increase of the soil.
Therefore, the soil structure is slightly looser than prior to freezing. The void ratios of the two

soils reach a residual value after a certain number of F-T cycles.

Initially loose soil A
Frozen
Unfrozen p Thawed Residual void ratio
,,,,, [~ % . Initially loose soil
% / Initially dense soil
>
Initially dense soil
Frozen >
Thawed Number of freeze-thaw cycles

Unfrozen

X
I

. Soil particle > Ice ~\ Cracks

1 Unfrozen matrix B4 Frozen matrix

Figure 2.11 Microstructural changes of a fine-grained till due to freezing and thawing

(modified after Viklander, 1998)
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The resilient response of compacted soils under cyclic loading is controlled by soil fabric
(or soil structure) (e.g., Lee et al., 1995; Simonsen and Isacsson, 2001). Generally, soil resilient
modulus will decrease as F-T cycles weaken the soil structure. Culley (1971) investigated the
resilient stains and resilient moduli of till specimens under the effect of one-dimensional
closed-system F-T cycling. The specimens were compacted to various densities and water
contents. At water contents lower than the optimum water content, the decrease in resilient
modulus resulting from F-T cycling decreased as density increased; at water contents of optimum
and higher, the detrimental F-T effect increased as density increased. The water content at which
the maximum F-T effect occurred increased as density increased, ranging from 1.5% less than
optimum at 93% density to 1.5% greater than optimum at 100% density. These trends followed
those for resilient strain.

Weimer (1972) measured the suction of the compacted glacial till specimens after five F-T
cycles. The results indicated that there was dramatic reduction in suction below the optimum
water content and insignificant above the optimum water content. Fredlund et al. (1975) also
found a remarkable reduction in the matric suction of soil specimens subjected to F-T cycles,
which resulted in the reduction in soil resilient modulus.

Based on the resilient modulus tests performed on five cohesive soils sampled from the
subgrades of in-service pavements, Lee et al. (1995) concluded that the stress at 1% strain in the
unconfined compression test (Sui.0%) was a good indicator of the resilient modulus, and an
empirical relationship between the resilient modulus and Suio% was obtained. The proposed
relationship is applicable to both as-compacted and in-service subgrade soils. There was a
negligible effect of F-T on resilient modulus, when there was no ice lens formation, for soils
having values of Su1.0% less than 8 psi (approximately 55 kPa). The effect of F-T increased as the
value of Suio% increased. It was observed that a single cycle of F-T caused a 30% - 50%
reduction in resilient modulus. The resilient moduli of various coarse- and fine-grained subgrade
soils subjected to F-T cycles were presented by Simonsen et al. (2002), the results indicated that

all the soils exhibited a substantial reduction in resilient modulus (approximately 20% - 60%
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depending on the types of soils) after F-T cycles.

Skaggs (1992) performed resilient modulus test on four soils subjected to one-dimensional
open-system F-T cycles. The four soils represent different soil types which include clayey sand
(labeled as A-2-6(1) and A-6(2)), silt (labeled as A-7-6(14)), and lean clay (labeled as A-4(5)). A
significant reduction in resilient modulus was observed for all the four soils with F-T cycles. The
first F-T cycle reduced the resilient modulus as much as 80% for the A-6(2) soil. For the soils
investigated to eight F-T cycles, little reduction in resilient modulus was observed after the
fourth cycle. In addition, the influence of moisture imbibition on the specimens with no F-T
cycling was investigated. The moisture imbibed specimen had low resilient modulus in
comparison with specimen that was not subjected to imbibition; the trend in results was
approximately similar to that of the specimens subjected to F-T cycles.

Wang et al. (2007) investigated the physical and mechanical properties of Qinghai-Tibet
clay subjected to a maximum of 21 closed-system freezing and thawing cycles. The results
suggest a strong relationship between the failure strength and the number of F-T cycles; however,
the shape of the stress-strain behavior curves showed less variation. The authors also reported
that the magnitude of the resilient modulus decreased by 18% - 27% of unfrozen soil depending
on confining pressure applied during the triaxial compression tests. The greatest changes in
resilient modulus in all of the four different confining pressure conditions (i.e., 200, 400, 600,
and 800 kPa) were obtained after the first F-T cycle (as shown in Figure 2.12), suggesting that a

significant disturbance took place during the first F-T cycle.
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Figure 2.12 Resilient modulus of soils versus the number of F-T cycles (data from Wang et

al., 2007)

In seasonally frozen regions, subgrade soils are not only subjected to environmental
influences such as F-T cycles, but also to large number of repeated cyclic loading at a stress level
lower than their shear strength. This makes the long-term resilient behavior of subgrade soils as
important as those of the short-term determined by standard test procedures (Lin et al., 2017).
Lin et al. (2017) investigated the evolution of the resilient modulus of thawed saturated silty clay
during the long-term repeated cyclic loading, considering the effects of F-T cycles, stress
amplitude (both deviator and confining stresses) and loading frequency. The results suggested
that the resilient modulus typically decreases with an increase in the number of F-T cycles and in
the deviator stress, and increases with the increase in the confining stress and loading frequency.
A long-term resilient modulus model was also proposed, which considers the above influencing
factors together with the number of loading cycles.

Lu et al. (2019c) considered the case of shallow groundwater level in seasonally frozen
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regions. Because water will migrate to upper soil layers such as subgrade soils, the water content
of the soils will increase due to freezing and thawing. They conducted one-dimensional
open-system F-T cycles on a clay with low liquid limit. The effects of the number of F-T cycles,
initial water content, initial dry density, freezing temperature, and confining stress on the failure
strength and elastic (Young’s) modulus (E, defined below) of the compacted soil specimens were
studied. The results indicated that the failure strength and elastic modulus decreased dramatically
(the reduction rates of both the two indices were more than 60%) after just one F-T cycle, and
stabilized after three F-T cycles. It is also interesting to note that the failure strength and elastic
modulus increased with an increase in the initial water content of the specimens, which were

with an initial dry density of 1.57 g/cm’

and subjected to three F-T cycles. The authors
concluded that when the initial water content of the specimen was high, the frost heave was low
due to larger heat capacity of the specimen and limited frost penetration. Therefore, fewer parts
of the specimens were involved in F-T cycles. The mechanical properties were enhanced to a
certain extent.

The elastic modulus (E) is conventionally calculated from the straight portion of the
stress-strain curve; however, in most cases, the stress-strain curves of many soils are not straight
for any appreciable distance (Kumar and Singh, 2008; Li et al., 2015). Therefore, it is calculated

as the ratio of the increment of deviator stress to the increment of axial strain when the axial

strain reaches 1.0% (Li et al., 2015; Lu et al., 2019¢). The equation is shown below,

_A0_oum=%

E (2.9)

Ae &gy —&

where Ao and Ae are the increments of deviator stress and axial strain respectively, o1.0% is the
corresponding deviator stress at the axial strain of 1.0% (i.e. €1.0%), and oo and &9 are the initial
stress and strain, respectively.

Frost heave unusually occurs in seasonally frozen region soils. Several studies suggest that
silty soils are much more susceptible to frost heave than sands and clays. The susceptibility of

soils to ice lens formation and frost heave is related to the amount of water that the soil is able to
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supply from below (e.g., Chamberlain, 1981). Sands have a limited capillary zone and the water
in the unsaturated zone will quickly drain from the pores under small negative pressures (i.e.
relatively low suction values). Although clays can sustain high negative pore pressures (i.e. high
suction values), they cannot supply water to the ice lenses quickly enough due to their low
hydraulic conductivity. However, silty soils have relatively large permeability and can sustain
high negative pore pressures to induce water migration to ice lenses. Therefore, for subgrade
soils with relatively high silt content, water in the lower portion of the subgrade or foundation
soils can gradually migrate to the upper portion of the subgrade to facilitate the formation of ice
lenses. During the freezing process, different freezing temperatures can provide different
freezing rates, which cause different frost heaves of subgrade soils, and then thawing settlement
occurs because of the melt of pore ice and ice lenses. The void ratio changes and connections
between soil particles experience breaking and rebuilding during the freezing and thawing
processes. Compared to frozen-thawed soil, the unfrozen soil has a more stable structure to resist
the applied cyclic loading. The freezing-thawing processes weaken the original soil stability (Li
et al., 2015). Destruction of soil structure invariably occurs in the form of larger pores created by
the wedging and splitting action at the specific location of the growing crystals. Therefore, the

effects of freezing on a larger scale are destructive for the subgrade soils (Dagesse, 2006).

2.7.2  Effect of freezing / thawing

As summarized in earlier sections, soil structure is generally weakened after F-T cycles.
However, the variation in soil stiffness (or modulus) during the freezing and thawing processes
can be significantly different due to the phase change of pore water. For example, a pavement
structure located in seasonally frozen region (as shown in Figure 2.13) will be subjected to at
least one cycle of F-T annually. As stated in Section 1.1, the freezing front (0 < isotherm)
progresses into the pavement structure as a function of the imbalance of the heat supplied to the
heat removed, and pore water in pavement materials and foundation soils freeze. During the

thawing period, the 0 C isotherm (i.e. thawing front) will go up from inside foundation soils and
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penetrate downward from pavement surface. Therefore, pore ice and ice lenses absorb large
amount of heat and melts, especially when the surface layer is asphalt mixture, which has high

solar absorptivity.

Freezing period Thawing period

-
‘

Time

‘ R =55 — Surface layer
' Base layer

! i ! Subgrade

Pavement most
I susceptible to

. break-up Foundation soils

Figure 2.13 Seasonal ground freezing and thawing beneath a pavement structure (modified

after Andersland and Ladanyi, 1994)

The phase change of pore water has significant impact on the resilient moduli of base,
subbase, subgrade and foundation soils. When pore water freezes, ice bonds adjacent soil
particles together (Andersland and Ladanyi, 2004), which causes a dramatic increase in the
resilient modulus (Jong et al., 1998). For example, Bigl and Berg (1996a) show that the resilient
modulus of subbase and subgrade soils can increase two orders of magnitude when the soil
freezes. Bosscher and Nelson (1987) report a 20-fold increase in modulus of Ottawa sand after
frozen. Similar increases in moduli for frozen granular base soils were observed by Cole et al.
(1987). Therefore, freezing has been used temporarily to stabilize soils during the construction of
retaining walls, foundations, tunnels, and other projects where weak soils are encountered
(Chamberlain and Gow, 1979; Aukenthaler, 2016).

On the other hand, when the pore water freezes it generates cryogenic suction in the frozen
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soils, which contributes to water migration from the lower portion of subgrade or foundation
soils to upper frozen subgrade soils, causing desiccation and cracks. Thawing of pavement is
accompanied by the loss of inter-particle ice bonds and increase in water content as ice melts in
subgrade soils during warm period. Thawing contributes to a significant decrease in soil suction;
in some scenarios, pore water pressures may even become positive. As a result, the subgrade has
a low resilient modulus and therefore is susceptible to deformation under cyclic traffic loading
during this period. For example, Bigl and Berg (1996a) show that the post-thawing resilient
modulus can be 10 times lower than the resilient modulus of the same soil that was never frozen.
Mabhoney et al. (1985) found that the average modulus of the base and subgrade decreased by 52%
and 23%, during thawing period. However, after the thawing process, the resilient modulus will
gradually recover to its pre-freezing value with the gradual dissipation of excess pore water
pressure and the consolidation of soil mass (Cole et al., 1986; Berg et al., 1996).

Figure 2.14 shows the typical variation in the stiffness of pavement structure subjected to
freezing and thawing during one-year period. During the freezing process and at the frozen state,
the pavement structure has a relatively high stiffness and bearing capacity; due to this reason, it
is typically capable to carry higher loads than its design value. Overloading of the pavement
structure is allowable with little or no damage to it. On the contrary, during the thaw-weakening
period, the stiffness and bearing capacity of the pavement structure reduces significantly in
comparison with its pre-freezing value. Therefore, to minimize the damage to the pavement
structure during spring thaw, many highway agencies impose load restrictions on their

pavements (e.g., Janoo and Cortez, 2002; Baiz, 2007; Asefzadeh et al., 2016).
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Chapter 3  Soil freezing process and different expressions for the
soil-freezing characteristic curve

The contents presented in this chapter are from the manuscript of the publication:

Ren, J., Vanapalli, S.K. and Han, Z., 2017. Soil freezing process and different expressions for the
soil-freezing characteristic curve. Science in Cold and Arid Regions, 9(3): 221-228.

DOI: 10.3724/SP.J.1226.2017.00221

3.1 Abstract

The soil-freezing characteristic curve (SFCC), which represents the relationship between
unfrozen water content and subzero temperature (or cryogenic suction at ice-water interface) in a
frozen soil, can be used for understanding the transport of heat, water, and solute in frozen soils.
In this paper, the soil freezing process and the similarity between the SFCC of saturated frozen
soil and soil-water characteristic curve (SWCC) of unfrozen unsaturated soil are reviewed. Based
on the similar characteristics between SWCC and SFCC, a conceptual SFCC is drawn for
illustrating the main features of soil freezing and thawing processes. Various SFCC expressions
from the literature are summarized. Four widely used expressions (i.e., the power relationship,
exponential relationship, van Genuchten (1980) equation, and Fredlund and Xing (1994)
equation) are evaluated using published experimental data on four different soils (i.e., sandy
loam, silt, clay, and saline silt). Results show that the exponential relationship and van
Genuchten (1980) equation are more suitable for sandy soils. The simple power relationship can
be used to reasonably best-fit the SFCC for soils with different particle sizes; however, it has
limitations when fitting the saline silt data. The Fredlund and Xing (1994) equation is suitable for

fitting the SFCCs for all soils studied in this paper.

3.2 Introduction

The effects of harsh climate on geotechnical infrastructure in cold regions such as Canada,
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northern United States, and northeast Asia should be considered by designers and contractors
(Bronfenbrener and Bronfenbrener, 2012). For example, in the Province of Quebec, Canada, with
freezing indices ranging from 800 to over 2000 degree-days, frost penetrates to a depth typically
greater than 1.5 m. The frost action mainly develops in frost-susceptible soils, which leads to the
formation of ice lens, surface heave, and eventual distress to the infrastructure (Konrad, 2005). In
frozen soils, ice and unfrozen water coexist. Variation in the unfrozen water and ice contents
significantly influences the physical and mechanical properties of frozen soils.

The relationship between the unfrozen water content and subzero temperature or cryogenic
suction at ice-water interface is defined as the soil-freezing characteristic curve (SFCC). Since
the SFCC links the degree of phase transition to the subzero temperature, the frozen soil
properties, such as the segregation potential for frost heave, resilient modulus, and shear strength,
can be interpreted using SFCC as a tool (Liu and Yu, 2014). For example, Azmatch et al. (2012b)
predicted the hydraulic conductivity function of partially frozen Devon silt using the SFCC,
saturated hydraulic conductivity, and empirical relationships for estimating hydraulic
conductivity developed by Fredlund et al. (1994). Berg et al. (1996) conducted resilient modulus
tests on several pavement materials from the Minnesota Road Research Project (Mn/ROAD) to
characterize their behavior under seasonal frost conditions. The resilient modulus of pavement
materials under frozen condition was expressed as a function of unfrozen water content, which is
related to subzero temperature by SFCC. Similarly, the strength of frozen soils can be predicted
based on their unfrozen water contents as per the study by Hivon and Sego (1995).

The SFCC has been recognized as a fundamental relationship in cold region engineering
(Anderson and Morgenstern, 1973). Therefore, it is of critical importance to rigorously describe
SFCC with reliable expressions. During the past decades, different equations and relationships
have been proposed for representing SFCC (Kurylyk and Watanabe, 2013). They are either
empirical relationships developed between the unfrozen water content and subzero temperature,
or equations that exploit the similarity between SFCC and soil-water characteristic curve

(SWCC), which correlates the water content to soil suction at air-water interface in unfrozen
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unsaturated soils. The soil freezing process and the similarity between SFCC and SWCC are
reviewed in this paper. A conceptual SFCC is highlighted to illustrate the main characteristics of
soil freezing and thawing. In addition, various SFCC expressions proposed in the literature are
succinctly summarized. Amongst them, two empirical relationships and two equations were
selected and evaluated by fitting the experimental data on four different soils ranging from
coarse-grained to fine-grained soils. This study provides useful information of SFCC expressions

for their use in engineering practice in cold regions.

3.3 Soil freezing process

Figure 3.1 shows the soil freezing process in an open-system. When the air temperature is
lower than the soil temperature, heat is extracted from the soil to the environment, which results
in a temperature profile as presented in Figure 3.1(a). The freezing front (0 °C isotherm)
progresses as a function of the imbalance associated with heat supplied to the heat removed as
the pore water freezes in situ (Konrad and Morgenstern, 1980). As the freezing front advances,
the upper portion of the soil becomes frozen while the lower portion remains unfrozen. A partly
frozen layer, namely the frozen fringe, exists between the frozen and unfrozen soil layers (Figure
3.1(b)). Thermodynamic processes occurring in the frozen fringe contribute to the generation of
negative pore water pressure (Williams, 1966; Konrad and Morgenstern, 1980), as presented in
Figure 3.1(c). As a result, hydraulic gradient develops and water migrates from the unfrozen soil
to frozen soil.

Ice lenses will form if sufficient amount of water is accumulated behind the freezing front,
resulting in soil mass heave (Figure 3.1(b)). The thickness and spacing of the ice lenses depend
on the relative magnitudes of the rate of freezing and water availability (Penner, 1961). Near the
surface, the temperature gradient is large, thus the rate of freezing is also high. However, the pore
water does not have enough time to form thick ice lenses. Instead, thin ice lenses form with a
relatively close spacing for this situation. As the freezing front penetrates to deeper soil layers,

the rate of freezing is relatively low due to lower temperature gradient. In this case, there is
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enough time for water to migrate towards the freezing front from the lower unfrozen zone and to
freeze. Therefore, thick ice lenses form. The non-uniform distribution of ice lenses in the soil
mass contributes to the development of cracks, which occur more frequently near the surface and
decrease in frequency with increasing depth (Benson and Othman, 1993). These cracks pose a

significant influence on the performance of different infrastructure constructed in frozen soils.
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Figure 3.1 Soil freezing in an open-system: (a) temperature profile; (b) soil profile, water
migration and ice lenses formation; and (c) negative pore water pressure profile (modified

from Benson and Othman, 1993)

3.4 SFCC and its similarity to SWCC

In a frozen soil, unfrozen water and pore ice coexist. The principal factor determining the
quantity of unfrozen water is temperature (Nersesova and Tsytovich, 1963). Pressure is a less
important but a valid influencing factor. An increase in pressure increases the unfrozen water
content at a given temperature. Besides, solute concentration, particle size distribution, chemical
and mineralogical nature of the soil matrix also influence the unfrozen water content (Nersesova
and Tsytovich, 1963; Anderson and Tice, 1973).

The relationship between unfrozen water content and subzero temperature (or cryogenic

suction) in a frozen soil is characterized by SFCC (Koopmans and Miller, 1966; Spaans and
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Baker, 1996; Azmatch et al., 2012b). The Clapeyron equation can be used to convert subzero
temperature to cryogenic suction or vice versa with assumptions that (i) the pore ice pressure in a
saturated frozen soil is equal to the atmospheric pressure, and (ii) the solute effect is negligible
(Konrad and Morgenstern, 1980; Black and Tice, 1989). The Clapeyron equation is as follows

(Azmatch et al., 2012b; Kurylyk and Watanabe, 2013),

T+273.15

no 2092 3.1)
T, +273.15

Vao =—Loy |

where weno 1S cryogenic suction (kPa); L is latent heat of fusion of water (L = 334 kJ/kg); T is
subzero temperature in °C; To is normal freezing temperature of water (To = 0 °C); and py iS
water density (p,, = 1000 kg/m®). A decrease in soil temperature by 1 °C typically increases the
cryogenic suction by about 1250 kPa (Zhou et al., 2014).

Eq. (3.1) can be further simplified to Eqg. (3.2) since In((T+273.15)/(To+273.15)) is

approximately equal to T/(273.15) when T is close to 0 °C (Kurylyk and Watanabe, 2013),

.
L -
Pu573.15

Koopmans and Miller (1966) measured both the SFCC and SWCC for three different soils

l//cryo == (32)

and showed that SFCC is similar to SWCC. This is due to the similarity in the physical processes
experienced during drying and wetting in unfrozen unsaturated soils and freezing and thawing in
saturated frozen soils. When soils are subjected to drying, water is gradually removed and
replaced by air, leaving the remaining water at an increasingly lower potential. The physical
process that occurs in freezing soils is similar, except that liquid water changes phase and
becomes ice. The same forces that prevent soil water from draining also prevent it from freezing
(Spaans and Baker, 1996). In other words, the temperature gradient in frozen soils can be
considered to act in a manner similar to the potential gradient in unsaturated soils (Zhou et al.,
2014).

Based on their similarity, a conceptual SFCC can be drawn, as presented in Figure 3.2. Ice
will form in the largest pores first when soil temperature decreases (cryogenic suction gradually
increases). The corresponding subzero temperature or cryogenic suction at this stage is referred

to as the ice-entry value (IEV) (Azmatch et al., 2012a). The unfrozen water content in the soil
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gradually decreases along the freezing curve. Most of the pore water turns into ice at a certain
subzero temperature. However, beyond this temperature extremely low temperature (i.e. high
cryogenic suction) would be required for achieving further reduction in the unfrozen water. This
critical unfrozen water content is referred to as the residual unfrozen water content. Similar to
SWCC, SFCC could be divided into three zones, i.e. boundary effect zone (where no pore ice
forms), transition zone (where sharp drop in the unfrozen water content is experienced), and
residual zone of unfrozen state (where variation in the unfrozen water content is insignificant in
spite of significant changes in subzero temperature or cryogenic suction). These characteristics
are similar to the descriptions provided for SWCC by Vanapalli et al. (1999). In addition, the
SFCC also shows hysteretic behavior (Koopmans and Miller, 1966) which is similar to SWCC.
This can be attributed to several possible mechanisms such as the phenomenon of metastable

nucleation, the effect of electrolyte, and pore blocking (Tian et al., 2014).
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Figure 3.2 Typical soil-freezing characteristic curve

3.5 Different expressions for the SFCC

Several SFCC expressions are available in the literature. These expressions can be divided

into two groups. The first group was based on empirical relationships between the unfrozen
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water content and subzero temperature. The second group was developed by exploiting the
similarity between SFCC and SWCC, with the aid of the Clapeyron equation correlating the

subzero temperature to cryogenic suction at the ice-water interface.

3.5.1 Empirical relationships
Anderson and Tice (1972) found that the unfrozen water contents of most frozen soils can

be conveniently expressed as a function of temperature by a simple power curve,

0, =Pt q(-T)* (3.3)

w

where 6, is volumetric unfrozen water content, pq is soil dry density (g/cm?), a and 8 are model
parameters.

Mckenzie et al. (2007) suggested an exponential function for the relationship between
degree of saturation in frozen soil and temperature. Eq. (3.4) can be used for estimating the
volumetric unfrozen water content,

eu res ( sat res ) exp[ ( 0 ) ] (3 '4)

where 6Oy is volumetric unfrozen water content at saturated condition (6w is equal to soil
porosity), Gr.s 1s residual volumetric unfrozen water content, and y is model parameter.

Kozlowski (2007) developed a non-linear piecewise function for SFCC. It is expressed as,

6, =0 for T>T,
'9u = eres + (Hsat res)exp[é(T T ) ] for Tres <T< T (35)
gu = Hres for T STres

where Tes 1s the temperature corresponding to 65 (°C), 0 and ¢ are model parameters.
In addition to the power, exponential, and non-linear piecewise relationships, simple linear
piecewise relationships can be used to achieve reasonable approximations for the SFCC

(McKenzie et al., 2007; Kurylyk and Watanabe, 2013).
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3.5.2 Relationship based on the similarity between SFCC and SWCC

The SFCC is derived from SWCC by relating cryogenic suction with subzero temperature,
through the Clapeyron equation (Dall’Amico, 2010). Different SWCC equations, such as those
proposed by Brooks and Corey (1964), van Genuchten (1980), and Fredlund and Xing (1994),
have been used as SFCC equations by simply replacing the suction at the air-water interface in
unsaturated unfrozen soil with the cryogenic suction at the ice-water interface in saturated frozen
soil (e.g. Shoop and Bigl, 1997; Dall’ Amico, 2010; Sheshukov and Nieber, 2011; Azmatch et al.
2012b).

By combining the simplified Clapeyron equation (Eq. (3.2)) with the Brooks and Corey
(1964) equation, Sheshukov and Nieber (2011) obtained a relationship for unfrozen water

content and subzero temperature,

-1 Loyt
0,=60 O — O ) (——— =2 3.6
u res +( sat res)(WIEV 27315) ( )

where wiey is ice-entry value (kPa), and b is the Brooks and Corey (1964) SWCC model
parameter.
Zhang et al. (2016) incorporated the Clapeyron equation (Eg. (3.1)) into the van Genuchten

(1980) SWCC equation and proposed the following SFCC relationship,

T+273.15n,+m
= — 1 Lo, In——————">)™] ™ 3.7
eu eres_'_(esat eres)[ +(avg pw nT0+27315) ] ( )

where ayg, Nvg, and myg are the van Genuchten (1980) SWCC model parameters.
Azmatch et al. (2012b) showed that the Fredlund and Xing (1994) equation can be used to
reasonably approximate SFCC by replacing the suction at the air-water interface with the

cryogenic suction at the ice-water interface. By employing Eq. (3.1), the SFCC can be expressed

as:
0
9 — sat (3 8)
¢ (oo, T+273.05 w1 :
I[2.718+ (=Pu | M
{In[ +(af n(T0+273.15)) I¥

where ay, n, and ms are the Fredlund and Xing (1994) SWCC model parameters.
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3.6 Comparison of different SFCC expressions and discussion

Four different SFCC expressions (two from each group), namely, the power relationship
(Eq. (3.3)), exponential relationship (Eq. (3.4)), van Genuchten (1980) equation (Eq. (3.7)), and
Fredlund and Xing (1994) equation (Eq. (3.8)), were selected to best-fit the measured SFCC data
of four different types of soils from the literature (Smith and Tice, 1988). The four soils were
saturated with distilled water and the volumetric unfrozen water contents were measured using
time domain reflectometry (TDR), which is widely used for measuring unfrozen water content in
frozen soils. The basic properties of the four soils are summarized in Table 3.1. Figure 3.3
shows the measured SFCCs for these four soils. The residual unfrozen water content was
determined by extending the linear transition zone to intersect a linear extension of the residual

zone of unfrozen state, following the procedures summarized by Vanapalli et al. (1999) (see

Figure 3.2).
Table 3.1 Basic properties of the four studied soils
. Saturated Residual Specific
) Dry density
Soil (glem?) unfrozen water | unfrozen water | surface area
g content, Gy content, Gyes (m?/g)
Castor sandy loam 1.475 0.385 0.020 /
Lanzhou silt 1.655 0.364 0.100 34
(saline)
Niagara silt 1.645 0.365 0.091 37
Regina clay 0.961 0.572 0.190 291
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Figure 3.3 SFCCs of the four studied soils

It can be seen from Figure 3.3 that the SFCCs of different non-saline soils show similar
trends in their variation. The unfrozen water content significantly decreases as temperature drops
from 0 to -2 °C, after which it gradually becomes constant. The Regina clay has much higher
unfrozen water content than the Niagara silt and the Castor sandy loam at lower temperatures.
The reason is that the Regina clay has much larger amount of fine platy particles that can adsorb
more water on their surfaces, resulting in higher unfrozen water content even when the
temperature drops below -10 °C. When the pore water of a soil contains salinity, its SFCC is
different from that of a non-saline soil. As an example, the unfrozen water content of the saline
Lanzhou silt does not show dramatic reduction when the temperature drops to -2 °C, and the
slope of the freezing curve is much smaller than that of the Niagara silt, although both of these
soils are silty soils and have approximately the same specific surface area (see Table 3.1).

The four selected SFCC expressions were used to best-fit the measured SFCCs of the four

soils, and the fitting results are summarized in Table 3.2 and Figure 3.4.
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Table 3.2 Fitting results of the four selected SFCC expressions

) . Exponential .
Power relationship . . van Genuchten (1980) eq. Fredlund and Xing (1994) eq.
relationship
«a B R? y R? avg Nvg myg | R? as N mg R?
Castor
sandy 0.018 | -0.583 | 1.00 | 0.194 | 0.99 | 0.013 | 3.369 | 0.449 | 0.99 | 80.6 | 2.541 | 1.423 | 1.00
loam
Lanzhou
silt 0.116 | -0.152 | 0.53 | 2.909 | 0.96 | 0.0002 | 2.374 | 2.845 | 0.96 | 2933.5 | 2.130 | 1.648 | 0.99
(saline)
Niagara
it 0.070 | -0.256 | 0.96 | 0.268 | 0.86 | 0.002 | 1.044 | 2.095 | 0.93 | 119.0 | 1.071 | 1.231 | 0.99
si
Regina
) 0.212 | -0.224 |1 0.99 | 0.150 | 0.88 | 0.012 | 1.769 | 0.666 | 0.93 | 50.9 | 1.600 | 0.650 | 0.99
clay
0.4 ® 0.4
S (a) Castor sandy loam \ (b) Lanzhou silt (saline)
§ 03 03|
§ [ ] Measured data
g 02 Power 02|
s — — —  Exponential
5 van Genutchen Qo
o f —mm- Fredlund and Xing | 01| e g
= e 9
D o -—em m m m s =
T e —— ————— T Y ‘ ‘ * -
0 -2 -4 -6 -8 -10 0 -2 -4 6 -8 -10
0.4 0.6
? (c) Niagara silt ? (d) Regina clay

Unfrozen water content, 6,
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Figure 3.4 Comparison between the measured and best-fitted SFCCs for (a) Castor sandy

loam, (b) Lanzhou silt, (¢) Niagara silt, and (d) Regina clay
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Figure 3.4 shows the comparison between the measured and best-fitted SFCCs for the four
soils. All the four relationships / equations can reasonably fit the measured SFCCs of soils
without salinity. The measured data of the Castor sandy loam is well fitted by the four
expressions. However, the exponential relationship and van Genuchten (1980) equation are less
accurate than the power relationship and the Fredlund and Xing (1994) equation for the Niagara
silt and Regina clay. The reason is that for the exponential relationship and van Genuchten (1980)
equation, the minimum value of unfrozen water content is limited by the residual unfrozen water
content (6es). In other words, the minimum value of the predicted unfrozen water content is
equal to 6,5 by employing these two expressions. As can be seen from Figure 3.3 and Figure 3.4,
the unfrozen water content of the Castor sandy loam levels off after -2 °C, but the unfrozen water
contents of the Niagara silt and Regina clay still decrease with a relatively lower rate, due to their
relatively small particle sizes. This implies that the 6,.s can be well defined for the sandy loam
compared to the silt and clay.

The exponential relationship and the Fredlund and Xing (1994) equation are able to
provide good fit for the saline Lanzhou silt. On the contrary, the power relationship is not as
accurate as it is for the other three soils. For giving reasonable fitting for SFCC of saline silt, the
parameter avg of the van Genuchten (1980) equation was fixed to 0.0002. Of all the various
expressions used in the present study, the Fredlund and Xing (1994) equation is able to provide
excellent approximation for all the four soils, including the saline soil.

In summary, the exponential relationship seems to be a good choice for sands and sandy
soils whose unfrozen water content drops dramatically with temperature slightly below 0 °C and
levels off afterwards. The power relationship provides good fits for sandy loam, silt, and clay;
however, for the saline silt studied, only a fair fit was achieved. The power and exponential
relationships are empirical but simple, and they are smooth and can be easily differentiated for
determining the apparent heat capacity (McKenzie et al., 2007). On the contrary, the van
Genuchten (1980) and Fredlund and Xing (1994) equations are relatively complex and require

the use of the Clapeyron equation, which is valid when thermodynamic equilibrium condition
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has been achieved. Moreover, the assumptions on which the Clapeyron equation is based need
further investigations for employing them for SFCC equations. The exponential relationship and
the van Genuchten (1980) equation are more suitable for sandy soils in comparison with silt or
clay. The Fredlund and Xing (1994) equation well fitted the SFCCs for all the four soils, showing

higher flexibility for use on soils with different particle sizes.

3.7 Conclusions

The variation in unfrozen water and ice contents with the change in subzero temperature
significantly influences the physical and mechanical properties of frozen soils. The SFCC is
required to understand the flow of heat, water, and solute in frozen soils (Spaans and Baker,
1996). A succinct review of the soil freezing process and the similarity between SFCC and
SWCC is provided in this paper. A conceptual SFCC is drawn to illustrate key features of soil
freezing and thawing. Four different SFCC expressions (i.e. two empirical relationships, and the
other two equations based on the similarity between SFCC and SWCC) were selected for
providing comparisons between the measured and fitted unfrozen water contents for four
different soils. The results suggest that the exponential relationship and van Genuchten (1980)
equation are more suitable for sandy soils. The power relationship could reasonably fit the SFCC
for soils with different particle sizes, but not for saline silt. The Fredlund and Xing (1994)
equation provides good fits for all the four soils investigated in the present study, showing its
flexibility for different types of soils. However, more efforts should be put into investigating the
theoretical background for employing the Clapeyron equation and the similarity between SFCC

and SWCC for predicting the unfrozen water content in frozen soils.
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Chapter 4  Comparison of soil-freezing and soil-water characteristic curves
of two Canadian soils

The contents presented in this chapter are from the manuscript of the publication:

Ren, J. and Vanapalli, S.K., 2019. Comparison of soil-freezing and soil-water characteristic
curves of two Canadian soils. Vadose Zone Journal, 18:180185.

DOI: 10.2136/vzj2018.10.0185

4.1 Abstract

The drying / wetting and freezing / thawing cycles significantly influence the soil pore
water in the vadose zone in permafrost and seasonally frozen regions. Soil-freezing characteristic
curve (SFCC) describes the relationship between unfrozen water content and subzero
temperature in a soil at frozen condition. Several studies suggest that the SFCC of a frozen
saturated soil is similar to soil-water characteristic curve (SWCC), which describes the
relationship between water content and suction for a soil under unfrozen unsaturated condition.
In the present study, the similarity between SFCC and SWCC, and possible reasons for the
hysteresis of SFCC are succinctly reviewed. The SFCC and SWCC of two Canadian soils were
measured and critically interpreted to understand the fundamental behavior of SFCC in
comparison with the SWCC. The observed hysteresis of SFCC for the two soils was mainly
associated with the supercooling of pore water. The measured SFCC and SWCC of the two soils
show quantitative dissimilarity rather than similarity. This may be attributed to the experimental
limitations and possible fundamental differences between drying / wetting and freezing / thawing
processes. In addition, several concerns regarding the similarity between SFCC and SWCC were
discussed. The present study highlights that rigorous investigations are required for better

understanding the SFCC to facilitate its use for cold regions engineering practice applications.

90



4.2 Introduction

The soil pore water in the vadose zone in permafrost and seasonally frozen regions is
significantly influenced by both drying / wetting and freezing / thawing cycles. Unfrozen water
and ice coexist in a frozen soil. The amount of unfrozen water and ice is predominantly
dependent on subzero temperature. The relationship between unfrozen water content and subzero
temperature is commonly referred to as the soil-freezing characteristic curve (SFCC) (e.g.,
Koopmans and Miller, 1966; Spaans and Baker, 1996; Azmatch et al., 2012). The subzero
temperature can be converted to cryogenic suction (which is defined as the pressure difference
between pore ice and pore water) by using the Clapeyron equation, based on certain assumptions
and thermodynamic equilibrium condition between ice and water phases.

The amount of unfrozen water change contributes to the variation of the physical and
mechanical properties of frozen soils. For this reason, SFCC can be used as a tool in the
interpretation of frozen soil behavior. Several studies highlight that the SFCC of frozen saturated
soil is similar to soil-water characteristic curve (SWCC), which describes the relationship
between water content and suction, of unfrozen unsaturated soil (e.g., Koopmans and Miller,
1966; Spaans and Baker, 1996). The wide use of SWCC in the prediction of unsaturated soil
properties is encouraging researchers and practitioners in recent years to extend similar
philosophy in engineering practice for frozen soils using the SFCC.

For example, Azmatch et al. (2012) measured the SFCC of Devon silt specimens that were
consolidated using different pressures. The SFCC of these specimens were expressed as a
relationship between unfrozen water content versus cryogenic suction and fitted using the
well-known Fredlund and Xing (1994) equation. The hydraulic conductivities of the frozen
Devon silt specimens were estimated using the fitted SFCC along with a saturated hydraulic
conductivity value extending the same philosophy used for unfrozen unsaturated soils.

Ren and Vanapalli (2018) proposed a semi-empirical model for estimating the resilient
modulus of frozen soils at saturated condition using SFCC as a tool. The unfrozen water content

versus subzero temperature relationship was converted to the relationship between degree of
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unfrozen water saturation and cryogenic suction. The later relationship was then fitted using the
Fredlund and Xing (1994) equation. Experimental data of seven different saturated soils were
used to validate the model and a good agreement was achieved between the measured and
estimated frozen resilient modulus values.

The reliable determination of SFCC is the primary step to employ SFCC in the prediction
of frozen soil properties. Two different approaches are commonly used for determining the
SFCC. The first approach focuses on the direct measurement of SFCC. Several methods such as
the dilatometry, calorimetry, frequency domain reflectometry (FDR), time domain reflectometry
(TDR), and nuclear magnetic resonance (NMR), have been used in laboratory and in situ during
the past few decades (e.g., Anderson and Morgenstern, 1973; Yoshikawa and Overduin, 2005).
A significant amount of data is published in the literature following these methods. The second
approach focuses on the estimation of SFCC from soil physical properties, or using the similarity
between SFCC and SWCC and / or physical and theoretical mechanisms (e.g., Anderson and
Tice, 1972; Liu and Yu, 2013; Wang et al., 2017; Amiri et al., 2018).

There are limited studies in the literature for better understanding the fundamental behavior
of SFCC to facilitate the development of reliable models for the design of civil infrastructure
such as pavements, foundations, and pipelines. For this reason, it is important to understand the
strengths and limitations of the presently used experimental and empirical methods for the
determination or estimation of SFCC. To address these objectives, the SFCC and SWCC of two
soils from Toronto, Canada (i.e. Toronto silty clay and Toronto lean clay) were investigated.
Several different testing conditions were imposed to determine the SFCC. Some of the testing
scenarios were directed to study the freezing and thawing branches of SFCC to understand the
hysteretic characteristics of the two soils. In addition, comparisons were provided between the
SFCC and SWCC for both the soils. The results of the study provide valuable information for
better understanding the SFCC in general and the two tested soils from Toronto, Canada in

particular.

92



4.3 Background

4.3.1  Similarity between SFCC and SWCC

The physical process that a soil undergoes during drying and wetting cycles under unfrozen
condition has similar characteristics to that when the soil is subjected to freezing and thawing
cycles. When an initially saturated soil is subjected to drying, water is gradually removed and
replaced by air, leaving the remainder water at an increasingly lower matric potential. In a
similar fashion, liquid water in a saturated soil changes phase and gradually becomes ice when it
is subjected to freezing. Two different mechanisms contribute to matric potential; namely, the
adsorptive force and capillary force. The adsorptive force acts on the mineral-water interface.
Water is adsorbed by soil particles as thin films. Therefore, it is considered immaterial whether
ice or air is present on the other side of the water film; for this reason, reductions of soil matric
potential in frozen and unfrozen conditions due to adsorptive forces can be considered identical
(Spaans and Baker, 1996). The capillary force at the interface of different phases, such as
air-water, ice-water, and air-ice interfaces, is proportional to the surface energy of the interface.
The surface energy of air-water interface is higher than that of ice-water interface (Spaans, 1994).
For this reason, reductions of soil matric potential associated with capillary force are different in
a soil that is at frozen and unfrozen conditions.

Koopmans and Miller (1966) were the pioneers who measured both SFCC and SWCC for
three different types of soils (i.e. SS, SLS, and SSLS). The SS soil is free of colloidal materials
and represents soils such as sand, silt, or coarse clay fractions that have direct solid-to-solid (SS)
contacts between particles. In SS type soils, each particle is wedged with the other adjacent
particles and the pore geometry is fixed. A change in water content causes a displacement of the
air-water interface within the pore system; however, there will be no change in the bulk volume
of the soil. The other extreme scenario relates to the soil particles are always separated by liquid
water, designated as the SLS (i.e. solid-liquid-solid) soil. A change in water content is
accompanied by corresponding changes in particle spacing and in the bulk volume. Macroscopic

cracks may open or close due to changes in water content; however, the air phase does not
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penetrate the spaces between particles. The schematic representation of the SS and SLS soils is
available in Miller (1980). In reality, the behavior of a majority of natural soils lies in between
the SS and SLS; for this reason, they are designated as SSLS soil.

It is assumed that adsorptive force dominates the water retention behavior of the SLS soil.
The SFCC and SWCC are expected to be identical and do not require any adjustment if soil
water is at a similar state in the frozen and unfrozen SLS soil. However, because of the
difference between the surface energy of air-water and ice-water interfaces in a SS soil, an
adjustment factor is required to relate its SWCC to SFCC (Koopmans and Miller, 1966; Miller,
1980). Figure 4.1 shows the measured SFCC and SWCC of these three different types of soils.
As can be seen, by using an adjustment factor of 2.2 for the SS and SSLS soils and with no
adjustment for the SLS soil, good agreement was achieved between the SFCC and SWCC.
However, it is of interest to note that a value of 2.2 would lead to erroneous result for the SSLS
soil from a theoretical point of view. Investigators were also inspired to find an adjustment factor
that is dependent on temperature since most soils behave as SSLS soil, which is not
predominantly influenced by either capillary or adsorptive force (Kurylyk and Watanabe, 2013).
Soil pore water freezes gradually and the governing force (capillary or adsorptive) may switch
with a decrease in temperature. At higher subzero temperature, pore water is mainly present as
the result of capillary force since the curvature of ice-water interface is significant in this
situation. However, when there is a further decrease in temperature, most pore water becomes ice
and thin adsorbed film of water is predominantly available. At this stage, adsorptive force
dominates and no capillary force is considered (Lebeau and Konrad, 2012; Kurylyk and

Watanabe, 2013).
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Figure 4.1 (a) SS soil: SFCC for second freezing and SWCC for drying, (b) SFCC and
SWCC for SLS soil, and (c¢) SSLS soil: SFCC for third freeze-thaw cycle and SWCC for

dry-wet cycle (modified after Koopmans and Miller, 1966)

4.3.2  Hysteresis of SFCC

SFCC exhibits hysteretic behavior similar to the SWCC. This can be attributed to several
possible mechanisms: (1) Supercooling of pore water (Bittelli et al., 2003; He and Dyck, 2013;
Tian et al., 2014; He et al., 2015). Soil pore water does not necessarily freeze when its freezing
temperature is reached. Instead, pore water remains in a liquid phase and is supercooled to a
lower temperature, until freezing is induced by ice nucleation. (2) The effect of electrolytes
(Bittelli et al., 2003; He and Dyck, 2013; Tian et al., 2014; He et al., 2015). Since electrolytes

will be excluded from ice when soil is subjected to freezing, the solute concentration in the
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remainder of pore water becomes larger, which contributes to freezing point depression of pore
water and yields hysteresis. (3) Pore geometry (Anderson et al., 2009). Hysteresis may be
attributed to differences in ice-water interface curvatures during crystallization and melting,
especially in soil that contains a notable component of pores that are cylindrical. (4) Pore
blocking (Bittelli et al., 2003; Anderson et al., 2009). Bottle neck effect (originating from large
pores with narrow necks), which is considered as a primary cause of the hysteresis commonly
observed for air-water phase transition in soil with a wide distribution of interconnected pores of
different radii, may similarly lead to the hysteresis for ice-water phase transition in the soil. (5)
The effect of contact angle (Liu and Yu, 2013; Zhou et al., 2019). The advancing contact angle
during soil freezing is different from the receding contact angle during soil thawing. (6) The
change in pore structure. The thixotropic property and aging effects that influence pore size
distribution, may contribute to hysteresis (Liu and Yu, 2013).

In addition, soil particles typically move from their original positions as soil pores are
enlarged due to ice expansion during the freezing process. Therefore, there would be more large
pores than prior to soil freezing. When soil is subjected to thawing, pore ice melting initiates in
small pores first and then progresses successively to larger pores (Tan et al., 2015). Due to this
reason, for the same unfrozen water content, temperature on the thawing branch is higher than
that on the freezing branch. In other words, the thawing branch is below the freezing branch (i.e.
hysteresis). Nevertheless, the reasons for hysteresis in porous media such as soils are still not
well understood. This may be associated with the complexity of pore structure, which may likely
comprise of various heterogeneous (at the pore scale) pore geometries, a wide range of pore

diameters and varying degrees of interconnectivity (Anderson et al., 2009).

4.4 Specimens preparation and experimental setup

The Toronto silty clay (TSC) and Toronto lean clay (TLC) were collected from 0 to 3m
below the natural ground surface in Toronto, Canada. The two soils were air dried for two weeks

and then ground and passed through a 2 mm sieve. The standard Proctor compaction test (ASTM
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D698-12) was conducted on the two soils, whose optimum moisture contents were determined as

13.5% and 12.3%, respectively. The basic physical properties of TSC and TLC are summarized

in Table 4.1. Figure 4.2 presents their gradation curves.

Table 4.1 Basic physical properties of TSC and TLC

(ZZ) (ZZ) (({2) ?;Z)t (1?;;;;?3) Gy | %sand | %silt | %clay | USCS
TSC| 19.6 13.6 6 13.5 1915 | 2.68 3 81 16 CL-ML
TLC 25 13 12 12.3 1962 | 2.69 31 50 19 CL
Note: wy = liquid limit; w, = plastic limit; /, = plasticity index; w,,; = optimum moisture content; pamar =
maximum dry density; G, = specific gravity; USCS = Unified Soil Classification System (ASTM D2487-11).
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Figure 4.2 Particle size distribution of TSC and TLC

441 SFCC measurement

Compacted specimens were saturated and used for measuring the SFCC. A pre-calculated
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amount of dry soil and tap water were mixed and statically compacted at the optimum moisture
content to achieve the maximum dry density by volume control method. The soil specimen was
compacted in five equal layers. Each layer was 20 mm high and the final soil specimen was 100
mm in height with a diameter of 50 mm. After compaction, the specimen was securely wrapped
with filter paper. A cling wrap with small holes was used to cover the filter paper wrapped
specimen. The specimen was then put into plastic tube (which was drilled with small holes and
was used to constrain the lateral expansion of the soil specimen) and was submerged in a plastic
tank with tap water for saturation. On top of the specimen, a mass of 2 kg was placed to limit its
vertical expansion, as shown in Figure 4.3. The specimen absorbed water gradually along its
height and achieved a constant mass after a period of one week. At this time, the soil specimens
were close to fully saturated condition (i.e., 100%). In spite of careful experimental procedures
that were followed to prevent specimen expansion during the saturation process, the soil
specimen expanded slightly (for TLC: the changes in height and diameter were approximately

0.8% and 1.0%, respectively; for TSC, the changes were insignificant).
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Figure 4.3 (a) Schematic diagram and (b) Photo of the setup for saturating soil specimen

The EC-5 moisture sensor, RT-1 temperature sensor, and EMS50 data logger (all
manufactured by the METER Group, Inc., Pullman, USA) were used for measuring SFCC of the

two soils. The EC-5 can determine volumetric water content by measuring dielectric constant of
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the soil using FDR technique. The 70 MHz frequency minimizes salinity and textural effects,

making this a reliable sensor for use (with an accuracy better than 0.03 m*/m? in typical soils).

The RT-1 is an easy-to-use instrument for reliably measuring soil temperature and has a

temperature resolution of 0.1°C. The dimensions of the two sensors are shown in Figure 4.4(a).

The two sensors were calibrated prior to their use, as summarized in the following section.
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Figure 4.4 Schematic diagram and photo of (a) EC-5 and RT-1, and (b) experimental setup

The RT-1 was inserted into one end of the specimen, and the EC-5 into the other end (with

its two prongs completely in the specimen). A small amount of plasticine was pasted around the
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overmolding of the EC-5 (see Figure 4.4(b)). This was aimed to prevent the direct contact, if any,
between the EC-5 prongs and air, which may influence the EC-5 reading. The two sensors were
then connected to the EM50 data logger. The time intervals for data collection were typically 5
min and 15 min. The soil specimen was tightly sealed by cling wrap to prevent moisture loss
during the testing period. Three-dimensional freezing of the specimen (under zero external stress)
was fulfilled by putting it in a freezer, in which the ambient temperature was controlled. In the
present study, 14 specimens were tested; of which seven were TSC (labeled as TSC-1 to TSC-7)
and the remainder seven were TLC (labeled as TLC-1 to TLC-7). All these specimens were
saturated except for TSC-7, which was kept at its initial optimum moisture content. Table 4.2
summarizes the imposed testing conditions for these specimens. For achieving uniform
temperature condition, the soil specimens were kept 12h under each controlled temperature.
After 12h, the controlled temperature was changed to next value, following the sequence shown

in Table 4.2.

Table 4.2 Types of freezing test and controlled temperatures for the TSC and TLC

specimens

Freezing test

No. Controlled temperatures (°C) used

TSC-1 | RT, -20.0, -15.0, -10.0, -7.0, -5.0, -3.5, -2.5, -2.0, -1.5, -1.0, -0.5, 0.0, RT

TSC-2 Direct freezing,

RT, -20.0, -16.0, -12.0, -9.0, -7.0, -5.0, -4.0, -3.0, -2.0, -1.0, 0.0, RT step thawing
TSC-3
TSC-4 | RT, -0.1,-0.5, -1.0, -1.5, -2.0, -2.5, -3.0, -4.0, -6.0, -10.0, -15.0, -20.0, Step freezing,
TSC-5 | -15.0, -10.0, -6.0, -4.0, -3.0, -1.0, 0.0, RT step thawing

TSC-6 | RT, -0.5, -0.8, -1.0, -1.5, -2.0, -2.5, -3.0, -3.5, -4.0, -5.0, -7.0, -10.0, -15.0,

Step freezin
TSC-7 | -20.0 P ©

TLC-1 | Same as for TSC-1

Direct freezing,

TLC-2 .
Same as for TSC-2 and TSC-3 step thawing

TLC-3
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TLC-4 | RT, -0.5, -0.8, -1.0, -1.5, -2.0, -2.5, -3.0, -3.5, -4.0, -5.0, -7.0, -10.0, -15.0, | Step freezing,
TLC-5 | -20.0, -15.0, -10.0, -7.0, -5.0, -3.5, -2.5, -2.0, -1.5, -1.0, -0.5, 0.0, RT step thawing
TLC-6 | RT, -0.5, -1.0, -1.5, -2.0, -2.5, -3.0, -3.5, -4.0, -4.5, -5.0, -7.0, -10.0, -15.0, .
2200, -15.0, -10.0, 7.0, 5.0, -4.5, -4.0, -3.5, -3.0, -2.5, 2.0, 1.5, 1.0, 0.5, | >tep freezing,
TLC-7 | g step thawing

Note: RT: Room temperature, around 23 °C.

Two freezing methods (i.e. direct freezing and step freezing) were used to freeze the
specimens, and the specimens were then gradually thawed under different temperatures for
determining SFCC. For example, specimens TSC-1 to TSC-3 (initially at room temperature,
which was around 23 °C) were directly exposed to -20 °C. The controlled temperature was then
gradually increased until it reached back to room temperature. The thawing branch of SFCC was
measured using this technique. For specimens TSC-4 and TSC-5, the controlled temperature was
gradually decreased from room temperature to -20 °C and was then increased back to room
temperature. In other words, both the freezing and thawing branches of SFCC were obtained.
Specimens TSC-6 and TSC-7 were only subjected to step decreasing temperatures, facilitating

the measurement of the freezing branch of SFCC.

4.4.2  Sensors calibration

For calibrating the EC-5 moisture sensor, four TLC cylindrical specimens were compacted
at its optimum moisture content (i.e. 12.3%), with dimensions of 100 mm in length and 50 mm in
diameter. After compaction, one specimen was dried and the other three were wetted by covering
them with dry and wet filter paper, respectively. The final gravimetric water contents of the four
specimens were determined by oven dry method as 14.68%, 13.87%, 13.01%, and 11.96%. The
corresponding volumetric water contents were calculated as 0.280 m*/m?, 0.266 m*/m?, 0.252
m3/m?, and 0.234 m*/m?, respectively, based on the measured dry soil mass and volume of the
specimens (i.e., volumetric water content = gravimetric water content * dry soil mass / volume).
The volumetric water contents of the four TLC specimens at room temperature, 15 °C, 10 °C,

6 °C, and 2 °C were measured by the EC-5. During this process, the water contents of the four
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specimens were kept unchanged by tightly sealing them with cling wrap and storing them in
plastic container. From the results summarized in Figure 4.5(a), it can be observed that under
constant water content condition, the measured volumetric water content by EC-5 decreases
against the controlled temperature. This suggests that above 0 °C, temperature change influences
the EC-5 reading. The relationship between the calculated volumetric water content and the
measured value for the soil specimen under each controlled temperature can be derived from
these results. In the present study, a linear relationship (i.e. calculated volumetric water content =
A * measured volumetric water content + B) was used to best-fit the data points. The constants A4,
B and coefficient of determination (R?) for the five controlled temperatures are summarized in
Table 4.3. For SFCC measurement in the present study, when the temperature of soil specimen
was above 0 °C, the volumetric water content measured by EC-5 (i.e. total water content) was
calibrated by using these relationships. For example, if the soil specimen achieved equilibrium
under room temperature (or 2 °C), the linear relationship obtained for room temperature (or 2 °C)

was used to calibrate the EC-5 measured volumetric water content.

Table 4.3 EC-5 calibration constants 4 and B

Temperature A B R?
Room temperature 0.5200 0.1134 0.99
15 °C 0.5158 0.1331 1.00
10 °C 0.5983 0.1217 0.99

6 °C 0.6347 0.1182 0.95
2°C 0.6372 0.1223 0.94
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On the other hand, when the soil specimen was under subzero temperatures (i.e. frozen
condition), no direct calibration was carried out due to the lack of reliable equipment for
quantifying unfrozen water and ice contents in the soil specimen. However, Smith and Tice
(1988) conducted unfrozen water content test on various types of soils by using TDR and NMR.
A general relationship was found between the measured apparent dielectric constant (K,) by TDR
and the measured unfrozen water content by NMR for these soils. This relationship (Eq. (4.1))
was used in the present study for obtaining the volumetric unfrozen water content (6,) under
subzero temperatures based on K, of the soil specimen, which can be determined from EC-5 raw

output according to the manufacturer.
0, =-1.458x107" +3.868x10°K_ —8.502x10*K_* +9.920x10°K ° 4.1

The calibration of the RT-1 temperature sensor was done by comparing the measured
values with two thermometers. A couple of different temperature values were selected and the
results are shown in Figure 4.5(b). It can be seen that the measured temperature values by RT-1
are close to the values measured by the two thermometers (data points are closely located along

the 1:1 line), suggesting that RT-1 provided good accuracy.

443 SWCC measurement

Three different methods, namely, pressure plate method (ASTM D6836-16), vapor
equilibrium method (Fredlund et al., 2012), and WP4-T measurement (ASTM D6836-16), were
used for determining the SWCC of the two soils, as shown in Figure 4.6. For the first two
methods, saturated compacted specimens were used. Similar procedure that was used for
preparing SFCC specimens (i.e. compaction and saturation) was followed for preparing the
required specimens. The dimension of the specimen used for the pressure plate method was 63
mm in diameter and 20 mm in height. A small piece of the saturated specimen was cut and used
for the vapor equilibrium method. For the WP4-T measurement, certain amounts of dry soil and

tap water were mixed to prepare wet soil aggregates with different initial water contents. The wet
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soil aggregates (with sizes typically lower than 2 mm) were stored in plastic bags for two days to

achieve uniform moisture distribution, which were used for measurement.

Geotechnical Lab

¥ @

uOttawa

University of Ottawa

Figure 4.6 Three methods used for SWCC measurement: (a) Pressure plate method, (b)
Vapor equilibrium method and cut saturated specimen, and (¢c) WP4-T measurement and

wet soil aggregates

The ceramic disk with an air-entry value of 500 kPa was used in the pressure plate

extractor (Soil-moisture Equipment Corp., California, USA). The air pressures ranging from 10
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kPa to 300 kPa were applied while the pore water pressure was kept at the atmospheric pressure
for gathering SWCC data. Each applied air pressure was maintained at least for seven days for
achieving equilibrium condition. For the vapor equilibrium method, three different solutions
were used, i.e. CuSO4-5H>0, K»2SO4 and NaCl, which approximately correspond to the total
suction values of 1.9 MPa, 4.4 MPa and 38 MPa, respectively. The saturated specimen was kept
in desiccator for three months, ensuring the soil pore water equilibrated with the solution vapor.
The WP4-T device (METER Group, Inc., Pullman, USA) was calibrated by using the standard
KCl solution provided by the manufacturer. The suction measurement for the wet soil aggregates
with different water contents was carried out at the temperature set in the WP4-T chamber, which
was 25 °C. The gravimetric water content was determined from these three methods using oven
dry method. The osmotic suction of the soil specimens (i.e. 6 kPa, calculated by using the van’t
Hoff equation (Fredlund et al., 2012)) was assumed negligible, due to the low solute

concentrations in the tap water (Jiang et al., 2017).

4.5 Experimental results

45.1 Temperature — time curves of the two soils

Figure 4.7(a) shows the temperature - time curves of TSC-1, TSC-2 and TSC-3, under
direct freezing and step thawing condition. There is distinct supercooling phenomenon as can be
seen from the inset of Figure 4.7(a). However, the phase change part is not well defined because
only certain amount of pore water can transform into ice at the freezing temperature of soil
specimen. The corresponding latent heat released therefore could not fully counteract the cooling
effect exerted by the controlled temperature, which is low (i.e. -20 °C). The temperature - time
curves of TLC-1, TLC-2 and TLC-3 under direct freezing and step thawing condition are similar
to those of the TSC specimens. For direct freezing and step thawing condition, the volumetric
unfrozen water content of soil specimen under each thawing temperature was measured. As a
result, the thawing branch of SFCC was obtained.

Figure 4.7(b) shows the temperature - time curves of specimens TSC-4 to TSC-7 under
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step freezing / step thawing condition. For TSC-4 and TSC-5, their temperature - time curves
appear to be the same (due to the same controlled temperatures), except for the different
supercooling temperatures and the time when ice starts nucleation. Similarly, TSC-6 and TSC-7
have approximately the same temperature - time curve; in spite of the latter was at the optimum
moisture rather than saturated condition. However, it should be noted that TSC-7 has lower
supercooling and freezing temperatures than TSC-6. In addition, the temperature increment of
TSC-7 is lower than that of TSC-6. This is reasonable since initially more water existed in the
soil pores of saturated specimen and therefore larger amount of latent heat was generated and
contributed to the temperature rise within the soil specimen. Similar conclusions can be drawn
for the four saturated TLC specimens (i.e. TLC-4 to TLC-7) under step freezing and thawing
condition (shown in Figure 4.8). Under step freezing and thawing condition, both the freezing

and thawing branches of SFCC were measured.
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Figure 4.7 Temperature — time curves of (a) TSC-1 to TSC-3, and (b) TSC-4 to TSC-7
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Figure 4.8 Temperature — time curves of TLC-4 to TLC-7

In the present study, the freezing temperature of soil specimen was determined based on its
temperature - time curve (i.e. the highest temperature after supercooling). Under the direct
freezing condition, the soil specimen (initially at room temperature) was directly exposed to
-20 °C. Therefore, the temperature change in the soil specimen was dramatic during the initial
period of freezing. Since the time interval for data collection was 15 min for some tests, it was
likely that the RT-1 did not capture the actual freezing temperature (the highest point after
supercooling), but measured the temperature values that were close to the freezing temperature.
On the other hand, the controlled temperature in the step freezing condition was gradually
decreased (i.e. temperature change rate was low). There was relatively well-defined phase
change period (the soil specimen maintained at the same temperature for approximately 1 hour).

This indicates that the freezing temperature under step freezing condition can be reliably

determined.
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The supercooling and freezing temperatures of the specimens under step freezing condition
are summarized in Table 4.4. The supercooling temperatures of the two soils are scattered due to
the random nature of supercooling. The saturated TSC specimens show fluctuation with respect
to freezing temperature. This may be attributed to specimen structure change during the
saturation process and crack formation when inserting sensors into the specimen, which
contribute to differences between specimens. On the other hand, the freezing temperatures of
TLC specimens are more consistent with a value around -0.6 °C (see Figure 4.8). This suggests
that better integrity was achieved with TLC during the testing process and hence its experimental

results experienced relatively limited fluctuation.

Table 4.4 Supercooling and freezing temperatures of the specimens tested under step

freezing condition
TSC-4 | TSC-5 | TSC-6 | TSC-7
Supercooling temperature (°C) -3.8 -4.1 -3.9 -4.8

Freezing temperature (°C) -1.2 -1.0 -0.5 -2.0
TLC-4 | TLC-5 | TLC-6 | TLC-7

Supercooling temperature (°C) -3.2 -3.1 -3.6 -3.6

Freezing temperature (°C) -0.6 -0.6 -0.6 -0.5

Note: TSC-7 was at the optimum moisture content.

45.2  Results of SFCC measurement

The measured SFCC of TSC and TLC are summarized in Figure 4.9 and Figure 4.10. The
corresponding open data point is the initial volumetric water content of each specimen calculated
based on its gravimetric water content and maximum dry density before testing. Figure 4.9(a)
and Figure 4.10(a) show the thawing branch of SFCC of the two soils respectively. It can be
seen that the unfrozen water content changes rapidly in the temperature range from 0 to -5 °C,
after which the unfrozen water content gradually levels off. The rapid change in unfrozen water
content is attributed to the phase change of capillary and adsorbed water in relatively large pores.

With a further decrease in temperature, most of the pore water is frozen, and the strongly
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adsorbed water and those confined in small pores (which have low matric potential) gradually
transform into ice. It is also noted that the measured thawing branches of TSC are not consistent,
which may be partly attributed to the structure change of TSC specimen, and its poor ability of
maintaining water during experimental process. On the other hand, the measured thawing
branches of TLC are relatively consistent, especially for the low temperature range. This is
reasonable since the TLC specimen was typically intact and did not crack during the testing
period.

The freezing and thawing branches of SFCC of the two soils are shown in Figure 4.9(c)
and Figure 4.10(b), respectively. It can be seen that unfrozen water content is relatively stable
(i.e. around the measured initial water content since no ice was formed) until the supercooling
temperature is achieved. As ice crystals start to nucleate and continue to grow in soil pores, the
quantity of unfrozen water drops dramatically. Finally, when most capillary and adsorbed water
turned into ice, unfrozen water content decreases with a gentle slope and gradually levels off. On
the contrary, the thawing branch of SFCC is smooth and does not show abrupt change in
unfrozen water content or superheating phenomenon (Tan et al., 2015). Therefore, significant
hysteresis is observed between the freezing and thawing branches. For the two soils under the
present experimental conditions, hysteresis occurs mainly in the temperature range from 0 to
-5 °C. After -5 °C, hysteresis is insignificant.

Figure 4.9(b) shows the freezing branch of SFCC of TSC. This is similar to the freezing
branch shown in Figure 4.9(c). It is interesting to note that the freezing branch of SFCC is
supposed to behave as the line shown with dashes in Figure 4.9(b). It means that soil specimen
temperature would change to its freezing temperature (i.e. ice-entry value (IEV), at which ice
first begins to form in the largest soil pores) from the supercooling temperature due to the release
of latent heat. The freezing temperature is theoretically maintained for a short period while
unfrozen water content plunges. Afterwards, unfrozen water content gradually decreases with the
decrease in soil temperature. However, in reality as ice crystals form in large soil pores, the

amount of latent heat released is small and not able to maintain soil temperature at the freezing
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temperature (for a period that is long enough to ensure equilibrium condition that facilitates
reliable measurement) since the ambient temperature inside the freezer at this time is relatively
low (i.e. around the supercooling temperature). Instead, the soil temperature keeps decreasing
until an equilibrium condition is achieved under the current controlled temperature (e.g., see
Figure 4.8). As a result, the unfrozen water content during this period could not be reasonably
measured, as equilibrium condition is not fully established. In other words, the theoretical

freezing branch shown in Figure 4.9(b) is not measurable in the present study.
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453 Results of SWCC measurement and its comparison to SFCC

The SWCC of the two soils are shown in Figure 4.11. It can be seen that the data points
measured by the three methods are consistent and form a smooth curve (especially for TLC) in
spite of some scatter in the data. This suggests that the measured SWCC is reliable. Comparison
between SWCC and the three thawing branches of SFCC of the two soils (i.e. TSC-1 to TSC-3,
and TLC-1 to TLC-3) are shown in Figure 4.12. The gravimetric water content obtained in
SWCC measurement is converted to volumetric water content by multiplying by the maximum
dry density of each soil shown in Table 4.1 (assuming that the volume of specimens was
unchanged during SWCC measurement). The measured subzero temperature is converted to
cryogenic suction by multiplying by 1225 kPa/°C, as suggested by Ren and Vanapalli (2018). It
can be observed from Figure 4.12 that the measured SWCC does not agree well with the SFCC.
The suction value obtained from SWCC is lower than that obtained from SFCC at the same
unfrozen water content. The disagreement cannot be compensated by multiplying the cryogenic
suction by an adjustment factor of 2.2, because it introduces more discrepancy to the two
retention curves. In other words, there is only qualitative but no quantitative similarity between
SWCC and SFCC for the two soils under the investigated experimental conditions. The
discrepancy can be partly attributed to the slightly different initial water contents of the
specimens used for SWCC and SFCC measurements, and to possible errors associated with the
Sensors.

The measured SWCC and SFCC were fitted using the Fredlund and Xing (1994) equation.
The fitted curves are shown in Figure 4.12 and the fitting parameters (i.e. ay, ny, my, and y,) are
summarized in Table 4.5. It can be seen that the Fredlund and Xing (1994) equation provides
good fitting for both the SWCC and SFCC of the two soils. However, the fitting parameters for
the two retention curves of the same soil are different, especially with respect to the slope of the

retention curves (controlled by parameter ny) and the residual suction value ().
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Table 4.5 Fitting parameters for SWCC and SFCC using Fredlund and Xing (1994)

equation
ar Nt ms Wr R?
TSC-SWCC 665 0.81 1.41 904 0.96
TSC-SFCC 895 11.91 0.27 1447 0.92
TLC-SWCC 1217 0.59 1.67 2718 0.99
TLC-SFCC 876 3.34 0.45 5189 0.95

4.6 Discussion

4.6.1 Measurement of SFCC

The reliable measurement of SFCC depends on the accurate determination of temperature
and unfrozen water content. The difficulties in accurately measuring temperature are not only
associated with the resolution and precision requirement for the temperature sensor (the
resolution of RT-1 is 0.1 °C, which is considered sufficient for an accurate temperature
measurement), but also with the time required to achieve uniform temperature within the bulk
soil specimen. If this is not achieved, the measured temperature may only be the temperature of
soil surrounding the temperature sensor. Moreover, during the freezing process, once ice has
started nucleation, soil temperature changes relatively fast under the low controlled temperature
(see Figure 4.7 and Figure 4.8). Therefore, during this period, the reliable measurement of
unfrozen water content is difficult since equilibrium condition is not fully established.

A number of concerns have to be addressed carefully with respect to the measurement of
unfrozen water content. Firstly, temperatures above 0 °C were observed to have influence on
EC-5 reading. Hence, the total water content needs to be calibrated taking into account the
influence of temperature at which it is measured. In addition, the EC-5 was calibrated by using
four TLC specimens at different water contents. The resulting calibration curves were used for
both the TLC and TSC specimens. However, specific calibration for TSC is suggested for
reliable determination of its SFCC. Secondly, the measurement of dielectric constant in frozen

soils is influenced not only by water content, but also by other parameters, which include ice
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content, soil structure and bulk density that influence the sensor’s performance (Yoshikawa and
Overduin, 2005). The water content at which soil specimen is compacted, imparting a particular
soil structure, would have significant influence on the measured SFCC. Thirdly, unfrozen water
content in high subzero temperature range (e.g., from 0 to -5 °C) shows significant change with
respect to temperature. For this reason, more precautions are required in this temperature range
such that the measured SFCC is reliable. Fourthly, the accuracy of EC-5 sensor is about 0.03
m>/m?, which may result in considerable difference between the measured and actual unfrozen
water content, especially when the soil temperature is low. In addition, the use of plasticine for
covering the overmolding of EC-5 should be avoided in future studies since the plasticine has
high water content, which can likely contribute to additional experimental error. Finally, pore
water supercooling during the freezing process causes significant hysteresis of SFCC. The
hysteresis measured in the present study is also mainly attributed to this reason. It is difficult to
obtain representative freezing branch of SFCC since the degree of supercooling may be
influenced by many factors such as freezing rate, presence and concentration of solutes, and
electromagnetic fields exerted by EC-5. Due to this reason, comparisons were not provided

between SWCC and the freezing branch of SFCC in the present study.

4.6.2 Concerns regarding the similarity between SFCC and SWCC

Several researches have shown similarities between SFCC and SWCC for several soils
(Koopmans and Miller, 1966; Spaans and Baker, 1996; Watanabe and Wake, 2008; Liu et al.,
2012; Schafer and Beier, 2017). Good agreement was also observed between the measured soil
water potential or subzero temperature with the one obtained from the Clapeyron equation
(Watanabe et al., 2012; Caicedo, 2016). However, several investigators have also obtained results
showing dissimilarity between SFCC and SWCC.

For example, Ma et al. (2015) measured both the SWCC and SFCC of a silt and a clay. The
soil specimens were statically compacted at specified water contents and to targeted dry densities.

The unfrozen water content was obtained by using NMR. In order to avoid the effect of
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supercooling, only the thawing branch of SFCC was measured. The soil water potential of the
frozen soil is derived from a generalized Clapeyron equation. The results show that at the same
unfrozen water content, the soil water potential of an unsaturated soil is significantly lower than
that of its frozen counterpart, which means that there is no similarity between SFCC and SWCC.
In the study by Azmatch et al. (2012), the SWCC and SFCC of the Devon silt specimens with
and without salinity were measured. The specimens prepared from slurry were consolidated
under different pressures. The unfrozen water content was measured by using TDR. The results
display significant discrepancy between SWCC and SFCC of the specimen with salinity. This
suggests that the tap water used in the present study may have contributed to the observed
discrepancy between SFCC and SWCC of the two investigated soils due to the influence of
various ions (i.e., water salinity).

In the present study, the slightly different initial water contents of the specimens used for
SWCC and SFCC measurements, and the accuracy of EC-5 may be the major reasons for the
dissimilarity between the measured SFCC and SWCC. In other words, the limitations associated
with testing sensors prohibit a reliable characterization of the quantitative similarity between the
two retention curves. However, besides the experimental limitations, some more concerns with
respect to the similarity between SFCC and SWCC are summarized below.

Firstly, it is important to understand the temperature range within which the similarity
between SFCC and SWCC could be achieved. The classic work by Koopmans and Miller (1966)
experimentally showed the similarity within a narrow temperature range (i.e. from 0 to -0.2 °C).
It should also be noted that their results were based on certain assumptions (Miller, 1980), in
addition to following careful specimen preparation and experimental procedures. Williams (1976)
stated that the free energy of soil unfrozen water, calculated from the Clapeyron equation, is
essentially equivalent to the negative pore water pressure before temperature lower than -1.5 °C.
This suggests that using the Clapeyron equation to convert subzero temperature to cryogenic
suction and adopting the latter for the comparison of SFCC and SWCC is applicable, in the

temperature range between 0 °C to about -1.5 °C. Brown and Payne (1990) also concluded that
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in the absence of solutes, the Schofield (1935) equation (which is a simplified form of the
Clapeyron equation) relating cryogenic suction to subzero temperature can be used at least down
to -0.73 °C and almost certainly to several degrees lower without serious error. It has also been
shown that in fine glass capillary tube at temperatures near 0 °C, ice-water interface has a
hemispherical appearance with zero contact angle at the walls (Skapski et al., 1957). This is the
same as air-water interface in a capillary tube (Miller, 1980). Ma et al. (2015) pointed out that
the Clapeyron equation is valid for phase equilibrium state where pressure and temperature
remain constant with respect to time. Sufficiently slow freezing or thawing rate is required to
ensure equilibrium condition. Freezing or thawing at a relatively fast rate will lead to significant
discrepancy between SFCC and SWCC (Liu et al., 2012). In addition, fast freezing may cause
ice crystals to form in smaller pores first (Colbeck, 1982), rather than typically assumed that ice
fills larger pores first in frozen soils (Williams, 1999).

Secondly, it is difficult to precisely control temperature around 0 °C from typical
experimental studies. For this reason, there are difficulties associated with the reliable SFCC
measurements at high subzero temperatures (i.e. small suction range). In addition, the
determination of SWCC becomes increasingly inaccurate as soil dries (i.e. large suction range).
Therefore, the quantitative comparison between SFCC and SWCC in these two ranges is
questionable. For example, coarse-grained soils generally have an air-entry value of a few
kilopascals. According to the Clapeyron equation (e.g., using a value of 1225 kPa/°C for
conversion), a suction value of 8 kPa corresponds to a temperature value around -0.007 °C,
which is difficult to be accurately measured or controlled. This causes difficulty in comparing the
air-entry value and ice-entry value of a soil.

Thirdly, Black and Tice (1989) showed that the SFCC and SWCC data of Windsor sandy
loam could be best fitted by one single equation. They achieved better results when the soil
specimens used for SFCC and SWCC measurement had approximately the same densities.
However, worse results were obtained when there was a difference between the densities. It was

also suggested that the SFCC of frozen saturated soils and SWCC of unfrozen unsaturated soils
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are comparable only for the same soil at the same bulk density and with similar histories. In other
words, theoretically, only freezing and drying curves or thawing and wetting curves can be
compared. In addition, the soil must meet similar structure requirements as proposed by Miller
and Miller (1956). Konrad (1990) concluded that the unfrozen water content of a given soil is
strongly dependent upon the soil structure. This is similar to the influence of soil structure on the
SWCC (Vanapalli et al., 1999). Therefore, the difference between the structures of the SWCC
and SFCC specimens in the present study (due to slight variation in compaction water content
and uncontrollable structure changes during the saturation process) is possibly another important
factor that contributed to the dissimilarity.

Finally, some fundamental differences may also contribute to the dissimilarity between the
SFCC and SWCC. Williams (1968) showed that there are at least three distinct processes by
which air may replace water in soil pores: (i) a process explained by normal capillary equation
for air-water interface, (ii) a process involving diffusion of external air to entrapped air bubbles,
which are then slowly enlarged and tend to penetrate smaller pores, and (iii) a process of slow
advance of air-water interface into the soil. Additionally, the nucleation of air bubbles was not
experimentally observed in his study (Williams, 1968). However, spontaneous ice nucleation and
the associated replacement of water by ice may occur at anywhere inside soil pores, if the
freezing condition is favorable (e.g., at sufficiently low temperature for a long freezing time).
The ice may then percolate further and extrude into adjacent pores. No “ice diffusion” process
corresponding to the second process of the replacement of water by air (i.e. air diffusion) is
expected. Rempel (2012) pointed out that the strengths and nature of the dominant wetting
interactions that cause liquid films to coat soil particles in the unsaturated zone are different from
those that cause premelted films to separate soil particles from pore ice (i.e. the former involve
intermolecular forces between particles, liquid and vapor, whereas the latter involve
intermolecular forces between particles, liquid and ice). The existence of solutes further
complicates the problem.

From a theoretical point of view, there is similarity between the SWCC of unfrozen
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unsaturated soil and the SFCC of the same soil at frozen saturated condition. However,
researchers also showed the similarity between SWCC and SFCC of variably saturated soils. For
example, Zhou et al. (2014) determined the SWCC on initially saturated specimen, while the
unfrozen water contents (i.e. SFCC) were measured at different depths of initially unsaturated
soil column subjected to unidirectional freezing with water migration and varying total water
content. Except for some dissimilarities when the soil temperature was approximately around
0 °C (e.g., higher than -0.2 °C), the results showed that there was a good agreement between the
SWCC and SFCC of variably saturated soils. These investigators suggested that the dissimilarity
was partly because unfrozen water content is dependent on both temperature and total water
content in the high subzero temperature range. An adjustment factor with the value of 1.0 was
obtained for the unsaturated soil used in their study. However, extensive experimental
investigations are required for better understanding the similarities and differences between the

SWCC and SFCC of variably saturated soils.

4.7 Summary

The SFCC and SWCC are physically similar since both of these two water retention curves
describe the relationship between the amount of pore water and its energy state in a soil. Some of
the possible reasons for the hysteresis of SFCC proposed in the literature (e.g., the effects of pore
blocking and contact angle, and the change in pore structure) are based on their similarity. In the
present study, the SFCC and SWCC of two Canadian soils (i.e. Toronto silty clay (TSC) and
Toronto lean clay (TLC)) were experimentally determined and analyzed. Many factors have a
significant influence on the reliable measurement of SFCC, which include the sensors resolution
and their stability, specific sensor calibration for each soil under investigation, thermodynamic
equilibrium condition, and continuous soil structure changes that arise during freezing / thawing
processes. The observed hysteresis of SFCC for the two Canadian soils is mainly attributed to the
supercooling of pore water.

The measured SFCC and SWCC of the two soils show significant differences, indicating
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their quantitative dissimilarity. Many reasons may contribute to the dissimilarity. For example,
specimens structure variations during the compaction and saturation processes, and during
freezing / thawing processes, and cracks formation when sensors were inserted into the
specimens. The performance and calibration of sensors would also significantly influence the
comparison between SFCC and SWCC. In other words, the limitations associated with testing
sensors prohibit a reliable characterization of the quantitative similarity between the two
retention curves.

In addition, some fundamental differences may exist between drying / wetting and freezing
/ thawing processes. For example, the way that ice replaces water may be different from that air
replaces water in a soil (Williams, 1967). The dominant wetting interactions that cause liquid
films to coat soil particles in the unsaturated zone are different from those that cause premelted
films to separate soil particles from pore ice. The existence of salinity further complicates the
problem. The present study highlights that rigorous investigations are required for better

understanding the fundamental behavior of SFCC of fine-grained soils.
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Chapter 5  Prediction of the resilient modulus of frozen unbound road
materials using the soil-freezing characteristic curve

The contents presented in this chapter are from the manuscript of the publication:

Ren, J. and Vanapalli, S.K., 2017. Prediction of the resilient modulus of frozen unbound road
materials using the soil-freezing characteristic curve. Canadian Geotechnical Journal, 55:
1200-1207.

DOI: 10.1139/cgj-2017-0153.

5.1 Abstract

The resilient modulus is a key parameter required in the mechanistic design of pavements.
Experimental determination of the resilient modulus requires elaborate equipment for testing and
requires trained personnel; for this reason, it is expensive. There are several models for
predicting the resilient modulus for unbound road materials that take account of the influence of
wetting and drying conditions. However, well-established models are not available for the
prediction of the resilient modulus of these materials in a frozen state. In this paper, a
semi-empirical model, which uses soil-freezing characteristic curve (SFCC) as a tool, is
proposed for predicting the variation of the resilient modulus with subzero temperature and the
associated cryogenic suction for frozen soils. Experimental data on seven different unbound
materials were used to validate the proposed model. It is shown that the model can reasonably
predict the resilient modulus of the investigated soils that are in a state of frozen condition. More
investigations on different types of soils would be useful to better understand the strengths and

limitations of the proposed model.

5.2 Introduction

The resilient modulus, which is defined as the ratio of the cyclic deviator stress to the

recoverable strain, is the key material property required for the rational design of pavements as

128



per the Guide for Mechanistic-Empirical Design of New and Rehabilitated Pavement Structures
(also known as MEPDG) (ARA, Inc., 2004). In permafrost and seasonally frozen regions,
temperature has a significant influence on the resilient modulus of pavement materials. As the
soil temperature drops below 0 °C, ice crystals start to nucleate in the soil’s pore spaces. The
growing ice crystals interfere with each other and adjacent soil particles, resulting in the
movement and rearrangement of the soil particles that contribute to changes in the original soil
fabric (Chamberlain and Blouin, 1977; Andersland and Anderson, 1978). The freezing process
contributes to an increase in the resilient modulus, which has been measured by several
investigators on different frozen pavement materials (e.g., Berg et al., 1996; Simonsen et al.,
2002; Li et al., 2011).

Experimental determination of the temperature influence on the resilient modulus of
unbound road materials is challenging due to the complex and time-consuming testing
procedures associated with the control and equilibrium of temperature. It is desirable to develop
simple prediction models for estimating resilient modulus of the frozen unbound soils to
facilitate the design of pavement structures in cold regions. In the MEPDG, empirical values are
recommended as the resilient modulus for frozen unbound soils based on different physical
properties (i.e. 2.5x10° psi (approximately, 17000 MPa) for non-plastic soils, and 1x10° psi
(approximately, 7000 MPa) for plastic soils). However, a single value for frozen resilient
modulus may not be reasonable because the resilient modulus of frozen soils varies with subzero
temperatures (e.g., Berg et al.,, 1996; Simonsen et al., 2002). For example, the frozen resilient
modulus of the New Hampshire marine clay is around 200 MPa at -2 °C. However, it reaches a
value higher than 1500 MPa at -5 °C, and is approximately 3000 MPa at -10 °C (Simonsen et al.,
2002).

This paper exploits the similarity between the drying-wetting processes in an unsaturated
unfrozen soil and the freezing-thawing processes in a saturated frozen soil. This can be achieved
by using the similarity between the soil-water characteristic curve (SWCC, representing the

relationship between water content and suction in unsaturated unfrozen soil) and the soil-freezing
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characteristic curve (SFCC, representing the relationship between unfrozen water content and
cryogenic suction at ice-water interface in saturated frozen soil). Both the SFCC and SWCC
describe the soil water retention characteristics (Spaans and Baker, 1996). Since the SWCC has
been widely used as a tool in the implementation of the mechanics of unsaturated soils in
engineering practice, it has been postulated that the SFCC can also be used for predicting the
frozen soils behavior. A semi-empirical model is proposed to predict the resilient modulus of
saturated soils that are in a state of frozen condition by extending this philosophy. The proposed
model has been validated using experimental data on different types of soils. The proposed
model is simple and provides reasonable predictions for the resilient modulus of the investigated
frozen soils. It is promising for use in the rational design of pavement structures in cold regions;
in addition, it can be used in better understanding the artificial frozen soil techniques, which

usually require the strength and stiffness properties of the frozen soils (Sayles et al., 1987).

5.3 Soil-freezing characteristic curve (SFCC)

In a frozen soil, unfrozen water and pore ice coexist. The unfrozen water exists as thin
films adsorbed on the surfaces of soil particles in equilibrium with the pore ice at temperatures
below 0 °C (Harlan, 1973). The relationship between unfrozen water content and subzero
temperature (T) or cryogenic suction (o) in a frozen soil is defined as SFCC (Koopmans and
Miller, 1966; Spaans and Baker, 1996; Azmatch et al., 2012a). Since the constitutive
relationships for hydraulic, thermal, and mechanical properties of frozen soils are functions of
the quantity of unfrozen water, the SFCC is essential to modeling the transport mechanism of
water, heat, and solutes in frozen soils (Black and Miller, 1985; Spaans and Baker, 1996; Zhang
et al., 2016). The cryogenic suction, which is associated with the potential that develops between
the ice and water in the frozen soils, is conceptually similar to the suction developed between the
air and water in unfrozen unsaturated soils (Gens, 2010; Caicedo, 2017). The cryogenic suction
contributes to increase the shear strength, apparent preconsolidation pressure, and stiffness of the

frozen soils (Shastri and Sanchez, 2012). The Clapeyron equation (Eq. (5.1)) can be used to
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convert the subzero temperature to cryogenic suction or vice versa based on the assumptions that
the pressure of pore ice in a frozen soil is equal to atmospheric pressure and the solute effect is

negligible (Azmatch et al., 2012a; Kurylyk and Watanabe, 2013).

T+273.15
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where ., 1S the cryogenic suction in kPa; T is the subzero temperature in °C; L is the latent
heat of fusion of water (L = 334 kJ/kg); To is the normal freezing temperature of water (To =
0 °C); pw is the density of water (p,, = 1000 kg/m®). The calculated cryogenic suction versus
subzero temperature relationship by Eq. (5.1) is approximately linear with a slope of about 1225
kPa/°C, when the temperature is not too low. This is in close agreement with the relations
provided by Konrad (1994), Williams and Smith (1989), and Grant (1994), which suggest a slope
value of 1250, 1200, and 1221 kPa/°C, respectively.

5.4 Similarity between the SFCC and SWCC

Koopmans and Miller (1966) measured both the SFCC and SWCC for three different soils,
namely: SS, SLS, and SSLS. The SS soil is free of colloidal materials. It represents soils such as
sand, silt, or coarse clay fractions which have direct solid-to-solid (SS) contacts between
particles. Each particle is wedged with the other adjacent particles and the pore geometry is fixed.
A change in water content causes a displacement of the air-water interface within the pore
system, but there will be no change in the bulk volume of the soil. The other extreme is soil in
which the soil particles are separated by liquid water (i.e. solid-liquid-solid), designated as the
SLS soil. A change in water content is accompanied by corresponding changes in particle
spacing and in the bulk volume. Macroscopic cracks may open or close, but the air phase does
not penetrate the spaces between the particles. In reality, the behavior of a majority of natural
soils lies in between the SS and SLS; hence they are designated as SSLS soil.

Figure 5.1 shows the SFCC (i.e. freezing-thawing curve) and SWCC (i.e. drying-wetting

curve) for both the SS and SSLS soils. As can be seen, the shape of the SFCC is similar to that of
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the SWCC. This is due to the similarity in the physical processes that the soil experiences both
during drying and wetting at unfrozen condition and freezing and thawing at frozen condition.
When soils are subjected to drying, water is gradually removed and replaced by air, leaving the
remainder water at an increasingly lower matric potential. The physical process that occurs in
freezing soils is similar, except that liquid water changes phase and becomes ice. The same
forces that prevent soil water from draining also prevent it from freezing (Spaans and Baker,
1996). In other words, the temperature gradient in frozen soil can be considered to act in a
similar manner to the potential gradient in an unfrozen soil (Harlan, 1973; Zhou et al., 2014).
Temperature is actually a thermal potential (Oonk and Calvet, 2007). For this reason, the SFCC
can be used as a tool to estimate or predict the SWCC (Black and Tice, 1989; Spaans and Baker,
1996; Bittelli et al. 2003; Cheng et al., 2014). Although, SWCC is conventionally measured, it is
rather difficult and time-consuming in comparison with measuring the SFCC. The SFCC can be
measured using time domain reflectometry (TDR) technique, which is presently a
well-established method to reliably measure the unfrozen water content in frozen soils (Azmatch

etal., 2012a).
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Figure 5.1 (a) SFCC for second freeze-thaw cycle and SWCC for drying path for SS soil; (b)
SFCC for third freeze-thaw cycle and SWCC for dry-wet cycle for SSLS soil (data from
Koopmans and Miller 1966)
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As shown in Figure 5.1(b), the SFCC exhibits hysteretic behavior similar to SWCC. This
can be attributed to several possible mechanisms such as supercooling of pore water, the effect of
electrolyte, and pore blocking (Bittelli et al., 2003; Tian et al., 2014). The hysteretic branches of
SWCC contain main drying / wetting curves, and an infinite number of scanning curves inside
the hysteresis loop (Pham et al., 2005). A conceptual SFCC can be drawn to illustrate main
features of soil freezing and thawing processes, as shown in Figure 5.2. As temperature drops,
pore water starts to crystalize. The remainder of unfrozen water will be in a state of thinner
adsorbed layers with decreasing radii of curvature upon temperature decrease. For coarse-grained
soils, the decrease in unfrozen water content occurs in a narrow temperature range. Their
freezing curves have steep slopes. Azmatch et al. (2012a) measured the SFCC curves for Devon
silt sample and showed that its SFCC curves dropped dramatically within a small range of
temperature from -0.04 °C to about -1 °C. On the other hand, the SFCC of fine-grained soils are
relatively flat due to their fairly smaller size particles, which can retain large amount of water by
adsorptive forces. In fine-grained soils, even at low temperatures (e.g., -20 °C), considerable
amount of water in the pores remains unfrozen and is available for the soil grains in the form of
thin layers of adsorbed water (Andersland and Ladanyi, 1994). The larger the surface area of the
soil particles, the greater the amount of unfrozen water is adsorbed on the particles’ surface
(Christ and Kim, 2009). The freezing and thawing branches form bounds of the unfrozen water
content versus cryogenic suction (or subzero temperature) relationship (i.e. SFCC). Similar to the
SWCC, there are infinite number of freezing and thawing scanning curves that bridge between

the initial freezing and thawing curves (Spaans and Baker, 1996), as shown in Figure 5.2.
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Figure 5.2 Conceptual sketch for a typical soil-freezing characteristic curve

Figure 5.3 shows the probable variation of unfrozen water and ice in a saturated freezing
soil. The soil pores were originally filled by unfrozen water (i.e. no ice has formed as shown in
Figure 5.3(a)). With decreasing temperature or increasing cryogenic suction, ice crystals start to
form in the large soil pores, as shown in Figure 5.3(b). The corresponding cryogenic suction or
subzero temperature at this stage is called the ice-entry cryogenic suction or ice-entry subzero
temperature, which can be referred to as the ice-entry value (IEV) (Azmatch et al., 2012b). The
unfrozen water content in the soil continues to decrease with a decrease in the soil temperature
(i.e. the ice crystals increase in size and penetrate smaller pores as shown in Figure 5.3(c)). At
certain subzero temperature, most pore water turns into ice and beyond which extremely low
temperature (i.e. very high cryogenic suction) would be required to reduce the unfrozen water
further. This critical unfrozen water content is referred to as the residual unfrozen water content,

at which the unfrozen water is firmly held by and close to the soil particles (Harlan, 1973; Sheng
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et al., 2014), as shown in Figure 5.3(d). Similar to the SWCC (Vanapalli et al., 1996; Vanapalli
et al., 1999), the SFCC could be divided into three zones; namely, boundary effect zone (where
no pore ice forms, indicating freezing point depression of soil water; see Figure 5.3(a)),
transition zone (where ice crystals start to form and gradually increase in size, and sharp drop in
the unfrozen water content is experienced; see Figure 5.3(b) and (c)), and residual zone of
unfrozen state (where most pore water turned into ice and the variation in the unfrozen water
content is insignificant under large change in temperature or cryogenic suction; see Figure

5.3(d)), as shown in Figure 5.2.

Soil
~particle

Unfrozen
water

Ice

Unfrozen
_~water ™af

Figure 5.3 Probable variation of unfrozen water and ice in a saturated freezing soil: (a) no

ice has formed; (b) formation of ice crystals; (c) increase of ice crystals; (d) residual state
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5.5 The proposed semi-empirical model

Temperature has the most significant impact on the amount of unfrozen water in a frozen
soil. It has been shown that unfrozen water content can be directly expressed as a function of
temperature (Bigl and Berg, 1996b) and thus can be correlated to the cryogenic suction at
ice-water interface using Eq. (5.1). Because of the similar shape of the SWCC and SFCC,
equations developed for SWCC can also be used to best-fit SFCC. Azmatch et al. (2012a)
successfully fitted the measured SFCC data for Devon silt samples consolidated to different
pressures (i.e. 100 kPa and 400 kPa) using the Fredlund and Xing (1994) SWCC equation, which

1s shown below.

0
9 — C sat .
V) 2718+ a1 (522)

Cp) -1 +vv.)
In[L+(10° /)]

(5.2b)

where 6 is the volumetric water content; s is the saturated volumetric water content (equals to
soil porosity); w is the suction in the unsaturated unfrozen soil (kPa); y, is the suction
corresponding to the residual water content (kPa); ay, ns, and my are fitting parameters. The C(y)
contributes to force the fitting curve to be zero at a y value of 10° kPa.

A semi-empirical model is proposed to predict the resilient modulus of saturated soils in a
state of frozen condition (i.e. Mrsar(frozen)) by extending the concepts proposed by Han and
Vanapalli (2014) using the SFCC as a tool. This model is based on extending observed
similarities between the freezing-thawing and drying-wetting processes. It is assumed that the
rate at which the cryogenic suction contributes towards frozen resilient modulus can be related to
the degree of unfrozen water saturation, S,, which is the ratio of the volume of unfrozen water to
the total volume of the unfrozen water and ice. The value of S, varies from unity before the
ice-entry value has reached to a small value at large cryogenic suction. The semi-empirical

model is expressed as:

M esar (rozen) = Masar o) @+ Yeryo Su(s) (5.3)
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where Mgsaro0 °c) 1s the saturated resilient modulus at 0 °C (MPa); y and ¢ are model parameters.
The relationship between the S, (i.e. Su = 6 / Oy assuming constant volume of the specimen) and
Wervo (1.€. the SFCC) can be described by Eq. (5.2). Eq. (5.3) suggests that Mrsar(frozeny changes

remarkably with an increase in the y., in a saturated frozen soil.

5.6 Model validation

Experimental data of seven different saturated soils from the literature were used in the

validation of the proposed model. The basic properties of these soils are summarized in Table

5.1.
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Table 5.1 Physical properties of the seven saturated soils

No. Soil Type Ya | Wsar | G wr I, AASHTO?* | USCSP Data from
1 Subgrade 1206 Sandy lean clay 16.8 | 234 | 2.70 | 37.0 | 18.5 A-6 CL Berg et al., 1996;
2 Subgrade 1232 Sandy lean clay 17.1 | 193] 2.71 | 264 | 10.9 A-6 CL Bigl and Berg,
3 Class 6 base Well-graded gravel | 21.0 | 94 | 2.74 / / / GW 1996a; Bigl and
4 | Class 3 subbase | Well-gradedsand | 20.3 | 9.7 | 2.69 | 17.0* | 1.2* A-1-b SW Berg, 1996b
5 | Taxiway A base Crushed stone 194 | 7.5 / / / / /
Taxiway A .
6 subbase Silty sand 209 | 7.5 | 2.73 / / A-1-b SM Cole et al., 1987
Taxiway B .
7 subbase Silty sandy gravel | 20.0 | 5.5 | 2.68 / / / GM

* American Association of State Highway and Transportation Officials.

b Unified Soil Classification System (ASTM D2487-11).

* Fraction that passed No. 40 sieve.

/ Not available.

ya: dry unit weight (kN/m?®); wya: saturated gravimetric moisture content (%); G: specific gravity; wy: liquid limit (%); I,: plasticity
index.
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5.6.1 Soil 1 through 4 from Berg et al. (1996)

The subgrade 1206 (Soil 1) and subgrade 1232 (Soil 2) respectively represent the high- and
low-heaving sandy lean clay subgrades. The class 6 base (Soil 3) has a relatively small amount of
fines while the class 3 subbase (Soil 4) is a material with a high percentage of fines. These
materials were saturated, frozen, and then tested at three temperatures below freezing and tested
in a thawed, saturated state at room temperature. The volume changes of class 6 base and class 3
subbase during freezing process were generally small since they are coarse-grained soils.
Subgrade 1206 and subgrade 1232 should have larger volume change during freezing, but since
surcharge was placed on the top of the specimens, the volume change was considered acceptable.
The resilient modulus tests were conducted using repeated-load triaxial test equipment. The
confining pressure was held constant while the cyclic deviator stress varied. The pulse length is
approximately 1-s with 2-s between pulses. Detailed test procedures are available in Berg et al.
(1996).

Bigl and Berg (1996b) showed that the variation in unfrozen water contents of these four
soils with subzero temperature can be expressed as,

© Ty

W, =
100 T,

(5.4)

where w, 1s the gravimetric unfrozen water content (in decimal); Trr is the reference temperature

(Trer =1 °C); ¢ and d are constants. The values of ¢ and d for the four soils are listed in Table 5.2.

Table 5.2 Constants ¢ and d for the seven saturated soils

No. Soil c d
Subgrade 1206 11.085 | -0.274
Subgrade 1232 8.121 -0.303

Class 6 base 0.567 -1.115
Class 3 subbase 1.497 -0.709
Taxiway A base 3.000 -0.250

Taxiway A subbase | 3.000 -0.250

Taxiway B subbase | 3.000 -0.220

NN N | [([WIN|—
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The degree of unfrozen water saturation at any subzero temperature can be calculated from
Eq. (5.4) and the saturated gravimetric water content in Table 5.1 (i.e. Su = wu / Ws). The
subzero temperature can be further converted to cryogenic suction at the ice-water interface by
Eq. (5.1). Figure 5.4 shows the variation in the degree of unfrozen water saturation in the four
frozen saturated soils with the increasing cryogenic suction (i.e. SFCC). These data were fitted
using Eq. (5.2a), based on the least square method. The fitted SFCCs are shown in Figure 5.4.
and their fitting parameters are summarized in Table 5.3. The summarized results suggest that Eq.
(5.2a) is suitable for fitting the degree of unfrozen water saturation. From Figure 5.4, it can be
seen that the desorption rate is relatively low for subgrades 1206 and 1232. The unfrozen water
contents of these two soils are greater than 20% in spite of relatively high cryogenic suction
value of 10 MPa. On the contrary, the unfrozen water contents of class 6 base and class 3
subbase decrease significantly within a small range of cryogenic suction and reach values lower
than 10% when the cryogenic suction is higher than 2 MPa. It is reasonable to see that the class 3
subbase has greater unfrozen water content than the class 6 base does since the former has higher

percentage of fines.
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Figure 5.4 SFCCs of Subgrade 1206, Subgrade 1232, Class 6 base, and Class 3 subbase
(SFCC data from Berg et al. (1996))

The resilient modulus for frozen soils that are in a state of saturation (Mgsarfrozen)) can be
predicted using the fitted SFCC and Eq. (5.3). The prediction results for the four soils are shown
in Figure 5.5, together with the measured values of frozen resilient modulus, several data points
of which were obtained under each subzero temperature. The measured data were not exactly the
same and showed fluctuations due to difficulties associated with conducting the resilient
modulus test. The regression analysis in the present study obtained the best-fit curve for the
originally measured data. The fitted model parameters, the coefficient of determination (R?), and
the saturated resilient modulus at 0 °C (i.e. Mgrsaro°c)) are summarized in Table 5.3. The results
suggest that the proposed semi-empirical model can reliably predict the variation in resilient

modulus of these four soils at subzero temperatures.
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Figure 5.5 Comparison between the measured and predicted resilient modulus values for
Subgrade 1206, Subgrade 1232, Class 6 base, and Class 3 subbase (measured data from
Berg et al. (1996))
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Table 5.3 Summary of the results by using the semi-empirical model

. Parameters of Fredlul.1d and Xing (1994) Model parameters Mis 106
No. Soil Equation R?
- (MPa)
ar ny my R X Y
189.306 1.701 0.666 0.037 0.197
1 Subgrade 1206 0.99 6.49 0.97
ubgrace (9.000) (0.105) | (0.030) (0.055) (0.436)
165.278 1.629 0.754 190.144 2314
2 1232 . 2 .
Subgrade 123 (9.145) ©0.110) | 0040y | o (709.725) | (1.161) 528 0.89
159.552 3.996 1310 0.039 0.092
I . 137.71 71
3 Class 6 base (7.797) 0365) | (0.109) | %% (0.022) (0.459) 377 0.7
165.821 2598 1.195 0.150 -0.473
4 I . . .
Class 3 subbase (9.612) ©0215) | (0.000) | > (0.276) ©0.984) | 37 0.69
78.826 1.151 0.807 346.050 2.877
Taxiway A . 1.4 .
> axiway A base (5.421) 0.086) | (0049 | o (133.882) | (0.117) 6 0.99
78.826 1.151 0.807 9.467x10° 1.966
Taxiway A . . .
6 axiway A subbase (5.421) ©0.086) | 0.049) | °%7 | (6306x10%) | (0204 | 7 0.99
187.581 1.611 0.557 9x10°* 1.037
Taxiway B . 4 .
/ axiway B subbase (8.491) 0.095) | (0.024y | %% (1x107) (0.032) 36 0.99

Note: Number in parenthesis is the Standard Error.
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5.6.2  Soil 5 through 7 from Cole et al. (1987)

Taxiway A base and subbase are crushed stone base and gravelly sand subbase, respectively.
Taxiway B subbase is silty sandy gravel. These three soils were compacted and then frozen at a
rate of 25 mm/day under open-system condition. The samples did not heave appreciably. An
electro-hydraulic, closed-loop testing machine operated with load control method was used for
determining the resilient modulus. A total of 200 loading cycles were applied at each stress level
to achieve a steady-state response. The applied load was a 28-ms haversine and repeated every
2-s, simulating the load pulse produced by the Falling Weight Deflectometer (Cole et al., 1987).
The degree of unfrozen water saturation of these three soils were calculated using the parameters
¢ and d (shown in Table 5.2) which were from the relationship between unfrozen water content
and subzero temperature provided by Cole et al. (1987), and the saturated water contents that are
summarized in Table 5.1. The SFCCs of these soils were drawn by calculating the cryogenic
suctions corresponding to the subzero temperatures. The SFCCs shown in Figure 5.6 were fitted
by Eq. (5.2a). The Taxiway A base and subbase have the same SFCC since these two soils have
the same parameters ¢ and d, and saturated gravimetric water content.

The prediction results for the three soils are shown in Figure 5.7, together with the
measured values of frozen resilient modulus. The fitted model parameters and R?, and the
saturated resilient modulus at 0 °C (i.e. Mrsaro °c)) are summarized in Table 5.3. The results
suggest that the variation in frozen resilient modulus of these three soils can be reliably predicted

by the semi-empirical model.
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Figure 5.6 SFCCs of Taxiway A base, Taxiway A subbase, and Taxiway B subbase (SFCC
data from Cole et al. (1987))
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5.7 Discussion

The proposed semi-empirical model well predicts the resilient modulus for both fine- and
coarse-grained saturated frozen soils. The model has a theoretical basis. The relationship
between the unsaturated unfrozen soils and saturated frozen soils is used for developing the
model. In unsaturated unfrozen soils, the suction at air-water interface contributes to soil’s
mechanical properties, such as the shear strength, modulus of elasticity, and resilient modulus.
The meniscus water associated with capillary tension forces clings at the contact points of soil

particles and holds the soil particles tightly (Karube and Kawai, 2001), resulting in high soil
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strength and stiffness. In saturated frozen soils, the cryogenic suction at ice-water interface,
which increases with decreasing subzero temperature, contributes to the frozen soil’s mechanical
properties, such as the strength and stiffness (Shastri and Sanchez, 2012; Kweon and Hwang,
2013). The proposed model is only valid for soils that are in a state of saturated condition and the
suction in these soils is considered at the ice-water interface, rather than at the air-ice or air-water
interface or combination of them. In addition, to employ the Clapeyron equation, thermodynamic
equilibrium condition should be achieved at the ice-water interface (Ma et al., 2015; Caicedo,
2017). Theoretically, this can be achieved by slow and gradual freezing of the soil sample.
However, for some scenarios, large rate of temperature changes may not ensure the
thermodynamic equilibrium to employ the proposed model (Kurylyk and Watanabe, 2013).

No relationships could be proposed for the model parameters y and 6 because of the limited
data. However, from Eq. (5.3), it is known that parameter y should be greater than zero. On the
other hand, parameter 6 can be either positive or negative (see Table 5.3). One possible
explanation is that the frozen soil is complex because it typically constitutes of four different
phases, namely, soil particle, ice, unfrozen water, and air. The resilient modulus of frozen soil is
significantly influenced by such as the subzero temperature, soil type, water content, and testing
conditions. Due to this reason, there are large differences in model parameter ¢ for different soils
at different conditions. It is also observed from Table 5.3, Figure 5.5, and Figure 5.7 that: when
the parameter y is large, the parameter ¢ is relatively small. However, a small value of parameter
x 1s obtained when there is a significant growth in the frozen resilient modulus within a narrow
temperature range just below 0 °C. More evidence is required to propose a well-defined or
unique relationship between the model parameters and soil physical properties, such as the pore
size characteristics, plasticity index, and unfrozen water content.

The proposed semi-empirical model only requires the Mgsar0°c) and SFCC along with two
fitting parameters (i.e. y and o) to predict the frozen resilient modulus. Similar to the SWCC, the
SFCC can be predicted based on soil’s basic property indices coupled with one-point

measurement (Liu and Yu, 2014). Such a technique reduces the need for conducting cumbersome
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experiments.

5.8 Summary

In this paper, the similarity between the soil-water characteristic curve (SWCC) in an
unfrozen unsaturated soil and the soil-freezing characteristic curve (SFCC) in a frozen saturated
soil is discussed. A conceptual SFCC is highlighted to illustrate key features of soil freezing and
thawing processes. Using the SFCC as a tool, a semi-empirical model is proposed for predicting
the resilient modulus of frozen saturated soils by exploiting the similarity between freezing /
thawing and drying / wetting processes. Seven saturated soils were used to validate the proposed
model. The results show that the model can predict the resilient modulus of frozen saturated soils
with a reasonable degree of accuracy. However, no relationships could be obtained for the model
parameters because of the limited data. The model proposed in the present study is simple and
promising. However, more efforts are needed to further improve the model and validate it with
additional experimental data on different types of soils. In addition, the influence of stress level

should be investigated and incorporated into the model.
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Chapter 6  Empirical model for predicting the resilient modulus of frozen
unbound road materials using a hyperbolic function

The contents presented in this chapter are from the manuscript of the publication:

Ren, J. and Vanapalli, S.K., 2018. Empirical model for predicting the resilient modulus of frozen
unbound road materials using a hyperbolic function. Transportation Geotechnics, 1-9.

DOI: 10.1016/j.trgeo.2018.09.011.

6.1 Abstract

The resilient modulus (Mg) is a key parameter required in the mechanistic-empirical
methods, which are widely used for the rational design of pavement structures. However,
experimental determination of the Mg is expensive and time-consuming since it requires
elaborate equipment for testing and trained personnel. Due to this reason, several researchers
have proposed models for predicting the Mz of unbound road materials that take into account the
influence of wetting and drying conditions. However, the presently available models in the
literature have some limitations for the prediction of the Mk of these materials at a frozen state.
In this paper, a model with two-constants is proposed for predicting the variation of the Mz with
subzero temperature for unbound road materials exploiting the hyperbolic shape of the frozen
resilient modulus - subzero temperature relationship. Experimental data on eighteen different
unbound road materials including both fine- and coarse-grained soils, and under both saturated
and unsaturated conditions, were used to validate the proposed model. It is shown that the
proposed model can reasonably well-predict the Mz of the investigated soils that are in a state of
frozen condition. More investigations on different types of soils would be useful for better
understanding the strengths and limitations of the proposed model. In addition, the effect of

stress should be incorporated for further improving the model.
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6.2 Introduction

The resilient modulus (Mz), which is defined as the ratio of the cyclic deviator stress (g4) to
the recoverable strain (&), is the key material property required for the rational design of
pavements as per the Guide for Mechanistic-Empirical Design of New and Rehabilitated
Pavement Structures (also known as MEPDG) (ARA, Inc., 2004). The Mg can be determined
from experimental results with the aid of elaborate testing equipment that require highly trained
technical personnel. For this reason, gathering information about the Mp from experimental
methods is both expensive and time-consuming. Several models have been proposed in the
literature for predicting the Mz considering various influencing factors such as the external
stresses, soil types and / or soil physical properties using limited and easy-to-obtain experimental
data (e.g., Drumm et al., 1990; ARA, Inc., 2004; Rahim, 2005; Han and Vanapalli, 2016).

Pavements’ unbound aggregates and subgrade soils, throughout their design period life
cycle, typically stay in a state of unsaturated condition (Ba et al., 2013). Suction, which is the
energy potential of pore water in the unsaturated condition, influences the mechanical properties
such as the shear strength and the resilient modulus of these materials (e.g., Vanapalli et al., 1996;
Cary and Zapata, 2011; Salour and Erlingsson, 2015; Han and Vanapalli, 2015). The pavement
structure is directly exposed to the external environment; due to this reason, environmental
factors such as the evaporation and infiltration pose remarkable influence on the moisture
content and suction within the pavement materials, and therefore on their mechanical properties
(Cary and Zapata, 2010). In recent years, many researchers have proposed models that
incorporate the contribution of suction for estimating resilient modulus under different moisture
conditions. Han and Vanapalli (2016) provide a comprehensive summary of these models.

In addition to the moisture content variations, temperature is another key factor that has a
significant influence on the behavior of the unbound materials (e.g., Simonsen and Isacsson,
1999; Berg et al., 1996; Simonsen et al., 2002). Typical variation of stiffness of unbound
materials subjected to freezing-thawing is shown in Figure 6.1. When the soil temperature drops

below 0 °C, ice crystals start to nucleate in the soil’s pores. As the pore water changes to ice, its
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volume increases approximately by 9% due to the opening of the lattice of its hexagonal crystal
structures. The growing ice crystals interfere with each other and adjacent soil particles, resulting
in the movement and rearrangement of the soil particles that contribute to changes in the original
soil structure (Chamberlain and Blouin, 1977; Andersland and Anderson, 1978). The freezing
process contributes to the significant increase in the original value of stiffness or resilient
modulus, as shown in Figure 6.1. Such a behavior may be associated with different factors,
which include the original soil strength, pore ice strength, and the synergistic strengthening
effects between the soil and ice matrix preventing the collapse of the soil skeleton (Andersland
and Ladanyi, 2004). On the other hand, if the temperature of frozen soil increases to positive
values, pore ice within the soil melts which contributes to an increase in soil water content. The
original soil structure changes due to pore ice melting and contributes to the loss of soil particles’
cementation and loosening of soil fabric. The excess pore water that generated after the melting
of ice is not able to drain at a relatively fast rate. Due to this reason, there will be a significant
reduction in the soil resilient modulus after thawing. This period is critical (see Figure 6.1) for a
pavement structure since the stiffness and capacity of the pavement structure decreases to its
minimum value. The situation will be even worse when ice lenses are formed during the freezing
process. The resilient modulus of unbound material, however, will gradually increase to its
unfrozen value after the excess pore water pressure is fully dissipated. This is called the recovery
period for pavement structure, as shown in Figure 6.1. The thaw-weakening period consists of
the critical and recovery periods, during which the resilient modulus of unbound materials is
lower than its unfrozen value and the pavement structure has low capacity. Therefore, it is
common that spring load restriction is used as a pavement preservation strategy in cold regions

(Yu et al., 2009).
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Figure 6.1 Variation in pavement stiffness under freezing-thawing (modified after Janoo

and Cortez, 2002)

Experimental determination of the influence of temperature on the resilient modulus of
unbound soils is challenging due to the complex and time-consuming testing procedures
associated with the control and equilibrium of low negative values of temperature. It is desirable
to develop reliable prediction models for estimating resilient modulus of unbound soils to
facilitate the design of pavement structures in cold regions. Although the resilient modulus of the
just thawed soil (i.e. during the critical period) or of the soil undergoing recovery is important for
the rational design and preservation of pavement structure (e.g., determining the duration of the
spring load restriction), the resilient modulus of the unbound soils at frozen state is equally
important. In the MEPDG (ARA, Inc., 2004), constant values are assigned for the frozen resilient
modulus of unbound soils based on different soil physical properties (i.e. 2.5x10° psi
(approximately, 17000 MPa) for non-plastic soils, and 1x10° psi (approximately, 7000 MPa) for
plastic soils). These assigned values are used to calculate the frozen adjustment factor, which is
one of the key parameters for estimating the composite adjustment factor that is used to quantify

the influence of environmental effect on the resilient modulus of unbound soils when designing
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pavement structure. However, using a constant value for frozen resilient modulus may not be
reasonable because the resilient modulus of frozen unbound soils varies with subzero
temperatures (e.g., Berg et al., 1996; Simonsen et al., 2002). For example, the frozen resilient
modulus of the New Hampshire marine clay is around 200 MPa at -2 °C; however, it reaches a
value higher than 1500 MPa at -5 °C, and is approximately 3000 MPa at -10 °C (Simonsen et al.,
2002).

The variation of frozen resilient modulus against subzero temperature is hyperbolic in
nature. Due to this reason, a hyperbolic model is proposed in the present study for estimating the
resilient modulus for both saturated and unsaturated frozen unbound soils, with the aid of two
constants. The proposed model has been validated using experimental data on eighteen different
soils, which include both fine- and coarse-grained soils under both saturated and unsaturated
conditions. The proposed model is simple and provides reasonable predictions for the resilient
modulus of the investigated eighteen frozen soils. For this reason, it is promising for use in the

rational mechanistic-empirical design of pavement structures in cold regions.

6.3 Various Models for predicting the resilient modulus considering environmental effects

6.3.1 Models that consider the variation of moisture

Han and Vanapalli (2016) suggested that the relationships of Mz to moisture content or
suction () in unsaturated unfrozen soils can be categorized into three groups; which include: (1)
Empirical relationships (derived from regression analysis using extensive experimental data); (ii)
Constitutive models (that incorporate y into applied shearing or confining stresses); and (iii)
Extending stress state variables approach by considering the independent contribution of y to
M.

For example, the MEPDG (ARA, Inc., 2004) recommends using Eq. (6.1) to estimate the
Mk considering the influence of seasonal moisture content fluctuations, by referring to the My at

the optimum moisture content (i.e. Mrorr),
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Me y_as b-a ©.1)
M copr 1+exp[In(-b/a)+k,, (S —Sur)]

log(

where S is the degree of saturation in the unsaturated unfrozen soil; Sopr is the degree of
saturation at the optimum moisture content; a is the minimum of log(Mzr/Mrorr); b is the
maximum of log(Mr/Mrorr); km 1s the regression parameter. The suggested values for a, b, and
kn are: -0.3123, 0.3, and 6.8157 for coarse-grained soils, and -0.5934, 0.4, and 6.1324 for
fine-grained soils.

Han and Vanapalli (2014) proposed a semi-empirical model (Eq. (6.2)) to predict the
variation in the M with respect to the y using the soil-water characteristic curve (SWCC), which
represents the relationship between water content or S and y in an unsaturated unfrozen soil. Eq.
(6.2) is similar to the models proposed by Vanapalli et al. (1996) and Oh et al. (2009) for

predicting the unsaturated shear strength and the modulus of elasticity, respectively,
Mg = Megyr +ayS” (6.2)
where Mgsar is the Mp at the saturated condition (MPa); a and f are model parameters.
By incorporating y as a stress state variable, Cary and Zapata (2011) proposed the

following equation, which was derived for a granular soil and a clayey sand from Arizona, USA

over the soil suction range of 0 to 250 kPa,

0, —3AU -A
M = kP (Pt ety Tty (P2 (6.3)

where P, is the atmospheric pressure; Gy 1s the net bulk stress; Auy-s 1s the build-up of pore
water pressure under saturated conditions; 7. 1s the octahedral shear stress; wo is the initial
suction; Ay is the relative change of suction with respect to wy due to build-up of pore water

pressure under unsaturated conditions; k;, k2, k3, and k4 are fitting parameters.

6.3.2  Models that consider the variation of temperature
The unfrozen water content has a significant influence on the physical and mechanical

properties of frozen soils. Johnson et al. (1986) used the unfrozen water content as the key
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variable and proposed an empirical equation for predicting the Mz of frozen soils (Mg(trozen)),
which is given below,
c
Mg rzen) = G (W, /W)™ (6.4)

(frozen)
where wy is the gravimetric unfrozen water content; w is the total gravimetric water content (i.e.
the sum of unfrozen water content and ice content); C; and C> are constants.

Similarly, Berg et al. (1996) used statistical regression techniques to interpret resilient
modulus data of frozen and unfrozen soils. The nonlinear form of the equation used to model the

resilient modulus is shown as Eq. (6.5),

MR( = KlpK2 (6.5)

frozen) —

where P is the governing parameter; Ki and K> are constants. For frozen soils, three different
governing parameters, all related to the unfrozen water contents: (i) gravimetric unfrozen water
content normalized to the total gravimetric water content, w,/w; (ii) gravimetric unfrozen water
content normalized to a unit gravimetric unfrozen water content (wo, equals to 1.0), w./wy; and
(ii1) volumetric unfrozen water content (¢,) normalized to a unit volumetric unfrozen water
content (6y, equals to 1.0), 6./6, can be used.

Simonsen et al. (2002) recommended several models for estimating the MRg(fiozeny Of
different frozen soils from New Hampshire, USA as shown below:

For glacial till and silty fine sand,

T o,
M R(frozen) — kl (|T_|) “ (G_d) . (663)
ref ref

For coarse gravelly sand,
Tref

M R(frozen) = exp(k1 + kz( T )) (66b)
For fine sand,
T J o
M R(frozen) = kl(u) & ( - )k3 (_d)k4 (66C)
T o 0,

ref ref ref

158



For marine clay,

T o
M R(frozen) — kl (|T_|) . (6_3) o (6.6d)
ref ref

where T is the subzero temperature (°C); Trer is the reference temperature (7rer = 1 °C); oy is the
deviator stress (MPa); J; is the bulk stress (MPa); o3 is the confining stress (MPa); orer is the
reference stress (ower = 1 MPa); ki, k2, k3, and ky are fitting parameters derived from regression
analysis using experimental results and are different for different types of soils.

Ren and Vanapalli (2017) proposed a semi-empirical model for predicting MRg(frozen) for
saturated unbound road materials (i.e. Eq. (6.7)). The model exploits the similarity between the
drying-wetting processes in an unsaturated unfrozen soil and the freezing-thawing processes in a
saturated frozen soil, and uses cryogenic suction (cn0) and degree of unfrozen water saturation

(S.) for prediction. The semi-empirical model has similar shape as Eq. (6.2).

M sar (rozen) = Msar o) @+ l//cryosua) (6.7)

where Mgsaro°c) is the saturated resilient modulus at 0 °C (MPa); y and J are model parameters.
Models proposed by Johnson et al. (1986) and Berg et al. (1996) are empirical
relationships between the resilient modulus of frozen soils and unfrozen water content. However,
the models proposed for different types of soils by Simonsen et al. (2002) considered the
influence of stress (e.g., deviator stress, confining stress, and bulk stress) on the resilient
modulus of frozen soils. These models require different fitting parameters for the prediction of
resilient modulus of different types of soils. Therefore, these models are valid only for soils and
the conditions for which they have been developed. The model proposed by Ren and Vanapalli
(2017) works well for different types of saturated soils and has a theoretical basis. However, the
model is only applicable to saturated soils. For this reason, there is a need for a model for
predicting the in-situ resilient modulus of unbound soils, where the field water content is

typically less than their saturated water content.
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6.4 The proposed hyperbolic model

Unfrozen water and pore ice coexist in frozen soils. The quantity, composition, and
properties of the unfrozen water and pore ice are not constant, but change with variations of
external factors, with which they are in dynamic equilibrium (Tsytovich, 1975). The principal
factor is the subzero temperature (Nersesova and Tsytovich, 1963; Anderson, 1967). Pore ice can
firmly bond or cement soil particles together, resulting in the significant increase in soil strength
and stiffness, and decrease in hydraulic conductivity (e.g., Chamberlain and Gow, 1979; Hivon
and Sego, 1995; Berg et al., 1996; Andersland and Ladanyi, 2004). Due to this reason, freezing is
sometimes used to stabilize soils during the construction of foundations, tunnels, and retaining
walls where weak soils are encountered (Chamberlain and Gow, 1979).

Experimental studies by several investigators on resilient modulus of frozen soils suggest
that the variation in resilient modulus of frozen soils is closely related to a decrease in subzero
temperature, and the variation curve resembles the shape of hyperbola (e.g., Berg et al., 1996;
Simonsen et al., 2002). On the other hand, various stress combinations do not have significant
impact on the frozen resilient modulus (Berg et al., 1996), especially considering the significant
value of resilient modulus at subzero temperatures. In addition, according to the Standard
Method of Test for Determining the Resilient Modulus of Soils and Aggregate Materials
(AASHTO T307-99, 2007), the applied stress levels for determining the resilient modulus of
unbound road materials are relatively low. In other words, it can be assumed that the effect of
general stress combinations encountered by unbound road materials on their frozen resilient
modulus is negligible. Extending this assumption, a simple two-constant hyperbolic model is
proposed in the present study to predict the Log(MRgfrozen)) — subzero temperature relationship for

unbound road materials. The model can be expressed as below:

_ (Gl
LOg(M R(frozen)) - LOQ(M R(O"C))(1+ A+ B(—T)) (68)

where Mg °c) is the resilient modulus at 0 °C (MPa); T is the subzero temperature (°C); 4 and B
are model parameters. For simplicity, the units of the resilient modulus and subzero temperature

are ignored when using the proposed model.
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6.5 Model validation

Experimental data of eighteen different soils from the literature were used in the validation
of the proposed model. Soils 1 through 7 were saturated soils while Soils 8 through 18 were
unsaturated soils. The basic properties of these soils are summarized in Table 6.1. Figure 6.2

shows the grain size distribution of these soils.

6.5.1  Soils 1 through 7

The subgrade 1206 (Soil 1) and subgrade 1232 (Soil 2) are, respectively, the high- and
low-heaving sandy lean clay subgrade. The class 6 base (Soil 3) has a relatively small amount of
fines while the class 3 subbase (Soil 4) is a material with a high percentage of fines. These
materials were compacted and saturated. Once saturated, the specimens were frozen from the top
down with a surcharge of 3.4 kPa and at a rate of about 25 mm/day under an open-system
condition. They were then tested at three different temperatures below freezing. In addition, they
were also tested in a thawed, saturated state at room temperature. Taxiway A base (Soil 5) and
subbase (Soil 6) are crushed stone base and gravelly sand subbase, respectively. Taxiway B
subbase (Soil 7) is silty sandy gravel. These three soils were compacted and then frozen at a rate
of 25 mm/day under an open-system condition. The samples did not heave appreciably. More
details of the testing techniques for these seven soils such as the triaxial equipment used, the
applied load pulse waveforms, stress levels and testing procedures are available in Berg et al.
(1996) and Cole et al. (1987).

The test results of the variation in resilient modulus in frozen state with a decrease in
subzero temperature resembles the shape of hyperbola. Eq. (6.8), which is a two-constant
hyperbolic function, is employed to best-fit the frozen resilient modulus for the seven saturated
soils. The fitted results are shown in Figure 6.3 and Figure 6.4, and summarized in Table 6.2.
Good agreement between the measured and best-fitted data has been achieved using the
proposed hyperbolic model for the seven saturated frozen soils (as indicated by the high value of

the coefficient of determination (R?) in Table 6.2).
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Table 6.1 Physical properties of soils used in the study

No. Soil Type Vd Wsat G, wiL I, Cu C:. | AASHTO? | USCSP Data from
1 Subgrade 1206 Sandy lean clay 16.8 234 | 270 | 37.0 | 18.5 / / A-6 CL Bere ot al.. 1996:
2 Subgrade 1232 Sandy lean clay 17.1 193 | 271 | 264 | 10.9 / / A-6 CL Bi laid Be; 199,6a'
3 Class 6 base Well-graded gravel | 21.0 | 94 | 274 | / /213" | 20F / GW B.gl iB & 1000,
4 | Class 3 subbase | Well-graded sand | 203 | 9.7 | 2.69 | 17.0* | 1.2* | 1627 | 227 | A-1b S
5 Taxiway A base Crushed stone 19.4 7.5 / / / 494.7% | 1.3* / /
6 | Taxiway A subbase Silty sand 20.9 7.5 2.73 / / 72.8% | 1.8 A-1-b SM Cole et al., 1987
7 | Taxiway B subbase | Silty sandy gravel | 20.0 55 | 2.68 / / 12759" | 4.7 / GM
No. Soil Type Vamax | Wopt Cu Ce. AASHTO? USCSP Data from
8 NHI Silty glacial till 20.5 | 9.0 / / A-4 SM
9 NH2 Silty fine sand 17.2 | 14.5 / / A-2-4 SM L. 1999-
10 NH3 Coarse gravelly sand 173 | 95 | 75% | 0.7 A-1-a SP SJanoo cta L. 2000
11 NH4 Medium fine sand 164 | 13.6 | 10.0F | 1.0 A-1-b sp | >tmonsenctal,
12 NHS5 Marine clay 16.1 | 23.5 / / A-7-5 ML
No. Soil G, Yd w wL 1, Cu Ce Data from
13 | Dense graded stone 2.81 17.9 21.8 23 3 32.8 7.1
14 Ikalanian sand 2.70 14.8 22.7 / / 4.5 0.96
15 | Hart brothers sand 2.76 15.5 18.6 / / 8.0 0.92 Cole ot al.. 1986
16 Sibley till 2.74 18.3 12.5 19 4 235.0 4.1 ?
17 Graves sand 2.70 12.9 31.0 / / 39.1 1.6
18 Hyannis sand 2.67 14.4 29.1 / / 4.7 1.2

2 American Association of State Highway and Transportation Officials.
b Unified Soil Classification System (ASTM D2487-11).
* Fraction that passed No. 40 sieve.

# Calculated from grain size distribution curve.
/ Not available.
y4: dry unit weight (KN/m?); yamaer: maximum dry unit weight (kN/m?); w: moisture content (%); wop: optimum moisture content (%); wya:: saturated moisture content (%);
G;: specific gravity; wr: liquid limit (%); I,: plasticity index; C,: coefficient of uniformity; C.: coefficient of curvature.
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Figure 6.3 Comparison between the measured and predicted resilient modulus values for
Subgrade 1206, Subgrade 1232, Class 6 base, and Class 3 subbase (measured data from
Berg et al. (1996))

164



45
Taxiway B subbase -

40}
Taxiway A subbase

30 Taxiway A base

25

20

Resilient modulus, Log (Mgozen)

Scatter points: Measured data

15
Soild lines: Fitted curve

Temperature, T (C)
Figure 6.4 Comparison between the measured and predicted resilient modulus values for
Taxiway A base, Taxiway A subbase, and Taxiway B subbase (measured data from Cole et

al. (1987))

165



Table 6.2 Summary of the results by using the hyperbolic model

No. Soil Af);:) i(::iZa z/lodel parameter; Log(Mroc) | R
1 | Subgrade 1206 9 0222 (0.014) | 0.257 (0.003) 0.81 0.99
2 | Subgrade 1232 | 13 0301 (0.040) | 0.198 (0.009) 0.72 0.97
3 | Class 6 base 20 0.612(0.102) | 0.763 (0.033) 2.14 0.96
4 | Class 3 subbase | 14 0.504 (0.090) | 0.517 (0.024) 1.59 0.95
5 | Taxiway Abase | 4 0.856 (0.155) | 0.655 (0.049) 1.79 0.99
6 | TawayA 5 0.094 (0.030) | 0.571 (0.023) 1.53 0.98

subbase
g | TexiwayB 4 0.141 (0.030) | 0.736 (0.031) 1.75 0.99
subbase
8 NHI 5 0.274 (0.074) | 0.661 (0.037) 1.72 0.97
9 NH2 5 0.461 (0.038) | 0.758 (0.015) 1.79 0.99
10 NH3 4 0.502 (0.021) | 2.405 (0.006) 2.48 1.00
11 NH4 5 0.080 (0.004) | 0.554 (0.003) 1.55 0.99
12 NH5 5 2.144 (0.536) | 0.434 (0.083) 1.40 0.97
13 | Dense graded 4 0.081 (0.021) | 0.704 (0.046) 1.87 0.98
stone
14 | Ikalanian sand 5 0308 (0.097) | 0.602 (0.039) 1.65 0.97
15 Hartslzghers 8 0.357 (0.041) | 0.497 (0.013) 1.38 0.99
16 | Sibley till 4 0.225(0.014) | 0.489 (0.005) 1.47 0.99
17 | Graves sand 6 0351 (0.019) | 0.435 (0.007) 1.36 0.99
18 | Hyannis sand 5 0.121 (0.031) | 0.472(0.018) 1.53 0.98

Note: Number in parenthesis is the Standard Error.

6.5.2

Soils 8 through 18

The NH soils (Soils 8 through 12) were from different investigation sites from New

Hampshire, USA. The five soils were compacted at their optimum moisture contents in five

equal layers by means of a kneading compactor. They were then subjected to omnidirectional

closed-system freezing and generally tested at five temperatures below freezing. The soils were

mounted in a triaxial cell that was accommodated inside a mechanically cooled climate chamber,

which was placed between the columns of a closed-loop servo-hydraulic load frame. The soil

samples were tested using a 0.1-s haversine pulse and a 0.9-s rest period. Detailed testing
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procedures can be found in Simonsen et al. (2002). Soils 13 through 18 were collected from the
experimental pavement sections at a site in Winchendon, Massachusetts, USA. These coarse soils
were also molded in five equal layers with sufficient compaction effort to achieve the estimated
in-situ density. The specimens were frozen unidirectionally at about 25 mm/day in insulated
cabinets using open-system freezing (Cole et al., 1986). The same triaxial machine and applied
load as in Cole et al. (1987) were used. Detailed procedures that were followed for performing
these tests are available in Cole et al. (1986).

The best-fit results using the hyperbolic model are shown in Figure 6.5 and Figure 6.6,
and Table 6.2. Good agreement between the measured and best-fitted data has been achieved for
the eleven unsaturated frozen soils. The hyperbolic model provides good comparisons with the
measured results of the soil samples that were tested at their saturated water contents (see results
of Soils 1 through 7 in Figure 6.3 and Figure 6.4). Thus, it can be concluded that the proposed
hyperbolic model can be used for the prediction of resilient modulus of both saturated and

unsaturated frozen soils with a reasonably high degree of accuracy (see R’ values in Table 6.2).
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Figure 6.5 Comparison between the measured and predicted resilient modulus values for
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Figure 6.6 Comparison between the measured and predicted resilient modulus values for
Dense graded stone, Ikalanian sand, Hart brothers sand, Sibley till, Graves sand, and

Hyannis sand (measured data from Cole et al. (1986))

From Figure 6.3 to Figure 6.6, it can be observed that the frozen resilient moduli of the
eighteen soils increase significantly within the temperature range from 0 to -2 °C. This is
particularly true for the coarse-grained soils. The pore water crystalizes and transforms into ice in
the relatively large pores of coarse-grained soils quickly in small temperature range. This is
consistent with the variation in the resilient modulus of coarse-grained frozen soils, which also
increases rapidly within 0 to -1 °C and then becomes relatively constant. On the other hand,
small pores and adsorptive forces of clay particles that dominate in fine-grained soils require a
relatively large temperature range for the pore water to transform into ice. This observation can

be derived from the result that an increase in the frozen resilient modulus with decreasing
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temperatures even for values lower than -10 °C. Therefore, the significant influence of subzero
temperature on the resilient modulus can be manifested by the amount of unfrozen water, or
more precisely, the ice content in the soils. As observed by Janoo et al. (1999), the frozen
resilient modulus of the NH soils except for the marine clay (NHS5) at -20 °C was similar to that
obtained at -10 °C. This suggests that most water is in a state of frozen condition as temperature

1s lowered to -10 °C in these soils.

6.6 Discussion
6.6.1 Model parameters 4 and B
The proposed hyperbolic model (i.e. Eq. (6.8)) can be written as Eq. (6.9),

LOg(M R(frozen)) — 1+ (_T)

(6.9)
Log(Mgocy) A+B(-T)
Eq. (6.9) can be rearranged as below:
Log(MR(O"C)) _ A+ B(—T) (6.10)
LOg(M R(frozen)) - LOg(M R(O“C)) (_T)
Eq. (6.10) can be written in a form as Eq. (6.11) assuming -7'= (0 - 7) = AT,
1 1 A B 6.11)

= +
Log(M R(frozen)) —Log(M R(O"C)) AT Log(M R(O“C)) Log(M R(O"C))

The relationship between the parameter A, AT, and the change in the resilient modulus (i.e.
Log(MRg(trozen)) - Log(Mro °c))) 1s illustrated in Figure 6.7. If AT is kept constant, from Eq. (6.11),
it can be seen that parameter A4 is influenced by the change in the resilient modulus (Note that B
is constant). A larger change in the resilient modulus corresponds to a relatively smaller value of
parameter 4. Figure 6.8 shows the influence of parameter 4 on the prediction curve while
keeping the value of parameter B constant for different soils (see the B values shown in Table
6.2). As can be seen, for the selected six soils investigated in the present study, lower value of
parameter A results in more rapid change in the prediction curve within the temperature range of

0 to -2 °C. The rapid change in the resilient modulus is due to the decrease in unfrozen water
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content in the soils, or to the formation of pore ice, which firmly bonds soil particles together and
increases the soil stiffness significantly. This suggests that parameter 4 may be related to the
unfrozen water content, which is influenced by the soil structure and physical properties at
certain subzero temperatures. Attempts to suggest a relationship between the parameter 4 and
soil physical properties (e.g., dry unit weight, initial water content, plasticity index, and
coefficient of uniformity) were not successful. This may be attributed to the eighteen soils from
various investigations have significantly different physical properties (see Table 6.1). In addition,
the soil specimens were prepared under various conditions and tested following different
techniques. The structure of these soils (both coarse- and fine-grained) is likely different. Due to
this reason, the pore ice structure and distribution that develop at subzero temperatures in these
soils can be also complex. All these reasons, may have contributed to difficulties in developing a

well-defined or unique relationship.

A
LOg(MR(frozen))1
LOg(MR(frozen))1 - LOg(MR(O °C))
LOg(MR(frozen))z >
LOg(MR(frozen))2 - LOg(MR(O °C))
5
Ai1<A:
Log(MR(o “c)) Al
0 >

L ol | Temperature, T

Figure 6.7 Illustration of the relationship between (Log(MRgrozen)) - Log(Mg(© °c))) and model

parameter A when AT is kept constant
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On the other hand, parameter B is not influenced by the change in the resilient modulus.
The parameter B, however, was found to be strongly dependent on the resilient modulus at 0 °C
(i.e. Log(Mr°c))). Figure 6.9 shows that the variation in parameter B with the Log(Mr( °c)) for
fourteen soils investigated in this paper can be well-fitted with an exponential equation (i.e. Eq.
(6.12) with the Adj. R’ of 0.88). The parameter B increases gradually before the value of

Log(MRg(o °c)) reaching 2.0; however, it increases rapidly with a further increase in Log(Mgro °c)).

B =0.0392xexp[L.6241x Log(Mg )] (6.12)
25
®
B = 0.0392%exp[1.6241"Lag(MR (0 C ))]

20}

Adj R?=0.88
1.5 |

@
1.0 }
05}
® Values of B

® Fitted curve

00 1 1 1 1 1 1 1 1 1

0.6 0.8 1.0 1.2 14 1.6 1.8 20 22 24 26
Log(MR(0 ¢ ))

Figure 6.9 The relationship between parameter B and Log(Mr( °c))

The resilient modulus data of the other four soils (i.e. Subgrade 1232, Taxiway A base,
NHI1, and Sibley till) were used to validate the relationship between parameter B and
Log(Mgo-c)). The parameter B can be calculated for these four soils as 0.126, 0.718, 0.640, and

0.427, respectively, with the aid of Eq. (6.12). Using the calculated values of parameter B, the
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measured experimental data were fitted for the four soils and summarized in Figure 6.10. The

results highlight a good fit for the four soils, suggesting that the parameter B can be reliably

estimated using Eq. (6.12).
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Figure 6.10 Comparison between the measured and predicted resilient modulus values

using calculated B values for Subgrade 1232, Taxiway A base, NH1, and Sibley till

6.6.2  Strengths and limitations of the proposed model

The proposed hyperbolic model in the present study well predicts the resilient modulus for
both fine- and coarse-grained frozen soils, and for both saturated and unsaturated conditions. In
order to determine the parameters (i.e. 4 and B) in the model, at least two measured data points
information is required. However, if more measured data is available, it would enhance the
reliability of these fitting parameters. The investigations of the present study highlight that

parameter B has strong relationship with the initial resilient modulus (i.e. Log(Mzo °c))) (see

174



Figure 6.9). This relationship is useful for quick and reliable estimation of the parameter B. The
parameter A could be related to unfrozen water content in the soil. In other words, in spite of the
hyperbolic model being an empirical method, both the parameters 4 and B are related to frozen
soil properties. The use of parameters 4 and B can reduce the empirical nature in predicting
frozen resilient modulus for different types of soils. As suggested by Simonsen et al. (2002), the
differences between soil types and conditions may be reflected through model parameters with
physical meanings. In their study, different empirical regression equations were suggested for
different types of soils (see Eq. (6.6)). Due to this reason, such equations are valid only for the
soils and to the conditions close to which they were developed (Simonsen et al., 2002).

Another advantage of the proposed hyperbolic model is that it does not require the soil to
be in a state of fully saturated condition (the model was validated on different soils with various
initial water contents from 5.5% to 31% (see Table 6.1)). Therefore, it has wider application
since most unbound road soils are generally compacted at their optimum moisture contents at
which they are in a state of unsaturated condition. In addition, resilient modulus of soils at a
specific stress and moisture content level is generally considered constant for the temperatures
above 0 °C (e.g., Janoo et al., 1999; Li et al., 2010). Hence, the resilient modulus at ambient
temperature (e.g., 20 °C) can be used to represent Mg °c). This eliminates the need to measure
resilient modulus precisely at 0 °C, which is cumbersome and difficult.

The eighteen soils used for validation were tested under different conditions (e.g., different
loading forms and stress levels). For example, the loading form on Soils 1-4 and 13-18 had the
pulse length approximately one second with two seconds interval between successive pulses. For
Soils 5-7, a 28 milliseconds haversine was repeated every two seconds. However, for Soils 8-12
a 0.1 second haversine pulse and a 0.9 second rest period was used, which is consistent with
AASHTO T307-99 (2007). This suggests that the proposed model is suitable for modeling a
variety of different testing conditions. In other words, the standard AASHTO T307-99 (2007)
could be followed in order to use the proposed model.

The proposed model only considers subzero temperature as the single independent variable
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and assumes that the effect of general stress combinations encountered by unbound road
materials on their frozen resilient modulus is negligible, which makes the model simple and easy
to use. The assumption used does not contribute to significant errors as supported by the good
fitting results obtained for the eighteen soils, whose frozen resilient moduli were determined
using confining and deviator stress values that were generally lower than 150 kPa and 1 MPa
respectively, by different researchers. On the other hand, it should also be noted that relatively
large stress levels have influence on the frozen resilient modulus of unbound soils. For example,
pore ice may melt under large stress levels, which makes the soil specimen unstable and
introduces difficulties to resilient modulus measurement. Furthermore, the energy dissipation
under cyclic loading condition is significant under large deviator stress level, making the soil

specimen even more unstable.

6.7 Summary

In this paper, a hyperbolic model with two fitting parameters (i.e. 4 and B) was proposed
for predicting the resilient modulus of unbound road materials at frozen state, based on the shape
of the experimental data determined for frozen resilient modulus versus subzero temperature.
The model was validated using the data of eighteen soils comprising of both fine- and
coarse-grained soils that were tested under both saturated and unsaturated conditions. The
parameter A has significant influence on the prediction results and can be related to the unfrozen
water content in the frozen soils. A lower value of parameter 4 results in more rapid change in
the prediction results within the temperature range of 0 to -2 °C. The parameter B was found to
have a strong relationship with the initial resilient modulus (i.e. Log(Mgo °c))) which was used
for prediction. The model is simple and promising for use in pavement engineering practice.
However, more efforts are needed to further improve the proposed model and validate it with
additional experimental data on different types of soils. In addition, the influence of stress level
should be investigated and incorporated into the model. It would be a good practice to follow the

standard AASHTO T307-99 (2007) for future studies and use the proposed model.
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Chapter 7 Experimental study on the resilient moduli of five Canadian
soils subjected to freezing

The contents presented in this chapter are from the manuscript:

Ren, J.P., and Vanapalli, S.K. 2019. Experimental study on the resilient moduli of five Canadian
soils subjected to freezing. Under peer review with a Journal.

7.1 Abstract

The resilient modulus (Mg) of soils in the permafrost and seasonally frozen regions is
sensitive to variations in soil temperature and moisture content. In the present study, the My of
five frozen Canadian soils that were subjected to wetting conditions was experimentally
determined using an advanced triaxial testing equipment. In addition, the influences of stress
level and loading frequency were investigated. A freezing system was established for
maintaining desired temperatures to investigate frozen Mz of the five soils. The results suggest
that (i) the effect of subzero temperature (0 to -15 °C) is significant on the My of the five soils
tested. The relationship between the frozen Mk and subzero temperature can be best-fit with a
hyperbolic model; (i1) the frozen Mg versus subzero temperature relationship of the saturated
specimen typically has a steeper slope than specimen with the optimum water content, for the
temperature range of 0 to -5 °C for four of the five soils; (ii1) the effect of stress levels on the
measured Mg is dependent on soil type, water content, and temperature; and (iv) the loading
frequency does not show a significant influence on the measured frozen M. More investigations

on different soils are recommended to better understand the resilient behavior of frozen soils.

7.2 Introduction

The soil resilient modulus (Mz) is defined as the ratio of cyclic deviator stress to
recoverable (resilient) strain. The Mk is a key material property used for the rational design of

pavement structures based on the mechanistic-empirical methods (e.g., MEPDG (ARA, Inc.,
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2004)). The pavements are exposed to external environment throughout their service life. Due to
this reason, environmental factors such as evaporation and infiltration have a significant
influence on the water content within the pavement materials (which are porous media), and
therefore on their physical and mechanical properties (e.g., hydraulic conductivity, shear strength,
and stiffness / modulus). In addition to water content, temperature is another key factor that
influences the properties of pavement materials, and therefore on the pavement performance. The
effects of the harsh climate on pavement structures cannot be neglected in the permafrost and
seasonally frozen regions such as the north America, north Europe, Russia, and the
Qinghai-Tibet plateau of China.

In cold regions, when the air temperature is lower than the soil temperature, heat is
extracted from the soil to the environment that results in a temperature profile. The freezing front
(0 °C isotherm) progresses as a function of the imbalance associated with heat supplied to heat
removed as the pore water freezes (Konrad and Morgenstern, 1980). As the freezing front
advances, the portion of the soil close to natural ground surface becomes frozen while the lower
portion is still in a state of unfrozen condition (Ren et al., 2017). The depth that the freezing front
penetrates the pavement structure depends on many factors, which include the air temperature,
thermal properties and water contents of the base, subbase and subgrade soils. For example, the
frost penetration depth in southern Ontario, Canada is around 1 to 2 m; however, it can exceed 3
m in northern Ontario (MTO, 2013). In cold climate regions such as the Siberia in Russia,
freezing indices of 4000 to 6000 degree-days are found with frost penetration to depths greater
than 2.5 m (Feldman, 1988). In some seasonally frozen areas in northeast China, the frost
penetration ranges between 1.6 to 1.9 m (Liu et al., 2003). The soils located in these cold regions
are typically subjected to freezing and thawing, depending on the time of a year and associated
environmental factors.

The phase change of pore water (from liquid to solid or vice versa) has significant
influence on the resilient behavior of the base, subbase, subgrade and foundation soils. When

pore water freezes, ice bonds adjacent soil particles together (Andersland and Ladanyi, 2004),
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resulting in a dramatic increase in soil modulus (Jong et al., 1998). For example, Bigl and Berg
(1996) showed that the resilient moduli of subbase and subgrade soils could increase two orders
of magnitude when the soil freezes. Bosscher and Nelson (1987) reported a 20-fold increase in
the modulus of frozen Ottawa sand. Similar increases in moduli for frozen granular base soils
were observed by Cole et al. (1987). Therefore, artificial freezing technique has been used
temporarily to stabilize soils during the construction of retaining walls, foundations, tunnels, and
other projects where weak soils are encountered (Chamberlain and Gow, 1979). A large
cryogenic suction (i.e. the pressure difference between pore ice and pore water due to curved
ice-water interface) is generated in the frozen soils when pore water freezes (Sheng et al., 2013).
Such a phenomenon contributes to water migration from the lower portion of subgrade or
foundation soils to upper frozen subgrade soils.

Several models have been proposed in the literature for the prediction of Mz of pavement
materials. These prediction models were based on regression analysis or relationships between
the Mg and soil properties considering the influence of environmental factors (e.g., Cary and
Zapata, 2011; Han and Vanapalli, 2016; Caicedo, 2018; Ren and Vanapalli, 2018). However,
experimental methods are still the most reliable way to determine the Mz of pavement materials,
despite its drawbacks of being expensive because they require elaborate equipment and
time-consuming test procedures.

In the present study, the Mz of five Canadian soils (one from Saskatchewan and the
remainder four from southern Ontario) considering the influence of moisture and temperature
was determined, with the aid of an advanced cyclic loading triaxial testing system. The effect of
subzero temperature on the Mg, i.e. the frozen My of the five soils at both the optimum and
saturated water contents, was investigated. Modifications were introduced to the triaxial testing
system by establishing a freezing system with cooling unit and thermal insulation for accurately
maintaining the soil specimens under the desired testing temperatures. In addition, the effects of
stress level and frequency of the cyclic loading on the frozen My were investigated.

The above experimental program for determining the variation of the frozen Mr of the five
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soils is valuable to understand the resilient (cyclic) behavior of typical Canadian frozen soils.
The study is also useful for characterization of the pavement materials and the rational
implementation of MEPDG in the design of pavement structures in Canada and other permafrost
and seasonally frozen regions. Furthermore, the soil resilient behavior under cyclic loading can
promote better understanding of the mechanical response of soils subjected to other types of
long-term low-level dynamic loadings, such as those induced by trains, earthquakes, ocean
waves, wind, and construction work (e.g., pile driving, tunneling or blasting) (Ishikawa et al.,

2011; Ling et al., 2013).

7.3 Materials and specimen preparation

Five Canadian soils, i.e., Toronto silty clay (TSC), Toronto lean clay (TLC), Kincardine
lean clay (KLC), Ottawa Leda clay (OLC), and Indian Head till (IHT), were investigated in the
present study. The first four soils were collected from 0 to 3 m below the natural ground surface
in the southern region of Ontario province, which has the most widely used pavement grid
network in Canada due to national trade with the United States (Ho and Gough, 2006). The fifth
soil, Indian Head till was collected from Indian Head, Saskatchewan. This soil is a representative
candidate of glacial tills that are extensively available in Saskatchewan, Alberta, and Manitoba
provinces of Canada. The investigated soils were air dried for two weeks and then pulverized and
passed through a 2 mm sieve. The basic physical properties of the five soils are summarized in
Table 7.1. Their chemical and mineralogical compositions are shown in Table 7.2. Figure 7.1

presents their gradation curves.

Table 7.1 Physical properties of the five soils

Toronto silty | Toronto lean | Kincardine | Ottawa Leda Indian
clay clay lean clay clay Head till
(TSC) (TLC) (KLC) (OLC) (IHT)
wr (%) 20 25 31 48 36
wp (%) 14 13 21 22 17
PI (%) 6 12 10 26 19
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Wopt (%) 13.5 12.3 20.3 23.0 13.9
’(’i"gjm3) 19.15 19.62 16.31 16.16 18.39
G 2.68 2.69 2.71 2.75 2.72
%sand 3 31 15 20 28
%silt 81 50 60 48 42
%clay 16 19 25 32 30
AASHTO A-4 A-6 A-4 A-6 A-6
USCS CL-ML CL CL CL CL
Wopr (kPa) 40 260 90 200 190

Note: w; = liquid limit; wp = plastic limit; PI = plasticity index; wo, and yamex = Optimum water content and

maximum dry unit weight (determined by the Standard Proctor compaction test, ASTM D698-12); G, = specific

gravity; AASHTO = American Association of State Highway and Transportation Officials soil classification system
(AASHTO M145-91); USCS = Unified Soil Classification System (ASTM D2487-11); Wopr = approximate suction

of the soil specimen at the w,,, (based on the measured soil-water characteristic curve (SWCC) of the five soils by

using the pressure plate method, vapor equilibrium method, and WP4-T measurement as described in Section 4.4.3).

Table 7.2 The chemical and mineralogical compositions of the five soils (data from Han et

al. (2018))
TSC TLC KLC OLC [HT
Na>O 2.35 0.28 1.67 2.85 1.29
MgO 5.34 0.47 2.65 4.19 3.73
AlLOs 9.97 1.77 10.44 14.77 9.89
. SiO2 50.20 89.38 59.69 54.74 59.43
Chemical - ™, 5 0.21 0 0.09 0.19 0.09
composition ™y 6 2.27 0.33 2.50 3.16 1.83
g;::;}), CaO 12.27 0.33 5.11 5.99 6.88
TiOs 0.43 0.09 0.53 0.79 0.43
MnO 0.09 0.01 0.09 0.11 0.08
FexOs 3.45 0.85 3.67 7.05 3.69
H>O 13.20 0.74 13.37 5.83 11.11
Quartz Quartz Quartz Quartz Quartz
Mineralogical Dolomite Calcite Muscovite Labradorite Dolomite
composition (by Calcite Albite Anorthite | Ferro-Pargasite Calcite
dominance) Albite Dolomite Titanite Albite
Microline Blodite Montmorillonite | Muscovite
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Figure 7.1 The gradation curves of the five soils

A pre-calculated amount of dry soil and water were mixed and statically compacted at the
optimum water content for achieving the maximum dry density. The test specimens were
compacted in five equal layers. Each layer was 20 mm high and the final soil specimen was 100
mm in height and 50 mm in diameter, as shown in Figure 7.2(a). In order to simulate the wetting
process that in-situ subgrade soils typically undergo, one compacted specimen of each soil was
wetted to the saturated water content condition. During the wetting process, the top, bottom, and
side surfaces of the soil specimens were covered with wet filter paper and sealed using cling
wrap. The soil specimens were then stored in plastic containers (see Figure 7.2(b)). The
specimens were allowed to absorb water gradually from the wet filter paper (with no external
stress applied) until the saturated water content was achieved. The TSC specimen did not attain
saturated condition; possibly due to its high fraction of silt and low clay content (see Table 7.1).

Table 7.3 summarizes the final water contents of the tested soil specimens together with their
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void ratios assuming constant volume condition during the wetting process. In addition, the
degrees of saturation, which were calculated from the volume-mass relationships of the five soils,
are summarized. In the present study, the frozen Mz of soil specimens at both the optimum and

higher or saturated water contents were tested.

Compaction ~Compacted

rod specimen  Splitbrass mould g0 imen covered  Plastic

with wet filter paper container
and cling wrap

25

Height: 100 mm
Diameter: 50 mm

(a) Compaction (b) Wetting

Figure 7.2 Soil specimen preparation: (a) compaction, and (b) wetting

7.4 Experimental setup and details

The Mr of the five soils was experimentally determined using the Entry Level Dynamic
(ELDyn) triaxial testing system, manufactured by the GDS Instruments, UK. The main
components of the testing system include GDS controllers, pneumatic actuator, loading frame,
and triaxial chamber, as shown in Figure 7.3(a). The pneumatic actuator facilitates the
application of cyclic load (through either stress- or strain-control), and a pneumatic regulator
with air as fluid is used to apply the confining stress (oc) on the soil specimen. The schematic
representation and more details of this equipment are available in Han (2016).

The prepared soil specimen was placed on the base pedestal and sealed with a rubber
membrane and O-rings (shown in Figure 7.3(b)). Two temperature sensors (with wire diameter
around 0.5 mm) were inserted into the specimen for monitoring soil temperature at two different

locations during the test (see Figure 7.3(b) and Figure 7.4). In order to freeze the specimen (for
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the measurement of frozen Mp), a copper coil was made and placed around the specimen (see
Figure 7.3(c)). There was some space between the wrapped copper coil and specimen. This
space was intentionally allowed to facilitate the easy installation of the copper coil. As a result,
air gap existed between the copper coil and specimen. It was found from trial tests that the
specimen could not achieve the desired freezing temperatures due to the low thermal
conductivity of air (i.e. 0.026 W/(m*K) at 25 °C). For this reason, the gap between the copper
coil and specimen was filled with lead pellets (see Figure 7.3(e)), which have high thermal
conductivity of 35.5 W/(meK) at 0 °C. The lead pellets provided good thermal conduction for
transferring cold energy from the copper coil to the specimen. Antifreeze liquid (i.e. the mixture
of ethylene glycol and water) was circulated through the copper coil by using an isotemp bath
circulator. Two plastic tubes were used to connect the copper coil and bath circulator (see Figure
7.3(c)). The base of the triaxial testing system was modified for passing through the inlet and
outlet connection tubes, and temperature sensor wires. Fiberglass was used as thermal insulation
material to minimize the thermal exchange between the soil specimen and its surrounding

environment (see Figure 7.3(d)).
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(D GDS control panel @ GDS controllers ® Pneumatic actuator @ Loading frame ® Loading rod ® Triaxial
chamber @ Cell pressure supply ® Isotemp bath circulator @ Antifreeze liquid circulation @ Soil specimen
(inside rubber membrane) @ Copper coil @ Thermal insulation @ Temperature sensors @ Acrylic top cap

@® Solid PVC disk (1 cm thick) @® Lead pellets

Figure 7.3 The experimental setup for frozen Mp test: (a) ELDyn triaxial testing system, (b) soil

specimen, (c) copper coil, (d) thermal insulation, and (e) frozen specimen
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Figure 7.4 The schematic representation of temperature distribution in the specimen

The bath temperature in the circulator can be accurately controlled. However, a
temperature gradient existed within the soil specimen. This can be attributed to the difference in
the losses associated with cold energy from the top and bottom parts of the specimen (i.e.
different thermal boundary conditions). The top surface of the specimen was covered by an
acrylic top cap and exposed to chamber environment, while the bottom surface was placed on a
solid PVC disk which was sitting on the metal pedestal (i.e. good thermal conductor) (see Figure
7.3(b)). Therefore, thermal exchange at the bottom part of the specimen was relatively stronger
with respect to the surrounding environment, resulting in higher subzero temperature compared
to the upper part.

The temperature distribution in the specimen can be considered linear. This conclusion was
derived based on a verification test in which three additional temperature sensors were inserted
into the specimen (located between T1 and T2) and the temperature distribution was measured.
In other words, five temperature sensors were used. All the temperature sensors were calibrated
by referring to two thermistors prior to their use. The temperature distributions along the

specimen’s height under different controlled bath temperatures are summarized in Figure 7.5. It
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can be seen that the temperature distribution is approximately linear, based on the high
coefficients of determination (R?) of the linear regression. For this reason, only two temperature
sensors (i.e. T1 and T2) were used for monitoring the specimen’s temperature during the M test
to alleviate possible specimen damage associated with sensor insertion and for simplifying
experimental procedures. In addition, it is noticed that the temperature gradients (Tg), or the
slopes of the fitted lines under different bath temperatures have good consistency, with a value
around 0.35 °C/cm. The temperature gradient within the test specimens better simulates the
behavior of in-situ soils, in which a temperature gradient exists during freezing period. The
schematic representation of the temperature distribution in the specimen under different bath

temperatures are shown in Figure 7.4.

T2 T3 T4 T5 T1 Bath 2 T
15 - ' - : ' ('C) (‘C fcm)

-15 0.93 0.41

Measured data

-10 -

Fitted line -10 0.91 0.37

091 0.33
0.82 0.32

0.82 0.28
0.82 0.36

0.86 0.33
0.83 0.33

Temperature ('C)

0 20 40 60 80 100
Distance from bottom surface (mm)

Figure 7.5 Measured temperature distributions in the specimen under different bath

temperatures (Tc: Temperature gradient)

The bath temperature was set to -15 °C once the experimental setup was ready. Different

higher subzero temperatures were controlled (following the sequence summarized in Table 7.3)
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under which the Mk tests were carried out. The specimen was maintained for 24 hours under
each controlled temperature, ensuring thermodynamic equilibrium condition. The same specimen
was used for the Mz measurements along the thawing process; based on the assumption that Mg
test is non-destructive and the axial displacement of the specimen under cyclic loading is
insignificant at relatively low temperatures (i.e. the specimen is in frozen condition having a high
stiffness). However, when the controlled bath temperature was relatively high (e.g., -2.5 °C), the
soil specimen had certain amount of plastic deformation during the Mz test. Nevertheless, this
deformation was ignored in the present study. In other words, the Mz test was continued on the
same specimen until the final testing temperature (e.g., -1.0 °C) was achieved.

The Standard Method of Test for Determining the Resilient Modulus of Soils and Aggregate
Materials (AASHTO T307-99, 2007) was followed to measure the My of the five soils under
frozen condition. The standard haversine load pulse in AASHTO T307-99 was modified to a
sinusoidal form of cyclic load, which can be applied by the ELDyn system. Figure 7.6 shows the
applied sinusoidal load versus load duration, which is 1 sec for one loading cycle (i.e. the loading
frequency is 1 Hz). In order to understand the effect of loading frequency on Mg, four different
frequencies (i.e. 0.2, 0.5, 4, and 5 Hz) were selected and Mr tests were conducted on an OLC
specimen under different temperatures. There is a contact load (which is 10% of the maximum
applied load during a loading cycle) acting on the specimen during the entire period of testing.
The maximum applied load is equal to 4*g4, where A is the initial cross-sectional area of the
specimen, and oy is the maximum deviator stress during a loading cycle. The cyclic load is 90%
of the maximum applied load of a loading cycle. The Mk is equal to the cyclic stress (i.e. 0.904)
divided by the recovered axial strain. The My values of the specimens that were subjected to
different combinations of o, (i.e. 41.4, 27.6, and 13.8 kPa) and oy (i.e. 55.2, 68.9, 137.8, 206.7,
and 275.6 kPa) were determined in the present study. The pre-conditioning loading (i.e. 500 to
1000 cycles) was applied on the test specimens for minimizing the effects of initially imperfect
contact between the top cap, specimen, and pedestal. For each stress level, 100 loading cycles

were applied. The Mz was determined by averaging the values of the last five loading cycles.
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Table 7.3 Physical properties and testing conditions of the soil specimens

Maximum . )
; . Gravimetric | Degree of
. dry unit Void gree
Soil ioht cati water saturation | Controlled bath temperature3 (°O)
Welg A0 1 content (%) (%)
(kN/m?)
13.5! 90.5 -15, -10, -7, -5, -3.5,-2.5, -1.8
TSC 19.15 0.400 13.8 92.1 -15, -10, -7, -5, -3.5,-2.5, -1.0
12.3! 89.0 -15, -10, -7, -5, -3.5,-2.5, -1.8
TLC 19.62 0.371 13.82 100.0 -15, -10, -7, -5, -3.5,-2.5, -1.8
20.3! 83.2 -15, -10, -7, -5, -3.5
KLC | 1631 ) 0662 " 100.0 | -15.-10, 7.5, 3.5.2.5
23.0! 90.0 -15, -10, -7, -5, -3.5,-2.5,-1.8, -1.0
OLC 16.16 0.702 25.57 100.0 -15, -10, -5,-3.5,-2.5,-1.8,-1.0
13.9! 79.0 -15, -10, -7, -5, -3.5, -2.5, -1.0
HT | 18391 0479 =55 100.0 | -15.-10. 7.5, 3.5.2.5.-1.0

Note: 'Optimum water content (wo); *Saturated water content (Ws«); *Each temperature was
maintained for 24 hours.

Load duration, 1 sec
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Figure 7.6 The sinusoidal load form used for Mk test
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7.5 Experimental results and analysis
7.5.1 Effect of subzero temperature

Figure 7.7 shows the variation of Mz of TSC specimens associated with a decrease in the
subzero temperature, under different stress levels. The controlled bath temperature is plotted as
the abscissa. It can be seen that the relationships between frozen M and subzero temperature are
similar for different stress levels. When the subzero temperature is not low, the Mg increases
significantly with a decrease in the temperature. The resilient modulus curve is relatively flat
after a certain value of subzero temperature (e.g., -5 °C), suggesting gentle increment or constant
value against temperature. It can also be seen that the relationships resemble the shape of a
hyperbola. However, these relationships are different in terms of My values and the rate of
increase in Mr when the subzero temperature is not low (e.g., from 0 to -5 °C). The relationship
curves of the specimen with the water content of 13.8% exhibit similar trend as for the case of

the optimum water condition.
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The frozen Mg versus subzero temperature relationships are similar for different stress
levels. For this reason, the My of the five investigated soils under the stress levels of (o. = 41.4
kPa and o4 = 275.6 kPa) and (0. = 13.8 kPa and o4 = 137.8 kPa) are selected and compared as an
example, as shown in Figure 7.8. The abscissa is the controlled bath temperature. The
comparison between the five soils can be clearly seen from this figure.

The measured My values are typically lower under small stress level (i.e. Figure 7.8(b) and
(d)) compared to those under large stress level (i.e. Figure 7.8(a) and (c)) for the five soils. The
trends of the results for both the two water contents, i.e. optimum and saturated water contents
are similar. The highest M values achieved for the five soils may fluctuate because many factors
can have influences on the determination of frozen soil behavior, such as the specimen structure
variations and lack of rigorous temperature control.

It can be observed from Figure 7.8(a) and (b) that at the optimum water content, TSC
typically exhibits steeper slope than the other four soils in the high subzero temperature range
(i.e. from 0 to -5 °C). The frozen Mr does not show significant increase but levels off after a
certain value of temperature is achieved. This is, however, not applicable to KLC, which shows
relatively large rate of increase when its temperature is lower than -10 °C (see Figure 7.8(a)). At
the saturated condition (note that the TSC specimen had a water content of 13.8%), the variations
in frozen Mr with a decrease in temperature for the five soils are similar under the two stress
levels, except for IHT at the stress level of (o. = 13.8 kPa and o, = 137.8 kPa). In other words,
the slopes of the frozen My — subzero temperature relationships appear to be close to each other.
However, the variation characteristics are rather complex and not well-defined for the five soils.
It is difficult to conclude that a certain soil has distinct Mz results in comparison with those of

other soils. More discussions for such a behavior are summarized in later sections.
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Figure 7.8 The Mg values of the five soils under two different stress levels (Note: TSC was

7.5.2

at w = 13.8%)

Effect of water content

In order to observe the effect of water content, the measured frozen My values of the five

soils at the optimum and saturated water contents are compared. The stress level of o. = 41.4 kPa

and os = 275.6 kPa was chosen as an example, as shown in Figure 7.9. The corresponding

temperature values near the data points were measured by the two temperature sensors (i.e. T1

and T2) respectively.
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Figure 7.9 The effect of water content on the M of (a) TSC, (b) TLC, (¢) KLC, (d) OLC,
and (e) IHT under stress level of (6. = 41.4 kPa, 6, = 275.6 kPa)

Ren and Vanapalli (2018) proposed an empirical hyperbolic model for best-fitting the

relationship between the logarithmic scale of M of frozen soils and subzero temperature. This
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model is expressed as,

T
Log(MR(frozen)) = Log(MR(O"C))[l—F#(ZT)] (71)

where, Log(MRg(frozen)) 1S the logarithmic Mz of the frozen soil; Log(Mro °c)) is the logarithmic Mz
of the frozen soil at 0 °C, which is a reference point; 7 is the subzero temperature (°C); 4 and B
are model parameters. For simplicity purposes, the units of the Mz and subzero temperature are
ignored when using this model.

It can be seen from Figure 7.9 that the measured M values of the five soils versus subzero
temperature relationship bears the same hyperbolic nature. In addition, this characteristic is
applicable to both the optimum and saturated water conditions. Therefore, the above hyperbolic
model (Eq. (7.1)) can be used to best-fit the Mz data points measured in the present study (i.e.
MRg(frozen)). However, it should be noted that the reference temperature is no longer at 0 °C as in
Eq. (7.1), but the highest subzero temperature at which the M test was conducted (e.g., see
Figure 7.9(a)). In addition, since the measured frozen My values in the present study are
relatively low, both the normal and logarithmic scales can be used. The normal scale of My is
used and the modified hyperbolic model is shown below,

(_T + T(ref))
A+B(-T +T(,ef))
where, Mgef) is the reference frozen Mr measured at the reference temperature 7(en (°C) (see

Figure 7.9(a)).

MR(frozen) = MR(ref)[1+ ] (72)

The measured frozen Mz versus subzero temperature relationships shown in Figure 7.9 are
best-fitted by using Eq. (7.2). The corresponding fitting curves are shown with solid lines. The
fitting parameters (i.e. 4 and B) and their standard errors, and the coefficient of determination
(R?) are summarized in Table 7.4. From Figure 7.9 and Table 7.4, it can be seen that the
modified hyperbolic model provides good fitting for the experimental data points. In the high
subzero temperature range (i.e. 0 to -5 °C), the slope of the frozen Mp versus subzero
temperature relationship of the specimen at saturated condition is typically steeper than that of
the specimen with the optimum water content. This is true for TLC, KLC, OLC, and IHT, but not
for TSC. For the former four soils, the fitted parameter 4 value for specimen at saturated
condition is less than that at the optimum water content, indicating a faster increase in the frozen
My with the decrease of subzero temperature. This is consistent with the conclusion drawn by

Ren and Vanapalli (2018). The observed phenomenon can be explained that for the specimen at
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saturated condition, its pore spaces with different sizes are completely filled by water. When the
saturated specimen is subjected to freezing, the phase change of pore water from liquid to solid
occurs at a relatively fast rate. On the other hand, for specimen at the optimum water content,
initially there is much less water available in its pore spaces (i.e. low degrees of saturation, see
Table 7.3). This small amount of water is likely to be adsorbed on soil particles’ surface and
confined in small pore spaces. As a result, the pore water has lower freezing points and slower
phase change rate. In other words, the specimen at the optimum water content has flatter shape in

terms of the frozen M versus temperature relationship, compared to the saturated specimen.

Table 7.4 Fitting results by the modified hyperbolic model (¢, = 41.4 kPa, 6, = 275.6 kPa)

Soil Twen) (°C) | MRreer) (MPa) A B R?
TSC wop -1.8 51.8 0.344 (0.085) 0.151 (0.016) 0.95
TSCw=13.8% -1.0 38.9 0.419 (0.102) 0.084 (0.014) 0.93
TLC wopt -1.8 77.3 0.587 (0.072) 0.260 (0.014) 0.99
TLC Wsar -1.8 61.3 0.409 (0.070) 0.177 (0.013) 0.97
KLC wopr -3.5 47.3 0.674 (0.127) 0.098 (0.017) 0.98
KLC wsar -2.5 41.2 0.493 (0.207) 0.107 (0.030) 0.88
OLC wopr -1.0 37.6 0.383 (0.051) 0.113 (0.008) 0.98
OLC wsar -1.0 47.8 0.296 (0.076) 0.148 (0.016) 0.93
IHT wop: -1.0 61.6 1.322 (0.325) 0.156 (0.039) 0.93
HT wsar -1.0 40.4 1.024 (0.269) 0.056 (0.027) 0.92

Note: Number in the parenthesis is Standard error.

According to Ren and Vanapalli (2019), the unfrozen water contents of TSC and TLC show
significant reduction in the temperature range of 0 to -5 °C. After -5 °C, a considerable amount
of pore water has changed phase to ice, and the unfrozen water content is relatively small and
only decreases slightly. The variation in the unfrozen water content versus subzero temperature
(i.e. soil-freezing characteristic curve, SFCC) is similar to that of the relationship between frozen
Mpr and subzero temperature. Ren and Vanapalli (2017) proposed a semi-empirical model for
estimating the frozen My of saturated soils by employing the SFCC as a tool. This model
provided good estimation for seven soils collected from the literature. An attempt to apply this
model for the five soils in the present study, however, was not successful due to the temperature
gradient in the soil specimen. In other words, because the temperature values are different at
various locations along the specimen’s height, the unfrozen water contents at these locations are

different. Therefore, each location will have its own SFCC, but there will be no unique SFCC for
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the bulk specimen. This theoretically limits the application of the semi-empirical model for the
five investigated soils.

The effect of water content on the frozen Mk is also observed for the stress level of o, =
13.8 kPa and o4 = 137.8 kPa. The temperature values of the specimens measured by the two
sensors are the same as in Figure 7.9. Similar procedures were followed to best-fit the data
points. The fitting results are shown in Figure 7.10, and the fitting parameters together with their
standard errors and R? are summarized in Table 7.5. Similar conclusions can be drawn for this

stress level.

Table 7.5 Fitting results by the modified hyperbolic model (6. = 13.8 kPa, 6, = 137.8 kPa)

Soil Twen) (°C) | MRreer) (MPa) A B R?
TSC wop -1.8 22.3 0.142 (0.054) 0.073 (0.011) 0.89
TSCw=13.8% -1.0 20.7 0.274 (0.093) 0.058 (0.013) 0.88
TLC wopt -1.8 50.2 0.495 (0.129) 0.300 (0.028) 0.94
TLC Wsar -1.8 43.0 0.271 (0.047) 0.154 (0.010) 0.97
KLC wopr -3.5 29.6 0.403 (0.091) 0.103 (0.014) 0.97
KLC wsar -2.5 25.9 0.308 (0.166) 0.077 (0.025) 0.82
OLC wopr -1.0 22.1 0.517 (0.050) 0.067 (0.006) 0.99
OLC wsar -1.0 31.5 0.190 (0.051) 0.116 (0.012) 0.93
IHT wop: -1.0 51.1 1.221 (0.267) 0.219 (0.036) 0.94
HT wsar -1.0 28.7 0.871 (0.282) 0.066 (0.031) 0.88

Note: Number in the parenthesis is Standard error.

200




300 300
250 - 250 -
@
o
S 200 A 200 -
w
3
5
B8 150 4 150 o
£
i<
g
= 100 4 100 -
(0]
4
50 - 50 -
(b) TLC
0 T T T T T T 0 T T T T T T T
0 4 6 8 -10 12 14 60 2 4 % -8 10 12 14 -16
300 300
250 250
@
o
S 200 4 200
[2]
o
5
B 150 150
=
IS
o
=100 A 100 -
(o))
©
50 4 50
(d) OLC
0 . r : r r . 0 . . ————————
0 4 % -8 -10 12 14 16 0 2 -4 -6 -8 -10 -12 -14 -16
el Bath temperature ('C )
S Data points: measured M, values
= Solid lines: fitted curves
S 200
E Black: at Wsat (TSC at W= 13.8%)
B 150 Red: at Wopt
=
5 o, = 13.8 kPa
@ o4 = 137.8 kPa
@
50
0 -4 8 -8 -10 -12 -14 -16

Bath temperature (C )

Figure 7.10 The effect of water content on the My of (a) TSC, (b) TLC, (¢) KLC, (d) OLC,
and (e) IHT under stress level of (6. = 13.8 kPa, 64 = 137.8 kPa)
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7.5.3  Effect of stress level

As can be seen from Figure 7.7, the frozen Mg versus subzero temperature relationships
are different in terms of My values under various stress levels. The effect of stress levels on the
measured Mz of the five soils are presented in Figure 7.11. Three different bath temperatures are
selected and the results for both the optimum and saturated water contents are shown. The
selected three bath temperatures are the representatives of three different stages of the specimen:
(1) when the bath temperature is at -15 °C, the specimen has relatively low temperature (e.g., see
Figure 7.11(a)) and is in a frozen condition. In this case, most of the pore water has been
transformed into ice and only a small amount of unfrozen water is left in soil pores; (ii)) when the
bath temperature increases to a higher negative value (e.g., -3.5 °C), the specimen is still in a
state of frozen condition but has relatively high temperature (see Figure 7.11(a)). At this stage,
the specimen has much higher unfrozen water content; and (iii) when the bath temperature is
controlled to a value close to 0 °C (e.g., -1.8 °C in Figure 7.11(a)), the upper part of the
specimen is still frozen while the lower part thawed. In this condition, the specimen behaves
similar to a thawed soil under cyclic loading since the lower thawed part undergoes large
deformation, which contributes to the overall deformation of the specimen.

As can be seen from Figure 7.11, the specimen has much higher My values at -15 °C than
those at the other two temperatures. The Mz values of specimen tested at the highest temperature
are the lowest. These Mpr values are around 50 MPa for all the five soils, and at both their
optimum and saturated water contents. It can also be concluded from Figure 7.11 that the effect
of stress level on the measured M values depends on the types of soils and their water contents,

and testing temperature.
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The Mpr values of frozen TSC specimens at relatively low temperatures (i.e. at -15 °C and
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-3.5 °C) increase with an increase in the deviator stress. The increment is larger for TSC

specimen at the water content of 13.8% (Figure 7.11(b)) than that at the optimum water content

(Figure 7.11(a)). At a certain value of deviator stress, the Mz does not show significant variation



due to the change in confining stress under these two temperatures. When the specimen has high
temperature, i.e. its lower portion is thawed, the measured Mz values are low and stress levels do
not significantly influence M. Similar conclusions hold for KLC (see Figure 7.11(e) and (f)).

The measured frozen Mz at -15 °C for TLC specimens (Figure 7.11(c) and (d)) increases
with an increase in the deviator stress, for both the optimum and saturated water conditions.
However, the increment for the latter case is relatively smaller. When the temperature is at
-3.5 °C, for TLC specimen at the optimum water content (Figure 7.11(c)), both the increase in
deviator and confining stresses contribute to an increase in the Mz. On the other hand, no
significant influence is observed for the saturated specimen at the same temperature (Figure
7.11(d)). Similar to TSC at -1.8 °C, different stress combinations have insignificant influence on
the measured Mk. In other words, the plotted surfaces are approximately horizontal. It is also
noted that at -1.8 °C, the measured Mz values are higher for specimen at the optimum water
content than those at the saturated condition. The measured results for IHT is approximately
similar to those observed for TLC.

For OLC, the frozen M increases with an increase in the deviator stress when the
controlled temperature is at -15 °C. This is true for both the optimum and saturated water
conditions. When the temperature is adjusted to an intermediate value, the deviator stress has
significant influence on the Mr of OLC specimen with the optimum water content (Figure
7.11(g)). However, only limited effect is observed for the specimen at the saturated condition
(Figure 7.11(h)). The stress levels show limited influence on the measured Mz values when the
specimen has high temperature.

In summary, the influence of deviator stress on frozen My is clearly observed when the soil
specimen has low temperatures (e.g., -15 °C). The effect of confining stress, however, is not as
significant as the deviator stress. This may be attributed to that the three confining stresses
selected in this study are close (i.e., the confining stresses values are low in comparison with
deviator stresses). When the soil specimen has high temperatures (e.g., -1.8 °C), neither the

deviator stress nor confining stress contributes to a significant increase in the Mz. The reason is
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that at high temperatures, the lower part of the specimen is thawed and hence the measured Mz

values are low.

7.5.4  Effect of loading frequency

The effect of loading frequency on the measured frozen M are shown in Figure 7.12. The
test was conducted on an OLC specimen at its optimum water content, and under three different
bath temperatures (i.e. -15, -10, and -7 °C). Four different frequencies (i.e. 0.2, 0.5, 4, and 5 Hz)
were selected. The comparisons between the case of 4 Hz and 0.5 Hz, 4 Hz and 5 Hz, and 4 Hz
and 0.2 Hz are plotted in Figure 7.12(a), (b), and (c), respectively. It can be seen from Figure
7.12(a) and (c) that the measured Mz values under various stress levels at the loading frequency
of 4 Hz are typically larger than those measured at lower loading frequencies (i.e. 0.2 and 0.5
Hz). However, the maximum difference in Mz of these two cases (i.e. 4 and 0.5 Hz, and 4 and
0.2 Hz) is around 20 MPa, which is considered not significant given the large difference between
the two frequencies (e.g., 4 and 0.2 Hz). The exception occurs at o. = 41.4 kPa and o, = 55.2 kPa
in Figure 7.12(a), which shows a difference value about 50 MPa. This difference, however, may
likely be associated to experimental errors (e.g., initial imperfect contact between the top cap,
specimen, and pedestal) rather than due to frequency effect. In addition, it can be seen from
Figure 7.12(b) that, there is no significant difference between the results under 4 Hz and 5 Hz at
the bath temperature of -10 °C. In other words, the measured Mz values for these two frequencies

are approximately the same.
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7.6 Discussion

The behavior of frozen soil is complex because it typically consists of four phases, i.e.
solid particles, air, unfrozen water, and ice. The frozen soil behavior is dependent on the quantity
of unfrozen water and ice, which is sensitive to temperature and pressure variations. The
mechanical properties such as frozen resilient modulus under dynamic cyclic loading exhibit
large fluctuations (e.g., Berg et al. (1996)) due to difficulties associated with experimental
investigations on frozen soils (e.g., accurate temperature control and measurement,
thermodynamic equilibrium condition). When a soil is subjected to freezing, pore water changes
phase and becomes ice. The frozen soil typically has much higher strength and stiffness than
those of unfrozen and thawed soils. The possible reasons for the significant increment include: (i)
pore ice strength; (ii) soil strength, consisting of interparticle friction, particle interference, and
dilatancy effects; (iii) increase in the effective stress due to the adhesive ice bonds, or the
cryogenic suction; and (iv) synergistic strengthening effects between the soil and ice matrix
preventing the collapse of soil skeleton (Andersland and Ladanyi, 2004).

In the present study, the five fine-grained soils were compacted at their optimum water
contents to achieve their maximum dry density values. When they are subjected to closed-system
radial freezing, water in large inter-aggregate pores near to the surface of the specimen freezes
first and its volume increases by about 9%. At the same time, large cryogenic suction forms
between the ice crystals and water phase that is adsorbed on soil particles’ surfaces in these pores.
These ice crystals grow at the expense of water in adjacent pores (e.g., in smaller intra-aggregate
pores and pores inside the specimen) which is drawn towards the ice through water films under
the cryogenic suction gradient. Therefore, the distribution of unfrozen water and ice is not likely
to be uniform inside the specimen. The variation in the specimens’ structure before freezing,
influencing the final distribution of unfrozen water and ice after freezing, may yield fluctuation
in the measured behavior of frozen soils. However, the influence of possible non-uniform
distribution of unfrozen water and ice on the frozen Mz needs more investigations.

The effect of subzero temperature on the Mz of frozen soils is significant, compared to
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other factors. When the temperature decreases from 0 to -5 °C, large amount of pore water
changes phase to ice at a relatively fast rate. The large quantity of ice forms ice matrix and bonds
soil particles together. As a result, the Mz of the investigated five soils show dramatic increase.
The phase change of pore water in this temperature range can be seen from the SFCC of TSC
and TLC specimens measured by Ren and Vanapalli (2019). As most pore water has transformed
to ice, the remainder unfrozen water requires lower temperature to freeze (e.g., Sheng et al.,
2014), and the reduction in its quantity is at a much slower rate compared to the initial freezing
period. Therefore, the amount of ice formed during this stage is limited and hence there is no
significant increase in the frozen Mg.

When the specimen is subjected to wetting, water migrates from the wet filter paper to the
specimen due to suction gradient. The suction of the specimen that is initially at the optimum
water content is relatively high (see Table 7.1). On the contrary, the wet filter paper has a
relatively high amount of water and therefore low or zero suction. With the gradual migration of
water towards the specimen, the original thin water films adsorbed on the soil particles’ surfaces
become thicker, and the radii of curvature of the air-water menisci become larger, resulting in
lower suction and more deformable soil structure. As a result, the pore spaces of the specimen
enlarge as effective stress reduces (due to the decrease in suction), and micro flow channels may
form during water migration. Water phase in these large pores / channels has relatively high free
energy. Therefore, the phase change of these pore water occurs easier and faster compared to
those in smaller pore spaces. On the other hand, the amount of water that exists in the pore
spaces of specimen at the optimum water content is less. Its pore water is confined in small pores
and adsorbed on soil particles’ surfaces, and therefore has low free energy. As a result, the pore
water freezes under low temperatures at a slower rate. This can explain the observation that for
the five investigated soils except for TSC, the frozen My versus subzero temperature relationship
of the specimen at saturated water condition typically has steeper slope than that at the optimum
water content, in the temperature range of 0 to -5 °C.

The effect of stress levels on the measured frozen My is dependent on soil type, water
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content, and temperature. For the same soil tested under a specific water content, the influence of
stress level is straightforward. When the specimen has low temperature (e.g., the controlled bath
temperature is at -15 °C), the deviator stress has large influence on the frozen M of the five soils.
This is true for specimens at both the optimum and saturated water contents. However, when the
specimen has higher temperatures (e.g., the controlled bath temperature is higher than -5 °C), the
effect of deviator stress is less significant. Compared to the deviator stress, the confining stress
typically does not have notable influence on frozen M of the five soils.

In the present study, loading frequency showed limited influence on the frozen Mz. Such a
behavior may be attributed to the differences between the selected frequencies, which is not large
enough. An attempt to conduct Mz tests with higher frequencies (e.g., 6, 8, and 10 Hz) was not
successful due to limitations of the equipment used in the present study. Zhu et al. (2011), is one
of the investigators, who measured the dynamic shear modulus of a frozen clay under different
frequencies (i.e. 2 to 10 Hz). The dynamic shear modulus does not show significant differences
under the investigated frequencies in spite of a maximum value that is achieved at the frequency
of 6 Hz. The study by Stevens (1973) showed that the investigated range of frequency (1 to 1000
kHz) does not have a significant influence on the measured dynamic shear modulus of a sand and
a silt. On the other hand, it is generally recognized that the frequency of cyclic loading has a
large influence on the dynamic behavior of soils. Higher loading frequency typically results in
higher value of dynamic modulus of frozen soils (Li et al., 1979), frozen saline soils (Jessberger
and Jordan, 1982), and soils subjected to freeze-thaw cycles (Lin et al., 2017). This is because
the resilient strain under cyclic loading decreases when the loading frequency increases.
Alternatively, lower loading frequency contributes to larger permanent strain (Guo et al., 2016;
Lei et al., 2017).

The measured frozen Mr values of the five investigated soils are low compared to the
results of other studies reported in the literature. For example, when the bath temperature is
controlled at -15 °C, the highest Mz value measured in the present study is around 350 MPa (e.g.,

see Figure 7.11). However, the Mz results of two frozen subgrade soils at temperature around
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-7 °C, measured by Berg et al. (1996), are significantly high and is about 10 times the Mz value
measured in the present study. According to Simonsen et al. (2002), the frozen Mr of New
Hampshire marine clay is around 200 MPa at —2 °C. However, it reaches a value higher than
1500 MPa at =5 °C, and is approximately 3000 MPa at —10 °C. The possible reasons for the
significant differences include different soil types and water contents, different specimen
preparation and freezing methods (which have a significant influence on the soil structure),
different loading forms, frequencies and stress levels, as well as the hysteresis of unfrozen water
or ice content during freezing and thawing processes. It should be noted that the Mz test was
carried out following thawing path in the present study. By extending such an approach, the
problem associated with supercooling in the initial freezing period is avoided. More
investigations are however required to understand the effects of these factors on the M of

different frozen soils.

7.7 Summary

The resilient modulus (MR) characterizes the resilient (elastic) behavior of soils subjected
to dynamic cyclic loading. The My is a key material property required for the rational design of
pavement structures. In permafrost and seasonally frozen regions, temperature and moisture
variations have significant influence on the My of subgrade and foundation soils. In the present
study, the Mr of five Canadian soils considering wetting and freezing were experimentally
determined with the aid of an advanced cyclic loading triaxial testing system. A freezing system
with the cooling unit, thermal insulation, and modification to the triaxial testing system was
established for accurately maintaining the desired testing temperatures within soil specimens. In
addition, the effects of stress level and frequency of the cyclic loading on the frozen Mz were
investigated.

The main conclusions drawn from the present study include: (i) The effect of subzero
temperature on the Mp of the five investigated soils is significant. The relationship curve between

the frozen My and subzero temperature resembles hyperbola. (ii) For four of the five soils, the
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frozen Mg versus subzero temperature relationship of the saturated specimen typically has
steeper slope than that at the optimum water content, for the temperature range of 0 to -5 °C. (iii)
The effect of stress levels on the measured Mr is dependent on the type of soils, water contents
of the specimens, and temperature. And (iv) Loading frequency does not show a significant
influence on the measured frozen Mz in the present study.

The determination of frozen soil behavior such as Mz is prone to fluctuation due to the
difficulties in experimental investigations on frozen soils. For example, the accurate temperature
control throughout the specimen is difficult; and the non-uniform distribution of unfrozen water
and ice may contribute to the variation in frozen soil behavior. The large difference in the
measured Mg between the present study and other studies may be associated to different soil
types and water contents, different specimen preparation and freezing methods, and different
loading forms, frequencies, and stress levels. More investigations are required for better

understanding the effects of these factors on the My of different frozen soils.
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Chapter 8  The resilient moduli of five Canadian soils under wetting and
freeze-thaw conditions and their estimation by using an Artificial Neural

Network (ANN) model

The contents presented in this chapter are from the manuscript:

Ren, J.P., Vanapalli, S.K., Han, Z., Omenogor, K.O., and Bai, Y. 2018. The resilient moduli of
five Canadian soils under wetting and freeze-thaw conditions and their estimation by using an
Artificial Neural Network model. Under peer review with a Journal.

8.1 Abstract

The resilient modulus (Mg) is a key parameter used in the mechanistic-empirical methods
for the rational design of pavement structures. In permafrost and seasonally frozen regions, the
My of subgrade soils is significantly influenced by the variations in moisture content and
temperature. The Mp typically reduces due to the weathering action associated with wetting and
freeze-thaw (F-T) cycles, which contributes to the reorientation of soil particles, loss in suction
and cohesion, and formation of cracks in the subgrade soils. In the present study, the Mz values
of five Canadian soils that are widely used as pavement subgrades were determined under
wetting and F-T conditions. The key findings from the extensive experimental investigations
suggest: (1) the Mr values of the soils at their respective optimum water contents significantly
reduce up to the critical F-T cycle, which is typically the first or second F-T cycles; (ii) there is
little change in the Mg values from the critical to the tenth F-T cycle; (ii1) the percentage of
reduction in the measured My at the optimum water content after the critical F-T cycle is strongly
related to the soils plasticity index; (iv) the measured Mz values are typically low for the
specimens subjected to wetting, and the effect of F-T cycles on these specimens is insignificant;
and (v) the effect of stress levels on the My values is dependent on the initial water contents of
the specimens and soil types. In addition, an artificial neural network (ANN) model was

proposed and validated for estimating the Mg of the tested soils taking account of various
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influencing factors. Both the experimental data and the developed ANN model provide valuable

information for the rational design of pavements in Canada.

8.2 Introduction

The resilient modulus (Mg) is a key material property required for the rational design of
pavement structures based on the mechanistic-empirical methods (e.g., MEPDG (ARA, Inc.,
2004)). The pavement structures are directly exposed to the external environment; due to this
reason, environmental factors such as the evaporation and infiltration have a significant influence
on the water contents within the pavement materials, and therefore on their mechanical
properties such as the My (Cary and Zapata, 2010). In addition to water content, temperature is
another key factor that influences the properties of pavement materials and therefore the
pavement performance. The effects of the harsh climate on pavement structures cannot be
neglected in permafrost and seasonally frozen regions such as Canada, Russia, and the
Qinghai-Tibet plateau of China.

The depth that the freezing front penetrates the pavement structure depends on many
factors, which include the air temperature, thermal properties and water contents of base, subbase
and subgrade soils. For example, the frost penetration depth in southern Ontario, Canada is
around 1 to 2 m; however, it can exceed 3 m in northern Ontario (MTO, 2013). The pavement
structures located in these areas are typically subjected to F-T cycles during a year. Several
cycles of F-T can be expected in regions where the temperature varies significantly. Alternatively,
fewer F-T cycles are expected if the temperature remains below freezing for a significant portion
of winter (Othman et al., 1994). The number of F-T cycles also depends on the depth of the soils.
The subgrade soils near the ground surface are subjected to more F-T cycles compared to those
at a greater depth where temperature fluctuation is typically small.

The physical and mechanical properties of soils are significantly influenced by F-T cycles.
The soils typically experience volume change, development of cracks, loss in shear strength and

stiffness, and alteration in hydraulic conductivity due to F-T cycles (e.g., Graham and Au, 1985;
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Eigenbrod, 1996; Ishikawa et al., 2010; Xu et al., 2018). Qi et al. (2008) highlighted the dual
influence of F-T cycles on soil density, i.e. loose soils densify and dense soils loosen. The F-T
cycles also influence the yielding and hardening characteristics of soils, which are essential for
modeling soil behavior using constitutive models (Yao et al., 2009). For example, an increase in
the vertical hydraulic conductivity of different fine-grained soils subjected to F-T cycles were
observed by Chamberlain and Gow (1979). One of the main reasons for the increase in the
hydraulic conductivity was attributed to the formation of polygonal shrinkage cracks. Wang et al.
(2007) investigated the mechanical behavior of the Qinghai-Tibet clay subjected to a maximum
of 21 closed-system F-T cycles. This study highlighted a strong relationship between the failure
shear strength determined from triaxial compression tests and the number of F-T cycles. Li et al.
(2018) investigated the independent effect of moisture variation (i.e. wetting-drying (W-D)
cycles) and temperature variation (i.e. F-T cycles) on the mechanical properties (e.g., unconfined
compressive strength, elastic modulus, compressibility and collapsibility) of densely compacted
loess specimens. They concluded that the weathering associated W-D contributes to a more
significant deterioration effect on the geotechnical properties of loess soils than the F-T
weathering.

The Mg of pavement materials can be reliably determined from experimental results with
the aid of elaborate testing equipment. However, they are time consuming, need trained
professionals and hence it is expensive. For this reason, several models have been proposed in
the literature for the prediction of the My of pavement materials. These predictive models were
mostly established through regression analysis, based on relationships between the Mz and soil
properties and stresses considering the influence of environmental factors (e.g., Cary and Zapata,
2011; Han and Vanapalli, 2016; Caicedo, 2018; Ren and Vanapalli, 2018). In recent years, the
artificial neural network (ANN) models have been successfully used for the estimation of moduli
of engineering materials (e.g., Tutumluer and Seyhan, 1998; Park et al., 2009; Zaman et al. 2010;
Duan et al., 2013). For example, Park et al. (2009) developed ANN models for estimating Mz of

subbase and subgrade soils based on basic soil properties and stress levels the soils are subjected
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to. The ANN model correlates input variables to output variables through neurons, which are
inter-connected to form a mathematical representation of the relationship that may be embedded
in any set of data (Park et al., 2009; Saha et al., 2018). Various factors that influence the Mz of
pavement materials can be considered by using ANN without fully understanding the nature of
the relationship between the Mz and influencing variables. For this reason, ANN models can
serve as a simple yet reliable predictive tool for the design of pavement structure alleviating
cumbersome experimental determination of the Mp.

The purpose of the present study is to develop a reliable database of Mz values for five
fine-grained soils that are widely used in pavement subgrade construction in Canada. The
influence of both water content variation (i.e. wetting process) and F-T cycles on the Mz of the
five soils was investigated from an extensive experimental program. In addition, the effect of
different stress levels was investigated in the present study. An ANN model was developed and
validated for estimating the Mz of the five soils taking account of the variation in water content,
number of F-T cycles and various stress levels. Both the experimental results and the developed
ANN model provide valuable information and facilitate the rational design of pavement

structures in regions with frozen soils in Canada.

8.3 Materials and specimen preparation

Five Canadian soils, i.e., Toronto silty clay (TSC), Toronto lean clay (TLC), Kincardine
lean clay (KLC), Ottawa Leda clay (OLC), and Indian Head till (IHT), were used in the present
study. The first four soils were collected from 0 to 3 m below the natural ground surface in the
southern region of Ontario province, which has the most widely used pavement grid network in
Canada. The fifth soil, Indian Head till was collected from Indian Head, Saskatchewan. This soil
is a representative candidate of glacial tills that are extensively available in Saskatchewan,
Alberta and Manitoba provinces of Canada. The investigated soils were air dried for two weeks
and then grinded and passed through a 2 mm sieve. The basic physical properties of the five soils

are summarized in Table 8.1. Figure 8.1 presents the gradation curves of the five soils. The
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chemical and mineralogical compositions of the five soils are summarized in Chapter 7 (see

Table 7.2) and also available in Han et al. (2018).

Table 8.1 Basic properties of the five soils

Toronto silty Toronto lean Kincardine Ottawa Leda | Indian Head
clay clay lean clay clay till
(TSC) (TLC) (KLC) (OLC) (IHT)
wi (%) 20 25 31 48 36
wp (%) 14 13 21 22 17
PI (%) 6 12 10 26 19
Wopt (%0) 13.5 12.3 20.3 23.0 13.9
zli’;\‘;’/‘mB) 19.15 19.62 16.31 16.16 18.39
Gs 2.68 2.69 2.71 2.75 2.72
%sand 3 31 15 20 28
Yosilt 81 50 60 48 42
%clay 16 19 25 32 30
AASHTO A-4 A-6 A-4 A-6 A-6
USCS CL-ML CL CL CL CL
Wopr (kPa) 40 260 90 200 190

Note: w; = liquid limit; wp = plastic limit; P1 = plasticity index; wo, and Yamax =

optimum water content and

maximum dry unit weight (determined by the Standard Proctor compaction test, ASTM D698-12); G, = specific

gravity; AASHTO = American Association of State Highway and Transportation Officials soil classification system
(AASHTO M145-91); USCS = Unified Soil Classification System (ASTM D2487-11); Wop: = approximate suction
of the soil specimen at the w,, (based on the measured soil-water characteristic curve (SWCC) of the five soils by

using the pressure plate method, vapor equilibrium method, and WP4-T measurement as described in Section 4.4.3).
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Figure 8.1 The gradation curves of the five soils

A pre-calculated amount of dry soil and water were mixed and statically compacted at the
optimum water content and maximum dry density. The test specimens were compacted in five
equal layers. Each layer was 20 mm high and the final soil specimen was 100 mm in height and
50 mm in diameter, as shown in Figure 8.2. In order to simulate the wetting process that in-situ
subgrade soils typically undergo, the compacted specimens were wetted to different
post-compaction water contents, ranging from the optimum water content to saturated water
content conditions. During the wetting process, the soil specimens were covered with wet filter
paper and sealed using cling wrap. The soil specimens were then stored in plastic containers (see
Figure 8.2). The specimens were allowed to absorb water gradually from the wet filter paper
until the predetermined water contents were achieved, by monitoring the amount of water
absorbed by the specimens. These water contents are summarized in Table 8.2, together with the

void ratios assuming constant volume conditions during the wetting process. In addition, the
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degrees of saturation that were calculated from the volume-mass relationships of the five soils

are summarized.

Compaction
rod

Compacted
specimen

Split brass
mould

Specimens under freezing for 12 h

l
|

Specimen covered
by wet filter paper

Plastic
container

Specimens under thawing for 12 h

Figure 8.2 Compaction, wetting, and freezing-thawing of soil specimens

Table 8.2 Different post-compaction water contents of the five soils

. . Post-compaction )
. Maximum dry unit . . . . Degree of saturation
Soil weight (kN/m?) Void ratio gravimetric water %)
content (%)
13.5! 90.5
14.0 93.8
TSC 19.15 0.400 4.6 975
14.9° 100.0
12.3! 89.0
12.8 93.2
TLC 19.62 0.371 133 970
13.82 100.0
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20.3! 83.2
21.7 88.9
KLC 16.31 0.662 31 046
24.42 100.0
23.0! 90.0
23.8 93.2
OLC 16.16 0.702 06 963
25.5% 100.0
13.9! 79.0
15.2 86.0
HT 18.39 0.479 64 93.0
17.62 100.0

Note: 'Optimum water content (wo); 2Saturated water content (Wa).

The soil specimens with different post-compaction water contents were tightly sealed in
cling wraps before they were subjected to different F-T cycles. The F-T cycles were imposed by
repeatedly freezing the specimens in a freezer for 12 hours and thawing them under room
temperature (around 23 °C) for 12 hours, under zero external stress and constant water content
condition (see Figure 8.2). The freezing temperature was controlled at around -15 °C since
several studies in the literature show that different freezing temperatures used for F-T cycles do
not have significant influence on the measured soil properties (e.g., Liu et al., 2016; Zhou et al.,
2018). The specimens were frozen and thawed three-dimensionally, which can be easily achieved
in a laboratory environment. Ice lenses were not observed through three-dimensional and
closed-system (i.e. constant water content) freezing. The Mr values were determined for various
F-T cycles (e.g., 0, 1, 2, 3, 4, 6, 8, and 10) on the five soils at different post-compaction water
content conditions. Several research studies suggest that the effect of F-T cycles is significant
only in the first few cycles (e.g., Skaggs, 1992; Lee et al., 1995; Cui et al., 2017; Tang et al.,
2018; Lu et al., 2019). For this reason, in the present study, 10 cycles were considered sufficient
for characterizing the influence of F-T cycles on the five investigated soils. In total, over 150
specimens (each one of the specimens corresponds to a particular water content and F-T cycle

condition) were prepared for the present experimental investigation.
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8.4 Experimental procedures

The Mk of the five Canadian soils were experimentally determined using the GDS Entry
Level Dynamic (ELDyn) triaxial testing system (see Figure 8.3). The test specimen is placed on
the base pedestal and sealed with a rubber membrane and O-rings. A pneumatic regulator with air
as fluid is used to apply the confining stress (o.) on the specimen. In addition, a pneumatic
actuator is mounted on the loading frame with a rigid loading rod for applying the cyclic load. A
5 kN load cell with an accuracy of £5 N (£2.5 kPa for specimen 50 mm in diameter) is mounted
at the lower end of the loading rod inside the triaxial chamber to measure the force. An optical
encoder that is embedded within the pneumatic actuator facilitates the measurement of the
displacement of the loading rod, which is used in determining the axial deformation of the soil
specimen. The ELDyn system has the capacity to detect the displacement of the soil specimen as
low as 0.001 mm. The load cell and pneumatic actuator, along with the data acquisition systems,
form a looped system to enable the application of the stress-controlled cyclic load. More details

of this equipment are available in Han (2016).

Pneumatic actuator \!‘ |
and optical encoder 7] —
contin v 2 2
onfinin
stresg# rm{ - Loading rod E |
F sl  OSN..
Triaxial
chamber 7 Load cell (5kN)
Top cap =
O-ring
Porous stone
Filter paper
Specimen
Rubber
membrane Controlling
system
’ Pneumatic
Filter paper regulator
Porous stone
O-ring
Base ‘V
pedestal \ %
’ Valve
®—
Valve [7 A

Figure 8.3 GDS Entry Level Dynamic (ELDyn) triaxial testing system used for testing
(modified after Han, 2016)
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The Standard Method of Test for Determining the Resilient Modulus of Soils and Aggregate
Materials (AASHTO T307-99, 2007) was followed to measure the Mz of the five soils. The
standard haversine load pulse in AASHTO T307-99 was modified to a sinusoidal form of cyclic
load, which can be applied by the ELDyn system. Figure 8.4 shows the applied sinusoidal form
of load versus load duration, which is 1 sec for one loading cycle. There is a contact load (which
is 10% of the maximum applied load during a loading cycle) acting on the specimen during the
whole testing process. The maximum applied load is equal to 4*ss, where 4 is the initial
cross-sectional area of the soil specimen, and oy is the maximum deviator stress during a loading
cycle. The cyclic load is 90% of the maximum applied load of a loading cycle. The Mk is defined
as the cyclic stress (i.e. 0.90y) divided by the recovered axial strain. Different combinations of o
(e.g., 41.4 kPa, 27.6 kPa, and 13.8 kPa) and a4 (e.g., 27.6 kPa, 41.4 kPa, 55.2 kPa, and 68.9 kPa)
were applied on the specimen according to the loading sequences in AASHTO T307-99. As a
result, the Mz of specimens under different stress levels were determined. The pre-conditioning
loading (i.e. 500 to 1000 cycles) was applied on the specimen for minimizing the effects of
initially imperfect contact between the top cap and the specimen. For each stress combination,
100 loading cycles were applied. The Mk was determined as the average values of the last five

loading cycles under each stress combination.
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Figure 8.4 The sinusoidal load form used for resilient modulus test

8.5 Experimental results and analysis

8.5.1 Effect of freeze-thaw cycles

Figure 8.5 shows the variation of M with respect to F-T cycles under different stress
levels for the OLC specimens. The behavior of the other four soils was also consistent with the
observed behavior for OLC. Figure 8.5(a) shows the results of OLC specimens that were tested
at the optimum water content. The measured Mz shows significant reduction within the first two
F-T cycles. However, it shows negligible variation with further increase in the F-T cycles. A
similar trend of variation is observed for Mr values determined for all the stress conditions
investigated in the present study. For example, under the stress combination of 41.4 kPa and 68.9
kPa, the Mr of OLC was 62.2 MPa when the specimen was not subjected to any F-T cycles. The
Mpr decreased to 24.1 MPa after two F-T cycles, indicating a reduction greater than 60%.

However, decrease in the Mk was minimal for further F-T cycles. The Mr decreased to around 20
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MPa after ten F-T cycles, which was close to the Mz values after only two F-T cycles (see
Figure 8.5(a)). In other words, the critical number of F-T cycles for OLC is 2. The critical
number of F-T cycles for the other four soils; namely, TSC, TLC, KLC, and IHT were
determined as 0, 1, 1, and 1, respectively based on the experimental results. The zero value for
TSC means that the number of F-T cycles does not have any significant impact on its measured

Mk values (see Figure 8.7(a)).
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Figure 8.5 The effect of F-T cycle on the resilient modulus of OLC (a) at the optimum water

content and (b) at the saturated water content
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Table 8.3 summarizes reduction in the My of the five soils after the critical number of F-T
cycles. These values were from specimens tested at their optimum water contents and under the
stress level of o. = 41.4 kPa and o4 = 68.9 kPa. It can be seen that the percentages of reduction in
Mp of the five soils are different. An attempt was made to correlate the reduction values to soil
physical properties such as the liquid limit (w.), plastic limit (wp), plasticity index (PI), and
maximum dry density (ysmax) shown in Table 8.1. It was found that the best-fit linear relationship
can be achieved between the percentage of reduction in Mz and PI of the five soils, with a high
value of coefficient of determination (i.e. R> = 0.91) (as shown in Figure 8.6). Additionally, the
values of percentage of reduction in Mz for the five soils at their optimum water contents and
under different stress levels are summarized in Table 8.4, along with the fitting parameters (i.e. a
and b) and R? values for the best-fit linear relationships. As can be seen, the percentage of
reduction is strongly dependent on PI for most of the stress combinations (indicated by the high

R? values), especially under large deviator stress and low confining stress.

Table 8.3 Reduction in resilient moduli of the five soils after the critical number of F-T

cycles
Mo before Critical Mp after the critical Percentage of reduction in
Soil F-T (MPa) number of F-T | number of F-T cycles | Mk after the critical number
cycles (MPa) of F-T cycles (%)

TSC 35.9 0 35.9 0

TLC 62.2 1 42.5 31.7

KLC 40.1 1 31.0 22.7

OLC 62.2 2 24.1 61.3

IHT 43.6 1 28.0 35.8

Note: The soils were at their optimum water contents, and the Mz values were obtained at the stress level
of 0. =41.4 kPa and ;= 68.9 kPa.
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Table 8.4 Reduction in resilient moduli of the five soils under different stress levels

Percentage of reduction in My, after the critical number of F-T cycles (%)

o. (kPa) 414 27.6 13.8
os(kPa) | 27.6 | 414 | 552 | 68.9 | 27.6 | 414 | 552 | 68.9 | 27.6 | 414 | 552 | 68.9
TSC 0 0 0 0 0 0 0 0 0 0 0 0

TLC 409 | 438 | 31.5 | 31.7 | 147 179 | 232 284 | 225 | 241 | 254 | 30.0

KLC 248 | 27.6 | 253 | 22.7 | 27.0 | 28.0 | 26.7 242 | 340 | 335 | 314 | 28.0

OLC 52.7 | 564 | 59.1 | 613 | 618 63.8 64.6 64.8 | 657 | 674 | 67.6 | 67.2

HT / / 21.1 | 358 | 129 | 298 344 36.8 | 323 | 33.0 | 349 | 37.0

Percentage of reduction in M after the critical number of F-T cycles (%) =a * PI+ b

a 2251239 | 226 | 2.66 | 2.39 2.72 2.80 285 | 2.69 | 277 | 2.84 | 2.87

b -0.78 | -0.35 | -5.61 | -8.60 | -11.55 | -11.82 | -11.18 | -10.75 | -8.42 | -8.90 | -9.66 | -9.53

R? 0.74 | 0.73 | 0.71 | 091 | 0.64 0.86 0.91 093 | 0.81 | 0.83 | 0.87 | 0.90

100

o
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Figure 8.6 The linear relationship between the percentage of reduction in resilient modulus

and PI
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Figure 8.5(b) shows the influence of F-T cycles on the Mr of OLC specimens that were
wetted to the saturated condition. The variation trends of the measured My are similar under
different stress levels for the saturated specimens. However, the number of F-T cycles is found to
have limited or no influence on the M values, which are typically in the range of 10 MPa to 20
MPa. In other words, the measured Mg values are relatively low for specimens with a water
content that is close to saturated condition. Results from the present study suggest that when the
specimens have high initial water content (or high degree of saturation), it is the water content
rather than the number of F-T cycles which has the dominant influence on the magnitude of Mx.

The measured My values with F-T cycles at the stress level of o. = 41.4 kPa and o4 = 68.9
kPa for the five soils at various water contents is shown in Figure 8.7. When the soil specimens
were at their optimum water contents, the influence of F-T cycles on the M is significant for the
first or second cycles for TLC, KLC, OLC, and IHT, except for TSC. However, when the soil
specimens have higher water contents, the measured Mz values are typically much lower. In
other words, when the water content is high, the influence of F-T cycles on the Mg values is
negligible. For TSC, the F-T cycles do not show influence on its M. Such a behavior may be
attributed to the high percentage of silty size particles and relatively low amount of clay particles
(see Table 8.1). In other words, the effect of F-T cycles on the adhesion that bonds clay particles

together is negligible in TSC.
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8.5.2  Effect of water content

Figure 8.8 summarizes the effect of water content on the M of the five soils subjected to
different numbers of F-T cycles at a selected stress level (i.e., o. = 41.4 kPa, and g4 = 68.9 kPa).
It can be seen that for TSC (Figure 8.8(a)), water content does not have significant influence on
its Mg, for all the F-T cycles. The Mg of TSC specimens at an initial water content of 14% is
higher in comparison with those at the water contents of 13.5% and 14.6%. Such a behavior may
predominantly be attributed to difference in the soil structure of the tested TSC specimens (due
to wetting process). The Mz of saturated TSC specimen (i.e. at the water content of 14.9%, see
Table 8.2) was not obtained since the compacted TSC specimen (i.e. at the optimum water
content) could not absorb enough water for achieving fully saturated condition. This may be

attributed to the influence of entrapped air bubbles.
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The effects of water content on the Mr behavior of TLC, KLC, and IHT show similar
trends, as summarized in Figure 8.8(b), (c), and (e). For the three soils, there is a gradual
reduction in the M with an increase in the water content. Such a behavior is consistently
observed for all the F-T cycles although the magnitudes of reduction under different numbers of
F-T cycles are different. More specifically, the largest variation is observed for the specimens not
subjected to any F-T cycles.

The Mz decreases when the water content increases from the optimum water content (i.e.
23.0%) to 23.8% for OLC specimens (see Figure 8.8(d)). This is true for all the F-T cycles
except for the tenth F-T cycle; in other words, there is no influence of water content on the
measured Mk for the tenth F-T cycle. In addition, the change of Mz is insignificant for all the F-T
cycles from the water content value of 23.8% to the saturated water content (i.e. 25.5%)
condition.

The effect of water content on the Mk under the other stress levels are similar to that shown
in Figure 8.8. For example, the results obtained under the stress level of o. = 13.8 kPa and o4 =
55.2 kPa are shown in Figure 8.9. The derived conclusions (i.e. from Figure 8.8) are also
applicable for this stress level. It should be noted that the M of KLC specimen at the saturated
condition was not obtained under this stress level (Figure 8.9(c)). The reason is that, for low
value of confining stress (i.e. a. = 13.8 kPa or 27.6 kPa), the saturated KLC specimen deformed
significantly under the applied cyclic load, resulting in unsuccessful measurement of its Mx.
These results suggest that the confining stress influences the measured Mg. More detailed

analyses are summarized in the following sections.
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8.5.3  Effect of stress levels

Figure 8.10 summarizes the three-dimensional surface plots to highlight the variation of
Mr of the five soils versus the confining stress and deviator stress. For each soil, the
experimental data of the specimens at the optimum water content and the highest water content
at which the Mg test was performed are shown. The Mz values under zero F-T cycle are
compared with those at the critical number of F-T cycles. Such a comparison provides valuable
information about the measured Mz, which does not change significantly after the critical
number of F-T cycles. For TLC, KLC, OLC, and IHT specimens tested at the optimum water
content, the two surfaces at zero and critical number of F-T cycles are distinctly apart, suggesting
that the Mg decreases significantly after the critical number of F-T cycles. However, the two
surfaces for the TSC specimens tested at the optimum water content are close to each other (see
Figure 8.10(a)). This is consistent with the previous results suggest that there is no impact of F-T
cycles on the measured Mr of TSC (see Figure 8.7(a)). When the specimen has high water
content (i.e. at or close to the saturated water content), there is no significant difference between
the two surfaces. This indicates that the number of F-T cycles does not significantly influence the
Mk of the five soils at high water contents.

The influence of confining stress and deviator stress on Mz is different for the five soils.
The Mr of TSC specimen increases with an increase in the confining stress and deviator stress
(Figure 8.10 (a) and (b)). This is true for both the zero and one F-T cycles, and for both the
optimum water content condition and when the water content is 14.6%. However, for TLC
specimen tested at the optimum water content and zero F-T cycle, its Mz shows a peak area when
the confining stress is large and the deviator stress is relatively small (e.g., o. = 41.4 kPa and a4 =
27.6 kPa or 41.4 kPa). The M is not significantly influenced by the other combinations of
confining and deviator stresses. For the TLC specimen tested at the critical number of F-T cycles,
the Mg surface is relatively flat (Figure 8.10(c)). The influence of confining stress is more
significant than that of deviator stress for the TLC specimens tested at the saturated condition

(see Figure 8.10(d)).
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Figure 8.10 The effect of stress levels on the resilient moduli of (a) and (b) TSC, (¢) and (d) TLC, (e) and
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Figure 8.10 The effect of stress levels on the resilient moduli of (a) and (b) TSC, (c) and (d)
TLC, (e) and (f) KLC, (g) and (h) OLC, (i) and (j) IHT (Cont’d)

The Mpr increases with an increase in the confining stress and with a decrease in the
deviator stress for KLC specimens tested at the optimum water content. This is true for both the
zero and the critical number of F-T cycles (the two surfaces are parallel to each other), as can be

seen from Figure 8.10(e). The My of KLC at a water content of 23.1% (see Figure 8.10(f)) is not
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strongly dependent on stress levels. This is particularly true when the specimen was subjected to
one F-T cycle, under which the M surface is approximately horizontal. The behavior of OLC is
similar to that of KLC at the water content of 23.1%. In other words, when the OLC specimen is
at its optimum water content, its Mz is slightly influenced by the confining stress and deviator
stress, when the number of F-T cycles is zero or two (i.e. the critical number of F-T cycles of
OLC). This observation is also applicable for OLC specimens tested at the saturated condition
(Figure 8.10(h)).

The variation of the Mz of IHT with respect to the confining and deviator stresses however
is complex. For example, from Figure 8.10(i) it can be seen that at the optimum water content
and under zero F-T cycle, the Mr of IHT increases with an increase in the deviator stress.
However, M increases and decreases with an increase in confining stress when the deviator
stress is 68.9 kPa and 27.6 kPa, respectively. Under the critical number of F-T cycles, the Mz of
IHT increases with an increase in confining stress, but it increases and decreases with an increase
in the deviator stress when the confining stress is 13.8 kPa and 41.4 kPa, respectively. At the
saturated condition (see Figure 8.10(j)), the M of IHT increases with an increase in confining

stress and with a decrease in deviator stress, for both the zero and one F-T cycles.

8.6 Estimation of resilient modulus by an ANN model

8.6.1 Background of ANN model

The ANN is an adaptive information-processing technique, which allows the correlations
between the input and output variables to be established through inter-connected neurons (Saha
et al.,, 2018). The key advantage of an ANN model in comparison with the empirical and
statistical methods is that it does not need any prior knowledge about the nature of the
relationship between the input and output variables (Shahin et al., 2001). For example, regression
analysis can only be successfully applied if prior knowledge of the nature of non-linearity exists.
On the contrary, prior knowledge of the nature of non-linearity is not required for an ANN model.

In an ANN model, the non-linearity can be taken into account and be modified easily by
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changing the transfer function and network structure (e.g., the number of hidden layers and
neurons in each layer) (Shahin et al., 2001).

The correlations developed by ANN model are shown as Eq. (8.1).
y; = QO wx +b,) (8.1)

where x; is the input variable; y; is the output variable; wj; is unknown weight factor; b; is a bias
term; and f'is a transfer function.

Three sets of data (i.e. training, validation, and test datasets) are generally used in ANN
modeling. The ANN model determines the weight factors and biases (i.e. w;; and b;) through
training and validation processes. The training dataset is used to teach the network. Training
continues as long as the network’s performance continues improving on the validation dataset.
The test dataset provides a completely independent measure of network accuracy. In the present
study, the neural network toolbox of MATLAB software was used for establishing the ANN
model for estimating the M of the five Canadian soils (as shown in the following section). The
training algorithm used the Levenberg-Marquardt back propagation method to minimize the
mean squared error (MSE) (low MSE indicates good performance of the ANN model). The
gradient descent weight and bias function was employed as a learning algorithm to adjust the
weight factors and biases.

The hyperbolic tangent sigmoid transfer function used in the present study is shown below,
where /; is input quantity.

2 p—
1+exp(-2*1,)

f(l,) =tansig(l,) = 1, -1<1f(1)<1 (8.2)

The input and output variables are generally normalized before the ANN model is trained.

The normalization equation used in the present study is expressed as,

Xi — X .
N
X = (Zmax - Zmin) x X : _ ;m + Zin

max min

oy (8.3)

N _ j min
yj - (Zmax - Zmin) X—————+ 1y,
Ymax — Ymin

where x or y;N is the normalized input or output variable; Xmax O Ymax is the maximum value of
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the input or output variables; Xmin OF Ymin 1S the minimum value of the input or output variables;
zmin and zmax 18 respectively the lower and higher boundary for the normalized input or output
variable (zmin = -1, and zmax = 1). In other words, the normalization process converts the input or

output variables to a range of [-1, 1].

8.6.2  Construction of the ANN model for the five Canadian soils and results

ANN simulation is an efficient way to incorporate various factors that influence the Mz of
soils. A three-layered feed-forward back propagation ANN model was developed in the present
study (as shown in Figure 8.11). It consists of an input layer, a hidden layer, and an output layer.
The number of input and output neurons are determined by the parameters required for the
modeling problem (Tutumluer and Meier, 1996). In the present study, the input layer consists of
six neurons, one neuron for each of the independent variables that typically influence the Mz of
subgrade soils. These variables include plasticity index (PI), maximum dry unit weight (Vamax),
gravimetric water content (w), number of F-T cycles (No.), confining stress (o.), and deviator
stress (oq). The output layer consists of only one neuron, i.e. resilient modulus (Mpg). The input
variables (i.e. P, yamax, w, No., oc, and o4) and output variable (i.e. Mr) were normalized by using
Eq. (8.3) before the training process. In the present study, 1748 sets of Mz data for the five
investigated soils are available. These data were based on different combinations of soil physical
properties, water contents, stress levels, and number of F-T cycles. In addition, another 372 sets
of My data measured on TSC, TLC, KLC, and OLC under various stress levels and water
contents (considering both drying and wetting of the specimens after compaction) were collected
from Vanapalli and Han (2017). In total, 2120 sets of data were used for developing and testing
the ANN model. These data were automatically divided into training (70%), validation (15%),
and test (15%) datasets in MATLAB.

For developing a sound ANN model, in addition to judiciously determining the number of
neurons in the input and output layers, the number of hidden layers and the number of neurons in

the hidden layers also have to be chosen. In the present study, the number of hidden layers was
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set to one since one hidden layer is considered sufficient for developing a sound ANN model
(e.g., Saha et al., 2018) and for keeping the developed ANN model simple. The proper number of
neurons in the hidden layer was selected through a parametric study in order to achieve a
reasonable ANN model, which can be used for the general application for the five Canadian soils.
Six different ANN architectures (i.e. ANN 6-4-1 to ANN 6-9-1, which has 4, 5, 6, 7, 8, and 9
neurons in the hidden layer respectively) were compared to find the optimum number of neurons

in the hidden layer.

Input layer Hidden layer Output layer
(6 Neurons) (? Neurons) (1 Neuron)

Weights, w;H

Plasticity index, Pl
-

Maximum dry

unit weight, Vamax Weights, W;HO

Resilient
modulus,
MR

Gravimetric
water content, w

Number of freeze-
thaw cycles, No.

-
Confining
stress, o, >
Deviator
stress, do Back propagation
Tangent sigmoid
transfer function

Figure 8.11 The three-layered feed-forward back propagation ANN model

The results on these ANN architectures such as the coefficient of determination (R?) of
different datasets (e.g., see Figure 8.12) and the MSE of the validation dataset are summarized in
Table 8.5. It can be seen that when there are four neurons in the hidden layer (i.e. ANN 6-4-1),
the R? values for the training, validation, and test dataset are 0.88, 0.90, and 0.88, respectively;
and that for all the data is 0.88. This indicates that the Mz obtained through this ANN

architecture is relatively close to the target (measured) Mz. The MSE of the validation dataset is
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27.27. With an increase in the number of hidden neurons, the R? values typically increase and
MSE of the validation dataset decreases. Good results were obtained through ANN 6-7-1. The R?
values for the cases when the number of hidden neurons are 8 and 9 (i.e. ANN 6-8-1 and ANN
6-9-1) do not increase significantly compared to ANN 6-7-1, although MSE of the validation
dataset shows some reduction. In order to avoid too many neurons in the hidden layer and keep
the developed ANN model simple, the ANN 6-7-1 is chosen as the optimum network architecture

for the estimation of My for the five investigated soils.

Table 8.5 Results for the six trained ANN models

Training Validation Test dataset, All data. R? Validation
dataset, R? dataset, R? R? ’ dataset, MSE
ANN 6-4-1 0.88 0.90 0.88 0.88 27.27
ANN 6-5-1 0.89 0.91 0.90 0.90 24.47
ANN 6-6-1 0.89 0.92 0.89 0.89 22.21
ANN 6-7-1 0.90 0.93 0.92 0.90 20.35
ANN 6-8-1 0.90 0.92 0.92 0.91 19.69
ANN 6-9-1 0.92 0.92 0.92 0.92 17.35

Figure 8.12 summarizes the results for the ANN 6-7-1. The linear relationship between the
ANN output (i.e. ANN model obtained M) and target output (i.e. measured Mz), and the R? for
each dataset and for all data are shown. Most of the data are located along the 1:1 line, indicating
that the ANN 6-7-1 can provide reasonably good estimation for the Mz of the five soils
investigated in the present study. As discussed in the previous section, the test dataset provides a
completely independent measure of network accuracy. The high R? value of 0.92 was achieved
for the test dataset, which consists of 318 sets of data (i.e. 2120 * 15% = 318) that were not used
for developing the ANN 6-7-1. The results suggest that the ANN 6-7-1 can provide reasonable
estimation for the Mz of the five investigated Canadian soils under a variety of water contents,
number of F-T cycles and stress levels.

The mathematical expression for the developed ANN 6-7-1 is shown below (Eq. (8.4)).

Table 8.6 summarizes its weight factors and biases. For using the developed ANN 6-7-1, the
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initial inputs (i.e. PI, yamax, w, No., 0., and o4) need to be normalized using Eq. (8.3). By
incorporating the normalized inputs and the weight factors and biases into Eq. (8.4), the Mz of

the five soils under various conditions can be calculated.

m n
MM = W/ *tansig D wi' *xN +bi') + B° (8.4a)
=1 i1
N -_ .
MR = (MRmax - Ilemin)XM—i— Ilemin
max — Zmin
" (8.4b)

N
_28-8)xMe —CD 5 6oym. M 168
1-(-1)

where, Mg is the normalized My obtained from the ANN model, w;"! is the weight factor for the
path from neuron i in the input layer to neuron j in the hidden layer; x/ is the normalized input
variable; b;"! is the bias for neuron j in the hidden layer; W/"© is the weight factor for the path
from neuron j in the hidden layer to the neuron in the output layer (i.e. the single neuron Mg); B°
is the bias for the neuron in the output layer; » and m are the number of neurons in the input and
hidden layers respectively, in the present study, » = 6 and m = 7; Mk is the estimated My by the
ANN model (i.e. the de-normalized Mz"). The de-normalization equation (Eq. (8.4b)) is based on
Eq. (8.3). In the present study, Mgrmax and Mrmin (of the 2120 M values) are equal to 128 MPa

and 8 MPa respectively.
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Figure 8.12 The results for ANN 6-7-1
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Table 8.6 Weights and biases for the ANN 6-7-1

From the input layer to the hidden layer

2.1996 | -3.3817 | -8.5388 | -0.1639 | -4.1615 | -0.6179 -1.2678
-0.0691 | 0.2057 | -0.1282 | -0.0185 | 0.7349 | -0.3268 0.5969
-7.4265 | 4.7010 | -6.4106 | -4.4007 | 0.0808 | -0.0656 -5.9782
wiit -2.0040 | 1.9691 | 4.2567 | 3.1507 | -0.0667 | 0.0441 bt 4.0738
0.1940 | -0.1233 | -0.6880 | -0.0697 | 0.4158 | -0.1041 0.0214
-1.8386 | 1.9810 | 4.1023 | 3.0098 | -0.0559 | 0.0449 4.1348
-7.4754 | 1.0517 | -2.0918 | -0.0973 | 0.0141 | -0.0192 -4.2881
From the hidden layer to the output layer

wHo -0.0195 | -0.1910 | -1.2844 | 2.6729 | 0.3947 | -4.1072 | 1.4110

B° 0.7825

8.7 Discussion

It is widely realized that when fine-grained soils are compacted on the dry side of the
optimum water content, two families of pores (i.e. intra-aggregate pores (or micro-pores) and
inter-aggregate pores (or macro-pores)) are formed in the soil structure. On the other hand, the
soil structure appears more homogeneous with a single family of pores (i.e. intra-aggregate pores)
when a fine-grained soil is compacted on the wet side of the optimum water content (Delage et
al., 1996). The optimum water content therefore forms a transition and can appear with one or
two families of pores (Leroueil and Hight, 2013).

In the present study, the five fine-grained soils were compacted at their optimum water
contents to achieve their maximum dry density values. When they are subjected to
three-dimensional freezing, water in large inter-aggregate pores near to the surface of the
specimen freezes first and its volume increases by about 9%. At the same time, large cryogenic
suction forms between the ice crystals and water phase that is adsorbed on soil particles’ surfaces
in these pores. These ice crystals grow at the expense of water in adjacent pores (e.g., in the
smaller intra-aggregate pores and pores inside the specimen) which is drawn towards the ice
through water films under the cryogenic suction gradient. The movement of water during

freezing may cause development of the spatial network of channels (Hohmann-Porebska, 2002).
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The ice crystals increase in size and therefore exert pressure on the surrounding soil particles and
push them away from their original positions. As a result, these pores are enlarged, and the
cohesion between soil particles is weakened. This is because the magnitude of cohesion is
partially influenced by the space between soil particles (Wang et al., 2007). On the other hand,
the large cryogenic suction (which can be considered equivalent to effective stress (e.g.,
Williams, 1967)) and the corresponding water migration cause desiccation and shrinkage of the
soil specimen, which likely contribute to cracks. The bulk volume change, however, is mainly
dependent on the degree of saturation of the specimen (e.g., Hamilton, 1966; Dagesse, 2010; Lu
et al., 2019). The five investigated soils had relatively high initial degrees of saturation after
compaction (see Table 8.2); therefore, it can be considered that the soil specimens experienced
overall bulk volume increase, particles movement, loss of cohesion and formation of cracks
during the freezing process.

During the thawing process, ice melts and soil volume decreases. Soil particles tend to
move back but cannot completely recover to their original positions (i.e. irreversible plastic
deformation occurs (Lu et al., 2019)). The cohesion between soil particles is also not able to
recover fully. These characteristics along with the cracks that typically form during freezing
weaken the soil structure. In addition, the initial weak interfaces between the adjacent
compaction layers are likely weakened further by F-T cycling. The study by Bergan and
Fredlund (1973) on remoulded Regina clay specimens suggested that there would be a
significant drop in soil suction after F-T cycles. For the undisturbed specimens, a small but
distinct suction reduction was observed after one F-T cycle. In other words, F-T cycles
significantly altered soil suction even though the water content is constant before and after F-T
cycles. The reduction in suction of a cohesive soil (with high fine fraction) that were subjected to
three-dimensional closed-system F-T cycle was also observed by Ogawa et al. (1991) and
Nishimura et al. (1994). Weimer (1972) measured the suction in compacted glacial till specimens
after five F-T cycles; results from this study suggest that the reduction in suction was dramatic

when specimens were compacted dry of the optimum water content. However, the reduction was
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insignificant when specimens were compacted wet of the optimum water content. As a result, the
Mz of TLC, KLC, OLC and IHT at their optimum water contents show dramatic reduction after 1,
1,2 and 1 cycles of F-T, respectively, which are the critical numbers. Beyond the critical number
of F-T cycles, the reduction in Mk values for these four soils is at a relatively lower rate and
tends to level off. The only exception is TSC, its behavior may be attributed to the initial
variation in the structure of the prepared TSC specimens.

When the soil specimen is subjected to wetting, water migrates from the wet filter paper
(which was used to cover the top, bottom and side surfaces of the specimen as shown in Figure
8.2) to the specimen, due to suction gradient. The suction value in the soil specimen initially at
the optimum water content is relatively high (see Table 8.1). On the contrary, the wet filter paper
has a high amount of water and therefore has low or zero suction value. With the gradual
migration of water towards the specimen, the original thin water films adsorbed on the soil
particles’ surfaces of the specimen become thicker, and the radii of curvature of the air-water
menisci become larger, resulting in lower values of suction and more deformable soil structure.
As a result, the pore spaces of the specimen enlarge as effective stress reduces (i.e. suction value
is relatively low), and micro flow channels possibly form due to water migration. The Mk of the
specimen reduces significantly due to wetting, which is destructive. This reduction in Mz could
be approximated through conditioning the specimen with F-T cycles only (Skaggs, 1992). In
addition, the reduction in suction values after F-T cycles is not significant due to the low initial
suction values (higher water contents). This indicates that the number of F-T cycles does not
have profound influence on the measured Mz under higher water contents.

For a specimen tested at a certain water content and under different stress levels, the
variation of Mg with the number of F-T cycles presents similarities. This indicates that the stress
level does not influence the Mpr versus F-T cycle number relationships dramatically but
influences the Mr magnitude (see Figure 8.5). From Figure 8.10, the effect of stress levels on
the measured Mz is dependent on the initial water contents of the specimens and soil types. For

the same soil tested under a specific water content, the influence of stress level is generally
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straightforward. Fluctuation in the measured M values can be attributed to the possible variation
in the water content at which the specimen was compacted (e.g., 0.2% lower or higher than the
optimum water content may yield large differences in the pore structures of the compacted
specimens) and the structure change during the wetting process. In spite of using elaborated
equipment with experienced personnel, there were difficulties associated with accurately
performing Mz tests, which may have also contributed to the fluctuation in the measured Mz
values.

The in-situ subgrade soils are typically subjected to one-dimensional open-system F-T
cycles. Ice lenses may form if the freezing and water conditions are favorable. Upon thawing, the
melt water from ice is trapped in the thawed layer by the impermeable frozen layer below,
resulting in high water content or even saturated condition in the upper portion of the subgrade
soil. Additional water may be introduced by snowmelt and spring rainfall. These in-situ
conditions were not simulated in the present study. However, the effect of increasing water
content on the Mr was investigated through wetting the compacted soil specimens to different
post-compaction water contents. The effect of different freezing-thawing methods (i.e.
one-dimensional or three-dimensional) on the Mz is assumed not significant. Skaggs (1992)
experimentally determined the Mz values of different soil specimens subjected to
one-dimensional open-system F-T with water imbibition bottom to top. The results are similar to
those in the present study, indicating that the conditioning methods used in this study is
reasonably representative of the in-situ conditions. However, for achieving reliable results,
experimental studies simulating the in-situ one-dimensional open-system F-T should be
conducted.

A total of 2120 sets of M data of the five Canadian soils were used for developing an
ANN model. Among them, 1484 sets of data were for training an ANN structure, and another
318 sets of data were for validating the trained ANN structure. After these two procedures, the
optimum ANN model with one hidden layer and seven hidden neurons (i.e. ANN 6-7-1) was

selected. The last 318 sets of data, which were not used for either training or validation, were
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used for testing the developed ANN 6-7-1. The result of the test dataset confirms the ANN
model’s validity in estimating the Mz of the five Canadian soils subjected to different wetting
and F-T conditions and to various stress levels. The proposed ANN model can provide reliable
estimates of the M data for various conditions for pavement design when the five soils are used
as subgrade soils. At this stage, however, the ANN 6-7-1 is not recommended for estimating the
Mp of other soils since the Mz values of these new soils were not included to train and validate
the ANN model (as pitfalls may exist when applying trained ANN models on new soils
(Tutumluer and Meier, 1996)). As more data on the five investigated soils and other new soils
become available, the ANN 6-7-1 can be further improved to make more estimations that are

reliable.

8.8 Summary

The Mr is a key material property required for the rational design of pavement structures.
In permafrost and seasonally frozen regions, temperature and moisture variations have
significant influence on the Mz of subgrade soils. In the present study, the Mz of five Canadian
subgrade soils considering the wetting and F-T conditions were measured and analyzed. The
measured Mg values can provide valuable information for the rational design of pavement
structures where the five soils are encountered. In addition, an ANN model (ANN 6-7-1) was
developed and validated using the measured Mz values along with another 318 sets of My data
considering the effect of wetting and drying, and stress levels. The proposed ANN model can be
used for estimating the M of the five Canadian soils taking account of the influence of water
content, number of F-T cycles and stress levels.

Several key findings from the present study are summarized as follows. The F-T cycle can
be considered as weathering process, which results in weak soil structure due to reduction in
suction, soil particles movement, loss of cohesion between particles, and formation of cracks /
channels. The critical numbers of F-T cycles were determined as 1, 1, 2 and 1 for TLC, KLC,

OLC and IHT at the optimum water content, respectively. No significant change in My after F-T
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cycles was observed for TSC, possibly due to structure differences among tested TSC specimens.
The percentage of reduction in My after the critical number of F-T cycles was strongly related to
the plasticity index for soil specimens tested at the optimum water content. The wetting process
results in the decrease in suction and enlargement of soil pore spaces. Consequently, relatively
low Mp values were measured at high water contents, and the effect of F-T cycles for this
scenario is insignificant. In addition, the effect of stress levels on the measured Mp was

dependent on the initial water contents of the specimens and soil types.
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Chapter 9  Summary and conclusions

9.1 Summary

In the permafrost and seasonally frozen regions, moisture and temperature are two key
factors that influence the physical and mechanical behavior of soils. For example, the frost
penetration in Ontario, Canada typically ranges between 1 to 4 m, depending on local climate. As
a result, the subgrade and foundation soils in many areas in Ontario are subjected to moisture
variation / migration, freezing / thawing, and F-T cycles. Due to the variations in moisture and
temperature, soil in the permafrost and seasonally frozen regions can be in different states;
saturated or unsaturated, frozen or thawed, or combinations of them. For this reason, it is
important to design infrastructure taking account of the influence of these two parameters.

During the last two decades, the soil-water characteristic curve (SWCC) has been used as a
key tool for the interpretation and prediction of soil behavior and for the rational design of
infrastructure for unsaturated soils. More recently, several studies were undertaken and many are
in progress to use the soil-freezing characteristic curve (SFCC) to predict or estimate frozen soils
behavior and to facilitate the rational design of infrastructure in cold regions. However, sound
understanding of the fundamental behavior of SFCC and frozen soils is required to achieve this
goal. For this reason, in this thesis, the relationship between SWCC and SFCC, and the various
forms of SFCC expressions were investigated. Extensive experimental investigations were
undertaken to study the SWCC and SFCC of two soils from the Toronto region of Ontario (i.e.
Toronto silty clay (TSC) and Toronto lean clay (TLC)). These studies are valuable for
understanding the fundamental behavior of both the SWCC and SFCC. The focus of these
studies was directed to understand the similarities and differences in the SWCC and SFCC
behavior.

The soil resilient modulus (Mr) is a key material property used for the rational design of
pavement structures based on the mechanistic-empirical methods. Environmental factors such as

the variations in temperature and moisture have significant influence on the Mz of subgrade and
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foundation soils. In this thesis, two novel yet simple models were proposed for the estimation of
frozen Mr of various coarse- and fine-grained soils. These models facilitate pavement design in
cold regions as well as the use of SFCC in pavement engineering by extending the mechanics of
unsaturated soils. In addition, comprehensive experimental investigation on the Mz of five
Canadian soils (i.e., TSC, TLC, Kincardine lean clay (KLC), Ottawa Leda clay (OLC), and
Indian Head till (IHT)), considering the influences of moisture and temperature, was carried out
with the aid of an advanced triaxial testing equipment. The soils, namely TSC, TLC, KLC, and
OLC are from the most populated regions of Canada that are well connected with extensive
roadways. The IHT is a typical glacial till that is a representative candidate of soils widely found
in Alberta, Saskatchewan, and Manitoba provinces of Canada.

Major conclusions drawn from the studies undertaken in this thesis are summarized below.

(1) Critical evaluation on different expressions for the SFCC.

Many different expressions for the SFCC have been proposed in the literature. These
expressions can be categorized into two groups. The first group is based on empirical
relationships between unfrozen water content and subzero temperature. The second group is
developed by exploiting the similarity between SFCC and SWCC, with the aid of the Clapeyron
equation.

Four SFCC expressions; namely, the power relationship, exponential relationship, van
Genuchten equation, and Fredlund and Xing equation were selected for providing comparisons
between the measured and fitted unfrozen water contents for four different types of soils (i.e.
Castor sandy loam, saline Lanzhou silt, Niagara silt, and Regina clay). The results of the study
suggest that the exponential relationship and van Genuchten equation are more suitable for sandy
soils. The power relationship provides reasonable fit for the SFCC of soils with different particle
sizes; however, it is not suitable for saline silt. The Fredlund and Xing equation provides good

fits for all the four soils, showing its flexibility for different soil types.
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(2) Measurement and comparison of SFCC and SWCC for understanding the
fundamental behavior of SFCC and its similarity to SWCC.

Both the SFCC and SWCC of TSC and TLC were measured. Different testing conditions
are imposed to determine the freezing and thawing branches of SFCC of these two soils.
Experimental results are critically interpreted to understand the fundamental behavior of the
SFCC. The measured SFCC can be used for modeling soil properties such as the hydraulic
conductivity, thermal conductivity, and stiffness, and for modeling the transport of water, heat
and solute in frozen soils.

Many factors have a significant influence on the reliable measurement of SFCC, which
include the sensors resolution and their stability, specific sensor calibration for each soil under
investigation, thermodynamic equilibrium condition, and continuous soil structure changes that
arise during the freezing / thawing processes.

The measured SFCC and SWCC of the two soils show significant differences, indicating
their quantitative dissimilarity. Many reasons may contribute to the dissimilarity. For example,
specimens structure variations during the compaction and saturation processes, and freezing /
thawing processes, and cracks formation when sensors were inserted into the specimens. The
performance and calibration of sensors would also significantly influence the comparison
between SFCC and SWCC. In other words, the limitations associated with testing sensors
prohibit a reliable characterization of the quantitative similarity between the two retention
curves.

In addition, some fundamental differences may exist between drying / wetting and freezing
/ thawing processes. For example, the way ice replaces water in a frozen saturated soil is
different in comparison with how air replaces water in an unfrozen unsaturated soil. The
dominant wetting interactions that cause liquid films to coat soil particles in the unsaturated zone
are different from those that cause premelted films to separate soil particles from pore ice. The

existence of salinity further complicates the problem.
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(3) Development of two novel models for the estimation of Mz of frozen soils that can
be incorporated into the Mechanistic-Empirical Pavement Design Guide (i.e. MEPDG).

One of the novel models proposed is a semi-empirical model for estimating the Mz of
frozen saturated soils with the aid of SFCC extending the mechanics of unsaturated soils. Seven
saturated soils (including both coarse- and fine-grained soils) are used to validate this model. The
results suggest that the model can be used to estimate the Mk of frozen saturated soils with a
reasonable degree of accuracy. However, no relationships could be obtained for the model
parameters (i.e. y and J) because of the limited data.

The second model proposed is an empirical hyperbolic model with two-constants (i.e. 4
and B) that is useful for best-fitting the relationship between Mz of frozen soils and subzero
temperature. The model is validated using eighteen soils comprising of both coarse- and
fine-grained soils that were tested under saturated / unsaturated conditions. It is found that the
hyperbolic model can well predict the Mz of the eighteen soils that are in a state of frozen
condition. The parameter 4 has significant influence on the prediction results and could be
related to the unfrozen water content in the frozen soils. The parameter B was found to have a
strong relationship with the initial Mg.

The two models are simple and promising for use in pavement engineering. For example,
they can be incorporated into the MEPDG for reliably estimating the frozen Mg of pavement
unbound soils taking account of the influence of subzero temperature. In comparison with the
semi-empirical model, the hyperbolic model has wider application since it can be used for both
saturated and unsaturated frozen soils. It would be a good practice to follow the standard
AASHTO T307-99 for using the proposed models. More investigations on different types of soils
would be useful for better understanding the strengths and limitations of the two models.

(4) Experimental investigation of the M of five Canadian soils under frozen
condition.

The Mk of five Canadian soils (i.e., TSC, TLC, KLC, OLC, and IHT) considering wetting

and freezing is experimentally determined with the aid of the GDS Entry Level Dynamic
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(ELDyn) triaxial testing system. The wetting process simulates the increase in moisture content
of in-situ subgrade soils after compaction and during their service life. The freezing process (and
freeze-thaw cycles, see below) simulates the weathering process caused by temperature variation
in cold regions. A freezing system with the cooling unit, thermal insulation, and modification to
the triaxial testing system is established for accurately maintaining the desired testing
temperatures within the soil specimens. The experimental results suggest that: (i) The effect of
subzero temperature on the Mz of the five investigated soils is significant. The relationship curve
between the frozen My and subzero temperature resembles hyperbola. (ii) For four of the five
soils, the frozen My versus subzero temperature relationship of the saturated specimen typically
has steeper slope than that at the optimum water content, for the temperature range of 0 to -5 °C.
(ii1) The effect of stress levels on the measured My is dependent on the types of soils, water
contents of the specimens, and temperature. Lastly, (iv) Loading frequency does not show a
significant influence on the measured frozen M.

The determination of frozen soils behavior such as the My is prone to fluctuations due to
the difficulties associated with experimental investigations on frozen soils. For example, the
accurate temperature control throughout the specimen is difficult; and the non-uniform
distribution of unfrozen water and ice may contribute to the variation in frozen soils behavior.
The large difference in the measured Mg between this study and other studies may be attributed
to different soil types and water contents, different specimen preparation and freezing methods,
and different loading forms, frequencies, and stress levels.

(5) Experimental investigation of the M of five Canadian soils subjected to wetting
and freeze-thaw (F-T) cycles.

The Mg of the five Canadian soils (i.e., TSC, TLC, KLC, OLC, and IHT) considering
wetting and F-T conditions are measured and analyzed. The soil specimens are compacted at
their optimum moisture contents and then subjected to wetting and different numbers of F-T
cycles. The measured My values can provide valuable information for the rational design of

pavement structures where the five soils are encountered. An Artificial Neural Network (ANN)
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model is developed and validated using the measured Mz values along with another 318 sets of
Mk data considering the effect of wetting and drying, and stress levels. The proposed ANN model
can be used for estimating the M of the five Canadian soils taking account of the influence of
water content, number of F-T cycles and stress levels.

The F-T cycle can be considered as a weathering process that weakens the soil structure
due to reduction in suction, soil particles movement, loss of cohesion between particles, and
formation of cracks / channels. The critical numbers of F-T cycles are determined as 1, 1, 2, and
1 for TLC, KLC, OLC, and IHT at the optimum water content, respectively. No significant
change in Mr after F-T cycles is observed for TSC, possibly due to structure variations among
tested TSC specimens. The percentage of reduction in Mz after the critical number of F-T cycles
is strongly related to the plasticity index for soil specimens tested at the optimum water content.
The wetting process results in the decrease in suction and enlargement of soil pore spaces.
Consequently, relatively low Mg values are measured at high water contents, and the effect of
F-T cycles for this scenario is insignificant. In addition, the effect of stress levels on the

measured My is dependent on the initial water contents of the specimens and soil types.

9.2 Suggestions for future research

Several suggestions for future research are summarized below.

(1) The reliable measurement of SFCC and use of SFCC in engineering practice.

The reliable measurement of SFCC is complex because of several difficulties associated
with sensors accuracy and temperature control. The effect of volume change of soil specimen
during the freezing and thawing processes on the measurement of SFCC should be considered in
future investigations. For example, when ice lenses form in the soil mass, its SFCC may be
significantly changed. Reliable methods (e.g., NMR and TDR) should be used to calibrate the
frequency domain technique (e.g., the EC-5 sensor used in this thesis) measured unfrozen water
content under frozen conditions. In addition, the effect of salinity on the SFCC should be studied.

The SFCC represents the variation in the amounts of unfrozen water and ice with respect to
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subzero temperature. It is an essential tool for understanding the behavior of frozen soils. The
SFCC has been used for the estimation of My of saturated frozen soils in this thesis. In future
study, the use of SFCC can be extended to investigate the behavior of frozen soils such as the
shear strength and frost heave characteristic, and the constitutive modelling of frozen soils
behavior.

(2) Water migration and distribution of unfrozen water and ice during the freezing
and thawing processes.

Water migration in the soil mass typically occurs when the soil is subjected to freezing and
thawing. This is usually accompanied by frost heaving, soil desiccation, and formation of cracks
and fissures. Therefore, the distribution of unfrozen water and ice is likely to be non-uniform due
to freezing and thawing. The distribution of unfrozen water and ice (and therefore the soil
structure) is influenced by many factors such as the initial soil structure prior to freezing and
thawing, the rate and direction of freezing and thawing (e.g., one-dimensional freezing in the
field or three-dimensional freezing in laboratory), and the availability of external water during
freezing. The effects of the non-uniform distribution of unfrozen water and ice on the physical
and mechanical behavior of frozen soils should be investigated.

(3) The effect of F-T cycles on soil structure and water retention characteristics.

The effect of F-T cycles on soil structure (e.g., pore size distribution, particle movement
and breakage, and void ratio) can be investigated and reliably quantified through using advanced
microscopic equipment, such as the scanning electron microscope (SEM) and X-ray computed
tomography (CT). This can facilitate the reliable interpretation of the experimental results of
frozen soils.

The F-T cycles may have significant influence on the water retention characteristics of
soils due to changes in soil structure that were discussed earlier. The investigations on the effect
of F-T cycles on the SWCC and SFCC are not widely recorded in the literature for interpreting
soil behavior. Therefore, more studies are required to understand this topic, for example, soil

suction variation due to F-T cycles.
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Appendix A Discussion on “A new model for capturing void ratio-dependent
unfrozen water characteristics curves”

The contents are from the manuscript of the publication:

Ren, J.P., and Vanapalli, S.K. 2018. Discussion on “A new model for capturing void
ratio-dependent unfrozen water characteristics curves” by Q.Y. Mu, C.W.W. Ng, C. Zhou, G.G.D.
Zhou, and H.J. Liao. Computers and Geotechnics, 103: 82-85.

DOI: 10.1016/j.compgeo0.2018.07.017

The authors proposed a valuable void ratio-dependent unfrozen water characteristic curve
(UWCC) model, which explicitly considers the effects of both capillarity and adsorption. The
proposed model has been used to predict the UWCCs of silt at different initial void ratios and
clay over a wide range of subzero temperatures. However, the discussers have some comments
on the proposed model and the model parameters. In this discussion, these details are
summarized.

The discussers would like to express their opinion that the determination of the maximum
volumetric adsorbed water content (Gumax) as the unfrozen volumetric water content at a
temperature of -2 °C may not be rigorous. This is due to the reason that unfrozen water content at
-2 °C may only be a representative value for the Gumax for coarse-grained soils (as most of pore
water freezes before -2 °C in coarse-grained soils). However, it may not be able to reasonably
represent the Gumax for fine-grained soils because they have a large amount of unfrozen water at
relatively high subzero temperatures (e.g., —2 °C) (Patterson and Smith, 1981; Bronfenbrener and
Bronfenbrener, 2012; Kurylyk and Watanabe, 2013). The typically large amount of unfrozen
water in fine-grained soils is likely to be composed of both capillary and adsorbed water.

The authors suggest that “the freezing of absorbed water begins at approximately —2 °C
with values of & ranging from 0.02 to 0.04. This is consistent with studies of unsaturated soils
showing that the drying of absorbed water is initiated at a suction of 1500 kPa (equivalent to

—2 °C calculated using Eq. (6))”. It may be more appropriate if the temperature value of -2 °C is
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replaced by -1.23 °C (as shown from the calculation summarized in the end of this Appendix).
This is because from Figure 2 in the paper, the freezing of adsorbed water begins prior to —2 °C
with values of & ranging from 0.02 to 0.04.

In addition, it is summarized by the authors that the parameter & is to be within a range
from 0.02 to 0.04, which is mainly dominated by the soil specific surface area. However,
according to Table 1 in the paper, the parameter & for silt and bentonite clay is 0.026 and 0.021,
respectively. These two values are quite close for two different types of soils with significantly
different values of specific surface area (e.g., 40 m*/g for silt and 700 m?/g for bentonite clay
(Yoshikawa and Overduin, 2005)).

According to Figure 3 in the paper, Eq. (11) failed to well predict the unfrozen water
content when the void ratio (e) is 0.58, especially when the subzero temperature is lower than
—0.5 °C. This suggests that different model parameters should have been used for the specimen
having a void ratio of 0.58, rather than directly using the model parameters that are derived from
the three-dimensional best-fitting surface using the measured data of specimens with void ratios
of 0.61 and 0.55 (i.e. the parameters summarized in Table 1 in the paper).

The authors summarized that “The void ratios of the three specimens were 0.61, 0.58, and
0.55”. The discussers are not sure how these void ratio values were obtained from Azmatch et al.
(2012) as there is no direct information related to the void ratios of the three specimens of Devon
silt. These three specimens were prepared from slurry at a moisture content of 60% and
consolidated under 50 kPa, 100 kPa, and 400 kPa, respectively.

On the other hand, according to Azmatch et al. (2012), the measured volumetric water
content of the three Devon silt specimens (consolidated under 50 kPa, 100 kPa, and 400 kPa,
respectively) at a suction value of 1 kPa are 0.387, 0.395, and 0.365, respectively. If these initial
volumetric water content values are assumed to be equal to the porosity (n) of the specimen as
they were measured at the saturated condition (i.e. suction value of 1 kPa), the void ratios (e =n/
(1 - n)) of the three specimens can be calculated as 0.631, 0.653, and 0.575, respectively. These

three calculated void ratio values are different from those summarized by the authors.
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Furthermore, according to Azmatch (2013), the initial void ratio values of four Devon silt
specimens prepared under identical initial conditions (i.e. prepared from slurry at a moisture
content of 60%) and consolidated under 50 kPa, 100 kPa, 200 kPa, and 400 kPa were 0.795,
0.702, 0.623, and 0.583, respectively. These values are larger than the values provided by the
authors.

In Eq. (11), the total amount of unfrozen water () is equal to the sum of unfrozen capillary
water (6.v) and unfrozen adsorbed water (6.w). The authors considered the influence of void ratio
on the capillary water via using Eq. (8), which is modified from the Gallipoli et al. (2003) model.
This was achieved by substituting the suction in unfrozen unsaturated soil with the cryogenic
suction in frozen soil, which was obtained from subzero temperature through the Clapeyron
equation (i.e. Eq. (6)). On the other hand, authors determined unfrozen adsorbed water (i.e. Eq.
(10)) by directly using the subzero temperature (instead of cryogenic suction) to replace suction
in unfrozen unsaturated soil using the Lu (2016) model. In other words, there is a difference in
the treatment of suction in unfrozen unsaturated condition for the capillary and adsorbed water
by the authors. The discussers suggest that it may be simpler and more straightforward to directly
use the subzero temperature (rather than using the cryogenic suction obtained from the
Clapeyron equation) as one of the independent variables (the other one is the void ratio) for
calculating the amount of unfrozen capillary water using Eq. (9). By extending this philosophy,
Egs. (9) and (11) can be respectively modified as below,

—(n. 1 m,
0,,=(0.-0, . K L+ e (—T)]”‘z} (A.1)

1
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0= 00+ 0 =(0-OumcK L R

where, 6, is the saturated volumetric water content, 7 is the subzero temperature (°C), Tpin is the
temperature at which all the pore water is frozen (= -259 °C, as determined by the Clapeyron
equation with a suction value of 10° kPa), mq, m;, m2, m3, and k are model parameters. In the

above equation, subzero temperature is directly taken as an independent variable for calculating
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both the unfrozen capillary and adsorbed water contents.

Figure A.1 shows the effect of parameter m; on the freezing of capillary water using the
modified capillary model suggested in this discussion (i.e. Eq. (A.1)). The parameters mg, m>,
and m3 are equal to 1500, 25, and 0.025, respectively. The values of s, Gumax, and e are equal to
41%, 10%, and 0.7, respectively. The value of m; ranges from 1 to 10. It can be seen that the
freezing rate of capillary water decreases with an increase in the value of m;. The unfrozen
capillary water content under a given subzero temperature increases with an increase in m;.
These observations are consistent with those of the authors and provide credence for directly

using subzero temperature as one of the independent variables for calculating unfrozen capillary

water content.
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Figure A.1 Predicted freezing process of capillary water with different values of parameter
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The use of subzero temperature as an independent variable can be further supported by
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employing a simplified form of the Clapeyron equation. Such a simplification can be achieved
by taking x as 7/273.15 and extending the assumption that x = In(1+x) for relatively small values
of x. Therefore, the temperature (-7) is equivalent to the cryogenic suction (s) as an independent

variable, by including the constant (i.e. 7.L./273.15) into the fitting parameter m.

T +273.15 T T r,L,
s=—r L In—————=—r L In(1+ =—r =T —ww
why 273.15 whwInG 273.15) wh 273.15 273.15

The original and modified models proposed by the authors and discussers were

(A.3)

respectively used to best-fit the measured unfrozen water content data of the Devon silt
specimens with void ratios of 0.631 and 0.575. The input parameters and fitting results are
summarized in Table A.1 of this discussion. The values of parameters for the two models are the
same except for my. However, further close examination reveals that ratio of the two my values
(i.e. 5.282*10°/435.7 = 1212) is approximately equal to r.L./273.15 (= 1000%333.7/273.15 =
1222), suggesting that the two models are equivalent. The high value of Adj. R? also suggests
that the two models well fitted the measured data of the specimens with void ratios of 0.631 and
0.575.

Figure A.2 shows the comparison between the measured and calculated UWCCs of the
three Devon silt specimens using the parameters summarized in Table A.1 of this discussion.
Since the original and modified models have approximately the same characteristics, only the
results calculated by the modified model are shown. From Figure A.2(a), it can be seen that the
two models failed to well predict the UWCC of the specimen with void ratio of 0.653. Figure
A.2(b) shows that the measured data of the specimen with void ratio of 0.653 are located above
the 3D surface plot, which is calculated by using the parameters that were obtained by fitting the
measured data of the specimens with void ratios of 0.631 and 0.575. Therefore, more future
investigations are required to further improve the flexibility of the two models using the data of
various other soils.

In spite of the modified model exhibiting similar characteristic behavior in comparison
with the model proposed by the authors, the philosophy is different. The key advantage of the

modified model is that it directly uses subzero temperature as an independent variable to
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calculate both the unfrozen capillary and adsorbed water contents. This is straightforward and
eliminates the prerequisite for employing the Clapeyron equation. In other words, the modified
model does not require thermodynamic equilibrium condition between ice and water phases;

hence, it is simple for interpreting frozen soils behavior.

Table A.1 Summary of parameters for original and modified models

05 (%) Oumax (%) mo mj my ms3 k Adj. R?
Original 38.7 16 4357 | 2275 | 1750 | 0.5733 | 0.07 | 0.966
model
Modified "} 34 16 |5.282%10°| 22.73 | 1751 | 0.5741 | 0.07 | 0.966
model

Finally, there were a few typographical errors in the paper that are summarized below:

(a). From Figure 2, Ounax should be 15%, rather than 25%.

(b). In Figure 3, it should be written as Equation (11) rather than Equation (13). In addition,
‘UWRC’ should be ‘UWCC"’.

(c). In Table 1, the soil type of the first soil should be Silt rather than Clay.

(d). A negative sign in Eq. (9) is missing for achieving a positive value for cryogenic
suction.

(e). Both the terms ‘adsorbed’ and ‘absorbed’ are found in the paper instead of just one
term ‘adsorbed’; this typographical error is confusing to the reader to clearly understand the

details summarized in the paper.
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Figure A.2 (a) 2D and (b) 3D comparisons between the measured and calculated UWCCs of

the three Devon silt specimens with different initial void ratios
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Conversion of suction to temperature
Using Eq. (6), authors converted suction value of 1500 kPa to an equivalent temperature of
-2 °C. However, this temperature value should be -1.23 °C as per the calculation summarized

below. The Eq. (6) is shown as,

S = _erw |nw
273.15

where, s is the cryogenic suction (kPa), 7 is the water density (= 1000 kg/m?), L., is the latent
heat of fusion of water (= 333.7 kJ/kg at 0 °C) which is assumed to be temperature-independent.

From this information it should be,

1500 (kPa) = ~1000(<9) 33371 T 27315
m kg 273.15
Since 1 _93_ =1000*-=— =1000*— =1kPa , the relationship should be,
m kg mm m
1.5=-3337%In] 27315
273.15
15

Therefore, T =273.15*exp(————)—-273.15=-1.23°C
333.7
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