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ABSTRACT

USE OF TIME-DOMAIN REFLECTOMETRY TO
CHARACTERIZE THERMAL AND HYDRAULIC PROPERTIES OF
UNSATURATED SANDS

Xuelin Wang, Ph.D.

The University of Texas at Arlington, 2020

Supervising Professor: Xinbao Yu

Unsaturated soil is an essential consideration for many geotechnical engineering fields, for
example, soil bearing capacity, soil lateral earth pressure, slope stability analysis, and seepage-
related problems. Thermal-hydro-mechanical (THM) processes govern the behavior of unsaturated
soils. Therefore, it is critical to simultaneously measure soil moisture, density, and thermal

properties to better study THM processes.

A thermo-time-domain reflectometry (thermo-TDR) sensor, a dual-probe for both soil
moisture and thermal properties, is improved (based on its previous design) and fully calibrated
through various soils at different soil moisture circumstances. Nine different chemical reagents
with known dielectric constant were utilized to perform calibration of the dielectric constant.
Potassium chloride and sodium chloride solutions of different concentrations were used to

implement the calibration of electrical conductivity. The effective sampling area for the thermo-

Xiii



TDR sensor was determined using the COMSOL Multiphysics and MATLAB based on the
transverse electromagnetic (TEM) propagation mode. The thermo-TDR sensor tested eight types
of sands and clays compacted at different moisture contents. The accuracy and precision of thermal
properties measurement were evaluated by comparing and analyzing the measurement results from
a KD2 Pro thermal properties analyzer. Validation of temperature effects for dielectric constant

and electrical conductivity was performed with sand and distilled water.

A modified hanging column device (MHCD) furnished with a lab-built thermo-TDR sensor,
a T5x tensiometer, and a KD2 Pro thermal properties analyzer with a TR-1 thermal needle were
used to test three sands at the laboratory (24 °C) and environmental chamber (10 °C and 2 °C).
The measured data indicate that the hydraulic and thermal properties are functions of the drainage
and evaporation processes. The measured results, thermal conductivity dry-out curves (TCDC),
and soil-water characteristic curve (SWCC) were determined from the measured results. The effect

of sand type and temperature on the TCDC and SWCC curves are evaluated.

The validation of the soil-water characteristic curve (SWCC) via the MHCD test method
was performed using three SWCC models developed by Brooks and Corey (1964), van Genuchten
(1980), and Fredlund and Xing (1994). The fitted curves' performance using the Fredlund and Xing

model was better than the other two models (Brooks and Corey and van Genuchten models).

Numerical models are developed to model the sand dry-out processes (drainage and
evaporating) during the MHCD test. The developed models will help to understand the coupled

THM processes of sands.
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CHAPTER 1 INTRODUCTION

1.1 Background

Water plays a significant role in the behavior of unsaturated soils. For example, a person
can easily walk on wet sand beach at low tide and sink at high tide. This example shows the beach
sand to have a higher strength during drainage and a lower strength at saturation. This observation
inspires the exploration of unsaturated soils’ working mechanism subject to drainage and dry-out
processes. In addition to the hydro process, temperature also plays an essential role in the hydraulic
process, such as the moisture flux induced by a thermal gradient. In recent years, the development
of active thermal earth-structures and thermal energy storage has necessitated the study of

temperature effects on unsaturated soil behavior.

While the growth of mechanisms and techniques in unsaturated soil mechanics requires
principles extracted from hydraulics, interfacial physics, and mechanics, it is expedient to
categorize the numerous geotechnical engineering problems which make up the three general
phenomena for unsaturated soil, i.e., the flow phenomena, stress phenomena, and deformation
phenomena. The flow phenomena primarily involve the application of hydraulics and interfacial
physics principles. Many seepage-related problems may be effectively treated by applying
thermodynamic potential theory with tiny or no solid mechanics in unsaturated soil mechanics.
The stress phenomena require both mechanical and chemical equilibrium. Terzaghi’s effective
stress, which is the foundation of soil mechanics at saturation, is either inappropriate or ineffective
when it comes to completely explaining the failure conditions or stress distributions in unsaturated
soil. The theory depicting used to depict the situation of stress and failure in unsaturated soil
involves the attention of pore water thermodynamic properties according to soil suction, grain size

distribution, the degree of saturation, and the resultant interparticle forces. The deformation



phenomena require physical changes to qualify large deformation or strains. This deformation is

frequently caused by changes in the moisture situation in the unsaturated soil (Lu and Likos 2004).

In general, there are three regimes conceptualized when soil is transitioning from saturation
to dry, as shown in Figure 1.1. The capillary fringe zone is a saturated regime. The continuous
capillary or funicular zone is an unsaturated regime, and the residual or pendular zone is an isolated,

discontinuous water phase regime.

Capillary Fringe Zone Continuous Capillary (Funicular) Zone  Residual (Pendular) Zone

Figure 1.1 Schematic diagram of the unsaturated soil zone (Lu and Likos 2004)

Childs (1969) assumed a theoretical cross-section cross a soil sample that further elucidate
ink-bottle hysteresis, as shown in Figure 1.2. The soil system is initially saturated in the figure,
with the air-water interface located above the soil surface in Stage 1. The pore pressure is positive
at this stage, having a magnitude equal to hydrostatic pressure dominated by the standing water’s
height. The solid-lines, corresponding to Stages 2 - 6, indicate promotes air-water interface
positions. The pore pressure is sequentially decreased into a negative regime, thereby inducing the
pore water to withdraw into increasingly smaller pore narrowings with the soil sample. The air-
water interface’s curvature describes the matric suction at each stage, which gets harsher as the
drainage changes, and the pore-water withdrawal continues inside the increasing suction. The
dashed-lines indicate Stages 7 - 9 the air-water interface positions experience a succeeding refilling

process (i.e., the conduct stages shown in Fig. 1.2). In order to refill the pore structure, the air-



water interface must continue to undergo the extensive pore narrowing as shown inside the
surroundings of Stages 8 and 9. The suction should facilitate a decrease of the narrowing to a point
low enough to establish an equilibrium with the curvature so the filling process can proceed as the
curvature within this pore narrowing becomes progressively less severe. The net effect is that the
system’s moisture content during the refilling process is methodically less than that shown based

on the same magnitude of suction during the drainage process.

Stage 1

Figure 1.2 Theoretical unsaturated soil system at conduct stages of drainage and rewetting (Childs

1969)

In the study of unsaturated soil drainage and evaporation, temperature effects are an
essential condition that must be considered. The temperature effects on soil properties are
contingent on hydraulic conductivity, stress history, and thermal history (Burghignoli et al. 2000;
Hueckel et al. 2009). Uchaipichat and Khalili (2009) reported temperature changes can cause
volume change in unsaturated soils. Nevertheless, for unsaturated soils, the critical state shear

strength envelope is not dependent on temperature change (Alsherif and McCartney 2016). A pore



pressure difference or temperature gradient could induce water migration. However, matric suction
decreases with the temperature at a steady water content, and the water content decreases with the
temperature at a steady matric suction. The cause could be ascribed to a reduction in the surface
tension of water and a thermal-induced variation in the contact angle at the water soil particle

interface (Bachmann and van der Ploeg 2002).

1.2 Problem Statement

This research focuses on understanding the soil thermal and hydraulic properties of sands
during dry-out processes by determining how the temperature affects the soil-water characteristics
curve (SWCC). Sensors are needed to measure the soil thermal conductivity and hydraulic
properties (moisture and density) accurately over the complete saturation regime and account for
the effect of temperature. However, there are no verified sensors that can provide accurate soil
moisture measurements and density when the soil is subjected to moisture loss from saturation to
dry and significant density changes. Experimental techniques for precise simultaneous
measurement of soil suction, water content, and thermal properties were attempted. The soil-water
characteristic curve (SWCC) and thermal conductivity dry-out curve (TCDC) are recognized
methods used to present a relationship between soil matric suction and moisture content. However,
very few efforts were found in the geotechnical literature, which directly and simultaneously
measures the volumetric moisture content, soil matric suction, and thermal conductivity. Moreover,
studies on soil volume change during drainage are minimal. The research presented in this

dissertation attempts to narrow the information gap in all of these areas of study.

1.3 Research Objectives




This research’s primary objective is to accurately measure soil moisture, density, and
thermal conductivity of sands undergoing the dry-out process. The research tasks used to

accomplish the above research objective are listed below.

1. Develop a calibration model for thermo-TDR to accurately measure moisture and density
for unsaturated and nearly saturated soils.

2. Measure thermal conductivities of soils for compacted sands and clay.

3. Measure thermal conductivities and suction of sands using the modified hanging column
device (MHCD) under different temperatures.

4. Develop a numerical model to predict the dry-out process in the MHCD test.

1.4 Dissertation Qutline

This dissertation consists of six chapters: introduction (Chapter 1), literature review
(Chapter 2), design, fabrication, and evaluation of Thermo-TDR sensors (Chapter 3), modified
hanging column device (MHCD) test (Chapter 4), development of SWCC and TCDC models

(Chapter 5), and summary, conclusions, and recommendations (Chapter 6).

Chapter 1 introduces this research, including a research background that facilitates
understanding of thermal and suction changes in sands during dry-out processes. The problem

statement comes from former research and the research objectives for this research.

Chapter 2 demonstrates a summary of former research through an: (1) introduction, (2) soil
moisture measurements, (3) time-domain reflectometry (TDR) techniques, (4) SWCC and TCDC,

(5) soil thermal properties and applications, and (6) prediction models.

Chapter 3 demonstrates the design, fabrication, and evaluation of thermo-TDR sensors.

Sensor calibrations include dielectric constant and electrical conductivity. The sensor evaluations



include in-depth analyses of moisture content, dry density, and thermal properties. The effective

sampling area for the thermo-TDR sensor is in this chapter as well.

Chapter 4 demonstrates modified hanging column device tests and comparable results for

unsaturated soil exploration.

Chapter 5 demonstrates the development of models during sand dry-out processes. The
developed models facilitate understanding of the coupled THM processes of sands. A series of
discrete data points contain the relationship between soil matric suction and volumetric moisture
content provided from experimental techniques to measure the soil-water characteristic curve
(SWCC). A thermal conductivity dry-out curve (TCDC) model was predicted from related

experimental results.

Chapter 6 provides a relevant summary and conclusions of this research as well as

recommendation for future work.



2 CHAPTER 2 LITERATURE REVIEW
2.1 Introduction
This chapter summarizes previous literature concerning the research objective of this
dissertation. The review is, therefore divided into five parts: (1) soil moisture measurements, (2)
the time-domain reflectometry technique, (3) the soil-water characteristic curve (SWCC) and the
thermal conductivity dry-out curve (TCDC), (4) soil thermal properties and applications, and (5)

prediction models.

2.2 Soil Moisture Measurement

Soil moisture is an essential part of the soil’s three-phase system (air, moisture, and solids)
(Craig 2004; Das and Sobhan 2013). Earlier researchers developed some techniques for soil
moisture measurement, for example, dielectric techniques such as capacitance, frequency domain
reflectometry, and time-domain reflectometry (TDR) (Arulanandan 1991; Bhat and Singh 2007;
Campbell 1990; Ferré et al. 1998; Gaskin and Miller 1996; Hilhorst et al. 2001; Jacobsen and
Schjenning 1993; Mittelbach et al. 2012; Rao and Singh 2011; Rinaldi and Francisca 1999;
Robinson and Dean 1993; Rohini and Singh 2004; Schwartz et al. 2008; Selig and Mansukhani
1975; Topp et al. 1982; Whalley et al. 1992), neutron scattering (Amoozegar et al. 1989; Elder and
Rasmussen 1994; Evett 2000; Huang et al. 2011; Jayawardane et al. 1984; Li et al. 2003), soil
resistivity (Sreedeep et al. 2004; Zazueta and Xin 1994), and thermal gravimetric analysis (ASTM

2008; Hillel 2013; Terhoeven-Urselmans et al. 2008).

Elimination of moisture from the soil specimen via chemical reaction or evaporation is a
classical technique for soil moisture measurement (SU et al. 2014). Electrical properties of the soil

(capacitance, dielectric constant, impedance, and soil resistivity), infrared rays, soil moisture



potential, and radioactive techniques (gamma attenuation, neutron scattering, and optical

techniques are modern soil moisture measurement techniques (Lekshmi et al. 2014).

The capacitance technique, frequency-domain reflectometry (FDR), and time-domain
reflectometry (TDR) are the practical techniques used to determine the soil's dielectric property
for measuring soil moisture content (Lekshmi et al. 2014). The inappreciable fluctuations of
temperature on electrical permittivity measurements make the FDR and TDR more accurate in
determining soil moisture in shallow soils (Hilhorst 2000; Topp et al. 1982). TDR has become
widely recognized for attaining the soil moisture content measurement (Hilhorst 2000; Ledieu et

al. 1986; Robinson et al. 2008; Rohini and Singh 2004; Topp et al. 1980).

TDR determines the dielectric permittivity of the soil mass by measuring the delay in time
between an incident and reflected electromagnetic pulses (Arulanandan 1991; Campbell 1990;
Jacobsen and Schjenning 1993; Kupfer et al. 2007; Selig and Mansukhani 1975; Topp et al. 1982;
Topp et al. 2000). A capacitance-based technique has an oscillation circuit and a sensing part
embedded in the soil. This technique obtains the dielectric permittivity of a medium by the charge
time measurement of a capacitor (Gardner et al. 1998; Minet et al. 2010; Robinson and Dean 1993;
Whalley et al. 1992). The capacitor works with the oscillator to form a resonant circuit, and
changes in soil moisture content are detected by changes occurring in the operating frequency

(Lekshmi et al. 2014).

An electrical impedance sensor consists of probes that use coaxial impedance dielectric
reflectometry to measure the dielectric constant of the soil. Subsequently, the dielectric constant
will measure the amplitude of the reflected and incident signals in volts. The volt is related to the
impedance and dielectric permittivity for soil moisture content measurement (Gaskin and Miller

1996; Rinaldi and Francisca 1999). Soil moisture content measurements also include ground
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penetrating radar (GPR) (Robert 1998), micro electro mechanical system (MEMS) (Jackson et al.

2008), and soil resistivity sensor (Robinson et al. 2008).

2.3 Time-Domain Reflectometry (TDR) Technique

The time-domain reflectometry (TDR) technique has high multifunctionality, precision,
relatively low completion costs, and the possibility of accomplishing continuous real-time
measurements. TDR also makes the performance of continuous real-time measurements possible.
An extra advantage is that TDR can be automated, and through multiplexers, it can use several
sensors simultaneously with a single measurement device. For instance, Campbell Scientific
manufactures the TDR200 time-domain reflectometer with one SDM8X50 50-ohm coaxial

multiplexer that can measure eight channels simultaneously (Persico et al. 2019).

One another primary application for TDR is the dielectric characterization of materials.
Moreover, TDR has been primarily used in water content measurements. TDR is widely used in
field monitoring of soil moisture content. Several theoretical and empirical models have been
exploited to deduce soil moisture content by TDR measurements over the years. Furthermore,
geotechnical engineers use TDR to assess distributed pressure profiles, monitor liquefaction of
soils and detect organic pollutants in sandy soils. Landslide monitoring is also an application for

TDR.

The principles of the TDR technique are used to measure soil moisture content, as

described in this section.

2.3.1 Whatis TDR?
The microwave reflectometry measurement must be taken before introducing TDR.

Generally, two primary components are included in the measurements of microwave reflectometry.



One is the measurement cells found in the tested material by using the probe. Another one is the
device for electromagnetic signal generation and reception. Frequency-domain reflectometry
(FDR) and time-domain reflectometry (TDR) are two methods used to perform microwave-
reflectometry-based measurements. In general, FDR instrumentation is more expensive than TDR

instrumentation (Persico et al. 2019).

A TDR operates like a radar. A fast rise pulse is shot into the coaxial cable system near the
end. As the pulse proceeds down the coaxial cable, any characteristic impedance variation will
cause some of the incoming signals to reflect towards the source. The reflected pulse constituent
will be positive or negative depending on if the reflection is plotted against time on a device display,

such as an oscilloscope (Hernandez-Mejia and Perkel 2016).

2.3.2 Configuration of TDR Sensors

A two-probe sensor with an impedance-matching transformer has been widely used, as
shown in Figure 2.1(B). Some researchers have used a two-probe sensor without an impedance-
matching transformer and have had corresponding soil moisture content measurement (Kelly et al.
1995; Ledieu et al. 1986; Malicki et al. 1992; Malicki and Skierucha 1989; Rajkai and Ryden 1992;
Stein and Kane 1983). However, Stein and Kane (1983) warned against risking confrontation with
stray currents and voltages that could increase measurement precariousness when an impedance-

matching transformer is not employed.

Zegelin et al. (1989) presented a multi-probe sensor imitating a coaxial cell, like the sensors
Fellner-Feldegg (1969) and Topp et al. (1980) used. Therefore, a multi-probe sensor not required
an impedance-matching transformer. The schematic diagram for a three-probe sensor is shown in

Figure 2.1(A), which is useful for regular use.
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Figure 2.1 Schematic diagram of typical sensors: (A) three-probe sensor, and (B) two-probe sensor

Another type of sensor is presented to precisely measure soil volumetric moisture content

(Selker et al. 1993). The sensor is a rectangular shape, as shown in Figure 2.2(A).

Recently, stainless steel rods have been the predominant material for sensors; however,
brass rods were preferred earlier. Davis (1979) introduced polyvinyl chloride pipes covered with

longitudinal, variable-width aluminum strips as an electric pole, shown in Figure 2.2(B).

A sensor with multiple rod diameters was linked together, as shown in Figure 2.2(C).
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Figure 2.2 Schematic diagram of three different types of sensors (Davis 1979; Selker et al. 1993)
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2.3.3 Soil Moisture Content Measurement by TDR

TDR obtains the dielectric constant (K,) by recording electromagnetic waves’ travel time
sent from a cable tester (Figure 2.3) thrust in a medium. Electromagnetic waves transmit via a
coaxial cable to a TDR sensor, generally a stainless steel or brass rod. The portion of an incoming
electromagnetic wave is reflected at the probe’s head because of the cable and probe impedance
difference. The residual of the wave transmits via the sensor until it attains the probe’s end, at

which the wave is reflected.

cable tester

RS-232C port

pulse
generator

Figure 2.3 Schematic diagram of TDR to measure dielectric constant and the bulk electrical

conductivity of soil (Noborio 2001)
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Figure 2.4 TDR waveforms examples provided by a three-probe sensor

The apparent distance L, between the start and end reflections can be obtained from waves
reflected from a sensor. TDR waveforms examples from a three-probe sensor are shown in Figure

24.

2.4 Thermo-TDR Technique

Thermo-time-domain reflectometry (thermo-TDR) method might even be possible for
monitoring the soil properties and thermal properties. Ren et al. (1999) came up with a design of
the thermo-TDR sensor. The transient state method is used to measure thermal properties, such as
dual-heat probes from the heat pulse theory (Jaeger 1965; Larson 1988; Lubimova et al. 1961).
The dual-probe heat-pulse (DPHP) instrument was used to measure thermal properties, such as
heat capacity, thermal conductivity, and thermal diffusivity, by several studies (Bristow et al. 1994;

Campbell et al. 1991; Kluitenberg et al. 1995; Kluitenberg et al. 1993). The thermo-TDR sensor

14



is combined time-domain reflectometry (TDR) and a heat-pulse for soil properties and thermal
property measurements within a similar volume (Ren et al. 1999). This thermo-TDR sensor is
composed of three parallel probes; each is 1.3 mm in diameter and 40 mm long with 6 mm probe-
to-probe spacing. However, the probes may be deflected when inserted into hard soil because of
their narrow 1.3-mm diameter. The soil temperature, as well as the thermal and electrical properties,
can be measured by the thermo-TDR sensor (Ren et al. 1999). Some researchers use the thermal-
TDR sensor for monitoring soil physical properties comprehensively (Lu et al. 2007; Lu et al. 2014;
Ochsner et al. 2001; Xie et al. 2018). Some researchers study coupled heat and water transfer in

frozen and unfrozen soils using the thermo-TDR sensor (Heitman et al. 2008; Tian et al. 2015).

Many researchers have found that short probes will restrict the TDR measurements’
accuracy and precision (Noborio 2001; Schwartz et al. 2014; Wang et al. 2016). The errors of
volumetric moisture content using a TDR sensor with short probes were considerable at one time
(Topp et al. 1984). Therefore, an improvement for a thermo-TDR sensor was to increase the length
of probes appropriately. Several researchers tried to improve the precision of thermo-TDR sensors
for soil thermal properties determination. A partial cylinder-shaped thermo-TDR sensor with a
curved heater was provided by Olmanson and Ochsner (2008). Although this design raises the
thermo-TDR sensor's strength, other problems arise, such as the curved heater, which affects the
soil compaction (Olmanson and Ochsner 2008). An improved thermo-TDR sensor added pointed
tips at the probe ends and increased the probe diameter to 2 mm and the probe-to-probe spacing to
8 mm (Liu et al. 2008). The benefit of the probe ends with pointed tips is that it reduces the
difficulty of insertion. Yu et al. (2015) proposed a similar design with pointed tips. Some of the

studies confirmed that higher accuracy would happen when increasing the length of the probes. In
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addition, Lu et al. (2016) found that soil thermal conductivity measurements via a heat pulse

technique are not impacted by needle deflection.

2.5 SWCC and TCDC

Buckingham (1907) created the first soil-water characteristic curve (SWCC). The SWCC
is essential to the behavioral representations of unsaturated soils. The SWCC consists of a
relationship between the soil matric suction and volumetric moisture content. SWCC can be
rapidly determined in the field or laboratory. Most of the existing SWCC models are used for
isothermal conditions. However, Zhou et al. (2014) provided an SWCC model for non-isothermal
conditions. Sheng et al. (2008) proposed the initial framework considering the effects of

temperature on SWCC in a thermo-hydro-mechanical (THM) theory.

A thermal conductivity dry-out curve (TCDC) presented a relationship between soil
volumetric moisture content and soil thermal conductivity. The TCDC is characterized by capillary,
funicular, and pendular regimes. At the capillary regime, thermal conductivity is mainly unaltered
from the upper limit of thermal conductivity. However, at the funicular regime, the thermal
conductivity decreases. This decrease is due to a more conductive water phase, which has shifted
to a less conductive air phase. At a lower saturation, the thermal conductivity decreases rapidly at
the critical saturation. In general, thermal conductivity is taken to reflect changes in the regime of

pendular water retention.

2.6 Soil Thermal Properties and Applications

The soil thermal properties are soil physics components that have found essential uses in

agriculture, climatology, and engineering. These properties impact how energy is divided into the
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soil profile. Soil thermal properties deal with soil temperature more precisely, accompanying
energy transfer throughout the soil by conduction, convection, and radiation. The primary soil

thermal properties include volumetric heat capacity, thermal diffusivity, and thermal conductivity.

The thermal conductivity of a material is a measure of its ability to conduct heat. Heat
transfer occurs at a lower rate in low thermal conductivity materials than in high thermal
conductivity materials. For instance, metals typically have high thermal conductivity and are very
efficient at conducting heat, while the opposite is true for insulating materials like styrofoam.
Correspondingly, high thermal conductivity materials are used diffusely for heat sink applications.
Conversely, low thermal conductivity materials are used as thermal insulation. In thermal
resistivity is the reciprocal of thermal conductivity engineering practice; thus, it is common to
work in terms of quantities, which are derivative to thermal conductivity, and implicitly consider

design-specific features such as component dimensions.

2.7 Predicted Models

2.7.1 SWCC Modeling Parameters

Parameters used in mathematical models for the soil-water characteristic curve include
fixed points pertaining to water content or suction at specific conditions (e.g., saturation, residual
saturation, and air-entry pressure). Meanwhile, two or more empirical or semiempirical fitting
constants are selected to capture the general shape of the curve between these fixed points. As
illustrated in Figure 2.5, the saturated water content 6, describes the point where all of the
available pore space in the soil matrix is filled with water, usually corresponding to the curve’s
desorption branch. The air-entry or ‘‘bubbling,’” pressure b describes the suction on the desorption
branch where air first starts to enter the soil’s largest pores, and desaturation commences. The

residual water content i, describes the condition where the pore water resides primarily as

17



isolated pendular semilunar cartilage, and substantial alterations in suction are needed to eliminate
additional water from the system. A reliable way to quantify the air-entry pressure and residual

water content is to create pairs of tangent lines from inflection points on the characteristic curve.
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Matric Suction, s (kPa)
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0.1 0.2 0.3 0.4
Volumetric Water Content, 6

Figure 2.5 Example of a soil-water characteristic curve

2.7.2 Brooks and Corey (BC) Model

One of the earliest methods for modeling the soil-water characteristic curve is an equation
devised by Brooks and Corey (1964). According to observations from an extensive group of
experimental suction and water content measurements, Brooks and Corey suggested a two-part
power-law relationship incorporating a “pore size distribution index,” A. The model is nonsmooth

or open form about the air-entry pressure, Y, and is written as
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Eq. (2.1) can also be written as:

95 l/) < l/)b
= A
’ [er O -6 (2) v =

or in terms of suction head h and air-entry head hy,:

{1 h < hy,
azsez(

%)A h > h,

2.1)

2.2)

(2.3)

Figure 2.6 presents three models of soil-water characteristic curves using the Brooks and

Corey model.
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Figure 2.6 Models of soil-water characteristic curves based on the Brooks and Corey (1964)

model (with experimental data obtained from Clayton (1996))

2.7.3 van Genuchten (VG) Model

van Genuchten (1980) came up with a closed-form, smooth, and three-parameter model for

the SWCC expressed as:

1 m
0 = 5o = |y 4
where

a, n, and m = parameters of fitting.
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The VG model's mathematical expression gives reasons for a point of inflection, which
agrees with more extensive adaptability than the Brooks and Corey model over a larger range of

suction and overcomes the snatched typical curves' anaclastic shape.

2.7.4 Fredlund and Xing (FX) Model

Fredlund and Xing (1994) exploited a model based on consideration of pore size

distribution in a form similar to the VG model calculating it as:

1 m
6 = C W0 [z (2.50)

where

1 = suction (kPa); a, n, and m = fitting parameters; e = the natural logarithmic constant; and C(y)
= a correction factor that forces the model through a prescribed suction value of 10° kPa at zero

water content; therefore:

T4 In@+y/n)
C@) = [1 In (1+ 106/, (2.5b)

where

1, = the suction (kPa) estimated at the residual condition.

2.8 Summary

This chapter discusses the relevant background of literature pertaining to this research. It
includes the soil moisture measurement, the time-domain reflectometry (TDR) technique, the soil-
water characteristic curve (SWCC), and the thermal conductivity dry-out curve (TCDC), as well

as soil thermal properties, applications, and predicted models.
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3 CHAPTER 3 DESIGN, FABRICATION, AND EVALUATION OF THERMO-TDR
SENSORS

3.1 Introduction

Geothermal energy has attained a lot of attention in recent years because it is renewable,
clean, and sustainable features (Lei et al. 2019). It is widely used in geotechnical engineering
relevant and includes borehole thermal energy storage (BTES), geothermal energy piles (GEPs),
and ground source heat pumps (GSHPs) (Zhang et al. 2017). These underground energy-saving
systems and devices utilize comprising the heat transfer process in soils as they depend on the soil
thermal properties. Consequently, it is necessary to understand soil thermal properties, such as
diffusivity, heat capacity, thermal conductivity, and influence factors (i.e., the soil's basic

properties).

A mass number of historical and rising applications are considered for the thermal
properties of soil. Historical applications include agricultural water management, artificial ground
freezing, frost penetration in cold regions, and pipeline design. More recent applications include
heat exchangers for geothermal cooling and heating systems (Johnston et al. 2011), nuclear waste
repository applications, and the emergence of thermally-active geo-structures, such as heat-
exchanger piles, thermo-active tunnels, bridge deck de-icing systems, and geo-synthetics
integrated with heat exchangers (Adam and Markiewicz 2009; Brandl 2006; Knellwolf et al. 2011;
Loveridge and Powrie 2013). The central heat transfer mechanism in sand-sized soil responds to
conditions and is quantified by the multiphase system's effective thermal conductivity (Farouki
1981). The effective thermal conductivity of soil is not constant and relies on the soil's bulk density,

mineralogy of the solid phase, particle and pore microstructure, as well as the soil moisture content.
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Promotion of time-domain reflectometry (TDR) technological progress for soil water
content monitoring is mainly ascribed to Topp et al. (1980). They found a connection between soil
apparent dielectric constant and soil volumetric moisture content. Subsequently, Dalton et al.
(1984) presented the dielectric/soil moisture relationship as able to determine bulk electrical
conductivity from TDR waveforms. Zeglin et al. (1989) presented a seminal work showing
unbalanced coaxial cells. Topp et al. (1982) and Baker and Lascano (1989) showed a balanced
two-probe sensor with a balun. Malicki and Skierucha (1989) showed a balanced two-probe sensor
without a balun. As an electrical device, balun can convert a balanced signal and an unbalanced
signal. Heimovaara (1993) showed the symmetric multi-rod probes. An improvement was made
to widen the TDR technique to geotechnical applications (Siddiqui and Drnevich 1995). TDR
technology has been established as a fast, responsible, and tried technology for field monitoring of
soil water content based on volumetric moisture content, as defined by Benson and Bosscher (1999)
and Noborio (2001). Liu et al. (2008) tested four-probe designs for bulk density of soil, volumetric
moisture content, and volumetric heat capacity measurement. The thermo-time-domain
reflectometry (thermo-TDR) sensor incorporates the dual-probe heat pulse (DPHP) device with
the TDR technique to obtain simultaneous soil moisture content, dry density, and thermal property
measurements. Yu et al. (2015) utilized their newly developed thermo-TDR sensor for geothermal
applications and demonstrated high accuracy in measuring geotechnical and soil thermal properties
in compacted soil samples. Zhang et al. (2015) used the sensor to further study quartz sands and
sand-kaolin clay mixtures thermal conductivity measurements. Yu et al. (2015)’s thermo-TDR
sensor has measured moisture content, dry density, and thermal properties for both coarse-grained

and fine-grained soils with reasonable accuracy. Wang and Yu (2018) reported a newer designed

23



thermo-TDR sensor, which was evaluated in stage compacted sands and had better performance

than the previous thermo-TDR sensor.

This chapter introduces the design, fabrication, and evaluation of a new thermo-TDR
sensor for simultaneous soil thermal properties, moisture content, and dry density measurements.
The measurement performance of the thermo-TDR sensor was investigated by performing a series
of laboratory tests using different types of soil. The constraints of the sensor designation are
presented in this article. The thermo-TDR sensor was fabricated following a new design
specification. Nine different chemical reagents, each with a known dielectric constant were utilized
to perform calibration of the dielectric constant (K,). Potassium chloride (KCIl) and Sodium
chloride (NaCl) solutions of different concentrations were used to implement the calibration of
electrical conductivity (ECp). The accuracy and precision of the new sensor were tested by thermal
property measurements, which were evaluated by comparing and analyzing the measurement
results from a KD2 Pro thermal properties analyzer. Laboratory tests on four standard sand, two
site sand samples, one standard clay, and one site clay sample were also implemented for a
comprehensive evaluation of the sensor. Experimental results from a newly designed thermo-TDR

sensor were compared to a previous version sensor by analyzing calibration and experiment results.

3.2 Design of Thermo-TDR Sensors

The thermo-TDR sensor's contrivance must meet the dual-probe heat pulse (DPHP)
requirements and those requirements of the TDR probes. The TDR sensor is based on the
transmission line theory. The DPHP is based on the principle of radial heat conduction. The TDR
moisture probes' primary design constraints include an effective sampling area, sensor assembly,
and signal attenuation. The sensor probe's length is established by resolving recorded signals,

analyzing the source voltage of the pulse generator, and the loss of the signal, controlled by soil's
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electrical conductivity (Ren et al. 1999) who found that probe-to-probe spacing to probe diameter
ratio should be less than or equal to 10, as shown in Eq. (3.1). The design of a DPHP requires a
heat source to be close to the infinite line heat source. The design constraints are presented by Eqgs.

(3.2) to (3.4) (Blackwell 1956; Ren et al. 1999).

I/D <10 (3.1
(L)/2x1)> 2.2 (3.2)
L/D > 25 (3.3)
D/(2x1) < 013 (3.4)

where

L = length of sensor probe; I = center-to-center interval between the center probe and the outer

probe, and D = diameter of the sensor probe.

An improved design of the thermo-TDR sensor was developed, as shown in Figure 3.1(B).
The dimension of the previous sensor design is shown in Figure 3.1(A). One main change for both
recent and previous designs is the center-to-center interval between the center probe and the outer
probe. Another significant change is the height of epoxy. These two significant changes are based

on previous experimentation. The advantages of the current design are described as follows:
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Figure 3.1 Schematic of thermo-TDR sensors: (A) previous design, (B) current design

3.3 Fabrication of Thermo-TDR Sensors

Based on the design requirements, the thermo-TDR sensor fabrication process is presented
as follows: Three hypodermic needle tubes were used with inner and outer diameters of 1.7 mm
and 2.0 mm, respectively. The tubes' length was 77.0 mm, and the tubes extending away from the
head of the thermo-TDR sensor probes were 52.0 mm. The probes were filled with a mixture of
thermal epoxy made up of an OMEGABOND 200 catalyst and an OMEGABOND 200 resin with
a mix proportion by weight of 1 to 10. Mixed thermal epoxy is liquid at room temperature. Three

type T thermocouples from OMEGA with a wire diameter of 0.076 mm and two loops of 38-gauge
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Nichrome 80 resistance wire and a total length of 104 mm were coated with the thermal epoxy
mixture and transferred into a muffle oven set at 204 °C for two hours to solidify the isolation
between wires. Three type T thermocouples were inserted into three tubes, with the sensing
element extending through each tubes' center core. The resistance wire was inserted into the center
tube, extending the full length of the tube. The three tubes with thermocouples and resistance wire
were transferred into the muffle oven again at the same temperature for two more hours. The
thermal epoxy was cured, and the thermocouples and the resistance wire were immobilized. A
multimeter was used to inspect the outputs to ensure that the resistance wire is appropriately
functioning. The three completed tubes were clamped into a prefabricated mold, which held them
in place with a center-to-center interval between the 8-mm tubes. The RG-58 coaxial cable was
connected to the corresponding tubes by soldering. The CR-600 casting resin was poured into the
mold, and the head was separated from the mold after 24 hrs. Three central tines were joined by

soldering at the probes’ ends to reduce soil perturbation during the insertion process.

3.4 Calibration of Thermo-TDR Sensors

The value of dielectric constant and electrical conductivity for measured soil can be directly
determined by analyzing TDR waveforms. The dielectric constant is determined by Eq. (3.5)

(Topp et al. 1980).
K, = (La/Lp)z (3.5)
where

K, = dielectric constant; L,, = physical length of sensor probe, and L, = length of the sensor probe

in the testing materials determined from TDR waveforms. The sensor probe's length in the TDR
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waveform is determined by locating the electromagnetic wave reflection points at the probe head

and end following the single tangent method proposed by Baker and Allmaras (1990).

The electrical conductivity measured by the TDR sensor can be determined by using the

following expression developed by (Giese and Tiemann 1975).
ECy (Sm™) = (80¢Z, / LyZ)(2Vy [ Vs — 1) (3.6)
where

EC, = electrical conductivity (Sm™); &, = dielectric permittivity of free space; ¢ = speed of light
in a vacuum (3.0 x 10® m/s); Z, = characteristic probe impedance; L, = length of sensor probe; Z,
= output impedance from TDR cable tester; V;, = voltage of source; and V; = long-term voltage

level of the signal reflection. Details of dielectric constant and electrical conductivity calculations

can be found in Yu et al. (2015).

Nine standard chemical solutions with known dielectric constants were used for dielectric
constant (Ka) calibration. The values of Ka for most testing soils are less than 20. Therefore, only
three different chemicals were selected for dielectric constant calibration. TDR waveforms of the
chemicals and air can be found in Wang and Yu (2018). Calibrations of dielectric constant for the
optimal designed thermo-TDR sensor is shown in Figure 3.2 (A). A thermo-TDR sensor
determined the measured dielectric constant. The actual dielectric constant was the known
dielectric constant. The calibration of the thermo-TDR sensor for the electrical conductivity
measurement was performed by measuring potassium chloride (KCI) and sodium chloride (NaCl)
solutions with different concentrations using the thermo-TDR sensor and an electrical conductivity
(EC) meter. The electrical conductivity by the thermo-TDR sensor is compared with the EC meter

measurement, as shown in Figure 3.2 (B). The calibration results show that the thermo-TDR sensor
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can satisfactorily measure both dielectric constant and electrical conductivity with a coefficient of

determination (R?) of 0.99.

The values of measured dielectric constant and electrical conductivity are dependent on the
temperature. They need to be interpreted if the experiment was performed differently from the
soils' temperature during calibration (Yu and Drnevich 2004). According to test results at small

temperature differences (less than 20 °C), the temperature effects are minuscule.
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Figure 3.2 Actual and measured value comparison from TDR waveforms: (A) dielectric constant

and (B) electrical conductivity

3.5 Thermal Properties Determination

A direct current (DC) source was connected to the resistance wire in the thermo-TDR
middle sensor probe to generate a heat pulse in the same sensor probe. The temperature variations

of the three sensor probes were monitored using PicoLog Recorder software. The temperature
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response can be predicted by the infinite line heat source theory, as shown in Eq. (3.7) (De Vries

1952; Kluitenberg et al. 1993).
T(r,t) = (Q/4na) [Ei(—7? / 4a(t - t,)) - Ei(—1? / 4at)] (3.7)
where

T = temperature change; Q = strength of line heat source; @ = soil thermal diffusivity; Ei(x) =

exponential integral; r = radial distance; t = time, and t, = duration of the heat pulse.

The volumetric heat capacity, thermal diffusivity, and thermal conductivity were calculated

using Egs. (3.8) to (3.10).

pc = (q/4maTy) [Ei(—7? [ 4a(ty, - t,)) - Ei(—1? / 4aty)] (3.8)
a = /D[] tn-t)]/Inftm/ (tm - t,)] (3.9)
k= i [ (=) - mi (g =) (.10

where

r = radial distance between the center probe and outer probes; t,, = time when the maximum
temperature of the outer probes occurred; T,,, = maximum temperature increases of outer probes.
Details of the analysis of heat pulse response curves can be found in Yu et al. (2015). Only thermal
conductivity measurement is discussed in this dissertation. A thermal properties analyzer (KD2

Pro) with a TR1 probe was used for thermal conductivity measurement.

3.6 Effective Sampling Area for Thermo-TDR Probes

Theoretically, all the points in a cross-section of the electric field perpendicular to the

thermo-TDR sensor contribute to the sensor response. Nevertheless, the overall response points'
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contributions are continually dropping when they are farther away from the thermo-TDR sensor
until they reach an insignificant level. One method used for the effective sampling area calculation

is also given in Ferré et al. (1998).

100 % thi wWi4;

T ad (3.11)

where

A; = elemental areas, w; = elemental spatial weighting functions, and f = desired percentage of
the total response. The recognized value of f for the effective sampling area determination is 70%

and 90%.

The electrical field distribution surrounding a thermo-TDR sensor can be perceived as an
electrostatic problem, based on the transverse electromagnetic (TEM) propagation mode of the
TDR wave (Ramo et al. 1965). Poisson’s equation can be used to solve the electrical field
distribution problem. The solution of Poisson’s equation can be solved numerically by finite

element analysis (Yu et al. 2013). COMSOL Multiphysics was used to solve this problem.

A finite element model was developed for the thermo-TDR sensor, as shown in Figure 3.3.
The rectangular box around the sensor was created for numerical analysis. The TDR sensor model
is based on the actual size and material distribution. The dielectric constant of air is set at 1.0. The
electric displacement at the outer rectangular boundary is selected as 0. The center probe's electric
potential is specified as 1 volt (V), and the electrical potential for outer probes are established as -

1V.
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Figure 3.3 Finite element method model of the thermo-TDR sensor (units: m)

The electrical field distribution of the thermo-TDR sensor is submerged in water, as shown

in Figure 3.4. The highest energy density occurs at the center sensor probe.

The sensor's effective sampling area was determined using areas that make a 70% and 90%
contribution to the total electrical field energy (Eq. (3.11)). It was achieved by exporting FEM
simulation results and further handling them with MATLAB. A code developed by MATLAB was

used for searching the elements with high electric energy density values.
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Figure 3.4 Electric potential (V) of the thermo-TDR sensor submerged in water

The first case is the thermo-TDR sensor embedded under water. A simulation was
conducted when the sensor was placed in water with a dielectric constant (Ka) of 81. The electrical
field energy distribution around the sensor, as shown in Figure 3.5 (the right side of the figure).
The calculated total electrical field energy per unit length of the sensor is 1.948 e-6 J/m. The
effective sampling area contributing to 70% and 90% of total energy (red and green line area) is
shown in Figure 3.5 (on figure’s right side) as well. The calculated effective sampling area is 1.69
cm?. One similar simulation was conducted when the sensor was placed in the air with a dielectric
constant of 1. The calculated total electrical field energy per unit length of the sensor is 2.403 e-6

J/m.

The second case is the thermo-TDR sensor embedded in saturated sand. A simulation was

conducted when the sensor was placed in saturated sand with a dielectric constant of 26. The
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electrical field energy distribution around the sensor is shown in Figure 3.6 (the left side of the
figure). The sensor's total energy in saturated sand is 6.253 e-5 J/m, which is smaller than the
sensor submerged in water. The calculated effective sampling area is 1.58 cm?, which is very close
to the sampling area, as shown in Figure 3.6 (left side of figure). The sample area is not highly

sensitive to the relative dielectric constant. This conclusion was proved by Ferré¢ et al. (1998).

70% and 90% Total Electric Energy Density (J/m”3)

-0.012 -0.008 -0.004 0 0.004 0.008 0.012

Figure 3.5 Electrical field energy distribution around the sensor with an indication of the effective

sampling area when the sensor was installed in saturated sand (left) and water (right)

3.7 Evaluation of Thermo-TDR Sensors

3.7.1 Experimental Setup

A modified proctor test is needed to evaluate the thermo-TDR sensor in the multistage

compacted specimen. Figure 3.6 shows a schematic of the experiment setup. To acquire TDR
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waveforms, the thermo-TDR sensor stick in the soil inside the compaction mold is connected
through a coaxial cable to a time-domain reflectometer (Campbell Scientific TDR100). The
resistance wire is connected to direct current (DC) electronic loads (BK PRECISION 17850B) for
resistance heating. Three thermocouple plugs are connected to the thermocouple data logger (Pico
USB TC-08) to monitor the temperature variations of three sensor probes every second. The

compaction mold is in a vertical position, which can slow down the evaporation process.

Campbell Scientific PS100 Campbell Scientific TDR100

+

BK PRECISION 1785B

Screen
Pico USB TC-08
—l
Computer Thermo-TDR Prob

Figure 3.6 Schematic of the experimental setup

3.7.2 Test Materials, Test Plan, and Experimental Procedures

There are eight different soil types to be appraised by the thermo-TDR sensor to measure
basic soil properties and thermal properties. The eight different types of soils include (1) 12-20
filter sand, (2) A.F.S. 50-70 sand, (3) ASTM 20-30 sand, (4) ASTM fine graded sand, (5) Calcined
kaolin clay, (6) Hazy Meadow Park sand, (7) UTA F11 parking lot sand, and (8) UTA residence
hall clay. Figure 3.7 shows the particle size distributions of these soils except for minuscule
calcined kaolin clay and UTA residence hall clay. Table 3.1 lists the soil classification of the eight

different types of soils selected for testing.
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Figure 3.7 Particle size distributions of sands

Table 3.1 Soil classification for testing soils
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T I L L L T T T
—Ml— 12-20 filter san
»— AFS 50-70 sand
80 —A— ASTM 20-30 sand
ASTM fine graded sand
\’3 —«— Hazy Meadow park sand |
2 —p— UTA F11 parking lot sand
o 60
£
=
% .
® 40
—
()
(a i
20 |-
0 Low .
10

Particle diameter, d (mm)

0.01

F200 Unified Soil
No. Soil Name Group Name
(%) Classification
1 12-20 filter sand 0.21 SP Poorly graded sand
2 AFS 50-70 sand 0.01 Sp Poorly graded sand
3 ASTM 20-30 sand 0.03 SP Poorly graded sand
4 ASTM fine graded sand 0.03 Sp Poorly graded sand
5 Calcined kaolin clay 100 CL-ML Silty clay
6 Hazy Meadow Park sand | 4.79 SP Poorly graded sand
7 UTA F11 parking lot sand | 4.84 Sp Poorly graded sand
8 UTA residence hall clay | 5.81 SP-SC Sandy fat clay
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One group test was set up for each type of soil to appraise the consequence of the sample
primary method and reproducibility of experimental results. Each test group included compaction
of soil at various expected moisture content levels using custom-designed PVC compaction molds.

The dimensions of the extension collar and compaction mold are shown in Figure 3.8.

—= 50.00 mm :_7'1 50.00 mm—— =
i
78.00 mm
L

Figure 3.8 Dimensions of the extension collar and compaction mold

A successful appraisal requires that the dry soil samples be mixed with tap water at an
expected mass mixing ratio in a metal bowl and kept for 30 minutes before compaction. The
prepared soil samples are compacted at three equal lifts to achieve the compaction mold's height
with the rammer at its highest 30 cm height. The soil compaction method is illustrated in Figure

3.9.
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ammer

Mol

Figure 3.9 Methods of soil compression for tests

The soil sample is compacted by utilizing the process represented in the previous section.
The thermo-TDR sensor must be inserted into the soil with the probe head in close contact with
the soil surface. During insertion, the probe should be kept vertical to maintain the probe closely
aligned with surrounding soils. Two TDR waveforms must be acquired consecutively using a TDR
waveform collection software (PM-TDR SM Version 1.7). Then the DPHP test is performed by
supplying a direct current of 0.15 A for 15 s. The thermocouple readings are acquired using a
PicoLog Recorder. The above measurements are repeated one more time, and a total of four TDR
waveforms and two heat pulse responses are recorded. After the thermo-TDR sensor tests, a KD2
Pro TR-1 heat probe is inserted into the specimens separately for heat pulse tests following the
operation manual's procedure. Two readings are taken for each probe. After all the measurements

are taken, two soil samples are collected from the top third of the compaction mold to determine
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oven-dry moisture content. The test must be conducted with the mold kept in a horizontal position

to maintain uniform moisture and height.

3.7.3 Calibration Relationships for Dielectric Constant and Electrical Conductivity

Yu and Drnevich (2004) proposed the one-step method to develop calibration equations to
measure the gravimetric moisture content and dry density. This method adopts two calibration
equations shown in Egs. (3.12) and (3.13) based on the measured dielectric constant and electrical

conductivity of the measured soils.

JK 2% =a+bw (3.12)
Pd

JEC, 2% = ¢ + dw (3.13)
Pd

where

a, b, ¢, and d = specific calibration constants; p; = dry density of soil, kg/m?; p,, = density of

water, kg/m®, and w = gravimetric moisture content, (based on percentage).

Hence, gravimetric moisture content and dry density can be evaluated by solving Egs. (3.14)

and (3.15).
_ CJKq—a, JECy
" bEC,—d\[Kq (3.14)
d/Kq —b\JEC
Pa = Tb Pw (3.15)

The calibration relationships for the thermo-TDR sensor are presented in Figures 3.10 and

3.11 and are based on the dielectric constant measurement and electrical conductivity, respectively.
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Tables 3.2 and 3.3 show the eight different types of soils tested and provide the specific calibration

constants for Egs. (3.12) and (3.13), respectively.
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Figure 3.10 Calibration relationship using the measured dielectric constant: (A) sand and (B) clay
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Figure 3.11 Calibration relationship using measured electrical conductivity: (A) sand and (B) clay
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From the summary of specific calibration contents (Table 3.2), the coefficient of
determination (R?) value for dielectric constant is over 95% for most of the soils, even close to 1,
except for AFS 50-70 sand, which is 92%. The summary of specific calibration contents for
electrical conductivity (Table 3.3) of the R? is close or above 90 %, except for the AFS 50-70 sand,
which is above 80%. The plot for the AFS 50-70 sand is shown in Figure 3.11 as the green, solid
circle, and the lowest point is a little bit away from the trend line. This point may lead to a lower
value of R2. The plot for the 12-20 filter sand is shown in Figure 3.11 and appears as a red, solid
square the highest point is away from the trend line. The results indicate that the thermo-TDR
sensor has a good performance for sand and clay. From the plots of the calibration relationships
(Figure 3.11 and 3.12), both dielectric constant and electrical conductivity tend to increase
moisture content. Whether the soil is standard soil or field soil, trend curves for these soils have

outstanding performances.

Table 3.2 Summary of specific calibration constants for dielectric constant

Calibration Equation Specific calibration constants
Soil Name
Equation R? a b
12-20 filter sand y=0.88 +5.41x 0.99 0.88 5.41
AFS 50-70 sand y=0.87 + 5.50x 0.92 0.87 5.50
ASTM 20-30 sand y =0.86 + 5.83x 0.99 0.86 5.83
ASTM fine graded sand y=0.80 + 8.41x 0.99 0.80 8.41
Calcined kaolin clay y =1.89 + 5.80x 0.99 1.89 5.80
Hazy Meadow Park sand y=0.77 +9.90x 0.98 0.77 9.90
UTA F11 parking lot sand y =0.94 + 8.15x 0.97 0.94 8.15
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UTA residence hall clay y=1.01 + 8.08x ‘ 0.96 ‘ 1.01 ‘ 8.08 ‘

Table 3.3 Summary of specific calibration constants for electrical conductivity

Calibration Equation Specific calibration constants
Soil Name
Equation R? c d
12-20 filter sand y=2.26+9.19x 0.89 2.26 9.19
AFS 50-70 sand y =2.68 +2.47x 0.81 2.68 2.47
ASTM 20-30 sand y=1.58+22.57x 0.93 1.58 22.57
ASTM fine graded sand y=2.30+5.15x 0.96 2.30 5.15
Calcined kaolin clay y =7.55+5.00x 0.91 7.55 5.00
Hazy Meadow Park sand y=2.87+5.93x 0.89 2.87 5.93
UTA F11 parking lot sand y=2.99 + 13.66x 0.96 2.99 13.66
UTA residence hall clay y=1.58 +24.67x 0.98 1.58 24.67

3.7.4 Calibration for Thermal Conductivity Measurement

A comparison of measured thermal conductivity between the thermo-TDR sensor and
thermal properties analyzer (KD2 Pro) is shown in Figure 3.12. The relative deviation was within

10% for thermal conductivity.
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Figure 3.12 Thermal conductivity comparison between the thermo-TDR sensor and KD2 Pro

The coefficient of determination for all the soils is close to 1. The gradient or slope (specific
calibration constant b values) are near to 1. And the y-intercept (specific calibration constant values)
are negligibly small when comparing the eight different soil types in Table 3.4. This means the
fabricated thermo-TDR sensor has excellent performance and precision in the thermal conductivity

measurement.

3.7.5 Moisture Content and Dry Density

The actual volumetric moisture content using the oven-dry method and the calculated

values from Topp’s equation (Eq. (3.16)) (Topp et al. 1980) are shown in Figure 3.13.

0 =43x10"°K3 —5.5x 107*K2 + 2.92 x 102K, — 5.3 X 1072 (3.16)
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where

0 = the volumetric moisture content, m>/m?, and

K, = the measured apparent dielectric constant from TDR waveforms.
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Figure 3.13 Actual volumetric moisture content and calculated value from Topp’s equation

(Topp et al. 1980)

The relationship between the measured apparent dielectric constant using the thermo-TDR
sensor and the actual volumetric moisture content using the drying oven method is shown in Figure
3.14. A slight inconsistency was presented between the predicted values by Topp’s equation (black
line) and the measured volumetric moisture content for sand (red dash line). Besides, a massive
difference exists between the predicted values in Topp’s equation (black line) and the measured

volumetric moisture content for clay (purple dash line). The divergence can be input as due to the
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effects of the mineral component, particle size, and soil texture. Figure 3.14 shows that the 6 — K,
relationships do not correspond with Topp’s equation for sand or clay. The new fitted relationships

for sand and clay are shown in Eq. (3.17) and (3.18), respectively.
Sand: § = 8.0 X 107°K2 — 3.6 Xx 1073K2 + 6.05 X 1072K, — 9.77 x 1072 (3.17)

Clay: 6 = 4.0 X 1075K3 — 4.1 x 1073K2 + 7.94 x 10™2K, — 9.56 x 102 (3.18)
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Figure 3.14 Relationship between volumetric moisture content and apparent dielectric constant

Based on the calibration relationships of the apparent dielectric constant and electrical
conductivity determined from TDR waveforms, Egs. (3.14) and (3.15) were used to predict soil
gravimetric moisture content and dry density. A comparison between the oven-dry and thermo-

TDR determined values of gravimetric moisture content and dry density for sand and clay is shown
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in Figure 3.15. The relative deviation for both gravimetric moisture content and dry density
prediction is within 10%. Since Egs. (3.14) and (3.15) were derived from calibrated equations for
the dielectric constant (Table 3.2) and electrical conductivity (Table 3.3), which represent an
excellent linear relationship in the two calibrated equations with expectations of high accuracy in
predicting soil gravimetric moisture content and dry density. Therefore, the superb performance

of the thermo-TDR sensor was observed in measuring soil moisture content and dry density.
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Figure 3.15 Comparison of oven-dry and thermo-TDR determined gravimetric moisture content

and dry density

3.8 Experiment for Effects of Temperature on Apparent Dielectric Constant and Electrical

Conductivity with Distilled Water

A temperature effect test for distilled water was performed to explore the effects of
temperature on the apparent dielectric constant and electrical conductivity. The experiment related
materials were placed in an environmental chamber for 24 hours. The experiment includes a beaker,
distilled water, a thermo-TDR sensor, a thermocouple, and a data logger with an automatic

recording code. The experimental setup is very similar to Figure 3.7. The thermocouple is used for
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ambient temperature measurement. The recorded ambient temperature and thermo-TDR sensor
measured temperature is shown in Figure 3.16. The recorded temperatures range from nearly 22 °C

to around 12 °C.

Pepin et al. (1995) confirmed the formula for determining the dielectric constant of water

based on the temperatures. The formula characterized as
gy =7854X (1 —4579x10732A+1.19 x 1075A% — 2.8 x 1078 A3) (3.19)
where
&y = the dielectric constant of water at the corresponding temperature; thus
A =25 °C (the temperature of distilled water).

Stogryn (1971) proposed a formula for determining water's electrical conductivity at the

corresponding temperature shown below.
Ow = Oy(zsc) EXP(—=A'(2.033 X 1072 4+ 1.266 X 107*A" +2.464 x 107°A"?) (3.20)
where
o,, = the electrical conductivity of water at the corresponding temperature (dS/m).
A" =25 °C (i.e., the temperature of distilled water under ambient conditions).

The corresponding measured and predicted dielectric constant with various temperatures
for distilled water is shown in Figure 3.17. The measured dielectric constant was obtained using a
thermo-TDR sensor. The predicted dielectric constant was determined by Eq. (3.19). Figure 3.17
presents the apparent dielectric constant decreasing linearly from a lower temperature to a higher

temperature. The corresponding measured and predicted electrical conductivity with the
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temperature for distilled water is shown in Fig. 3.18. The measured electrical conductivity was
obtained using a thermo-TDR sensor. The predicted electrical conductivity was determined from
Eq. (3.20). Fig. 3.18 shows the electrical conductivity increasing linearly from a lower temperature

to a higher temperature. Therefore, the temperature slightly affects both the apparent dielectric

constant and the electrical conductivity measurement.
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Figure 3.16 Recorded temperature variation for temperature effects test
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3.9 Validation of Temperature Compensation for One-Step Method
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Measured apparent dielectric constant and bulk electrical conductivity are affected by
ambient temperature. A formula for dielectric constant correction as Eq. (3.21) is provided by Yu

and Drnevich (2004).

Ka200c = Kgr XTCF (3.21)
where
TCF = temperature compensation function

=0.97 + 0.0015 Tyegeoc for cohesionless soils, 4 °C < Tiegroc < 40 °C

=1.10 — 0.005 Tiestoc for cohesive soils, 4 °C < Tyegpoc < 40 °C

In order to validate the performance of this dielectric constant correction formula,
temperature effect tests for sand were performed with ASTM fine graded sand at two different
moisture contents. Experiment related materials were placed in a commercial freezer box for 12
hours. The experiment includes oven-dried ASTM fine graded sand, 7.8% moisture content ASTM
fine graded sand, a thermo-TDR sensor, two thermocouples with results recorded by a Pico TC-
08 USB thermocouple data logger, and a data logger with an automatic recording code. The
experimental setup is very similar to Figure 3.6. Two thermocouples were used for ambient
temperature and the bottom part of soil (Figure 3.19 red circles) measurements. The recorded
ambient temperature, the temperature at the bottom of the sand, thermo-TDR sensor measured
temperature, and the dielectric constant is shown in Figure 3.20. The actual gravimetric moisture
content for the dry sand and wet sand was 0.13% and 7.80%, respectively. The recorded
temperatures ranged from nearly 20 °C to around 1 °C. Figure 3.20 shows the ambient temperature
measurement as lower than the thermo-TDR sensor measurement. The temperature at the bottom

part of the sand is higher than the other two locations because the thermocouple at the bottom of
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the sand was the least affected. The simulated and measured dielectric constant comparison plots
for dry and wet sand are shown in Figure 3.21. The comparison between measured and simulated
dielectric constant for dry sand had a better match than that found for wet sand. Based on Figure
3.17 and Figure 3.21, water is the primary factor affecting temperatures of the apparent dielectric

constant.

Figure 3.19 Thermocouple at the bottom of the compaction mold
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Figure 3.20 Temperature variations for ambient soil, sensor probes, and soil bottom section

temperatures and measured dielectric constant values: (A) for dry sand and (B) for wet sand

ho”.*.a‘ow

Measured K, (dry sand)
— — Simulated K,
® Measured K, (wet sand)

S
L
1

(V)

—————
I
|

Dielectric constant, K,
W

0 [ Lot [ e g g e g s e e s R e e [
0 5 10 15 20 25

Temperature, T (°C)

Figure 3.21 Measured and simulated dielectric constant (K,) comparison

Persson and Berndtsson (1998) proposed a temperature compensation function for bulk
electrical conductivity and compensated the effects of temperature on bulk electrical conductivity

in TDR measurements.

Figure 3.22 presents the measured electrical conductivity for dry sand and wet sand. A
simulated electrical conductivity trendline with a temperature dependence factor of 0.1580
(inspired by Persson and Berndtsson (1998)) for both dry sand and wet sand is shown in Figure
3.22. It was observed that the electrical conductivity values increase with the increase of

temperature from Figure 3.22. Based on Figure 3.18 and Figure 3.22, water is the minor factor for
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the temperature effects on electrical conductivity. Persson and Berndtsson (1998) found no

significant differences depending on the temperatures between the different soils.
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Figure 3.22 Measured electrical conductivity versus temperature

3.10 Conclusions

In this chapter, an overview of the performance of the optimal thermo-TDR sensor was
provided. The optimal sensor satisfied all the requirements and was improved by previous
experiences. The author learned from the successes and failures of earlier sensor fabrication, such
as the soldering process, probe immobilizing, and wire connection. Later on, the new sensor was
fabricated. This paper provides a kind of improved process for sensor calibration. Mastering the
procedure of sensor calibration is essential. A way to achieve or improve the sensor calibration of

soil is presented in this study.
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Seven types of sands and one clay were used for laboratory experiments for the thermo-
TDR sensor evaluation performance. Sensor evaluations include the dielectric constant, electrical
conductivity, and thermal conductivity. The calibrated results illustrate that the sensor had a
brilliant performance for the measurement of thermal conductivity. The performance of the
dielectric constant and electrical conductivity were also exceptional. Through a comparison could
be made between results from the optimal sensor and the previous sensor, the optimal thermo-

TDR sensor had a better demonstration in many ways.
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4 CHAPTER 4 MODIFIED HANGING COLUMN DEVICE (MHCD) TEST

4.1 Introduction

Awareness of soil thermal conductivity and matric suction, together with soil moisture and
density, is fundamental to understanding the coupled thermal-hydro-mechanical (THM) processes
in soils. THM processes have dominated the soil behavior in active geothermal structures (Zhang
et al. 2015). Brandl (2006) demonstrated and explained the effects of soil thermal properties in the
design of energy piles. When heat carrier fluid is circulated inside the energy piles, heat exchange
occurs between the surrounding soils and the fluid. However, it is widely known that moisture
migration and heat transfer at shallow depths near the land-atmosphere interface are strongly
coupled processes that create spatial and temporal temperature and water content distributions or
gradients (Smits et al. 2010). Hence, the study of soil moisture, suction, and thermal conductivity
is indispensable to understanding these conjugated processes. Furthermore, it capacitates the

design of more efficient geothermal systems.

Thermo-time-domain reflectometry (thermo-TDR) sensors incorporate the dual-probe heat
pulse (DPHP) device with the TDR technique for simultaneous measurements of soil water content,
dry density, and thermal properties. Yu et al. (2015) presented a newly designed thermo-TDR
sensor for geothermal applications and demonstrated high accuracy in measuring soil thermal and
geotechnical properties in compacted soil samples. Zhang et al. (2015) used the sensor to further
study quartz sands and sand-kaolin clay mixtures and to measure their thermal conductivity. The
thermo-TDR has shown that the probe has a reasonable accuracy for measuring moisture content,
dry density, and thermal properties for both coarse-grained and fine-grained soils. However, in

former studies, the thermo-TDR sensor has mainly been used to measure soil properties under
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static moisture situations (Zhang et al. 2018). The performance of the sensor under dynamic

moisture situations was tested in the initial stage.

A newer designed thermo-TDR sensor was tested in stage compacted sands and showed
better performance over the former sensors presented by Zhang et al. (2015) and Wang and Yu
(2018). The objective of this chapter is to verify the performance of the newer designed thermo-
TDR sensors to measure the sand's thermal conductivity with a complete moisture spectrum during
the dry-out processes and to determine the soil-water characteristic curve (SWCC) and the thermal
conductivity dry-out curve (TCDC) during the drainage and evaporation processes. MHCD tests
were implemented with the thermo-TDR sensor, a suction sensor, and a thermal properties

analyzer on three sands in different temperature environment.

4.2 Materials and Methods

4.2.1 Modified Hanging Column Device (MHCD)

In this research, dry-out tests were conducted on sand via a modified hanging column
device (MHCD) to monitor water content, matric suction, and sand thermal conductivity during
drainage and evaporation processes. The device includes a top cap, a perforated bottom plate, an
acrylic Tempe cell, and a standpipe. The cell has an external diameter of 13.4 cm, a wall thickness
of 0.7 cm, and a height of 8.0 cm. The bottom brass plate was covered with a high-air-entry nylon
membrane (pore size = 0.2 um, air-entry pressure = 340 kPa), across which suction is effected by
way of an external hanging-column water system (ASTM D6836-16). Three sensors were
assembled radially into a soil sample at approximately the same height in the cell to determine the
corresponding soil moisture content, matric suction, and thermal conductivity measurements in the
same situation. With the utilization of the modified hanging column device, soil suction is slowly

and sustainably increased by bottom drainage and then an evaporation phase (Yao et al. 2014).
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During the drainage and evaporation processes, the sand thermal conductivity measurement used
the newer designed thermo-TDR sensor, designed and manufactured by Wang and Yu (2018). A
thermal properties analyzer with a TR-1 thermal needle manufactured by Decagon Devices was

also used for the sand thermal conductivity measurement.

4.2.2 Sensors for Tests

The installed sensors include one thermo-TDR sensor, one thermal properties analyzer with
a TR-1 thermal needle probe, and one suction sensor (T5x). The thermo-TDR sensor integrates the
dual-probe heat pulse (DPHP) device with the time domain reflectometry (TDR) technique. It can
be used for water content, dry density, and thermal properties measurements. The newly designed
thermo-TDR sensor improved by Wang and Yu (2018) was selected for the modified hanging
column device (MHCD) tests. The length of the needles of the fabricated thermo-TDR sensor,
including the tips, is 54 mm; the diameter of the probe is 2 mm, and the probe-to-probe spacing is
6 mm. The thermo-TDR sensor was calibrated and demonstrated improved accuracy and reliability

when compared to the previous ones (Wang and Yu 2018).

A KD2 standard pro thermal property analyzer, i.e., a KD2 (TR-1) single probe, was
selected to measure the thermal conductivity as a standard comparison base. The TR-1 thermal
needle probe, 100 mm in length and 2.4 mm in diameter, is able to measure thermal conductivity
with an accuracy of + 0.02 Wm 'K™! from 0.1 to 0.2 Wm 'K™!, and + 10 % from 0.2 to 4.0
Wm 'Kl T5x is a piezoresistive pressure transducer that can measure the soil water tension
against the atmospheric pressure up to - 85 kPa transmitted via the ceramic cup into the tensiometer.
The maximum overpressure for this sensor is = 300 kPa. The shaft diameter is 5 mm. The shaft
material is acrylic glass. The body diameter is 20 mm. The reference atmospheric air pressure is

performed to the pressure transducer via the air-permeable Teflon membrane and through the cable.
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4.2.3 Determination of Volumetric Moisture Content, Matric Suction, and Thermal Conductivity

A heat pulse in the central probe of the thermo-TDR sensor is generated by connecting a
direct current (DC) source to the resistance wire located in the central probe. The temperature
variation of the three probes is monitored using a thermocouple data logger manufactured by Pico
Technology. A theory of infinite line heat source predicts the temperature response of three probes

and 1s shown in Eq. (5.1) (De Vries 1952; Kluitenberg et al. 1993).
T(r,t) = (Q/4na)[Ei(—=r?/4a(t — ty)) — Ei(—r?/4at)] (5.1)
where

T = the influence in temperature; Q = the line heat source strength; a = soil thermal diffusivity;
Ei(x) = the exponential integral; r = the radial distance between the central probe and the external

probes; t = the traveling time; and t, = the heat pulse duration.
The volumetric heat capacity, the thermal diffusivity, and the thermal conductivity can be

determined as follows:

pe = (q/4maTy)[Ei(—=1?/4a(ty, —ty)) — Ei(—=7*/4aty,)] (5.2)

a = (r?/D[1/(tn — t)]/In [tn/(tm — to)] (5.3)

k= 1 [Ei (—ln [tniTto]> _Ei <—ln [tm(Em— to)])l (5.4)
47Ty tO/tm to/(tm— o) :

where

r = the radial distance between the central probe and the external probes; t,, = the time recorded
at the maximum temperature of the external probes; T, = the maximum temperature difference of

the external probes.
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Yu etal. (2015) presented detailed calculations of the volumetric heat capacity, the thermal
diffusivity, and the thermal conductivity via Egs. (5.2) to (5.4), which support or verify the
recorded heat pulse response curve. Only the measurement of thermal conductivity is demonstrated

in this study.

Topp’s equation (Topp et al. 1980) used the apparent dielectric constant obtained from
TDR waveforms. Zhang et al. (2015) determined the volumetric moisture content of soil samples.
A relationship between the apparent dielectric constant and volumetric moisture content can be

expressed as:

0 =43%x10"°K2 —55x107*K2 + 2.92 x 107%2K, — 5.3 x 1072 (5.5)
where
6 = the volumetric moisture content, m*/m?; and K, = the apparent dielectric constant, determined
from the thermo-TDR sensor.

The soil matric suction measurement was determined by a pressure transducer tensiometer
(T5x). A calibration equation is offered from the manufacturer, in which 1 mV equals 1 kPa

suction.

4.2.4 MHCD Tests

The American Society for Testing and Materials (ASTM) fine-graded sand, ASTM 20-30
sand, and AFS 50-70 sand was chosen for the MHCD tests. The ASTM fine-graded sand, ASTM
20-30 sand, and AFS 50-70 sand have particles ranging from 150 um to 600 pm, 600 pm to 850
um, and 210 pm to 300 pum, respectively. This exceptionally fine graded sand for ASTM tests are

naturally rounded silica sands of nearly pure quartz, mined from the Ottawa, Illinois area. A sieve
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analysis test was performed on each of the three sands. The grain size distribution curves for the

three testing sands are shown in Figure 4.1.
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Figure 4.1 Grain size distribution curves of testing soils

A thermo-TDR sensor was used for the sand's temperature, moisture content, and thermal
conductivity measurements during the tests. A thermal properties analyzer with a TR-1 thermal
needle was also used for thermal conductivity measurements. The sand matric suction
measurements utilized a suction sensor (T5x). The testing sands were first dried in the oven at
105°C for one day; then, the sample was put into the Tempe cell in four uniform layers, using a
funnel and a tripod, at the free fall height of 38 cm for each layer. The top of the sand sample was
1.0 cm below the cell's top edge. The height of the sand sample was infinitely close to 7.0 cm.
Probes of Thermo-TDR, TR-1, and T5x were horizontally embedded in the Tempe Cell just when
the second layer was filled. It is around 3.5 cm above the bottom of the cell, as demonstrated in
Figure 4.2. The three sensors were installed with the TR-1 thermal needle at the top, the shaft of

T5x at the middle, and Thermo-TDR probes at the bottom with a slight overlap of their tips and a
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gap between the ends of around 4 mm. Because the tip has less effect on the sensor measurement,
the disturbance was not significant. The height of the standby column is 76 cm. The dimensions

of the Tempe cell are 13.4 cm (external diameter) 0.7 cm (wall thickness) 8.0 cm (height).

Tempe cell

KD2 (TR-1) probe

Thermo-TDR probe

Tensiometer (T5x)

(A) (B)

Figure 4.2 Schematic diagram of modified hanging column device (MHCD): (A) trimetric view

and (B) top view

The soil matric suction, moisture content, thermal conductivity, and temperature were
initially measured at a completely dry condition. The standpipe was then filled with distilled water
to saturate the soil sample from bottom to top until around 0.5 cm of water ponded on the sand
sample’s top surface. Then, a top cap was placed on top of the Tempe cell. The valve was opened
to lower the water level (in both cell and standpipe) to the cell's midpoint at the height where the
sensor probes were located. The valve was partially closed to generate a very slow water drip at a

rate of 3 to 5 seconds per drip to discharge the water from the sand sample. Then, the suction,
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moisture content, and thermal conductivity were measured concurrently by the sensors, which
recorded continuously using data loggers at 1-h intervals. The time interval between the thermal
properties analyzer and thermo-TDR sensor measurements was 5 minutes to afford time for the
equilibrium of local temperatures. After that, a direct current of 0.15 A was delivered to each
thermal properties analyzer to affect the resistance wire of the thermo-TDR sensor for 15 seconds
to heat the sand sample. To determine the thermal conductivity, temperature variations at the center
probe and the two side probes were recorded every second during the heating and following the
cooling process. After the water in the standpipe was utterly drained, the cell's top cap was
removed from the cell. An electrical fan was located near the cell's top edge to evaporate the sand
sample continuously. The test was terminated when the thermal properties analyzer's reading
remained constant for at least 4 h. Small pieces of the sand sample were collected, weighed, oven-
dried, and weighed again to obtain the gravimetric moisture content at the end of the test. A

summary of the MHCD tests is shown in Table 4.1.

Table 4.1 Summary of MHCD tests

Initial dry Initial
Soil Type Target Temperature, T (°C)
density (g/cm?) | void ratio

Room temperature (24) 1.73 0.53

ASTM fine
10 1.73 0.53

graded sand
2 1.73 0.53
ASTM 20-30 Room temperature (24) 1.71 0.55
sand 10 1.71 0.55
AFS 50-70 sand Room temperature (24) 1.73 0.54

62



4.3 Results and Discussion

4.3.1 Measurements of Thermal Conductivity

Figure 4.3 demonstrates a comparison of thermal conductivities measured by the thermo-
TDR and thermal properties analyzer as a function of time during the drying processes. Soil Matric

suction was determined by a tensiometer (T5x) and is also plotted in this figure.
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Figure 4.3 Soil thermal conductivity and matric suction as a function of time during the dry-out

processes for three sands under different temperature conditions

Figure 4.4 presents a comparison of thermo-TDR measured volumetric moisture content
during the drainage and evaporation processes. When the test was started, distilled water was
continuously drained from the sand sample through an opened valve at the bottom of the Tempe
Cell. The fully saturated sand specimen lost its water content with time. Air then occupied the pore
space initially occupied by water. As a result, the extremely low air thermal conductivity led to

increased sand particles' thermal contact resistance. The thermal conductivity of air is from 0.02
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to 0.03. The thermal conductivity for water is from 0.5 to 0.8, and the thermal conductivity for
solid sand is between 2.3 and 3.8. This explains the reason for the sudden drop in thermal
conductivity in the first two to four hours, as shown in Figure 4.3. The measurement from the valve

shows that it had just been turned on, as shown in Figure 4.4.
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Figure 4.4 Volumetric moisture content (Topp’s equation) as a function of time during dry-out

processes for three sands under different temperature conditions

Figure 4.5 demonstrates a recorded temperature variation in time during the dry-out
processes. ASTM fine graded sand, ASTM 20-30 sand, and AFS 50-70 sand were tested at a room
temperature of around 21.1°C (70.0 °F). ASTM fine graded sand was also tested in the
environmental chamber at 10°C and 2°C. ASTM 20-30 sand was tested at 10°C in the
environmental chamber as well. The probes to monitor temperature were located in the middle

layer of the testing sand sample.
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Figure 4.5 Recorded temperature variations with time during the dry-out processes

A comparison of the measured thermal conductivity between the thermo-TDR and thermal
properties analyzer is shown in Figure 4.6. Figures 4.6 (A) and (B) demonstrate the thermal
conductivity results for the ASTM fine graded and ASTM 20-30 sand at room temperature,
respectively. The coefficient of determination for the trend-line is near 1.00 for both tests. This
shows that the Thermo-TDR sensor results were very similar to the thermal properties analyzer
with a TR-1 thermal needle. The KD2 Pro Thermal Properties Analyzer Manual indicates that the

accuracy for the 10-cm long single needle probe of the TR-1 is +10%.
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Figure 4.6 Comparison of the measured thermal conductivity from a thermo-TDR sensor and a
KD2 Pro thermal properties analyzer with a TR-1 probe at room temperature: (A) ASTM fine

graded sand and (B) ASTM 20-30 sand

4.3.2 Soil-Water Characteristic Curve (SWCQC)

Figure 4.7 demonstrates the soil-water characteristic curve (SWCC) for ASTM fine graded
sand, ASTM 20-30 sand, and AFS 50-70 sand. Figure 4.7 presents the matric suction and
volumetric moisture content measured at the same start time. By comparing ASTM 20-30 sand
and ASTM fine graded sand at different temperature situations, sand has a higher maximum
volumetric moisture content at a lower temperature. Because of the increased water viscosity at
low temperatures (Toselli et al. 1999), the three sands had very close values of the maximum
matric suction at room temperature, and as shown in Figure 4.7, it is around 36 kPa. The ASTM
fine graded sand has a larger matric suction value than the ASTM 20-30 sand under the same

moisture content. In addition, the AFS 50-70 sand had a larger matric suction value than the ASTM
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fine graded sand. The soils' matric suction for the same moisture content is more significant for

soils with small particles. The values obtained from the Tempe cell are the average values of the

whole soil sample, while the results from the suction sensor (T5x) are point measurements.

Moreover, the soil fabric for the three tests is not the same.
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Figure 4.7 Soil-water characteristic curves during the drainage and evaporation processes for three

sands at different temperatures condition

4.3.3 Thermal Conductivity Dry-Out Curve (TCDC)

Figure 4.8 demonstrates the thermal conductivity dry-out curve for ASTM fine graded sand

and ASTM 20-30 sand. Simultaneously, ASTM fine graded sand has a higher thermal conductivity

value at the same volumetric moisture content situation. The soils' thermal conductivity for the
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same moisture content is greater for soils with small particles. At the low moisture content (regime
I), thermal conductivity shows a very pronounced decrease in moisture content. In regime II, water
is displaced by air leading to more water in a pendular form. The grain/water paths decrease, heat
flows partially through less-conductive air/water/grain or air/grain paths, and apparent thermal

conductivity decreases.
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Figure 4.8 Thermal conductivity dry-out curve for three different types of sands under different

temperature conditions
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5 CHAPTER 5 DEVELOPMENT OF SWCC AND TCDC MODELS

5.1 Introduction

This chapter introduces a new continuum soil thermal conductivity model development
and validation. Laboratory experiments were tested on ASTM fine graded sand, ASTM 20-30 sand,
and AFS 50-70 sand using a modified hanging column device at different temperature conditions.
Chapter 4 detailed the present test materials, methods, and relevant results. The model was
developed based on the thermal conductivity dry-out curve (TCDC). The purpose of this model is
to evaluate relevant thermal conductivity values at corresponding volumetric moisture content for
different soil types and temperature conditions. This chapter also presents the validation of the
soil-water characteristic curve (SWCC) via the MHCD test method. Three SWCC models
developed by (Brooks and Corey (1964), van Genuchten (1980), and Fredlund and Xing (1994)

were used for SWCC validation.

5.2 Validation for SWCC Models

Chapter 2 introduced SWCC models in detail, such as the Brooks and Corey (BC) model,
van Genuchten (VG) model, and Fredlund and Xing (FX) model. This section presents the results

of the MHCD tests fitted with three SWCC models. Chapter 5 shows the MHCD test in detail.

Figures 5.1 to 5.6 show measured SWCC and fitted models for three different soil types at
three different temperature settings. The fitted curves using the FX model were better than the

comparative (BC and VG models).
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Figure 5.1 Measured SWCC and fitted SWCC models for ASTM fine graded sand at room

temperature

Figure 5.2 Measured SWCC and fitted SWCC models for ASTM fine graded sand at 10 °C

temperature setting
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Figure 5.3 Measured SWCC and fitted SWCC models for ASTM fine graded sand at 2 °C

temperature setting

Volumetric moisture content, 6 (m®m?)

Figure 5.4 Measured SWCC and fitted SWCC models for ASTM 20-30 sand at room temperature
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5.3 Model for TCDC
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This section presents the measured TCDCs and developed TCDC models.

Figures 5.7 to 5.12 show measured TCDCs and fitted curves for three different sand types

at different temperature settings.
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Table 5.1 summarizes the TCDC model’s best-fit parameters. The coefficient of

determination (R?) for all the test results had a good performance.

Table 5.1 Summary of best-fit parameters for the TCDC model

0 = aK? - bx? + ¢k
Soil Type Temperature, T (°C)

a b c R?

24 0.035 | 0.084 | 0.073 | 0.99

ASTM fine graded sand 10 0.030 | 0.073 | 0.065 | 0.99
2 0.030 | 0.067 | 0.053 | 0.99

24 0.037 0.12 0.11 | 0.98

ASTM 20-30 sand
10 0.028 | 0.075 0.06 | 0.98
AFS 50-70 sand 24 0.016 | 0.0037 | 0.023 | 0.99
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Based on the fitted curves from Figure 5.7 to 5.12. A TCDC model was developed and is

written as
0 =ak®—bk*+ck (6.1)
where

6 = volumetric moisture content (m> m); k = thermal conductivity (W m'K™); a, b, and ¢ =

fitting parameters.

5.4 Summary

Based on the measured TCDCs, a model was developed. According to the fitting
performance, the developed model shows an excellent match to the measured values. The TCDC
model can predict the volumetric moisture content value from thermal conductivity. Also, it can

expect thermal conductivity values from volumetric moisture content.
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6 CHAPTER 6 Summary, Conclusion, and Recommendation

6.1 Introduction

This research primarily focused on understanding the soil thermal and hydraulic properties
of sands during dry-out processes by determining how temperature affects the soil-water
characteristics curve. Sensors are needed to accurately measure the soil thermal and hydraulic
properties over the complete saturation regime and account for temperature. However, no verified
sensors can provide accurate soil moisture measurements and density when the soil is subjected to
moisture loss from saturation to dry and significant density change. Experimental techniques for
precise simultaneous measuring soil suction, moisture content, and thermal properties were
attempted. The soil-water characteristic curve (SWCC) and thermal conductivity dry-out curve
(TCDC) are recognized methods used to present a relationship between soil matric suction and
moisture content. However, research on this information gap was almost non-existent in the
geotechnical literature. In this case, we were seeking soil moisture measurements that can directly
and simultaneously measure the volumetric water content, soil matric suction, and thermal

conductivity. Notably, studies on soil volume change during drainage were minuscule at best.

In this research, a newly designed thermo-TDR sensor was used for simultaneous soil
thermal properties, moisture content, and dry density measurements. The measurement
performance of the thermo-TDR sensor was investigated by performing a series of laboratory tests
using different types of soil. The constraints of the sensor designation are presented in this article.
The thermo-TDR sensor was fabricated following the design specifications. Nine different
chemical reagents with known dielectric constant were utilized to perform calibration of the
dielectric constant (Ka). Potassium chloride (KCI) and sodium chloride (NaCl) solutions of

different concentrations were used to implement the calibration of electrical conductivity (ECDb).
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The accuracy and precision of the thermal properties measurement were evaluated by comparing
and analyzing the measurement results from a thermal properties analyzer (KD2 Pro). Laboratory
tests were performed on four standard sand, two site sand, one standard clay, and one site clay
were implemented for a comprehensive evaluation of the sensor as well. Experimental results from
a newly designed thermo-TDR sensor were compared to a previous version sensor by analyzing

calibration and experiment results.

Laboratory experiments, using the newer designed thermo-TDR sensor and modified
hanging column device (MHCD), were performed on sands for measuring thermal conductivity
with the complete moisture spectrum during dry-out processes. These tests also determined the
soil-water characteristic curve (SWCC) and thermal conductivity dry-out curve (TCDC) during
drainage and evaporation processes at different temperatures. MHCD tests implemented with the
thermo-TDR sensor, a suction sensor, and a thermal properties analyzer were conducted on three

sands in different temperature environments.

A new continuum soil thermal conductivity model was developed and validated in this
research. Laboratory experiments were tested on ASTM fine graded sand, ASTM 20-30 sand, and
AFS 50-70 sand using a modified hanging column device at different temperature conditions.
Chapter 4 details the present test materials, methods, and relevant results. The model was
developed based on the thermal conductivity dry-out curve (TCDC). The purpose of this model is
to evaluate relevant thermal conductivity values at corresponding volumetric moisture contents for
different soil types and temperature conditions. The validation of the soil-water characteristic
curve (SWCC) via the MHCD test method was demonstrated as well. Three SWCC models
developed by (Brooks and Corey (1964), van Genuchten (1980), and Fredlund and Xing (1994)

were used for SWCC validation.
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6.2 Summary and Conclusion

A modified hanging column device with a newly designed thermo-TDR sensor,

tensiometer, and thermal property analyzer was used in this study as competent tools that can

accurately and rapidly attain soil moisture content, dry density, thermal properties, and matric

suction measurements during drainage and evaporation processes. The primary summaries and

conclusions of this research are listed below:

1y

2)

This research provides an overview of the performance of a newly designed thermo-
TDR sensor, which has satisfied all the requirements with improvements based on
previous experiences with the traditional TDR sensor. Lessons from earlier sensor
fabrication successes and failures were used in the author’s new approach to procedures
such as soldering process, probe immobilizing, and wire connections.

Nine standard chemical solutions with known dielectric constants were used for the
dielectric constant (K,) calibration. The coefficient of determination (R?) from the
comparison of the known and thermo-TDR measured dielectric constant plot is 0.99
(1.00 is the best case in which the modeled values match the observed values). The
calibrations of the thermo-TDR sensor for the electrical conductivity (ECy)
measurements were performed by measuring sodium chloride (NaCl) and potassium
chloride (KCI) solutions of six different concentrations using electrical conductivity
(EC) meter to establish references. The calibration results verified that the thermo-TDR
sensor could satisfactorily measure both dielectric constant and electrical conductivity
with the coefficient of determination (R?) determined at 0.99 (1.00 is the best case).

Note that the modeled values exactly match the observed values.
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3)

4)

The effective sampling area of the newly designed thermo-TDR sensor was determined
using the areas that make 70% and 90% contribution to the total electrical field energy.
This was achieved by exporting FEM simulation results and further processing with
MATLAB. A code developed by MATLAB was used for searching the elements with
high electric energy density values. When the thermo-TDR sensor is embedded in water
(with a dielectric constant of 81), the calculated total electrical field energy per unit
length of the sensor is 1.948 e-6 J/m. The calculated effective sampling area is 1.69
cm?. When the thermo-TDR sensor is embedded in saturated sand (with a dielectric
constant of 26), the calculated total electrical field energy per unit length of the sensor
is 6.253 e-5 J/m, which is smaller than the sensor submerged in water. The calculated
effective sampling area is 1.58 cm?, which is very close to the sampling area. The
thermo-TDR sensor embedded in water is just slightly larger than the sensor embedded
in saturated sand. The sample area is not highly sensitive to the relative dielectric
constant.

Eight types of soils (seven sands and one clay) were selected for laboratory experiments
for the thermo-TDR sensor performance evaluation. The coefficient of determination
(R?) value for the calibration relationship of the dielectric constant is over 0.95 for most
of the soils, even close to 1, except for AFS 50-70 sand, which is 0.92. The coefficient
of determination value for the calibration relationship of electrical conductivity is close
to or above 0.9. The calibration relationship results of dielectric constant and electrical
conductivity indicated that the newly designed thermo-TDR sensor has a good
performance for both sand and clay. The calibration results illustrate that the sensor has

an excellent performance for the measurement of thermal conductivity with a relative
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5)

6)

deviation within 10%. A one-step method was used to predict soil gravimetric moisture
content and dry density. A comparison between the measured and predicted values of
gravimetric moisture content and dry density for sand and clay presented the relative
deviation for both gravimetric moisture content and dry density prediction at 10%.
Calibration equations for dielectric constant (Table 3.2) and electrical conductivity
(Table 3.3) had an excellent linear relationship in two calibration equations in
expectations of high accuracy of soil gravimetric moisture content and dry density.
Therefore, the excellent performance of the thermo-TDR sensor was observed in
measuring soil moisture content and dry density.

Dry-out tests were performed on sand via a modified hanging column device (MHCD)
to monitor water content, matric suction, and sand thermal conductivity during drainage
and evaporation processes. The device includes a top cap, a perforated bottom plate, an
acrylic Tempe cell, and a standpipe. The bottom brass plate was covered with a high-
air-entry nylon membrane, across which suction was affected by way of an external
hanging-column water system. Three sensors were assembled radially into a soil
sample at approximately the same height in the cell to determine corresponding soil
moisture content, matric suction, and thermal conductivity measurements in the same
situation. The installed sensors include one thermo-TDR sensor, one KD2 Pro thermal
properties analyzer with a TR-1 thermal needle probe, and one T5x tensiometer.
Thermal conductivity dry-out curves (TCDCs) and soil water characteristic curves
(SWCCs) during drainage and evaporation processes were determined using a modified
hanging column device (MHCD) for three types of sands in different temperature

environments (24 °C, 10 °C, and 2 °C). By comparing the soil-water characteristic
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7)

8)

curves of ASTM 20-30 sand and ASTM fine graded sand at different temperatures,
sand was determined to have a higher maximum volumetric moisture content at a lower
temperature. Because of the increased water viscosity at low temperatures (Toselli et
al. 1999). The three sands have very close values of the maximum matric suction at
room temperature. The ASTM fine graded sand has a larger matric suction value than
the ASTM 20-30 sand for the same moisture content. In addition, the AFS 50-70 sand
has a larger matric suction value than the ASTM fine graded sand. The soils' matric
suction for the same moisture content is more significant for soils with small particles.
The values obtained from the Tempe cell are the average values of the whole soil
sample, while the results from the T5x tensiometer are point measurements.

Soil water characteristic curves (SWCCs) were validated using the Brooks and Corey
(BC) model, van Genuchten (VG) model, and Fredlund and Xing (FX) model for three
different types of sands at three different temperature settings. The performance of
fitted curves using the FX model was better than the other two models (BC and VG
models).

A thermal conductivity dry-out curve (TCDC) model was developed based on
laboratory experiments on sands at different temperatures. The TCDC model was
written as a cubic polynomial function with three parameters. The TCDC model can
predict the volumetric moisture content value from thermal conductivity. It can also
predict thermal conductivity values from volumetric moisture content. The
determination coefficient for the TCDC model fitted with three sands (ASTM fine
graded sand, ASTM 20-30 sand, and AFS 50-70 sand) at different temperature

environments (24 °C, 10 °C, and 2 °C) and are equal or greater than 0.98 in most cases.
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6.3 Recommendations for Future Work

The recommendations for future work are listed below:

1) Functions from the thermo-TDR sensor and tensiometer can be combined. A new
thermo-suction-TDR sensor may be designed and fabricated in the future. The
current designed thermo-TDR sensor's main change is to replace the block material
from epoxy to high-grade porous ceramic.

2) The developed thermal conductivity dry-out curve (TCDC) model needs to be

validated by more different types of soils and larger temperature setting ranges.
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