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ABSTRACT 

 

The soil freezing characteristic curve (SFC) controls the hydraulic properties of soils and is 

especially crucial in understanding snowmelt infiltration and runoff, frost heave formation and 

thawing settlement in frozen soils. The SFC can be modelled by combining information from the 

soil moisture characteristic curve of unfrozen soils (SMC) with the Generalized Clapeyron 

Equation (GCE). While such an approach is straightforward and involves no additional free 

parameters, the resulting SFC is not always consistent with those observed in the laboratory and 

field. This study was therefore designed to obtain both laboratory and field data that quantifies the 

SMC and SFC for different soil textures and salinities and to compare the results with those 

obtained from the GCE and other alternative relationships.   

 

In the laboratory, the SMC of a silica sand was measured using a Hydraulic Property Analyzer 

(HYPROP). The SFC of the same sand was measured using a series of column experiments with 

controlled total water content and pore-water salinity. In the field, data were collected from the St 

Denis National Wildlife Area (SDN), a mixed grassland cropped site in the Canadian prairies in 

Saskatchewan and the Boreal Ecosystem Research and Monitoring Sites (BERMS) Old Jack Pine 

(OJP) site in Saskatchewan, Canada. Three alternative models for the SFC were developed 

(capillary, salt exclusion, and the combined capillary salt models), and compared with observed 

data from the laboratory and field experiments. 

 

The results show that the column experiments were successful in producing well-defined SFCs that 

matched expectations, where the form of the decrease in liquid water content with temperature was 

similar to the form of the SMC. Increasing the salinity resulted in enhanced freezing point 

depression as was expected. The field SFCs followed the same trend as those measured in the 

laboratory. The modelling results suggest that salinity is a dominant control on the SFC in real soils 

and that the combined capillary salt model is the most realistic of the three models considered in 

predicting liquid water content in frozen soils. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background 

 

In cold regions, the way that ice and liquid water are held in the soil pore space plays a significant 

role in heat, solute and water transport (Spaans & Baker, 1996; He et al., 2016; Watanabe & Osada, 

2017), which in turn influence winter evapotranspiration, snowmelt infiltration and runoff 

(Christensen et al., 2013; He et al., 2016), frost heave formation, thawing settlement, and frost 

depth penetration in frozen soils. Good knowledge of the properties of frozen soils is crucial in 

erosion control and flood risk assessment during spring melt in cold climates. In engineering, 

information about these properties is employed in infrastructure development such as the 

construction of roads, pavements, airport runways, bridges and railway lines. Further, in agronomy, 

these properties are useful in understanding microbial metabolism (Oquist et al., 2009; He et al., 

2016; Watanabe & Osada, 2017) and crop water uptake in frozen soils as well as estimating water 

requirements for winter crops. 

 

Unlike pure-free water (or bulk water) which freezes at 0℃ (at pressure = 1 atm) (Williams & 

Smith, 1989, p. 174), soil pore water is found to freeze progressively at sub-zero temperatures 

(Zhang & Liu, 2018; Hayashi, 2013; Williams & Smith, 1989, p. 175). Such a phenomenon is 

termed as freezing point depression. As a result of freezing point depression, some water remains 

as a liquid in frozen soils pores. Studies have attributed freezing point depression to 1) capillarity 

and adsorption (Williams & Smith, 1989, p. 5; Spaans & Baker, 1996; Zhou et al., 2018), and 2) 

the presence of salts (salinity effects) (Williams & Smith, 1989, p 5; Williams, 1970, p. 16; 

Williams, 1964; Watanabe & Mizoguchi, 2002). 
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Freezing can be explained based on free energy (𝐹𝐸). Spontaneous processes, such as the phase 

change process, always occur to minimize free energy.  Ice (𝑖) and liquid water (𝑙) can co-exist 

only when they have equal free energy, and this occurs at 0 ℃ for bulk water (which is defined as 

𝑇0, ℃) (Zhang & Liu, 2018). Above 𝑇0, liquid water has lower free energy than ice, and therefore 

liquid water is the stable phase. When the temperature of bulk water drops below 𝑇0, the free energy 

of the liquid phase becomes higher than that of the solid phase. This drives the transformation of 

liquid water into ice, and ice becomes the stable phase. However, in any individual soil pore, the 

effects of salts and the attractive forces generated with the soil solids (capillarity and adsorption 

forces) reduce the free energy of the liquid water, so that liquid water does not freeze at 𝑇0. For 

freezing to proceed, the temperature must reduce further to bring the free energy of ice below that 

of the depressed liquid water (the freezing temperature of the depressed liquid water is defined as 

𝑇𝑓, ℃). The effect of salt and capillary forces on the freezing point of soil water is progressive, 

which is to say the water in the continuum of soil pore spaces has a distribution of freezing 

temperatures and freezing occurs progressively as the temperature drops below 𝑇0. In terms of the 

capillary effect, the capillary forces and thus the freezing point of the water in an individual pore 

depends upon the pore size (analogous to matric potential), so smaller pores have lower freezing 

temperatures (Spaans, 1994). In terms of salt, during freezing, salt is excluded from the ice making 

the resulting solution more concentrated, and thus the freezing temperature of the remaining liquid 

water is further depressed (Spaans & Baker, 1996; William, 1970, p. 17).  

 

Freezing point depression is quantified at the soil continuum scale through the freezing 

characteristic curve (SFC). The SFC relates the liquid water content to temperature in frozen soils. 

The SFC is analogous to the soil moisture characteristic curve (SMC) (soil matric potential versus 

moisture content) in unfrozen soils (Spaans & Baker, 1996; Flerchinger et al., 2006; Koopmans & 

Miller, 1966). The widely used generalized Clapeyron equation (GCE) assumes that in frozen 

conditions the temperature predicts an equivalent effective soil matric potential (Zhang & Liu, 

2018; Mohammed et al., 2018; Teng, 2020). Based on this assumption, the GCE has been employed 

extensively in literature for establishing the SFC with information from the SMC. The advantage 

of using such an approach to quantify the SFC is that there are no additional unknown parameters, 

beyond those that describe the SMC for the same soil. While such an approach is straightforward  
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and inexpensive, the effects of salts are not accounted for explicitly (the GCE accounts for the sole 

effect of capillary forces on the freezing point), and the resulting SFC is not always consistent with 

those observed in the field and laboratory. Secondly, there is limited published work that shows 

how well this theoretical relationship (GCE) fits with field and laboratory observations of the SFC. 

The aim of this work, therefore, is to obtain both laboratory and field data that quantifies the SMC 

and SFC for different soil textures and salinities and to compare the results with those obtained 

from the GCE and other alternative relationships. Insights from such studies will increase the 

capacity of cold climate models in quantifying the liquid water content more explicitly. 

Improvement in the prediction of liquid water content in frozen soils will translate into a more 

accurate prediction of hydrological processes and events in cold climates. 

 

1.2 Research Objectives 

 

The specific objectives of this study are to; 

1) Obtain laboratory and field data that characterize the soil moisture and soil freezing 

characteristic curves for varying soil types and soil salinities.  

2) Test how well the observed relationships from new laboratory experiments where salinity 

is controlled can be explained by the alternative (capillary and salinity effect) models. 

3) Test how well the observed relationships from established field experiments at a range of 

diverse sites can be explained by the alternative (capillary and salinity effect) models. 

  

1.3 Thesis structure 

 

This thesis is organized into five chapters. This chapter is an introduction to the problem and 

presents the research objectives. Chapter two is a literature review that covers relevant topics in 

unfrozen and frozen soil physics. Chapter three describes the methods employed in the field and 

laboratory experiments, including experimental set-ups, and the acquisition, storage, processing, 

and analysis of data. Chapter four presents and discusses the results. Lastly, the insights from this 

work will be summarized in chapter 5. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 Context of this research 

 

The coexistence of liquid water with ice in frozen soil, as a function of temperature, is an important 

property of frozen soils. For instance, the hydraulic, thermal and mechanical properties of frozen 

soils depend on the liquid water and ice contents (Zhou et al., 2014; He et al., 2016). These 

properties, in turn, controls water, solute and heat transport in frozen soils (Spaans & Baker, 1996; 

He et al., 2016; Ren & Vanapalli, 2020; Watanabe & Osada, 2017), water uptake by plants, soil 

microbial metabolism (Öquist et al., 2009; He et al., 2016; Watanabe & Osada, 2017) and 

evaporative water loss from frozen soils as well as snowmelt infiltration and runoff in frozen soils 

(Christensen et al., 2013; He et al., 2016).  Thus, research on liquid water content is vital in 

improving agricultural productivity, mitigating flooding and soil erosion during spring melt and 

for engineering application in cold climates. Such studies are also crucial in modelling moisture 

and thermal fluxes in surface and subsurface soil systems.  

 

2.2 Physics of unfrozen soils 

 

2.2.1 Soil moisture 

 

Soil moisture from a physical viewpoint can be defined as water stored in soil pores. There are two 

ways to quantify soil moisture: as an equivalent storage of water 𝑆 (mm) within some depth of the 

soil profile, or as a water content (i.e. a relative mass or volume of the water relative to the bulk or 

dry soil mass/volume). Water content can be expressed in gravimetric, 𝜃𝑔 (𝑔 𝑔−1), or volumetric, 

𝜃𝑣 (𝑚3 𝑚−3) terms (Romano, 2014).
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Expressions of the volumetric and gravimetric moisture contents are provided in Equations 2.1, 

and 2.2, respectively. 

 

𝜃𝑔 =
𝑚𝑤

𝑚𝑑
 

  (2.1) 

 

𝜃𝑣 =
𝑉𝑤
𝑉𝑡

 
  (2.2) 

 

𝜃𝑣 = 𝜃𝑔 ∙
𝜌𝑏

𝜌𝑤
 

 (2.3) 

 

Where m (𝑘𝑔), V (𝑚3),  and  𝜌 (𝑘𝑔 𝑚−3) stands for mass, volume and density, respectively. 

Subscripts d, w, t, and b represent oven-dried soil, wet soil, total, and bulk soil, respectively. 𝜃𝑔 

and 𝜃𝑣  are related through Equation 2.3 above. Soil moisture storage is related to the volumetric 

water content through the relation 

 

𝑆 = ∫ 𝜃𝑣𝑑𝑧

𝑧2

𝑧=𝑧1

 

   (2.4) 

 

Where z is the soil depth. Typically, this will be applied over the depth range 𝑧1 = 0 (the ground 

surface) and 𝑧1 = depth of the root zone. For agronomic purposes, two soil moisture storage 

thresholds are identified: field capacity and permanent wilting point (Susha Lekshmi et al., 2014). 

Moisture at field capacity is the moisture retained in the soil after gravitational moisture has drained 

and movement of capillary water is negligible (Day & Ludeke, 1993, p. 19; Susha Lekshmi et al., 

2014) (only capillary and hygroscopic moisture exist), while moisture at permanent wilting point 

refers to the moisture content at which plants cannot recover from wilting (Susha Lekshmi et al., 

2014; Silva et al., 2014). The available water capacity, that is the water that is available to plants, 

is the difference between the moisture content at field capacity and permanent wilting point 

(Grewal et al., 1990; Susha Lekshmi et al., 2014; Silva et al., 2014). 

 



 6 

2.2.2 Soil water potential 

 

Soil water potential refers to the work that would need to be done to move an infinitesimal amount 

of water from a reference point in the soil to a pool of pure free water (Irwin. Remson, 1962, p. 

66).  Water potential encompasses matric, pressure, gravitational, and solute potential (Campbell, 

1988).  

 

Gravitational potential 

 

Gravitational potential is the energy of soil water due to its position above or below a datum 

(Campbell, 1988; Hohmann, 1997). Consider an object at a height z meters above a datum (Figure 

2-1). 

 

Figure 2-1: Elevation of water molecule relative to a reference datum 

 

 

 

 

 

 

 



 7 

The body will have a gravitational potential energy 𝐸𝐺  (𝐽) equal to: 

 

𝐸𝐺 = 𝑚 ∙ 𝑔 ∙ 𝑧 (2.5) 

 

Where g (𝑚 𝑠−2) is acceleration due to gravity. Given the situation above, a volume of water at an 

elevation z meters above a reference datum (Figure 2-2) will have the same potential energy as in 

Equation 2.5. 

 

 

Figure 2-2: A volume of water at a height (Z) above a datum 

 

But the mass of water (m), and weight of water (W) are given as 

 

𝑚 = 𝜌𝑤 ∙ 𝑉𝑤 (2.6) 

 

𝑊 = 𝜌𝑤 ∙ 𝑉𝑤 ∙ 𝑔 (2.7) 

 

Where subscript w stands for water. Hence, the gravitational potential energy becomes 

 

𝐸𝐺 = 𝜌𝑤 ∙ 𝑉𝑤 ∙ 𝑔 ∙ 𝑧 (2.8) 
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The gravitational potential energy per unit volume of water, 𝐸𝑣𝐺  (𝐽 𝑚−3) is given by  

 

𝐸𝑣𝐺 = 𝜌𝑤 ∙ 𝑔 ∙ 𝑧 (2.9) 

 

The gravitation potential energy per unit weight of water (Equation 2.8 divided by Equation 2.7)  

𝜓𝑧 (m) is given by  

 

𝜓𝑧 = 𝑧 (2.10) 

 

Potential energy per unit weight of water is a convenient unit to work with, having units of length, 

and is referred to as head. Thus, 𝜓𝑧 is referred to as the gravitational head.  

 

Pressure Potential 

 

Pressure potential refers to the hydrostatic pressure exerted by soil water (Clark, 1990). 

 

 

 

Figure 2-3: Pressure exerted by a piston in a cylinder (after Anderson, 2005, P. 39) 
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Consider a piston in a cylinder (Figure 2-3). The force exerted by each phase is the product of the 

pressure and surface area as in Equation 2.11. 

 

𝐹 = 𝑃 ∙ 𝐴 (2.11) 

 

At equilibrium, there is no pressure difference 𝑃𝐼𝑛𝑡0 = 𝑃𝐸𝑥𝑡0 (Figure 2.3a), and the resultant force, 

𝐹𝑅, of the system is 

 

𝐹𝑅 = 𝐹𝐼𝑛𝑡0 − 𝐹𝐸𝑥𝑡0 = 0 (2.12) 

 

Where subscripts Int and Ext means internal and external. 0 and 1 are the first and second time 

steps, respectively. Since the net force is zero, there will be no work done. When there is a reduction 

in the external pressure, where 𝑃𝐸𝑥𝑡1 < 𝑃𝐸𝑥𝑡0 the pressure difference creates an upward resultant 

force given by 

𝐹𝑅 = 𝐹𝐼𝑛𝑡0 − 𝐹𝐸𝑥𝑡1 > 0 (2.13) 

 

The net force will result in work in the form of the expansion of the fluid, and the upward movement 

of the piston through a distance ∆z (m) (Figure 2-3b).  The work done by the net force is the product 

of the net force applied and the distance moved. 

 

𝑊 = 𝐹𝑅 ∙ ∆𝑧 (2.14) 

 

𝑊 = (𝑃𝐼𝑛𝑡0 − 𝑃𝐸𝑥𝑡1) ∙ 𝐴 ∙ ∆𝑧 (2.15) 

 

𝑊 = ∆𝑃 ∙ ∆𝑉 (2.16) 

 

When work is done, the system moves from one (higher) potential to another (lower) potential, i.e. 

𝑊 = change in potential, hence, the pressure potential, 𝐸𝑝 (J), in a given state is given as:  

 

𝐸𝑝 = 𝑃 ∙ 𝑉 (2.17) 
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The pressure potential per unit volume of water, 𝐸𝑣𝑃, is given by  

 

𝐸𝑣𝑃 = 𝑃 (2.18) 

 

The pressure potential per unit weight of water (Equation 2.17 divided by Equation 2.7), also 

known as pressure head, 𝜓𝑝 (m), is given by 

 

𝜓𝑝 =
𝑃

𝜌𝑤 ∙ 𝑔
 

(2.19) 

  

After the piston has moved through a distance ∆z (m), a new equilibrium is established where there 

is no difference in pressure (Figure 2-3c).  

 

Matric potential 

 

The above discussion of pressure head applies to soils that are under positive hydrostatic pressures. 

In partially saturated soils, water is retained in the soil pores due to matric forces (Williams, 1964). 

In smaller pores, there is an attraction between individual water molecules (cohesion) and with the 

wall of the soil pore (Campbell, 1988) (adhesion) (Figure 2-4).  

 

 

                                Figure 2-4: Water molecules in smaller pores 
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The soil matric potential is conceptually equivalent to having negative pressures in the soil pore. 

Given water in a cylindrical soil pore, there is a downward force 𝐹𝑑𝑜𝑤𝑛 due to the weight of the 

water molecules (Equation 2.20). 

 

𝐹𝑑𝑜𝑤𝑛 = 𝑚 ∙ 𝑔 (2.20) 

 

The mass, m (kg), of water is the product of its density and volume of the cylindrical pore. 

 

𝑚 = 𝜌𝑤 ∙ 𝜋 ∙ 𝑟2 ∙ 𝑧 (2.21) 

 

Therefore 𝐹𝑑𝑜𝑤𝑛 is  

𝐹𝑑𝑜𝑤𝑛 = 𝜌𝑤 ∙ 𝜋 ∙ 𝑟2 ∙ 𝑧 ∙ 𝑔 (2.22) 

 

 

 

Figure 2-5: Tension generated at the liquid-soil colloid interface in soil pores 

 

There is also an upward force 𝐹𝑢𝑝 due to surface tension, T (𝑁 𝑚−1), generated at the liquid-soil 

colloid interface (Figure 2-5). The tension has both vertical 𝑇𝑣 and horizontal 𝑇ℎ components 

(Whalley et al., 2013). The vertical component is given as 

  

𝑇𝑣 = 𝑇𝑐𝑜𝑠𝜃 (2.23) 
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The tension is exerted at the entire circumference of the soil pore (2 ∙ 𝜋𝑟). The total vertical upward 

force acting on the water is given as: 

 

𝐹𝑢𝑝 = 2 ∙ 𝜋 ∙ 𝑟 ∙ 𝑇𝑐𝑜𝑠𝜃 (2.24) 

 

At equilibrium, the upward and downward forces are equal so 

 

 𝐹𝑑𝑜𝑤𝑛 = −𝐹𝑢𝑝 (2.25) 

 

The negative sign in Equation 2.25 means that the force is acting against gravity. Based on Equation 

2.25, equations 2.24 and 2.22 can be equated as: 

 

𝜌𝑤 ∙ 𝜋 ∙ 𝑟2 ∙ 𝑧 ∙ 𝑔 = − 2 ∙ 𝜋 ∙ 𝑟 ∙ 𝑇𝑐𝑜𝑠𝜃 (2.26) 

 

By dividing both sides of Equation 2.26 by the term  𝜋. 𝑟2, Equation 2.26 can be simplified as 

 

𝜌𝑤 ∙ 𝑧 ∙ 𝑔 =
− 2 ∙ 𝑇𝑐𝑜𝑠𝜃

𝑟
 

(2.27) 

  

Equation 2.27 is the Young–Laplace equation (Whalley et al., 2013). The left-hand side of Equation 

2.27 is equal to the matric potential energy per unit volume of water, 𝐸𝑣𝑚  . Thus, 𝐸𝑣𝑚 is a function 

of surface tension, T (𝑁 𝑚−1), pore radius, r (m), and contact angle, 𝜃 (degrees) (Whalley et al., 

2013). The matric potential energy per unit weight of water, or matric head, 𝜓𝑚 (m), is given by  

 

𝜓𝑚 =
− 2 ∙ 𝑇𝑐𝑜𝑠𝜃

𝜌𝑤 ∙ 𝑔 ∙ 𝑟
 

(2.28) 
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Osmotic potential 

 

The presence of solutes also affects the energy status of soil water. The energy possessed by soil 

water due to its interaction with dissolved salts is called the solute or osmotic potential, 𝜓𝑠, 

(Campbell, 1988; Malaya & Sreedeep, 2012 ). The osmotic potential energy per unit volume,  𝐸𝑣𝑠 

( 𝐽 𝑚−3), is a function of the concentration of solutes in the soil, c (𝑚𝑜𝑙 𝑚−3), and the temperature 

T(𝐾) (Equation 2.29) (Clark, 1990).  

 

𝐸𝑣𝑠 = −𝑐 ∙ 𝑅 ∙ 𝑇 (2.29) 

 

Where R is the real gas constant (8.314 𝐽 𝑚𝑜𝑙−1 𝐾−1). This can also be expressed as an equivalent 

head, 𝜓𝑠 (m), by  

𝜓𝑠 =
−𝑐 ∙ 𝑅 ∙ 𝑇

𝜌𝑤 ∙ 𝑔
 

(2.30) 

The total water potential, 𝜓𝑡, of soil water is estimated as the sum of all the potentials (Campbell, 

1988; Hohmann, 1997) (Equation 2.31). 

 

𝜓𝑡 = 𝜓𝑧 + 𝜓𝑚 + 𝜓𝑝 + 𝜓𝑠 (2.31) 

 

In unsaturated porous media, we typically consider hydraulic head as the dominant potential energy 

term, where  

𝜓ℎ = 𝜓𝑧 + 𝜓𝑚      (2.32) 

 

 

2.2.3 Soil moisture characteristic curve 

 

The soil moisture characteristic curve (SMC) (Wang et al., 2011; Malaya & Sreedeep, 2012), also 

referred to as the soil water retention curve (SWRC) (Iiyama, 2016; Dey et al., 2017) or moisture 

release curve, describes the relationship between soil moisture content and matric potential (Wang 

et al., 2011; Malaya & Sreedeep, 2012; Pham & Fredlund, 2005; Iiyama, 2016; Dey et al., 2017; 

Qi et al., 2018).  
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Figure 2-6: Typical SMC curve showing the different zones (after Hong et al., 2016)  

 

The SMC can be divided into three zones namely the saturated zone, transition zone and the 

residual zone (Figure 2-6) (Vanapalli et al., 1996; Hong et al., 2016). At the saturated zone, most 

of the soil pores are filled with water, and the soil does not drain until the matric potential exceeds 

the air entry value (AEV) (Vanapalli et al., 1996). The air entry value is the matric potential value 

at which air firsts enters the bigger pores as they begin to drain. The transition stage is where there 

is a rapid decrease in moisture content with increasing matric potential (Vanapalli et al., 1996). 

The soil drains under suction until it reaches the residual zone where the moisture content stays 

almost constant with increasing matric potential (Hong et al., 2016). 

 

One fundamental feature of the SMC is that it is hysteretic (Pham & Fredlund, 2005; Dey et al., 

2017). Hysteresis is when the drying and wetting cycles of the same soil produce different SMCs 

(Pham & Fredlund, 2005; Dey et al., 2017). Thus, the drying curve of the same soil holds more 

moisture than the wetting curve at the same matric potential (Figure 2.6). This phenomenon is 

attributed to the pore neck effect, air entrapment, the difference in contact angle between soil 
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particle and soil water, shrink-swell behavior of soils, and ageing (Pham & Fredlund, 2005; Dey et 

al., 2017). 

 

 

Figure 2-7:  The SMC for different soil textures (after Tuller et al., 2004) 

 

The SMC is influenced by soil texture (Qi et al., 2018). At the same matric potential, soils of 

different textures have different moisture contents (Figure 2-7). Clayey soils have more micro-

pores and tend to hold more moisture than silt and sand at the same matric potential. Soil porosity 

is also a function of bulk density. As such, other determinants of soil bulk density such as 

compaction and structure may influence the shape of the SMC.  
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2.3 Physics of Frozen Soils  

 

2.3.1 Freezing and thawing of soils 

 

Freeze-thaw cycles in frozen soils affect most of the physical and mechanical properties of frozen 

soil (Xie et al., 2015). Research has shown that freezing may decrease infiltration due to the 

clogging of soil pores with ice (Maulé & Gray, 1994; Christensen et al., 2013; Zhao et al., 2016; 

Appels et al., 2018). Clogging of soil pores reduces the effective porosity and hydraulic 

conductivity resulting in decreased infiltration rate (Appels et al., 2018), though some findings 

suggest infiltration rates in frozen soils are still high due to air filled pores (Mohammed et al., 

2018). Other physical properties influenced by freeze-thaw cycles are soil structure, aggregate 

stability, soil volume and bulk-density (Xie et al., 2015). Freeze-thaw cycles in cold climates are 

associated with changes in soil temperature (Xie et al., 2015; Zhou et al., 2018) in response to air 

temperature. As soil temperature drops below 0 ℃, ice forms in the soil pores resulting in a 

reduction in the volumetric liquid water content (Figure 2-8). On the reverse, as the ground warms 

up, pore ice begins to melt (Guan et al., 2010) and the volumetric liquid water content increases 

(Figure 2-8). 

 

 

 

Figure 2-8: Response of soil moisture to soil temperature 
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2.3.2 Freezing point depression 

 

Freezing is a spontaneous process that occurs to minimize free energy (𝐹𝐸). Ice (𝑖) and liquid water 

(𝑙) can co-exist only when they have equal free energy, and this occurs at 0 ℃ (𝑇0, ℃) for bulk 

water (Zhang & Liu, 2018). Above 𝑇0, liquid water has lower free energy than ice, and therefore 

liquid water is the stable phase. When the temperature of bulk water drops below 𝑇0 ℃, the free 

energy of the liquid phase becomes higher than that of the solid phase (𝐹𝐸𝑙 >  𝐹𝐸𝑖). This drives 

the transformation of liquid water into ice, and ice becomes the stable phase. Conversely, in a soil 

pore, the free energy of liquid water is reduced, so, soil water does not freeze at 𝑇0. For freezing to 

proceed, the temperature must reduce further to bring the free energy of ice below that of the 

depressed liquid water (the freezing temperature of the depressed liquid water is denoted as 𝑇𝑓, ℃).  

 

This phenomenon is found to be due to 1) capillarity and adsorption (capillary effect) and 2) salts 

(salinity effect) (He et al., 2016; Zhang & Liu, 2018). The capillary effect is due to the 

intermolecular forces of attraction generated between liquid water and the other constituents (soil 

solids, ice, and air) of partially frozen soil (Figure 2-9). These intermolecular forces of attraction 

reduce the free energy of liquid water below that of ice resulting in the depression of freezing point. 

Similarly, the ions of salts block water molecule from coming together close enough to form solids 

(ice) thereby, depressing the freezing point of the water.  

 

 

 

 

Figure 2-9: Inside a freezing soil, interaction between soil constituents (after Miller, 1980, p. 275) 
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Secondly, freezing point depression is progressive, which is to say the water in the continuum of 

different sized soil pore spaces has a distribution of freezing temperatures, and thus freezing occurs 

progressively as the temperature drops below 𝑇0. In terms of the capillary effect, as the soil freezes, 

the remaining liquid water is held tightly unto progressively thinner absorbed films and in smaller 

pores (Spaans, 1994). Hence, the capillary forces and thus the freezing point of the water in an 

individual pore depends upon the pore size (analogous to matric potential), so smaller pores have 

lower freezing temperatures (Spaans, 1994). Similarly, during freezing, salts are excluded from 

ice, making the resulting solution more concentrated. Hence the freezing point of the remaining 

liquid water decreases further. The relationship between the liquid water content and the freezing 

temperature in frozen soil is called the soil freezing characteristic curve (SFC). 

 

2.3.3 Soil freezing characteristic curve  

 

The soil freezing characteristic curve (SFC) quantifies the amount of liquid water co-existing with 

ice in frozen soils as a function of temperature (Flerchinger et al., 2006; Zhou et al., 2014; 

Watanabe & Osada 2017; Ren & Vanapalli, 2019; Ren & Vanapalli, 2020). The SFC is similar to 

the SMC in unfrozen soils (Spaans & Baker, 1996; Flerchinger et al., 2006; Koopmans & Miller, 

1966) except that here the focus is on ice rather than air in unfrozen soils. This similarity is because 

freezing and thawing cycles in frozen soils follow the same physical process as drying and wetting 

in unfrozen soils (Zhang & Liu, 2018). For example, in both freezing and drying, liquid water is 

removed from the soil and replaced with ice in freezing, or air in drying (Spaans & Baker, 1995; 

Zhang & Liu, 2018).  
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Figure 2-10: Conceptual diagram of the SFC (after Ren & Vanapalli, 2018) 

 

Just like the SMC, the SFC can be divided into three sections, namely the boundary effect zone, 

the transition zone and the residual zone (Figure 2-10) (Ren & Vanapalli, 2018). At the boundary 

effect zone, soil water remains as a liquid at subzero temperatures. This is because the freezing 

point of water is depressed and freezing occurs after the ice entry value (IEV). The ice entry value 

is the temperature at which ice penetrates the bigger pores (Ren & Vanapalli, 2018). At the 

transition zone, ice crystals grow in the soil pore resulting in a rapid decrease in the liquid water 

content (Ren & Vanapalli, 2018). The ice crystals continue to grow in the soil pore until the residual 

stage where very little to no liquid water freezes (thus liquid water content stays almost constant 

with decreasing soil temperature) (Ren & Vanapalli, 2018). Also, the SFC is hysteretic, where the 

freezing curve of the SFC has more liquid water than the thawing curve at the same freezing 

temperature (Figure 2-10). 
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2.4 Measurement of the SMC 

 

The SMC is measured either in situ in the field or in the laboratory. The various field and laboratory 

methods for determining the SMC are described in the sub-sections below.  

 

2.4.1 Measuring the SMC in the field 

 

Quantifying the SMC requires simultaneous measurement of soil moisture content and matric 

potential. In the field, different techniques are employed in measuring the soil moisture content and 

matric potential. Examples of field techniques used in measuring moisture content include the use 

of the Neutron Probe (Elder & Rasmussen, 1994), and the dielectric techniques (including Time 

and Frequency Domain Refractometers, and the Coaxial Impudence Dielectric Sensor) (Patterson 

& Smith, 1985; Bitelli et al., 2003; Seyfried & Murdock, 2004; Watanabe et al., 2011; Kelleners 

& Norto, 2012; Susha Lekshmi et al., 2014; Zhou et al., 2014; Yao et al., 2016; Tian et al., 2017). 

The description and operation of the dielectric techniques can be found in section 2.5.1 of this 

thesis. The matric potential is measured using tensiometers (Wallhan, 1939; Schmugge et al., 1980; 

Ridley & Burland, 1993; Tarantino et al., 2008; Susha Lekshmi et al., 2014; Caicedo, 2017), 

thermocouple psychrometers (Cresswell et al., 2008; Bittelli, 2010), and porous block sensors 

(Tarantino et al., 2008). These matric potential measuring instruments are described further in the 

sections below. 

 

2.4.1.1 Tensiometers 

 

Even though tensiometers can be used in the laboratory, especially in large column experiments, 

they are more intended for use in the field. Tensiometers were first introduced in the 1900s to 

measure the tension generated in the root zone of plants (Tarantino et al., 2008). Figure 2-11 is an 

example of a Jet fill vacuum tensiometer which was introduced in the late 90s (Tarantino et al., 

2008). The jet fill vacuum tensiometer is made up of a reserve water tank (for refilling the reservoir 

and for degassing the water in the reservoir), water reservoir, a ceramic cup and a pressure gauge.  
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Figure 2.11: Jet fill vacuum tensiometer (taken from Tarantino et al., 2008) 

 

When the tensiometer is inserted into dry soil, water moves from the ceramic cup of the tensiometer 

into the soil. This generates suction in the tensiometer, which is read by the pressure gauge (Bittelli, 

2010). The design of tensiometers has evolved to more sophisticated and high-efficiency ones. For 

instance, modern tensiometers are equipped with pressure sensors for measuring the matric 

potential of the soil instead of a gauge in the old types. They also have features that allow for 

automating the measurement by connecting to a data logger. An example of such modern type 

tensiometer is the T4e tensiometer from Decagon devices (Figure 2-12). The T4e tensiometer can 

measure matric potential in the range of +100 to -85 kPa (Bam et al., 2019). 
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Figure 2-12: Diagram of the T4e pressure transducer tensiometer with its parts labelled (taken  

                     from the T4e Manual, UMS, 2011) 

 

2.4.1.2 Thermocouple psychrometer 

 

The thermocouple psychrometer method is a technique for estimating the soil matric potential by 

measuring the relative humidity of the air in the soil pores (Cresswell et al., 2008). The measured 

relative humidity is related to the matric potential, 𝜓𝑚  (MPa) through Equation 2.33 (Cresswell et 

al., 2008), assuming that there is no salt in the soil. 

 

 

 

𝜓𝑚 =  
𝑅 ∙ 𝑇

𝑀
(lnℎ𝑟) 

(2.33) 

 

Where R is the real gas constant, T is temperature (K), M is the molecular weight of water, and ℎ𝑟 

(𝑀𝑃𝑎 𝐾−1) is the relative humidity of the water vapor in equilibrium with the soil (Cresswell et 

al., 2008). This method is not suitable in soils with moisture contents close to saturation. Other 
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limitations of the thermocouple psychrometer are that it needs constant cleaning and calibration 

before use and that it is only suitable for small volumes of soil (Bittelli, 2010). 

 

2.4.1.3 Porous block sensors 

 

Porous block sensors are indirect methods for measuring soil matric potential. They are considered 

so because the sensors measure a known property of the block (thermal conductivity or electrical 

conductivity) which is then converted to matric potential through a calibration equation. For 

example, thermal conductivity sensors measure the changes in thermal conductivity of a porous 

block in response to changes in the moisture content of the block. When inserted into wet soil, 

water moves from the soil into the porous block, increasing the moisture content of the block. The 

rise in the moisture content of the porous block is measured as the rise in the thermal conductivity 

of the block (Bulut & Leong, 2008). The thermal conductivity of the porous block is measured by 

heating the block with a heater embedded in the block. The temperature rise associated with heating 

the block is measured and used as an index for calculating the matric potential of the soil (Bulut & 

Leong, 2008). One popular commercially designed thermal conductivity sensor is the Campbell 

Scientific 229 heat dissipation matric water potential sensor (Figure 2-13). The Campbell Scientific 

229 heat dissipation matric water potential sensor has an operating range of -10 to -2500 kPa (Bam 

et al., 2019). 
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Figure 2-13: The Campbell Scientific 229 heat dissipator porous block sensor (taken from the 

                      229 Manual, Campbell Scientific, 2009) 

 

The electrical conductivity sensor measures the electrical conductivity of the block (Tarantino et 

al., 2008). The measured electrical conductivity values are then converted to matric potential value 

through a calibration equation. The calibration equation, however, needs to account for the salinity 

of the soil because salts affect the electrical conductivity of the porous block (Tarantino et al., 

2008). 

 

2.4.2 Laboratory measurement of the SMC 

 

In the laboratory, the SMC is usually measured using the hanging column, pressure plates, 

hydraulic property analyzer (HYPROP), and the filter paper method. These techniques are 

described in detail in the sections below. 

 

2.4.2.1 Hanging column 

 

The hanging column (Figure 2-14) is a technique for measuring the SMC (soil moisture content-

matric potential pairs).  
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Figure 2-14: Hanging column set-up 

 

In this technique, a metallic core containing saturated soil sample is placed in contact with a porous 

ceramic plate (Bittelli, 2010), which is connected to a water reservoir. The water reservoir is 

lowered at different heights (Bittelli, 2010) corresponding to the matric potential of the soil. Doing 

so creates a head gradient between the soil and the reservoir. The head gradient generates a flow 

of water from the soil into the water reservoir. The rise in the water level of the reservoir is 

measured and recorded. This procedure is repeated for different matric potential values. After the 

experiment, the moisture content of the soil is determined by gravimetric analysis. The soil 

moisture contents corresponding to the different heights (matric potential) is calculated by adding 

back the respective water volumes drawn out of the soil. The limitation of this method is that it can 

only work in wet conditions, usually up to a matric potential of -100 cm. 

 

2.4.2.2 The pressure plate apparatus 

 

The pressure plate apparatus (Figure 2.15) consists of a metal chamber, a ceramic plate for holding 

soil cores, and a system for applying pressure to the chamber (Richards & Fireman, 1943). The 

pressure plate can measure the SMC of only intact soil cores. If the sample is disturbed, then it 

must first be packed into sampling rings before measuring the SMC.  
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Figure 2.15: Pressure plate apparatus (after Wang et al., 2015) 

 

First, the soil cores are placed in holes on the ceramic plate and saturated by immersing the entire 

ceramic plate in distilled water. This can take several hours depending on the porosity of the 

ceramic plate and the soil type.  The ceramic plates holding the soil samples are then placed inside 

the metal chamber, and the chamber is closed tightly. Then, the pressure system is opened to 

generate specific pressures in the chamber. The pressure causes water to squeeze out of the soil 

cores into burettes connected to the chamber.  After there is no more water draining from the soil 

under a particular applied pressure (equilibrium established), the volume of water collected in the 

burettes are measured and recorded. After the final pressure is applied, the cores are removed, 

oven-dried and their gravimetric moisture content determined. The soil moisture contents 

corresponding to the pressures applied is determined by adding back the respective water volumes 

drawn out of the soil. The working range of the pressure plate is -10 to -1,500 kPa (Braudeau et al., 

2014; Wang et al., 2015). 

 

2.4.2.3 The hydraulic property analyzer  

 

The hydraulic property analyzer (HYPROP) (Figure 2-16) is an automated system that measures 

the SMC of a soil sample as it progressively dries by evaporation. The HYPROP can measure 

moisture content and matric potential simultaneously. The HYPROP has two vertically offset 

tensiometers, tension top and tension bottom (Breitmeyer & Fissel, 2017). These tensiometers are 

equipped with pressure transducers for measuring the matric potential of the soil. The matric 

potential measurements for the two tensiometers are averaged using equation 2.34 below 

(HYPROP manual version 1.0, 2011). 
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𝜓𝑚 =
1

4
(𝜓𝑚1

𝑖−1 + 𝜓𝑚2
𝑖−1 + 𝜓𝑚1

𝑖 + 𝜓𝑚2
𝑖) 

(2.34) 

 

Where 𝜓𝑚 is the average matric potential between the two tensiometers, 𝜓𝑚1 is the matric potential 

measured by tension top, 𝜓𝑚2 is the matric potential measured by tension bottom, and 𝑖 is the time 

step for the measurements. The tensiometers have a measurement accuracy of about ±0.015 m 

(Breitmeyer & Fissel, 2017). The Hyprop is also equipped with a mass balance for measuring the 

changes in moisture content during evaporation (with an accuracy of ±0.001 g) (Breitmeyer & 

Fissel, 2017).  

 

 

 

Figure 2-16: Schematic diagram of the HYPROP (after Breitmeyer & Fissel, 2017) 

 

To measure the SMC, first, a soil sample is packed into the sampling ring and saturated by placing 

the sampling ring in de-aired distilled water. This allows water to rise through the soil by capillarity 

(Breitmeyer & Fissel, 2017). At the same time, the tensiometers are saturated under pressure and 

left over-night.  Following this, holes are bored into the soil and the tensiometers inserted into the 

soil sample. After this, the sampling ring is placed on the sensor unit. The sample is then allowed 

to evaporate by leaving the top of the sample open to the atmosphere. Measurements of moisture 

content and matric potential are automated by connecting a computer to the sensor unit through a 

USB port. 
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2.4.2.4 Filter paper method 

 

In this method, a dry filter paper is placed on a mass balance to determine its dry mass. After that, 

the filter paper is placed on top of a metallic core containing repacked or intact soil sample (Figure 

2-17). The Whatman No. 42 and the Schleicher and Schuell No. 589 filter papers are commonly 

used in this method (Almeida et al., 2015). After ensuring proper contact between the filter paper 

and soil, the core sample is covered with PVC plastic or aluminium foil (Almeida et al., 2015) and 

stored in a glass jar until suction equilibrium is established between the filter paper and the soil 

(Almeida et al., 2015). After attaining equilibrium, the filter paper is removed and reweighed to 

determine its wet mass. The moisture content of the filter paper is calculated as the relative mass 

of water retained in the filter paper (wet mass − dry mass) relative to the dry mass of the filter 

paper. The matric potential corresponding to the different moisture contents of the soil is 

determined using Equation 2.35 (Almeida et al., 2015). 

 

𝜓𝑚 = 10(6.05−2.48log(𝑢)}   for 𝑢 >  47% 

𝜓𝑚 = 10(4.84−0.0622 log(𝑢)}  for 𝑢 ≤  47% 

(2.35) 

 

Where 𝑢 (%) is the moisture content of the filter paper. Also, the soil sample is placed in an oven 

at 105 ℃ for 24 hours. After 24 hours, the soil is removed and allowed to cool in a desiccator and 

weighed to determine its dry mass. The moisture content of the soil is then determined using 

Equation 2.1 or 2.2. The accuracy of this method depends highly on the accuracy of the calibration 

equation used as well as having proper contact between the filter paper and the soil sample. 
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Figure 2-17: The filter paper method (after Pekrioglu Balkis, 2019) 

 

 

2.5 Measurement of the SFC 

 

There are two main approaches to quantifying the SFC, including 1) direct observation in the field 

or laboratory, and 2) indirect methods of modelling (Ren & Vanapalli, 2020). 

 

2.5.1 Direct measurement of the SFC 

 

Direct measurement of the SFC requires different instruments and techniques for simultaneous 

measurement of liquid water content and soil temperature. Discussed in this section are some of 

the common field and laboratory instruments and techniques employed in measuring the liquid 

water content and soil freezing temperature. 

 

Techniques employed in measuring liquid water content of field and laboratory soils include the 

use of dielectric sensors (Time Domain Reflectometry (TDR), Frequency Domain Reflectometry 

(FDR), and the Coaxial Impedance Dielectric Reflectometry) (Patterson & Smith, 1985; Bitelli et 

al., 2003; Watanabe et al., 2011; Susha Lekshmi et al., 2014; Zhou et al., 2014; Yao et al., 2016; 

Tian et al., 2017; Seyfried & Murdock, 2004; Kelleners & Norto, 2012; Francisca & Montoro, 

2012), gas dilatometer (Spaans & Baker, 1995), and the Neutron Magnetic Resonance technique 
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(NMR) (Tice et al., 1982; Yoshikawa & Overduin, 2005; Watanabe & Wake, 2009; Tian et al., 

2018; Kong et al., 2020). These instruments have their strengths and limitations, especially in 

different soils. However, in recent times, the dielectric methods are mostly used because: 1) they 

are easy to operate; 2) they are less expensive as compared to other techniques and; 3) some of 

them can measure both the liquid water content and soil temperature. The dielectric methods are 

discussed in section 2.5.1.1.  

 

The freezing temperature of the soil is determined with temperature probes: thermistors, 

thermocouples and thermometers. For example, Spaans & Baker (1996) measured the sub-zero 

temperature of a field soil using a thermistor (Campbell Scientific Model AM32 Logan, UT). 

Similarly, in a laboratory experiment, Bitelli et al. (2003) measured the freezing temperature of 

soil using the NTC thermistors model T101D03-DA (CornerStine Sensors, Inc., Vista).  Ren & 

Vanapalli (2020), measured the freezing temperature of soils using RT-1 temperature sensors.  

Watanabe et al. (2011) inserted thirty-four constantan thermocouples into a soil column to measure 

freezing temperature. Cheng et al. (2014) measured the temperature of layered and homogenous 

field profiles with 20 temperature sensors, model DS18B20 (from Dallas semiconductor). Zhou et 

al. (2014) employed 9 PT100 temperature sensors (platinum resistance temperature detector) in 

measuring the sub-zero temperature in a soil column. Azmatch et al. (2012) measured freezing 

temperature using two resistance temperature probes. Lastly, Kelleners & Norto (2012) and Wu et 

al. (2018) measured temperature of seasonally frozen soils in the field using a dielectric 

HydraProbe. These are but a few of the various sensors used in measuring freezing temperature in 

field and laboratory experiments. 

 

2.5.1.1 Dielectric technique of soil moisture determination 

 

The dielectric soil moisture determination technique consists of the Time Domain Reflectometry 

(TDR), the Frequency Domain Reflectometry (FDR) and the Coaxial Impedance Dielectric 

Reflectometry Sensor. The dielectric sensors can be used to measure the liquid water content of 

both unfrozen and frozen soil. This technique exploits the vast difference in the dielectric constant 

of dry soil (= 2-5), pure water (= 81) (Susha Lekshmi et al., 2014), air (~ 1), and ice (~ 3) (West 

et al., 2007). Thus, the bulk dielectric constant of the soil is largely due to water. The sensors 
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measure the bulk dielectric constant, 𝜀𝑏  of the soil. The measured bulk dielectric constant is then 

used to estimate the liquid water content. In unfrozen soils, the liquid water content can be 

estimated from the measured bulk dielectric constant using a physically based dielectric mixing 

model (Equation 2.36) (Roth et al., 1990) or the empirically based Topp equation (Equation 2.37) 

(Topp et al., 1980; Susha Lekshmi et al., 2014; LeBlanc, 2017).  

 

𝜀𝑏  =  [𝜀𝐿
𝛽

∙ 𝜃𝐿 + (1 − 𝜙)𝜀𝑠
𝛽

+ (𝜙 − 𝜃𝐿)𝜀𝑎
𝛽
]

1
𝛽

 
(2.36) 

 

𝜃𝐿 =  4.3 ∗ 10−6 (𝜀𝑏)
3 − 5.5 ∗ 10−4 (𝜀𝑏)

2 + 2.29 ∗ 10−2 (𝜀𝑏) − 5.3 ∗ 10−2   (2.37) 

 

 

 

Where 𝜃𝐿 (𝑚3 𝑚−3 ) is the volumetric liquid water content, 𝜙 is soil porosity, 𝜀𝑠, 𝜀𝑤, 𝜀𝑎 are the 

dielectric constants of soil solids, water, and air, respectively. 𝛽 is an exponent that varies from 1 

to -1 depending on the structure and composition of the soil. In partially frozen soils, however, the 

Topp’s model fails because it cannot account for ice (Tian et al., 2017). Hence, the dielectric mixing 

model for frozen soils (Equation 2.38) (Kelleners & Norto, 2012) is preferred. 

 

𝜀𝑏  =  [𝜀𝐿
𝛽

∙ 𝜃𝐿 + 𝜀𝐼
𝛽

∙ 𝜃𝐼 + (1 − 𝜙)𝜀𝑠
𝛽

+ (𝜙 − 𝜃𝐿 − 𝜃𝐼)𝜀𝑎
𝛽
]

1
𝛽

 
(2.38) 

 

Where 𝜃𝐼  (𝑚
3 𝑚−3 ) is the volumetric ice content, and 𝜀𝐼 is the dielectric constant of ice.  

 

The Time Domain Reflectometry method measures the bulk dielectric constant of soil using the 

difference in the incidence and reflected times of electromagnetic pulse (Susha Lekshmi et al., 

2014) as in Equation 2.39. 

𝜀𝑏  =  (
𝐶 ∙ 𝑡

2𝐿
)

2

 
(2.39) 
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Where C is the velocity of light in space (3.0 × 108 𝑚 𝑠−1), 𝑡 is the transit time for the 

electromagnetic pulse, and 𝐿 is the length of the probe.  

 

The Frequency Domain Reflectometry (FDR) works on the same principle as the TDR, the only 

difference is that the FDR relates the dielectric constant of the soil to the frequency of electrometric 

pulses propagated through the soil (Yao et al., 2016; Susha Lekshmi et al., 2014). Just like the 

TDR, the FDR sends an electromagnetic pulse through the soil, and this is refracted back to the 

output terminal. The difference between the frequencies of the input and output electromagnetic 

waves is measured. This is then used as a measure of the dielectric constant of the soil.  

 

The Coaxial Impedance Dielectric Reflectometry Sensor (Seyfried & Murdock, 2004; Kelleners & 

Norto, 2012; Francisca & Montoro, 2012) propagates electromagnetic waves through the soil 

through its metallic tines (Francisca & Montoro, 2012). Part of the electromagnetic wave is 

reflected to the sensor. The sensor measures the impendence of the reflected signal, which is related 

to the bulk dielectric constant of the soil (Francisca & Montoro, 2012). The Stevens HydraProbe 

(manufactured by the Stevens Water Monitoring System Inc.) is an example of commercially 

available Coaxial Impedance Dielectric Reflectometry Sensor. The HydraProbe (Figure 2-18) is 

less expensive compared to the other dielectric methods and can measure both the real and apparent 

(imaginary) dielectric constants of the soil (Seyfried & Murdock, 2004). The HydraProbe is made 

up of a cable, sensor unit and the tines. The probe is about 12.4 cm in length and has a diameter of 

about 4.2 cm and with tines of length 4.5 cm (Hydra II, Stevens Water Monitoring Systems Inc., 

2007, User’s Manual). The device also has a temperature sensor embedded in it, which measures 

the temperature of the soil (Francisca & Montoro, 2012). Apart from temperature and moisture 

content measurements, the Stevens HydraProbe can also be used to measure the electrical 

conductivity of the soil. The HydraProbe can measure moisture content with an accuracy of 0.01-

0.03 𝑚3 𝑚−3  depending on the soil type (Hydra II, Stevens Water Monitoring Systems Inc., 2007, 

User’s Manual). 
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Figure 2-18: Stevens HydraProbe sensor (taken from Hydra II, Stevens Water Monitoring 

                     Systems Inc., 2007, User’s Manual) 

 

2.5.1.2 Laboratory column experiments 

 

In situ measurement of the SFC is challenging because there is limited control over soil properties 

(bulk density, moisture content, soil temperature, salinity), weather conditions (humidity, rainfall, 

winter), and interference from animals and humans. These factors impede the progress of field 

experiments and introduce numerous errors in the experiments. Laboratory column experiments, 

however, give researchers control over these factors and helps to minimize errors in the 

experiments.  

 

In this study, a soil column is defined as a small compact unit of soil in an impermeable container 

that allows for controlled measurement of the SFC (Lewis & Sjöstrom, 2010). Soil columns are 

usually constructed from PVC pipes (Kreba & Maule, 2010) or plexiglass cylinders (Stähli & 

Stadler, 1997; Zhou et al., 2014). Example of studies that measured the SFC of soil using a 

laboratory soil column includes those of Zhou et al. (2014), Holten et al. (2018), Watanabe et al. 

(2011), Stähli & Stadler (1997), Bing & Ma (2011), Nagare et al. (2011), and Watanabe & Osada 

(2017).  

 

In most of these experiments, the SFC is measured by packing disturbed soil samples into the 

columns and taking simultaneous measurements of liquid water content and freezing temperature. 
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Two main soil packing techniques are employed in literature; these are dry packing (Oliviera et al., 

1996; Lewis & Sjöstrom, 2010) and wet packing. In dry packing, the mass of soil to occupy a 

specific volume is calculated from the dry bulk density of the soil. The soil is then re-packed 

gradually to fill that entire volume (Lewis & Sjöstrom, 2010). Oliviera et al. (1996) observed that 

adding soil in layers of 2 cm, followed by compaction with a metal pestle produced a more 

homogenous column. If the soil is packed dry, the moisture content of the soil is controlled by 

means of a water pump connected to the base of the column (Figure 2-19) or by ponding water on 

the surface of the soil. In wet packing, however, the soil sample is first mixed with water to achieve 

the desire moisture content before packing into the column (Zhou et al., 2014; Watanabe et al., 

2011). 

 

 

 

 

Figure 2.19: Schematic diagram showing how water is applied to a soil column through a water 

                    pump connected to the bottom of the column (after Watanabe & Osada, 2017) 

 

The instruments for measuring the SFC are either inserted vertically into the soil (Teixeira et al., 

2003; Peng et al., 2019) and the soil packed around them or horizontally through holes made at the 

sides of the columns (Stähli & Stadler, 1997; Teixeira et al., 2003; Watanabe et al., 2011; Nagare 

et al., 2011; Zhou et al., 2014; Holten et al., 2018). After packing the soil, the soil is frozen by 
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placing the column in a temperature-controlled bath (Bing & Ma, 2011; Watanabe & Mizoguchi, 

2002) or in a refrigerator (Watanabe & Osada, 2017; Holten et al., 2018). Other means of 

controlling the temperature of the soil column is by bringing one end of the soil column in contact 

with a cold plate (Nagare et al., 2011). In most experiments where the column is placed in a 

refrigerator, the column is first insulated with a rubber sheet or glass wool (Stähli & Stadler, 1997; 

Watanabe et al., 2011; Watanabe & Osada, 2017; Holten et al., 2018). This is to ensure only vertical 

temperature propagation through the soil (Holten et al., 2018).  

 

2.5.2 Theoretical or indirect measurement of the SFC 

 

Direct measurement of the SFC is ideal as it reflects the complexities in nature. However, this 

approach is extremely challenging, time-consuming and requires sophisticated equipment which 

can be expensive. As such, the SFC has been modeled from the SMC in unfrozen soils (Zhang & 

Liu, 2018). The widely used generalized Clapeyron equation (GCE) (Zhang & Liu, 2018; 

Mohammed et al., 2018; Teng, 2020) assumes that in frozen conditions the temperature predicts 

an equivalent effective soil matric potential. Based on this assumption, the GCE has been employed 

extensively in literature for establishing the SFC. This is done by combining the GCE relationship 

with moisture characteristic models to find a relationship between liquid water content and 

temperature. For example, Zhou et al. (2018) and Zhang et al. (2016) modelled the SFC by 

combining the GCE with the Brooks and Corey (1964) and van Genuchten (1980) moisture 

characteristic models, respectively. The van Genuchten model (Equation 2.40) is widely used. 

 

𝜃𝐿  = 𝜃𝑟  +
𝜃𝑠  −  𝜃𝑟  

(1 + |𝛼 ∙ 𝜓𝑚|𝑛)−𝑚
 

(2.40) 

 

Where 𝜃𝐿  (𝑚
3 𝑚 −3) is the volumetric liquid water content, 𝜃𝑟(𝑚

3 𝑚 −3) is the residual moisture 

content, and 𝜃𝑠(𝑚
3 𝑚 −3) is the saturated moisture content or porosity, 𝜓𝑚(𝑚) is the matric 

potential, 𝛼 (𝑚−1) is approximately the inverse of the air entry value,  𝑛 and 𝑚 are dimensionless 

empirical shape-defining parameters (van Genuchten, 1980; Kelleners and Norto, 2012). This 

approach has presented a great opportunity for scientist to study moisture dynamics in frozen soils 

without having to deal with complicated, expensive and time-consuming field and laboratory 
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experiments.  However, the approach does not account for the effects of salts on the SFC (Azmatch 

et al., 2012). Kurylyk & Watanabe (2013) reviewed the different forms of the GCE and concluded 

that all the GCE derivations ignore the salinity effect component of freezing point depression. This 

omission might limit the application of the GCE in real soil and may lead to underestimation of the 

liquid water content.  For instance, earlier work by Koopmans & Miller (1966) on the SFC stated 

that real soils contain unavoidable impurities and the authors suggested that the effect of such 

impurities must be accounted for. Similar studies by Watanabe & Mizoguchi (2002) also 

emphasized that the effects of salts on the amount of liquid water in frozen soils are not well 

understood and that this effect is needed to adequately predict the behavior and amount of liquid 

water in partially frozen soils. 

 

Secondly, there is limited published work that shows how well this theoretical relationship (GCE) 

fits with real observations of the SFC. One study that tries to do so is that of Spaans & Baker 

(1996). In this study, the authors measured the freezing temperature of a clayey soil using a 

thermistor, and the liquid water content using a TDR. The resulting SFC was converted to an 

equivalent SMC by converting the temperature value to matric potential using a modified form of 

the GCE, as shown in Equations 2.41 and 2.42. The GCE is modified to account for “osmotic 

potential”, which the authors conclude is important at temperatures just below 0 ℃, and the 

temperature dependence of the latent heat of fusion. The authors compared the results with 

observed SMCs for the same soil measured using a combination of methods including a hanging 

column, a Tempe cell, and a pressure plate showing a good agreement between the SFC and SMC 

(Figure 2-20). However, the authors did not provide information on the measured electrical 

conductivities (𝜎𝑠𝑝) and the temperature values for the SFC, making it impossible to replicate the 

study.   

 

𝜓𝐿 = −712.38 ln(𝑇 𝑇𝑜⁄ ) + 5.545 (𝑇 − 𝑇𝑜) − 3.14 ×  10−3(𝑇2 − 𝑇𝑜
2) − ∏𝐿 (2.41) 

 

∏𝐿 = −39𝜎𝑠𝑝(𝑊𝑠𝑝 ∙ 𝜌𝑏)/(𝜃𝐿 ∙ 𝜌𝐿
2)(𝑇 298⁄ ) (2.42) 
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Where T is soil temperature, ∏𝐿 ( 𝑘𝐽 𝑘𝑔−1) is the osmotic potential, 𝜎𝑠𝑝 (𝑚𝑆 𝑐𝑚−1) is the electrical 

conductivity of saturated paste extract, and 𝑊𝑠𝑝 (𝑘𝑔 𝑘𝑔−1) is the wetness of the sample. 

 

 

 

Figure 2-20: Figures showing the similarities between the observed SMCs and SFCs modelled 

                     using the GCE (after Spaans & Baker,1996) 

 

The above research gaps have necessitated further study to understand the effect of salts on the 

SFC properly and to show how the GCE and other alternative models compare with observations 

from the laboratory and different field sites. 

 

2.5.2.1 Derivation of the Generalized Clapeyron equation (GCE) 

 

The GCE is a thermodynamic model that describes the equilibrium relationship between freezing 

temperature and pressure in frozen soils (Kurylyk & Watanabe, 2013; Teng, 2020). It stems from 

the Gibbs-Duhem’s free energy concept of phase change (Hayashi, 2013; Kurylyk & Watanabe, 

2013) which is represented by Equation 2.43.  

 

𝑑𝐺 = 𝑉𝑑𝑃 − 𝑆𝑑𝑇   (2.43) 
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Where G (𝐽 𝑘𝑔−1 ) is the Gibbs free energy, V (𝑚3 𝑘𝑔−1) is the specific volume, S (𝐽 𝐾−1 𝑘𝑔−1) 

is entropy, and T is soil temperature (𝐾). Equation 2.43 can be written for the ice (𝐼) and liquid (𝐿) 

phases in a frozen soil as in Equation 2.44 and Equation 2.45, respectively. 

 

 

𝑑𝐺𝐼 = 𝑉𝐼𝑑𝑃𝐼 − 𝑆𝐼𝑑𝑇   (2.44) 

 

𝑑𝐺𝐿 = 𝑉𝐿𝑑𝑃𝐿 − 𝑆𝐿𝑑𝑇   (2.45) 

 

At the freezing point, 𝑑𝐺𝑖 = 𝑑𝐺𝑙 (Williams & Smith, 1989, p 5). Hence Equation 2.44 and 2.45 can 

be equated as:  

 

𝑉𝐼𝑑𝑃𝐼 − 𝑆𝐼𝑑𝑇 =  𝑉𝐿𝑑𝑃𝐿 − 𝑆𝐿𝑑𝑇    (2.46) 

 

Grouping like terms in Equation 2.46 gives Equation 2.47. 

 

𝑆𝐿𝑑𝑇 − 𝑆𝐼𝑑𝑇 = 𝑉𝐿𝑑𝑃𝐿 − 𝑉𝐼𝑑𝑃𝐼      (2.47) 

 

Equation 2.47 can be re-arranged as: 

 

(𝑆𝐿 − 𝑆𝐼)𝑑𝑇 = 𝑉𝐿𝑑𝑃𝐿 − 𝑉𝐼𝑑𝑃𝐼       (2.48) 

 

The change in entropy between the two phases is a function of temperature and latent heat of fusion, 

𝐿𝑓, 𝐽 𝑘𝑔−1 (Equation 2.49) (Williams & Smith, 1989, p. 190). 

 

𝑑𝑆 =
𝐿𝑓

𝑇
  

    (2.49) 

 

Equation 2.49 can, therefore, be substituted into Equation 2.48 as: 
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𝐿𝑓

𝑇
𝑑𝑇 = 𝑉𝐿𝑑𝑃𝐿 − 𝑉𝐼𝑑𝑃𝐼  

    (2.50) 

 

Assuming the pressure of the ice phase is constant (𝑑𝑃𝐼 = 0). Equation 2.50 is then reduced to  

 

𝐿𝑓

𝑇
𝑑𝑇 = 𝑉𝐿𝑑𝑃𝐿 

    (2.51) 

 

Equation 2.51 can be simplified further to give Equation 2.52 below. 

 

𝑑𝑃𝐿

𝑑𝑇
=

𝐿𝑓

𝑇 ∙ 𝑉𝐿
 

    (2.52) 

 

Assuming that at atmospheric pressure, 𝑃0= 0, then Equation 2.52 can be solved for pressure as: 

 

𝑃𝐿 =
𝐿𝑓

𝑉𝐿
ln (

𝑇

𝑇𝑓
) 

     (2.53) 

 

Where 𝑇𝑓 (𝐾) is freezing temperature of soil water under a specific set of conditions. Dividing both 

sides of equation 2.53 by 𝜌𝐿 . 𝑔 gives us  

 

𝑃𝐿

𝜌𝐿 ∙ 𝑔
=  

𝐿𝑓

𝑉𝐿 ∙ 𝜌𝐿 ∙ 𝑔
ln (

𝑇

𝑇𝑓
) 

     (2.54) 

 

The left-hand side of the Equation 2.54 is the same as 𝜓. But  𝑉𝐿  is specific volume, 
𝑣𝐿

𝑀𝐿
 ,which is 

the same as the inverse of the density of water. So, Equation 2.54 becomes 

 

𝜓 = 
𝐿𝑓 ∙ 𝜌𝐿

𝜌𝐿 ∙ 𝑔
ln(

𝑇

𝑇𝑓
) 

     (2.55) 

 

Equation 2.55 can be simplified further to  
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𝜓 = 
𝐿𝑓

𝑔
ln (

𝑇

𝑇𝑓
) 

   (2.56) 

 

Equation 2.56 represents the Generalized Clapeyron equation (GCE) which is fundamental to 

studying freezing point depressions in frozen soils. 

 

 

2.6 Summary 

 

Freezing point depression is quantified at the soil continuum scale through the freezing 

characteristics curve (SFC). The ideal way of measuring the SFC is by measuring moisture content 

and soil temperature simultaneously in the field or laboratory using various soil moisture and 

temperature probes. However, this approach is extremely challenging, expensive and time 

consuming. As such scientists have modelled the SFC using the GCE with parameters from the 

SMC in unfrozen soils. Meanwhile, the effects of salts are not accounted for explicitly. Further, 

there is limited published work that shows how well the GCE compares with observed relationships 

in the field and laboratory. These gaps have set the stage for this current study. In Chapter 3, 

experiments are designed to obtain both laboratory and field data that quantifies the SMC and SFC 

for different soil textures and salinities and to compare the results with those obtained from the 

GCE and other alternative relationships.  
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CHAPTER 3 

 

MATERIALS AND METHODS 

 

This part of the thesis is to discuss the materials and methods used in this study. The section is 

organized into 3 main sections including 1) Laboratory experiments 2) Field experiments and 3) 

Modelling. 

 

3.1 Laboratory experiments 

 

The objective of the laboratory experiments was to study the SMC and SFC of silica sand under 

controlled conditions. Silica sand was used with de-ionized water to give very low dissolved solutes 

in the pore water. The silica sand used was a fine-medium standard graded sand (ASTM C778 

graded sand from Ottawa, Illinois Region, United States) with particle size ranging from 0.01 mm 

to 1 mm. The particle size was determined using the mechanical shaking method (Yan et al., 2017; 

Pekrioglu Balkis, 2019) with a set of sieves. The results for the particle size analysis is shown in 

Figure 3-1. Other physical properties of the sand, including particle density, dry bulk density, and 

porosity are summarized in Table 3-1. Particle density was measured using the pycnometer method 

as described by Pires et al. (2015), and the soil porosity was determined as the saturated volumetric 

moisture content of the soil. In both methods, adequate soil packing was achieved by carefully 

beating the sides of the soil container with a wooden meter rule until there was no change in the 

level of the sand in the container. If the level of the sand dropped, more soil was added and the 

beating repeated. The bulk density of the soil was computed from the measured particle density 

and porosity. 
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Figure 3-1: Grain size distribution for the silica sand 

 

 

 

Table 3-1: Physical properties of the silica sand 

 

Soil property value Method 

Particle density (𝜌𝑠) 2.5 𝑔 𝑐𝑚−3 

 

Pycnometer method 

 

Porosity (𝜂) 0.42 
𝜂 =

𝑉𝑓 

𝑉𝑡
 

Bulk density (𝜌𝑏) 

 

1.45 𝑔 𝑐𝑚−3 𝜌𝑏 = (1 − 𝜂) ∙ 𝜌𝑠 

 

Where 𝑉𝑓 is the volume occupied by fluid and 𝑉𝑡 is the total volume of the soil.  
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3.1.1 Soil moisture characteristic curve 

 

The soil moisture characteristic curve (SMC) of the sand was measured using the HYPROP set-up 

(Figure 3-2) (UMS GmBH in Munich, Germany). A detailed description of the HYPROP and its 

operation can be found in chapter 2.4.2.3 of this thesis. The sand was repacked into the sampling 

ring of the HYPROP using the same packing techniques as described in section 3.1 above. The 

measured bulk density of the repacked soil was 1.55 𝑔 𝑐𝑚−3, which is higher than the actual bulk 

density of the sand (Table 3-1). This may be due to overpacking of the soil sample. Following soil 

packing, the sample was saturated by placing the sampling ring in a bowl of de-aired distilled water 

for 24 hours. After 24 hours, the sampling ring was removed from the bowl and placed on top of 

the sensor unit of the equipment. The soil was then allowed to dry by evaporation. Soil moisture 

content and matric potential were measured simultaneously by the HYPROP using a mass balance 

and two vertically offset tensiometers, respectively. The entire set-up was connected to a computer 

to log the soil moisture and matric potential measurements. 

 

 

 

Figure 3-2: Laboratory set-up for measuring the SMC of the silica sand using the HYPROP 

                   equipment 
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3.1.2 Soil freezing characteristic curves 

 

The freezing characteristic curve (SFC) of the silica sand was measured using two soil columns 

(Seth 1 and Seth 2) each with dimensions 20 cm (diameter) × 40 cm (height). Seth 2 was used as 

a control experiment, but its results are not reported due to some errors in the measuring 

instruments. The columns were made from PVC pipes with one end glued unto an acrylic plexiglass 

using a waterproof JB weld Epoxy. The columns were insulated at their sides with two layers of 

single-faced fiberglass to minimize horizontal temperature propagation through the columns. The 

top of the columns was left open so that freezing will begin from the surface of the soil. The bottom 

of the columns was not insulated, but the acrylic plexiglass seal at the bottom of the columns was 

thick enough to prevent freezing from beneath the columns. 

 

The soil was prepared at two different target moisture contents, 0.05 and 0.24 𝑚3 𝑚−3  by 

thoroughly mixing by hand the appropriate amount of oven-dried soil and de-ionized water in a 34 

L plastic container (Figure 3-3). For the saline treatments, the appropriate mass of salt was weighed 

and dissolved completely in the appropriate amount of de-ionized water before missing with the 

soil. Sodium chloride salt (181331 sodium chloride, crystalline) with percent purity ≥ 99.0 % from 

Fisher scientific was used for this experiment. The mass of salt, 𝑚𝑆, and volume of water, 𝑉𝑤 , used 

for the various salt and moisture content treatments are detailed in Table 3-2 below. 
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Figure 3-3: Picture depicting the mixing of soil and water treatments with the hand 

 

 

Table 3-2: Salt and water treatments used in the laboratory freezing experiment 

 

 

 

 

 

 

 

 

 

 

Where 𝑐𝑆  is the concentration of salt. 

 

 

 

Treatment 𝑉𝑡 

(𝑙) 

𝜃𝑣 

(𝑚3 𝑚−3) 

𝑉𝑤 

(l) 

𝑐𝑆 

(𝑔 𝑙−1) 

𝑚𝑆 

(𝑔) 

1 12.580 0.05 0.629 0 0 

2 12.580 0.05 0.629 2 1.258 

3 12.580 0.05 0.629 8 5.032 

4 12.580 0.05 0.629 16 10.064 

5 12.580 0.24 3.0192 0 0 

6 12.580 0.24 3.0192 2 6.0384 
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The soil was then packed into the columns at 5 cm intervals and compacted with the base of a 250 

ml flat bottom flask. Three (3) pre-calibrated Steven’s HydraProbes were inserted into the soil at 5 

cm, 15 cm, and 30 cm depths in the columns (Figure 3-4). The Stevens HydraProbe was used 

because of three reasons 1) it was readily available 2) it can measure soil moisture content and 

temperature simultaneously and 3) it is the same instrument used in the field experiments. The 

Stevens HydraProbe measures soil moisture content using the dielectric method, which relates the 

measured dielectric constant to the moisture content through a calibration equation (calibration 

equation specified by the Steven Water monitoring System Inc, 2007).  At each soil depth, a probe 

was inserted vertically into the soil, and the soil was packed around it. The probes were numbered 

according to their position within the column (probe 1 at 5 cm, probe 2 at 15 cm, and probe 3 at 30 

cm, all from the start of the tines of the probes). This was to ensure that the same probe was used 

at the same depth every time the SFC was measured. Following the soil packing, the columns were 

covered with a polyethylene sheet to prevent evaporation and allowed to sit for two days for 

moisture to equilibrate in the columns. 

 

 

 

Figure 3-4: Schematic diagram of laboratory set-up for measuring the SFC 
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Figure 3-5: Actual laboratory set-up for measuring the SFC 

 

 

The columns were then placed in a freezer (Figure 3-5) to measure the SFC. For every treatment, 

both the freezing and thawing curves were measured. For the freezing runs, the temperature of the 

freezer was set constantly at -5 ℃. The soil was allowed to freeze until the temperature of all the 

soil depths approached the freezer temperature or when the moisture content stayed constant. 

Afterwards, the temperature of the freezer was raised to and kept constant at 4 ℃ for the soil to 

thaw. The thawing runs were terminated when all the soil depths reached a temperature greater 

than 0 ℃. Soil moisture content (𝑚3 𝑚−3) and temperature (℃) data were logged every minute 

using a CR 3000 series data logger from Campbell Scientific. The stored data were retrieved 

manually by means of a laptop for analysis. 

 

 

 

 

 



 48 

3.2 Field Experiments 

 

3.2.1 Description of study sites 

 

The rationale behind the field study was to characterize the SMC and SFC for different fields with 

varying texture and salinity. The field studies were conducted using observations collected at the 

St Denis National Wildlife Area (SDN) in the Canadian prairies (Bam et al., 2019; Bam & Ireson, 

2019) and the Boreal Ecosystem Research and Monitoring Sites (BERMS) Old Jack Pine (OJP) 

site in the boreal plans ecozone in Saskatchewan (Ireson et al., 2015; Nazarbakhsh et al., 2020), 

each of which is described below. 

 

3.2.1.1 St. Denis study site 

 

The St Denis (SDN) field site is located in the semi-arid, cold Canadian prairies ecozone about 40 

km east (106° 5' 36" W, 52° 12' 34" N) of Saskatoon, Saskatchewan (Hayashi et al., 1998; 

Nachshon et al., 2014; Budhathoki, 2018). The site is partly cropped with wheat, barley, and canola 

while the rest of the vegetation is a combination of native and introduced grasses (Hayashi et al., 

1998, Bam et al., 2019). The SDN site is characterized by an undulating hummocky topography 

(Hayashi et al., 1998; Nachshon et al., 2014; Bam et al., 2019) with silty stratified sediments and 

glacial tills (Hayashi et al., 1998; Nachshon et al., 2014; Bam et al., 2019). The top 5 m of the till 

is weathered and has hydraulic conductivity values ranging from 10−8 -10−6 𝑚 𝑠−1(Parsons et al., 

2004). Soils at SDN can be high in salt, particularly sulphate salts (Nachshon et al., 2014). The site 

experiences mean annual precipitation (1967-1996) of about 358 mm, of which about 74 mm 

occurred as snow (November to April) (Budhathoki, 2018). The mean monthly temperature for the 

site is -14.7 ℃  around January and February and 18.7 ℃ between July and August months (Bam 

& Ireson, 2019).  

 

 

 

 

 



 49 

3.2.1.2 Old Jack Pine study site 

 

The Berms Old Jack Pine (OJP) site is located east of Prince Albert National park in the southern 

Canadian Boreal Forest (104.69° W, 53.92° N, and at an altitude of 579.3 m), Saskatchewan, 

Canada (Nazarbakhsh et al., 2020). As the name implies, the OJP site is dominated by jack pine 

(Pinus banksiana Lamb.) with an understory of reindeer lichen (Cladonin spp.) (Barr et al., 2012; 

Nazarbakhsh et al., 2020). The soil at OJP is a well or rapidly drained sandy soil (Barr et al., 2012; 

Nazarbakhsh et al., 2020) with a water table depth of at least 5 m below the soil surface (Barr et 

al., 2012). The OJP site receives an average precipitation of between 430 and 640 mm annually 

(Ireson et al., 2015). It is estimated that about 21 % to 31 % of the total precipitation at this site 

occurs as snow (Ireson et al., 2015, Nazarbakhsh et al., 2020). The site experiences a mean monthly 

temperature of around -10 ℃  in January and 20 ℃ in July (Nazarbakhsh et al., 2020). 

 

3.2.2 Description of field data sets 

 

The various data sets used in the field studies (for both the SDN and OJP sites), how the data were 

measured, and the steps involved in post-processing the data are described in this section. 

 

3.2.2.1 SDN field site 

 

At SDN, soil moisture data were measured on a stretch of cultivated land called the Uri transect 

which lies between two ponds (pond 107 and 108) (Budhathoki, 2018). A detailed description of 

the Uri transects and the pond system at the site is found in Budhathoki (2018). The Uri transect 

has three soil profiles, namely upslope, mid-slope and downslope (Budhathoki, 2018). In this study, 

however, only observation from the upslope profile is used and is referred to as URI 1. Data sets 

used in the SDN analysis include time series data of soil moisture content (𝑚3 𝑚−3), soil 

temperature (℃), and matric potential (𝑚). The soil moisture content and soil temperature were 

measured using Steven’s HydraProbes from Campbell Scientific for five different soil depths (5 

cm, 20 cm, 50 cm, 100 cm, and 300 cm). These HydraProbes are the same as those used in the 

laboratory experiments. In this study, soil moisture content and temperature measurements at the 

5 cm, 20 cm and 50 cm depths are used. The reason the deeper depths were not used is that the soil 
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temperatures did not drop much below 0 ℃ at these depths. The soil matric potential was measured 

at the same soil depths as the other data sets (5 cm, 20 cm, and 50 cm) using the 229 heat dissipation 

matric water potential sensor from Campbell scientific.  

 

3.2.2.2 OJP field site 

 

For the OJP site, soil moisture content and temperature data sets for different soil depths exist. 

However, in this study, soil temperature data at 5 cm depth and moisture content data at the top 15 

cm were used. The reason is that the soils do not freeze much below 15 cm, which could be because 

the trees and understory provide insulation that keeps the soil warm. This site also does not have 

matric potential measurements, which are needed for establishing the SMC. As such, SMC data set 

published by Cuenca et al. (1997) for the same field site was used in this study. Cuenca et al. (1997) 

measured moisture content using both the neutron probe (Campbell Pacific Nuclear 503 

Hydroprobe) and the TDR. Soil matric potential was also measured using a combination of in situ 

tension disk infiltrometers and water retention data from the laboratory (measured using soil cores). 

These experiments are described in detail in the paper. The raw data points were extracted from 

the original plot using a WebPlotDigitizer application software (Version 4.2) (Rohatgi, 2015). 

 

3.2.3 Data retrieval and post-processing 

 

The data sets for both field sites were accessed and retrieved through the Global Institute of Water 

security’s Water Information System KIsters (WISKI) using a python script. The data were stored 

as csv files and further imported into python for processing. Different start and end dates were 

selected each year for the drying curves (unfrozen period) as well as the freezing and thawing 

curves (frozen period) by carefully looking at the data sets. The start and end dates for the SDN 

site are published in Tables 3.3 and 3.4 below. Featured in the tables are the frequencies at which 

the data sets were sampled. Hourly frequency is denoted with ‘H’ in the tables. This same technique 

was employed at the OJP site to identify the start and end dates for the freezing and thawing periods. 

The start and end dates for the OJP site are not reported here because they are not as uniform as 

those of the SDN site. 
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Table 3-3: Start and end dates for the SDN URI 1 drying curves 

 

Year Start date End date Frequency 

of data 

 

URI 1, 5cm 

2013 2013-05-01 2013-09-24 H 

2014 2014-08-15 2014-09-30 H 

2015 2015-06-28 2015-07-30 H 

2016 2016-06-24 2016-07-10 H 

2017 2017-06-21 2017-07-31 H 

2018 2018-06-13 2018-07-20 H 

 

URI 1, 20 cm 

2013 2013-08-10 2013-09-24 H 

2014 2014-08-02 2014-09-24 H 

2015 2015-06-28 2015-07-26 H 

2016 2016-06-29 2016-07-28 H 

2017 2017-06-30 2017-07-29 H 

2018 2018-06-20 2018-09-20 H 

 

URI 1, 50 cm 

2013 2013-08-29 2013-09-30 H 

2014 2014-08-20 2014-09-30 H 

2015 2015-07-21 2015-07-26 H 

2016 2016-08-31 2016-09-30 H 

2017 2017-07-31 2017-09-30 H 

2018 2018-08-31 2018-09-30 H 
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Table 3-4: Start and end dates for the freezing period (F) and thawing period (T) for SDN URI 1 

 

Year Start date End date Data type Frequency 

of data 

 

URI 1, 5cm 

2013 

 

2013-11-06 2013-12-12 F H 

- - - - 

2014 2014-11-30 2014-12-31 F H 

2014-03-01 2014-04-24 T H 

2015 2015-01-31 2015-02-28 F H 

2015-03-01 2015-03-30 T H 

2016 2016-11-30 2016-12-31 F H 

- - - - 

2017 2017-11-22 2017-12-31 F H 

2017-03-01 2017-04-09 T H 

2018 2018-11-30 2018-12-31 F H 

2018-03-31 2018-04-23 T H 

 

URI 1, 20 cm 

2013 

 

2013-11-11 2013-12-31 F H 

- - - - 

2014 2014-11-30 2014-12-31 F H 

2014-03-01 2014-04-29 T H 

2015 2015-01-31 2015-02-28 F H 

2015-03-01 2015-04-04 T H 

2016 2016-11-30 2016-12-31 F H 

- - - - 

2017 2017-11-17 2017-12-31 F H 

2017-03-01 2017-05-02 T H 



 53 

2018 2018-11-17 2018-12-31 F H 

2018-03-01 2018-04-25 T H 

 

URI 1, 50 cm 

2013 

 

- - - - 

- - - - 

2014 2014-01-31 2014-02-28 F H 

2014-03-01 2014-05-02 T H 

2015 2015-01-21 2015-02-28 F H 

2015-03-01 2015-04-09 T H 

2016 - - - - 

- - - - 

2017 2017-01-31 2017-02-28 F H 

2017-03-01 2017-05-10 T H 

2018 2018-01-31 2018-02-28 F H 

2018-03-01 2018-04-25 T H 

 

3.3 Modelling 

As noted earlier, two possible causes of freezing point depression in soils have been identified: i) 

capillarity and adsorption effects on the free-energy of the pore-water, which is related to the soil 

pore-size distribution (hereafter capillary effects); and ii) effect of salt on the freezing temperature 

of water. In this study, models are applied to simulate the soil freezing characteristic curve 

assuming: 1) capillary effects alone; 2) salinity effects alone; and 3) combined capillary and salt 

effects. The objective of this part of the thesis is to develop models to represent all three scenarios 

so they can be validated using the field and laboratory observations. 
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3.3.1 Model governing equations 

 

Note that here, the unit of temperature is always in Kelvin. The soil temperature is denoted 𝑇. The 

freezing temperature for free pure water at atmospheric pressure is denoted 𝑇0 and has a value of 

273.15K. The freezing temperature of soil water under a specific set of conditions is denoted as 𝑇𝑓. 

The freezing point depression of soil water is also denoted  𝑇𝑑 and is the negative temperature 

below 𝑇0. Hence 

𝑇𝑓 =  𝑇0 + 𝑇𝑑                                                                   (3.1) 

3.3.1.1 Capillary effect model 

 

In the absence of salt, freezing point depression is solely due to attractive forces generated by the 

soil pores (capillarity and adsorption) and this is represented by the Generalized Clapeyron 

Equation, GCE, which relates matric potential to freezing temperature as in Equation 2.56 of 

section 2.5.2.1. For the purpose of this study, Equation 2.56 is slightly modified as in Equation 3.2. 

𝜓 = 𝑚𝑖𝑛 (𝜓𝑎 ,
𝐿𝑓

𝑔
 ln (

𝑇

𝑇𝑓
)) 

                                                                  (3.2) 

Equation 3.2 can be approximated as  

𝜓 = 𝑚𝑖𝑛 (𝜓𝑎 ,
𝐿𝑓(𝑇𝑓 − 𝑇0)

𝑔 ∙ 𝑇𝑓
) 

                                                                    

which is the same as 

𝜓 = 𝑚𝑖𝑛 (𝜓𝑎 ,
𝐿𝑓 ∙ 𝑇𝑑

𝑔 ∙ 𝑇𝑓
) 

                                                                  (3.3) 

Where 𝜓𝑎 is the actual matric potential. 

The effective matric potential, 𝜓 (m) is related to liquid water content through the van Genuchten 

equation (VGN) as in equation 3.4 (van Genuchten, 1980; Kelleners & Norto, 2012; Qi et al., 2018) 
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𝜃𝐿 = 𝜃𝑅 + (𝜃𝑠 − 𝜃𝑅)(1 + (𝛼𝜓)𝑛)−𝑚                                                                   (3.4) 

Combining Equation 3.3 and 3.4 results in a relationship for the liquid water content as a function 

of freezing temperature and the actual matric potential. This relationship describes the SFC for 

soils without salts. Figure 3-6 below shows the behavior of the capillary model simulated using 

arbitrary soil parameters (parameters values are summarized in Table 3-5).  

 

Figure 3-6: Capillary model simulations with arbitrary soil parameters and differing 𝜓𝑚 (or 

                    differing total water contents) 

 

Table 3-5: Arbitrary soil parameters used in the model simulations 

 

VGN parameters Value 

𝛼 (𝑚−1) -4.79 

𝑛 5 

𝑚(1 − 1
𝑛⁄ ) 0.8 

𝜃𝑟 (𝑚3 𝑚−3) 0.07 

𝜃𝑠 (𝑚3 𝑚−3) 0.3 
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3.3.1.2 Salt exclusion model 

 

In saline frozen soils, salts are excluded from the ice phase during freezing, making the remaining 

solution more concentrated leading to a further depression in the freezing point of the remaining 

liquid water. If capillary effects are ignored, the freezing point depression (𝑇𝑑) will depend solely 

on salt concentration. Table 3-6 show observed data for salt concentration against freezing point 

depression for sodium chloride salt (NaCl). 

 

Table 3-6: Freezing point depression of an aqueous NaCl solution (from Haghighi et al., 2008) 

 

Salt mass X (%) 1 5 10 15 18 

𝐓𝐝 (𝐊) 0.58 3.04 6.79 11.02 14.29 

 

Let X (%) be the mass fraction of salt in an aqueous solution such that  

 

𝑋 = (
𝑚𝑠

𝑚𝑤
) 100 

                                                                  (3.5) 

The mass of salt can be converted to concentration of salt, 𝑐 (𝑔 𝑙−1) by multiplying by the density 

of liquid water, 𝜌𝐿  (𝑔 𝑙−1), as in Equation 3.6 

 

𝑐 =
𝑋 ∙ 𝜌𝐿

100
 

                                                                  (3.6) 

 

The relationship between freezing point depression and salt concentration is assumed to be a 2nd 

order polynomial function passing through the origin 
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𝑐 = 𝑝1 ∙  𝑇𝑑
2 + 𝑝2 ∙  𝑇𝑑                                                                      (3.7) 

 

𝑝1 and 𝑝1 are found by fitting Equation 3.7 to the observed data using linear regression (Figure 3-

7). 

 

Figure 3-7: Polynomial relationship describing freezing point depression of NaCl saline solution 

Following the fitting, the values of  𝑝1 and 𝑝2 were found to be -0.34179 and -17.36659, 

respectively. Moreover, making 𝑇𝑑  the subject of Equation 3.7 above results in a quadratic formula 

(Equation 3.8). 

 

𝑇𝑑 =
−𝑝2 − √𝑝2

2 + 4𝑝1 ∙ 𝑐

2𝑝1
                                                                   (3.8) 

Now, assuming that the mass of salt in a control volume, 𝑚𝑠, is fixed, then; 

 

𝑐 =
𝑚𝑠

(𝜃𝐿 − 𝜃𝑅) ∙ 𝑉
   

                                                                (3.9) 
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Inserting Equation 3.9 into 3.8 gives Equation 3.10, which can further be substituted into Equation 

1 to give equation 3.11. 

 

𝑇𝑑 =
−𝑝2 − √𝑝2

2 +
𝑚𝑠 ∙ 4𝑝1

(𝜃𝐿 − 𝜃𝑅) ∙ 𝑉

2𝑝1
   

                                                               (3.10) 

 

 

𝑇𝑓 = 𝑇0 +
−𝑝2 − √𝑝2

2 +
𝑚𝑠 ∙ 4𝑝1

(𝜃𝐿 − 𝜃𝑅) ∙ 𝑉

2𝑝1
 

                                                               (3.11) 

 

Solving Equation 11 for 𝜃𝐿 gives  

 

𝜃𝐿 =
𝑚𝑠 ∙ 4𝑝1

(((𝑇0 − 𝑇𝑓)2𝑝1 − 𝑝2)
2
− 𝑝2

2)𝑉
 + 𝜃𝑅                                                                 (3.12) 

 

Now, if  𝑇𝑓 = 𝑇, this equation returns the maximum possible liquid water content for a given 𝑚𝑠. 

This is true since if any further liquid water is added, the concentration would reduce, the freezing 

point temperate would increase, and this liquid water would freeze. The actual liquid water content, 

then, is given by 

 

𝜃𝐿 = 𝑚𝑖𝑛 (𝜃𝑇 ,
𝑚𝑠 ∙ 4𝑝1

(((𝑇0 − 𝑇𝑓)2𝑝1 − 𝑝2)
2
− 𝑝2

2)𝑉
 + 𝜃𝑅) 

                                  (3.13)                                                                         
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where 𝜃𝑇 is the total water content, corresponding to 𝜓𝑎 . This model then predicts 𝜃𝐿 based on  

𝜓𝑎  and 𝑚𝑠, with no dependency on the soil hydraulic properties. Simulation of the salt exclusion 

model for different salt concentrations and moisture content is shown in Figure 3-8 below. The 

simulations show that freezing point depression increases with increasing salt concentration or 

more water remains unfrozen at the same temperature at higher salt concentrations (represented by 

a shift of the curve to the left-hand side of the plot). 

 

Figure 3-8: Simulated results for the salt exclusion model using arbitrary parameters and differing 

                  (a) salt mass (per bulk soil volume) and (b)  𝜓𝑚 (or total water contents) 

 

 

3.3.1.3 Combined capillary salt model 

 

Now Equation 3.3 describes freezing point depression due to capillary forces and Equation 3.11 

describes freezing point depression due to salt. In order to represent the effect of both capillary 

forces and salts, Equation 3.3, 3.4 and 3.11 must be combined, isolating 𝜃𝐿 at one end of the 

resulting equation. However, combining these three equations results in Equation 3.14 with 𝜃𝐿 on 

both sides of the equation. Thus, the equation remains unsolvable and this was verified with 

symbolic python (sympy). 
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𝜃𝐿 = 𝑚𝑖𝑛

(

 
 
 
 
 
 

𝜓𝑎, 𝜃𝑅 + (𝜃𝑠 − 𝜃𝑅)

[
 
 
 
 
 
 
 
 

 

[
 
 
 
 
 
 
 

𝐿𝑓 ∙ 𝑇𝑑 ∙ 𝛼 

[
 
 
 

𝑇0 +
−𝑝2 − √𝑝2

2 +
𝑚𝑠 ∙ 4𝑝1

(𝜃𝐿 − 𝜃𝑅)𝑉
2𝑝1

]
 
 
 

 

𝑔

]
 
 
 
 
 
 
 
𝑛

+ 1

]
 
 
 
 
 
 
 
 
−𝑚

)

 
 
 
 
 
 

 

                                

(3.14)                                                                         

 

 

 

The following iterative procedure was, therefore employed in solving equation 3.14: 

1) Initial guess for 𝜃𝐿= 𝜃𝐿,𝑖 

2) Calculate 𝑇𝑓 from Equation 3.11 

3) Calculate 𝜓 with Equation 3.3 

4) Calculate 𝜃𝐿 with Equation 3.4 

5) If (𝜃𝐿 − 𝜃𝐿,𝑖)
2 > 𝜖 then set 𝜃𝐿,𝑖= 𝜔𝜃𝐿 + (1 − 𝜔 ) 𝜃𝐿−𝑖 and return to 2. Repeat until converged or 

until maximum number of iterations is exceeded. 

6) If the maximum number of iterations is exceeded, reduce the value of 𝜔 to 0.75 and rerun the 

model until it converges else 𝜔 is further reduced. If 𝜔 < 0.01, the model has failed. Here 𝜖 is the 

maximum error threshold and 𝜔 is a weighting coefficient.  

 

The same scenarios of salinity and moisture content simulated with the salt exclusion model were 

simulated using the combined capillary salt model (Equation 3.14), and the outputs are summarized 

in Figure 3.9. The same soil parameter values presented in Table 3-5 above were used. 
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Figure 3-9: Simulations for the combined capillary salt model (Equation 3.14) using arbitrary soil 

                   parameter and differing (a) salt mass (per bulk soil volume) and (b) 𝜓𝑚 (or total water  

                   contents) 

 

The simulations for the combined capillary salt model (Figure 3-9) are qualitatively similar to those 

of the salt-exclusion model (Figure 3-8) even though the salt exclusion model is independent of the 

particle size distribution of the soil. Now the three models are compared quantitatively in Figure 

3-10. Note that, the scenarios in Figure 3-10 are the same as those presented in Figure 3-6, 3-8 and 

3-9. 
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Figure 3-10. Comparing the outcomes of the 3 models 

 

As shown in Figure 3-10a, in the absence of salt (0 𝑔 𝑙−1), the combined capillary salt model 

predicts the same liquid water content as the capillary model at the same freezing temperature. This 

outcome is as expected because, without salts, the combined capillary salt model is the same as the 

capillary model. Conversely, as salt is added to the soil, the combined capillary salt model having 

the capacity to accounts for salts responds to the salt and predict more liquid water content at the 

same temperature than the capillary model. The capillary model, on the other hand, is insensitive 

to salts and will not respond to the added salt. Further, with no salt, the salt-exclusion model 

predicts zero freezing point depression which is to say that all of the water turns into ice at 0 ℃ 

(flat line in Figure 3-10a), which make sense because the model is solely dependent on the mass of 

salt, so if there is no salt the water will freeze at the freezing point of bulk water (0 ℃). The results 

also show that at lower salinities (0.01 𝑔 𝑙−1 and 1 𝑔 𝑙−1), the combined capillary salt model 

predicts more liquid water than the salt exclusion model at the same temperature, but at higher 

salinities (1 𝑔 𝑙−1 and 10 𝑔 𝑙−1), both models perform the same. The reason behind this observation 

is that as salt concentration increases, salts become the dominant force controlling freezing point 

so that there is no difference between the two models (salt exclusion and combined capillary salt 

models).  
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

This chapter is organized into three sections. In section 4.1, results for the laboratory experiments 

are discussed. In section 4.2 results for both the SDN and OJP field sites are discussed. Finally, the 

capillary, salt exclusion and combined capillary salt models are compared with the observed data 

from the laboratory and the field sites in section 4.3.  

 

4.1 Results for laboratory experiments 

 

In this section of the thesis is the summary of the results for the laboratory experiments. The results 

for the SMC are detailed in subsection 4.1.1. The SFCs, including separate freezing and thawing 

curve as well as freeze-thaw plots for two moisture treatments, 0.05 𝑚3 𝑚−3 (low moisture 

content) and 0.24 𝑚3 𝑚−3 (high moisture content) are found in subsection 4.1.2. 

 

4.1.1 Soil moisture characteristic curve 

 

The observed SMC for the silica sand that was measured in a laboratory drying experiment, as 

described in section 3.1.1, is shown in Figure 4-1. The van Genuchten model (VGN) was fit to 

these data. The saturated moisture content (𝜃𝑠) was set to be equal to the measured porosity of the 

soil (0.42 𝑚3 𝑚−3, see Table 3-1 of section 3.1). The residual moisture content (𝜃𝑟) was identified 

as the moisture content at which the matric potential of the soil stayed constant. The parameters 

𝑛,𝑚, and 𝛼 were obtained by optimization, minimizing the root mean squared error (RMSE) in 

water content. After fitting the RMSE was 0.017. The green dots are observed data points from the 

start of the experiment and were excluded from the fitting because they were not consistent with a 

typical SMC curve. This may have been due to 1) errors in the measuring instrument or 2) unstable 

conditions in the soil sample at the beginning of the experiment.



 64 

The observed data did not extend up to 0 m (matric potential), because the soil was not completely 

saturated at the start of the experiment. The fitted parameters are summarized in table 4-1. 

 

 

 

Figure 4-1: The soil moisture characteristic curve of silica sand measured using the HYPROP 

                   apparatus (black dots) and fitted to the van Genuchten model (solid red line) 

 

Judging from the results, this soil has poor water retention, and drains rapidly as the matric potential 

drops below about -0.1 m. The soil reaches its residual moisture content (about 0.02 𝑚3 𝑚−3) at a 

matric potential of about -0.38 m. This result is typical of coarse textured soils that lose moisture 

rapidly due to their large pore sizes. 
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Table 4-1: Fitted parameters and RMSE for the SMC of the silica sand 

 

VGN parameters Value 

𝛼 (𝑚−1) -4.79 

𝑛 10.11 

𝑚(1 − 1
𝑛⁄ ) 0.90 

𝜃𝑟 (𝑚3 𝑚−3) 0.02 

𝜃𝑠(𝑚3 𝑚−3) 0.42 

 

 

4.1.2 Soil freezing characteristic curves 

 

SFCs were measured for the silica sand for freezing and thawing conditions at two different target 

unfrozen moisture contents, 0.05 𝑚3 𝑚−3 and 0.24 𝑚3 𝑚−3. For the lower moisture content 

treatments (0.05 𝑚3 𝑚−3), measurements were obtained with four NaCl concentrations: 0 𝑔 𝑙−1(no 

salt), 2 𝑔 𝑙−1, 8𝑔 𝑙−1, and 16 𝑔 𝑙−1. For the higher moisture content treatment (0.24 𝑚3 𝑚−3), 

SFCs were obtained for 0 𝑔 𝑙−1 (no salt), and 2 𝑔 𝑙−1 (measurements at 8𝑔 𝑙−1, and 16 𝑔 𝑙−1 were 

not obtained due to the laboratory shutdown associated with the COVID 19 pandemic). For each 

experiment, observations were taken at three depths in the column, 5 cm, 15 cm and 30 cm. The 

observations are shown in Figure 4-2 and 4-3, respectively. Also, the separate freezing and thawing 

curves are compared in the freeze-thaw plots of Figure 4-2 and 4-3.
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Figure 4-2: The SFCs of the silica sand for different salt concentrations measured at a target 

moisture content of 0.05 𝑚3 𝑚−3. The small insert plots in column 3 of each panel is 

the comparison of the freezing and thawing curves for the different soil depths. The 

red ring in the first plot of panel 1 (from the top) represents supercooling. 
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Figure 4-3: The SFCs of the silica sand for different salt concentrations measured at a target  

                    moisture content of 0.24 𝑚3 𝑚−3. The small insert plots in column 3 of each  

                    panel is the comparison of the freezing and thawing curves for the different 

                    soil depths. The red ring in the first plot of panel 1 (from the top)  

                    represents supercooling. 

 

The results show a vertical redistribution of moisture in the soil column, especially for the higher 

moisture content treatments (Figure 4-3) with the deeper depths (30 cm) having more moisture 

than the shallower depths (5 cm has the lowest moisture). This is due to the movement of moisture 

by gravity during the time the soil was left to equilibrate. Secondly, for all soil depths, soil moisture 

decreased with decreasing soil temperature during freezing (Figure 4-2 and 4-3). The results also 

reveal the phenomenon of supercooling during soil freezing (red rings in Figure 4-2 and 4-3). The 

temperature of the soil decreased to what is termed as the temperature of spontaneous nucleation 

(𝑇𝑆𝑁)(Kozlowski, 2009; Zhou et al., 2020) without a change in moisture content. Supercooling is 

a metastable stage in freezing and is common in laboratory experiments. 𝑇𝑆𝑁 is the temperature at 
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which a stable ice nucleus for ice crystallization forms in a freezing soil (Kozlowski, 2009; Zhang 

et al., 2020). After reaching the 𝑇𝑆𝑁 there is a release of latent heat that warms the soil to its freezing 

point where freezing begins (Kozlowski, 2009; Ren & Vanapalli, 2020; Zhou et al., 2020). 

Depicted in the purple ring in Figure 4.3 above and more clearly in Figure 4-5 below is possible 

evidence of moisture migration during soil freezing. Here the liquid moisture increased with 

decreasing soil temperature. This observation may be due to the migration of moisture from 

unfrozen layers toward the freezing front, a phenomenon termed as cryosuction. Experiments of 

Mizoguchi (1990), as described in Hansson et al. (2004) revealed the same phenomena during soil 

freezing. According to Hansson et al. (2004), this is due to the high hydraulic gradient established 

in the soil during freezing which causes moisture to move upwards toward the freezing front. At 

the freezing front, the migrated water refreezes, resulting in an increase in the total moisture content 

of the soil at the freezing front. 

 

 Meanwhile, during thawing, the liquid water content increased as the soil warmed up. The thawing 

curves of the SFC, are qualitatively similar to the freezing curves except for the supercooling effect, 

which is absent. Quantitatively, however, the freezing limb of the SFC tend to hold more moisture 

than the thawing limb at the same temperature which is to say that the SFCs are hysteretic. As 

depicted in the freeze-thaw plots in Figure 4-2 and 4-3, at every temperature between 0 and about 

-2 ℃ the freezing curves of the SFC held more moisture than the thawing curves. This result is 

consistent with previously reported curves from Koopmans & Miller (1966), Tice et al. (1989) and 

Watanabe & Osada (2017). The hysteretic effect decreased with soil depth with the 30 cm depth 

showing negligible to no difference between the thawing and freezing curves.  

 

 

 

 

 

 

 

 

 



 69 

 

 

Figure 4-4: Comparison of the SFCs of different salt concentrations at a target moisture content of 

                   0.05 𝑚3 𝑚−3 
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Figure 4-5: Comparison of the SFCs of different salt concentrations at a target moisture content of 

                   0.24 𝑚3 𝑚−3 
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SFCs for the different pore-water dissolved salt concentrations are plotted in Figure 4-4 (at a target 

moisture content of 0.05 𝑚3 𝑚−3) and Figure 4-5 (at a target moisture content of 0.24 𝑚3 𝑚−3). 

The results show, as expected, that higher salinity results in enhanced freezing point depression, or 

in other words, more liquid water is retained in the soil at higher salt concentrations. Conceptually 

the salts shift the freezing curve to the left-hand side of the plot, which is exactly the same as what 

was seen with the salt exclusion and combined capillary salt models in the presence of salts in 

section 3.3.  

 

4.2 Results for field experiments 

 

This section of the thesis is devoted to discussing the results for the SDN and the OJP field sites. 

  

4.2.1 SDN-Soil moisture and freezing characteristic curves 

 

Here, results for the SDN soil moisture profile are presented. The SMCs for the SDN site fitted to 

the VGN model (pink solid line) are presented in Figure 4-6 below. The results show that the SMCs 

for the different years are different. Some specific reasons for this observation may include 1) 

shrinking or swelling of the soils, particularly because the soil here is rich in clay, and 2) the shifting 

of measuring instruments due to any of the other two reasons. This thesis does not address the 

changing SMCs with time, the 2013 curves are used in all analysis, since the 2013 curves are wetter 

than the other years and looks reasonably consistent at all the soil depths. The curves were fitted 

to the VGN model by minimizing the root mean square error (RMSE), which is calculated from 

the difference between the observed moisture content and the predicted moisture content from the 

VGN model.  The final parameter values for the fittings are documented in Table 4-2. 
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Figure 4-6: Soil moisture characteristic curve for SDN URI 1 fitted to the VGN model 

 

Table 4-2: Fitted parameter values of VGN for SDN URI 1 

 

Soil depth Fitted 

year 

𝛼  

(𝑚−1) 

𝑛 𝑚 

(1 − 1
𝑛⁄ ) 

𝜃𝑟 

(𝑚3 𝑚−3) 

𝜃𝑠 

(𝑚3 𝑚−3) 

RMSE 

5 cm 2013 0.094 2.55 0.61 0.198 0.45 0.0095 

20 cm 2013 0.12 2.72 0.63 0.16 0.45 0.0119 

50 cm 2013 0.094 2.55 0.61 0.198 0.45 0.0095 

 

 

The SFCs for the SDN site is shown in Figure 4-7. For the 50 cm soil depth, some of the years have 

no freezing and thawing data, since the soil at this depth did not freeze significantly (i.e. drop much 

below 0 oC).  
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Figure 4-7: Soil freezing characteristic curves for SDN URI 1 

 

It can be seen also that the initial moisture content of the freezing curves depends on how wet the 

soils were before freezing. Soil freezing commenced around November each year and the soils at 

this time were reasonably dry and that is why the freezing curves are not fully saturated. How dry 

the soils were, depends on how much rainfall fell in the late summer or fall months. The thawing 

curves, however, end with a very wet, perhaps fully saturated, condition, which may be due to 

snowmelt infiltration and/or cryosuction, which results in an increase in the total moisture content 

of the soil after thawing. Finally, the freeze-thaw plots (plots on the column 3) shown here are 

hysteretic in nature. Thus, the freezing curve (in blue color) at the same temperature holds more 

liquid water than the thawing curves (in red color). 
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4.2.2 OJP-soil moisture and freezing characteristic curves 

 

The SMC of the OJP site (blue dotted line) and the VGN model (red line) is shown in Figure 4-8. 

The SMC data were measured by Cuenca et al. (1997) using in situ moisture probes and tension 

disk infiltrometers as well as soil cores in the laboratory (refer to section 3.2.2.2 of the thesis or 

Cuenca et al., 1997 for more details on how the SMC was measured). Similar to the laboratory soil, 

the OJP soil is coarse textured and loses moisture rapidly. 

 

 

 

Figure 4-8: Soil moisture characteristic curve for OJP site fitted to the VGN model 
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Table 4-3: Fitted parameter values of VGN for OJP site 

 

Parameter 𝛼 

(𝑚−1) 

𝑛 𝑚 

(1 − 1
𝑛⁄ ) 

𝜃𝑟 

(𝑚3 𝑚−3) 

𝜃𝑠 

(𝑚3 𝑚−3) 

RMSE 

value 19.44 1.6 0.4 0.03 0.4 0.00076 

 

 

The SFCs, including separate freezing and thawing curves as well as freeze-thaw plots for the same 

site, are summarized in Figure 4-9 below. The results are consistent with those observed in the 

laboratory and at the SDN site. Soil moisture content decreases with decreasing soil temperature 

during freezing, and the vice versa is true for thawing. Also, the SFC is shown to be hysteretic, but 

not as significant as at the SDN site. Again, the soil condition after thawing is wetter than at the 

start of freezing, which is due to the same reasons as discussed for the SDN site, snowmelt 

infiltration and or cyosuction. 

 

 

 

Figure 4-9: Soil freezing characteristic curves for the OJP site fitted to the VGN model 
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4.3 Comparing models with laboratory and field data sets 

 

4.3.1 Comparing models with laboratory measured SFCs  

 

The validation results for the three models (capillary, salt exclusion and the combined capillary salt 

models) using laboratory measured SFCs are presented in Figure 4-10. The 30 cm freezing data is 

used for this validation exercise since the shallower probes (5 cm and 15 cm probes) froze rapidly 

and were possibly not in thermodynamic equilibrium, and hence may overpredict the freezing point 

depression in the soil. However, the 30 cm probes were deep enough to have equilibrated before 

freezing commenced. Also, the 𝜃𝑟  for the lower moisture content treatments (0.00 𝑚3 𝑚−3) were 

different from that which was obtained from the SMC (0.02 𝑚3 𝑚−3), which may be due to errors 

in the measuring instrument especially under dry conditions in a coarse-textured soil. In such 

instances, 𝜃𝑟  was changed to 0.00 𝑚3 𝑚−3. This adjustment was to allow the models to predict 

the entire range of values for the SFC and will not have any significant effect on the results 

presented here. Note also that salt concentrations were converted to mass of salt by multiplying by 

the liquid water content of the soil (𝜃𝐿). These masses of salt were then used in the model runs. 
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Figure 4-10: Performance of the three models (capillary, salt-exclusion and combined capillary salt 

models) against laboratory observed SFCs at 30 cm depth with no salt added: (a) with 

no salt in the models; and (b) with a residual amount (0.12 g) of salt added in the 

models. Upper panel is results for higher antecedent moisture content and lower panel 

is results for lower antecedent moisture content. 

 

Figure 4-10 shows the performance of the three models versus the observed SFC without salt 

(Figure 4-10a) and with residual amount of salt added (Figure 4-10b). The results show that the 

capillary model which is based on the GCE underestimated freezing point depression in the 

experiments with no salt (Figure 4-10a). Also, the combined capillary salt model behaved just as 

the capillary model and the salt exclusion model did not work. In theory, the capillary model relates 

the SMC directly to the SFC through the GCE, so if the capillary model SFCs does not match the 

observations, as seen here, this either means there is a problem with the GCE model, or that there 

is a problem with how either (or both) the SMC or SFCs were measured. Lastly, despite our efforts 

to minimize solutes, the soil pore water may have contained non-negligible amounts of dissolved 

salts that may have resulted in higher depression of the freezing point in the SFCs. This was tested 

by adding different amounts of salt to the models and found that adding 0.12 g of salt gave excellent 
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results, as shown in Figure 4-10b. In this case, both the salt exclusion and combined capillary salt 

model performed very well to reproduce the observed SFCs (Figure 4-10b). Judging from how well 

the fit is in Figure 4-10b for both the salt exclusion and combined capillary salt models, the 

presence of dissolved salts seems to be a more credible explanation to why the capillary model 

underestimated freezing point depression in the soil. 

 

Figure 4-11: Performance of the three models (capillary, salt-exclusion and combined capillary salt  

models) against laboratory observed SFCs at 30 cm depth for different salt 

concentration a) 2 𝑔 𝑙−1 b) 8 𝑔 𝑙−1 , and c) 16 𝑔 𝑙−1 . Upper panel is results for higher 

antecedent moisture content and lower panel is results for lower antecedent moisture 

content. 

 

For the experiments where a fixed concentration of NaCl salt was added (Figure 4-11), both the 

salt exclusion and the combined capillary salt models performed well without further calibration 

or refinement. The salt exclusion model does very well, which is interesting, especially because it 

is independent of the pore size distribution of the soil. One will argue that if the soils indeed had a 

residual amount of salt, then the actual salt concentrations in the saline experiments in Figure 4-11 
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will be higher than the 2 𝑔 𝑙−1, 8 𝑔 𝑙−1 and 16𝑔 𝑙−1 and that the model performances should not 

be that good. However, this is probably not so because the high salt concentrations masked the 

effect of the residual amount of salt (0.12 g). The capillary model underpredicted the amount of 

liquid moisture in the saline treatments (Figure 4-11) which is as expected because the model does 

not account for salts.   

 

4.3.2 Comparing models with observed SFCs for the SDN site 

 

Figure 4-12, 4-13, and 4-14 are the model validation results using observed data from the SDN site 

at 5 cm, 20 cm and 50 cm soil depths, respectively. Figure 4-12a, 4-13a, and 4-14a are the 2013 

SMCs for the SDN URI 1 5 cm, 20 cm and 50 cm soil depths, respectively, fitted to the VGN 

model (these SMCs are the same as those presented in Figure 4-6 above). The parameter values 

(Table 4-2) for these SMCs were used in the model runs. In Figure 4-12b, 4-13b and 4-14b, the 

models were run without salts. The models were then run with an observed salt concentration for 

the site (Figure 4-12c, 4-13c, and 4-14c). The concentration of the various ions at the SDN site, as 

reported by Davies (2012) is shown in Table 4-4. Soil samples from the SDN site were analyzed 

in the laboratory for the various ions using an inductively coupled plasma emission spectrometry 

(Davies, 2012). Observations for hole A13 at a depth of 10 cm (3.55 𝑔 𝑙−1) was used for this 

particular model run. The reason for choosing this particular salt concentration is that it is closer to 

the soil moisture profile under study. Again, the observed salt concentration (3.55 𝑔 𝑙−1) was 

converted to equivalent masses of salt by multiplying with the observed moisture contents for the 

respective years and soil depths. Finally, Figure 4-12d, 4-13d, and 4-14d are the results after fitting 

the models to the observed data points by manually adjusting the salt masses. Note again that, here 

too, the residual moisture contents were adjusted where necessary to enable the models to predict 

the entire range of value for the SFC. 

 

The results show that for all the soil depths, both the capillary and the combined capillary salt 

models underestimated freezing point depression in the no salt runs at the site (Figure 4-12b, 4-

13b, and 4-14b) while the salt exclusion model did not work. This result is understandable because 

the SDN site has salts at least judging from Table 4-4 below, and since the capillary model cannot 

account for salts, it underestimated freezing point depression. Conversely, the combined capillary 
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salt model can account for the salts but since it was run without salts it behaved just like the 

capillary model. The salt exclusion model entirely depends on the mass of salt and will not apply 

to a no salt scenario. Also, except for the 50 cm depth (Figure 4-14c) where liquid water content 

was overestimated, both the salt exclusion and the combined capillary salt model were able to 

predict the observed SFCs closely when they were run with the observed salt masses (Figure 4-12c 

and Figure 4-13c). The overestimation of liquid water content at the 50 cm depth may be a proof 

that the soil here has less salt as compared to the shallower depths (5 cm and 20 cm). The observed 

salt concentration presented in Table 4-4 confirms this. From the table, salt concentration decreased 

with soil depth for the particular observation used in this study (A13-32.5 m from pond S107). 

Following the fitting, the performance of both the salt exclusion and the combined capillary salt 

model became even better (Figure 4-12d, 4-13d, and 4-14d). The salt masses used in the fitted runs 

for the SDN site are captured in Table 4-5 below. The capillary model failed in the two runs thus 

the runs with the observed salt masses (Figure 4-12c, 4-13c, and 4-14c) and in the fitting runs 

(Figure 4-12d, 4-13d and 4-14d) because in both runs salt was added to the model.  

 

 

Table 4-4: Concentration of major cations at the SDN site in 𝑔 𝑙−1 (after Davies, 2012) 

 

Hole Depth 

(cm) 

Cl Ca K Mg Na  S Total 

salt 

A2 - 2.5m 

from S107 

  

10 0.0061 0.158 0.034 0.051 0.0087 0.243 0.5008 

35 0.0066 0.0955 0.0154 0.0371 0.0084 0.102 0.265 

50 0.0078 0.0906 0.0172 0.0439 0.0099 0.209 0.3784 

A9 - 22.5m 

from S107 

30 0.0076 0.261 0.0115 0.239 0.0959 1.42 2.035 

60 0.0047 0.559 0.0157 0.237 0.045 2.28 3.1414 

100 0.0054 0.565 0.0123 0.106 0.0306 1.76 2.4793 

A13 - 32.5m 

from S107 
 

10 0.03 0.388 0.0404 0.452 0.129 2.51 3.5494 

40 0.0045 0.103 0.0075 0.107 0.0653 0.58 0.8673 

60 0.0081 0.0968 0.0102 0.0669 0.062 0.417 0.661 
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Figure 4-12: Performance of the three models (capillary, salt-exclusion and combined capillary salt   

                    models) against observed SFCs for SDN URI 1 at 5 cm depth, (a) fitted soil moisture  

                    characteristic curves (b) models applied without salt c) models run with the observed  

                    salt mass d) model fitted by adjusting the salt masses  
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Figure 4-13: Performance of the three models (capillary, salt-exclusion and combined capillary salt 

models) against observed SFCs for SDN URI 1 at 20 cm depth, (a) fitted soil moisture 

characteristic curves (b) models applied without salt c) models run with observed salt 

masses d) model fitted by adjusting the salt masses. 
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Figure 4-14: Performance of the three models (capillary, salt-exclusion and combined capillary salt 

models) against observed SFCs for SDN URI 1 at 50 cm depth, (a) fitted soil moisture 

characteristic curves (b) models applied without salt c) models run with observed salt 

masses d) model fitted by adjusting the salt masses.                 
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Table 4-5: Amount of salt in grams (𝑔) used in the unfitted (runs with observed salt masses) and 

                 the fitting runs for the SDN site. For the unfitted runs, the salt masses were calculated  

                 from the observed salt concentration of 3.5  𝑔 𝑙−1 for the different soil depths. 

 

Year Unfitted runs Fitting runs 

 

URI 1, 5cm 

2013 0.84 2 

2016 1.08 1.4 

2017 0.64 0.9 

2018 0.85 0.8 

 

URI 1 20 cm 

2013 0.62 1.1 

2016 1.22 1.1 

2017 0.8 0.8 

2018 0.7 0.8 

 

URI 1 50 cm 

2015 1.07 0.75 

2017 1.1 0.31 
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4.3.3 Comparing models with observed SFCs for the OJP site 

 

Figure 4-15: Performance of the three models (capillary, salt-exclusion and combined capillary salt 

models) with observed SFCs at the OJP site, (a) fitted soil moisture characteristic 

curve (b) models applied without salt c) models fitted by adding some salts. 
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Figure 4-15 is the summary of the performance of the three models at the OJP site first without salt 

(Figure 4-15b) and after curve fitting (Figure 4-15c) by adding arbitrary amounts of salt. Here the 

unfitted runs (running the model with observed salt masses) were not performed. This is because 

the observed salt concentration for the OJP site was not known. The masses of salt used in the fitted 

runs for this site is shown in Table 4-6. Again, the results show that the capillary model could not 

predict the observations at the site in the no salt runs (Figure 4-15b). The reason for this 

underestimation is the same as speculated earlier in the SDN validations, the presence of salt. 

However, the underestimation here is smaller than at the SDN site (compare Figure 4-15b to Figure 

4-12b, 4-13b, and 4-14b). Comparing the salt masses used in the fitting run for the OJP site (Table 

4-6) to those used in the SDN (Table 4-5), it is obvious that the SDN site has more salt than the 

OJP soil hence this result. Again, after fitting, the performance of both the salt exclusion and the 

combined capillary salt models improved significantly (Figure 4-15b). 

 

Table 4-6: Amount of salt in grams added to the OJP soil in the fitting runs 

 

Year 2014 2015 2016 2018 

Salt mass (g) 0.1 0.1 0.1 0.25 
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CHAPTER 5 

 

CONCLUSIONS 

 

In this thesis, both observed data from the laboratory and field as well as models were used to gain 

an understanding of freezing point depression and to improve the prediction of liquid water content 

in frozen soils.   

 

In the laboratory, the SMC of a silica sand was measured using a HYPROP apparatus. The results 

showed that the soil has poor water retention ability and drains rapidly due to its large pore sizes. 

The SFC of the same sand was measured using a series of column experiments with controlled total 

water content and pore-water salinity. The experiments were successful in producing well-defined 

SFCs that matched expectations, where the form of the decrease in liquid water content with 

temperature was similar to the form of the SMC. Increasing the salinity resulted in enhanced 

freezing point depression, again as was expected. The observed SFCs were hysteretic, with the 

freezing curves having more liquid water than the thawing curves at the same temperature. There 

was also evidence of moisture migration during soil freezing which is attributed to cryosuction: 

during freezing, high hydraulic gradients are established in the soil resulting in the upward 

movement of water from the unfrozen areas beneath the freezing front to the freezing front 

(Hansson et al., 2004), where the water refreezes.  

 

Data were collected from established seasonally frozen field sites in the prairies (SDN site) and the 

boreal forest (OJP site) in Saskatchewan, Canada. The field results showed that the SMCs for the 

SDN site were different for different years, which may be due to changes in soil properties as a 

result of the shrinking and expansion of the soil as well as the shifting of measuring instruments. 

Just as seen with the SFCs of the silica sand measured in the laboratory, the SFCs for the SDN and 

OJP sites are hysteretic. Further, the freezing curves of the SDN and OJP soils were not fully 

saturated at the start of freezing. This is because the soils had a dry antecedent moisture condition 
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prior to freezing. The thawing curve of the field soils, however, ends in a very wet condition, which 

may be due to either or both snowmelt infiltration and cryosuction. Based on the observed SFCs 

from the field and laboratory, the freezing and thawing process in soils can be conceptualized, as 

shown in Figure 5-1 below. The conceptual figure shows that the freezing temperature of soil pore 

water is depressed. As discussed earlier, the depression of the freezing point of liquid water in 

frozen soils is due to both salts and the capillary effect. Figure 5-1 also depicts the hysteretic nature 

of the SFC: the freezing curve has higher liquid water content at the same temperature than the 

thawing curves. Lastly, Figure 5-1 shows that the soil has a higher moisture content after thawing 

than it had before freezing, as seen in the field experiment. This is suspected to be due to either or 

both snowmelt infiltration and cryosuction as discussed earlier.  

 

 

 

 

Figure 5-1: Conceptual diagram depicting the difference between freezing and thawing in frozen  

                    soils  

 

In the modelling studies, three alternative models were developed to explain the SFC: 1) the 

capillary model which is based on the GCE and assumes no salt condition in soils; 2) the salt 

exclusion model which is based solely on the salt concentration and; 3) the combined capillary salt 

model which accounts for both the effect of salt and capillary force on the SFC. In the absence of 
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salt, the capillary model and the combined capillary model are the same while the salt exclusion 

model predicts no freezing point depression at all – that is all of the water freezes at 0 ℃. At high 

salt concentrations, the salt exclusion and the combined capillary salt models perform the same. 

Nevertheless, when the amount of salt in the soil is small, the combined capillary salt model 

predicts more liquid water in a frozen soil at the same temperature, than the salt exclusion model.  

 

In applying the models, the capillary model underestimated the liquid water content of the 

laboratory silica sand even in the salt-free experiments. This is hypothesized, to be because the 

silica sand has a residual amount of salt. Meanwhile, in the same salt-free experiments, the 

combined capillary salt model behaved just like the capillary model while the salt exclusion model 

did not work. However, upon adding a residual amount of salt to both models (salt exclusion and 

combined capillary salt models), they were able to fit the observed SFCs. Similarly, in the 

laboratory experiments with a specified amount of salt added, both the salt exclusion and the 

combined capillary salt models did well with no calibration or refinement. In the field experiments, 

the capillary model underestimated liquid water content under the no salt-runs. This is because the 

field soils had some salt, especially the SDN site, which has been shown to have significant 

amounts of salt. However, when known amounts of salt were added to the models, both the salt 

exclusion and combined capillary salt model were able to predict liquid water content very closely. 

The performances of the two models were made even better by adjusting the amount of salt. These 

results suggest that salinity is a dominant control on the SFC in real soils and that the combined 

capillary salt model is the most realistic of the three models considered here. However, because it 

is intractable, requiring an iterative solution, this model, in its current form, might be impractical 

in hydrological models. The combined capillary salt model can be applied to a soil where the 

salinity is known, or where the salt concentration is not known; this can be treated as a parameter 

to fit these models to observed SFCs. This could be done in a conventional manner, that is either 

by trial and error or optimization. The outcome is that one additional parameter is needed (the salt 

concentration) to parameterize the hydraulic properties of a frozen soil, as compared with an 

unfrozen soil. In model applications where the salt concentration is also modelled, this can be used 

directly to determine the SFC, and no additional parameters are required. Notwithstanding, the salt 

exclusion model has its advantage; that is, it is tractable and can be used successfully in highly 
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saline soils. Lastly, the capillary model may be used but only in a salt-free soil. The only problem 

is that a completely salt-free soil may not exist in natural environments. 

 

In summary, this research has provided an empirical and conceptual understanding of freezing 

point depression in frozen soil and the effect of salt on the SFC. These are keen insights that can 

help improve the capacity of cold region models in predicting cold climate hydrological processes 

and events more accurately. Future studies on this topic should focus on 1) finding an improved 

mathematical solution procedure for the combined capillary salt model and 2) further testing of the 

new models at different field sites to consolidate understanding of their behavior and performance. 
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LIST OF APPENDICES 

 

Appendix A: Tables 

 

Table A-1: Raw data for particle density measured using the pycnometer method 

 

 

𝑀1 

(g) 

𝑉1 

(cm3) 

(𝑀2) 

g 

𝑀𝑠=𝑀2-𝑀1 

(g) 

𝑉𝑤 

(𝑐𝑚−3) 

𝑉𝑠 =𝑉1-𝑉𝑤 

(cm3) 

𝜌𝑠 = (𝑀𝑠/𝑉𝑠) 

(𝑔 𝑐𝑚−3) 

 

 

55.35 

 

125 

 

190.87 

 

135.52 

 

70.63 

 

54.37 

 

2.493 

 

Where  𝜌𝑠  is particle density, 𝑀1 is the mass of the empty pycnometer, 𝑀2  is the mass of 

pycnometer and soil, 𝑉1 is the total volume of the pycnometer, 𝑉𝑊 is the volume of water used to 

top up the flask to the 125 𝑐𝑚−3 mark. 
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Table A-2: Raw data for soil porosity 

 

 

Replicates 𝑉𝑡  

(𝑐𝑚−3) 

𝑉𝑤1 

(𝑐𝑚−3) 

𝑉𝑤2  

(𝑐𝑚−3) 

𝑉𝑤2− 𝑉𝑤1 (𝑉𝑠) 

(𝑐𝑚−3) 

𝑉𝑡 − 𝑉𝑠(𝑉𝑓) 

(𝑐𝑚−3) 

𝜂 = 𝑉𝑓/𝑉𝑡 

1 73 39 83 44 30 0.41 

       

2 41 52 76 24 17 0.42 

Average      0.415 

 

Where  𝜂 is the measured soil porosity,  𝑽𝒕 is the total volume of  the soil, 𝑽𝒘𝟏 is the volume of 

water in a cylinder, 𝑽𝒘𝟐 is the volume of the measured after pouring soil into the water in the 

cylinder, and 𝑽𝒇 is the volume occupied by water. 
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Table A-3: Original data for the particle size distribution of the silica sand measured using the 

mechanical shaking method 

 

 

Gravel Coarse 

Sand 

Medium Sand Fine 

Sand 

Silt Clay 
 

> 4.75 mm 2 to 4.75 

mm 

0.425 to 2 

mm 

0.075- 

0.425 

mm 

0.005 -

0.075 mm 

<0.002 mm sum 

(%) 

0.0 0.0 31.3 68.7 0 0 0 

  
     

  

Sieve 

Number 

Aperature 

Diameter 

(mm) 

Mass: Sieve 

+ Soil (g) 

Sieve 

Mass 

(g) 

Cumulative 

Mass (g) 

Cumulative 

% 

Retained 

% 

Passing 

3 74.5 
  

0 0.0% 100.0% 

2 50 
  

0 0.0% 100.0% 

1.5 37.5 
  

0 0.0% 100.0% 

1 inch 24.5 751.66 751.66 0 0.0% 100.0% 

3/4 19 512.5 512.5 0 0.0% 100.0% 

3/8 9.5 492.29 492.29 0 0.0% 100.0% 

4 4.75 482.59 482.59 0 0.0% 100.0% 

10 2 440.24 440.24 0 0.0% 100.0% 

20 0.85 370.68 370.02 0.66 0.2% 99.8% 

40 0.425 468.29 341.52 127.43 31.3% 68.7% 

60 0.25 590.86 333.44 384.85 94.6% 5.4% 

100 0.15 330.93 309.07 406.71 100.0% 0.0% 

200 0.075 305.17 305.05 406.83 100.0% 0.0% 

pan 
 

362.2 362.1 406.91 100.0% 0.0% 
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Table A-4: Original data from the HYPROP apparatus which was used in constructing the SMC 

of the silica sand 

 

pF [-] Water Content [Vol%] 

1.499 35.39 

1.439 35.36 

1.336 35.33 

1.216 35.28 

1.196 35.23 

1.267 35.16 

1.329 35.07 

1.351 34.97 

1.351 34.87 

1.342 34.77 

1.329 34.65 

1.318 34.53 

1.31 34.43 

1.298 34.33 

1.288 34.21 

1.286 34.09 

1.283 33.97 

1.278 33.83 

1.271 33.7 

1.255 33.55 

1.247 33.39 

1.25 33.23 

1.25 33.05 

1.252 32.87 

1.253 32.68 

1.257 32.49 
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1.263 32.28 

1.266 32.07 

1.269 31.85 

1.272 31.62 

1.275 31.39 

1.279 31.14 

1.281 30.88 

1.284 30.62 

1.286 30.36 

1.289 30.08 

1.292 29.79 

1.294 29.48 

1.296 29.18 

1.298 28.87 

1.301 28.55 

1.303 28.22 

1.306 27.88 

1.308 27.53 

1.311 27.18 

1.313 26.81 

1.315 26.44 

1.318 26.05 

1.32 25.67 

1.323 25.27 

1.325 24.86 

1.327 24.45 

1.33 24.03 

1.333 23.59 

1.335 23.15 

1.332 22.7 
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1.331 22.24 

1.337 21.78 

1.339 21.31 

1.339 20.84 

1.338 20.36 

1.337 19.88 

1.336 19.39 

1.336 18.89 

1.338 18.34 

1.34 17.76 

1.34 17.21 

1.341 16.67 

1.343 16.11 

1.345 15.55 

1.347 14.97 

1.35 14.38 

1.353 13.77 

1.356 13.14 

1.36 12.51 

1.364 11.87 

1.368 11.22 

1.373 10.56 

1.378 9.89 

1.384 9.22 

1.39 8.54 

1.397 7.86 

1.405 7.17 

1.414 6.48 

1.425 5.79 

1.437 5.11 
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1.451 4.49 

1.466 3.94 

1.481 3.47 

1.492 3.09 

1.5 2.82 

1.511 2.64 

1.532 2.48 

1.581 2.33 

1.764 2.19 

2.038 2.06 

2.145 1.94 

2.165 1.82 

2.184 1.71 
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Appendix B: Figures 

 

Figure B-1: Time series plot for soil temperature and moisture content for 0 𝑔 𝑙−1   salt 

concentration at a target moisture content of 0.05 𝑚3 𝑚−3 a) freezing b) thawing 
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Figure B-2: Time series plot for soil temperature and moisture content for 2 𝑔 𝑙−1  salt 

concentration at a target moisture content of 0.05 𝑚3 𝑚−3 a) freezing b) thawing 
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Figure B-3: Time series plot for soil temperature and moisture content for 8 𝑔 𝑙−1 salt 

concentration at a target moisture content of 0.05 𝑚3 𝑚−3 a) freezing b) thawing 
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Figure B-4: Time series plot for soil temperature and moisture content for 16  𝑔 𝑙−1 salt 

concentration at a target moisture content of 0.05 𝑚3 𝑚−3 a) freezing b) thawing 
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Figure B-5: Time series plot for soil temperature and moisture content for 0 𝑔 𝑙−1 salt 

concentration at a target moisture content of 0.24 𝑚3 𝑚−3 a) freezing b) thawing 
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Figure B-6: Time series plot for soil temperature and moisture content for 2  𝑔 𝑙−1 salt 

concentration at a target moisture content of 0.24  𝑚3 𝑚−3 a) freezing b) thawing 
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Figure B-7: This picture shows a routine inspection of the experiment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


