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ABSTRACT

An Experimental Study of Coupled Thermo-Hydro Behavior in Unsaturated Soil

Nice Kaneza, E.I.T.

The University of Texas at Arlington

Supervising Professor: Dr. Xinbao Yu

Understanding unsaturated soils in response to the impact of temperature will better predict
the performance of geo-structures that extract and inject underground heat. Previous studies have
shown that heat and water in unsaturated soil affect the movement of each other and that thermal
gradients are responsible for the migration of water and thermal properties. Therefore, it is essential
to study the coupling behavior of thermal and hydraulic (TH) processes to analyze the distribution
of moisture and thermal properties of unsaturated soil. These processes are transient and difficult
to examine in the field. In addition, there is a lack of laboratory testing apparatus to measure the
coupled TH processes under controlled true one-dimensional heating condition. This thesis
presents a modified soil testing cell, which was previously developed for agricultural applications
and showed well-controlled one-dimensional heating in the soil. This device was used to conduct

laboratory experiments to assess the coupling behavior of TH processes of unsaturated soil.



Two sands were selected for the experiments and compacted in the soil testing cell,
equipped with thermocouples, time domain reflectometry sensors, and thermo-time domain
reflectometry sensors. Different temperature boundary conditions were then imposed on the soil
testing cell to create thermal gradients in the unsaturated soil. The measuring devices recorded the
temperature variations and waveforms of the apparent dielectric constant (Ka) and bulk electrical
conductivity (ECp) that were used to calculate the gravimetric water content (w) of soil using the
Topp’s equation, One Step method, and a and b method. It was observed that ambient temperature
interfered with the temperatures imposed by the heat exchangers of the soil testing cell, as steady-
state temperature distributions displayed a concave downward temperature profile for the tested
unsaturated soil, due to the lack of proper insulation and gravity for the ASTM fine sand. This
modified soil cell had proved, however, the ability to maintain one-dimensional heat transfer in
previous studies presented herein. It was also noticed that among the two selected sands, the Hazy
Meadow Park soil, containing the greatest amount of fine particles, with a low initial gravimetric
water content and subjected to a moderate thermal gradient, more properly displayed the

phenomenon of coupled TH processes in unsaturated soil.
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CHAPTER |

INTRODUCTION

1.1 Overview

In geothermal applications, ground-source heat pumps (GSHP) are used as energy-efficient
geothermal systems for heating and cooling buildings and bridges, as shown in Figures 1 and 2.
GSHP systems consist of geothermal energy piles or borehole heat exchangers that transfer heat
from the earth to the lower atmosphere and from the lower atmosphere to the earth. The energy
pile systems are drilled shafts that are inserted vertically into the ground below 6 m (20 ft.), where
the temperature varies between 10 and 16°C (50 and 60°F) (National Renewable Energy
Laboratory and US Department of Energy). Hydronic pipes are installed in the borehole heat
exchangers and circulate heat transfer fluid. The fluid used is typically water mixed with antifreeze
agents. The energy piles are connected to a heat pump that compresses and distributes the extracted
underground heat to desired buildings and bridges in the winter season and injects heat from

buildings and bridges into the ground in the summer season.

Enhanced geothermal systems (EGS) are also another type of geothermal systems that uses
geothermal energy to produce electricity in cold and warm regions. Water is injected into the
ground at about tens of kilometers underground, stimulates fractures in hot dry rock (HDR), is
heated and extracted as hot water or steam, and is circulated again as cool water back into the HDR
and so forth. The generated renewable energy is clean and reliable, and currently constitutes around
10 percent of the overall electric capacity in the United States (Office of Energy Efficiency and

Renewable Energy).



Cooling Heating
(Summer) (Winter)

Heat
Extraction

Figure 1. Structure of a ground source heat pump system.

The efficiency of the extraction and injection of heat depends partly on the temperature
variations of the thermal interfaces between the pile/pipes and the surrounding soil, particularly
soil layers above the water table or unsaturated soil (Fadejev et al. 2017; Xiao and Suleiman 2015;
Shang et al., 2011). Unsaturated soil is a soil state that consists of solid soil particles, pore water,
and pore air. When unsaturated soil is subjected to temperature changes, as a result of geothermal
heat exchanges, the temperature gradients control the movement of water inside the soil pores. As
the pore water moves, the temperature, thermal conductivity, and water suction in the soil are
redistributed (Jackson, 1974; Cahill and Parlange, 1998). These processes are combined with other

processes, including mechanical and chemical processes of unsaturated soil.



Figure 2. Heating and cooling of a geo-structure.



The combined mechanism of these processes is identified as coupled thermo-hydro-
mechanical-chemical (THMC) processes and is critical for unsaturated soil (Wang and Wang
2003). The coupling behavior of these processes deals with several applications, namely the
extraction and injection of geothermal energy, the function of ecosystem processes, and various
aspects of agronomy (Agehara and Warncke, 2005; Shaver et al., 2006; Wennman and Katterer,
2006). Numerous studies on the THMC behavior of unsaturated soil have included both large-
scale field tests and small-scale laboratory tests. The focus of this thesis is to evaluate the coupling
of thermo-hydro (TH) processes by analyzing the interactions of the thermal and hydraulic

properties of unsaturated soil on a small-scale in the laboratory.

In this study, to analyze the coupled TH phenomenon of unsaturated soil, experimental
tests were performed in a laboratory setting using a modified double column-type testing device
developed by Heitman et al. (2007). The soil testing cell was equipped with various sensors that
measured the temperature, thermal properties, and moisture content of soil. One type of
ungrounded silica sand and another sand retrieved from a park were selected for the laboratory
experiments. This study provides advanced understanding of the coupled TH processes of

unsaturated soil on a small scale.

1.2 Objective

The purpose of this study is to evaluate the coupled TH processes of unsaturated soil in a
modified double column-type testing device in the laboratory. This objective was achieved in two
phases. The first phase (Phase I) was to evaluate the design of the modified soil testing device
according to the one-dimensional heat transfer theory. VVarious temperature boundary conditions

were set for the heat exchangers of the soil testing cell, and the temperature variations in the double



column cell were monitored, to inspect whether one-dimensional heat transfer was maintained
during the experiments. In the second phase, the same temperature boundary conditions were

established, and the temperature and moisture content of the investigated soils were evaluated.

1.3 Problem Statement

A scientific understanding of coupled TH processes in unsaturated soil is essential for
geothermal energy extraction and injection and other applications. However, the distribution of
soil thermal properties and moisture content in the field is transient and difficult to examine.
Moreover, despite the importance of the coupling of TH processes, there is still no sufficient and
adequate equipment to effectively study this coupled phenomenon in the laboratory. Theories have
been developed to predict the movement of moisture and temperature under transient conditions,

but only a few have been effective for accurately estimating water and temperature distributions.

1.4 Thesis Structure

This thesis is elaborated as follows.

In Chapter 2, a brief description of the heat transfer theory and one-dimensional heat
transfer is introduced. In this chapter, a summary of previous research work associated with the

coupled TH behavior in unsaturated soil is also proposed.

Chapter 3 discusses the design of the modified testing device developed to study the
coupling behavior of TH processes. The different components of the testing device, their
dimensions, and the instrumentation, and their calibration analysis, used to measure the thermal
properties and unsaturated soil moisture content are explored. The material used in the laboratory

investigations are detailed, as well. Finally, an overview of the analyses of one-dimensional heat



transfer and coupled TH behavior in the soil cell is presented.

Chapter 4 presents the results of the experimental analyses. Moreover, discussions

regarding the obtained results are provided.

Finally, Chapter 5 provides a summary and conclusions of all the research work presented
in the thesis. This chapter also includes a section of recommendations on ways to improve

experimental analyses of the coupled TH behavior in the future.

A list of references of the cited research work is provided at the end of each chapter, where

needed.
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CHAPTER 1I

LITERATURE REVIEW

2.1 Introduction

This chapter provides a description of the terms that are going to be used throughout this
thesis. The different types of heat transfer are briefly discussed herein. This section also reports a
summary of the previous research studies associated with one-dimensional heat transfer theory
and its application in the coupled thermo-hydro behavior of unsaturated soil. The main objective
of this chapter is to provide an understanding regarding the different ways that have been used to
accurately study the paired processes of temperature and moisture transfer in unsaturated soil and
to present the design of a modified double column-type testing device developed by Zhou et al.

(2006).

2.2 Heat Transfer

In non-isothermal conditions, energy transfers from one region of higher temperature to
another of lower temperature. It is the temperature gradient of the two regions that causes the
movement of this energy. This energy is known as heat, and its flow is called heat transfer
(Rohsenow et al., 1985). The amount of heat that is transmitted can be measured in terms of heat
flux, which is the heat transfer rate per unit area normal to the direction of heat flow (Rohsenow
et al., 1985). The heat transfer can occur between a solid and a liquid, a solid and a gas, and a
liquid and a gas, or between two solids, two liquids, and two gases. There are three different modes

of heat transfer: conduction, convection, and radiation (Kreith et al., 2010).



Heat conduction occurs when a solid, liquid, or gas medium of higher temperature enters
in contact with another of lower temperature, and heat flows from the former to the latter. This
transfer is caused by the collision of molecules; the molecules of the higher-temperature medium
move at a higher speed and those of the lower-temperature medium at a lower speed. This transfer

of energy is the heat conduction (Kreith et al., 2010).

The exchange of heat that takes place when a fluid, either liquid or gas, is heated is called
the heat convection. The portion of the fluid that is warmer and lighter (less dense), due to its
higher temperature, rises up to the top, and the portion that is cooler sinks to the bottom, because
it is denser than the warmer portion of the fluid. This circulation pattern prevails until the fluid

reaches equilibrium, and this mechanism is called the heat convection (Kreith et al., 2010).

Thermal radiation is the third form of heat transfer. Unlike the thermal conduction and
convection, which require contact of the media that exchange heat, thermal radiation is transmitted
without contact. A medium (solid, liquid, or gas) of higher temperature emits electromagnetic
radiation and the medium of lower temperature absorbs it, until the two reach thermal equilibrium.
The mechanism of electromagnetic radiation occurs at any temperature when the molecules of a
warmer medium are vibrating and rotating at a faster rate than the neighboring cooler medium

(Kreith et al., 2010).

There are simplified equations (Fourrier’s law) (Kreith et al., 2010) that represent the
thermal conduction, convection, and radiation, respectively, and they are described below. In this
study, the mechanisms of conduction and convection are the focus of our analysis. Thereby, when
unsaturated soil is heated, the solid soil particles transmit heat to the soil pore water through

conduction, and warm pore water transmits heat to cool pore water through convection.



k
Q"= ———(T2—T1) (2-1)

q"=h(T, — T,) (2-2)
q = 0A1(T,* = T,*) (2-3)

Where q" is the heat flux in W/m?; k is the thermal conductivity in W/m-k; Ti is the temperature

of medium i in K; dx is the distance difference of two media; h is the local heat transfer in W/m?K;
g is the heat transfer rate in W; o, which is equal to 5.669 = 1078, is the Stefan-Boltzmann radiation

constant in W/m2.K*: and A is the heat transfer area of the medium in m2.

2.3 Coupled Thermo-Hydro Processes

In geotechnical engineering and geo-environmental engineering applications, thermal
properties and hydraulic properties of pore water of unsaturated soil are closely correlated. Heat
transfer and water transport processes in unsaturated soil mutually interact with each other.
Unsaturated soil is a porous medium that consists of solid soil particles and pores filled with water
and air. In non-isothermal conditions, heat exchange from one region to another region within the
soil lead to pore water movement. When the water moves, it transports the heat, and, in response,
the thermal properties of unsaturated soil change. There are other interactions involved in this
mechanism, such as the mechanical processes and chemical processes. The pairing of these
interactions gives rise to a combined mechanism called coupled thermo-hydro-mechanical-

chemical (THMC) processes (Wang and Wang, 2003).

This coupled phenomenon requires a unified analysis and cannot be studied individually,
because each process influence the others at some degree (Tsang, Stephanson, Kautsky, 2005).

Some research studies center their attention to the coupling of only two or three of these processes
10



— thermo-hydro (TH), thermo-mechanical (TM), hydro-mechanical (HM), thermo-hydro-
mechanical (THM), and hydro-mechanical-chemical (HMC) — depending on the problem at geo-
environmental or geotechnical circumstance. These circumstances include seepage and
deformation of dam foundation and drainage and stability of slopes for the coupled HM processes;
ventilation of underground excavation and frost or heat development in underground storage
systems for the coupled TM processes; deep seated tunnel and mining and permafrost and freezing
soil engineering for the coupled THM processes; chemical grouting in foundation treatment and
ground pollution and treatment for the coupled HMC processes; and chemical mining and

underground waste disposal for the coupled THMC processes (Wang and Wang, 2003).

As mentioned above, the analysis of particular processes of the coupling behavior depends
upon the geotechnical and geo-environmental concern. Since this study analyzes the mechanism
of coupled heat and water processes in unsaturated soil surrounding geo-structures, only the

coupling of TH processes will be the ultimate focus of this research report.

In early 1910, researches have been conducted to study the movement of soil water in the
field. Bouyoucous (1915) developed two separate wooden boxes, each containing cold water (0°C)
and warm water (20 and 40°C), and placed 20.3-cm high and 3.8-cm wide columns consisting of
various types of soil with different moisture content in the boxes. The soil columns were put in
brass tubes and laid in the wooden boxes horizontally and vertically, and one half of the soil
column was placed in the wooden box containing cold water, while the other half was placed in
the warm water wooden box. Ice and warm water were added regularly to the wooden box for a
total duration of 8 hours. This was done to create thermal gradients and to evaluate the movement
of water in soil. At the end of the 8 hours, the two halves of the columns were placed into the oven
to dry at 105°C for a period of approximately 24 hours. It was noticed that water in the soil had

11



migrated from the warm column to the cold column and that the amount of water transferred
depended upon the initial moisture content and temperature gradients. The amount of water
transferred increased with the initial soil moisture content until a certain initial moisture content
was reached, then the movement of water started to decrease. The researcher concluded that the
soil behavior was influenced by the laws of surface tension and viscosity of water in soil until the
critical moisture content was attained; thereupon, the soil hydraulic processes were controlled by
the strong attractive forces of soil for water. It was also noticed that for the highest temperature
gradient (corresponding to temperature boundaries of 40 to 0°C), a greater amount of water was

transfered from the warm to cold soil column.

The findings of Bouyoucous (1915) were corroborated by various authors, including Smith
(1939, 1943), Winterkorn (1947), Gurr et al. (1952), Maclean and Gwatkin (1953), Taylor and
Cavazza, (1954), Hatherly and Wood (1957), Kuzmak and Sereda (1957), Hutcheon (1958),
Woodside and de Bruyn (1959), Taylor and Cary (1960), Jackson et al. (1965), Hoekstra (1966),
and other recent investigators. They determined that the quantity of water migrating from warm to
cool region is influenced mainly by the initial moisture content and magnitude of temperature
gradients. They also suggested that this migration in unsaturated soil is due to the vapor pressure

variations from warm to cool location in the soil.

The above-mentioned researchers conducted their experiments in the laboratory, whereas
other investigators such as Rose (1968), Jackson et al. (1974), Westcot and Wierenga (1974), and
Cahill and Parlange (1998) have performed their experimentation on a field-scale to study the
coupling of TH behavior. Westcot and Wierenga (1974) quantified and developed a model to
predict the vapor flux and heat transfer by measuring temperature and moisture variations in 7.6-
cm diameter, 32-cm long sealed columns in a field setting. The soil columns were exposed against
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daily temperature variations. They observed a consistency in the predicted and measured moisture
and temperature distributions and confirmed the findings Rose (1968) and Jackson (1973)
regarding the notable alterations in moisture content near soil surface, when the soil columns are

subjected to daily temperatures.

Although there have been many successful research studies that evaluated the coupled
temperature and water transfer processes (sometimes associated with other processes) in the field,
the experiments have proven to be very challenging and particularly time-consuming. The
investigations involved advanced test design and equipment, as well as painstaking interpretation

of findings (Alonso and Alcoverro, 2004; Datta et al., 2004; Chijimatsu et al., 2004).

To counter these challenges, a need to study these processes on a smaller scale — laboratory
— is more privileged. Various equipment have been used to analyze coupled TH processes in the
laboratory, and one of the most successful testing devices is the soil column developed by Zhou et
al. (2006). The researchers designed and tested four soil cell configurations different both in their
diameters and lengths. The developed soil cell consisted of an inner column and an outer column
and their dimensions were as follow: 20.0-cm long, 8.9-cm inner diameter, and 20.2-cm outer
diameter (long wide); 20.0-cm long, 5.2-cm inner diameter, and 8.9-cm outer diameter (long
narrow); 10.0-cm long, 8.9-cm inner diameter, and 20.2-cm outer diameter (short wide); 10.0-cm
long, 5.2-cm inner diameter, and 8.9-cm outer diameter (short narrow). All the configurations also
comprised an upper and a lower heat exchanger plate, in which a spiral path was chiseled out. Two
copper plates were used to prevent the water in the spiral path from permeating the soil in the

columns and also to uniformly distribute heat from the water in the spiral path to the tested soil.

The investigations performed determined that the short wide configuration of the soil cell
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provided the most satisfactory results and that the soil in the outer column succeeded at limiting
the ambient temperature interference, thus maintaining a one-dimensional temperature
distribution. The short wide cell was later used by the same researchers to study the coupled TH
processes of unsaturated soil. The test device was also equipped with instrumentation such as
thermo-time domain reflectometry (T-TDR) sensors to measure the thermal properties and
moisture variations under transient conditions. This approach advanced the studies of Bouyoucous
(1915) and subsequent researchers who had faced limitations in collecting the moisture variations

data only by destructive methods at the end of their experiments.

The test device developed by Zhou et al. (2006) was modified and equipped with new
instrumentation, and is the subject of this study. The dimensions and structure of the modified soil
cell are discussed thoroughly in Chapter I1l. Three (3) time domain reflectometry (TDR) sensors
were utilized to measure the apparent dielectric constant (Ka) and bulk electrical conductivity
(ECbp) of soil at three different heights. The small number of instrumentations in the soil cell
reduces the risk of interference of the different sensors while recording the measurements. In
addition, eight (8) type-T thermocouples were used to measure the temperature variations within
the soil cell. Ottawa sand and Hazy Meadow Park soil were selected for the laboratory
experiments, and various temperature boundary conditions were imposed. This study provides
advances in the analysis of coupled TH processes of unsaturated soil on a small scale through a

better approach of measuring soil temperature and moisture variations.

2.4 One-Dimensional Heat Transfer

Although many soil columns have been designed to study the coupled movement of

temperature and moisture behavior in the laboratory, the study remains complex because the
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analysis requires to maintain one-dimensional heat flow under transient conditions. Philip and de
Vries (1957) established mathematical equations that govern the migration of water in porous
media in the case of combined moisture and temperature gradients (2-4) and the conduction of

heat in unsaturated soil (2-5).
2010t =V «(Dy V) + V « (D1 VT) + 0K/6z (2-4)
COTlot =V (A VT) + pL Ve (Dovap VO) (2-5)

Where 0 is the volumetric moisture content in cm?® of water/cm? of soil; t is time is sec; Do is the
moisture diffusivity of soil in cm? sec!; Dris the thermal moisture diffusivity of soil in cm? sec™
Ct; T is temperature in C; K is the hydraulic conductivity of soil in cm sec™; z is vertical ordinate
in cm; C is the volumetric heat capacity of soil in cal cm™ C%; A is the thermal conductivity of soil
in cal sect cm™ C1; p is the density of liquid water in g/cm?3; L is the latent heat of evaporation of

water in cal 9°%; and Devap is the vapor moisture diffusivity of soil in cm? sec™.

The findings of Philip and de Vries (1957) have been challenged by other recent
investigators who have asserted that only a one-dimensional analysis could be performed using
the developed equations. One-dimensional heat transfer is nonetheless difficult to attain in the
laboratory. This complexity comes from the fact that, in the laboratory, the ambient temperature
interferes with the imposed boundary temperature conditions set for the experiment. The axial
temperature conditions imposed in the analysis are challenged by the ambient temperature that
generates a radial temperature distribution. The water and heat in the soil is consequently
redistributed, so as not to maintain one-dimensional heat distribution (Nassar and Horton, 1989;

Bach, 1992).
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Accordingly, soil columns were developed to analyze the one-dimensional heat transfer
that satisfy with the one-dimension theory. Prunty and Horton (1994) designed a single cell column
to study the processes of water and heat redistribution, but the outcome of the study did not satisfy
the one-dimensional heat theory. The axial temperature distributions at steady-state were concave
downward between the warm and cool end or top and bottom of the soil cells. The researches
stated that the concave downward profile demonstrated the presence of ambient temperature
interference, that thermal properties of unsaturated soil were non-linear, and that the temperature

changes generated moisture movement.

More recently, Zhou et al. (2006) designed a new cell, which limited the non-linearity of
thermal properties that was previously encountered. The cell consisted of two columns, an inner
and outer column. The soil in the outer column was intended to serve as a buffer or dynamic
insulation, so as to ensure a one-dimensional heat transfer in the inner column, under unsaturated
conditions. They designed four soil cells with different sizes and established one optimal design
that produced a concave upward distribution of temperature variations that indicates non-uniform
thermal properties and one-dimensional heat transfer. This thesis presents a modified version of
the short-wide soil cell designed by Zhou et al. (2006) and developed by Heitman et al. (2007).

The details of the design are given in Chapter IlI.

2.5 Summary

This chapter reviews the different modes of heat transfer and how they apply in the
evaluation of the TH processes. Two heat transfer modes, conduction and convection, are involved
in the mechanism of the coupled TH processes. Several research studies pertaining to the behavior

of the coupling of temperature and water transfer are presented. Some experiments were performed
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on the field, whereas others were carried out in the laboratory. The latter alternative is preferred
because it is economical and time efficient. Challenges, such as the interference of the ambient
temperature, that are faced during the analysis of the coupled TH processes and ways to counter
these challenges are also stated. A newly modified soil testing cell developed by previous
researches is introduced. The new testing device was used to examine the moisture and temperature

distributions in this study.
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CHAPTER 111

LABORATORY INVESTIGATIONS

3.1 Introduction

A new testing device was modified according to the design of the testing device developed
by Zhou et al. (2006) and Heitman et al. (2007). The mentioned researchers designed and
developed this testing device in order to establish one-dimensional heat transfer in a double column
cell. Maintaining one-dimensional heat transfer is otherwise hard to attain in a laboratory setting,
as discussed in the Literature Review section. The dimensions of the new testing device are slightly
different from the previous devices. The cell also features another configuration and includes

various instrumentations.

3.2 Design of a New Testing Device

Preliminary laboratory investigations were conducted to study the heat transfer in the
modified double column cell (Lei et al., 2019, 2020). The cell consists of an inner column and an
outer column. The two columns are both 101.6 mm (4 in.) high and 12.7 mm (0.5 in.) thick. The
inside diameters of the inner column and the outer column are 88.90 mm (3.50 in.) and 209.55 mm
(8.25in.), respectively. Two heat exchanger plates were also included in the design. They are 25.4
mm (1.00 in.) thick each and have a diameter of 292.10 mm (11.50 in.). They incorporated an inner
6.5 mm x 6.5 mm (0.26 in. x 0.26 in.) spiral channel that circulates water in a 111.13 mm (4.38
in.) radius. In addition to the heat exchanger system is a copper plate, with a diameter of 292.10
mm (11.5 in.) and a thickness of 2.38 mm (3/32 in.). Two ring plates, as well as two O-rings, were
used to attach the outer column to the heat exchanger plates. The heat exchangers have threaded

holes that run through them to have a sealed cell. The columns, heat exchanger plates, and rings
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are made of clear cast acrylic and were manufactured by Nationwide Plastics Inc. An illustration

of the modified soil cell is provided below in Figures 3 and 4.
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Figure 3. First configuration of the modified soil cell instrumented with T-TDR sensors and

thermocouples.
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Figure 4. Second configuration of the modified soil cell instrumented with TDR sensors and

thermocouples.
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Warm and cool water was circulated from the temperature-controlled circulator (Model
SDO07R-20-A11B, PolyScience) to the heat exchangers and from a distance around the outer edge
to the center of the heat exchangers, then returned from the opposite outer edge of the spiral
channel to the circulator. A copper plate was installed between the heat exchanger and soil columns

to uniformly distribute the water heat from warm water to the compacted soil.

3.3 Instrumentation

On one hand, the first configuration included fifteen (15) copper-constantan, Type T,
thermocouples (TCs), which measured the temperature variations. The first ten (10) TCs were
installed radially halfway between the wall and center of the inner column at the bottom (warm
end) and top (cool end) of the cell and at positions of about 2.5, 5.0, and 7.5 cm along the axis of
the inner cell, and the last five (5) TCs halfway were inserted at heights 0.0, 2.5, 5.0, 7.5, and 10

cm from either side between the inner and outer column walls.

The second configuration, on the other hand, included only eight (8) copper-constantan,
Type T, thermocouples (TCs), shown in Figure 5, which measured the temperature variations. All
the TCs were installed radially in the inner cell: six (6) of them halfway between the wall and
center of the inner column at positions of about 2.5, 5.0, and 7.5 cm along the axis of the inner
cell, and the remaining two (2) at the center of the warm and cool ends of the cell. The TDR sensors
were installed radially at heights of about 2.5, 5.0, and 7.5 cm from warm end.

The design of thermocouples included a hypodermic stainless-steel needle from
MicroGroup with specifications of 304 Hypo 14.5 Gauge 0.078” OD x 0.068” ID. A 2.54 cm long
stainless steel tube was placed at the junction tip of the TCs. This tube allowed more contact area

between the TCs and surrounding soil for greater accuracy in temperature measurements.
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Figure 5. Type-T thermocouple with stainless-steel needle.

The first configuration comprised three (3) thermo-time domain reflectometry (thermo-
TDR) sensors, which were used to measure the temperature, apparent dielectric constant (Ka), and
thermal conductivity (A) of soil specimens during the experiment, whereas the second
configuration (Figures 6, 7, and 8) consisted of three (3) TDR sensors to measure the Ka and bulk
electrical conductivity (ECp). The former configuration was omitted, because it included too many
measuring devices for such a small cell, and the used T-TDR sensors did not provide acceptable

measurements of certain soil properties, as previously anticipated.

The thermocouples were manufactured by Omega Engineering Inc and adjusted by the
author. TC-08 thermocouple data logger and PicoLog Recorder from PICO Technology and C
Series Temperature Input Module and NI LabVIEW from National Instruments were used to
measure and record the temperature variations, respectively. The TDR and thermo-TDR sensors
were fabricated by Xuelin Wang and Nice Kaneza. The fabrication process of these sensors is
briefly discussed in the Fabrication and Calibration of Sensors section and detailed by Yu et al.

(2015). The Ka and EC» waveforms were recorded by the TDR 100 soil moisture meter.
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Figure 6. Plan view of the inner and outer cells instrumented with thermocouples and TDR

Sensors.

Figure 7. Isometric view of the inner and outer cells instrumented with thermocouples and TDR

SENsors.
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Figure 8. Isometric view of the inner cell instrumented with thermocouples and TDR sensors.

3.4 Fabrication and Calibration of Sensors

This section presents a series of time domain reflectometry and thermo-time domain
reflectometry (TDR and T-TDR) sensors tests. It includes sensors fabrication and calibration test
results for the Ka and ECp of different chemical substances. The TDR and T-TDR sensors
calibration was carried out for eight (8) sensors, namely TDR-1, TDR-2, TDR-3, TDR-4, T-TDR-

1, T-TDR-2, T-TDR-3, and T-TDR-4, shown in Figures 9, 10, and 11.
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Figure 9. Fabrication process of the TDR sensors.
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Figure 11. Complete assembly and schematic drawing of the T-TDR sensors.
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The TDR and T-TDR sensors are integrated sensors that measure the water content of soil
and simultaneously assess the thermal properties of the soil. All the sensors were fabricated in
NH236 at University of Texas at Arlington under the guidance of Dr. Yu Xinbao, with the help of

Xuelin Wang, Nice Kaneza, and Gang Lei. The sensors are composed of the items listed below:

e Hypodermic stainless-steel tubes from MicroGroup with specifications of 304 Hypo 14.5

Gauge 0.078” OD x 0.068” ID. The tube came in 5-feet length.

e Three Type-T precision fine wire thermocouples from Omega Engineering Inc. with wire

diameter of 0.003” and Teflon insulation. The thermocouple wires were 36 inches long.

e 38-gauge Nichrome 80 resistance wire from Pelican Wire Company, Inc., which came in

a spool of 50 feet length.
e 24 AWG conducting wires from Consolidated Electronic Wires & Cable.
e 50 ohms impedance coaxial cable from AlphaWire. (1.219 m for T1, 1.524 m for T2)
e CR-600 Casting Resin from Micro-Mark which came in 32 fluid ounce twin bottles.

e Thermal epoxy OMEGABOND 200 RESIN and MEGABOND 200 CATALYST from

Omega Engineering Inc.

The Kaand ECy of the selected sands were measured using the sensors in order to determine

the water content of the soil. The following equations were used:

e Apparent dielectric constant

Ku(-) = ("2, (3-1)
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Where,

Ka = apparent dielectric constant

Lp = physical length of the probe in testing materials, m

La = apparent length (length on the waveform) of the probe in the testing materials, m

e Bulk electrical conductivity

EC,(Sm~1) = —Z(ﬂ - 1) (3-2)

LpZe \Vy

Where,

ECb = bulk electrical conductivity

Vo = source voltage (Vo =1.0 V)

V = long-term voltage level of reflected signal, V

go = dielectric permittivity of free space (g0 = 8.85 X 102 Fm™)
¢ = speed of light in vacuum (c = 3 X 108 m/s)

Lp = probe length, m

Zo = characteristic probe impedance, which is 165.33 Q

Zc = TDR cable tester output impedance (Zc = 50 Q)

The sensors measure uncalibrated values of Ka and ECp. To validate the measured values
of the sensors, the TDR sensors were calibrated using different chemical substances with known
Ka and ECyp values. The measured values were determined from the waveforms recorded by the
TDR100 soil moisture meter. Standard and measured Ka values of the chemical substances are

detailed in Tables 1, 2, and 3. The obtained calibration curves are illustrated in Figures 12 and 13.
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Table 1. Standard and TDR measured apparent dielectric constant values of different chemical
substances.

TDR-1 TDR-2 TDR-3 TDR-4
Chemicals Actual dielectric constant, Kas Measured dielectric constant, Kam

Air 1.00 0.60 0.65 0.77 0.65
Cyclohexane 2.02 2.09 1.67 1.88 1.60
Olive Qil 3.10 2.71 2.26 2.40 2.15
Castor Qil 4.70 3.36 2.64 2.74 2.32
Dichloromethane 8.93 8.36 7.63 8.03 7.78
Acetone 20.70 21.06 19.88 20.78 19.39
Methanol 32.70 33.05 31.30 31.74 29.49
Deionized water 80.10 78.47 78.28 78.09 76.27

Table 2. Standard and T-TDR measured apparent dielectric constant values of different chemical
substances.

T-TDR-1 T-TDR-2 T-TDR-3 T-TDR-4
Chemicals Actual dielectric constant, Kaa Measured dielectric constant, Kam

Air 1.00 0.74 0.81 0.86 -
Cyclohexane 2.02 2.50 1.50 2.17 -
Olive Qil 3.10 3.87 1.66 3.05 -
Castor Oil 4.70 4.70 2.98 3.24 -
Dichloromethane 8.93 10.38 8.04 9.34 8.86
Acetone 20.70 24.61 22.51 22.56 22.11
Methanol 32.70 34.15 25.83 39.12 25.43
Deionized water 80.10 90.67 82.42 93.44 86.89

Table 3. Equations of TDR and T-TDR sensors measured apparent dielectric constant.

Sensors Equations a b R?
TDR-1 y = 1.0160x + 0.2454 1.0106 0.2454 0.9994
TDR-2 y =1.0120x + 0.9003 1.0120 0.9003 0.9996
TDR-3 y =1.0154x + 0.5711 1.0154 0.5711 0.9994
TDR-4 y = 1.0409x + 0.9855 1.0409 0.9855 0.9992
T-TDR-1 y =0.8872x + 0.1236 0.8872 0.1236 0.9985
T-TDR-2 y =0.9674x + 1.5300 0.9674 1.5300 0.9903
T-TDR-3 y = 0.8463x + 0.7709 0.8463 0.7709 0.9992
T-TDR-4 y =0.8885x + 3.7793 0.8885 3.7793 0.9810
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Figure 12. Apparent dielectric constant calibration curves of TDR sensors.
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The calibration for the ECy was performed using the solutions of sodium chloride (NaCl)
and potassium chloride (KCI), with different concentrations ranging from 50 to 750 ppm, using
both the TDR probes and the electrical conductivity meter (EC meter). The model of the hand-
held EC meter is Oakton CON 6+. The calibration curves and equations obtained for ECy are

shown in Figures 14 and Table 4.
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Figure 14. Bulk electrical conductivity calibration curves of TDR sensors.

Table 4. Equations for TDR sensors measured bulk electrical conductivity.

Sensors Equations a b R?

TDR-1 y =0.9197x + 0.0087 0.9197 0.0087 0.9971
TDR-2 y =0.9628x + 0.0087 0.9628 0.0087 0.9996
TDR-3 y =0.9514x + 0.0087 0.9514 0.0087 0.9993
TDR-4 y =0.9425x + 0.0099 0.9425 0.0099 0.9995
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3.5 Materials and Methods

Two soil samples were selected for the laboratory experiments: the American Society for
Testing and Materials (ASTM) fine sand was retrieved from Ottawa, lllinois, and the Hazy
Meadow Park soil was retrieved from Grapevine, Texas. Sieve analyses of both soil samples were
performed, and gradation was determined and shown in Figure 15. The two soil samples have
particle sizes ranging from approximately 0.150 mm to less than 1.00 mm for ASTM fine sand
and less than 0.075 mm to less than 1.00 mm for the Hazy Meadow Park soil. The Hazy Meadow

Park soil contains about 17 percent of fine particles.
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Figure 15. Particle size distribution of ASTM fine sand and Hazy Meadow Park soil.
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The soil samples were dried in the oven at 105°C for 24 h and then mixed with the desired
amount of distilled water prior to starting the test. Next, the soil was compacted into the inner
column, then into the outer column, in four equal 2.54-cm layers for both columns. Compaction
was carried out so as to achieve a dry density of 1.60 g/cm?.

During the packing, the TCs and thermo-TDR/TDR sensors were installed in the soil cell
and connected to the channels of the datalogger and soil moisture meter, as specified in the
Instrumentation section. The sensors were connected to the soil moisture meter as shown in Figures
16, 17, and 18. Additionally, after compacting each layer, small soil samples were collected for

oven-dried gravimetric water content determination.

Figure 16. Compaction steps of ASTM fine sand in the modified soil cell.
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Figure 17. Compaction steps of Hazy Meadow Park soil in the modified soil cell.

Following the soil compaction, a heat exchanger was positioned at the top of the inner and
outer cells so as to form a sealed soil cell. The water bath circulators were set to a temperature of
20°C to allow equilibrium in moisture distribution in the soil. At this time, the data loggers and
soil moisture meter started recording the variations of temperature and Ka and EC» waveforms
within the soil testing cell. The room temperature was maintained at around 22°C. The temperature
changes in the inner cell were recorded every minute during the heating and the TDR/thermo-TDR
sensors recorded the Ka and ECp waveforms at ten-minute interval. After a few hours, temperatures
of 60°C and 40°C were imposed on the lower heat exchanger, for the ASTM fine sand and Hazy
Meadow Park soil, respectively. The recording was stopped after approximately 48 h for the dry

soil and 96 h for the moist soil after the heating started. The soil was then cooled down to 20°C
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and additional samples were collected to measure the final oven-dried gravimetric water content.

TDR-3 }—s[ 7.5 em from warm end ]

TDR100 Multiplexer TDR-4 4-[ 5.0 cm from warm end ]
’ TDR-1 }—s[ 2.5 cm from warm end ]

T-TDR-1 }—b[ 7.5 cm from warm end ]

TDR100 Multiplexer T-TDR-2 4{ 5.0 cm from warm end ]
? T-TDR-3 }—b[ 2.5 cm from warm end ]

Figure 18. Sensors connection.

3.6 Experimental Plan

The laboratory experiments were performed according to the following the scope and test

sequence.

Table 5. Scope

Test Name Obijective Prospects
Experimentally evaluate the Coupling of the thermal and
TH Behavior Test temperature and water hydraulic processes of the tested
distributions soils

Table 6. Overview

Materials Instrumentation Function Number and Placement
Eight (8) total; One (1) at the
Type-T Measure the top and bottom and two (2) at

ASTM Graded
Sand;
Hazy Meadow

Thermocouples  temperature variations 2.5,5.0,and 7.5 cm from the
bottom of the cell

Park Soil Measure the dielectric
TDR sensors constant and electrical
conductivity

Three (3); at 2.5,5.0,and 7.5
cm from the bottom of the cell
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Table 7. Experimental Values

Inner Column Outer Column
etarget Wtarget Vs Vw MDry Soil Mw Vs Vw MDry Soil Mw
(Mm*m?) (%)  (m’) (M) (g @ (M) (m) () (e)
Using TDR sensors
0 0 0 0 0 0
0.096 6 631 60.6 1010 60.6 2681 2574 4290 257.4
0.160 10 101.0 101.0 429.0 429.0
Using T-TDR sensors
0 0 0 0 0 0
0.080 5 50.5 50.5 2145 214.5
0.160 10 631 101.0 1010 101.0 2681  429.0 4290 429.0
0.240 15 151.5 151.5 643.5 643.5
0.288 18 181.8 181.8 772.2 772.2
Table 8. Test Sequence
Boundary Mean Thermal
Oarget  Wtarget  Conditions, Temperature, Gradient,
Tests Soil T T T
(m¥m3) (%) 49) 49) (°C/m)
Top Bottom
Using TDR Sensors
ASTM Fine Sand 0 0 20 60 40 400
ASTM Fine Sand 0.096 6 20 60 40 400
ASTM Fine Sand 0.160 10 20 60 40 400
Hazy Mg"c")?lo"" Park— 4 0 20 40 30 200
Hazy MeadowPark 596 g 20 4 30 200
Coupled Soil
TH  HazyMeadowPark .00 15 59 49 30 200
Behavior Soil
Using T-TDR Sensors
ASTM Fine Sand 0 0 20 60 40 400
ASTM Fine Sand 0.080 5 20 60 40 400
ASTM Fine Sand 0.160 10 20 60 40 400
ASTM Fine Sand 0.240 15 20 60 40 400
ASTM Fine Sand 0.288 18 20 60 40 400
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3.7 Analysis of One-Dimensional Heat Transfer

Previous researches determined that one-dimensional heat transfer is reflected by a linear
temperature profile in dry soil between two regions of different temperature boundary conditions.
As for moist soil, a concave upward temperature profile would indicate non-uniformity of the
thermal properties of the soil, when the one-dimensional heat transfer is achieved. In this study,
the temperature variations at different locations for both dry and moist soil were assessed to

determine whether the one-dimensional conduction was satisfied.

3.8 Analysis of Coupled Thermo-Hydro Behavior of Unsaturated Soil

ASTM fine sand and Hazy Meadow Park soil, mixed with different amounts of water, were
compacted in the modified soil cell, and the top and bottom of the cell were subjected to different
temperature boundary conditions to create thermal gradients. The migration of water caused by
the temperature gradient was then evaluated. Previous researchers have determined that pore water
moves from a warm region to a cooler region when thermal gradients come into play. This study
will assess, confirm, or contribute to the advancement of the understanding of coupled migration

of water and heat in unsaturated soil.
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CHAPTER IV

RESULTS AND DISCUSSIONS

4.1 Introduction

The analysis of the TDR waveforms produced uncalibrated values of Ka and ECy, and,
using the methods described in the Fabrication and Calibration of Sensors section, calibrated
values were obtained. The volumetric water content (6) and gravimetric water content (®) were
determined from the calibrated values of Ka and ECp and using the equations described below.

e Gravimetric Water Content (Topp’s Equation)

0 =43x107"°Ka® —5.5x10"*Ka? + 292 x 1072Ka + 5.3 x 1072 (4-1)
w=02 (4-2)
pa

0 = volumetric water content (cm®cm?)
Ka = apparent dielectric constant (-)

® = gravimetric water content (-)

po = density of water (kg/m®)

pd = dry density (kg/mq)

e Gravimetric Water Content (One-Step Method and a and b Method)

cv Ka —avV ECb
© = iR -avia *3)
_1 \/Kapa)_ )
W= (—pd a) (4-4)

® = gravimetric water content (-)
Ka = apparent dielectric constant (-)

ECb = bulk Electrical Conductivity (Sm™)
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po = density of water (g/cm?)

pd = dry density (g/cm?)

a, b, ¢, d = four specific calibration constants (-)

The calibration constants a, b, ¢, and d were obtained from the calibration analysis of TDR
sensors where the relationship between Ka and oven-dried o values, as wells as ECy and oven-
dried o values were established. a is the constant and b the slope of the calibration equation of Ka
and w; whereas, c is the constant and d the slope of the calibration equation of ECp and ®. The
determination of the calibration constants is shown in Figures 19 through 22 and Table 9 and 10.
The steps of the calibration analysis went as follows:

- Prepare approximately 1500 g of oven-dried soil.

- Add water to obtain the targeted water content. Mix the soil and water thoroughly.

- Weigh empty mold without its collar. Attach the collar on the empty mold.

- Fill mold with about 420 g of the soil and compact it using a rammer. Repeat this step twice
for a total of three (3) evenly compacted layers.

- After compaction, remove the collar and use a straight edge to scrape the excess soil.

- Weigh the mold with the compacted soil.

- Place a small plastic wrap on top of the mold so as not to let the water evaporate. Re-attach
the collar on the mold and place the latter horizontally.

- Insert each TDR sensor into the soil of the corresponding Proctor mold and start collecting

TDR waveforms of Ka and ECb, using the PC200W software. Connect the TDR sensors to

a multiplexer then connect the multiplexer to the TDR100 for data collection.

- Weight empty cans for moisture content determination.

- Collect two (2) samples of the soil surrounding the location of the sensors and pour into
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the empty cans. Place the cans into the oven for 24 hours.

- Weigh the oven-dried samples. Determine the o and repeat all steps for another sample.
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Figure 19. Determination of constants a and b for ASTM fine sand.
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Figure 20. Determination of constants ¢ and d for ASTM fine sand.
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Figure 21. Determination of constants a and b for Hazy Meadow Park soil.
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Figure 22. Determination of constants ¢ and d for Hazy Meadow Park soil.
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Table 9. Determination of One Step Method calibration constants for ASTM fine sand.

Sensors a b c d

TDR-1 1.0124 8.5905 0.0562 0.0798
TDR-3 0.9624 8.6166 0.0580 0.0784
TDR-4 1.0187 8.5777 0.0582 0.0814

Table 10. Determination of One Step Method calibration constants for Hazy Meadow Park soil.

Sensors a b c d

TDR-1 0.9507 9.8050 0.0659 0.2729
TDR-3 0.9550 9.5297 0.0664 0.2789
TDR-4 1.0041 9.1604 0.0665 0.2748

The calibration constants established from the calibration analysis were used to determine
o using the One Step Method. These results were compared with the ® measured by the oven-
drying method, in addition to the values calculated by the Topp’s equation. This comparison is
illustrated graphically in Figures 23 through 28. Predominantly, the o values calculated by the
Topp’s equation do not deviate from the oven-dried o for more than 0.01 (1% of moisture), expect
for higher values of . This is also the case for the values obtained by the One Step Method;
however, the ® values corresponding to the oven-dried  of about 14% appear to deviate
significantly for all the TDR sensors, especially considering the Hazy Meadow Park soil. Overall,

the performance of the TDR sensors was satisfactory.
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Figure 27. TDR-3 calibration analysis for Hazy Meadow Park soil.
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4.2 Maintaining One-Dimensional Heat Transfer

Preliminary heating tests were carried out to analyze one-dimensional heat transfer inside
the modified soil cell. ASTM fine sand and Hazy Meadow Park soil were tested for a moisture
content of approximately 0%. Dry sand was placed in the modified soil cell using a funnel. The
heat exchangers were then subjected to temperature boundaries of 60°C (ASTM fine sand) and
40°C (Hazy Meadow Park soil) for the lower exchanger and 20°C for the upper exchanger after
the soil had reached approximately 23°C of initial temperature. The temperature distribution inside
the cell is illustrated in Figures 29 and 32. The heating lasted about 2 days. Around 4 hours after

setting the boundary temperatures, steady-state temperatures were reached.

In Figures 30 and 34, the dots indicate the temperature distribution at steady-state and the
dotted lines indicate the theoretical one-dimensional heat conduction in dry soil. A clear linear
trend of the temperature variation is observed in the soil cell. At the middle of the cell, however,
the temperature of the soil deviates from the linear trend. This observation suggests that the
ambient temperature may have interfered with the temperature of the soil specimens, which
resulted in a concave upward temperature profile, instead of a linear profile. The reason behind
this is that no insulation was applied to the modified soil cell. Another test was performed (Figure
35), where the dry ASTM fine sand was heated and approximately 8.9 cm (3.5 in.) fiberglass
insulation from Owens Corning was installed to limit the interference of the ambient temperature
with that within the soil testing cell. Based on these results, the modified soil cell was considered
to have a feasibility of maintaining one-dimensional heat transfer if adequate insulation is applied.
During the study of one-dimensional heat transfer, the thermal properties of dry ASTM fine sand

and Hazy Meadow Park soil were also determined (Figures 31 and 33).
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Figure 29. Temperature variations for ASTM fine sand (target ® = 0%).
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Figure 30. Steady-state temperature distributions of ASTM fine sand; ® = 0%.
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Figure 31. Ka and ECb of ASTM fine sand; ® = 0%.
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Figure 32. Temperature variations for Hazy Meadow Park soil (target o = 0%).
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Figure 33. Ka and ECy of Hazy Meadow Park soil; o = 0%.
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Figure 34. Steady-state temperature distributions of Hazy Meadow Park soil; ® = 0%.
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Figure 35. Steady-state temperature distributions of ASTM fine sand, with insulation; o = 0%.

4.3 Coupled Thermo-Hydro Behavior of Unsaturated Soil

The temperature variations right before, during, and after imposing boundary temperature
on the upper and lower heat exchangers are illustrated in Figures 36, 38, 40 and 42. In addition,

steady-state temperatures (from the warm end to the cool end) representing the last 60 min of the
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96 hr heating period are shown in Figure 37, 39, 41, and 43. In the latter figures, the dots, indicating
steady-state temperatures, show non-linearity with respect to the dotted lines that delineate
linearity, and this observation confirms the non-uniformity of thermal properties of ASTM fine
sand and Hazy Meadow Park soil that result from a non-uniformity of thermal properties of
unsaturated soil under non-isothermal conditions. These solid lines show a concave downward
temperature profile, which indicate the presence of ambient temperature interference (Prunty and
Horton, 1994). The concave temperature profile is more evident for ASTM fine sand than it is for
Hazy Meadow Park soil and is more apparent for the ASTM fine sand with a higher moisture
content. This may suggest that the temperature profile shape has a correlation with the thermal
gradient magnitude or air voids volume, since the Hazy Meadow Park soil has more fine particles

than ASTM fine sand.
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Figure 36. Temperature variations for ASTM fine sand (target ® = 6%).
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Figure 37. Steady-state temperature distributions of ASTM fine sand (target © = 6%).
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Figure 39. Steady-state temperature distributions of Hazy Meadow Park soil (target o = 6%).
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Figure 41. Steady-state temperature distributions of ASTM fine sand (target ® = 10%).
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Figure 42. Temperature variations for Hazy Meadow Park soil (target ® = 10%).
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Figure 43. Steady-state temperature distributions of Hazy Meadow Park (target @ = 10%).

Following the analysis of the temperature distributions, the moisture content of the ASTM
fine sand and Hazy Meadow Park soil was evaluated. The waveforms of the Ka and ECp were
measured by the TDR100 moisture meter to determine the water content of the two soil samples.
The variations of these two properties are depicted in Figures 44 through 47.

The Ka of ASTM fine sand for target ® of 6 and 10% show a relatively similar trend. In
both cases, the Ka values of the soil located at 2.5 cm from the warm end are higher than those of
the soil at 5.0 and 7.5 cm. Since Ka is directly proportional to o, this means that more water has
been retained at the bottom of the cell. This is reasonable, because ASTM fine sand is a poorly
graded soil, thus is rather particularly porous, and, when mixed with water, the pore water tends
to drop down, due to gravity. Conversely, the Hazy Meadow Park soil contains grains of smaller
sizes and is less likely to have pore water settle at the bottom of the cell. Therefore, the Ka values
of the soil at the three locations of the Hazy meadow Park soil sample were close to each other for
major part of the experiment. In general, the Ka values did not show any significant change during

56



the heating process. The ECy of the two soil samples increased just after temperature boundaries
were imposed on the heat exchangers. This increase was more significant at 2.5 cm from the warm

end. The ECp then gradually but slightly decreased.
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Figure 44. Ka and ECp of ASTM fine sand; o = 6%.
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Figure 45. Ka and ECp of Hazy Meadow Park soil; o = 6%.
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Figure 46. Ka and ECp of ASTM fine sand; ® = 10%.
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Figure 47. Ka and ECp of Hazy Meadow Park soil; @ = 10%.

After obtaining the Ka and ECy values from the methods described above, ® was calculated
using Topp’s Equation and the One Step Method. Topp’s Equation uses only the Ka value to
establish the water content, whereas the One Step Method uses both the Ka and ECp values. The
trend of ® obtained using Topp’s equation is similar to that of Ka, since the two are directly
proportional. As for the ® obtained from the One Step Method, it is inversely proportional to the
ECo.

The final and nearly steady-state values of  calculated using the Topp’s Equation follow
relatively the same trend for ASTM fine sand and Hazy Meadow Park soil, while the values of
One Step Method deviate from the rest. In general, the values obtained using the One Step Method
do not conform to any specific pattern. This discrepancy resulted from the values of ECy: the ECp
may be influenced by other factors other than heat and water movement and that are out of the
scope of this study. Consequently, an alternate method was adapted and was called the a and b
method. It involved the calibration constants a and b from the One Step method, and it was used
to calculate the . The obtained ® values from the two methods, presented in Figures 48 through
55, were compared with the ® obtained from the oven-drying method. The figures below show

that the values of ® obtained from the oven-drying method are close to those obtained from the
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two methods at nearly steady-state. Figure 53 does not include the measurement of the oven-dried
®, because soil samples were not collected at the end of the test for o determination when running
the test of ASTM fine sand for a target ® of 10%.

The initial values of o (the o calculated from the samples collected during the packing) are
also portrayed in Figures 49, 51, 53, and 55. The graphs indicate that there has been a certain loss
and even a certain gain, perhaps due to the evaporation of water and resulting from the migration
of moisture. The average changes in moisture content is 0.99% for ASTM fine graded sand and
0.74 (target ® = 6%) and 0.32% (target ® = 10%) for Hazy Meadow Park soil.

Many researchers (Bouyoucous, 1915; Jackson et al., 1973; Cahill and Parlange 1998;
Heitman, 2007) have established the coupling of moisture and heat transfer in unsaturated soil.
They specified that the relocation of soil moisture occurs when the soil is subjected to thermal
gradients and that heat also migrates in response to the moisture migration. Pore water has been
determined to move from a warm region to a cooler region.

In this study, it was observed that even if some migration of soil moisture did take place,
it was not very obvious, especially for ASTM fine sand. This is due to the consistency of the grain
sizes of the ASTM fine sand, which makes is poorly graded and particularly porous and permeable.
Considering the 96-hr period of heating, the soil water might have settled down at the bottom of
the soil cell over time due to gravity. Instead of migrating from the warm end (bottom of the cell)
to the cool end (top of the cell), the soil moisture located in the region of approximately 2.5 cm
from the warm end remained in the same place, and some of the water from the cooler regions
moved down. The Hazy Meadow Park soil is less porous and less permeable; thus, not much water
was retained at the bottom of the cell. The distribution of water in the figures below show that the

Hazy Meadow Park soil better displays better a good demonstration of how water moves from a
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warm region to a cooler region due to thermal gradients, and this is even clearer in Figures 50 and
51, where the initial o is lower (target ® = 6%). It was observed that moisture migration did not
occur from warm end to cool end for the Hazy Meadow Park soil with the initial moisture content
of 10%. This may suggest that 10% is greater than the critical moisture content of the Hazy
Meadow Park soil, because when the critical moisture content is reached, the soil hydraulic
processes are controlled by the strong attractive forces of soil for water, which makes it difficult

for moisture to move, according to Bouyoucous (1915).
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Figure 48. Gravimetric water content of ASTM fine sand (target ® = 6%).
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Figure 49. Nearly steady-state moisture distributions of ASTM fine sand (target ® = 6%).
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Figure 50. Gravimetric water content of Hazy Meadow Park soil (target o = 6%).
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Figure 51. Nearly steady-state moisture distributions of Hazy Meadow Park soil (target o = 6%).
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Figure 52. Gravimetric water content of ASTM fine sand (target ® = 10%).
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Figure 53. Nearly steady-state moisture distributions of ASTM fine sand (target ©® = 10%).
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Figure 54. Gravimetric water content of Hazy Meadow Park soil (target = 10%).
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Figure 55. Nearly steady-state moisture distributions of Hazy Meadow Park soil (target ® =
10%).

The following figures, 56 through 63, show the thermos-TDR measured soil moisture
distributions when ASTM fine sand was subjected to thermal gradients. The ® was calculated
using Topp’s equation only, because, during these tests, only the Ka values was measured. There
were no significant variations in moisture throughout the heating period other than the first minutes
after the start of heating and after several hours of heating (for target ® = 18%). The same behavior
of water retention due to porosity and permeability of ASTM fine sand was observed in these tests
as in the previous ones. For the lower initial @ (5 and 10%), a large amount was retained in the
middle of the cell. Finally, the figures below present the transient and nearly steady-state moisture
distributions for ASTM fine sand. They show the calculated values of Topp’s equation and the
measured oven-dried initial and final values of . There was a loss of moisture caused by
evaporation during heating. A similar pattern of moisture migration is observed as in the previous
tests. Average variations in moisture content are 0.98, 2.23, 2.94, and 4.82% for target moisture
contents of 5, 10, 15, and 18%, respectively.
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Figure 56. Gravimetric water content of ASTM fine sand (target ® = 5%).
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Figure 57. Transient moisture distributions of ASTM fine sand (target ® = 5%).
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Figure 58. Gravimetric water content of ASTM fine sand (target ® = 10%).
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Figure 59. Transient moisture distributions of ASTM fine sand (target ® = 10%).
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Figure 60. Gravimetric water content of ASTM fine sand (target ® = 15%).
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Figure 61. Transient moisture distributions of ASTM fine sand (target ® = 15%).
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Figure 62. Gravimetric water content of ASTM fine sand (target ® = 18%).
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Figure 63. Nearly steady-state moisture distributions of ASTM fine sand (target o = 18%).
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CHAPTER V

SUMMARY AND CONCLUSIONS

5.1 Summary

Geothermal applications involve the use of geo-structures, such as ground-heat source
pump (GSHP), which are geothermal systems operated to inject and extract underground heat for
distribution to buildings and bridges. The effectiveness of these geo-structures depends in part on
the soil surrounding them, since there is an interaction between the pipes that circulate heat and
the underground unsaturated soil. Changes in soil temperature influence the migration of pore
water from the soil and, in response, this movement alters the temperature of the soil. This coupled
mechanism has been studied by several researchers and has been given the name of coupled
thermo-hydro (TH) processes. This behavior has been explored both in the field and laboratory
scale. This thesis focuses on the analysis of the coupled TH phenomenon of unsaturated soil in a

laboratory setting using a modified double column-type testing device.

The new testing device comprises a modified configuration of its original design developed
by previous researchers and includes various instrumentations to investigate one-dimensional heat
transfer in unsaturated soil. It consists of a small and a larger column, with a heat exchanger at the
top and at the bottom, alimented by a water bath circulator. The instrumentation includes
thermocouples (TCs) and thermo-time domain reflectometry (T-TDR) and time domain
reflectometry (TDR) sensors to measure the apparent dielectric constant (Ka) and bulk electrical
conductivity (ECp) of the soil. The measuring devices were partly manufactured and partly
fabricated by the author with the assistance of colleagues, and the sensors were calibrated using

different chemical substances to analyze their performance and obtain calibration equations.
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Two types of sand, one consisting exclusively of sand particles (ASTM fine sand) and the
other of both sand and finer particles (Hazy Meadow Park soil), were used for the laboratory
investigations of the coupled TH behavior of unsaturated soil. Their gradation was determined,
and they were tested for additional TDR calibration analyses. The selected soils were compacted
in different molds for the determination of gravimetric water content (®) using Topp’s equation
and a and b method, the estimation of calibration constants from One Step method, and the

performance verification of the TDR sensors.

The soil samples were mixed with the desired moisture content, and the soil was compacted
in the testing cell in four equal layers. The measuring devices were installed after each compacted
layer. Following the compaction, the soil was allowed to equilibrate at 20°C for a few hours.
Assuming that the compacted soil had reached temperature equilibrium, temperature boundaries
of 20°C and 60°C (for ASTM fine sand) and 20°C and 40°C (for Hazy Meadow Park soil) were
imposed to the upper and lower heat exchangers for a period of 96 hours for temperature
distribution. The temperature variations data were then collected, as well as the TDR waveforms
of Ka and ECp. The equipment was later dismantled, and soil samples were collected for water

content determination, after the soil had reached equilibrium again.

The laboratory investigations were followed by the analysis of results and discussion. One-
dimensional heat transfer was analyzed by observing the temperature profile between the top (cool
region) and bottom (warm region) of the cell, having different temperature boundary conditions.
Finally, the evaluation of the migration of water due to heat transfer and thermal gradients was

carried out by determining the o and temperature at each of the TDR sensors and TCs locations.
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5.2 Conclusions

The conclusions that were drawn from the analysis of the laboratory investigations

conducted and the results obtained are the following:

One-dimensional heat transfer was not perfectly achieved when no insulation was applied
to the soil testing cell. The temperature profile of dry ASTM fine sand showed a slight sag at the
middle of the cell, instead of the linear temperature profile described in the theory. Besides, the
temperature profile of moist ASTM fine sand and Hazy Meadow Park soil displayed a concave
downward temperature profile. This may have resulted in the lack of insulation in the soil testing
cell, which could have impeded the ambient temperature of the test room to interact with the
temperature distributed by the heat exchangers. The modified soil cell has however proved to
maintain one-dimensional heat transfer when dry ASTM fine sand was tested with insulation. It
was concluded that, if adequate insulation is provided, the modified soil testing cell has the ability

to maintain one-dimensional heat transfer.

The coupled TH processes were most clearly observed for the Hazy Meadow Park soil with
an initial ® of 6% and subjected to a thermal gradient of 200°C/m. This was due to the finer
particles in the gradation of the Hazy Meadow Park soil, as the soil pore water adequately migrated
from the warm end to the cool end, as predicted in the literature. This was less evident for the Hazy
Meadow Park soil with an initial ® of 10%. For ASTM fine sand, however, the pore water sank to
the bottom, causing little or no movement of the pore water from the warm end to the cool end.
Additionally, the modest magnitude of thermal gradient (200°C/m for Hazy Meadow Park soil
against 400°C/m for ASTM fine sand) may have played an important role in the migration of Hazy

Meadow Park soil pore water. It was then concluded that unsaturated soil samples with the largest
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quantity of fine particles, in addition to a relatively low initial moisture content and a moderate

temperature gradient, more correctly exhibit the coupling behavior of TH processes.

5.3 Recommendations

This section provides a list of recommendations that could improve the laboratory

investigations and analyses conducted to study the coupled TH processes of unsaturated soil.

1. Firstly, it would be highly recommended to provide proper radial insulation to the modified
soil cell, so as to avoid the interference of the ambient temperature and to fully achieve

one-dimensional heat transfer for dry and moist unsaturated soil.

2. It would also be necessary to test supplementary soil samples of different grain sizes, with
various moisture content and several thermal gradients to corroborate the findings of this
thesis that the size of grains, initial moisture content, and the magnitude of thermal gradient

are the most important factors that influence the migration of moisture in unsaturated soil.

3. Extensive calibration analyses should also be carried out to better examine the performance

of TCs, TDR, and T-TDR sensors.

4. A final recommendation would be to evaluate additional soil parameters and thermal
properties, i.e., matric suction and thermal conductivity, to better determine the volumetric

and gravimetric water content of soil.
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