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Abstract
DEVELOPMENT AND VALIDATION OF TDR-BASED SENSORS FOR THERMAL

CONDUCTIVITY AND SOIL SUCTION MEASUREMENTS

Nan Zhang, PhD

The University of Texas at Arlington, 2015

Supervising Professosrs: Xinbao Yu and Anand J. Puppala

Simultaneous measurement of soil thermal conductivity, moisture content, dry
density, and soil suction is a challenging issue and very important to the design of
geothermal-related structures such as geothermal energy piles (GEP), ground source
heat pump (GSHP) systems, borehole thermal energy storage (BTES) systems, etc. The
measurement of these properties is mainly done in laboratory conditions, which can be
time consuming. Hence, an attempt is made in this research to develop a new field
sensor that can provide these properties in about the same timeframe.

The TDR technique has been used successfully to measure soil moisture content
and dry density by analyzing the soil dielectric constant (K,) and the electrical
conductivity (EC,) obtained from TDR waveforms. The objective of this research is to
develop a new thermo-time domain reflectometry (TDR) probe and a moisture/suction
TDR probe to better achieve these measurements.

The thermo-TDR probe has three probes of the same diameter and length, with
resistance wire embedded in the center probe, and three thermocouples installed in each
probe. The probe calibrations for K, and EC, were completed by testing five different
chemicals with known K, values, and NaCl and KCI solutions with different

concentrations. The probe was then evaluated by testing four different materials, i.e.,



three sands and kaolin clay, and validating them against the KD2 standard probe for
measurement of soil thermal properties. Laboratory experiments employing the thermo-
TDR probe were then performed on quartz sands, sand-sand mixtures, and sand-clay
mixtures to study the effects of the quartz content, particle size, moisture content, dry
density, and clay content on soil thermal conductivity.

Based on the experimental results on sand-clay mixtures, a continuum soil
thermal conductivity prediction model was developed. The model overcame the
shortcomings of the existing models, which accounts for the quartz content effect and
prediction of soil thermal conductivity continuously over the entire range of soil types.

The moisture/suction TDR probe has two steel stainless probes and a gypsum
block attached to half of the probes. The calibration of the probe is conducted by modified
pressure plate tests to establish the relationship between K, and the matric suction of the
gypsum block. Laboratory experiments on silty sand, including the staged-drying test and
absorption and desorption tests, were performed to evaluate the probe and to study the
equilibrium or response time of the gypsum block being equilibrated with surrounding

soils.
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Chapter 1
Introduction
1.1 Research Background

Soil is a complex substance consisting of three phases: solid (i.e., soil particles),
liquid (i.e., water) and gas (i.e., air). It is the collection of natural bodies on the earth's
surface, in places modified or even made by man of earthy materials, containing living
matter and supporting or capable of supporting plants out of doors. Jenny (1941)
addressed the question of which environmental factors are responsible for the soils we
have today. Recognizing these factors is extremely useful for field scientists when looking
over a landscape and predicting the soil types that are found upon it. These factors
include parent materials, organisms, climate, and relief and time. The parent materials
refer to the mud deposited by a river, sand deposited by an ocean, rock that weathers
and breaks down, etc. The organism usually refers to vegetation and microorganisms,
but includes the complete biological community. Climate affects soils by governing the
rate at which chemical reactions can take place and the amount of percolating water that
translocates materials from one part of the soil to another. Local relief is the
environmental factor that has the greatest effect on the soils under certain conditions. All
pedogenic (i.e., soil-forming) processes occur over time, and additional subsurface is
formed as the soil matures with time.

Traditionally, the research in geotechnical engineering primarily focuses on the
physical and mechanical properties of soils. However, the study of soil thermal properties
(i.e., thermal conductivity, thermal diffusivity and heat capacity) is also important because
the exploitation and utilization of geothermal energy is becoming an emerging area as the
demand for new resources increases all over the world. Subsurface geothermal energy

has a great potential of renewable, sustainable, clean (i.e., non-carbon dioxide emission)



and direct-use energy, particularly when it is connected with shallow or deep foundations
(i.e., geothermal energy piles, heat pumps (i.e., ground source heat pump systems, and
borehole thermal energy storage systems). In the design of the above geothermal
structures, the soil thermal property is the most significant design parameter which not
only governs the heat transfer process in soils but also determines the thermal efficiency
of the entire system. In addition, soil thermal property needs to be studied as an
application for engineering barriers in deep geological high-level radioactive waste
disposal (HLWD).

The heat pump was invented in Austria in 1875 for the extraction of geothermal
energy from the ground. At that time, geothermal energy could also be obtained by
means of flat collectors, trench collectors, or borehole heat exchangers (up to 300 m
depth, standard diameter of 32 to 120 mm). These systems were widely used for many
years in Austria, and there are still around 100,000 heat pumps operating at present.
Later, geothermal energy was increasingly obtained from foundation elements, such as
rafts, piles, or diaphragm walls. The new innovation, known as “energy foundations,”
combined heat pumps with foundation elements and was more cost effective than the
conventional systems (Brandl, 2003).

Because soil thermal properties are affected by many factors, such as moisture
content, dry density, soil mineral components, soil gradation, etc., a reliable, rapid
measurement and an accurate prediction of soil thermal properties are essential and
valuable to the design of structures for geothermal-related applications. Moreover, soil is
always under unsaturated conditions when geothermal energy is extracted in the shallow
depths, and the thermal properties of subsurface soils are changed by the drying and

wetting cycles during the climate change in different seasons. Therefore, it is also



necessary to correlate soil thermal properties with soil suction to further investigate the
thermo-hydro-mechanical (THM) coupling process in sails.
1.2 Problem Statement and Research Objectives
This research mainly focuses on the development and validation of time domain

reflectometry-based sensors (i.e., TDR) for thermal conductivity and soil suction
measurements. In previous studies, the measurement of these properties was done
under laboratory conditions, which can be time consuming. Hence, an attempt was made
in this research to develop a new field sensor that can provide these properties in about
the same timeframe. The objective of this research was to develop a new thermo-TDR
probe and a moisture/suction TDR probe to better achieve these measurement goals.
Based on the previous studies, the problem statements in this study are summarized as
follows,
1. Demand of simultaneous in situ measurements of soil thermal conductivity, moisture

content, and dry density.
2. Lack of systematic and comprehensive evaluation of the thermo-TDR probe.
3. Application of TDR technique in simultaneous measurements of soil moisture content

and matric suction in the field.
4. Discontinuity in the prediction of soil thermal conductivity in the existing soil therma

conductivity models.

Accordingly, the research objectives in this study are listed below,

1. Evaluate the performance of a newly-developed thermo-TDR probe for measuring

soil thermal conductivity, moisture content, and dry density simultaneously.
2. Study the effects of particle size, fines content, and clay content on soil thermal

conductivity.



3. Develop a new continuum soil thermal conductivity model, accounting for the effects
of soil type, mineralogy, moisture content, and dry density.
4. Design and evaluate a new moisture/suction TDR probe for measuring soil moisture
content and matric suction.
1.3 Dissertation Organization

This thesis consists of seven chapters: Introduction (Chapter 1), Literature review
(Chapter 2), Design and evaluation of a thermo-TDR probe (Chapter 3), Laboratory
experimental program on thermal conductivity (Chapter 4), Development of a continuum
soil thermal conductivity model (Chapter 5), Design and evaluation of a moisture/suction
TDR probe (Chapter 6), and Summary, conclusions and recommendations (Chapter 7).

Chapter 1 presents the introduction of this research, including the research
background on the application of TDR-based sensors in thermal conductivity and soil
suction measurements, the problem statement based on the previous studies, and the
research objectives for this study.

Chapter 2 presents a summary of previous studies: (1) Time domain
reflectoemetry (TDR) technique, (2) Soil thermal properties and applications, (3)
Measurement of soil thermal properties, (4) Measurement of soil matric suction, and (5)
Soil Thermal conductivity prediction models.

Chapter 3 presents the design and fabrication of the thermo-TDR probe, followed
by probe calibration through testing KCI and NaCl solutions with different concentrations,
using both the thermo-TDR probe and electrical conductivity (EC) meter; and the probe
evaluation by testing three sands and one kaolin clay and comparing the results with the
standard KD2 probe from Decagon Device (Decagon Devices, 2011).

Chapter 4 presents the laboratory experiments on quartz sands, sand-sand

mixtures and sand-clay mixtures by using the thermo-TDR probe to study the effects of



particle size, fines content, and clay content on soil thermal conductivity. The KD2 probe
was also used in the experiments for the comparison with the thermo-TDR probe.

Chapter 5 presents the development of a new continuum soil thermal
conductivity model based on the previous experimental data on sand-clay mixtures. This
model was proposed on the basis of the normalized thermal conductivity concept
proposed by (Johansen, 1977), and it accounts for the effects of soil type, quartz content,
moisture content, and dry density on soil thermal conductivity simultaneously.

Chapter 6 presents the design and evaluation of the moisture/suction TDR probe.
The calibration relationship between dielectric constant (K,) and matric suction of the
gypsum block was obtained by pressure plate tests. The probe evaluation was conducted
by testing silty sand in a stage-drying test, absorption test, and desorption test.

Chapter 7 provides the summary and conclusions of this research, and the

recommendations for future study.



Chapter 2
Literature Review
2.1 Introduction

This research is aimed at the development and validation of two types of TDR-
based sensors, which are the thermo-TDR probe and the moisture/suction TDR probe,
for thermal conductivity and soil suction measurements. It also includes the laboratory
program of the thermo-TDR probe and the development of a new continuum soil thermal
conductivity prediction model.

This chapter summarizes the previous relevant studies regarding this research
topic. It is subdivided into several subsections: (1) Time domain reflectometry (TDR)
technique, including its measuring principles, algorithms for TDR waveform analysis,
TDR software development, and the determination of moisture content and dry density;
(2) Soil thermal properties, their influence factors and applications; (3) The measurement
techniques of soil thermal properties, including steady state method, transient state
method, and thermo-TDR probe; (4) The existing soil suction measurement methods; (5)
The existing soil thermal conductivity models.

2.2 Time Domain Reflectometry (TDR) Technique

TDR technique is a relatively new method, but a promising tool for the tests in
civil engineering. Based on the TDR technique, Drnevich et al. (2003) developed a “one
step method” to estimate the soil moisture content and dry density simultaneously from
the soil dielectric constant (K,) and electrical conductivity (ECy), which are analyzed and
obtained from the reflected TDR waveforms (Yu and Drnevich, 2004). In geotechnical
engineering, it is necessary to properly monitor in-situ soil compaction properties during
most earthwork construction projects. The conventional in-situ soil compaction monitoring

methods are always limited in their applications, whereas the TDR technique better



achieves its goals in the field (White, 2004). It can be used to measure both in-situ
moisture content, as well as dry density, by the propagation of an electromagnetic wave
going through the soils, and it has been implemented in many fields with success for
applications in geotechnical engineering.

This section will describe the principles of the TDR technique and the related
system design. The algorithms for TDR waveform analysis is then presented, followed by
the statement on development of TDR software. The determination of moisture content
and dry density by various traditional methods and the TDR technique are also provided
in this section.

2.2.1 Introduction to TDR Technique and System Design

The TDR technique was derived from the same technology that was used in
radar, which has been in use since the 1930s. It is similar to radar in that a short
electromagnetic pulse is first generated and emitted, and then a reflection is measured.
TDR can be also defined as a measurement device which relies on the use of remote
electrical sampling to determine the location and nature of objects. A typical TDR system
is primarily composed of a pulser, a sampler, an oscilloscope, and a coaxial cable, as
shown in Figure 2-1.

The TDR pulser generates an electronic step pulse that travels into the coaxial
cables. As the pulse travels down the coaxial cables, a difference is created between the
inner and outer conductors of the coaxial cables, creating an electromagnetic field
between the conductors (White, 2004). Figure 2-2 shows the diagram of the

electromagnetic field in coaxial cables.
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Coaxaal cable
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Figure 2-1 Schematic of a typical TDR system (O'Connor and Dowding, 1999)

Inner
Conductor

Conductor

Figure 2-2 Diagram of electromagnetic field in coaxial cables (O'Connor and Dowding,
2004)
As the above electromagnetic field goes through the coaxial cables, it creates
electromagnetic waves. The measured reflected waveforms (i.e., reflected TDR
waveforms) are supposed to be uniform if the medium between the inner and outer

conductors is uniform both geometrically and physically. But a reflection point can be



found from the reflected TDR waveforms when a discontinuity is encountered in the
coaxial cables, such as the change of cable geometry or the medium between
conductors. The time it takes for a reflection to occur, along with sign, length, and
amplitude, is useful in determining both the location of the discontinuity or the nature of
the medium. Similarly, soil moisture content property can be determined when inserting
the coaxial cables into the soil using metallic spikes (e.g., steel rods). Figure 2-3 shows
the TDR soil moisture system configuration. The inner conductor is connected to the
inner probe, and outer conductors are connected to two outer probes. The soil tested in
the electromagnetic field is between the inner probe and the outer probe.

Figure 2-4 depicts a typical reflected TDR waveform from a TDR system. There
are two reflection points which can be observed at different locations. The first one is
located at the air-soil interface from the probe head, where the medium between two
conductors is suddenly changed, while the second one is located at the probe end, which

is actually the end of the coaxial cables.

G sampler
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Coaxial Cable =
Measurement
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Figure 2-3 TDR soil moisture system configuration ((Drnevich et al., 2000)
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Figure 2-4 A typical reflected TDR waveform (Yu and Drnevich, 2004)

2.2.2 Algorithms for TDR Waveform Analysis

As discussed in the previous sections, soil dielectric constant (K,) and electrical
conductivity (EC,) properties can be obtained from the reflected TDR waveforms. In
theory, K, is a function of travel time of the electromagnetic pulse along the waveguides.
There are three commonly used approaches for getting travel time from the TDR
waveforms (Timlin and Pachepsky, 1996): (1) Measure the signal trace manually, (2) Use
a computer algorithm to find the initial point and end point of the trace by searching
characteristic slope changes, and (3) Do an Inverse analysis of the TDR waveforms to
obtain the parameters of transmission line simulated by the TDR system (Yanuka et al.,
1988).

Figure 2-5 shows the two methods to manually identify the second reflection
point. This manual method usually uses the tangent line method to determine the location
of the reflection point. Topp et al. (1982) and Baker and Allmaras (1990) proposed two

different tangent line methods. The basic idea is to draw tangent lines from characteristic

10



points along the TDR signal, and the intersections of the two tangent lines are regarded
as the reflection points. But there is also a slight difference between these two methods’
criteria of selecting characteristic points. The method proposed by Topp et al. (1982)
uses two lines from the linear section of the TDR signal, while the method proposed by
Baker and Allmaras (1990) uses one line from the linear section of the TDR waveforms
and another line from a horizontal line going through the point where the voltage is a local
minimum. The manual approach is more prone to be affected by the user’s personal

preference; therefore, the automation of the TDR waveform analysis is highly desirable.

028 A

Rehtive Coliage

Second reflection point by
Baker and Allmaras’ method

A Second reflection point by

Topp et al’s method

'l 2 T T T T T T
36 38 B 42 44 46 43 5

Length
Figure 2-5 The example of two methods to manually identify the second reflection point
(Drnevich et al., 2003)

The second method for the analysis of the TDR signal is based on the computer
algorithm. This means that all the TDR waveforms analysis can be completed by using a
computer algorithm to record the TDR signal, store the data, analyze the TDR
waveforms, and calculate the K, and EC,, of the test soil samples. Actually, the algorithm

also follows the tangent line methods, as described above, to perform the TDR analysis

11



for selecting reflection points. It generally makes use of numerical differentiation, which
can calculate the first derivative and find the location of the point with the highest first

derivative. The numerical slope of the tangent line can be computed by,

k = di,—di,

2.1
i oA 2.1)

where k; is the calculated slope the tangent line at point i; di;; and d;.; are the measured

voltage levels on the TDR signal at point i+1 and i-1; A is the horizontal interval of the
signal.

TDR signals include some unavoidable noise, affecting the analyzed results.
Thus, it is highly recommended to use the average point method to remove the noise
effect as much as possible. Figure 2-6 shows the use of the 5-point average method to
smooth the derivative curve to improve the first derivative values. It has been found that
the original data will become smoother by averaging multiple signals. Although the noise
effect cannot be completely eliminated by this method, its level will be reduced
considerably. In addition, the 7-point average method can also be utilized in some cases
if the signal still contains a lot of noise after being processed by the 5-point method.

The characteristic points, which include the local maximum or minimum, and the
points with the maximum first derivative in the TDR waveforms can then be identified.
The locations and the slopes of the characteristic points are used to calculate the

intersection and determine the location of reflection points.
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Figure 2-6 Use of 5 point average method to smooth the derivative curve to improve the
first derivative values (Drnevich et al., 2003)

The third method for the analysis of TDR signals is by means of applying an
inversion theory. It is the most complicated method for analyzing the TDR waveforms and
calculating soil properties because it just physically describes the phenomena that occurs
in the TDR systems. But the complexity of the TDR system makes it difficult to simulate
the actual behaviors of the system, and some assumptions and simplifications need to be
made before a solution can be obtained.

2.2.3 Development of TDR Software

The use of TDR software can certainly simplify the TDR waveforms analysis
process significantly. The basic software is known as “PMTDR,” and it was developed by
Campbell Scientific, Inc., especially for the Purdue TDR method. It is the acronym of
Purdue Method Time Domain Reflectometry. There are also two other improved
methods, which are called PMTDR-RDR and PMTDR-SM, respectively. The “hand-

shaking” functions were incorporated into PMTDR-RDR to control the TDR100 signal

13



generator/sampler and to acquire the TDR waveform data. The “one step method” for in-
situ measurements of soil moisture content and dry density was included and
implemented in PMTDR-SM program.

PMTDR-SM is the acronym of Purdue Method TDR — Simplified Method. It is the
software used automation of soil moisture content and dry density calculation by using
“one step method” proposed by Yu and Drnevich (2004). This program has two parts: the
MRP screen for field TDR tests, and the CMP screen for mold TDR tests, as shown in
Figure 2-7 and Figure 2-8. The proper screen needs to be activated for the specific type
of test being conducted.

After the TDR probe is inserted into the soil sample, the TDR waveforms can be
obtained by clicking the button “Get Waveform.” It usually takes about 10 s to collect the
data and display two waveforms on the screen. The upper waveform is used to calculate
the soil dielectric constant (K,), and the other at bottom is used to calculate the soil’'s
electrical conductivity (ECy).

The analysis for the determination of soil moisture content and dry density can
also be performed by clicking the “Start” button under the Wave Analysis, as shown in
Figure 2-7 and Figure 2-8. Once the calibration relationships for K, and EC, have been
established from the separate laboratory tests, the calibration coefficients a, b, ¢, and d
can be inputted to the system. The soil moisture content and dry density can then be
calculated by clicking the “Compute” button. In addition, the test results, including the test
information, TDR waveforms data, and the results of the analyses, can be stored on the

computer for further examination and analysis.
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2.2.4 Determination of Moisture Content and Dry Density

There are several methods in the ASTM Standards that can be used to measure

soil moisture content and dry density, both in the laboratory and in-situ, as listed below.

For soil moisture content measurement:

1)
2)
3)
4)

5)

Laboratory Determination of Water Content of Soil and Rock (ASTM D2216)
Microwave Oven Method (ASTM D4643)

Direct Heating Method (ASTM D4959)

Calcium Carbide Gas Pressure Tester Method (ASTM D4944)

Nuclear Method (Shallow Depth) (ASTM D3017)

For soil dry density measurement:

1)
2)
3)
4)
5)

6)

Nuclear Method (ASTM D5195)

Nuclear Method (shallow depth) (ASTM D3017)
Sleeve Method (ASTM D4564)

Drive-Cylinder Method (ASTM D2937)
Sand-Cone Method (ASTM D1556)

Rubber Balloon Method (ASTM D2167)

Among all the methods mentioned previously, the nuclear method is most

commonly used for soil moisture and density measurements, but It requires training and

special licensing to operate the equipment, and the field measurements are only as good

as the calibration device. The drive sleeve is another widely used method, but it is not a

nondestructive method. Both sand cone and rubber balloon methods are less likely to be

adopted, and require a proficient and skilled test operator. The TDR-based “one step

method” developed by Yu and Drnevich (2004) to determine soil moisture content and

dry density will be presented in the following paragraph. Table 2-1 shows the comparison

of current methods for soil moisture content and dry density measurements.
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Table 2-1 Comparison of current methods of soil moisture content and dry density

measurements (White, 2004)

Test Application Required Time Major Source of Error
Oven Dry Water Content 24 h Considered as baseline
measurement
Sp_eedy Water Content 15-2_0 min + Operator’s ability to
Moisture calibration perform test correctly
Nuclear Water Content, . . . Highly dependent on
Method Dry density 30 min+ calibration proficient calibration
Sand Cone Density 30 min+ calibration Operator dependent

The TDR-based “One-Step Method” was proposed by Yu and Drnevich (2004),
who stated that some previous calibration equations for K, and EC,, are difficult to apply
to geotechnical engineering for two reasons: (1) The calibration equations are expressed
in terms of volumetric water content, whereas the gravimetric water content is mostly
used in the field of geotechnical engineering; (2) The calibrations which incorporate the
density effect, such as that in the Malicki et al. (1996) study, are complex and difficult to
apply (Yu and Drnevich, 2004). The first equation in the “One-Step Method” was

proposed by Siddiqui and Drnevich (1995) and expressed as follows,
J K, Pu_atbw
o

where a and b are the soil specific calibration constants; py is the dry density of soils; p,

2.2)

is the density of water and w is the gravimetric water content.
Yu and Drnevich (2004) further argued that the electrical conductivity of the pore

fluid is typically the dominating factor in the determination of the bulk electrical
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conductivity of soils, and proposed a similar equation describing the relationship between

the soil electrical conductivity and moisture content, expressed as follows,

ECD&:Hdw
Pa (2.3)

where ¢ and d are another two soil specific calibration constants. By combining and
solving Equations 2.2 and 2.3, the other two equations to determine soil moisture content
and dry density can be expressed as,

W c\/K_a—a EC,
b/EC, —d /K, 2.4)

_dK, -byJEC,
pd - ad —Cb pw (2.5)

However, Yu and Drnevich (2004) did not obtain very satisfactory results when
the above two equations were applied because of the dominance of pore fluid
conductivity on Equation 2.3. Zhang et al. (2015a) designed a new thermo-TDR probe
and estimated the soil moisture content and dry density using this method. The excellent
agreement between predicted values and the actual measured results of three quartz
sands reflected only 10% deviation.

2.3 Soil Thermal Properties and Applications

This section will introduce soil thermal properties, including thermal conductivity,
thermal resistivity, thermal diffusivity, and heat capacity. The influence factors of soil
thermal conductivity are also discussed from previous literatures. The applications of soil
thermal conductivity in geotechnical engineering, especially in the exploitation and

utilization of geothermal energy, are also presented.
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2.3.1 Soil Thermal Properties

Soil thermal properties are a component of soil physics that have found important
uses in engineering, climatology, and agriculture. These properties influence how the
energy is partitioned in the soil profile. While related to soil temperature, it is more
accurately associated with the heat transfer throughout the soils, by radiation,
conduction, and convection. Soil thermal properties include thermal conductivity, thermal
resistivity, thermal diffusivity, and heat capacity.
2.3.1.1 Thermal Conductivity

Thermal conductivity is an intrinsic soil property that describes its ability to
conduct heat and is expressed in W m™K™. It can be called “heat flux” or “heat transfer” in
that it is related to the movement of heat energy through the soils. The heat moves from
an area of high temperature to a cooler area of low temperature as the heat redistributes
itself to reach an equilibrium where it is evenly distributed through the soils. It appears
primarily in Fourier's Law for heat conduction. Heat transfer occurs at a lower rate across
materials of low thermal conductivity than across materials of high thermal conductivity.
Correspondingly, the materials of high thermal conductivity are widely used in heat sink
applications, and the others of low thermal conductivity are used as thermal insulation.
Moreover, the reciprocal of thermal conductivity is thermal resistivity, usually expressed
in Kmw™.

The dimension of thermal conductivity is M'L'T@™". These variables are (M)
mass, (L) length, (T) time, and (©) temperature. In Imperial units, thermal conductivity is
measured in BTU/(hr-ft-°F)(Perry et al., 1997). Other units which are closely related to the
thermal conductivity are in common use in the construction and textile industries. The
construction industry makes use of units such as the R-value (i.e., resistance) and the U-

value (i.e., conductivity). Although related to the thermal conductivity of a material used in
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an insulation product, R and U values are dependent on the thickness of the products.
Likewise the textile industry has several units, including the tog and the clo, which
express thermal resistance of a material in a way analogous to the R values used in the
construction industry.

Thermal conductivity is important in material science, research, electronics,
building insulation, and related fields, especially where high operating temperatures are
achieved. The thermal conductivities of solid particles in soils are shown in Table 2-2.

Table 2-2 Average values of thermal conductivities of solid particles computed from

various sources (Coté and Konrad, 2005)

Material ps (g/em® | A (W m?K?
Rocks
Anorthosite 2.73 1.8
Basalt 2.90 1.7
Diabase 2.98 2.3
Dolostone 2.90 3.8
Gabbro 2.92 2.2
Gneiss 2.75 2.6
Granite 2.75 25
Limestone 2.70 25
Marble 2.80 3.2
Quartzite 2.65 5.0
Sandstone 2.80 3.0
Schist 2.65 15
Shale 2.65 2.0
Syenite 2.80 2.0
Trap rock 2.90 2.0
Soil and organic matter

Coal 1.35 0.26
Peat 1.50 0.25
Silt and clay 2.75 2.90
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2.3.1.2 Thermal Diffusivity

In the heat transfer analysis, thermal diffusivity is the thermal conductivity divided
by density and specific heat capacity at constant pressure (Lide and Haynes, 2009). It
measures the ability of a material to conduct thermal energy relative to its ability to store
thermal energy. It has the Sl unit of m?/s. Thermal diffusivity is usually denoted by a and

can be calculated by,
a=—-— (2.6)

where k is the thermal conductivity, W m™K™; p is the density, kg/m® c, is the specific
heat capacity, J kg"K™. In addition, pc, is the volumetric heat capacity, J m>K™.

Thermal diffusivity is the ratio of the time derivative of temperature to its
curvature, quantifying the rate at which temperature concavity is "smoothed out." In a
sense, thermal diffusivity is the measure of thermal inertia (Venkanna, 2010). In a
substance with high thermal diffusivity, heat moves rapidly through it because the
substance conducts heat quickly, relative to its volumetric heat capacity or 'thermal bulk'.

Thermal diffusivity is often measured with the flash method (Parker et al., 1961).
It involves heating a strip or cylindrical sample with a short energy pulse at one end and
analyzing the temperature change (reduction in amplitude and phase shift of the pulse) a
short distance away (Blumm and Opfermann, 2002; Thermitus, 2010).
2.3.1.3 Heat Capacity

Heat capacity, also called thermal capacity, consists of specific heat capacity and
volumetric heat capacity. It is a measurable physical quantity equal to the ratio of the
heat added to (or removed from) an object to the resulting temperature change (Halliday

et al., 2010). The Sl unit of heat capacity is J K™ and the dimensional form is M'L*T20™".
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Specific heat capacity is the amount of heat needed to raise the temperature of a certain
mass 1 degree Celsius.

Heat capacity is an extensive property of matter, meaning it is proportional to the
size of the system. When expressing the same phenomenon as an intensive property,
the heat capacity is divided by the amount of substance, mass, or volume, so that the
guantity is independent of the size or extent of the sample. The molar heat capacity is the
heat capacity per unit amount (SI unit: mole) of a pure substance, and the specific heat
capacity, often simply called specific heat, is the heat capacity per unit mass of a
material. Occasionally, in engineering contexts, the volumetric heat capacity is used.
2.3.2 Influence Factors of Soil Thermal Conductivity

Among the three soil thermal properties, thermal conductivity is the most
important one and the one usually used in practices. As heat transfer in soils takes place
primarily by conduction, with convection playing a significant role only in highly
permeable soils (e.g., gravel), the major thermal properties of the soils that are of interest
are the thermal conductivity and heat capacity. The heat capacity determines the amount
of energy needed to change the temperature of the soils, and hence influences the time
taken to reach steady state conditions, only the thermal conductivity of the soil influences
the temperature field and heat flow in the soils at equilibrium (Haigh, 2012). This section
presents the influence factors of soil thermal conductivity, including compositional factors
(i.e., soil particle size, shape, gradation, and soil mineral component) and environmental
factors (i.e., moisture content, dry density, and temperature).
2.3.2.1 Compositional Factors

As reported in previous literatures (Abu-Hamdeh, 2003; Abu-Hamdeh and

Reeder, 2000; Cortes, 2015; De Vries, 1963; Farouki, 1981; Johansen, 1977; Kersten,

22


http://en.wikipedia.org/wiki/Extensive_property
http://en.wikipedia.org/wiki/Intensive_property
http://en.wikipedia.org/wiki/Mole_%28unit%29
http://en.wikipedia.org/wiki/Volumetric_heat_capacity

1949), there are some compositional factors that affect soil thermal conductivity, such as
soil particle size, shape, gradation, and soil mineral components.

Soil is mainly composed of three phases: solid, liquid, and gas. The solid
particles are surrounded by pore fluid that contains water and air, and it may consist of
several different soil minerals, such as quartz, kaolinite, illinite, and montmorillonite.
Quartz has the highest thermal conductivity among all the soil minerals, whereas the
thermal conductivity of other minerals does not change considerably. Water may occur as
liquid or vapor in the pore space, as ordinary water in the liquid state above 0°C, or ice
below 0°C (Farouki, 1981).

The soil particle size and shape will affect the arrangement of solid primary or
secondary particles; thereby determine the “soil structure” or packing. This also
influences the soil thermal conductivity to some extent. For example, the finer grains in
natural soils are usually aggregated into large secondary units of different shapes and
sizes. If the orientation of the above large secondary units existing between the primary
soil particles and macropores is parallel to the direction of heat flow or the imposed
temperature gradient, the effect of the thermal conductivity of soils is increased since the
heat transfer mainly relies on the solid phase in soils.

In addition, there is another factor that affects soil thermal conductivity, which is
the number and nature of the interparticle physical contact points among soil particles. It
should be note that most of the heat transfer takes place across these contact points,
particularly when soil is under dry condition. This is because the air has a very low
thermal conductivity compared with solid particles. The number of contact points is the
dominating factor in this case. If the solid grains are cemented together by clay or other
binders, the thermal conductivity is significantly improved as well (Chen, 2008; Farouki,

1981; Johansen, 1977; Zhang et al., 2015a; Zhang et al., 2015b).
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Various changes in soil structure may occur naturally, leading to the change in
density or porosity. For instance, drying and wetting cycles will cause shrinkage and
swelling behaviors and will change the soil structure, with consequential change in soil
thermal conductivity. The process of freezing and thawing also leads to the excessive
compositional and structure changes, and affects soil thermal conductivity as a result.

Heat conduction in soils usually occurs either in soil particles (i.e., inside solid
phase) or between solid phase and pore fluid (i.e., water or air). All the compositional
factors of soil thermal conductivity mentioned above are correlated and need to be
considered comprehensively to assess their effects.
2.3.2.2 Environmental Factors

The environmental factors of soil thermal conductivity include soil moisture
content, dry density, and temperature, which had been studied by many researchers
(Chen, 2008; C6té and Konrad, 2005; De Vries, 1963; Farouki, 1981; Johansen, 1977;
Kersten, 1949; Lu et al., 2007; Zhang et al., 2015a).

As reported by De Vries (1963), the thermal conductivity of water at room
temperature (20-25°C) is 0.59 W m™ K™, which is almost 22 times greater than that of air
(0.025 W m"lK'l). Thus, as soil pore fluid, the effect of moisture content on soil thermal
conductivity is evident. Based on the experimental studies in literatures (Yu et al., 2014a;
Yu et al., 2014b), soil thermal conductivity at dry or nearly dry condition is much less than
that at moist or fully saturated condition.

Moreover, there is always some water movement taking place in soils naturally
due to the temperature changes or water drainage. In addition to conducting heat, the
water movement leads to the changes in soil thermal conductivity owing to the changes
in amount and state of water. The temperature gradients imposed in soils can cause

water movement directly by setting up suction potentials and osmotic pressures. For
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example, at relatively low temperatures (e.g., below 0°C), the water may be frozen,
leading to changes in the soil structure and soil thermal conductivity. At relatively high
temperatures, the water may turn into vapor in soils, resulting in an increase in soil
thermal conductivity because of the increasing activity of water or water vapor molecules.

The moisture migration and temperature have been recognized as a coupled
process, with complicated interactions between the effects of moisture flow, temperature,
and heat flow. Figure 2-9 shows the heat flow in soils under dry, unsaturated, and
saturated conditions. The heat and mass transport are the two major physical processes
occurring in arctic tundra soils (Nakano and Brown, 1971). The moisture and thermal
regimes of such soils act in parallel in a complex manner and must be considered

simultaneously (Guymon and Luthin, 1974). Some other relevant studies on this topic can

be found in literature (Gylys et al., 2013; Qian-lin and Xiao-chun, 2011; Wu, 2013).
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in dry soil partially saturated soil saturated soil

Figure 2-9 Heat flow in soils under dry, unsaturated and saturated conditions (Akrouch et
al., 2015)
2.3.2.3 Other factors
This section will discuss some other factors that can influence soil thermal
conductivity. It includes properties of soil components, ions, salts, additives, and

hysteresis effects.
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The surface of solid particles is the locus where physic-chemical reactions such
as adsorption of water and of other molecules, binding of cementing substances,
exchange of ions, and catalytic action may take place (Winterkorn, 1960). The specific
surface area of soil particles primarily depends on its fines fraction. For example, the clay
soils always have a larger surface area than sandy soils. Moreover, the more surface
area the soil has, the more water it will absorb, resulting in a reduction of fluid water and
then a decrease in soil thermal conductivity.

Irons and salts have greater influence on fine grained soils since they have high
specific surface areas. Farouki (1981) stated that the bonds provided by the exchanged
cations may make a contribution to the strength of clay. These bonds may also be
expected to affect heat transfer process among soil particles. Significant changes in this
heat transfer may result from any physico-chemical changes taking place in the particle
surfaces where two single particles are in contact with each other, or in the region
between these surfaces where the particles approach each other.

The additive effect on soil thermal conductivity is always encountered in some
special cases where soils are treated with cement, lime, or other binders for strength
improvement or other purpose. For example, Portland cement or asphalt is added to
coarse granular materials, rendering ordinary concrete or bituminous concrete in road
pavements.

The hysteresis effect not only takes place for soil thermal conductivity, but also
for other soil properties. Some hysteresis effects have previously been mentioned,
including the freeze-thaw cycle followed by the unfrozen moisture content’s relationship
with temperature, and the drying-wetting cycle followed by the suction-water content
relationship. Experiments have shown that the thermal conductivity of soils depends on

whether the particular moisture content is achieved by wetting or drying. It has also been
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found that the thermal conductivity is much higher when it is produced by drying,
especially in nearly dry state, because the drying process sets up the oriented water films
to their fullest extent, thereby making heat transfer more effective.

2.3.3 Applications of Soil Thermal Conductivity

Studying soil thermal conductivity and its influence factors has many engineering
applications, such as geothermal energy piles (GEP), borehole thermal energy storage
(BTES), ground source heat pumps (GSHP) systems, and high level radioactive waste
disposal (HLWD). In the above cases, the heat transfer process in soils or the heat
exchange between soils and circulating fluid in pipes are the main concerns in the design
of entire systems. Brandl (2006) finished a comprehensive review of energy foundations
and other thermo-active ground structures. This section will introduce some typical
engineering examples regarding the applications of soil thermal conductivity.
2.3.3.1 Geothermal Energy Piles (GEP)

Brandl (2003) presented that subsurface geothermal resources represent a great
potential of direct use energy, especially in connection with deep foundations and heat
pumps. The heat pump was invented about 140 years ago by the Austrian, Peter Ritter
von Rittinger, for the extraction and utilization of geothermal energy from the ground.
Combining traditional heat pumps with pile foundations, geothermal energy piles were
developed as an innovative method which is also more cost effective and environmentally
friendly because it uses sustainable, clean, and renewable energy.

Energy foundations may be raft foundation, piles, barrettes, or slurry trench
systems (single elements or continuous diaphragm walls. In addition, energy foundations
can be used to heat the buildings in the winter or cool the buildings in the summer. Figure
2-10 shows the scheme of heating/cooling an industrial building with energy piles. It is

noted that the energy piles can be driven, bored, or augered piles of reinforced concrete.
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The piles should have plastic pipes (HDPE) carrying a heat transfer medium, also called
circulating fluid (i.e., water or air). In the pre-fabricated or in-situ cast concrete piles, the
pipes are placed along the reinforcement cages. As shown in the Figure 2-10, there are
two types of pipes, which are main pipes and absorber pipes, in energy piles. The

absorber pipes are used to extract geothermal energy to heat or cool the buildings.

o111
sug \nm ||ul |||Ihll||ll il

E’F'ﬁ"ﬁﬁﬁhlmulm|!l

1 = energy piles (570)

2 = absorber pipes

3 = collectors

4 = main pipe

5 = healing / covling centre

Figure 2-10 The scheme of heating/cooling an industrial building with energy piles
(Brandl, 2003)

Figure 2-11 shows the scheme for heating/cooling a small one-familiy house with
energy foundations. This kind system has been widely used for many years in Austria
and can save 293000 m® of firewood each year. Figure 2-12 depicts the heat transport
from soils to heat carrier fluid within the absorber pipe of an energy pile. It is obvious that
there are seven different types of heat transfer processes taking place in the case of
energy piles. The thermal efficiency of energy piles can be analyzed and calculated

accordingly.
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Earth collector

Figure 2-11 The scheme for heating/cooling a small one-familiy house with energy

foundations (Brandl, 2006)
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Figure 2-12 The heat transport from soils to heat carrier fluid within the absorber pipe of

an energy pile (GW, ground water) (Brandl, 2006)
2.3.3.2 Borehole Thermal Energy Storage (BTES)
The borehole thermal energy storage (BTES) system is a type of underground

structure for storing large quantities of solar heat collected in summer for use later in
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winter. It is basically a large, underground heat exchanger. The system usually consists
of an array of boreholes resembling standard drilled wells. After drilling, a plastic pipe
with a “U” bend at the bottom is inserted down the borehole. To provide good thermal
contact with the surrounding soil, the borehole is then filled with a high thermal
conductivity grouting material.

Borehole thermal energy storage (BTES) is also an application of soil thermal
conductivity, which can be used to store energy underground in soils. Ohga and Mikoda
(2001) studied the energy performance of borehole thermal energy storage systems. The
schematic of BTES is shown in Figure 2-13. This cooling and heating system is the
closed-loop BHE, coupled with the heat pump. It consists of a high efficiency screw
WSHP with new counter flow gas-liquid heat exchanger and BHE (as shown in Figure 2-
14).

A cooling tower is usually added to balance the heat, which is injected into the
ground and extracted from the ground. For example, if the heat injection is greater than
the heat extraction, a cooling tower is used, as shown in Figure 2-15. Moreover, the
energy consumption of the BTES system is decreased by 20%, compared with that of a

conventional system using air source heat pump (ASHP).
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Figure 2-13 The schematic of BTES (Ohga and Mikoda, 2001)
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Figure 2-14 The schematic of borehole heat exchanger (Ohga and Mikoda, 2001)
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Figure 2-15 Annual heat balance (Ohga and Mikoda, 2001)
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2.3.3.3 Ground Source Heat Pump (GSHP)

A ground source heat pump (GSHP) system is a central heating and cooling
system that injects heat into the ground or extracts geothermal energy from the ground. It
uses the soils as a heat source (in the winter) or a heat sink (in the summer). This design
takes advantage of the moderate temperatures in the ground to boost efficiency and
reduce the operational costs of heating and cooling systems, and can be combined with
solar heating to create a geosolar system with even higher efficiency. GSHPs are also
known as "geothermal heat pumps;” the heat (i.e., geothermal energy) does not come
primarily from the soils, but from the sun. They are also called by other names, such as
geoexchange, earth-coupled, and earth energy systems. GSHPs harvest heat absorbed
at the soil's surface from solar energy. The temperature in the ground below 6 m is
roughly equal to the mean annual air temperature at that latitude at the surface. The
advantages of employing GSHP systems include: (1) It can lower your fuel bills,
especially if you replace conventional electric heating; (2) It helps reduce home carbon
emissions; (3) No fuel deliveries are needed, and the maintenance is minimal.

In GSHP systems, the heat from the ground can be absorbed at low
temperatures into a circulating fluid inside a loop of pipe buried underground. The fluid
then passes through a compressor that raises it to a higher temperature, which can then
heat water for the heating and hot water circuits of the buildings. The cooled ground-loop
fluid passes back into the ground where it absorbs further energy from the soils
continuously, as long as heating is required.

Basically, the loop is laid flat or coiled in trenches about 2 m in depth. However, a
vertical loop can be installed down into the soils to a depth of up to 100 m for a typical
domestic home if there is not enough space in the field. The heat pumps have some

impact on the environment since the electricity is needed to run the pumps, but the
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geothermal energy extracted from the soils, the air or the water, is constantly renewed
naturally. Figure 2-16 shows the schematic of a GHSP system for cooling (left) and

heating (right).

Heat Pump

Direct cooling unit

0% |

Figure 2-16 The schematic of GHSP system for cooling (left) and heating (right) (Monzo
etal., 2011)
2.3.3.4 High Level Radioactive Waste Disposal (HLWD)

The term high-level radioactive waste (HLW) generally refers to the highly
radioactive wastes requiring permanent isolation from man's environment that arise as a
byproduct of nuclear power generation. In some countries, where the spent nuclear fuel
arising from reactor operations is chemically reprocessed, the radioactive wastes include
highly concentrated liquid solutions of nuclear fission products. These are later solidified,
generally in a glass matrix in a process known as vitrification. Both the liquid solutions
and the vitrified solids are considered as HLW. If the spent nuclear fuel is not
reprocessed, it is considered as HLW to be disposed of by appropriate methods.

Because HLW contains relatively high concentrations of both highly radioactive and
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extremely long-lived radionuclides, special disposal practices are needed. The relative
amount of HLW is small with respect to the total volume of radioactive waste produced in
nuclear power programs, but it contains 99% of the radioactivity in this volume.
Furthermore, it takes about 10,000 years for the radioactivity of such wastes to decay to
the level which would have been generated by the original ore from which the nuclear
fuel was produced, should this ore never have been mined.

Among the options discussed for disposing of HLW, an international consensus
has emerged that deep geological disposal on land is the most appropriate means for
isolating such wastes permanently from man's environment (Pigford, 1982; Polvani,
1977). However, the full range of options also includes disposal in geological formations
under the deep ocean floor, disposal on the ocean floor, disposal in glaciated areas,
extraterrestrial disposal, and destruction by nuclear transmutation. Extended storage,
whether at production sites or in a centralized store, may be considered an acceptable
waste management strategy, provided it is safe, not to be perpetuated for longer than
feasible, and is to be replaced by a more permanent solution at a later date.

Figure 2-17 shows the storage hall for vitrified waste at La Hague. Canisters are
stored in vaults, each with a number of channels, the round tops of which are visible in
the picture. Each channel can hold up to twelve canisters stacked on top of each other.
The storage facilities are modular, so that they can be extended as the need arises, and
very compact. The technology used permits storage of all vitrified waste from 50 years’

operation of France’s 59 nuclear power plants on an area the size of a rugby field.
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Figure 2-17 Storage hall for vitrified waste at La Hague

Cladding tube Spent nuclear fuel Bentonite clay

Surface portion of final repository

Fuel pellet of Copper canister Underground portion of
uranium dioxide with cast iron inset  bedrock final repository

Figure 2-18 The Swedish concept for the disposal of spent nuclear fuel as an illustration
of the multi-barrier concept (Bennett and Gens, 2008)
Figure 2-18 shows the multi-barrier concept for spent fuel disposal in Sweden. It

has barriers at three levels. First is the waste matrix and initial waste package. In the
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Swedish case, the solid fuel pellets and fuel-rod cladding provide barriers at this level.
Second are engineered barriers, i.e., the copper canister with a cast iron insert,
surrounded by compacted bentonite. Third is the host formation, e.g., the extensive
crystalline bedrock.

It is noted that bentonite is usually used as engineering barriers in HLWD, and
many researchers have studied the thermo-hydro-mechanical (THM) behavior of
bentonite for HLWD application. For example, Tong et al. (2010) developed a fully
coupled thermo-hydro-mechanical model for simulating multiphase flow, deformation, and
heat transfer in buffer material and rock masses. Akesson et al. (2009) conducted an
experimental and numerical study on THM behavior of bentonite at high temperatures.
Cui et al. (2000) proposed a thermo-mechanical model for saturated clays in unclear
waste management program.

2.4 Measurement of Soil Thermal Properties

Various experimental methods had been developed to measure soil thermal
properties (i.e., thermal conductivity, thermal diffusivity, and heat capacity) in the
laboratory and in the field. In order to measure thermal conductivity, it is essential to set
up a temperature gradient going through the soil specimen, but it may cause
considerable moisture migration in unsaturated soils and affect measured results. Thus,
the specific measurement method may actually change the property of soils it is
attempting to measure. Although the moisture migration always occurs in the field, it will
be smaller than that in the laboratory experiments.

This section will describe the measurement techniques of soil thermal properties,
including the steady state methods, transient state methods, and thermo-TDR probe
method. The advantages and disadvantages of each method are also presented in the

following sections. The development and application of the thermo-TDR probe in the
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measurement of soil thermal properties will be introduced as the main references in this
research.
2.4.1 Steady State Methods

Steady state means that the temperature in soils does not change with time.
Accordingly, the soil specimen is supposed to be in a steady state during the
measurement of soil thermal properties in the experiments. But the attainment of such a
steady state may take a long time after the initial temperature difference has been
applied. There are four different types of steady state methods included and discussed in
this section.
2.4.1.1 Heat Plate Method

Heat plate method is the most important steady state method for soil thermal
properties measurement, and it has been standardized by ASTM C117. In Kaplar's
(1971) study, two identical soil samples were placed above and below a flat-plate main
heater unit which was surrounded by an outer guard heater. The guard eliminated the
horizontal heat losses and caused heat from the main heater to flow vertically, up or
down through the test samples. Thus, a temperature drop AT could be obtained across
each sample with thickness of Ax. The thermal conductivity of the soil samples could then

be calculated by,

=%§_¢ 2.7)

where Q is the time rate of the heat flow; A is the test area of the samples.

The shortcomings of this method are the considerable time needed to achieve
the steady state, and measurement error mainly from the unavoidable moisture migration
due to the relatively high temperature difference (Hutcheon and Paxton, 1952). Moreover,

the measured results may vary as much as 20% (De Vries, 1963; Jackson et al., 1978),
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and it can be used only in laboratory. Another disadvantage of this method are the gravity
effects which are consequential to vertical heat flow. Woodside and Cliffe (1959) found
that the measured thermal conductivity was much greater with the heat flow upward than
with heat flow downward. Vanpelt (1976) also obtained the similar results in his
experiments.
2.4.1.2 Cylindrical Configuration Method

The cylindrical configuration method requires a line source heater with finite
length, with soils placed in the surrounding annular space. The line source heater is
considered as the main heater and is guarded by the upper and lower heaters. In 1949,
Kersten tested soil thermal properties, using this method in a cylindrical arrangement.
The heat was generated and flowed radially outward, going through the soil samples
towards the cooling chamber. The temperature in the chamber was kept constant by
circulating alcohol. Wolfe and Thieme (1964) used a similar setup to measure soil
thermal conductivity at extreme low temperatures of around -180°C. Flynn and Watson
(1969) also adopted this method to test soils at very high temperatures (i.e., up to
1700°C).
2.4.1.3 In Situ Sphere Method

Mochlinski (1964) developed this method in England via the National Physical
Laboratory and the Electrical Research Association in application to underground power
cables. The sphere may be hollow or solid, made of copper or aluminum, and can be
used for in situ measurement of soil thermal conductivity. The diameter of the sphere can
be 3-4 inch. It is assumed that the depth where the measurement is taken is large

compared with the sphere radius. The thermal conductivity of soils can be calculated by,

Q

=2
47r(T,—T,) @9
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where r is the sphere radius; Q is the rate of heat supply to the sphere; T, is the
temperature of the heat sink; T, is the temperature of the external surface of the sphere
after a steady state has been attained.
2.4.1.4 Heat Meter Method

Scott (1964) presented that the thermal conductivity of soils in the field may be
determined directly by using a heat meter to measure the temperatures at two points in
soils and the heat flowing between these points. Van Wijk and Bruijn (1964) measured
the soil thermal conductivity by applying a surface heat impulse with known intensity. A
detailed description of the application and the theory of heat meters can be found in
Schwerdtfeger's (1970) study. The important criterion is the ratio of the thermal
conductivity of the meter to that of its surroundings. The design of it should give a value
for this ratio, which is just high enough to remain above unity for the expected measuring
thermal conductivity range. This may be difficult where the heat meter is required to
register transient heat flows, so the sensor heat capacity should be set as low as
possible, aiming for a high thermal diffusivity so that the transmission of temperature
waves is not impeded.
2.4.2 Transient State Methods

Differing from the steady state method, the transient state method has been
widely used recently, as it is more versatile and can be more easily performed in both the
laboratory and in situ. Furthermore, this method requires much less time than the steady
state methods and minimizes the moisture migration in the experiments, thereby
providing more accurately measured soil thermal properties. The most representative
transient state method is the probe method, including single-probe method and dual-

probe method
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The probe method was first suggested by Schleiermacher in 1888, and was used
by Stalhane and Pyk (1931) to measure soils’ thermal conductivity. In the experiments,
the probe should be inserted into the soils very carefully, causing as little disturbance as
possible. The probe has a line heater inside, generating thermal energy to heat the
surrounding soils at a constant heating power, and a thermocouple, which is used to
monitor temperature variations of the probe. Theoretically, the rate of temperature rise at
the probe depends on the thermal conductivity of surrounding soils. More details will be
presented in the following sections.
2.4.2.1 Probe Method

There are three types of probe methods, including single-probe method and dual-
probe method. For single-probe method, there is only one probe, containing a line heater
and a thermocouple embedded inside for soil thermal properties measurement. The
theory of the probe method is based on the line heat source placed in a semi-infinite,
homogeneous, and isotropic medium. The heat flowing from a heat source and going

through a medium of thermal diffusivity a must comply with the general Fourier equation,

or o7

a Sk @9

For one-dimensional flow in the x direction, T is the temperature at time t. For
cylindrical coordinates corresponding to the expanding radial field around the probe, the

equation becomes,

(2.10)
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where r is the radial distance from the line heat source. It can be assumed that the probe
produces heat from t=0 at a constant rate g per unit length, the temperature rise AT in the

medium can be calculated by,
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where Ei(-x) is an exponential integral; k is the thermal conductivity of the medium
(Carslaw and Jaeger, 1959).

Farouki (1981) stated that the exponential integral may be approximated by a
logarithm function for large values of time, so the temperature rise becomes proportional
to the logarithm of time. A plot of temperature against the logarithm of time conforms to a
straight line, and the thermal conductivity of soils can be calculated according to the

following equation,

k :Lm[tij (2.12)
az(T,-T) 4

where T, and T, correspond to the times t, and t;, respectively. It should be emphasized
that a real probe in a cylindrical shape of finite length is different from the idealized line
heat source. The contact resistance exists between it and the medium. However, the
measurement error is acceptable if the length of the probe is at least 22 times its
diameter to ensure radial heat flow conditions all around the probe (Blackwell, 1956).

The dual-probe method is also based on the line heat theory. In an infinite
medium, the temperature change is a function of time and radial distance away from the
heat source. The mathematic expression is as follows (De Vries, 1952; Kluitenberg et al.,
1993),

T(r,1) _Q gl —Ei(_—rz)
Ao 4a(t-t,) 4ot
(2.13)
where T is the temperature change; t is time; t, is the duration of the heat pulse; r is the

radial distance; a is the soil thermal diffusivity; Ei(-x) is the exponential integral.
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Abramowitz and Stegun (1972) proposed a formula to estimate the above

exponential integral for 0< X <1 and1<X<o. The source strength is defined as
Q=a/p. in which is the quantity of liberated heat and is the volumetric heat capacity.
Through differentiating from Equation 2.13 with respect to time and setting the result to
zero, Bristow et al. (1994a) provided the following solutions for volumetric heat capacity

and thermal diffusivity,

p= BBy
° 4zaT," Aalt, —t,) 4at,, (2.14)
2
PN S ]
45 —t) t o (t —t) (2.15)

where t,, is the time when the maximum temperature occurs and T,, is the maximum
temperature change.

According to the relationship among thermal conductivity, thermal diffusivity, and
heat capacity, the soil thermal conductivity can be calculated by,

—In[t, At —to)]) B In[t,, /(t, —to)]
t,/t, to /(t, —to)

q .
k= E .
4T [Ei( )] (2.16)

This method is also called “single point method” or “peak value method,” which
does not require linear regression analysis as described for the single-probe method,
because it estimates soil thermal properties using only a single point (t,, T.) of the
recorded temperature variation.
2.4.2.2 Periodic Temperature Method

Forbes (1846) estimated the thermal diffusivity of soils in the fields by analyzing
the attenuation and lag of the annual temperature wave in soils. The assumptions made

in this mathematical derivation are that the annual temperature variation at the ground
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surface can be represented by a sine wave, and soils do not change into other states.
Hoekstra et al. (1973) measured the thermal diffusivity of a cylindrical soil sample in the
laboratory by applying a sinusoidal temperature wave to its periphery. Then, the thermal
diffusivity was estimated from the resulting amplitude ratio and the frequency of the wave.
Farouki (1981) presented that this method is only suitable for the cases where there may
be a moisture migration problem or changes in the thermal properties of soils, as it may
occur in the frozen soils in the temperature range between -5°C and 0 °C.
2.4.2.3 Thermal Shock Method

Shannon and Wells (1947) used the thermal shock method to measure the
thermal diffusivity of soils by applying a sudden temperature change to the boundaries of
a cylindrical soil sample and monitoring the temperature change at the center. The soil
sample was inserted into a cooler water bath, and the change in temperature was
monitored by a thermocouple, which had been placed in the center. The calculated
thermal conductivity was shown to be in good agreement with the results obtained by the
Kersten (1949) study, where the steady state method was employed for soil thermal
properties measurements.
2.4.3 Thermo-TDR Probe Method

Ren et al. (1999) designed a new thermo-TDR probe for measuring soil water
content, electrical conductivity, and thermal properties simultaneously. He is the first
scholar who integrated the dual-probe heat pulse device with the TDR technique, aiming
for soil thermal properties and moisture content measurements. Figure 2-19 indicates the
schematic view of the thermo-TDR probe in his study.

Although the probe exhibits sufficiently high sensitivity and accuracy in soil
thermal properties and moisture content measurements, there are still some issues that

need to be solved. For example, the probe has a flat end, which causes some soil
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disturbance during the insertion process, and the gaps between soils and the probe leads
to inaccurate measurements. Moreover, a comprehensive evaluation of the probe
requires more tests on other soil types. Additional study is needed on the effects of the
heating power and heating duration on soil thermal properties because they must be
selected very carefully to avoid moisture migration as much as possible during the test,
since the measured results will be affected.
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Figure 2-19 The schematic view of thermo-time domain reflectometry probe (units: mm)
(Ren et al., 2003)

Ren et al. (2003) studied the developed thermo-TDR probe for vadose zone
measurements. Based on the comparison between the measured results and the
theoretical model predictions, he demonstrated that the probe can determine soil water
content, electrical conductivity, and thermal properties, as well as other physical

parameters, such as bulk density, porosity, and degree of saturation.
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Liu et al. (2008) investigated the soil bulk density by using the thermo-TDR
probe. He also compared the performance of the probes with four different designs and
concluded that the thermo-TDR probe of 2 mm in diameter, 40 mm in probe length and 8
mm in probe-to-probe spacing showed the highest accuracy in estimating soil bulk
density. Figure 2-20 shows the schematic of the probes with two different designs in his
study. Figure 2-21 and 2-22 show the comparison of measured bulk density from the
probe and gravimetrically measured results in laboratory and in the fields, respectively. In
terms of relative error, the sensor 2 (i.e., the best design mentioned above) is generally
within 5% accuracy under laboratory conditions and within 10% accuracy under field
conditions. Although the measurement accuracy of soil thermal properties and moisture
content was not evaluated for the above four different designs, the thermo-TDR probe is

a promising and valuable tool.
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Figure 2-20 Schematic view of two different thermo-TDR probes (Liu et al., 2008)
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2.5 Measurement of Soil Matric Suction

Soil suctions can be found in all the ground that lies above the water table, and it
is one of the most important parameters to use in describing the moisture stress condition
of unsaturated soils. Laboratory measurements of suction can be very useful for
assessing the quality of the soil samples, estimating the in situ effective stress, and
realistic applications of unsaturated soil mechanics (Pan et al., 2010).

In terms of soil matric suction measurement methodology, there are two broad
categories: direct measurement techniques (axis-translation technique, and tensiometer
and suction probe) and indirect measurements (TDR technique, thermal conductivity
sensor, and in-contact filter paper method). Squeezing technique and saturation extract
method are usually used as indirect osmotic suction measurement methods. In addition,
indirect total suction measurement techniques are sometime used, including
psychrometer technique, relative humidity method, chilled-mirror hygrometer method, and
non-contact filter paper method. Table 2-3 shows the summary of methods for measuring
total and matric suction (Fredlund and Rahardjo, 1993; Ridley and Wray, 1996).

This section will describe four main measurement techniques of soil suction: filter

paper technique, pressure plate device, Tempe pressure cells, and TDR probe method.
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Table 2-3 The summary of methods for measuring total and matric suction (Fredlund and

Rahardjo, 1993; Ridley and Wray, 1996)

Method

: Suction Range I .
Device (Property Measured | (kPa) Principle constraints
Measured)
Thermocouple Indlrect 100 to Affect by temperature flulc.tu.atlons
svchrometers (Relative Total 7500 and gradients. Sensitivity
psy Humidity) deteriorates with time.
Themistor | @Cltle | To | 10000 | et re-calbration
psychrometers - 10000 ge. q .
Humidity) required.
Indirect Frequent re-calibration is required.
Transistor . 100to | Specimens must be tested in order
(Relative Total . . . .
psychrometers - 71000 of increasing suction to avoid
Humidity) .
hysteresis.
Filter paper Indirect 400 to Calibration is sensitive to the
(Water Total A .
(non-contact) 30000 equilibrium time.
content)
E|Iter paper Direct Matric Entire Automation qf Fhe procedure is
(in-contact) range difficult.
Pressure plate 0to Range of suction limited by the air-
(Null Direct Matric entry value of the plate (Laboratory
. 1500
technique) usage)
Requires daily maintenance.
Stendard Direct Matric 0to 90 Temperature fluctuations affect
tensiometer :
readings.
Osmotic 0to Reference pressure can
s Direct Matric deteriorate with time. Temperature
tensiometer 1500
dependent.
Imperial 0to Range in suction is limited by the
College Direct Matric air-entry value of the ceramic.
. 1800 o .
tensiometer Cavitation problems with time.
Observations need to be corrected
Porous block . ; .
Indirect fir temperature. Blocks are subject
(Gypsum, . . 30to ; )
. (Electrical Matric to hysteresis and changes in
nylon, fiber . 3000 . ’
resistance) calibration due to salt. Response to
glass) !
suction can be slow.
Original heat Indirect
dissipation (Thermal Matric Oto High failure rate. Fragile ceramic
P conductivit 1000+ 9 ' 9 ’
sensors V)
Fredlund Indirect : L
Range in suction is controlled by
Thermal (Thermal Matric 0to the pore-size distribution of the
Conductivity conductivit 1500+ P .
ceramic.
Sensor y)
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2.5.1 Filter Paper Technique

The filter paper technique was developed and employed to measure soil suction
by soil scientist and agronomists (Al-Khafaf and Hanks, 1974; Deka et al., 1995; Fawcett
and Collis-George, 1967; Gardner, 1937; Greacen et al.,, 1987; and Hamblin, 1981).
Many scholars have also used this method in geotechnical engineering (Chandler et al.,
1992; Chandler and Gutierrez, 1986; Fredlund et al., 1995; Houston et al., 1994; Leong
et al., 2002; and Ridley et al., 1995). It has been proven to be a simple and economical
method for soil suction measurement, and it consists of the in-contact filter paper method
for matric suction measurement and non-contact method for total suction measurement.
Moreover, both of the two methods have been standardized in ASTM D5298-94 (ASTM,
2010). Figure 2-23 shows the general testing configurations for filter paper testing: (a)
non-contact method; (b) in-contact method (Hoyos, 1998).

The methodologies of both methods for estimating soil suction are by measuring
the amount of water transferred from an unsaturated soil specimen to an initially dry filter
paper. The moisture content of the filter paper at equilibrium is measured gravimetrically
and related to soil suction through a predetermined calibration curve for the particular
type of paper used (Hoyos, 1998; and Lu and Likos, 2004). The calibration curve for the
filter paper matric suction measurement is commonly established using a pressure plate
apparatus (Al-Khafaf and Hanks, 1974; Deka et al., 1995; Greacen et al., 1987; Hamblin,
1981; Leong et al., 2002).

The in-contact method filter paper method is not very accurate at high total
suction ranges, whereas sensitivity of the non-contact filter paper method is decreased at
low total suction levels. Ridley and Wray (1996) found that the non-contact filter paper
technique is insensitive when used for measuring low total suctions due to possible vapor

and temperature non-equilibrium during the measurements. Pan et al. (2010) stated that

50



the similar filter papers, as used in the in-contact filter paper method, can be used in the
non-contact filter paper technique. But the limitation is the long equilibrium time and the

need for strict protocol in the experiments.
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Figure 2-23 General testing configurations for filter paper testing: (a) non-contact method;

(b) in-contact method (Hoyos, 1998)
2.5.2 Pressure Plate Device
The pressure plate device consists of a steel pressure vessel and a saturated

high air entry value ceramic plate or cellulose membrane, and a small water reservoir
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under the plate, using an internal screen and a neoprene diaphragm. The water reservoir
is vented to the atmosphere through an outflow tube located on top of the ceramic plate,
thereby allowing the air pressure in the chamber and the water pressure in the reservoir
to be separated across the air-water interfaces bridging the saturated pores of the high
air entry materials. Figure 2-24 shows the schematic of pressure plate axis translation
apparatus.

The test procedures are described as follows: (1) Several identical soil samples
are prepared at same conditions (i.e., same dry density and moisture content) and placed
on top of the ceramic plate; (2) The samples are initially saturated by applying a partial
vacuum to the air chamber and allowing the samples to imbibe water from the underlying
reservoir through the ceramic plate; (3) Air pressure is applied in the chamber to the
desired level and the water in the specimen is drained out through the outflow tube until
the equilibrium is attained; (4) The outflow of water is monitored until it ceases, then the
pressure chamber is opened, and the actual moisture content is measured by the oven-
drying method. Thus, one point in the SWCC curve can be obtained; (5) Then, the air
pressure is increased to the next suction level to generate additional points on the curve,

using other specimens.
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Figure 2-24 Schematic of pressure plate axis translation apparatus (Soil Moisture
Equipment Corp., 2003)

2.5.3 Tempe Pressure Cell Device

Figure 2-25 shows the cross section of a Tempe pressure cell apparatus. It
consists of a saturated high-air-entry-value ceramic disk separating air and water
chambers in a closed vessel. Differing from the pressure plate device as mentioned
above, a single soil sample is placed in the cell so that several pairs of data points
comprising the SWCC may be determined by applying increasing increments in air
pressure. The water content of soil samples at equilibrium is measured for each air
pressure increment by weighting the entire apparatus and noting the amount of mass lost
because of pore water drainage. The cell is disassembled once the highest desired level
of matric suction is attained, and the final moisture content of soil samples can be
determined gravimetrically. The final water content may then be considered in light of the
incremental changes in mass to back-calculate water content values corresponding to the

preceding levels of matric suction.
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Figure 2-25 Schematic cross section of Tempe pressure cell apparatus (Soil Moisture
Equipment Corp., 2003)

Figure 2-26 shows the Fredlund soil water characteristic curve device. This
device is the one that can obtain continuous water or volume changes of soil specimen.
The overburden pressure can also be simulated by applying a vertical load on top of the
specimen. It uses the axis-translation technique, and usually has a matric suction
measurement range of 0-1500 kPa. In the experiments, the soil sample sits on top of the
ceramic disk and the water drained out from the soils is continuously monitored by the
two-volume indicator water tubes on the pressure panel, which are connected to the
chamber below the ceramic disk through the flexible plastic tubes.

Flushing can be conducted to remove the air bubbles from the entire system at
least once per day. The desorption curve is obtained by testing fully saturated soil
samples and applying air pressure increasingly, while the wetting curve is obtained by

decreasing air pressure. Either only one specimen can be used to get all the data points
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on SWCC or obtaining only one point from one specimen and repeating the test on other

samples for other points.
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Figure 2-26 Fredlund soil water characteristic curve (Perera et al., 2005)
2.5.4 Time Domain Reflectometry Probe Method

As described in the previous sections, the TDR technique has been
demonstrated successfully as a promising tool for measuring soil moisture content.
Noborio et al. (1999) attached a gypsum block at the end of the two steel rods (i.e.,
transmission lines) to measure the soil matric suction. The schematic of the TDR probe is
shown in Figure 2-27. Since the gypsum block has a certain pore size distribution, the
soil matric suction was measured indirectly by linking the suction of gypsum block to the
suction of soils. In addition, the suction of the gypsum block is related to the moisture
content, which determines its dielectric constant (K,). Since the K, of the gypsum block

can be calculated from the TDR waveforms, the soil suction is finally estimated from the
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calibration between K, and suction of gypsum. The probe calibration was conducted by
the pressure plate test, and the typical TDR waveforms, under different suction levels,

are shown in Figure 2-28.
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Figure 2-27 Schematic of TDR probe (Noborio et al., 1999)
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Figure 2-28 Typical reflected TDR waveforms of the TDR probe (Noborio et al., 1999)
2.6 Soil Thermal Conductivity Prediction Models

Although many researchers did a lot of experimental studies on soil thermal
properties in the laboratory and in the field, an accurate prediction of soil thermal
conductivity is still very important in many engineering applications. In accordance with
the previous experimental studies, moisture content, dry density, and soil mineral
components are considered as the three main influencing factors of soil thermal
conductivity. They were also selected as the variables in the existing soil thermal
conductivity models.

Dong et al. (2015) presented a critical review of thermal conductivity models for
unsaturated soils. Generally, soil thermal conductivity models can be divided into three
categories: (1) empirical models, (2) theoretical models, (3) other models. This section
will present the origin and the development of some classical soil thermal conductivity

models which have been widely used in soil science, agronomy, and geotechnical
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engineering. The applicability, advantages, and disadvantages of each model will also be
discussed in the following subsections.
2.6.1 Empirical Models
2.6.1.1 Kersten (1949) Model

Kersten (1949) measured thermal properties of 19 different soils by using a line
heat source in the laboratory. The test soils included five sands or gravel; six materials of
heavier texture, varying from sandy loam to clay; seven minerals or crushed rocks; and
one organic soil. The effects of temperature, dry density, moisture content, degree of
saturation, and soil texture on thermal conductivity were analyzed, then the empirical
thermal conductivity models were proposed as follows,
For silts and clay,

k = 0.1442x[0.9 log w—0.2] x 103« (2.17)

For sands and sandy soils,

k =0.1442x[0.7 log W+ 0.4] x10°%24% (2.18)

where k is the thermal conductivity of soils, W m™K™; w is the moisture content, %; yq is
the dry density, Ib/ft’.

Because all the soil samples were not tested at saturated condition, the model
was proposed by extrapolating the experimental data to high degree of saturation. Thus,
the model prediction of soil thermal conductivity might not be accurate at high degree of
saturation.
2.6.1.2 Johansen (1977) Model

Johansen (1977) first proposed the concept of normalized thermal conductivity
(kp). He stated that the relationship between k, and degree of saturation (S;) can reflect
the effects of soil types, porosity, moisture content, and soil mineralogy on soil thermal

conductivity in a unique way. The k, can be expressed by,
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L
Kear =Ky (2.19)

sat
where k; is the normalized thermal conductivity, Ksi and kg, are the soil thermal
conductivities at fully saturated and dry conditions, respectively. It is found that k=0 when
soil is at dry condition since k=kgy; and k,=1 when soil is at fully saturated condition since

k=Ks;; Figure 2-29 shows the thermal conductivity of unfrozen granular pavement

materials for usual form and normalized form (Cote and Konrad, 2005).
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Figure 2-29 The thermal conductivity of unfrozen granular pavement materials, (a) usual

form, (b) normalized form (C6té and Konrad, 2005)
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The thermal conductivity of soils at saturated condition can be calculated by Sass

et al. (1971) equation,

_ I 1-n
ksat - kwaterksolid (2.20)

where kyaer and Ksoiig are thermal conductivity of water and solid, respectively, W m*K? n
is the porosity.
Johansen (1977) modified De Vries (1963) model and proposed a calculation

model for thermal conductivity of dry soils,

B 0.137p, +64.7
™ 2650-0.947p, (2.21)
where pq is the dry density of sails, kg/m3.

By fitting the experimental data provided by Kersten (1949), Johansen (1977)

also presented several different k-S; relationships for different soil types:

For medium and fine sands,

k, =0.71lo9(S,) +1

(2.22)
For fine grained soils,
k. =log(S,)+1 (2.23)
For frozen medium, fine sands and fine grained soils,
ke =S, (2.24)

According to the Equation 2.19, 2.20 and 2.21, the soil thermal conductivity

model proposed by Johansen (1977) is expressed as follows,

‘ z[ 0 in _ 0.137p, +64.7 Jkr | 0.137p, +64.7

water solid — oery 0.947 p, 2650-0.947 p, (2.25)
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Johansen (1977) adopted the geometric mean method to calculate soil thermal
conductivity, and compared the results with experimental data from Kersten’s (1949)
study. He found that the thermal conductivity of solids predicted by his model was around
5W m*K* for sandy soils, and 3 W m*K* for silts and silty soils. Hence, his model may
underestimate the thermal conductivity of some sandy soils containing relatively high
quartz content, and overestimate clayey soils or clay. Moreover, his model does not
consider the effect of quartz content on soil thermal conductivity, which cannot be ignored
in some cases. However, the calculation model for thermal conductivity of dry soils, which
was obtained from the modified De Vries (1963) model and experimental data from
Kersten (1949) study, shows high prediction accuracy. More importantly, the normalized
thermal conductivity concept he proposed has initiated an innovative idea to establish a
soil thermal conductivity model and has been widely used by many other researchers (Lu
et al., 2007; Zhang et al., 2015a).
2.6.1.3 Cote and Konrad (2005) Model

Coété and Konrad (2005) established a new k,-S; relationship, incorporating K as a
variable to consider the effect of soil type on k;-S; relationship. The k-S; relationship they

proposed is given below,

xS

— r
= 1+ (x-1)S, (2.26)
where K is the coefficient accounting for soil type effect on k;-S; relationship and they
suggested that values for gravel, coarse sands; medium and fine sands; silts, clayed soll
and clay, are 4.5, 3.55 and 1.9, respectively.

On the other hand, they also analyzed the relationship between thermal

conductivity of dry soils and porosity based on a large dataset of previous thermal
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conductivity measurements in the literature, and presented a new equation to calculate

the thermal conductivity of dry soils,

_ —7n
Ky = 710 (2.27)

where x and n are material parameters accounting for the particle shape effect; and n is
the porosity of soils. The values of x and n are 1.7 W m™K™* and 1.8 for crushed rocks,
0.75 W m*K™ and 1.2 for natural mineral soils, and 0.3 W m™K™ and 0.87 for organic
fibrous soils or peat. The influence of soil type on thermal conductivity of dry soils is

illustrated in Figure 2-30.
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Figure 2-30 Influence of soil type on kg, (COté and Konrad, 2005)
The soil thermal conductivity model C6té and Konrad (2005) proposed considers
the effects of soil type, porosity, degree of saturation, soil mineralogy, soil particle size

and shape simultaneously, and the mathematical expression is as follows,
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S
k = ( vr\]/ater il;l?d - Zloinn ){ a - } + Zloi']n
1+ (x-1)S, (2.28)

On the basis of the normalized thermal conductivity concept and a large dataset
of previous thermal conductivity measurements, Cété’s and Konrad’s (2005) model
exhibited a reasonably high prediction accuracy for different soil types. But it still needs to
be improved to study the limit value of k between any two neighboring soil types for
providing continuous thermal conductivity prediction over the entire soil type range.
2.6.1.4 Balland and Arp (2005) Model

Balland and Arp (2005) considered the effect of organic material on soil thermal

conductivity and proposed a thermal conductivity model for solid material,

_ Vom,s unartz,s 17Vom,squuanz,s
ks - kom kquartz kmin (2_29)

where Kom, Kquartz and Kmin are thermal conductivities of organic matter, quartz and other
soil minerals, respectively. Vons and Vquar,s are the volume fraction of organic matter and
quartz in solids.

The thermal conductivity of dry soils can be calculated by,

_ (aks _ka)xpd +kaGs
" Gs —(1—a)><,0d

(2.30)
where k, is the thermal conductivity of air, W m™*K™. The suggested value of a is 0.053. It
should be noted that Equation 2.30 is the same as Equation 2.21 when ks=3.0 W m™K™
and k,=0.024 W m™K™.

The k;-S; relationship he proposed is,

3
k - S O-SX(1+V0m,s_aVsand‘s_vcf ,s) X 1 _[1_ Sr j?’
o 1+exp(-£S,) 2

1-V,

om,s

(2.31)
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where a and B are coordinate coefficients, Veangs and Vs are volume fractions of sands
and coarse grains in solids. The thermal conductivity model can be derived from Equation
2.29, 2.30 and 2.31 based on the normalized thermal conductivity concept.

It is noted that this model originated from the normalized thermal conductivity
concept, but the calculation model for thermal conductivity of dry soils was modified to
account for the organic matter effect. The new k-S; relationship can be used both at low
moisture content and extreme high degree of saturation. It provides a continuous thermal
conductivity prediction curve over the entire range of soil moisture content and particle
size. However, the quantitative estimation for the contents of quartz and other soil
minerals in the calculation of thermal conductivity of solids will have an effect on the
predicted soil thermal conductivity.
2.6.1.5 Lu et al. (2007) Model

Lu et al. (2007) used a thermo-TDR probe to measure the thermal conductivity of
twelve different soils at different moisture content conditions. He stated that the k,-S,
relationship is dependent on the soil type, particularly for fine grained soils. In addition, he
obtained a more simplified linear relationship between thermal conductivity of dry soils
and porosity through the curve fitting in experimental data. In accordance to the
normalized thermal conductivity concept, he also proposed an empirical soil thermal

conductivity model,

kz[k” kbn —(b—an)}xexp[a(l—Sf"l'ss)}r(b—an)

water " “solid

(2.32)
where a and b are the parameters that determine thermal conductivity of dry soils, the
suggested values are 0.56 and 0.51, respectively. a accounts for the soil type effect on
k.-S; relationship, and the suggested values for coarse soils and fine grained soils are

0.96 and 0.27, respectively.
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The laboratory experiments in the Lu et al. (2007) study covered many different
types of soils, ranging from sand and sandy soils to clay and clayed soils. The thermo-
TDR probe is a more reliable and accurate measuring technique for thermal conductivity
measurements (Ren et al., 1999; and Zhang et al., 2015a), but the quartz content in the
test soil samples was assumed to be the same as the sand content in the calculation of
thermal conductivity of solids and soils at saturated condition, which resulted in
overestimating the soil thermal conductivity. Furthermore, the soil type effect on thermal
conductivity of dry soils was not taken into account in the model prediction, which also
affected the prediction accuracy of soil thermal conductivity.
2.6.1.6 Chen (2008) Model

Chen (2008) used the thermal probe method to the test thermal conductivity of
four quartz sands with different particle size distributions. It was found that the thermal
conductivity of sands was linearly distributed with porosity in semilogrithmic scale, and it
was only affected by the degree of saturation. Consequently, Chen selected the power

exponential function to establish a thermal conductivity model for sands,

water ' “solid

_ N 1-n _ cn
k=K k50 [(L-b)S, +b] .33

where b and ¢ are empirical coefficients, and the suggest values for them are 0.0022 and
0.78, respectively.

The Chen (2008) model exhibited very high accuracy when predicting thermal
conductivity of sands with high quartz content, since the model was obtained through the
curve fitting to experimental data of quartz sands. Another advantage was that the model
was expressed in a simple form, and it had fewer model parameters than most of other

models. However, the shortcoming was that his model may not be applicable to other soil

types.

66



2.6.2 Theoretical Models
2.6.2.1 Wiener (1912) Model

Wiener (1912) presented that the thermal conductivity of porous media had two
bounds: the upper bound and the lower bound, depending upon the arrangement of the
three phases in media and the heat flow direction. The effective thermal conductivities of

porous media arranged in serial and in parallel connections are expressed respectively

as,
1
k=ky = [Z i—“} (serial) (2.34a)
k=ky =Y ¢k, (parallel) (2.34b)

where k. and kg are the lower bound and the upper bound of thermal conductivity of

porous media, respectively. @, is the volume fraction of each phase in media and kj, is
the thermal conductivity of this phrase, W m7K™. Figure 2-31 shows the Wiener bounds
of thermal conductivity of porous media under multiphase conditions. Series and parallel
connection models correspond to the lower and upper Wiener bounds.

From the aspect of a theoretical soil thermal conductivity model, the Wiener
(1912) model is the most classic one that has been obtained under idealized conditions
for porous media. It forms the foundation of the heat conduction process in porous media,
and has been widely used or modified, for many years, by numerous researchers to

develop soil thermal conductivity models.
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Figure 2-31 Wiener bounds of thermal conductivity of porous media under multiphase
conditions (Tong et al., 2009)
2.6.2.2 De Vries (1963) Model
Based on Maxwell's equation, which is mostly used in the fields of classical
electrodynamics, classical optics, and electric circuits, De Vries (1963) assumed that soil
particles are distributed uniformly in continuous pore fluid in soils, and proposed a

theoretical soil thermal conductivity model,

k _ Z:\io Kixiki

N

KX,

i=0 (2.35)
where k; is the thermal conductivity of each phase, W m™K™. x; is the volume fraction of
each phase, K; is the ratio of the average temperature gradient in the granules and the

corresponding quantity in the medium,

(dT /olz)l

" (dT /dz), 236
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Considering the several possible influence factors of K; (e.g., the ratio of thermal
conductivity of one phase to that of continuous pore fluid in soils, particle size, shape,
and relative position), De Vries (1963) presented an equation to calculate K;,

1 k B
— i
K, _ggm 1+[k—0—1}ga
(2.37)
where g, , gy and g. are the coefficients accounting for particle shape. The suggested
value for round particles is 1/3.

Due to the randomness of soil particle shape in practice, it is difficult to determine
values of g, , gp and g. in the model. In addition, the field capacity of soils, which is used
to distinguish whether water or air is considered as continuous pore fluid in soils, is
affected by many factors, such as soil particle size, gradation, soil mineralogy, etc. It
should be emphasized that the model always provides lower thermal conductivity values
for dry soils.Thus, a correction coefficient of 1.0-1.25 is introduced in the model
prediction, especially for dry soils.
2.6.2.3 Gori (1983) Model

Gori (1983) proposed a thermal conductivity model of soil unit. He grouped soil
moisture into four different ranges: 0<w<W,., W <w<W,, Wp<w<Wg, and w>We. W, W,
and Wg are absorbed moisture content, wilting point and field capacity of sails,
respectively. The schematic of Gori (1983) model in above four moisture ranges is shown

in Figure 2-32.
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Figure 2-32 Schematic of 2D soil thermal conductivity model in different water content
ranges (Gori and Corasaniti, 2002)

This model can effectively reproduce the soil thermal behavior, with the
assumption that the water bridge is being formed at moisture content equal to the wilting
point. In addition, the model prediction of thermal conductivity is not continuous with
moisture content or degree of saturation, which is not consistent with experimental results
in other studies. This is mainly because the change in geometry of soil pore fluid is not
continuous among different moisture content ranges during the calculation of moisture
content or degree of saturation. Compared with other models, the mathematical
expression of the model is complicated and difficult to use for future applications.
Moreover, the uncertainty of wilting point of soil is another disadvantage of this model.
2.6.2.4 Tong et al. (2009) Model

Tong et al. (2009) proposed a thermal conductivity model on the basis of

Wiener’'s (1912) theory for porous media. The model accounts for the effects of moisture
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content, porosity, degree of saturation, temperature, and pressure on soil thermal
conductivity. The mathematical expression is given below,

P @oPa-n) g5, ga-s)|
k K k

s w g

k=m0-@)k +@-17,)[1-7,01-9)

+17, ':(1_¢)(1_771)ks +¢Srkw+¢(1_8r)kg] (2.38)

where ks, ky, and ky are thermal conductivities of solid, liquid and gas in porous media,
respectively, W m'K™ ® is the porosity, n; is the coefficient which is related to the pore
structure of solid-liquid mixture, 0<n.(®P)<1. n, is a function of pore structure, degree of
saturation and temperature, 0< n, (®,S,T)<1.

The Tong et al. (2009) model incorporated almost all the influence factors of soil
thermal conductivity, but the coefficients n, and n, are not unique which might be affected
by soil types. In the Tong et al. (2009) study, laboratory experiments on MX-80 bentonite
were used to determine n; and n,. The applicability of this model is to other soil types still
needs to be verified.
2.6.2.5 Haigh (2012) Model

Haigh (2012) presented a simple soil unit element model and derived a soil
thermal conductivity model theoretically. The model clearly describes the heat conduction
behavior among soil’'s three phases in the unit, while retaining a physical origin. The

model expression is shown below,

2, m{(u:w(%—nx}

K osey (=) S +ﬂ a,-a,)x—(1-a,)a
29 o m{ 1+2) } o) ia L) (ma)a,]
(1—%)2 (1+&)+(a, —1)x

(2.39)
where a,=ku/ks, az=Ka/Ks; & and x are the parameters which are related to thickness of
water films, and degree of saturation. B (shown in Figure 2.33) is related to the width of

water films.
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Figure 2-33 Geometry of axisymmetric contact model (Haigh, 2012)

The Haigh (2012) model was validated by comparing predicted results with
experimental data of sands provided by Chen (2008). Because the model does not
account for the effect of neighboring particles on the effective thermal conductivity in the
unit, a correction factor of 1.58 was introduced through the comparison mentioned above.
It should be noted that this correction factor is only suitable for sands and might be
inaccurate for other soils. Moreover, the model cannot be applied to soils when porosity
is less than 0.33 because of the limitation of the geometry of soil unit itself.

2.6.3 Other Models
2.6.3.1 Donazzi (1979) Model

As is known, thermal resistivity is the reciprocal of thermal conductivity. Donazzi

et al. (1979) proposed a soil thermal conductivity model from the thermal resistivity

measurements of soils in laboratory. The model expression is as follows,

k=k

water

1-n _ _ 2
Ko €xp| -3.08n(1-S,)* | 2.40)

The model does not have other coefficients except for porosity and degree of saturation;
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Therefore, it might not be applied over the entire range of soil type.
2.6.3.2 Gangadhara Rao and Singh (1999) Model

Gangadhara Rao and Singh (1999) adopted a thermal probe method to measure
thermal resistivity of four soils in the laboratory and presented an empirical relationship
among thermal resistivity and moisture content and dry density. The thermal conductivity
can be calculated by,

k =107+ (1.07 log w+b) (2.41)

where yjq is the dry density, Ib/t3; b is dependent on soil type as presented in Table 2-4.

Table 2-4 b value in Equation 2.41 (Gangadhara Rao and Singh, 1999)

Soil type b
Black cotton soil -0.73
Silts -0.54
Silty sand 0.12
Fine sand 0.70
Coarse sand 0.73

The model development was based on the curve fitting to thermal resistivity
measurements of four different soils at different moisture contents and dry density
conditions. The prediction accuracy was much higher when the degree of saturation was
less than 0.3; it decreased incrementally with the increase of the degree of saturation.
This is probably because all the degrees of saturation of test soils were less than 0.5 in
the experiments.

2.7 Summary

This chapter presents the relevant research background of this study, including

the time domain reflectometry (TDR) technique; soil thermal properties, their influence

factors, and applications; the measurement techniques of soil thermal properties; the
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measurement methods of soil suction; and the development of soil thermal conductivity

models.
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Chapter 3
Design and Evaluation of a Thermo-TDR Probe
3.1 Introduction

The study of soil thermal properties has drawn more attention recently because
of the rapid development of the field of geothermal energy. Soil thermal properties have
many engineering applications such as borehole thermal energy storage (BTES),
geothermal energy piles (GSP), the ground source heat pump (GSHP) system, and high
level radioactive nuclear waste disposal (HLWD). All of these applications involve the
heat transfer process governed by soil thermal properties. Therefore, it is important to
study the soil thermal properties, including thermal conductivity, diffusivity, and heat
capacity, as well as their influence factors such as moisture content and dry density. It is
advantageous, for the above applications, to be able to measure soil thermal properties,
moisture, content and dry density simultaneously.

The transient state method is the most commonly used method today to measure
soil thermal properties, and like the dual-heat probe methods is based on the
development of the heat pulse theory (Jaeger, 1965; Larson, 1988; Lubimova et al.,
1961). The dual probe heat pulse (DPHP) device has been widely used by many
researchers (Bristow et al., 1994a; Bristow et al.,, 1994b; Campbell et al., 1991;
Kluitenberg et al., 1995; Kluitenberg et al., 1993) to measure thermal conductivity,
diffusivity, and heat capacity. The TDR technique has been demonstrated to be a rapid
and reliable method for monitoring and measuring soil moisture content, both in the lab
and in-situ (Baker and Allmaras, 1990; Benson and Bosscher, 1999; Dalton et al., 1984;
Noborio, 2001; Topp et al., 1988; Yu and Drnevich, 2004). The thermo-TDR probe was
first designed by the integration of a dual heat pulse probe with a TDR moisture probe

(Ren et al., 1999). Liu et al. (2008) studied the effect of probe configurations such as
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probe length, diameter and probe-to-probe spacing on the accuracy of measured soil
bulk density and thermal properties. However, there are still some disadvantages of
previous probes that affect the measured results. For example, the diameter of Ren’s
(1999) probe was only 1.3 mm, which may cause probe deflection during the insertion
process. Another problem is that the flat end of this probe may cause much disturbance
and affect the measured results. The probe length and probe-to-probe spacing need to
be designed very carefully for an accurate measurement of soil thermal properties and
the precise predictions of moisture content and dry density by the TDR moisture sensor.
There is a lack of comprehensive analyses and evaluations of the use of thermo-TDR
probes for geothermal applications, which require measurements of gravimetric water
content and dry density.

This chapter presents the design and fabrication of a new thermo-TDR probe for
simultaneous measurements of soil thermal properties, moisture content, and dry density.
This probe has point tips which can minimize the insertion disturbance. The sensor
calibration for dielectric constant (K,) was completed by testing five different chemicals
with known K, values. NaCl and KCI solutions with different concentrations were used for
the calibration of electrical conductivity (EC,). Laboratory tests on three sands and kaolin
clay were performed for the comprehensive evaluation of the thermo-TDR probe. The
accuracy of the thermal properties measurement was evaluated by comparing the test
results from the thermo-TDR probe with those obtained from the standard KD2 probes
(Decagon Device, 2011). Based on the K, and EC, obtained from the TDR waveforms
analyses, the predicted soil moisture content and dry density by Topp's equation, the
heat capacity method, and the “One-Step Method” were compared with actual moisture

content from the oven drying method and calculated dry density.
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3.2 Design and Fabrication of Thermo-TDR Probe
3.2.1 Design of Thermo-TDR Probe

There are several different types of TDR probes reported in previous literatures,
including unbalanced coaxial cells (Topp et al., 1980; Zegelin et al., 1989), balanced two-
rod probes with a balun (Baker and Lascano, 1989; Topp et al., 1982) and without a
balun (Malicki and Skierucha, 1989), and symmetric multi-rod probes (Heimovaara,
1993). The TDR probe usually works based on the transmission line theory, but there is
little information regarding its specific design criteria. The dual probe heat pulse device is
based on the theory of radial heat conduction of short heat pulse away from an infinite
line heat source. The thermo-TDR probe is a integration of the TDR probe with the dual
probe heat pulse device that can measure soil thermal properties, moisture content, and
dry density simultaneously. Several different kinds of thermo-TDR probes, such as single
probe, dual probe, and multiple probes, can be found in previous studies (Bilskie et al.,
1998; Bristow et al., 1993; Mortensen et al., 2006; Ren et al., 1999).

The errors in measurement and calculation of soil thermal properties, moisture
content, and dry density might be attributed to the inappropriate design in dimensions or
assumptions of the infinite line source heater. For instance, assuming the probe has an
infinite length leads to less than 2% of errors in the evaluation of soil thermal properties
since the probe should have a finite length (Campbell et al., 1991; Bristow et al., 1994a).
When considering the cylindrically-shaped heater as a line heat source, it may cause
errors of less than 0.6% in the calculated soil thermal properties (Kluitenberg et al., 1993,
1995). Moreover, the axial heat flow error may become significant if the length and the
diameter of the probe are not properly designed. Blackwell (1956) suggested that the
ratio of probe length to diameter should be greater than 25 in order to limit the axial heat

flow error to within 1%. A typical dual probe heat pulse device developed by Bristow et al.
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(1994a) had a probe length of 0.028 m, probe diameter of 0.008 m, and probe-to-probe
spacing of 0.006 m. Noborio et al. (1996) indicated that considerable errors were
generated in measured thermal conductivity and heat capacity when the probe length
was increased to 0.075 m and the probe-to-probe spacing was increased to 0.01 m.

The major design constraints of the TDR probes are the signal attenuation,
sampling area, and sensor installation. The probe length is supposed to be determined
by the source voltage of the pulse generator, resolution of recorded signals, and signal
loss which is dominated by soil electrical conductivity (Ren et al., 1999). The length of
TDR probes is limited by several factors, such as the strength and attenuation of the TDR
signals and the resolution of the reading equipment. Otherwise, the minimum length is
supposed to be determined by the dielectric constant of soil, the voltage step rise, and
the resolution of the TDR equipment (Ren et al., 1999; Blackwell, 1956). Relatively small
probe-to-probe spacing leads to a small measurement region and reduces the
representative sample volume. However, a large spacing will affect the rising time of the
propagated signal and cause the change of spacing during the insertion process. Knight
(1992) suggested that the diameter of the probes should be as large as possible if there
is no significant compaction or disturbance in the soils. Hence, there are many factors to
be considered simultaneously in the design of the thermo-TDR probe. The design should
satisfy the requirements of both the dual probe heat pulse device and the TDR probe.
According to the above discussion, the design constraint of the thermo-TDR probe is

defined by Equations 3.1, 3.2 and 3.3,

L>2.2 (3.1)
2r
L
t.og (3.2)
d
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i <0.13 (3.3)
2r

where L and d are the probe length and diameter, respectively; r is the probe-to-probe
spacing between the center probe and the outer probe. The schematic of a new design of
a thermo-TDR probe in this study is shown in Figure 3-1, with probe length of 40.5 mm,
probe diameter of 2 mm, and probe-to-probe spacing of 6 mm. Compared with the
optimized design recommended by Liu et al. (2008), smaller spacing and a little longer
probe length were adopted in this new design to reduce the spacing change during the
insertion process. The pointed tip was also used to reduce the soil disturbance as much

as possible in order to minimize the measurement errors.
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Figure 3-1 Schematic of thermo-TDR probe (unit: mm)

3.2.2 Fabrication of Thermo-TDR Probe

According to above design criteria, the fabrication processes were as follows: (1)
Three hypodermic needle tubes (shown Figure 3-2) were used, with inside and outside

diameters of 1.7 mm and 2 mm, respectively. The length of the tubes was 46.5 mm, and
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the length extending beyond the head of the thermo-TDR probe was 40.5 mm. (2) The
tubes were filled with a mixture of thermal epoxy OMEGABOND 200 RESIN and
OMEGABOND 200 catalyst, with a weight ratio of 10 to 1. They remained in liquid state
at room temperature. (3) Three thermocouples (shown in Figure 3-4) with a wire
diameter of 0.076 mm and two loops of 38 gauge Nichrome 80 resistance wire (shown in
Figure 3-3), with total length of 80 mm were coated with the thermal epoxy mixture and
transferred into the muffler furnace at a temperature of 204 °C for 2 hours to cure the
insulation between them. (4) The three thermocouples were inserted into three tubes,
with the sensing unit extending to the mid-height of the tubes. The resistance wire was
inserted into the center tube, extending the full length of the tube. (5) The three tubes,
with thermal couples and resistance wire, were transferred into the muffler furnace again
at the same temperature for another 2 hours. The thermal epoxy was solidified and the
thermocouples and the resistance wire were fixed (shown in Figure 3-5). (6) A multimeter
was used to check the wired outputs to ensure that the resistance wire, thermocouples,
and the tubes were perfectly electrically insulated from each other. (7) The three
completed tubes were clamped into a prefabricated mold, which held them in place with a
probe-to-probe distance between the tubes of 6 mm. (8) The RG-58 coaxial cable (shown
in Figure 3-6) was connected to the corresponding tubes by soldering, as shown in
Figure 3-7. (9) The CR-600 casting resin was poured into the mold (as shown in Figure 3-
8), and the head was removed from the mold after 24 hours. (10) Three pointed tips were
attached by soldering at the probes’ ends to reduce soil disturbance during the insertion

process. The completed thermo-TDR probe is shown in Figure 3-9.
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Figure 3-2 Picture of three hypodermic needle tubes

Figure 3-3 Nichrome 80 resistance wire
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Figure 3-4 Three thermocouples

Figure 3-5 Completed probe with resistance wire, thermocouples and thermal epoxy
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Figure 3-6 The RG-58 coaxial cable

Figure 3-7 Connections between coaxial cable and the probe by soldering
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Figure 3-9 Completed thermo-TDR probe
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3.3 Calibration of Thermo-TDR Probe
3.3.1 Signal Analyses for TDR Waveforms
Soil dielectric constant is an important property that can be determined from
TDR-reflected waveforms analyses. Topp et al. (1980) indicated that dielectric constant
from TDR waveforms was known as apparent dielectric constant. A typical TDR
waveform of NaCl solution, with concentration of 500 ppm, is shown in Figure 3-10. An
apparent dielectric constant from TDR waveforms can be determined by the following

equation,

K, =(L /L) (3.4)
where K, is the apparent dielectric constant; L, is the physical length of probe in testing
materials (L,=0.0405 m); L, is the apparent length (length on the waveform) of probe in
the testing materials. The apparent length from the TDR waveforms can be determined
by locating the electromagnetic wave reflection points at the probe head and at the probe
end (shown in Figure 2-4). The single tangent method proposed by Baker and Allmaras
(1990) was used to determine the position of the first and second reflection points. This
method was chosen because it leads to more reliable and accurate results than other
available analysis methods (Chung and Lin, 2009).

Dalton et al. (1984) first demonstrated that the TDR technique can be utilized to
measure the apparent bulk soil electrical conductivity. The potential accuracy and
precision of TDR measurement was demonstrated by the comparison between electrical
conductivity measured in solutions using both TDR and standard methods (Heimovaara
et al., 1995; Reece, 1998; Spaans and Baker, 1993). The original equation for calculating
electrical conductivity from TDR waveforms was proposed by (Giese and Tiemann,

1975),
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ECb(Sm’l)zﬁ %_1
Lz |V,

pe (3.5)
where EC,, is the electrical conductivity, Sm™; V, is the source voltage (V,=1.0 V) and V;
is the long term voltage level of reflected signal (shown in Figure 3-10); €, is the dielectric
permittivity of free space (£,=8.9x10"* Fm™); ¢ is the speed of light in vacuum (c=3x10°
m/s); L, is the probe length (L,=0.0405 m); Z, is the characteristic probe impedance

which is 138.7 Q for the thermo-TDR probe calculated from the equation proposed by

(Huisman et al., 2008); Z. is the TDR cable tester output impedance (Z.=50 Q).
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Figure 3-10 TDR waveform of NaCl solution with 500 ppm
3.3.2 Probe Calibration for K, and EC,,

The sensor calibration of the thermo-TDR probe for K, was conducted by testing
five different chemicals with known K, values, i.e., cyclohexane (2.0), methylene chloride
(8.8), acetone (20.8), methanol (32.6), and deionized water (79.9). Figure 3-11 shows the
TDR waveforms and measured K, values of these five chemicals. The calibration for EC,
was performed by testing twelve NaCl and KCI solutions with different concentrations,

ranging from 50-750 ppm, using both the thermo-TDR probe and the electrical
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conductivity meter (EC meter). The EC meter is a commonly-used standard method to
monitor nutrients, salts, and impurities in liquids. The TDR waveforms of NaCl and KCI
solutions are shown in Figure 3-13. The comparison between measured and actual
values, with two calibration equations for K, and ECy, are shown in Figures 3-12 and 3-14.
The calibration results showed that the thermo-TDR probe can satisfactorily and

simultaneously measure both the apparent dielectric constant and electrical conductivity.
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Figure 3-11 Reflected TDR waveforms of five different chemicals with measured K,

values
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3.4 Evaluation of Thermo-TDR Probe for Thermal Properties Measurements

3.4.1 Materials and Methods

For evaluating the performance of the new thermo-TDR probe, three sands,
including ASTM-graded sand, brown sand, and Ottawa 20/30 sand, were tested in the
experiments. Kaolin clay, which is mainly composed of anhydrous aluminum silicate from
US Silica, was also tested by the thermo-TDR probe in the laboratory. Both ASTM-
graded sand and Ottawa 20/30 sand are Ottawa-type silica sands, manufactured by US
Silica,with white color and round-to-sub-rounded shape, complying with the requirement
of ASTM standard C778. The brown sand is common construction sand for concrete
cement, passing through a U.S. No. 40 sieve. Figure 3-15 shows the particle size

distributions of these four testing materials. ASTM-graded sand is slightly finer than the
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brown sand; Ottawa 20/30 sand is poorly graded, primarily with diameters of 20/30 sieve.

The physical properties of test material are listed in Table 3-1.
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Figure 3-15 Particle size distributions of test materials
A mineral component analysis of the three tested sands was performed by the
Energy Dispersive Spectrometer (EDS) test, with results shown in Table 3-2. It can be
seen that the major mineral in the three sands is quartz. Moreover, ASTM-graded sand
has the highest quartz content of 97.15%, while the Ottawa 20/30 sand has the lowest
value of 92.00%. The photos of four test materials are shown in Figure 3-16 (a)-(d).

Table 3-1 Physical properties of test materials

Name Color Roundness Specific Gravity
ASTM graded sand white 0.9+
Brown sand brown unknown 2.65
Ottawa 20/30 sand white 0.9+
Kaolin clay white 0.9+ 2.58
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Table 3-2

Percentage of mineral components in sands

Mineral ASTM graded Brown sand Ottawa sand
sand (%) (%) (%)
SiOy(Quartz) 97.15 93.52 92.00
AlL,O3 1.73 412 6.45
MgO 1.05 1.85 1.06
Fe,O; <0.1 <0.1 <0.1
CaOo <0.1 <0.5 <0.1
TiO, <0.1 <0.1 <0.1

Soil specimens were prepared by employing the following procedures. The dry
soil with known weight was thoroughly mixed with deionized water to make moist
specimens with different target moisture contents. The ASTM-graded sand, brown sand,
and clay samples were compacted, using a steel rod with a specified number of drops in
a PVC plastic mold with an inner height of 136 mm and a diameter of 101 mm. The
number of drops was varied to make three different dry densities at targeted moisture
contents. Only one specimen density was prepared for the Ottawa 20/30 sand at the
targeted moisture content due to the relatively large particle size and high roundness;
hence the difficulty encountered in preparing samples with different dry densities at the
same moisture content. The specimens were wrapped with plastic and left for 24 hours at
room temperature to obtain uniformly distributed moisture. The target moisture contents
and the actual dry density ranges of sands and clay in the experiment are given in Table

3-3.
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Table 3-3 Target moisture contents of test materials in the experiment

range (g/cm®)

ASTM graded Ottawa 20/30 .
Brown sand Kaolin clay
sand sand
Target moisture 10, 20, 30,
content (%) 2,5,8,11,14 2,5,8,11 1,23,4,5 40, 50
Actual density 1.53-1.67 1.46-1.66 | 1.46-1.52 0.65-0.72

(©)

Figure 3-16 Photos of four test materials: (a) ASTM graded sand; (b) Brown

sand; (c) Ottawa sand; (d) Kaolin clay
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3.4.2 Experimental Setup

Figure 3-17 shows the schematic of the experimental setup of the thermo-TDR
system. The thermo-TDR probe was connected to the Campbell Scientific TDR 100
through a coaxial cable to obtain TDR waveforms. The resistance wire was connected to
the DC current generator BK Precision 17850B to heat the soil specimens. In addition,
three thermal couples were connected to the temperature readout unit TC-08 to record
temperature variations at the center probe and the two outer probes every second. All the
experimental data was recorded automatically in the computer. Figure 3-17 shows the

photo of the experimental setup.

Campbell Scientific

TDR 100
Probe head
Temperature
N 211 GO N readout unit
Soil TC-08
o0 0
o0 0 ]
Probe b
¢ BK Precision PP
vV OV VYV + 17esoB T
— - —~_

Figure 3-17 Schematic of experimental setup: thermo-TDR system
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Campbell Scientific TDR 100 Thermo-TDR probe

Figure 3-18 Photo of experimental setup

Figure 3-19 shows the KD2 probe system. The KD2 probe consists of a KS-1
single probe, a TR1 single probe, a SH-1 dual probe, and a RK-1 single needle. The TR-
1 single probe and the SH-1 dual probe were used in the experiments to measure soll
thermal properties. The TR-1 probe has a length of 100 mm, a diameter of 2.4 mm and it
can provide thermal conductivity measurement with accuracy of 10 % from 0.2-4.0 W m’
'K and +0.02 W m™K™ from 0.1-0.2 W m™K™. The SH-1 probe has a length of 30 mm, a
diameter of 1.3 mm and a probe-to-probe spacing of 6 mm. It can give thermal
conductivity values with accuracy of +0.01 W m™K™ from 0.02-0.2 W m™K™ and +10%
from 0.2-2.0 W m™'K™,

Furthermore, the measurement error was also provided to validate the accuracy
and reliability of measured thermal conductivities, and it can be evaluated by considering
a dimensionless error provided as an output from the probe. The equation used to

calculate the error is as follows (Decagon Devices, 2011),

94



Error =4S, (3.6)

where A is the thermal conductivity, Sy is the standard error calculated by the following

SSE
S, = ’T (3.7)

where n is the number of temperature measurements, and SSE is the sum of squares of

equation:

error in the form:
SSE=3 (T - M;‘)2 (3.8)
where Ti* and Mi* are the measured and modeled variables, respectively. A good data

set will give error values below 0.01, except at very low thermal conductivity, e.g,.

insulation materials (Decagon Devices, 2011).

Figure 3-19 Photo of KD2 probe (Decagon Devices, 2011)
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The testing procedures for measuring soil thermal properties, moisture content,
and dry density properties in the laboratory are as follows: The plastic cover was
removed, and the thermo-TDR probe was inserted vertically into the specimen at the
center of the top surface. The distance between the center probe and the outer boundary
(i.e., plastic wall) was about 44.5 mm, which was 7.41 times the probe-to-probe spacing.
Comparing this value with the 2.37 recommended by Campbell et al. (1991), this distance
was large enough to avoid any boundary effect. The reflected TDR waveforms were
obtained from the signal generator, Campbell TDR100 and PMTDR data-acquiring
software. Then, the soil specimens were heated for 15 seconds by applying the current
sent from the current generator BK Precision 17850B. The current was then cut off and
the specimens were allowed to cool down to the room temperature. During the heating
and cooling process, the temperature variations of the center probe and outer probes
were recorded by the readout unit TC-08 from Pico Technologies. The thermo-TDR
probe was taken out of the specimen and the standard KD2 single probe was inserted
into the specimen at a nearby location to measure the thermal conductivity. The KD2 dual
probe was then inserted into the specimens to measure the thermal diffusivity and the
volumetric heat capacity. Finally, the actual moisture content and dry density of
specimens were determined by the oven drying method at 105 °C.

3.4.3 Determination of Soil Thermal Properties

The resistance wire embedded in the thermo-TDR center probe was connected
to the DC current supply equipment, which is the heat source that generates the heat
pulse in the heating process. Temperature variations at the center and outer probes were
recorded for soil thermal properties analyses by means of the infinite line heat source

theory. Theoretically, the temperature change is a function of time and radial distance
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away from the line heat source (Kluitenberg et al. 1993; De Vries 1952). The mathematic

expression of temperature variations is given by,

_ Qo ) L
T(r’t)_4ﬁa[El{4a(t—to)j Ei( at)}

where Q is the strength of line heat source, defined as Q=q/p,q is the quantity of line

(3.9)

heat source, W/m; p. is the volumetric heat capacity, MJ m~K™; T is the temperature
change, °C; t is the time, s; t,=15s, which is the duration of the heat pulse; a is the soil
thermal diffusivity, mm?/s; r is the radial distance, m; Ei(x) is the exponential integral.

Once the temperature variations are obtained, Equation 3.9 can be used to
calculate the thermal properties of soils by means of nonlinear regression (Bristow et al.,
1995; Welch et al., 1996). By differentiating Equation 3.9 with respect to time and setting,
the results are equal to zero, Bristow et al. (1994a) proposed a following solution to
determine p; and a, as given below,

2 2

q T T
Pe = [Ei( )—Ei(——])]
draT. —~ da(t, —t,) 4ot (3.10)

UL S S YR

4 (tm _tO) tm (tm _to) (3.11)
According to the relationship among thermal conductivity, thermal diffusivity, and

volumetric heat capacity, k= p. x a the thermal conductivity can be expressed as,

_ A o Inlty A )]y Il A )]
K= LB t,/t, )-Eil t,/(t —t,) )

m

(3.12)

where r=6 mm, which is the radial distance between the center probe and outer probes
(shown in Figure 3-1); t,, is the time when the maximum temperature at outer probes

occurred, s; T, is the maximum temperature increase at outer probes, °C. In order to
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ensure that heat conduction is the main mechanism of heat transfer in soils, the heating
power should be selected very carefully. With very low heating power, temperature rise is
not obvious and the recorded temperature curve is greatly affected by electrical noise.
Too much heat, however, will induce moisture migration. Figure 3-19 shows the different
temperature variations between the applied current of 0.15 A and 0.05 A and the method
to determine the value of t,, and T,,. The temperature variation of the other outer probe is
not shown in the figure because two outer probes had almost the same temperature
variation from the experiments. The thermal conductivity of soil was calculated by the
average value of above two outer probes.

It is noted that the temperature rise was too small at 1=0.05 A, and it was difficult
to accurately determine the rise peak. However, the maximum temperature change at the
center probe was about 5 °C, and the corresponding T, value was around 0.5 °C at outer
probe if the current was increased up to 0.15 A. On the other hand, the resistance of
heating wire can be calculated from the manufacturer, which is R=22.23 Q.

Consequently, the heating power in Equations 3.10 and 3.12 is calculated as follows,

q=1°R/L=0.15"x22.23/0.0405=12.35V / m (3.13)

According to Ren et al’s (1999) study, this heating power can minimize the
convective heat flow and the effect of vapor movement on soil thermal property
measurements. It should be emphasized that the selected heating power of thermo-TDR
probe is not unique, while the effect of it on measure thermal properties needs to be

further examined.
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Figure 3-20 Temperature variations of Ottawa sand with different heating powers (Zhang
et al. 2015a)

3.4.4 Results and Discussion

A comparison of measured thermal conductivity, thermal diffusivity, and
volumetric heat capacity between the thermo-TDR probe and the KD2 probe are shown
in Figures 3-20, 3-21 and 3-22. It is noted that the measured thermal conductivities in
Figure 3-20 were obtained from a KD2 TR-1 single probe, because they were expected
to exceed the measuring range of the SH-2 dual probe. The measured thermal
diffusivities and volumetric heat capacities in Figures 3-21 and 3-22 were from the KD2
SH-2 dual probe.

For the three sands under moist or saturated conditions, measured thermal
conductivity ranged from 1.4-3.0 W/m*K; thermal diffusivity was between 0.8-1.4 mm?/s;
and volumetric heat capacity ranged from 1.3-2.5 MJ/ (m3*K). The thermal conductivity of

kaolin clay was relatively low, ranging from 0-0.7 W/m*K; thermal diffusivity was between
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0.1 and 0.3 mm?/s; and volumetric heat capacity had a larger range, between 0.9-2.8 MJ/
(m*K).

Thermal conductivity measured by the thermo-TDR probe was in close
agreement with the results of those of the KD2 probes when compared with the other
two thermal properties. It is obvious that the relative deviation was within 10% for thermal
conductivity, but 20% for thermal diffusivity, and 25% for volumetric heat capacity. Due to
the difference in configurations such as probe length, probe diameter, probe-to-probe
spacing, and measuring range, and even the analytical method used to determine the
thermal properties, it is reasonable to assume that there were small errors in the test
results. Another possible reason is that it is difficult to determine t,, in Equations 3.12 for
some samples under dry or low moisture content conditions because the low rate of heat
dissipation will keep T, constant for several seconds.

According to the dual probe algorithm in the KD2 User Manual (Decagon Device,
2011), thermal conductivity and diffusivity are first calculated from the curve fitting
method. Volumetric heat capacity is then calculated based on the relationship k= p. x a.
Due to the smaller measured conductivity values and higher diffusivity values measured
from the KD2 dual probe, the calculated heat capacities were much smaller than those
from the thermo-TDR probe. This is the reason why the deviation was 25%, as shown in
Figure 3-22. However, the thermo-TDR probe still exhibited a high degree of accuracy

and excellent performance in the thermal properties measurement in this study.
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3.5 Evaluation of Thermo-TDR Probe for Moisture Content and Dry Density Predictions
Soil moisture content and dry density are very important parameters in
geotechnical engineering. It is possible to measure soil moisture content by the oven
drying method in the laboratory and dry density by the sand replacement method in the
field. However, the thermo-TDR probe is becoming a more accurate, rapid, and reliable
tool for predicting the moisture content and dry density simultaneously (Topp et al., 1980,
1988; Dalton et al., 1984; Baker and Allmaras, 1990; Yu and Drnevich, 2004; Ren et al.,
1999; Ren et al., 2003). There are three methods included in this section to evaluate the
performance of the thermo-TDR probe for the predictions of soil moisture content and dry
density: Topp’s equation method, heat capacity method. and one-step method.
3.5.1 Topp et al. (1980) Equation Method
Due to the large difference in dielectric constant (K,;) among soil solids (around 3-

5), water (around 81 at 20 °C) and air (around 0), the soil overall dielectric constant is
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strongly dependent on its moisture content. Topp et al. (1980) studied the dependency of
the dielectric constant on the volumetric moisture content at frequencies between 1 MHz
and 1 GHz in the laboratory through experiments on four mineral soils with a wide range
of textures, from sandy loam to clay. An empirical relationship between the apparent
dielectric constant and volumetric moisture content, which was independent of soil type,
density, temperature, and soluble salt content, was obtained and is widely used as

follows,
0=4.3x10°K3-55x10"*K? +2.92x107°K, —5.3x107 (3.14)

where @ is the volumetric moisture content, m*m?®. In this study, moisture content of soil
specimens can be evaluated by Topp’s equation based on measured apparent dielectric
constant from the reflected TDR waveforms. Predicted moisture content was also
compared with the actual moisture from the oven drying method.
3.5.2 Heat Capacity Method

The volumetric heat capacity of soil can be calculated by summing up the heat
capacities of the three different soil constituents including solid, water, and air (De Vries,

1963), which is expressed as follows,

P, = pLb.+p,C,0,+p.C.0, (3.15)
where p is the density, kg/m®; c is the specific heat capacity, kJ kg'K™; 0 is the
volumetric fraction; m¥m? s, w and a denote solid, water, and air, respectively. The
contribution of air to the soil volumetric heat capacity can be ignored because of the small

density and the heat capacity of air compared with the other two phases (Campbell et al.,

1991). Equation 3.15 can be simplified as,

P :pdcs +IOWCW6W (3.16)

where pq is the dry density of soil (pg = ps % 8), kg/m3. Then, py can be calculated by,
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c WCWHW
Py = % (3.17)

S

where c; is the specific heat capacity of solid particles, kJ kg™K™. Since this parameter is
related to the soil textures, mineral component, and organic matter content, the accuracy
of pg can be improved using specific p, values measured by the thermo-TDR probe on
dry soils (Ren et al., 2003). In this study, cs was obtained from the thermal properties
measurements of dry soil specimens.
3.5.3 One Step Method

For organic soils, fine-textured soils, and clays, the dependency of K, on 8 differs
from Topp’s equation (Dasberg and Hopmans, 1992; Dirksen and Dasberg, 1993;
Dobson et al., 1985) because it does not consider the effects of soil density and texture
on its K, (Abdulla et al., 1988; Ponizovsky et al., 1999). Another limitation is that
gravimetric moisture content is more likely to be used, compared with volumetric moisture
content in Topp’s equation, in geotechnical engineering. Thus, Siddiqui and Drnevich
(1995) and Siddiqui et al. (2000) used gravimetric moisture content and soil dry density to
establish the relationship between apparent dielectric constant and gravimetric moisture

content, as given below,

\/K_a&:amw (3.18)
Py

where a and b are specific calibration constants; pq is the dry density of sail, kg/m3; Pw IS
the density of water, kg/ms; w is the gravimetric moisture content, %.

The overall dielectric constant of soils is dominated by the dielectric constant of
water. Similarly, the electrical conductivity of pore fluid in soil has a significant effect on

the overall electrical conductivity (Sihvola, 1999). Yu and Drnevich (2004) proposed a
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calibration relationship between electrical conductivity and moisture content,
incorporating soil dry density and gravimetric moisture content, as given below,
EC, &:c+dw (3.19)
P

where ¢ and d are two specific calibration constants. Thus, gravimetric moisture content
and dry density can be evaluated by solving Equations 3.18 and 3.19,

w_ SK. —aEC, (3.20)
b\/EC, —d /K,

JK. —by/EC,

ad —cb

d
Py = P (3.21)

The accuracy of Equations 3.20 and 3.21 is affected by electrical conductivity of
pore-fluid of soils and temperature. It has been reported that the calibration for K, is
insensitive to pore-fluid conductivity encountered in common geotechnical soils for both
sandy and clayey soils (Topp et al., 1980; Yu and Drnevich, 2004; Zegelin, 1989).
However, the electrical conductivity of pore-fluid has a considerable effect on EC,
calibration and soil-specific calibration constants ¢ and d . In this study, the effects of
temperature and electrical conductivity of pore fluid were not considered since deionized
water was used as pore fluid in the soil specimens, and all the experiments were
conducted at room temperature of 24-25°C.

3.5.4 Calibration Relationships for K, and EC,,
According to Equations 3.18 and 3.19, the calibration relationships for K, were

plotted in Figures 3-23 and 3-24 for sands and clay, respectively. It is evident that

afKapW/pd increased as the moisture content increased, and excellent linear

relationships existed between them from curve fitting for sands and clay. It should be
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noted that the specific calibration constant a was almost the same for the three sands,

which confirms the test results in Yu's and Drnevich’s (2004) study. The bvalue of
Ottawa sand was 6.47. However, both the ASTM-graded sand and brown sand showed a
relatively low value of parameter b, as shown in Figure 3-23, which was probably
because of the dry density effect. The compaction method used in this study was
different from the standard compaction mold method used in Yu’s and Drnevich’s (2004)
study. K, is most affected by the amount of water existing in the soil pores because water

has a higher K, value than solids and air. Therefore, the higher dry density at each target

moisture content reduced the JKapW/,Od value and lowered the slope (i.e., b value) of

fitting curve for ASTM-graded sand and brown sand. However, calibration relationships of
these two sands took the dry density effect into account and can be applied to a wide dry
density range in the future.

Similarly, calibration relationships for EC,, based on Equation 3.19 for sands and

clay, were plotted in Figures 3-25 and 3-26. It is noted that \/EC, p,, / p, is increased

with moisture content for all three sands, and the d value of Ottawa sand is greater than
that of the other two sands. This is also because of the dry density effect, which is similar

to that for the apparent dielectric constant. For kaolin clay, the opposite trend of
[EC, p,, | p, With gravimetric moisture content showed that .[EC, p, / p, decreased

with gravimetric moisture content. The reason is that surface conductivity of clay particles
plays an important role in electrical conduction at dry or low moisture content because of
the existence of large numbers of physical contacts between clay particles. As moisture
increases, some patrticlesdissolve in deionized water and lose contacts between them. In
addition, deionized water, containing very few ions, has a very low EC, value that cannot

contribute significantly to soil electrical conductivity.
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Figure 3-25 Calibration relationships of kaolin clay for dielectric constant
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3.5.5 Results and Discussion

Figure 3-27 shows the actual volumetric moisture content by the oven drying
method and predicted value by Topp’s equation. The relationship between volumetric
moisture content and the apparent dielectric constant by the thermo-TDR probe is
depicted in Figure 3-28. A slight discrepancy existed between the measured volumetric
moisture and the predicted value by Topp’s equation for sands. However, there was a
large difference between measured and predicted values for clay specimens. This
deviation can probably be attributed to the effect of particle size, mineral component, soil
texture, and bound water on the dependency of apparent dielectric constant on
volumetric moisture content (Dobson et al., 1985; Dasberg et al., 1992; Roth et al., 1992;
Dirksen and Dasberg, 1993; Abdulla et al., 1988; Ponizovsky et al., 1999). Dirksen and
Dasberg (1993) also indicated that the deviation from Topp’s equation appears more due
to the density than the texture effect. Jacobsen and Schjgnning (1993) presented that the
improved accuracy of their moisture prediction equation is primarily due to the
incorporation of dry density. Moreover, the differences in probe dimensions and methods
in TDR waveforms analyses may also account for the different relationship between the
volumetric moisture content and apparent dielectric constant. In Figure 3-28, it is shown
that 8-K, relationships for both sands and clays differed from Topp’s equation. The new

fitted relationships for sands and clays can be expressed as below,

Sands: 0 =—6.62x10 K’ +9.93x10°K? —6.49x10°K, —5.46x10” (3.22)

Clay: 6=2.29x10"K® -8.11x10°K? +11.19x10°K, —24.33x10°2 (3.23)
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Figure 3-28 Actual volumetric moisture content and predicted value by Topp’s equation
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Figure 3-32 Measured dry density and predicted value by one step method

Measured dry density and predicted values by the heat capacity method are
shown in Figure 3-29, illustrating that the relative deviation between measured and
predicted value is within 25% for clay and even much lower, within 10%, for sands.
According to Equation 3.17, the accuracy of p. and cg data is the major factor for
determining the soil dry density. Liu et al. (2008) examined all the measured p. values
and the corresponding theoretical values from Equation 3.16. He also did heat-pulse
measurements and evaluated the specific heat capacity (cs) of dry sands, which was
about 0.791 kJ kg*K™. In this study, the thermo-TDR probe was adopted to measure the
specific heat capacity (cs) of dry samples, which were 0.969, 1.097 and 0.884 kg™ K™ for
ASTM-graded sand, brown sand, and Ottawa sand, respectively. Thus, the measured
values of specific heat capacity (cs) almost concur with previous study. The errors

occurring in the experiment may be caused by the change in probe-to-probe spacing
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during the insertion process in the measurement of volumetric heat capacity ¢ by the
thermo-TDR technique (Ham and Benson, 2004; Ren et al., 2003).

According to the calibration relationships of apparent dielectric constant (K,) and
electrical conductivity (EC,) obtained from the thermo-TDR test results, Equations 3.20
and 3.21 were used to predict soil moisture content and dry density by the one-step
method. A comparison between the measured and predicted value of moisture content
and dry density for both sands and clay is shown in Figures 3-30 and 3-31.

It is observed that the agreement between predicted and measured values for
moisture content and dry density was better than those of the previous two methods. The
relative deviations for moisture content and dry density prediction wee within 10% and
5%, respectively. Because Equations 3.20 and 3.21 were actually derived from the two
calibration equations for dielectric constant (K;) and electrical conductivity (ECy), the
excellent linear relationship in the two calibration equations resulted in the high degree of
accuracy of the prediction of soil moisture content and dry density. Hence, the excellent
performance of the thermo-TDR probe in measuring dielectric constant (K,) and electrical
conductivity (EC,) was noted.

3.6 Summary

The thermo-TDR probe is a promising tool which can measure soil thermal
properties, moisture content, and dry density simultaneously in the laboratory and in the
field. In this study, a new thermo-TDR probe, integrating the dual heating probe with the
TDR moisture probe, was designed and fabricated with the optimized dimensions and
pointed tips. The sensor calibration results revealed that the thermo-TDR probe can
measure both dielectric constant (K,) and electrical conductivity (EC,) reasonably well

from TDR waveforms analyses, using the Baker and Allmaras (1990) method.
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Three sands and one Kaolin clay were used to perform the laboratory tests to
evaluate the performance of the thermo-TDR probe in the measurements of soil thermal
properties and predictions of soil moisture content, and dry density. The excellent
performance in the thermal properties measurement by the thermo-TDR probe was
corroborated by comparing the test results with those obtained from the standard KD2
TR-1 single probe and the SH-1 dual probe. The relative deviations for measurements of
thermal conductivity, thermal diffusivity, and volumetric heat capacity were within 10%,
20%, and 25%, respectively. The prediction of soil moisture content and dry density by
the thermo-TDR probe was also conducted by using three different approaches: the
Topp’s equation, the heat capacity method, and the one-step method. The new
relationships between the dielectric constant and volumetric moisture content for sands
and clay were proposed from the tests results by the thermo-TDR probe. The heat
capacity method showed reasonably well-predicted results for soil dry density. The one-
step method exhibited the highest accuracy in the prediction of both soil moisture content
and dry density through the comparison of predicted values with actual measured results.
The deviations for moisture content and dry density were only within 10% and 5%,
respectively. However, before the thermo-TDR probe can be used in other geotechnical

engineering applications, it needs to be further evaluated on other types of soils.
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Chapter 4
Laboratory Experimental Program on Thermal Conductivity
4.1 Introduction

The heat transfer process in soils depends on its thermal conductivity property
and is affected by soil compositional and environmental factors, such as soil gradation,
mineralogy components, compaction moisture content, and dry unit weight conditions.
The soil thermal conductivity property has many geothermal applications, such as
geothermal energy piles (GEP), ground source heat pump (GSHP), and borehole thermal
energy storage (BTES), etc.

This chapter presents three laboratory experimental studies on quartz sands,
sand-sand mixtures, and sand-clay mixtures, respectively, using the thermo-TDR probe.
The effects of quartz content, moisture content, dry density, and clay content on soil
thermal conductivity were studied. An improved soil thermal conductivity model for quartz
sand was proposed based on the normalized thermal conductivity concept and
experimental results. A model prediction was also conducted to predict thermal
conductivity of sand-sand and sand-clay mixtures, using existing thermal conductivity
models.

4.2 Laboratory Experiment on Quartz Sands

Knowledge of soil thermal conductivity is fundamental to understanding the heat
transfer process in soils, which is also critical for many applications such as active
geothermal structures. Brandl (2006) presented the importance of soil thermal properties
in the behavior of thermo-active ground structures, such as geothermal energy piles
(GEP) and other ground-source heat pump (GSHP) systems. When heat-carrying fluid is
circulated in pipes underground, heat transfer and exchange occur between the fluid and

he soils, which determines the entire working efficiency of the structures. The thermal
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property of soils is critical to governing the heat transfer process and enabling more
efficient design of geothermal foundation systems.

Thermal conductivity is the most frequently used soil thermal property and is
affected by several factors, such as moisture content, degree of saturation, dry density,
and mineral components. Such effects have been studied by many researchers (Kersten,
1949; Johansen, 1977; Farouki, 1981; and Cote and Konrad, 2005). Lu et al. (2007) used
a thermo-TDR probe to investigate the relationships between thermal conductivity and
volumetric moisture content properties of different soils ranging from sand, sandy loam,
and silt loam, to clay loam. Chen (2008) later performed a series of thermal probe tests
on four quartz sands with various particle size distributions to study the effects of porosity
and the degree of saturation on their thermal conductivity properties.

Model prediction of soil thermal conductivity has been conducted by several
researchers (De Vries, 1963; Johansen, 1977; Donazzi et al., 1979; Gangadhera, Rao
and Singh, 1999; Gori and Corasaniti, 1983, 2002; Cote and Konrad, 2005; Lu et al.,
2007; Chen, 2008; and Haigh, 2012). De Vries (1963) proposed a thermal conductivity
model derived from Maxwell's equations. Weighted average thermal conductivity of each
phase of the soil matrix was taken into account for the overall thermal conductivity of soil.
Johansen (1977) introduced the concept of normalized thermal conductivity by using
experimental data provided by Kersten (1949) to predict soil thermal conductivity. In
accordance with this concept, Cote and Konrad (2005) presented a generalized thermal
conductivity model for soils and construction materials. These models cannot be applied
to quartz sands, however, due to the effect of high quartz content on the thermal
conductivity prediction.

This section mainly focuses on the thermal conductivity of three quartz sands by

using the newly developed thermo-TDR probe. The effects of moisture content, dry
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density, quartz content, and particle size on thermal conductivity is also discussed, based
on the measured experiment results. An improved thermal conductivity model, based on
the normalized thermal conductivity concept and experimental data, was later developed
for the quartz sands. The performance of this model was compared with other five
existing thermal conductivity models through a statistical regression analysis and root
mean square error analysis.
4.2.1 Materials and Methods
A laboratory test program was conducted to test the thermal conductivity of

three selected sands by using the developed thermo-TDR probe. The test variables
considered were moisture content, dry density, quartz content, and particle size. The
selected test sands were ASTM-graded sand, brown sand, and Ottawa 20/30 sand,
which are the same as those in Chapter 3. The physical properties of the sands are
shown in Table 3-1. The mineral component analyses are given in Table 3-2. The target
moisture content and actual dry density range of sand samples in the experiments are
presented in Table 3-3. The experimental setup (shown in Figure 3-17) and specific
testing procedures were described in Chapter 3.
4.2.2 Results and Discussion

Two thermal conductivities can be calculated from the recorded temperature
variations at two outer probes by using Equation 3.12. Figure 4-1 shows the relationship
between the average values of the above two calculated thermal conductivities and
gravimetric moisture content. It is indicated that the thermal conductivity of quartz sands
increased with gravimetric moisture content, and power function can be used to describe
their relationships, as shown in Figure 4-1. Another noticeable feature is that the thermal
conductivity increased rapidly at low moisture content, then became more gradual at high

moisture content range. This is also consistent with previous thermal conductivity studies
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on other soil types (Johansen, 1977; Cote and Konrad, 2005; Lu et al., 2007; Chen,
2008). At low moisture content, small amounts of water films and water bridges formed,
and a small portion of the air in the void was replaced by the moisture content. These
water bridges facilitated the heat transfer process in sands and improved the effective
thermal conductivity of sands due to the relatively high thermal conductivity of water
compared with that of air. After all sand particles were connected through the water
bridges, the thermal conductivity increased slightly.

Figure 4-1 also indicates that the thermal conductivity of ASTM-graded sand
was greater than that of brown sand and Ottawa 20/30 sand. This is because of the effect
of the particle size on thermal conductivity of sands. The smaller the particle size is, the
greater the specific surface area is. Smaller particle sizes in soils have larger amounts of
water film and water bridge formations, resulting in higher thermal conductivity. In
addition, quartz has the highest thermal conductivity (i.e. 7.7-8.4 W m'lK'l) of all the soil
minerals (De Vries, 1963). According to the equation provided by Johansen (1977) for
calculating the thermal conductivity of solid fractions in soils, higher quartz content leads
to higher thermal conductivity of solid particles in sands. Since the greatest contribution
to effective thermal conductivity of soils comes from solid fraction, the thermal
conductivity of sands will be increased due to the higher quartz content.

Figures 4-2 and 4-3 show the relationships between thermal conductivity
and dry density of ASTM-graded sand and brown sand, respectively. It is noted that
thermal conductivity increased with dry density at each target moisture content for these
two sands. However, the effect of dry density on thermal conductivity is not very
significant in this study. Theoretically, the increase in dry density in sand samples will
increase the number of physical contact points between sand particles, reducing the

thermal resistance at contact points and increasing sand thermal conductivity. Compared
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with the moisture content effect, dry density is the secondary influence factor on thermal

conductivity of quartz sands.
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Figure 4-1 Thermal conductivity and gravimetric moisture content of quartz sands
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4.2.3 Model Prediction

The normalized thermal conductivity concept has been adopted by many
researchers to develop thermal conductivity prediction models (Johansen, 1977; Cote
and Konrad, 2005). More importantly, this concept can also be applied to various soil
types for thermal conductivity predictions. Thus, an improved model is proposed by fitting
experimental data to predict thermal conductivity of quartz sands.

The thermal conductivity equations obtained for various soils can be expressed
by the normalized thermal conductivity concept proposed by Johansen (1977):

KKy

4.1
Tk —k (4.1)

sat — dry
where k; is the normalized thermal conductivity, kg4, and ks are the thermal conductivity
of soils at dry and fully saturated conditions, respectively, W m*K™,

Then, establishing the k;-S, relationship, the effects of porosity, moisture content,
and mineral component on the thermal conductivity can be studied in a unique way
because of the diverse relationships for given types of soil (Cote and Konrad, 2005). The

lower and upper bounds of this relationship are as follows:

Lower limit condition: S, =0—k, =0
Upper limit condition: S, =1—k, =1

Johansen (1977) also proposed the following empirical k,-S, relationships for

soils studied by Kersten (1949):

k. =0.7109(S,) +1 unfrozen medium and fine sands (4.2)

k. =10g(S,)+1  unfrozen fine-grained soils (4.3)

The generalized thermal conductivity model can be derived from Equation 4.1, as

given below,
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K =K, x (K —Kary) + Kary (4.4)

The simplest expression for calculating the thermal conductivity of saturated

soils is given below (Sass et al., 1971):

K = Kinaer K (4.5)

water " “solid
Cote and Konrad (2005) proposed a generalized thermal conductivity model for
soils and construction materials with a wide range of soil types, porosity, and degree of

saturation. The generalized k;-S; relationship he provided is as follows:

xS

r

K=o
"1t (kDS (4-0)

The relationship between thermal conductivity and porosity of dry soils they

proposed is given as follows:
Koy = 21077 (4.7)

Substituting Equations 4.5, 4.6, and 4.7 into Equation 4.4, the thermal
conductivity prediction model can be obtained, which is the same as the Cote and Konrad
(2005) model. Although this model was developed based on a large dataset from a wide
range of types of soils, the effect of high content quartz on the thermal conductivity of
sands was not clarified in his study. Therefore, the parameters k, x and n in Equations
4.6 and 4.7 need to be determined from the thermo-TDR test results in this study.

Experimental data obtained from the thermo-TDR probe were collected to plot
the k-S; relationship, as shown in Figure 4-4, for the purpose of determining the « value
of quartz sands. k;-S; relationships from the Johansen (1977) study, which are Equations
4.2 and 4.3, were also plotted in the same figure. It was shown that Equations 4.2 and
4.3 deviated significantly from the k;-S; relationship of quartz sands, and the best data

fitting with Equation 4.6 can be achieved at k=6 for three quartz sands, which is almost
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twice the suggested values of 3.55 for fine and medium sands mentioned previously
(Cote and Konrad, 2005). The higher k value represents the higher k, value at the same
saturation degree, as shown in Figure 4-4. Furthermore, thermal conductivity k increased
with k, from Equation 4.4. Consequently, thermal conductivity k increases as «k increases.
It also means thermal conductivity of quartz sands is greater than that of other types of
soils with the degree of saturation, which is mainly attributed to a higher quartz content

compared with other soils.
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Figure 4-4 k-S; relationship of sands and determination of k value for quartz sands
Chen (2008) performed many thermal probe tests on four quartz sands with
different particle size distributions to measure their thermal conductivities under dry,
moist, and fully saturated conditions. In order to study the effect of quartz content on kgyy,
some data provided by Chen (2008) was used to determine the relationship between kg,

and the porosity of dry quartz sands, which is shown in Figure 4-5. The several typical
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relationships between kg, and porosity provided by Cote and Konrad (2005), Smith
(1942), Kersten (1949), and Johansen (1977) for other soil types, including crushed
sands, natural mineral soils, and peat, were also plotted in the same figure. It should be
noted that kg, values provided by Kersten (1949) were extrapolated from Kk-S;

relationships, because completely dry soils were not tested in his study.
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Figure 4-5 kqyy-n relationship and determination of x and n values for quartz sands

Figure 4-5 also shows four different fitting curves and x and n values with
Equation 4.7 for four different soil types. It can be found that all the measured thermal
conductivities of dry soils decreased as porosity increased. Heat conduction through
physical contacts between solid particles is the main heat transfer mechanism in dry
soils. As porosity decreases, more contact is formed, and the thermal conductivity of dry
soils becomes higher. For quartz sands, kgy ranges from 0.14-0.56 W m-'K™* for
porosities between 0.35 and 0.55. For crushed sands, kgyy ranges from about 0.13-1.13

W m-'K™* for porosities between 0.13 and 0.62. For natural mineral soils, kqy is between
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0.15 and 0.43 W m-'K™, with porosity ranges from 0.27-0.48. The thermal conductivity of
dry peat ranges from about 0.04-0.06 W m-'K™, with porosity ranges from 0.77-0.92.
Similar to the k;-S; relationship in Figure 4-4, dry quartz sand always has the highest
thermal conductivity when compared with other soils within the porosities of 0.35 and
0.55. The best fitting curve for quartz sands was obtained with x and n values of 8.12 and
3.28, with Equation 4.7. These two values are higher than the suggested values
proposed by Cote and Konrad (2005) for fine and medium sands, even much higher than
others for silty soils, clayey soils, silts, and clays, as given in Figure 4-5.

Cote and Konrad (2005) collected a large set of data on thermal conductivity of
dry soils and grouped them according to the type of dry soil, such as crushed rocks and
gravels, natural mineral soils, and organic fibrous soils (i.e., peat). Through the
relationship between thermal conductivity of dry soils and porosity, an empirical approach
was used to analyze the thermal conductivity data for dry soils. It was concluded that
thermal conductivity of dry quartz sands is always much higher than that of other soil
types within a range of porosity between 0.35 and 0.55.

This can be explained by the fact that all the sands tested in this study have an
extremely high quartz content. Moreover, the thermal conductivity of solid particles in
sands, (ks was about 7.7-8.4 W m-'K* for guartz sands), is the highest among all soil
minerals (De Vries, 1963). ks was between 1.6-3.4 W m-'K*, as reported by Cote and
Konrad (2005), and ranged from 2.5-3.0 W m-'K™, as reported by Smith (1942) for
crushed sands. In Kersten (1949) and Johansen (1977) studies, ks was calculated from
the mineral component, which is between 2.7 and 4.3 W m-'K™*. For natural mineral soils,
Johansen (1977) reported that the estimated value of ks equals 2.7-5.9 W m-'K*. An
average thermal conductivity value of 0.25 W m-'K™' is generally assigned to peat solid

particles.
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Based on the previous discussion, new values of 6.0, 8.12, and 3.28 for «, X
and n, respectively, were adopted in the improved thermal conductivity prediction model
for quartz sands. Figure 4-6 shows the relationship between measured thermal
conductivity and the degree of saturation. Predicted thermal conductivity from the
improved model and other models was also depicted in the same figure. Material
properties used in the models are given in Table 4-1. It was noted that were some
variations in values quoted for the thermal conductivity of quartz. This value ranged
between 4 W m-'K* (Donazzi et al., 1979) and 8.4 W m-'K* (De Vries, 1963).
Considering the large amount of quartz existing in the three test sands, 7.5 W m-'K™
(Chen, 2008) was used as the thermal conductivity of solid particles in all of the models.
The average porosities of ASTM-graded sand, brown sand, and Ottawa 20/30 sand
samples are 0.43, 0.39, and 0.39, respectively. Thus, the average porosity of 0.40 was
used in all the model predictions. It is obvious that all of the other models underestimated
the thermal conductivity when compared with experimental data, because the effect of
the high quartz content on thermal conductivity is significant and results in the relatively
high overall thermal conductivity. The improved model can certainly show the best
agreement with the experimental data.

Table 4-1 Materials properties used in the model prediction

. Thermal conductivity
Material W m iK™ References
Soil solid (quartz) 7.5
Chen (2008)
Water (1bar, 300K) 0.61
Air (1 bar, 300K) 0.026 Stepha”(i‘ggsgaesec"e
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Figure 4-6 Comparison of prediction models with experimental data for n=0.40

A comparison between experimental data and predicted values of thermal
conductivity of quartz sands is shown in Figure 4-7. By the linear regression analysis
passing through the original point, all of the models provided a reasonable fit to the trend
of data. However, the improved model gave the maximum gradient of 0.95, the largest R?
value of 0.99, and the smallest standard error of 0.012, as given in Table 4-2. In order to
evaluate the performance of the improved model on other soil types, measured thermal
conductivity of clay loams, silt loams, and sandy soils provided by Lu et al. (2007) and
quartz sands from Chen (2008) study were also collected and plotted against predicted
values from the improved model, as shown in Figure 4-8. The improved model predicted
the thermal conductivity of quartz sands within a reasonable deviation of 15%, but

overestimated thermal conductivity of other types of soils containing less quartz content.
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Table 4-2 Summary of linear regression analysis (Zhang et al., 2015a)

Model Gradient R® Sta\;lvd%r_cleglrror
De Vries (1963) 0.82 0.98 0.019
Cote and Konrad (2005) 0.80 0.97 0.024
Johansen (1977) 0.80 0.96 0.028
Lu et al. (2007) 0.75 0.97 0.025
Chen (2008) 0.89 0.99 0.017
Present study 0.93 0.99 0.015

In order to further compare the performance of these thermal conductivity
prediction models, root mean square error analysis (RMSE) was also performed in this

study. The equation is as follows:

n k. —k
RMSEZ EZ exp model

h2 " (4.8)

exp
where Ke, is the measured thermal conductivity from the thermo-TDR method, Kmoger iS

the corresponding thermal conductivity from prediction model, and N is the number of
sand samples. The RMSE analysis was separated by the sand type and degree of
saturation including dry, moist, and fully saturated conditions. The summary of the RMSE
analysis is given in Table 4-3.

From the RMSE analysis, the prediction accuracy of thermal conductivity for
quartz sands was significantly increased by using the improved model rather than the
other models, except for the Chen (2008) model which also performed well for quartz
sands under moist conditions. This is probably because Chen (2008) also used similar
qguartz sands and the thermal probe method to perform the experiment, and he

developed the model based on the curve fitting to test data. Cote and Konrad (2005)
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model exhibited the best performance for dry sands, and the improved model showed the
highest prediction accuracy for saturated sands (Zhang et al., 2015a).

Table 4-3 Summary of RMSE analyses (Zhang et al., 2015a)

Degree of De Cote and Lu et
. : Johansen Chen | Improved
Name saturation | Vries Konrad (1977) al. (2008) model
S, (1963) (2005) (2007)
S=0 0.788 0.023 0.289 0.178
ASTM
graded 0<S<1 0.232 0.297 0.305 0.331 0.166 0.162
sand
S=1 0.259 0.195 0.220 0.218 | 0.217 0.187
S=0 0.635 0.119 0.042 0.091
Brown
sand 0<S<1 0.119 0.192 0.199 0.217 | 0.109 0.061
S~=1 0.132 0.081 0.081 0.081 | 0.079 0.078
S=0 1.109 0.209 0.662 0.534
Ost;a:qv(\j/a 0<S<1 0.288 0.440 0.588 0.462 | 0.273 0.248
S=1 0.162 0.103 0.115 0.131 | 0.111 0.091

Notes: Johansen (1977) and Lu et al. (2007) model cannot be applied to dry soils
4.3 Laboratory Experiment on Sand-Sand Mixtures

The particle size and particle size distribution of soils are important factors
controlling soil thermal conductivity property (Beziat et al., 1992; Brigaud et al., 1990;
Griffiths et al., 1992; Jones and Pascal, 1994; and McKenna et al., 1996). Midttamme
and Roaldset (1998) proposed that the particle size effect is a much more prominent on
thermal conductivity property for fine-grained soils than for coarse-grained soils. The
effect of particle size on thermal conductivity is mainly related to the change in number of
physical contact points among soil particles (McGaw, 1969). Incropera (2011) found that
the thermal resistance of soils comes more from the particle contact area than from
particles themselves. Therefore, the reduction of particles size, resulting in more contact

area, leads to a decrease in thermal conductivity. McGaw (1969) and Giriffiths et al.
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(1992) explained this by attributing the reduction in heat flow to an increased number of
particle contact points by thin fluid films among particles.

The thermal conductivity of sand-sand mixtures was measured by the thermo-
TDR probe. Mixed sand samples were prepared and tested for analyzing and addressing
the effects of both particle size and the fines content on the sand thermal conductivity
property.

4.3.1 Materials and Methods

The laboratory tests were performed on three typical sands with extremely high
guartz contents. They include Silica 12/20 sand, Ottawa 20/30 sand, and ASTM-graded
sand. Silica 12/20 sand is a coarse sand with brown color; both Ottawa 20/30 sand and
ASTM-graded sand are the same sands as those described in Chapter 3. Figure 4-9
shows the particle size distributions of the three test sands. Figure 4-10 shows the photo
of Silica 12/20 sand. The dsy of the Silica sand, Ottawa 20/30 sand and ASTM-graded
sand are 1.029 mm, 0.783 mm and 0.362 mm, respectively. Thus, it can be stated that
the ASTM-graded sand is the finest sand, Silica 12/20 sand is the coarsest sand, and
Ottawa 20/30 sand is the medium one between them.

Laboratory tests were conducted on both pure sands and mixed sands as per the
experimental program that is presented in Table 4-4. Nos. 1-3 refer to the thermal
conductivity tests on pure Silica 12/20 sand, Ottawa 20/30 sand, and ASTM-graded sand,
respectively. There were three different combinations for mixed sands, which are
characterized as No. 4-6 (i.e., Silica-Ottawa mixtures), No. 7-9 (i.e., Ottawa-ASTM
mixtures) and No. 10-12 (i.e., Silica-ASTM mixtures). For each mixed sand, the fine sand
was mixed at a fraction of 30%, 50% to 70% by weight. The target moisture contents for
all sand samples were prepared at 0%, 1%, 2%, 3%, 4% and 5%, respectively. The

following procedures were followed for specimen preparation: (1) Dry sands with known
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weight were mixed thoroughly with deionized water and poured into a plastic cylinder
mold with a diameter of 67.7 mm and height of 47.5 mm. (2) Sand samples were
compacted to obtain uniform moisture distribution. (3) The thermo-TDR probe was then
inserted into the center of the sand samples from the top surface. (4) A current of 0.15
amps was applied for 15 s to heat the sands, and the temperatures at center probe and
outer probe were recorded during this heating and following cooling process. (5) A few
sand samples were tested with oven drying for moisture content measurements. (6)
Thermal conductivities of sand samples were analyzed and calculated from the above
mentioned recorded temperature records (Zhang et al., 2015b). The experimental setup
and the method to determine soil thermal conductivity were introduced in Chapter 3, as

shown in Figure 3-17.
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Figure 4-9 Particle size distribution of the three test sands
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Figure 4-10 Photo of Silica 12/20 sand

Table 4-4 Experimental program of sand-sand mixtures

Content by weight, %
No Silica Ottawa ASTM €nex Conin Cest
12/20 20/30 graded
1 100 0 0 0.690 0.572 0.619
2 0 100 0 0.712 0.534 0.682
3 0 0 100 0.717 0.551 0.695
4 70 30 0 0.666 0.527 0.659
5 50 50 0 0.671 0.531 0.665
6 30 70 0 0.678 0.538 0.674
7 0 70 30 0.624 0.484 0.621
8 0 50 50 0.628 0.486 0.610
9 0 30 70 0.626 0.485 0.612
10 70 0 30 0.561 0.434 0.553
11 50 0 50 0.573 0.419 0.571
12 30 0 70 0.581 0.421 0.578
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4.3.2 Results and Discussion
4.3.2.1 Thermal Conductivity and Gravimetric Moisture Content

Tthermal conductivity and gravimetric moisture content of three pure sands are
shown in Figure 4-11. It was found that thermal conductivity of sands was much higher at
moist conditions than at dry conditions, and it increased with moisture content for all sand
samples. A slight difference in measured thermal conductivities of the three pure sands at
moist conditions can be observed. ASTM-graded sand showed the highest, and Silica
12/20 sand showed the lowest thermal conductivity at all target moisture contents.
ASTM-graded sand had the smallest particle size, resulting in the largest specific surface
area, thereby the water films and water bridges formed much more easily among sand
particles compared with other two coarse sands. The specific surface area effect can be
explained by the heat flow barrier arising from the water film coating the water-wet
mineral grains (Middttémme et al., 1998). However, the water films and water bridges
facilitated the heat transfer process and increased the thermal conductivity. This is
because water has higher thermal conductivity than air; therefore, thermal resistance
generated at solid-water interface is less than that at solid-air interface, and the existence
of water in sands reduces the overall thermal resistance at low moisture conditions. In
Figures 4-12, 4-13 and 4-14, it is obvious that the different mixing ratios of fine sands led
to different thermal conductivities of mixed sands in the experiments. But the thermal
conductivity of Ottawa 20/30-ASTM-graded sand was almost unchanged with fine sands’
mixing ratio. This is probably because of the coupling effects of particle size, grain shape,

and fines content on thermal conductivity, as will be discussed later.
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4.3.2.2 Thermal Conductivity of Dry Sands

Figure 4-15 presents the relationship of thermal conductivity of dry sands and
porosity, as derived from this study and from the experimental data provided by Chen
(2008). As shown in previous studies, (Chen, 2008; De Vries, 1963, Farouki, 1981; Lu et
al.,, 2007; and Cote and Konrad, 2005), thermal conductivity decreases with increased
porosity. Moreover, coarse sands showed lower porosity than fine sands in the
experiments. Comparing this study with Chen’s (2008) data, it was demonstrated that
although the differences in both thermal conductivity and porosity among the three pure
sands were very small, thermal conductivity decreases as soil particle size decrease,
due to an increase in the number of physical contact points leading to more thermal
resistance between soil particles. In addition, using the equation kqy=x10™"" provided by
Cote and Konrad (2005) to fit all the data as shown in Figure 4-15, it is shown that the
best agreement is attained at x=7.7 and n=3.4. When porosity equals to zero, the sands
are considered as solid material, mainly composed of quartz, and the thermal
conductivity of 7.7 W m™K™ obtained from above equation is almost the same as the

actual value of thermal conductivity of pure quartz.
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Figure 4-15 Thermal conductivity and porosity of dry sands
Figure 4-16 shows the relationship between porosity, thermal conductivity, and
fines content of mixed sands at dry condition. It was found that the thermal conductivity
and porosity were almost constant for Silica-Ottawa mixtures because of their relatively
large and almost identical particle size, whereas the other two mixed sands showed the
obvious maximum thermal conductivity, which corresponds to the minimum porosity. The
maximum thermal conductivity was at 30 % fines content for Silica-ASTM mixtures and
50% fines content for Ottawa-ASTM mixtures. Theoretically, the number of physical
contact points is supposed to be increased if coarse sands are mixed with fine sands. It
also means that the thermal conductivity will be reduced because of the increasing
thermal resistance described previously. However, thermal conductivity of mixed sands
may be increased at dry condition since the thermal resistance at solid-solid interface
(i.e., new physical contact points) is less than that at the original solid-air interface. For

example, newly-formed physical contact points provide some new heat flow paths
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between sand particles and lower thermal resistance, improving sand thermal

conductivity.
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Figure 4-16 Porosity, thermal conductivity of mixed sands and fines content

The schematic of the heat flow path in dry sands was depicted in Figure 4-17 to
further explain the heat transfer mechanism in dry sands, considering the particle size
effect. There are two horizontal heat flow paths between sand patrticles, and there is only
one physical contact point in heat flow direction, as shown in Figure 4-17 (a). The number
of physical contacts is increased continuously, as particle size decreases, and thermal
resistance must increase because the contact area is so limited at contact points. In
Figure 4-17 (b), the number of horizontal heat flow paths is increased to four if one small
particle is embedded into the initial pore. Two more possible inclined heat flow paths
passing through this particle may also work to improve the overall thermal conductivity.
These four horizontal flow paths are assumed to be unchanged if the small particle is

replaced by four even smaller particles; however , more inclined flow paths are formed
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and the thermal conductivity should increase further since more physical contact points
are generated in this process. Consequently, the particle size effect on thermal
conductivity of sands can be classified into two categories: the thermal conductivity
decreases as particle size decreases for uniform sands; the thermal conductivity

increases due to the occupation of fine particles in sand pores for non-uniform sands.

Heat flow

(b)
Figure 4-17 Particle size effect on heat flow path in dry sands: (a) pure sands; (b)
mixed sands (Zhang et al., 2015b)
4.3.2.3. Fines Content Effect on Thermal Conductivity of Mixed Sands
Figures 4-18, 4-19 and 4-20 show the relationships between thermal conductivity
and fines content at different moisture contents for three mixed sands. In Figure 4-18,

Ottawa 20/30 sand was considered as fine sand, and thermal conductivity of this mixed
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sand increased with fines content up to 50%, but decreased after that. In Figure 4-19,
Silica 12/20 sand (the coarsest sand) was mixed with ASTM-graded sand (the finest
sand), and the thermal conductivity increased with fines content. The maximum thermal
conductivity was attained at 70% fines content. In Figure 4-20, two highly rounded sands,
Ottawa 20/30 and ASTM-graded sand, were mixed. The thermal conductivity of this
mixed sand did not change too much at different moisture contents. The maximum
thermal conductivity of the Ottawa-ASTM mixture appeared at fines content between
50%-70%. It is also obvious that the maximum thermal conductivity appeared at the
same fines content for all the moisture contents, leading to the conclusion that the
optimum mixing ratio for the maximum thermal conductivity is unique for each mixed
sand.

Adding fine sands to coarse sands leads to the recognition that some original
pores in coarse sands are occupied by some fine sand particles, and the porosity of the
mixture can be reduced to some extent. In the meantime, the number of heat transfer
paths passing through sand particles, contact points, and water bridges formed at moist
conditions increases. Thus, the real conductivity of mixed sands should increase with
fines content and reach the maximum value at the critical fines content (F.). Fe
increased as di/d. (the mean grain size ratio of fine sands to coarse sands) decreased in
the experiment, as shown in the figure. The value of F, is affected by several factors
such as d¢d, ratio and grain shape. For example, comparing Silica-Ottawa mixtures with
Silica-ASTM mixtures, the mixing ratio corresponding to the maximum thermal
conductivity increased from 50% to 70%. Since ASTM-graded sand is finer than Ottawa
20/30 sand because of the fines content in the mixture, more fine sands need to fill sand
pores to achieve the highest overall thermal conductivity. The reason for almost the same

measured thermal conductivity in Ottawa-ASTM mixtures is that both of these two sands
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are very fine sands, with extremely high roundness of 0.9+ (shown in Table 3-1).
Therefore, mixing Ottawa 20/30 sand with fine sands, i.e., ASTM-graded sand, at

different fractions may not influence the overall thermal conductivity very much.
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Figure 4-18 Thermal conductivity and fines content of Silica-Ottawa mixtures

142



24 ,

I » I % I Y I
- Silica-ASTM
22
v L
* -
= 20 ‘
~ 5 o SO
= 18} b
F - 2l
=Rry - ks g
3 -— —
1
S v “ -a
=2 E e = -+ -
= 14 v - R, o e
3 B g "
— _ =
< 8 - 2 8
= 1.2 S B |
E L - :
= =700, o |
= 1ok Fo=70%, d/d,=0.352 | _
|
08 1 N 1 . 1 . 1 | 1 R 1
0 20 40 60 80 100

Fines content, %
Figure 4-19 Thermal conductivity and fines content of Silica-ASTM mixtures

24

T Y T ¥ T i T T !
- Ottawa-ASTM 5 1% |
22 —o— 2% +
g 0 —a— 3% |1
* 20 - =
£ F;=50~70%, d/d,=0.462| —v— 4% [
= 18| . . $oal
et
> 16 e PR s [ .
8| w1 4—+—
S 44 R / | | oA
S 14l , N e o
Tt ]
o gl * I I .
= | |
2 I !
= 10 1 1 7
| |
08 1 A 1 A 1 L} 1 L J 1 \ 1
0 20 40 60 80 100

Fines content, %

Figure 4-20 Thermal conductivity and fines content of Ottawa-ASTM mixtures
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4.4 Laboratory Experiment on Sand-Clay Mixtures

Many studies have been reported regarding the physical and mechanical
properties of sand-clay mixtures (Abiodun and Edwin, 2014; Boutin et al., 2011; Chen,
2010; Chiu and Shackelford, 1998; and Marion et al., 1992), but it's difficult to find
research on its thermal properties, such as thermal conductivity, diffusivity and heat
capacity. In the case of high-level radioactive waste disposal in a deep geological site,
highly compacted clay is usually placed in between the containers and the surrounding
rock as engineered barriers or buffers to remove the heat coming from the thermal power
generated by the radioactive decay of the nuclear waste. The aim of employing
engineered barriers is to isolate the waste from the biosphere, contain the radionuclides
associated with the waste, and prevent them from being released to the surface
environment that could harm to life and the environment.

The influence factors of soil thermal conductivity can be divided into two
categories: environmental factors, i.e., compaction moisture contents and dry density;
and compositional factors, i.e., mineralogy components, soil fabric, and gradation. As
reported in published literatures (De Vries, 1963; Johansen, 1977; Farouki, 1981; and
Cote and Konrad, 2005), soil thermal conductivity increases with moisture content
because of the higher thermal conductivity of water compared with that of air as soil pore
fluid. In addition, the elevated soil dry density leads to an increase in the number of
interparticle physical contact points and a reduction of thermal resistance among soil
particles, thereby increasing the thermal conductivity. The effect of mineralogy
components on soil thermal conductivity has not been studied systematically in the past
several decades. Tarnawski et al. (2009) assessed the impact of quartz content on the
prediction of soil thermal conductivity. The thermal conductivity of quartz is around 7.7-

8.4 W m™K™, which is the highest among all the soil minerals. Thus, sand or sandy soils
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which are composed of quartz always have higher thermal conductivity than clayed soils
or clay. It is also necessary to study the effect of clay content on soil thermal conductivity
because such effect must be considered in some geothermal applications, such as
borehole thermal energy storage (BTES) and deep geological repository of high-level
radioactive waste (HLRW), which require engineering soils with relatively low thermal
conductivity values.

This section will present the laboratory experimental study, using the thermo-
TDR probe, on thermal conductivity of sand-kaolin clay mixtures. Five alternative soil
thermal conductivity models (Johansen, 1977; Cote and Konrad, 2005; Lu et al., 2007;
Chen, 2008, and Zhang et al., 2015a) were selected to predict thermal conductivity of
sand-kaolin clay mixtures and to provide a comparison with experiment results. Improved
models were also presented to consider the continuous change of thermal conductivity of
mixtures as clay content varies.
4.4.1 Materials and Methods

Laboratory experiments were performed on pure quartz sand, kaolin clay, and
sand-kaolin clay mixtures. The sand was the ASTM-graded sand as described in Chapter
3. The sand content was assumed to be the same as the quartz content in soil samples
because it contained over 99% quartz. The kaolin clay was mainly composed of
anhydrous aluminum silicate, and its thermal conductivity was around 2.9 W m’K*! (Lee
et al., 2012). The sand was mixed with kaolin clay in different proportions, with clay
content ranging from 5%, 10%, 20% to 30% by dry weight, as is presented in Table 4-5.
Pure quartz sand and kaolin clay were also tested in the experiments to determine the
upper and lower bounds of thermal conductivity of sand-kaolin clay mixtures. The
gradation curves of sand (S), kaolin clay (K), and sand-kaolin clay mixtures are shown in

Figure 4-21. The photos of sand and kaolin clay are shown in Figure 4.22.
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Table 4-5 Experimental program of sand-clay mixtures

No 1 2 3 4 Gs
Contentby | sand 100 95 90 0 2.65
dry weight, -

(%) Kaolin 0 5 10 20 2.58

Target moisture

content (%) 0.3,5,7
Target dry density 1.55, 1.60, 1.65
(g/lcm”)
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Figure 4-21 Gradation curves of sand (S), kaolin clay (K), and sand-kaolin clay mixtures
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Figure 4-22 The photos of sand and kaolin clay: (a) Sand, (b) Kaolin clay
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Figure 4-23 Compaction curves of sand (S) and sand-kaolin clay mixtures (ASTM D698)
Soil samples were prepared at different porosities and degrees of saturation
according to the corresponding compaction curves (shown in Figure 4-23) obtained from

standard compaction tests (ASTM D698). From Figure 4-23, it is found that the maximum
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dry density increased with an increase in clay content from 0 % to 10 % and decreased
when clay content was greater than 10 %. For 70% (S)+30% (K) mixture, the maximum
dry density reached the lowest level, and the corresponding optimum moisture content
reached the highest level compared with other mixtures. Accordingly, the target dry
density and degree of saturation in the experiments are presented in Table 4-6. Test
methods and sample preparation procedures will be presented in the following section.

The following procedures were followed for sample preparation: (1) Dry sand and
kaolin clay with known weight were mixed thoroughly with deionized water and poured
into a PVC mold with a diameter of 67.7 mm and height of 47.5 mm. (2) Soil samples
were compacted to obtain the target dry densities and degrees of saturation. (3) The
thermo-TDR probe was then inserted into the center of the samples, from the top surface.
(4) A current of 0.15 amps was applied for 15 s to heat the samples, and temperatures at
the center probe and two outer probes were recorded during this heating and following
cooling processes, (5) A few soil samples were tested by the oven drying method for
actual moisture content measurements. (6) Thermal conductivity of soil samples was
analyzed and calculated from the above recorded temperature records. The experimental
setup and the method to determine soil thermal conductivity were described in Chapter 3.
4.4.2 Results and Discussion

Figures 4-24, 4-25, 4-26, and 4-27 show the thermal conductivity and gravimetric
moisture content at different dry densities for different clay contents. Clay content is
denoted by “c” in the figure. It is indicated that the thermal conductivity of sand-kaolin clay
mixtures increased with moisture content for all the soil specimens. This is mainly
because of the higher thermal conductivity of water, compared with that of air, as soil
pore fluid. The elevated dry density leads to an increase in number of interparticle

physical contact points, a reduction of thermal resistance among soil particles, and then
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an improvement of soil thermal conductivity. Comparing with moisture content, dry
density effect on thermal conductivity is not dominant. Another feature is that the
increments of thermal conductivity at low moisture content (i.e., from 0% to 3%) for pure
sand (i.e., c=0%) was much greater than those for c=5%, 10% and 20%. In addition,
thermal conductivity of mixtures was almost linearly increased with moisture content for

both c=10% and 20%.
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Figure 4-24 Thermal conductivity and moisture content at c=0%
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Figure 4-26 Thermal conductivity and moisture content at c=10%
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Figure 4-27 Thermal conductivity and moisture content at c=20%

Figure 4-28 shows the relationships between thermal conductivity and clay
content under dry condition. It was found that thermal conductivity of sand-kaolin clay
mixtures increased with clay content under dry condition by three bilinear relationships,
with inflection points observed at c=10%. It is also indicated that the increase in thermal
conductivity in the first stage, from c=0% to c=10%, was about 0.08 W m*K™ for all dry
density conditions, and this increment was slightly greater than that in the second stage,
which was around 0.01 W m™K™" from ¢=10% to c=20%. Furthermore, the thermal
conductivity also increased with dry density at each clay content, but the increment was

only 0.05 W m™K ™ between any two neighboring target dry densities.
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Figure 4-28 Thermal conductivity and clay content of dry mixtures

Figures 4-29, 4-30 and 4-31 show the relationships between thermal conductivity
and clay content under moist conditions. It is obvious that thermal conductivity decreased
with clay content under experimental moisture conditions. Similarly, the variations of
thermal conductivity with clay content also had two different stages, with a limited clay
content of 10%, which is the same as that under dry condition, shown in Figure 4-28. In
both of two stages, thermal conductivities were linearly changed with clay content.
However, the reduction of thermal conductivity in the first stage (i.e., c<10%) was much

greater than that in the second stage (i.e. c>10%).
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Figure 4-29 Thermal conductivity and clay content at ps=1.55 g/cm3
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Figure 4-30 Thermal conductivity and clay content at p,=1.60 g/cm®
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Figure 4-31 Thermal conductivity and clay content at ps=1.65 g/cm3

The micro-geometrical arrangement of sand, clay, and sand-clay mixtures with
different clay contents and dry densities (i.e., degree of compaction) was studied by
(Knoll and Knight, 1994). At low clay contents, clay particles fit the pore space of a sand
pack. This sort of geometry naturally occurs when the volume fraction of porous clay (Cp)
is less than the inherent porosity of the sand pack (ns). The porosity of sand-clay mixtures
decreases as the clay content increases, to fill the pore space of sands. However, at high
clay contents, when C, is greater than ns, the micro-geometrical arrangement changes.
Clay particles form a new soil matrix, and sand particles are disconnected from each
other. In this clay content range (i.e., C,>ns), the porosity of sand-clay mixtures increases
as clay content increases since microporous packets of clay are replacing zero-porosity
sand grains (Knoll and Knight, 1994; Marion et al., 1992). Thus, there is a limit to the clay

content existing in sand-clay mixtures that can distinguish above two different micro-
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geometrical arrangements (i.e., Cp<ns and Cp>ng) and it is defined as “critical clay content
(C.),” which equals 10% in this study, as discussed previously.
4.4.2.1 Microstructure of Sand-clay Mixtures and Critical Clay Content (C.)

Figure 4-32 shows the micro-geometrical arrangement of components assumed
in sand, clay, and sand-clay mixtures with different clay contents and dry densities (i.e.,
degree of compaction). At low clay contents, clay particles fit the pore space of a sand
pack. This sort of geometry naturally occurs when the volume fraction of porous clay is
less than the inherent porosity of the sand pack. The porosity of sand-clay mixtures
decreases as the clay content increases to fill the pore space of sands, and the porosity

is calculated according to the equation given below:
n=n-C,(1-n) for C,<n (4.9)

where ns is the inherent porosity of sand pack; C, is the volume fraction of porous clay; n
is the inherent porosity of clay at a given level of compaction.

As clay content increases, when C, equals ns, the porosity is calculated by,
n=nn=Cn, for C,=n, (4.10)

At high clay contents, when C, is greater than ns, the micro-geometrical
arrangement will be changed in the mixtures. Clay particles form a new soil matrix, and
sand particles are disconnected from each other. In this clay content range (i.e., Cy>ny),
the porosity of sand-clay mixtures increases as the clay content increases since
microporous packets of clay are replacing zero-porosity sand grains (Marion et al., 1992;

and Knoll and Knight, 1994). The porosity is calculated by,

n=C,n, for C, >n, (4.12)
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Thus, there is a limit clay content existing in sand-clay mixtures that can
distinguish the two different micro-geometrical arrangements (i.e., C,<ns and Cy>ng), and

it is defined as “critical clay content (C.)” in this study.
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Figure 4-32 Conceptual diagram of packing geometries for sand, clay, and sand-clay
mixtures in terms of experimental parameters: dry density (or degree of compaction);
porous clay fraction (Cp) and sand porosity (ns)

Calculate the values of C, and ng of sand-clay mixtures at each clay content and
dry density to plot the relationships between Cy/ns and clay content, as shown in Figure
4-33. In the calculation, the bulk density of clay was assumed as 0.368 g/cm3, which was
provided by the manufacturer, and it was found that the degree of saturation of sand-clay
mixtures had no effect on the calculated C, and ns values. In Figure 4-33, it is indicated
that C,/ns was almost linearly increased with clay content. At all clay contents, higher dry
density led to higher C,/ns values, because C, increases but ns decreases with an

increase in dry density of mixtures. Moreover, three Cy/ns values at c=10% were very
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close to unit, which also means that the volume fraction of porous clay was almost equal
to the sand porosity at this clay content and exactly matched the limit clay content (i.e.,
c=10%) described in the previous sections. As a result, the limit clay content (i.e. c=10%)
is identical to the critical clay content C.in Figure 4-22, which equals 10 % for sand-clay

mixtures in this study.
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Figure 4-33 Relationships between Cy/ns and clay content at different dry densities

4.4.2.2 Porosity of Sand-Clay Mixtures

Pore volume of a mixture of coarse and fine particles has been quantified by
many authors, including McGeary, 1961, and there are numerous notations that have
generally not been used in geophysics. Marion et al. (1992) performed a series of
experiments on sand-clay mixtures to investigate the porosity of mixtures and proposed a
porosity model. In accordance with his study, the volume fraction of porous clay must be
converted into clay weight fraction in order to compare the model with experimental data.

Clay weight fraction w, is defined as the ratio of the mass of the dry clay to the mass of
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the dry sand-clay mixture, which ranges from 0%, 5%, 10%, 15% to 20% in this study. w,
is calculated by the following equations,

W - Cp(l—nc)pC
Cp(l_ nc)pc + (1_ ns)ps

for Cp <n, (4.12)

W= Cp(l—nc)pC
Cp(l_nc)pc +(1_Cp)ps

for C >n (4.13)

where p. and ps are the specific gravity of clay and sands, respectively. It should be
noted that ng and n. in Equations 4.9-4.13 are dependent on the dry density (i.e., degree
of compaction) of sand-clay mixtures. According to the relation: n=1-p4/ ps (ps is the
specific gravity of soils), the theoretical values of ng and n. at different experimental dry
densities, i.e., 1.55 g/cm®, 1.60 g/cm?, 1.65 g/cm® are presented in Table 4-6.

Table 4-6 Theoretical values of ng and n. at different dry densities

Pad

(g/CmS) nS nC
1.55 0.415 0.399
1.60 0.396 0.380
1.65 0.377 0.360

Thus, the porosities of sand-clay mixtures can be predicted based on Equations
(6)-(10) and theoretical values of ng and n. in Table 4-6. The prediction of porosity from
Marion’s 1992 model and experimental data from dry sand-clay mixtures are shown in
Figure 4-34. It is indicated that the porosities were decreased to minimum values (i.e.,
0.403 at ps=1.55 g/cm?®, 0.380 at ps=1.60 g/cm® and 0.354 at p;=1.65 g/cm’) at c=10%
and then increased after that with clay content. As discussed in the previous sections, the
porosity is supposed to be at the lowest level at critical clay content (i.e. C.=10%);

thereby, the relationships between the porosity and clay content from experiments were
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also consistent with previous theoretical analyses, as shown in Figure 4-32 and
experimental results as shown in Figure 4-33. In contrast, the predicted porosities
exhibited the same trend with clay content, but the lowest porosities (i.e., 0.166 at
ps=1.55 g/cm®, 0.151 at ps=1.60 g/cm® and 0.136 at p;=1.65 g/cm®) were much smaller
and the corresponding critical contents (i.e., 29.3%, 28.4% and 27.4%) were much higher
than the experimental values. Another feature is that the model always underestimated
the porosity in the experimental clay content range.

The differences between the predicted results and the experimental data in
Figure 4-34 are attributed primarily to the following reasons. (1) In the model prediction,
the assumption is made that the addition of clay particles to sand packing will not disturb
the original sand lattice. However, this assumption is not valid for either very low or very
high clay content (Marion et al., 1992). In addition, each component is expected to disturb
the original packing of other components to some extent for intermediate clay contents
(McGeary, 1961). (2) The expansion of clay particles located between sand grains will
induce an increase in porosity of sand-clay mixtures. (3) The theoretical values of
inherent porosity of clay n. in the model prediction are much smaller than the actual
values in the experiments due to the considerable expansion of clay particles in practice,
particularly at high clay contents. This also explains the fact that the difference between
the model prediction and the experimental data increased as clay content increased, as

shown in the Figure 4-34.
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Figure 4-34 Relationships between porosity and clay content from Marion (1992)
model and experimental data

4.4.2.3 Heat Conduction in Sand-Cay Mixtures

Soil is a complex substance that consists of three phases which are solid, liquid
(i.e., water), and gas (i.e., air). The heat conduction in soils is mainly governed by saoil
overall thermal conductivity, which is affected by the thermal conductivity of each
constituent and its relative volume fraction. In addition, some environmental factors (i.e.,
moisture content and dry density) and compositional factors (i.e., soil mineral
components and particle size distribution) will also affect soil thermal conductivity. Based
on the above discussion, the change in microstructure influences the porosity of sand-
clay mixtures and fundamentally affects the heat conduction process in mixtures.
Accordingly, the thermal conductivity of mixtures will be changed.

The mechanism of heat conduction in sand-clay mixtures can be divided into two
categories with respect to dry condition and moist condition. For the sand-clay mixtures

under dry condition, heat is conducted primarily through the soil particles and the
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interparticle physical contact points among soil particles, but the air in mixtures has little
contribution to the heat transfer process since the thermal conductivity of air is quite small
(i.e., 0.026 W m'lK'l). Thus, the thermal conductivity of solids has the effect on overall
thermal conductivity of mixtures. In this study, thermal conductivity of sand (99% quartz)
is much higher than kaolin clay (93% anhydrous aluminum silicate and 7% quartz) due to
the quartz content effect (Zhang et al. 2015a). Thus, the thermal conductivity of solids
decreases as clay content increases, leading to a reduction of thermal conductivity of
mixtures. But such effect is not prominent when the clay content is less than the critical
clay content (i.e., c=10%) according to the geometric mean model (Johansen, 1977).
However, the number of interparticle physical contact points will increase considerably as
the clay content increases and before it reaches the critical clay content because the clay
particles are filling the sand pores in the first stage (i.e., c<10%). As a result, the number
of heat paths in mixtures increases and the thermal conductivity is expected to be
elevated. When the clay content is greater than the critical clay content, the number of
physical contact points which are formed among soil particles is not as great as in the
first stage, and the decrease in thermal conductivity of solids is more pronounced. Thus,
the increase in the thermal conductivity of mixtures is reduced in the second stage. In
addition, the elevated dry density induces more physical contact points in the mixtures,
and increases the thermal conductivity to some extent. But this effect on thermal
conductivity is not significant in this study.

For the sand-clay mixtures under moist condition, air, which is considered as
pore fluid, is partially or totally replaced by water in mixtures, as shown in Figure 4-35. As
reported, thermal conductivity of water is 0.59 W m*K™, which is around 22 times that of
air (De Vries, 1963; and Horai, 1971). Thus, the thermal conductivity of mixtures is

supposed to increase dramatically compared with dry condition. But it decreases with an
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increase in clay content. The existence of water promotes the formation of water films
and water bridges that reduce the original thermal resistance among soil particles under
dry condition, facilitates the heat conduction process, and then increases the thermal
conductivity of mixtures. But the hydration is the dominating water-retention mode when
clay soil is under high matric suction or low moisture content conditions (Lu and Dong,
2015). Most of the hydrated water is located on the soil particle surface or inside the
mineral crystal structures surrounding the exchangeable cations (Revil and Lu, 2013).
Therefore, the thermal conductivity of sand-clay mixtures decreases with increasing clay
content. Moreover, such decrease in thermal conductivity is more pronounced as the
addition of clay particles increases in the first stage (i.e., c<10%) than in the second

stage (i.e. ¢>10%).

Water film
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Water bridge

Physical

contact point .
Clay particle
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Figure 4-35 Diagram of heat conduction in sand-kaolin clay mixtures under moist

condition
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4.4.3 Model Prediction
Johansen (1977) proposed an empirical relationship to predict soil thermal

conductivity,

0.137p, +64.7
2650—0.947 p,

k:( » ii.  0.137p,+64.7 (4.14)

= 0.7logS  +1)+
water " solid 2650—0947de( g r )

where Kyaer and Ksgig are thermal conductivities of water and solid, respectively; n is the
porosity; S, is the degree of saturation; pq is the dry density, kg/m?’. This model is valid
only for degrees of saturation greater than 5%; it provides negative thermal conductivity
values below this level.

Cote and Konrad (2005) modified Johansen’s (1977) model in order to eliminate
the logarithmic dependence on degree of saturation, and proposed a new empirical

equation,

S
k= (kD ko — 4107y — 520 14 107 (4.15)
( water " “solid X )|:1+ (K—l)sr:| y4

where x and n account for particle shape effect, and k accounts for soil texture effect. For
fine and medium sands, the suggested values provided by Cote and Konrad (2005) were
1.7 W m*K?* for X, 1.8 for n and 3.55 for k, and these values were adopted in the model
prediction.

Lu et al. (2007) also proposed a modified relationship based on Johansen’s

(1977) model,

K =[ KperKions — (b —an) |exp| ar(1—S7**) ]+ (b—an) (4.16)
Where a , b and a are empirical parameters. The suggested values are 0.56 for a, 0.51
for b, and 0.96 for a for coarse soils, and these values were employed in the model

prediction.

Chen (2008) proposed an empirical equation given by,
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K = Kiaer Ko [ (1—0.0022)S, +0.0022 (4.17)

0.78n
'water ' “solid ]

This equation is an empirical relationship based on laboratory experiments on
four quartz sands with different particles sizes, shapes, and gradations. It probably shows
relatively high prediction accuracy for sands or sandy soils.

Zhang et al. (2015a) measured the thermal conductivity of three sands with
extreme high quartz content by using the thermo-TDR probe and modified Cote and
Konrad (2005) model in order to account for the effect that high quartz content has on soil
thermal conductivity. The formula remained the same, but model parameters were
modified as 8.12 W m™K™ for x, 3.18 for n and 8.0 for k for quartz sands.

In the model prediction, Ks,ig can be estimated by generalized geometric mean

method as given by,

k=] [kn with > x; =1 (4.18)
i ]

where kg is the thermal conductivity of rock-forming mineral j; and x; is the volumetric

proportion of the mineral j. In this study, thermal conductivity of quartz and kaolin clay

were assumed to be 7.5 W m™K™ (Chen, 2008) and 2.9 W m™K™" (Lee et al., 2012).

According to Equation 4.18, ksyiq Of sand-kaolin clay mixtures were calculated and shown

in Table 4-7. Thermal conductivity of water was assumed to be 0.61 W m™ K™ (Chen,

2008).
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Table 4-7 Thermal conductivities of solid and water in model prediction

Clay content (%) Ksotig (W m™K™) Kwater (W m™K™)
0 7.50
5 7.15
0.61
10 6.82
20 6.20

Figures 4-36, 4-37, 4-38, and 4-39 show the comparison of experimental data
and model prediction for different clay contents at dry density of 1.60 g/cms. In Figure 4-
36, it is shown that all of the predicted curves underestimated the thermal conductivity of
pure sand. However, the Zhang et al. (2015a) model showed the best agreement with
experimental data, compared with other models, because the effect of high quartz
content was taken into account in the model. The difference between measured and
predicted results from the Chen (2008) model at high moisture contents might be due to
the underestimation of the thermal conductivity of solids. The other three models could
not accurately predict thermal conductivity of quartz sands since the natural soils, tested
in their studies for model development, had relatively low quartz content. Predicted
thermal conductivity from the Zhang et al. (2015a) model became higher than measured
values for sand-kaolin clay mixtures, and the deviation increased with the increase in clay
content.

For the other four models, the model prediction slightly underestimated soill
thermal conductivities at c=5%, as shown in Figure 4-37, and the predicted thermal
conductivities agreed with the measured values at c=10%, except for Chen’s (2008)
model, as shown in Figure 4-38. In contrast, the predicted results were slightly higher
than the measured values at c=20%, as shown in Figure 4-39. It should be noted that the

Chen (2008) model always predicts relatively high thermal conductivity values at low
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moisture content level, and it comes close to the other three models as moisture content
increases. As reported in literatures (Lu et al., 2007; and Haigh, 2012), therma
conductivity of sands increases dramatically at low moisture contents because the
formation of water films around soil particles and water bridges among soil particles
reduces the thermal resistance and increases number of heat paths during heat transfer
process in sands.

As clay content increases, thermal conductivity of solids decreases because of
the reduction of quartz content, i.e., sand content. Thermal resistance among soil
particles also increases because sand grains are covered by fine clay particles with very
low thermal conductivity. Moreover, the formation of water films and bridges which
facilitates the heat transfer process, as occurs in sands, are not prominent. This is
because hydration is the dominating water-retention mode when clay soil is under high
matric suction or low moisture content conditions (Lu and Dong, 2015). The hydrated
water is located mostly on the soil particle surface or inside the mineral crystal structures
surrounding the exchangeable cations (Revil and Lu, 2013). Consequently, therma
conductivity of sand-kaolin clay mixtures decreases gradually with an increase in clay
content, and the change of thermal conductivity should be continuous as the clay content

varies.
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In order to consider the continuous change of thermal conductivity with clay
content, model parameters k in Cote’s and Konrad’'s (2005) model and a in Lu’s et al.
(2007) model were modified. The comparisons between experimental data and predicted
thermal conductivities from the modified Cote and Konrad (2005) model and the Lu et al.
(2007) model are shown in Figures 4-40 and 4-41, respectively.

In Figure 4-40, the best agreements between measured and predicted values
were attained when k equaled to 8, 5, 3 and 2.5 for ¢c=0%, 5%, 10% and 20%,
respectively. The suggested values of k are 4.5 for gravels and coarse sands; 3.55 for
fine and medium sands; 1.9 for silty soils, clayey soils, silts, and clays; and 0.6 for
organic fibrous soils, as provided by Cote and Konrad (2005). It was increased up to 8 for
quartz sands to account for the extremely high quartz content’s effect on soil thermal
conductivity. In Figure 4-40, the predicted thermal conductivities agreed with measured
values very well when a equals 1.15, 1.05, 0.95, 0.90 for c=0%, 5%, 10% and 20%,
respectively. Lu et al. suggested that the value of a is 0.95 for coarse soils and 0.27 for
fine-grained soils. Because the maximum fraction of kaolin clay was only 20% in this
study, the modified values of parameter a were very close to the above suggested value
(0.95) for coarse soils.

Furthermore, two identical exponential functions were employed to describe the
relationships between clay content and k and a, as depicted in Figures 4-42 and 4-43. It
was found that both k and a decrease with clay content, and the fitting curves were able
capture the continuous change of values of k and a, as well as the thermal conductivity of

sand-kaolin mixtures with clay content.
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4.5 Summary

Thermal conductivity is a fundamental physical property governing the heat
transfer process in soils. It is affected by both environmental and compositional factors,
such as moisture content, dry density, and the soil mineralogy component. This chapter
covers the thermal conductivity of quartz sands, sand-sand mixtures, and sand-kaolin
clay mixtures that were measured at different conditions.

Thermal conductivity of quartz sands increases with moisture content and dry
density, but the dry density effect is not very significant in this study. Higher quartz
content leads to higher thermal conductivity since, of all the soil minerals, quartz has the
highest thermal conductivity, Thermal conductivity is also affected by the water films and
water bridges formed between sand particles. The finer the sand patrticle is, the easier
the water films and water bridges form and the higher the thermal conductivity is. The
improved model (Zhang et al., 2015a) exhibits a high degree of accuracy in predicting
thermal conductivity of quartz sands.

From the study of sand-sand mixtures, it is concluded that, compared with coarse
sands, fine sands have lower thermal conductivity at dry conditions, but higher thermal
conductivity at low moisture content conditions because of the particle size effect. The
thermal conductivity of moist sands is much greater than dry sands, and it increases with
moisture content. The thermal conductivity of coarse sands increases to peak value by
increasing the fine sand content to critical fines content (F¢). F¢ is increased with a
decrease in di/d. value in the experiments, and it is also affected by the grain shape.

From the study on sand-kaolin clay mixtures, it's apparent that the thermal
conductivity of mixtures increases with both moisture content and dry density, but it
decreases as clay content increases in the mixtures. The critical clay content (C,) is

found to be equal to 10%. Five alternative soil thermal conductivity prediction models
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were also selected to predict thermal conductivity of mixtures. All the model predictions
exhibited either overestimation or underestimation for measured thermal conductivities as
the clay content varied. The Zhang et al. (2015a) model showed the highest prediction
accuracy for pure sands compared with other models. The Modified Cote and Konrad
(2005) model and Lu et al. (2007) model, which account for a continuous change of
model parameters k and a with clay content, can accurately predict thermal conductivity
of sand-kaolin clay mixtures and effectively guide the design of geothermal-related

structures.
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Chapter 5
Development of a Continuum Soil Thermal Conductivity Model
5.1 Introduction

As reported in previous literatures (Kersten, 1949; Johansen, 1977; Donazzi et
al., 1979; Gangadhara Rao and Singh, 1999; Cote and Konrad, 2005; Lu et al., 2007;
Chen, 2008; and Zhang et al., 2015a), many researchers have developed soil thermal
conductivity prediction models which were primarily based on the empirical fits to
experimental data of natural soils. For example, Kersten (1949) performed a series of
laboratory experiments to measure the thermal conductivity of 19 different types of soils
and proposed the empirical relationships between thermal conductivity and moisture
content and dry density. Johansen (1977) proposed the unique normalized thermal
conductivity concept that can be used to study the effects of soil types, porosity, degrees
of saturation, and mineral components on soil thermal conductivity through the k.-S,
relationship. He also presented some different k,-S, relationships for different soil types
and developed a new thermal conductivity model based on this concept. Cété and
Konrad (2005) further studied the thermal conductivity of soils and construction materials
and established a new k;-S, relationship, incorporating variable k and accounting for the
soil type effect. In addition, variables x and n, accounting for particle shape effect, were
also incorporated to calculate the thermal conductivity of dry soils. Lu et al. (2007)
conducted the thermal-TDR tests on 12 different natural soils ranging from sand, silts, to
loam or clay loam and proposed another k-S, relationship across the entire range of soll
moisture content to develop a thermal conductivity model.

There are also other empirical thermal conductivity models. Chen (2008)
developed a thermal conductivity model for sands with high quartz content. Zhang et al.

(2015a) improved Cote’s and Konrad’s (2005) model to provide more accurate thermal
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conductivity predictions for pure quartz sands. Donazzi et al. (1979) and Gangadhara
Rao, and Singh (1999) established the relationships between thermal resistivity and
porosity, degree of saturation, dry density, and moisture content, based on laboratory
experiments and resulting in a thermal conductivity model that can be derived according
to the reciprocal correlation between thermal conductivity and resistivity.

Due to the unavoidable gaps in measured thermal conductivities between any
two neighboring soil types in previous studies, the model prediction of soil thermal
conductivity may not agree with the actual values for some other types of soils, or soils
which lie in between two neighboring soil types. Moreover, the predicted thermal
conductivity might be discontinuous over the entire range of soil type. Another problem is
that the sand content was usually assumed to be the same as the quartz content, and
was used to calculate the thermal conductivity of solids, resulting in an overestimation of
soil thermal conductivity (Lu et al., 2007). Thus, a lack of data for quartz content is
another critical issue, hindering the successful application of the above models
(Furmanski 2013; Tarnawski et al., 2009).

On the other hand, various theoretical models for soil thermal conductivity
predictions are summarized as follows: Gemant (1950) attempted to derive an analytical
solution using finite-element method to determine thermal conductivity of lattice, but this
does not appear to have been widely used since. De Vries’ (1963) model was derived
from Maxwell's equations, and the weighted average thermal conductivity of each
constituent in the soil matrix was introduced into the model development. The
disadvantage of this model is the uncertainty of the soil field capacity, which is the limit
moisture content in determining whether water or air is the continuous media in soils.
Gori (1983) proposed a soil cubic model, considering the effects of water films and

bridges around soil particles on the heat transfer process, but the complexity of the
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formula limits future applications. Tong et al. (2009) studied the heat transfer process in
porous media and proposed a generalized thermal conductivity model, accounting for
many effects, but the dependence of parameters n; and n, on soil types was not clarified.
Haigh (2012) presented a thermal conductivity model for sands, based on three-phase
soil contact element. The model showed higher prediction accuracy than other models,
particularly for sands, but the applicability for other soil types still needs to be studied.

This chapter presents the development and validation of a new continuum soil
thermal conductivity model, considering the effects of porosity, degree of saturation,
guartz content, and soil types simultaneously. Laboratory experiments were performed
on pure quartz sand (> 99 % quartz content), kaolin clay, and sand-kaolin clay mixtures
in different proportions at different porosities and degrees of saturation, using the thermo-
TDR probe. The model was developed based on the normalized thermal conductivity
concept proposed by Johansen (1977), followed by the model validation for Kgn-n
(thermal conductivity of dry soils and porosity) and k,-S, relationships. The model
performance was also evaluated through the comparison of predicted thermal
conductivity with experimental data both from this study and other thermal conductivity
measurements from published literatures (Lu et al., 2007; and Chen, 2008).

5.2 Laboratory Experiments

The laboratory experiments were performed on sand, kaolin clay, and sand-
kaolin clay mixtures. ATSM-graded sand and kaolin clay were selected in the study
according to the physical properties of test materials presented in Chapter 4. The
experimental program is presented in Table 5-1, and the target dry density and degree of
saturation in the experiment were determined (shown in Table 5-2) based on compaction

curves of sand-kaolin clay mixtures with different mixing ratios (shown in Figure 4-23).
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The experimental setup is shown in Figure 3-17, and the method to determine soil
thermal conductivity was described in Chapter 3.

Table 5-1 Experimental program of sand, kaolin clay, and sand-kaolin clay mixtures

No 1 2 3 4 5 6 Gs
Content by Sand 100 95 90 80 70 0 2.65
dry weight,
(%) Kaolin 0 5 10 20 30 100 2.58

Table 5-2 Target dry density and degree of saturation in the experiment

Name Sand Sand-kaolin mixtures Clay
No 1 2 3 4 5 6
1.55 1.55 1.55 1.55 1.40 0.65
2, 1.60 1.60 1.60 1.60 1.45 0.68
(g/cm®) 1.65 1.65 1.65 1.65 1.50 0.71
1.70 1.75
0 0 0 0 0 0
0.1 0.1 0.1 0.1 0.3 0.3
S, 0.2 0.2 0.2 0.25 0.4 0.4
0.25 0.25 0.3 0.5 0.5 0.6
1 1 1 1 1 1
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5.3 Experimental Results and Discussion

5.3.1 Measurements of Thermal Conductivity and Porosity

Figure 5-1, 5-2 and 5-3 show the relationships between thermal conductivity and
porosity for sand, kaolin clay and sand-kaolin clay mixtures. It is evident that thermal
conductivity increased with a decrease in porosity at each degree of saturation level.
Moreover, the excellent linear trends between thermal conductivity and porosity in semi
logarithmic scale were found for all the soil samples, which is consistent with Chen’s
(2008) study. Another feature is that thermal conductivity converged to a unique value at
y axis as porosity decreased to zero, and such value was different for different clay
mixing ratios. This is because thermal conductivity of soils is actually the thermal
conductivity of solids when the soil porosity equals zero, and it is strongly dependent on
quartz content (i.e., sand content) in mixtures due to the highest thermal conductivity of

quartz compared with all the other soil minerals.
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5.3.2 Measurements of Thermal Conductivity and Degree of Saturation

Figures 5-4, 5-5, 5-6, 5-7, 5-8, and 5-9 show the relationships between thermal
conductivity and degree of saturation. It is indicated that thermal conductivity increases
with an increase in degree of saturation at each porosity level. The thermal conductivity
increase was greater at a low degree of saturation in pure sand than in other samples.
However, this increment decreased gradually, as the clay content increased.
Furthermore, there was a linear increase of thermal conductivity with degree of saturation
when clay content increased up to 30%. This is mainly attributed to the effects of particle
size and quartz content on thermal conductivity. In sand, water films and bridges are
more likely to be formed among soil particles to facilitate the heat transfer process and
improve the thermal conductivity at low degrees of saturation. The subsequent slight
increase in thermal conductivity of sand is due to the increase in thermal conductivity of
pore fluid as more voids are replaced by water. In contrast, the moisture is distributed
more uniformly as the clay content increases in mixtures, and the “effects of water films
and bridges on thermal conductivity do not extend over the entire range of degree of
saturation. This is also because hydration is the dominating water-retention mode when
clay soil is under high matric suction or low moisture content conditions (Lu and Dong,
2015). The hydrated water is located on the soil particle surface or inside the mineral
crystal structures surrounding the exchangeable cations (Revil and Lu, 2013). Another
reason is that the decrease in quartz content results in a reduction of thermal conductivity
of solids and then the thermal conductivity of soils. For pure clay, the linear trend
between thermal conductivity and the degree of saturation was also very obvious, but the
thermal conductivity decreased dramatically more than the other samples because of the
relatively low thermal conductivity of solid phase (i.e.,. kaolin clay) and high porosity of

clay samples.
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5.4 Model Development
5.4.1 Framework of Normalized Thermal Conductivity
The normalized thermal conductivity proposed by Johansen (1977) can be

expressed as follows,

k —k
k. :ﬁ (5.1)
“ky,

sat

where K; is the normalized thermal conductivity, kqy and ks, are the thermal conductivities
of soils at dry and fully saturated conditions, respectively, W m?K™. Then, establishing a
k-S; relationship enables the study of the effects of porosity, moisture content, and soil
mineral component on thermal conductivity in a unique way because of the unique
relationship for a given type of soil (C6té and Konrad, 2005). The lower and upper

bounds of this relationship are given as follows,

Lower limit condition: S, =0 —>k, =0
Upper limit condition: S, =1 —> Kk, =1

Thus, soil thermal conductivity can be calculated from Equation 5.1, as given

below,

k=K, x (K —ky) +Ky 5.2)

dry
The simplest expression for calculating the thermal conductivity of saturated soils

had been widely used as follows, (Sass et al., 1971),
_ " 1-n
ksat - kwater solid (5.3)
Cote and Konrad (2005) proposed a generalized thermal conductivity model for

soils and construction materials in a wide range of soil types, porosity, and degree of

saturation. The generalize k-S, relationship they provided is as follows,
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KS,

K = %o
T (x-S, =4

where - is an empirical parameter accounting for the soil type effect in the unfrozen and
the frozen states. The values of - are 4.7 and 1.8 for the unfrozen and the frozen state,
respectively. The relationship between thermal conductivity of dry soils and porosity in

the Cote and Konrad (2005) study is given as follows,

Koy = 21077 (5.5)
where x and n are material parameters accounting for the particle shape effect; and n is
the porosity of dry soils.

5.4.2 Model Formulation

Figure 5-10 shows the normalized thermal conductivity and degree of saturation
for sand, kaolin, and sand-kaolin clay mixtures. According to Equation 5.4, different «
values were obtained for different quartz (sand) contents by fitting the experimental data.
It was found that k was equal to 8 and 1.2 for pure sand and pure kaolin clay,
respectively, and it was in between the above two values for sand-kaolin clay mixtures
with k increased as quartz (sand) content increased. Moreover, according to Equations
5.1 and 5.2, a higher k value leads to higher soil thermal conductivity, with kg and Ky
remaining constant for any given soil at certain porosity level. Thus, soil thermal
conductivity increased with quartz (sand) content, which also conformed to the previous
experimental results. Considering the dependence of k on quartz (sand) content, an
exponential function was adopted to describe the relation between - and quartz (sand)
content, which is shown in Figure 5-11. Substituting this relation into Equation 5.4, a new

k.-S; relationship was proposed as follows,
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_ (2168x10° xexp(x/7.903) +1.252)S,
" 1+(2.168x107° xexp(x/7.903) +0.252)S

(5.6)
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where x is the quartz (sand) content, %.
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Figure 5-10 Normalized thermal conductivity (k,;) and degree of saturation (S;)
Based on the collection of the experimental data of soil samples, the thermal
conductivity and porosity of sand, kaolin clay, and sand-kaolin mixtures under dry
condition is shown in Figure 5-12. The slope (k) and intercept (c) of the linear trends
between thermal conductivity and porosity in semi logarithmic scale were changed with
quartz (sand) content. Pure sand showed the highest intercept and the lowest slope,

whereas pure clay showed the lowest intercept and the highest slope.
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All the other thermal conductivity measurements of sand-kaolin clay mixtures
were in between the two linear lines depicted above. Comparing Equation 5.5 with
experimental results, as shown in Figure 5-12, it is inferred that the absolute value of k is
equal to n, and c is equal to x. In Figure 5-13, the relationships between slope (k),
intercept (c), and quartz (sand) content were shown, and two identical exponential
functions were used to describe these relationships, with both R? values were very close
to unit. Therefore, thermal conductivity of dry soils can be formulated according to

Equation 5.5, which is expressed as follows,
Ky =(1.216x10°° xexp(x / 6.599) + 3.034) x 10U 00 ACEDLHPY (5 )

According to Equation 5.3, thermal conductivity of saturated soils can be

calculated as,

o =Ko (2K 6

water quartz " “kaolin
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where Kquar, is assumed as 7.5 W m™K™* (Chen, 2008); and kyain is assumed as 2.9 W m’
'K (Lee et al., 2012).

A continuum thermal conductivity model can be formulated.by substituting
Equation 5.6, 5.7, and 5.8 with Equation 5.2, introducing a new variable x to consider the
effects of quartz (sand) content and soil types on soil thermal conductivity. Model

predictions and validations will be presented in the following sections.
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Figure 5-12 Thermal conductivity and porosity of sand, kaolin clay, and sand-kaolin clay

mixtures under dry condition
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Figure 5-13 Relationships between slope (k), intercept (c), and quartz (sand) content

5.4.3 Model Prediction

Figure 5-14 shows the predicted thermal conductivity with degree of saturation
for different porosities at 90% quartz (sand) content. The model predictions matched the
experimental results (i.e., Figures 5-4 to 5-9) reasonably well. Lower porosity leads to a
higher thermal conductivity at each degree of saturation because the heat transfer
process is facilitated by an increase in the number of interparticle physical contact points
in soils, as porosity reduces. Figure 5-15 shows the predicted thermal conductivity with
degree of saturation for different quartz (sand) contents at porosity equal to 0.4. It is
observed that thermal conductivity increased as quartz (sand) content decreased under
dry condition, which also conformed to the experimental results shown in Figure 5-12.
This can be explained by the fact that more voids in soils are occupied by fine clay
particles to form more interparticle contacts as clay content increases, resulting in an

increase of thermal conductivity of soils. Moreover, although the thermal conductivity of
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clay particles is smaller than sand grains, it is still greater than that of air, and such
newly-formed interparticle contacts will reduce the thermal resistance at original
interfaces between sand grains and air, and will improve soil thermal conductivity.
Conversely, , the thermal conductivity increased as the quartz (sand) content increased
under moist conditions because of the quartz content’s effect on soil thermal conductivity.
In Figures 5-14 and 5-15, the model predictions not only matched the experimental
results, but also accurately reproduced the characteristics of thermal conductivity
variations with degrees of saturation for different porosities of quartz (sand) contents over

the entire range of soil moisture content.

Thermal conductivity, k (W m"K")

vartz (sand) content, 90%
Q (sand) : |
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Degree of saturation, S_

Figure 5-14 Predicted thermal conductivity with degree of saturation for different

porosities at x=90%
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Figure 5-15 Predicted thermal conductivity with degree of saturation for different quartz
(sand) contents at n=0.4

5.4.4 Model Validation
5.4.4.1 Validation for kg4-n Relationships

Figure 5-16 shows the comparisons of predicted thermal conductivity of dry soils
for different quartz (sand) contents with experimental data from published literatures
(Coté and Konrad, 2005; Johansen, 1977; Kersten, 1949; Smith and Byers, 1938; and
Smith, 1942). Since the exact quartz contents of soil samples in the literatures were not
clarified, the model predictions did not agree with experimental data very well. It was
observed that the predicted thermal conductivities were slightly higher than the measured
values for crushed rocks and natural mineral soils. This is mainly because of the
extremely high quartz content of sands in this study. Assuming the quartz content in peat
equals zero, the predicted thermal conductivities were still greater than the measured

values because of the differences in mineral components between kaolin clay and peat.
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Peat consists of a large amount of organic matter that has lower thermal conductivity
than the anhydrous aluminum silicate in kaolin clay. However, the model prediction of
thermal conductivity variations with porosity and quartz (sand) contents under dry

condition still agreed with experimental data.
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Figure 5-16 Comparison of predicted thermal conductivity of dry soils for different quartz
(sand) contents with experimental data (Smith and Byers, 1938; Smith, 1942; Kersten,
1949; Johansen, 1977; and Cote and Konrad, 2005)

5.4.4.2 Validation for k,-S; Relationships

Figures 5-17 and 5-18 show the comparison of k.-S; relationships between the
present model and Kersten (1949) data from different soil types. In Figure 5-17, the k,-S;
relationship was depicted at quartz (sand) content equal to 100%, according to Equation
5.6, and it showed very good agreement with Ottawa sand and crushed quartz at low
degrees of saturation. But the model overestimated the k; value for the other three sands

(i.e., Northway fine sand, Norway sand and Lowell sand) at high degree of saturation.
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This is because these sands have different quartz contents: Ottawa sand and crushed
guartz have the highest quartz content of 90%-100%, which is close to the quartz content
(i.e., 100%) in the model prediction; whereas Lowell sand has quartz content of 43%-
72%; and Northway sand and Northway fine sand contain only 10% quartz. In Figure 5-
18, two k-S; relationships were depicted at quartz (sand) content equal to 85% and 0%,
respectively. Although the exact quartz contents of silty soils, clayey soils, silts and clays
in Kersten’s (1949) study were not clarified, the k,-S, relationship at x=0% (i.e. pure clay)
also defined a lower boundary through the comparison with the experimental data. In
addition, the k-S; relationship at x=85% defined an upper boundary for all the
experimental data which laid in between x=0% and x=85%. Consequently, the k;-S;
relationship proposed in this study can effectively capture soil characteristics with respect

to normalized thermal conductivity concept over a wide range of soil types.
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Figure 5-17 Comparison of k;-S, relationships between present model and ‘s (1949) data

for medium and fine sands
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(1949) data for silty soils, clayey soils, silts, and clays

5.4.4.3 Validation for Thermal Conductivity Predictions

Figures 5-19, 5-20, and 5-21 show the comparisons of predicted thermal
conductivity with measured values from the present study, Lu’s et al. (2007) study, and
Chen’s (2008) study. In Figure 5-19, the predicted thermal conductivities were found to
be in good agreement with the measured values from this study, with a difference of only
10%. Due to the uncertainty of quartz contents of soil samples in Lu’s et al. (2007) study,
the sand content was assumed to be identical to the quartz content in the model
prediction. The predicted results did not match the measure values very well, and the
deviation was around 15%, as shown in Figure 5-20. In Figure 5-21, the model prediction
agreed with Chen’s (2008) data with the deviation of 15%. All the soil samples in Chen’s
(2008) study were sands with quartz content of around 99%, and this value was used in

the model prediction. Although the quartz contents of soil samples were determined
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precisely in this case, the existence of a slight difference between predicted and
measured values was probably because of the effects of particle size distribution and
particle shape on sand thermal conductivity. However, the model can be used to predict

soil thermal conductivity with at least an 85% confidence level.
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5.5 Summary

Soil thermal conductivity is of great importance in the exploitation and utilization
of geothermal energy, as well as in the design of geothermal-related structures such as
energy piles, ground source heat pumps (GSHP, and borehole thermal energy storage
(BTES). In this chapter, a new continuum soil thermal conductivity model was proposed,
based on a series of laboratory experiments on sand, kaolin clay, and sand-kaolin clay
mixtures in different proportions, using the thermo-TDR probe. The major conclusions
drawn in this chapter are detailed below.

Due to the considerable effect of quartz content on soil thermal conductivity, a
fine-graded sand with known quartz content was selected to perform the laboratory
experiments. The model proposed by empirical fits to experimental data incorporated
quartz (sand) content as a variable and provided a precise prediction for thermal
conductivity of solids in soils. It will further improve the prediction accuracy of overall
thermal conductivity of soils, particularly when the quartz content of soils is known.

The effect of soil type on thermal conductivity was also taken into account from
the change in sand (quartz) content in sand-kaolin clay mixtures. Since the sand content
was assumed to be the same as quartz content in this study, there was no need to
introduce other parameters. The model prediction of soil thermal conductivity was
continuous over the entire soil type range, which filled the gaps of predicted soil thermal
conductivity from other soil thermal conductivity models between any two neighboring soil
types. It should be noted that the model validation for thermal conductivity prediction
might not be adequate due to the lack of quartz content data of soil samples in previous
literatures, but the predicted thermal conductivities were still found to be in good

agreement with experimental data with at least 85% accuracy.
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Chapter 6
Design and Evaluation of a Moisture/Suction TDR Probe
6.1 Introduction

Soil water characteristic curve (SWCC) is an important soil property under
unsaturated conditions. It presents the relationship between the moisture content (i.e., w
or 8) or degree of saturation (S,) of soils and matric suction (). As described in Chapter
2, several the of the most commonly used methods in the laboratory to obtain the SWCC
of soils include filter paper method, pressure plate method, Tempe pressure cell method,
and TDR probe method. However, in situ determination of SWCC is still difficult. Soil
matric suction is often measured by a tensiometer in situ, but its measuring range is
limited to y > -85 kPa (Cassel and Klute, 1986). Thermocouple psychrometry can be
used to measure matric suction in a wide range, but it is very sensitive to temperature
changes (Rawlins and Campbell, 1986). Thus, all previous methods may not be suitable
for in situ measurements of matric suction and soil moisture content.

Noborio et al. (1999) indicated that measuring water, thermal, or electrical
properties of a constructed porous medium equilibrated with surrounding soil is another
attempt to indirectly measure soil matric suction. For specific ranges of water potential,
the heat dissipation method, the filter paper method, or the gypsum block electrical-
resistance method may be used in the laboratory and in the field (Campbell et al., 1986).

The TDR technique has been used successfully to measure soil moisture
content, both in the laboratory and in situ (Yu and Drnevich, 2004). Baumgartner et al.
(1994) and Whalley et al. (1994) attached porous materials functioning as tensiometers
to the end of hollow electrodes of the TDR probe for simultaneous measurements of soil

moisture content and matric suction. But the TDR probe has the same limitation as the
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tensiometer does, which is the need to supply water to and the limited measuring range
for gy > -85 kPa.

Moreover, the TDR technique had been applied to a commercial product for
estimating y values by measuring the dielectric constant (K,) of an equilibrated porous
medium (e.g. Equitensiometer, Delta-T Devices, Cambridge, England). Hence, an
additional probe for moisture content measurement may be needed in order to measure a
wider range of soil moisture contents and matric suctions simultaneously.

This chapter presents the design and evaluation of a moisture/suction TDR
probe. The design and fabrication of the moisture/suction TDR probe was first introduced,
then, the calibration of the probe was accomplished by a pressure plate test to establish
the relationship between the matric suction and the dielectric constant (K,) of a gypsum
block. The evaluation of the probe was conducted by three tests: staged-drying test for
validating the accuracy of measured soil moisture and matric suction by comparing it with
other methods, and absorption and desorption tests for studying the response and
equilibrium time of the gypsum block.

6.2 Design and Fabrication of Moisture/suction TDR Probe
6.2.1 Design of Moisture/suction TDR Probe

As described in Chapter 3, the impedance of a transmission line is a function of
the spacing of the diameter of the probe in addition to the dielectric constant of the
medium where the probe is installed. In addition, the location where a discontinuity is
observed in a transmission line due to the change of spacing or diameter of the probe
can be detected in reflected TDR waveforms (Davis, 1975). The impedance for a two-
probe transmission line can be approximated by the following equation provided by Kraus

(1984),

Z =(120/ K ) In(s/ d) (6.1)
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where K is the dielectric constant of a material surrounding the transmission line, s is the
spacing the two probes, and d is the diameter of the probes.

Figure 6-1 shows the schematic of the moisture/suction TDR probe in this
research. There are two parts in the design. The two probes with a diameter of 2 mm and
spacing of 25 mm in the top part are used to measure soil moisture, and the probes with
the same diameter but smaller spacing of 5 mm, and covered by gypsum block of 25 mm
x 25 mm x 50 mm in the bottom part, are for the matric suction measurement. It is noted
that the design can distinguish reflections from the interface between different spacings
of the two probes because the impedance is large enough in a full range of soil moisture
contents. The gypsum block is made by the mixture of lab plaster and tap water in the
laboratory. The fabrication of the probe will be introduced in the following section.

Knight (1992) and Petersen et al. (1995) suggested that a ratio of probe spacing
to probe diameter should be greater than 0.02 to 0.1 to avoid concentrating the sensing
volume in the surrounding space of the probe. The design of this probe meets the above
requirements with ratios 0.08 and 0.4 for the top part and bottom part, respectively.
Petersen et al. (1995) indicated that the distance between the TDR probe and the surface
should be greater than 10, 15, and 20 mm for probes with spacing of 10, 20 and 50 mm,
respectively, in order to avoid effects of incidents occurring on or near the soil surface on
TR measurement. Moreover, the distance between the probe in the gypsum and the
nearest gypsum surface is 10 mm, which is large enough to involve all the
electromagnetic energy according to the recommendation in the Petersen et al. (1995)
study. Consequently, the design can satisfy the main design criteria based on the

previous studies.
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Figure 6-1 Schematic of moisture/suction TDR probe

6.2.2 Fabrication of Moisture/Suction TDR Probe

According to the design in Figure 6-1, the fabrication processes were as follows:
(1) Two stainless probes with diameters of 2 mm were used. The total length of the probe
was 82 mm, and it was bent in the shape shown in Figures 6-1 and 6-2. The pointed tip
was also made for the two probes to disturb the soil as little as possible during the
insertion process. (2) The two probes were clamped into a prefabricated Teflon mold, as
shown in Figure 6-3. The probes were placed in the center of the mold and kept parallel
to each other; (3) A Teflon spacer was used to clamp the probes outside the mold to fix
the probe spacing (i.e., s = 25 mm), as shown in Figure 6-4. (4) One coaxial cable was
taken, and the outer insulation layer was stripped to make the inner and outer wires
exposed, with length of only 3 mm for both of them. The two wires were then soldered to
the two probes at the top end by point contact, as shown in Figure 6-5. (5) The lab plaster
was mixed with tap water in a ratio of 30 mL of water to 50 g of the lab plaster. The slurry

of the lab plaster was then poured into the Teflon mold where the two probes were
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placed in the center, as shown in Figure 6-6. The slurry was also stirred in the mold by a
thin steel rod to remove as many air bubbles as possible. (6) The slurry was solidified
and became hard with curing time. The Teflon mold and spacer were taken apart after 24
hours, and the moisture/suction TDR sensor was completed, as shown in Figure 6-7. (7)
The surface of the gypsum block and the spacing between the two probes outside of the
gypsum were examined. (8) The probe was left at room temperature (23-24°C) for

several days until the solidification process inside the gypsum block was completed.

Figure 6-2 Photo of two steel stainless rods with diameter of 2 mm
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Figure 6-3 Photo of two rods clamped into a Teflon mode
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Figure 6-4 Photo of the spacer at the probe end
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Figure 6-5 Coaxial cable was connected to the rods by soldering

Figure 6-6 Casting of gypsum block
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Figure 6-7 Completed moisture/suction TDR probe

6.3 Calibration of Moisture/Suction TDR Probe

The suction of gypsum was measured and assumed to be equal to the suction in
the surrounding soils after the suction was equilibrated between the gypsum and the
soils. As is well known, the suction is directly related to the moisture content, and the
moisture content determines the dielectric constant (K,), which can be estimated by the
TDR technique with the help of the two probes embedded in the gypsum block. Thus, the
goal of the calibration of the probe is to establish the relationship between K, and the
suction of the gypsum block for future suction measurements.
6.3.1 Determination of Reflection Points

Differing from the thermo-TDR probe, there are supposed to be three reflection
points observed in the reflected TDR waveforms since the spacing of the two probes is
suddenly changed at the interface between the gypsum block and the probes. However,

the determination of the reflection points may become a little complicated for this
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moisture/suction TDR probe. Hence, several simple tests were performed to illustrate the
way to determine the locations of all the reflection points.

Two different types of experiments were conducted for the dry and saturated
gypsum, respectively. The gypsum block was dried out at room temperature, and the
TDR waveforms were collected under four scenarios: the probe was exposed in the air;
only the probe was inserted into water, dry Ottawa 20/30 sand, and moist Ottawa 20/30
sand with moisture content of 1%, respectively. Then, the gypsum block was saturated in
tap water for 24 hours, and the above tests were repeated. The reflected TDR waveforms
of the dry and saturated gypsum are shown in Figures 6-8 and 6-9, respectively.

Figure 6-8 shows that the three reflection points were observed very clearly in
water (i.e., red curve), but it was not easy to determine the second and the third reflection
points for other scenarios. In addition, the K, of water was around 79.8 from the
calculation n, which was very close to the actual value (i.e., 81 at 20°C). However, it was
obvious that the signal was shifting to the right as the moisture content of the medium
increased where the probe was inserted. Thus, the second and the third reflection points
could eventually be determined through the comparison. In Figure 6-9, the similar pattern
is also observed for the four scenarios. The location of the first reflection point was not
changed for saturated gypsum, whereas both the second and the third reflection points
shifted to the right, with the distance between the two points remaining constant (i.e., the
calculated K, of water was the same as shown in Figure 6-8). Moreover, the calculated
Ka of gypsum was increased due to the increase in its moisture content. The two figures
can be used as the reference to determine reflection points of the probe for future
applications because the TDR waveforms under other conditions are supposed to lie in

between that in air (i.e., black curve) and that in water (i.e., red curve).
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Figure 6-9 Typical reflected TDR waveforms of saturated gypsum block
2 Materials and Methods

The pressure plate test was employed to obtain the calibration relationship

between K, and the suction of gypsum block. The picture of the experimental setup is

shown in Figure 6-10. The specific testing procedures were as follows. (1) The gypsum,

along with the probe, was saturated in tap water for 24 hours, and the weight was
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measured; The ceramic plate, with air entry value of 15 bars, was also saturated
according to ASTM standard D6836. (2) The saturated gypsum block and ceramic plate
were transferred into the pressure plate chamber, as shown in Figure 6-11. The effluent
tube connected to a burette was filled with water and connected to the chamber, then the
chamber was closed. (3) Air pressure of 7.5 bars was applied to the chamber, and the
volume change of water in the gypsum block was monitored every day. (4) The effluent
tube was removed when the volume change of water was less than one line per day, and
the air supply was then stopped. (5) The chamber was opened, the probe was taken out
and weighed again. The coaxial cable was connected to the Campbell Scientific TDR 100
to collect the reflected TDR waveform. (6) The above testing procedures were repeated

under other air pressure levels, i.e., 4.0, 2.0, 1.0, 0.8, 0.5, 0.3, 0.1 bars.

Figure 6-10 Photo of experimental setup of pressure plate test
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Figure 6-11 Moisture/suction TDR probe in the chamber

6.3.3 Results and Discussion
The dielectric constant of gypsum and soil were determined (Baker and Alimaras,
1990) by,

K, =(L /L) (6.2)

K,s = (L /L) (6.3)
where K, 4 and K, are the dielectric constant of gypsum and soil, respectively; L, 4 is the
apparent length of gypsum, which is the distance between the first and the second
reflection point in TDR waveforms; L, is the apparent length of soil, which is the distance

between the second and the third reflection point in TDR waveforms; L is the probe

length, i.e., 0.0405m.
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Figure 6-12 depicts the reflected TDR waveforms under different suction levels
from the pressure plate test. The symbol “Saturated” refers to the saturated gypsum
block, and the corresponding TDR waveform was taken with the probe exposed in the air.
It is evident that the signal was shifting to the right as the suction decreased, and the K,
of gypsum was increased as a result since the distance between the first and the second
reflection point was increased. This is because the higher suction causes more moisture
loss in the gypsum block; therefore, its K, is going to be decreased.

Table 6-1 shows the summary of the pressure plate test, including the moisture
loss, volumetric moisture content, the corresponding K, of gypsum block at equilibrium,
and the equilibrium time under each suction level. It should be noted that the initial
volumetric moisture content of gypsum is 0.6, which was estimated by the change in
weight under dry and fully saturated conditions. As suction increased, the moisture loss
and the equilibrium time were increased, whereas the volumetric moisture and K, of the

gypsum block were decreased.
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Figure 6-12 Reflected TDR waveforms in pressure plate test
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Table 6-1 Summary of pressure plate test

Suction Moisture loss Volumetric moisture Equilibrium Dielectric
(bar) (9) content (6) time (day) constant (Kj,)
0 0 0.600 0 24.25
0.1 0 0.600 1 23.26
0.3 0.02 0.599 2 22.83
0.5 0.08 0.597 2 21.78
0.8 0.11 0.596 2 19.75
1 1.26 0.560 6 16.01
2 3.35 0.493 8 11.11
4 8.60 0.325 9 7.12
7.5 9.50 0.296 10 5.98

Volumetric moisture content was plotted against matric suction, as shown in
Figure 6-13. Similarly, the dielectric constant was plotted against the matric suction, as
shown in Figure 6-14. Van Genuchten (1980) proposed a smooth, closed-form, three-

parameter model for the soil-water characteristic curve in the form:
m
0=0+(, —Hr)x[1/(1+at//)n} (6.4)

where a, n, and m are fitting parameters. The mathematical form of the VG model
accounts for an inflection point and allows greater flexibility than other models over a
wider range of suction, and better captures the sigmoidal shape of typical curves.
Moreover, the smooth transitions at the air-entry pressure and for suction approaching
the residual condition are more effectively captured (Hoyos, 1998).

Using Equation 6.4 to fit the experimental data of volumetric moisture content
and matric suction, as shown in Figure 6-10, it is found that the R? value was very close

to the unity. The values of the fitted parameters are 6,=0.603; 6,=0.294; a=0.001;
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n=2.111; m=12.969, respectively. Since the dielectric constant is directly related to the
volumetric moisture content, the following equation, which is similar to van Genuchten’s
(1980) equation was used to fit the data of K, and matric suction, as shown in Figure 6-

14.
Ko =Ky +(Ky =K ) x[1/(1+ay) | (6.5)

where K,s and K, are dielectric constant at near saturation and residual water contents,
respectively. The values of the fitted parameters are K,s=23.022; K,=3.648; a=0.015;
n=4.524; m=0.198, respectively. It is obvious that the fitted curve can capture the
characteristics of the relationship between K, and matric suction very well, and it will be
used as the calibration equation for future suction measurements. However, the
measuring suction range of this probe is supposed to be limited from 10 to 750 kPa,
which can be extended to a higher suction range by using other methods (e.g., filter

paper method).

— v ——
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0.7 F — Van Genuchten (1980) equation 7]
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06 T ) —
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Figure 6-13 Volumetric moisture content and matric suction

214



¢ P —— ———r——]
® Experiment data
Van Genuchten (1980) equation

25 |- i
K, =K, +(K,-K,)x[1/(1+(ay)"]" |

- R*=0.99 |
_15f .

10 | K, =3.648

K, =23.022
a=0.015
5 il
n=4.524
m=0.198
ol : P O W N | . P W
10 100 1000

Matric suction, kPa
Figure 6-14 Dielectric constant and matric suction
6.4 Evaluation of Moisture/Suction TDR Probe

This section presents the evaluation of the moisture/suction TDR probe for soil
moisture content and suction measurement. Three different experiments on silty sand
were conducted, including staged-drying test, absorption test, and desorption test to
evaluate the performance of the probe under low-to-medium matric suction range. The
accuracy and reliability of the probe were validated against other suction measurements
in previous studies.
6.4.1 Materials and Methods

The test soils were classified as silty sand (SM) according to the Unified Soll
Classification System (USCS). The specific gravity test was conducted to obtain the
specific gravity of the soil solids. Atterberg limit tests, conducted passing #4 fraction,
classified the soil as non-plastic. The gradation curve of the silty sand is shown in Figure

6-15. The compaction curve obtained from standard proctor test (ASTM D698) is shown
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in Figure 6-16.It was found that the maximum dry density of the silty sand was 1.875
g/cm®, and corresponding optimum moisture content was 12.2%. The soil water
characteristic curve (SWCC) of the silty sand was obtained by the Tempe cell test at
maximum dry density, as shown in Figure 6-17. All the soil properties are listed in Table
6-2.

Table 6-2 Soil properties and grain sizes of silty sand (Patil, 2014)

Sand (%) 55
Silt (%) 37
Clay (%) 8
Specific gravity, G 2.67
USCS classification Silty sand (SM)
Maximum dry unit weight, pgmax (g/cm®) 1.87
Optimum moisture content, w (%) 12.2

100 i

USCS Classification:
Silty Sand (SM)

Sand = 55%
Silt = 37%
Clay = 8%

60 |—

40 |-
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20 =
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=

Figure 6-15 Gradation curve of silty sand (Patil, 2014)
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Figure 6-17 Soil-water characteristic curve for silty sand (Patil, 2014)
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Three different tests can be conducted to evaluate the performance of the probe:
staged-drying test, absorption test, and desorption test. The staged-drying test measures
the soil suction at different moisture contents and compares the results with the suction
measurements by the Tempe cell method in Patil’'s (2014) study. It is emphasized that
the dry density of the sand specimen in this study is 1.875 g/cms, which is the maximum
dry density of the silty sand and the same as that in Patil's (2014) study. In the meantime,
the calibration relationship between K, and the soil moisture content can be established
for future moisture content measurement. The absorption and desorption tests can study
the equilibrium time of the gypsum block in sand specimen for suction measurement.
Figure 6-18 shows the schematic of the experimental setup. Figures 6-19 and 6-20 show
the pictures of the sand specimen and the experimental setup.

The specific testing procedures of the staged-drying test are described as
follows. A PVC mold with an inner diameter of 100 mm and height of 120 mm was
prepared, and a hole with a diameter of 14.22 mm was drilled on the side wall of the PVC
mold, 40 mm from the bottom. The height of the sand specimen in the mold was set as
80 mm (shown in Figure 6-18).

(1) The dry silty sand was thoroughly mixed with tap water. The target moisture content
of the sand specimen was 12.2% (i.e., the optimum moisture content, as shown in
Figure 6-16).

(2) The predetermined mass of moist silty sand was poured into the mold and
compacted to form the first layer (i.e., 40 mm thick) of sand specimen with dry density
equal to 1.875 glcm®.

(3) The moisture/suction TDR probe with the dry gypsum block was placed on the top
surface of the sand specimen horizontally, and the coaxial cable was allowed to go

through the hole on the side wall of PVC mold.
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The probe, along with the gypsum block, was covered by the second layer of 40 mm
thick compacted silty sand.
Heat and moisture insulation foam was used to seal the gap between the hole and
coaxial cable to avoid moisture exchange between the atmosphere and sand
specimen, as shown in Figure 6-19.
A plastic cover was used to wrap the PVC mold at the top surface. Then, the TDR
waveforms were collected continuously for 48 hours at moisture content of 12.2%.
The plastic cover was removed, and the sand specimen was placed on an electronic
scale. A mechanical fan was used to dry the specimen until the moisture content was
reduced to 9%.
The plastic cover was again used to cover the specimen, and the specimen was left
for another 24 hours at room temperature.
The TDR waveforms were again collected at w=9% for 48 hours, and the test was
repeated at 6% and 3%.

The testing procedures of absorption and desorption test were as follows.
After the staged-drying test, the total moisture loss of the sand specimen was 91.7 g.
Then, the same amount of tap water was poured into the mold to start the absorption
test, and the specimen was wrapped by the plastic cover.
The TDR waveforms were then collected continuously for 90 hours.
After the adsorption test, the mechanical fan was again used to dry the soil
continuously for 400 hours, and the TDR waveforms and weight of the specimen

were again collected at 1 hour to 150 hour intervals.
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Figure 6-18 Schematic of experimental setup of staged-drying test, absorption and

desorption tests
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Figure 6-19 Photo of test silty sand in desorption test
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Figure 6-20 Photo of experimental setup

6.4.2 Results and Discussion
6.4.2.1 Staged-Drying Test

Figures 6-21, 6-22, 6-23, and 6-24 show the reflected TDR waveforms in the
staged-drying test at four different moisture contents (12.2%, 9%, 6%, and 3%). It was
found that the signal did not vary with time at moisture content of 9%, 6%, or 3%. At
moisture content of 12.2%, the first reflection point remained at the same location, but the
second and the third reflection points shifted toward the right with time, as shown in
Figure 6-21. At the beginning of the test, the dry gypsum block absorbed the moisture
from the surrounding soils because of the large difference in moisture content between
them. As a result, the TDR waveforms varied with time. After drying the specimen by the
mechanical fan, the specimen was left for 24 hours, and then the TDR waveforms were
collected. In Figures 6-22, 6-23, and 6-24, the unchanged TDR waveforms revealed that

the moisture between the gypsum block and the surrounding soils was supposed to be
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equilibrated all the time during the testing period of 48 hours. It is also inferred that the
suction equilibrium between the gypsum block and soils had been attained before taking
the TDR waveforms for moisture content of 9%, 6%, and 3%. In addition, the equilibrium

time at w = 12.2% will be discussed in the following sections.
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Figure 6-21 Reflected TDR waveforms at w = 12.2% in staged-drying test
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Figure 6-22 Reflected TDR waveforms at w = 9.0% in staged-drying test
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Figure 6-24 Reflected TDR waveforms at w = 3.0% in staged-drying test

According to Equations 6.2 and 6.3, the dielectric constants of gypsum block

(i.e., K1) and soils (i.e., Ky2) can be calculated from the TDR waveforms. The variations

of Ky and Ky, with time are depicted in Figures 6-25 and 6-26. It is obvious that the

increase in K,; was significant in the first 7-8 hours, and then became gradual at w =

12.2%, while it was almost constant at w = 9%, 6%, and 3%. Another feature is that the
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Ka1 was not reduced considerably from 12.2% to 9%, but it dropped dramatically from 9%
to 6%, as well as from 6% to 3%. This is probably because the higher matric suction,
induced by the drying process, caused more moisture loss in the gypsum block, resulting
in a big decrease in K,; as well.

In Figure 6-26, K, did not vary too much for the whole testing period. A small
fluctuation was observed in the beginning of the test, which was mainly caused by a
disturbance from the environment. It was also proven that the moisture in the specimen
at each target moisture content was uniformly distributed before collecting the TDR
waveforms. The calculated K, and the actual moisture content can be used to establish
the calibration relationship for future moisture content measurements for this silty sand.

According to the calibration equation shown in Figure 6-14, the suction of the
gypsum block was calculated and plotted against time, as depicted in Figure 6-27. It is
indicated that the suction continuously decreased with time at w = 12.2% because of the
absorption of moisture of the gypsum block from the surrounding soils. The measured
suction at the other three moisture contents was unchanged with time, which is
consistent with previous results. Furthermore, it should be noted that the suction cannot
be calculated based on the calibration equation if K, is greater than K4 (i.e., 23.022). In
the experiment, the K,; was increased to 23.000 at 48 hours at w = 12.2%, and it was
assumed to be the actual value under the suction equilibrium. The equilibrium time at this

moisture content was supposed to be around 48 hours as well.
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Figure 6-28 shows the relationship between volumetric moisture content (8) and
dielectric constant (K,). The comparison of experimental data with the Topp et al. (1980)
equation is also presented in the figure. It should be noted that the TDR-measured K, in
Figure 6-28 was the average of the 48-hour measurement, as shown in Figure 6-26. It
was found that the experimental data exhibited bias with Topp’s et al. (1980) equation,
but it followed a similar trend as the TDR-measured K, was increased with volumetric
moisture content. The difference between the experimental data and Topp’s et al. (1980)
equation can probably be attributed to the lack of considering the effect of dry density on
Ka in Topp’s et al. (1980) equation, as presented by Dirksen and Dasberg (1993).
Jacobsen and Schjonning (1993) also noted that the improved accuracy of their moisture
prediction equation was primarily due to the incorporation of dry density. In addition, the
calibration equation for moisture content measurement was obtained by fitting the

experimental data, using a power function, as shown in Figure 6-28.
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The comparison of measured suction by the moisture/suction probe with those
obtained by the Tempe cell test in Patil's (2014) study is shown in Figure 6-29. It is
obvious that the suction measurement from the two different methods agreed with each
other very well in moisture content range 3% < w < 12.2%. However, the performance of
the new probe in moisture content range, i.e., w > 12.2% or w < 3%, was not examined in
the staged-drying test.

It is noted that the new probe may not be very sensitive in suction measurement,
particularly when the soils are at high moisture contents, i.e., low suction levels. As
shown in Figure 6-14, the K, of the gypsum block was almost kept constant when y < 50
kPa. It also means the probe probably cannot provide accurate measurement within the
above suction range. Another limitation of the probe is that the TDR-measured K, at high
suction levels was not included in the calibration equation (shown in Figure 6-14). Thus,
the probe is not suitable for application to soils of low moisture contents or high suction
levels. It is also observed that the measured suction by the new probe started to deviate
from those of the Tempe cell test at 3%, as shown in Figure 6-29.
6.4.2.2 Absorption Test

Figure 6-30 shows the reflected TDR waveforms in the absorption test. It was
found that the variation of the signal primarily occurred within the first hour after pouring
the water into the mold. Because the silty sand has a relatively high hydraulic conductivity
and it was a small sample size, the water penetrated the specimen rapidly in the
beginning of the absorption test. The variation of K, with time is shown in Figure 6-31.
Similarly, the K, of both gypsum and soils suddenly increased in the first hour, and then it
varied slightly from 1 hour to 90 hours. It can also be inferred that the moisture was

distributed uniformly in the specimen after 1 hour.
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The measured suction with time obtained from the K, of gypsum block was not
plotted since the TDR-measured K, exceeded K, (i.e., 23.022) somewhat in the
experiment; whereas the suction of specimen was supposed to be around 20 kPa at this
moisture content (i.e. w=12.2%), as shown in Figure 6-17. It also demonstrated the
insensitivity of the new probe in a low-suction measuring range. In addition, the average
K, of the sand specimen was 15.54 from 1 hour to 90 hours, and the predicted moisture
content obtained from the calibration equation (shown in Figure 6-28) was 11.5%, which
is very close to the actual value of 12.2%. Consequently, the high degree of

measurement accuracy of moisture content by the new probe is corroborated.
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Figure 6-30 Reflected TDR waveforms in absorption test

229



35 — , , :

—&— Gypsum
30 L —9O— Soils

2o o o o o —©
a - oo
A oe0g 0 &
E 2} ’ ]
*(7;' [
g .
2 2 o0
e 0o [oe
t:) 15 ‘ O O o— O 5 |
S L
2
Q
) 10 |- l |
e

oLt . 1 . 1 . I . ! .
0 20 40 60 80 100

Time, t (h)
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6.4.2.3 Desorption Test

Figure 6-32 indicates the reflected TDR waveforms in the desorption test. It was
found that the signal was shifting to the left with time continuously, which meant that the
dielectric constants of both the gypsum block and soils were decreasing because of the
moisture loss. The dielectric constants of gypsum (K,1) and soil (K,,) were calculated
from TDR waveforms and are shown in Figure 6-33. It is illustrated that the K,; was
almost linearly decreased before 100 hours, and then did not change too much after that.
But the K,, dropped significantly in the first 24 hours, and then decreased slowly after
that. This is because that the moisture in the top layer of the specimen was lost in the
beginning, leading to the non-equilibrium in suction between the gypsum block and the
surrounding soils. Then, the moisture in the gypsum block started moving into the
specimen, resulting in a decrease in K,;. Thus, the K;; may decrease more slowly than

the Ky, in the first 24 hours because of the hysteresis of the gypsum block.
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Figure 6-32 Reflected TDR waveforms in desorption test
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Figure 6-33 Variation of K, with time in desorption test
According to the calibration equation shown in Figure 6-28, the moisture content
of the specimen during the desorption process was predicted, based on the measured
Ka2. Figure 6-34 shows the measured and predicted moisture content of the specimen

with time. A slight difference was observed at low moisture content range, but it was also
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found that the predicted values agreed with the measured results over a wide range of
moisture contents.

Soil matric suction was also calculated from desorption test and shown in Figure
6-35. Compared with the results from the Tempe cell experiments in Patil's (2014) study,
it was found that the measured suction by the probe was always lower than the Tempe
cell experiments at suction levels below 300 kPa, and it reached the actual value after
10-25 hours. This is because the moisture flow driven by the matric suction from the
gypsum block to the specimen takes time to get the suction equilibrium between them.
However, a good agreement was observed at higher suction ranges, from 300 kPa to
2000 kPa. This is because the higher suction accelerated the speed of the moisture flow
from the gypsum block to the specimen and reduced the time needed to attain the
suction equilibrium. In addition, the measured suction at 250 hours was much lower than
that obtained from the Tempe cell experiment since the calibration relationship for suction
measurements was limited within a suction range between 10 and 750 kPa. Thus, the

probe may not be applicable to soils at higher suction ranges.
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Figure 6-34 Measured and predicted moisture content in desorption test
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6.5 Summary

Based on the TDR technique, a new moisture/suction TDR probe was designed
and fabricated to measure soil moisture content and matric suction simultaneously. The
calibration equation for suction measurement was obtained by the pressure plate test,
while the calibration relationship for soil moisture content measurement was established
by the staged-drying test.

The evaluation of the probe was conducted through three tests on silty sand:
staged-drying test, absorption test, and desorption test. The test results revealed that: (1)
the moisture/suction probe can predict moisture content rapidly and accurately in wetting
and drying processes; (2) the equilibrium time of the dry gypsum block in moist specimen
with moisture content of 12.2% is around 48 hours; (3) the probe can measure the
suction satisfactorily during the drying process at suction ranges between 300 kPa and
2000 kPa, whereas the equilibrium time of the gypsum block is around 10-25h at suction
levels below 300 kPa; (4) the probe is only applicable in suction ranges from 10 to 2000
kPa, and it may underestimate soil suction at higher suction levels. The applicability of
the probe in other soil types still needs to be studied in the future. In addition, the
calibration curve for suction measurement can be extended by other methods (e.g., filter

paper method) for soils at higher suction ranges.
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Chapter 7
Summary, Conclusions and Recommendations
7.1 Introduction

This research mainly focuses on the development and validation of two different
types of TDR-based sensors for thermal conductivity and soil suction measurements. The
traditional measurement methods of soil thermal properties are time consuming and
unreliable due to the moisture migration in the heating process. Moreover, simultaneous
measurement of soil thermal property, moisture content, and dry density is a challenging
issue, but very important to many geothermal-related applications in geotechnical
engineering. Soil suction is also an important soil property in unsaturated soils, but it is
not easily, rapidly, or accurately measured in the field.

In this research, a thermo-TDR probe was designed by integrating a dual heat
probe with a TDR moisture sensor to measure soil thermal property, moisture content,
and dry density simultaneously. The probe had one center probe and two outer probes
with a diameter of 2 mm, length of 40.5 mm, and probe-to-probe spacing of 6 mm. The
soils were heated in the experiments, and then the thermal properties were measured
according to a line heat theory, in conjunction with the “peak value method” proposed by
Bristow (1993). A KD2 standard probe was also used to compare the measured results.
Based on the TDR technique, the prediction of moisture content and dry density of soils
was accomplished by Topp’s et al. (1980) equation, the heat capacity method, and the
one-step method, respectively. It was also validated against actual measurements by the
oven-drying method.

Laboratory experiments, using the thermo-TDR probe, were performed on sand-
sand and sand-clay mixtures under different moisture and dry density conditions after the

evaluation of the probe was completed by testing three sands and one kaolin clay. The
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effects of fines content, particle size, and clay content on thermal conductivity of mixtures
were analyzed and discussed. A new continuum soil thermal conductivity model was also
developed based on the test results of sand-clay mixtures and the normalized thermal
conductivity concept proposed by Johansen (1975).

Another TDR-based sensor, the moisture/suction TDR probe, was designed and
evaluated for simultaneous measurement of soil moisture and matric suction. The probe
had two parts: a dual probe with a diameter of 2 mm and probe-to-probe spacing of 25
mm to measure soil moisture content, and the same dual probe with a smaller spacing of
5 mm and encapsulated in a gypsum block to measure soil matric suction. The calibration
equation for suction measurement was obtained by employing the pressure plate test
under different suction levels, i.e., 7.5, 4.0, 2.0, 1.0, 0.8, 0.5, 0.3, 0.1 bars. The probe
evaluation was conducted by three different tests on a silty sand: staged-drying test,
absorption test, and desorption test. In the meantime, the calibration equation of moisture
content measurement was also obtained from the first test. Moreover, the equilibrium
time and the response time of the new probe in the measurements of soil moisture and
matric suction were also analyzed and discussed based on the test results.

7.2 Summary and Conclusions

The two types of TDR--based sensors designed in this research are promising
tools which can measure soil thermal properties, moisture content, dry density, and
matric suction rapidly and accurately, both in the laboratory and in the field. The major
summaries and conclusions of this research are listed below:

Compared with previously designed TDR probes, the design of this probe was further
optimized in this research. The probe-to-probe spacing was reduced to avoid probe
deflection, and the pointed tip was also adopted to minimize the soil disturbance as

much as possible during the insertion process.
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1)

2)

3)

4)

From the calibration of the thermo-TDR probe, the test results revealed that the
thermo-TDR probe can measure both dielectric constant (K;) and electrical
conductivity (EC,) accurately from reflected TDR waveforms by using the Baker and
Allmaras (1990) method.

The thermos-TDR probe’s performance in soil thermal properties measurement was
evaluated against the standard KD2 (TR-1) single probe and (SH-1) dual probe. The
relative deviation of measured thermal conductivity, thermal diffusivity, and volumetric
heat capacity of three sands and one kaolin clay were within 10%, 20%, and 25%,
respectively.

Based on the TDR technique, the moisture content and dry density of the above
three sands and one kaolin clay were also predicted by the Topp et al. (1980)
equation, the heat capacity method, and the one-step method. Two new relationships
between the dielectric constant and the volumetric moisture content for sands and
clay were proposed, which were different from the Topp et al. (1980) equation. In
addition, the heat capacity method exhibited reasonably well-predicted results for soil
dry density. The one-step method showed he highest degree of accuracy in the
prediction of both soil moisture content and dry density, with deviations of 10% and
5%, respectively.

The application of the thermo-TDR probe in measuring thermal properties, moisture
content, and dry density of sand-clay mixtures was also studied. The clay content in
mixtures ranged from 0% , 5%, 10%, 20%, to 30% by dry weight. The differences
between the thermo-TDR probe and KD2 (SH-1) dual probe in measured thermal
conductivity, thermal diffusivity, and volumetric heat capacity were 10%, 15%, and
20%, respectively. The one-step method still exhibited the best performance in the

prediction of moisture content and dry density, with at least 90% accuracyl.
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5)

6)

7

From the laboratory experiments in which the thermo-TDR probe was used, it is
concluded that the thermal conductivity of soil increases with moisture content
because the water has a greater thermal conductivity value (i.e., 0.59 W m™K™) than
air (i.e. 0.026 W m™K™). The elevated dry density also leads to an increase in soil
thermal conductivity, which is attributed to the decrease in thermal resistance due to
the increase in the number of physical contact points among soil particles. But the dry
density effect was not considerable compared with that of the moisture content in this
study. In addition, the quartz content had a big effect on soil thermal conductivity
because of the higher thermal conductivity of quartz (i.e., 7.7-8.4 W m™K™) compared
with other soil minerals.

From the study on sand-sand mixtures, it is concluded that fine sands have the lower
thermal conductivity at dry condition but higher thermal conductivity at low moisture
content conditions compared with coarse sands because of the particle size effect.
The thermal conductivity of moist sands was much greater than that of dry sands.
The thermal conductivity of coarse sands increased to peak value by increasing fine
sand contents to critical fines content (F;). Moreover, F increased with a decrease
in di/d. ratio in the experiments.

Due to the considerable effect of quartz content on soil thermal conductivity, the fine-
graded sand with known quartz content was selected to perform the laboratory
experiments on sand-clay mixtures; thereby, such effect can be studied
guantitatively. The results revealed that the thermal conductivity of mixtures
decreased bi-linearly as the clay content increased. The critical clay content (C.) was
found to be equal to 10% in the experiments. The decrease in thermal conductivity

was much more pronounced at C. <10% than that at C. >10%.
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8)

9)

In terms of thermal conductivity predictions, the improved model (Zhang et al.,
2015a) can predict thermal conductivity of sands with high quartz content more
precisely than the other five alternative thermal conductivity prediction models. The
Modified Cote and Konrad (2005) model and the Lu et al. (2007) model, which
account for a continuous change of model parameters k and a with clay content, can
predict thermal conductivity of sand-clay mixtures satisfactorily and guide the design
of geothermal-related structures effectively for geothermal applications.

A new continuum soil thermal conductivity model was proposed based on a series of
laboratory experiments on sand, kaolin clay, and sand-kaolin clay mixtures in
different proportions, using the thermo-TDR probe. The model incorporated the
degree of saturation, porosity, and quartz content as variables, and was capable of
accounting for the quartz content effect and predicting soil thermal conductivity
continuously. From the study of model validation, the predicted thermal conductivities
were found to be in good agreement with the experimental data with at least 85%

accuracy.

10) A new moisture/suction TDR probe was designed and fabricated for simultaneous

1)

measurement of soil moisture content and matric suction. The probe can measure
the soil moisture content accurately and rapidly based on the TDR technique. It also
measures the soil suction reasonably well at suction ranges between 10 kPa and
2000 kPa. The equilibrium time of suction measurement in the drying process is
around 10-24 hours.
7.3 Novelty and Limitations of Studies
The novelty items of this research are listed below:

Although the thermo-TDR probe was designed and used to measure soil thermal

properties, moisture content, and dry density, the performance of the probe still
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2)

3)

4)

1)

needs to be improved due to some design flaws. A comprehensive evaluation of the
probe was studied through the laboratory experiments on three sands, kaolin clay,
and sand-clay mixtures for simultaneous measurement of the above mentioned soil
properties.
The effects of fines content, particle size, and clay content on soil thermal
conductivity was experimentally studied by using the thermo-TDR probe. The critical
clay content (C.) was found for the sand-clay mixtures. Then, the variation of thermal
behavior of soils, ranging from sand to clay, was better understood.
The continuum soil thermal conductivity model proposed in this research surpasses
the existing models because it can predict soil thermal conductivity continuously over
the entire range of soil types and can account for the quartz content effects in some
cases.
The moisture/suction TDR probe was first designed and used in geotechnical
engineering for simultaneous measurement of soil moisture content and matric
suction. The study of probe calibration and evaluation attests to the strong
performance of the TRD probe, as well as its great potential for better achieving the
previously cited goals in the future.
7.4 Recommendations for Future Study

The recommendations for future study are listed below:
The measured thermal diffusivity and heat capacity of the thermos-TDR probe
deviated somewhat from those obtained by the KD2 probe, which is probably
because of the effects of moisture migration on the experimental results. The
improper assumption of line heat theory for the probe with certain diameters can also

cause some measurement errors. Hence, the possible sources of measurement error
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2)

need to be further studied to improve the measurement accuracy for future
applications.

For the moisture/suction TDR probe, the calibration curve for soil suction is limited to
suction ranges of less than 750 kPa. It can be extended to higher suction levels by
other methods, such as the filter paper method. The equilibrium and response time of
the gypsum block under different environmental conditions still need to be further
evaluated. Moreover, the material loss of the gypsum itself for long term operation in
the field was not considered in this research. This effect on measured soil moisture

content and matric suction needs to be studied in the future.
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