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Abstract

Ground Source Heat Pumps (GSHPs) are a clean technology directed towards

reducing dependence on the use of fossil fuels for heating and cooling of buildings by

using the ground as a heat source or sink. Energy piles are one type of component

GSHP that uses a closed loop system in foundation piles to transfer heat from the

ground to a building or vice versa. The piles provide structural support while

exchanging heat with the surrounding soil, but the thermal behaviour of the soil

surrounding thermal piles and the effect of cyclic heating and cooling on the soil

properties is not fully understood.

This research was aimed at addressing the aspect of inadequate geotechnical input in

energy pile design by focusing on the factors that govern heat flow within soils around

an energy pile. The relationships between soil type, water content, temperature,

overburden pressure, time and thermal cycles were investigated.

A novel experimental test rig and laboratory procedures for operating it, were designed

and developed to study heat dissipation radially by conduction from a linear heat

source within a soil mass modelled to depict a scenario typical to that of an energy pile

exchanging heat with the surrounding soil while being subjected to overburden

pressure, to simulate practical use of energy piles in an office building. From tests

conducted on soil samples in the rig, the results demonstrate a reliable system. An

energy pile will perform suitably for cooling an office building, while continuous use of

the ground as a heat sink will eventually lead to decreased water content and

increased shear strength around the pile. The soil thermal diffusivity is mainly

influenced by the soil composition. These and the other findings will be of interest to

designers and other researchers as they are of practical importance in energy pile

applications.
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Chapter 1 Introduction

1.1 Background

Population and Gross Domestic Product (GDP), which are identified as the key drivers

of energy demand, have been on the increase; consequently the world’s total energy

consumption has also been on the increase recording a global rise of 2.5% in 2011

(British Petroleum, 2012); 1.8% in 2012 (Ellabban et al., 2014) and 2.1% in 2017

(International Energy Agency, 2018). Increased energy requirements has led to an

increased demand for fossil fuels with resultant carbon-dioxide emissions and hence

global warming. Figure 1.1 shows the increasing trend of GDP, carbon-dioxide

emissions and energy demand by a growing population over the last seventeen years.

Figure 1.1: Global GDP, energy demand and energy related carbon-dioxide emissions from

years 2000 to 2017. Reproduced from (International Energy Agency, 2018)

The global energy demand exceeds 15 x 1010 MWh/year, of which about 85% is

attributed to fossil fuels while about 6% comes from renewable energy sources.

Furthermore, approximately 33% of the world’s total energy consumption is attributed

to heating and air-conditioning systems (Kharseh et al., 2015).

1.2 Climate Change

The Framework Convention on Climate Change (UNFCCC), in its Article 1, defines

climate change as: “a change of climate which is attributed directly or indirectly to

human activity that alters the composition of the global atmosphere and which is in

addition to natural climate variability observed over comparable time periods” (Field et
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al., 2014). Although in some cases climate change has been used synonymously with

the term “global warming”, scientists however, tend to use the term in the wider sense

to also include natural changes in climate. According to Nathanail and Banks (2009),

climate change is driven by an increased energy input into the global system resulting

from heat trapping due to excess carbon dioxide, ozone layer depletion and increased

solar energy radiation. The production of carbon dioxide emission is closely linked with

climate change as it is one of the major greenhouse gases.

Climate change has been highlighted by key political figures in the United Kingdom as

one of the largest threats to humankind and has risen on the political agenda. The

Kyoto protocol which is an international agreement linked to the United Nations

Framework Convention on Climate Change, adopted in Kyoto, Japan, on 11

December 1997 and entered into force on 16 February 2005, demonstrates a global

consensus that is committed to reducing the carbon dioxide emissions. The Protocol,

in setting internationally binding emission reduction targets, takes into consideration

the fact that developed countries are in the lead for emitting higher levels of green

house gases, hence they face a heavier burden under the principle of "common but

differentiated responsibilities" (United Nations Framework Convention on Climate

Change, 2018).

A recent report by the International Energy Agency (2018) indicates a global increase

in energy-related carbon-dioxide emissions of 1.4% in 2017. This, according to the

report, is “a historic high of 32.5 Gigatonnes (Gt)”, which is said to be “a resumption of

growth after three years of global emissions remaining flat”. It is of significant interest

that the reported increase differed among countries, since some major economies

registered a rise, it was a case of decline for others. The biggest decline is reported to

be from the United States, which can be mainly attributed to their increased use of

renewables.

With the international efforts are being made to reduce emissions, Brook et al. (2016)

suggests additional actions such as reforms “that seek to secure ambitious abatement

commitments and practical action”; thereby proposing that a ‘Low-Emissions

Technology Commitment’ (LETC) be incorporated into the UNFCCC negotiations to

ensure lasting benefits.

A focus on the use of renewable energy is suggested by Blum et al. (2010) as key

approach to avoid additional carbon-dioxide emissions while also improving energy

security and sustainability.

Towards “building a low-carbon economy” the UK government embraced “The Climate

Change Act” of 2008, which commits it by law to reduce “greenhouse gas emissions

by at least 80% of 1990 levels by 2050” (Committee on Climate Change, 2018). In
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helping to achieve this target, Snape et al. (2016) reports that in 2010 the UK

government introduced “two schemes that incentivise the adoption of domestic-scale

renewable energy technologies (RETs), specifically the feed-in tariff (FiT) and the

renewable heat incentive (RHI)”. These schemes encourage people who install RETs

“a payback tariff based on the quantity (kWh) of renewable energy they can produce”,

with expected contributions charted in the UK renewable energy roadmap.

In summary, climate change, which is attributed to the consumption of fossil fuels and

their resultant emissions, will be greatly helped by a shift to renewable energy

resources. The drive therefore, towards the reduction of carbon emissions and the

need for reduced dependence on fossil fuels, which are non-renewable, has

necessitated the development of clean technologies or renewable energy sources.

1.3 Energy Demands of Buildings

Heating and cooling requirements of buildings vary according to their design, size, and

the purpose for which the buildings are used. Traditional methods of heating and

cooling of buildings result in depletion of fossil fuels and the emission of carbon

dioxide and other gases into the atmosphere (CIBSE, 2004). With regard to heating

and cooling energy requirements, “buildings are responsible for nearly 45% of the

energy consumption in the UK and account for around half of the Nation’s carbon

dioxide emissions” (The Institute of Refrigeration, 2012).

European Commission (2018) also attributes approximately 40% of energy

consumption and 36% of carbon-dioxide emissions in the EU to buildings, and

suggest that more effort towards the renovation of existing buildings could potentially

result in significant energy savings, which according to them “could reduce the EU’s

total energy consumption by 5-6% and lower CO2 emissions by about 5%”.Similarly in

the United States, residential buildings are said to be responsible for about 22% of the

primary energy consumption and 17% of greenhouse gas (GHG) emissions, of which

space heating and cooling contribute to more than half of this consumption (Lim et al.,

2016).

In keeping with the current predictions in temperature increase, there arises a need,

therefore, to find alternative means of heating and cooling buildings, which together

account for a significant portion of total energy use (CIBSE, 2004). Towards achieving

this goal, some buildings are already being designed to be passive such that they

require ten times less heat energy than same building of standard design in Europe

(Badescu et al., 2010). Consequently the use of alternative methods in heating and
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cooling of buildings will significantly reduce the emission of carbon dioxide into the

atmosphere.

1.4 Renewable Energy Sources

Ellabban et al. (2014) defines renewable energy as “energy sources that are

continually replenished by nature and derived directly from the sun (such as thermal,

photo-chemical, and photo-electric), indirectly from the sun (such as wind,

hydropower, and photosynthetic energy stored in biomass), or from other natural

movements and mechanisms of the environment (such as geothermal and tidal

energy)”. They suggest that with the increasing concern for the protection of the

environment from imminent extreme weather and climate impacts, a shift towards

renewable energy can help in meeting both the goals of reducing greenhouse gas

emissions, and also in providing energy.

Figure 1.2 presents an overview of common renewable energy sources which include

hydropower, biomass, geothermal energy, solar energy, marine energy and wind

energy.

Figure 1.2: Overview of renewable energy sources. Reproduced from Ellabban et al. (2014)

Solar radiation from the sun is considered the principal or most significant source of

the earth’s renewable energy which, by means of various technologies, can be

converted into useful energy directly for different applications (Boyle, 2004). This

includes the use of solar heating and cooling technologies to collect the sun’s thermal

energy for use as heat source in providing hot water, space heating and cooling, and

other uses for both individual and industrial applications (Ellabban et al., 2014).

Solar radiation which is absorbed by the earth’s surface is also stored in the ground

due to its thermal properties and can be harnessed for use in heating and cooling of

buildings achieved through the use of Ground Source Heat Pumps (Banks, 2008).

While this can be classed as solar energy, it is more commonly referred to as ground
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energy or geothermal energy. Geothermal energy includes low grade energy derived

from solar radiation and high grade energy derived from the earth’s core.

Biomass energy is energy from the sun that is stored in plants, animals, or their

wastes, and recovered by burning them as fuel (Demirbas, 2005). Hydroelectric power

plants which are location dependent, utilize potential energy from trapped water

behind dams to produce energy to drive high-speed turbines for reliable electric power

generation (Elliott, 2013).

1.5 Geothermal Energy

The temperature of the Earth’s core estimated between 3000ºC and 5000ºC derives its

source from the gradual breakdown of radioactive elements as well as intense

gravitational forces acting on the rocks and minerals within the Earth (Omer, 2008).

This is illustrated in Figure 1.3.

Figure 1.3: Geothermal heat from the Earth’s core. Modified from Omer (2008)

According to Omer (2008), geothermal energy has been used since the 1920s to heat

buildings up to commercial scales, and occurs naturally in certain geological regions in

the form of geysers, hot springs and steam vents when groundwater makes contact

with volcanically heated rocks through cracks or fractures.

High grade geothermal energy is usually harnessed by drilling to depths of a few

thousand metres, or drilling wells into rocks of volcanic origin to extract hot water and

steam (ETSU, 1994). The hot water or steam is transported via insulated pipes for

district heating or superheated to drives turbines or electric generators.
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Although high grade geothermal energy has the advantages of near zero emissions

and little land space requirement for development unlike other energy sources, it

suffers the drawback of not being strictly renewable, being capital intensive, and being

restricted to specific geological zones.

The upper layers of the earth’s surface have the capacity to store both solar energy

from the surface and geothermal energy derived from the earth’s core. Although the

thermal capacity of the ground depends on the type of ground and the hydro-

geological conditions, the temperature over the top 100-200m and below the zone of

seasonal temperature variation is usually constant due to a combination of geothermal

and solar energy and acts as a thermally stable mass in the absence of external

influences (Preene and Powrie, 2009b). Figure 1.4 shows a typical ground

temperature profile from the ground surface to 15m depth.

Figure 1.4: Seasonal variation of the near-surface temperature profile (Busby, J. et al., 2009)

1.6 Earth Energy Systems/Ground Source Heat Pumps

Rybach (2012) describes shallow geothermal resources as “the heat content of rocks

in the top few 100m of the continental crust”. In order to take full advantage of this

readily available, though low grade energy as opposed to geothermal energy which is
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confined to regions with specific geological conditions, Ground or Earth Energy

Systems (EESs) or Ground Source Heat Pumps (GSHPs) can be used to harness and

efficiently transfer energy between a building and the ground by means of circulating

fluids, thus using the ground as a heat source or sink (Banks, 2008). This system

utilizes the temperature difference between the air and the ground for heat exchange

through the use of a ground heat exchanger (Florides and Kalogirou, 2007).

The relationship between the surface air and ground temperatures is shown in Figure

1.5.

Figure 1.5: Relationship between surface air temperature and ground temperature in the UK

(Preene and Powrie, 2009b)

According to Blum et al. (2010), GSHP systems commonly use electricity and

sometimes gas to operate their heat pumps and “the ratio between output heat to

supplied energy of GSHP is defined as the Coefficient of Performance (COP)”. Typical 

COP values for GSHPs lie between 3.0 and 5.0 (Glassley, 2010; Lim et al., 2016).

The design of GSHPs or EESs is based on three elements namely the source, the

load and the heat transfer system; and operate through the use of series of buried

pipes to transfer heat to and from the ground (the source) into a building (the load)

making use of the ground as both heat source and sink as shown in Figure 1.6.
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Figure 1.6: A ground source heat pump system using boreholes and piles (Clarke et al., 2008)

GSHPs can operate either as open loop system by circulating surface or underground

water, or closed loop systems by circulating fluids within pipes while relying on heat

transfer by conduction from the surrounding soil (CIBSE, 2005). The loops are usually

made of very durable yet conductive materials such as high-density polyethylene and

copper piping (Florides and Kalogirou, 2007).

1.6.1 Open Loop System

In open loop systems, groundwater is commonly used as the heating or cooling

medium and usually requires both extraction and injection wells as shown in

Figure 1.7.

.

Figure 1.7: Open-loop system (Florides and Kalogirou, 2007)
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1.6.2 Closed Loop System

In the closed loop system as shown in Figure 1.8, the heat exchangers which are

buried underground can either be installed vertically, horizontally or obliquely,

circulating a fluid which exchanges heat with the surrounding soil through the wall of

the heat exchanger.

Figure 1.8: Closed-loop ground energy system (Preene and Powrie, 2009b)

In horizontal systems, pipes are buried in trenches with typical length of 35-60km per

kW of heating or cooling capacity (Florides and Kalogirou, 2007), and requires

considerable land space. Vertical systems which include vertical boreholes and energy

piles require less surface area but are more expensive to install. Pipes are installed in

boreholes of up to 20-300m depth and 10-15cm diameter which are then grouted.

1.6.3 Energy Piles

Energy piles are a form of closed-loop ground energy system and are also referred to

as thermal piles or energy geo-structures which, while providing stability in buildings,

also provide heating/cooling requirements by exchanging heat with the surrounding

soil, as illustrated in Figure 1.9.

The use of energy piles for heat transfer takes advantage of structures primarily

required for a building’s stability; hence separate infrastructure is not necessary.

According to Adam and Markiewicz (2009) foundation slabs, driven precast piles,

bored piles and diaphragm walls have been used successfully for heating and cooling

purposes, by installing fluid filled absorber pipes within the concrete elements.
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Figure 1.9: Energy pile system in heating and cooling operations (Abuel-Naga, H. et al., 2015a)

Energy geo-structures including basement slabs, diaphragm walls and tunnel linings

have been used successfully in countries like Austria and Switzerland from the 1980s

utilising the thermal properties of concrete for energy storage with proof of

environmental and economic benefits (Brandl, 2006). An example of energy pile use in

the United Kingdom is the One New Change Building in London which has 192 energy

piles installed (Laloui and Di Donna, 2011).

1.7 Soil Heat Transfer

Heat transfer is simply defined as “thermal energy in transit due to a temperature

difference” (Banks, 2008). Heat moves from a higher temperature region to a lower

one and normally occurs via three mechanisms namely: Conduction, Convection and

Radiation.

Properties that affect heat transfer mechanisms in soils include water content, porosity

or density, mineral content and temperature (Gabrielsson et al., 2000; Mitchell and

Soga, 2005). Heat transfer in the ground predominantly takes place through
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conduction particularly in clays where convection is inhibited due to its low

permeability (Thomas and Rees, 2009).

According to Busby, J. et al. (2009), thermal properties such as thermal conductivity

which is the “capacity of a material to conduct or transmit heat” and thermal diffusivity

which is “the rate at which heat is conducted through a medium”, mainly determine the

rate of heat transfer between a heat exchanger and the ground.

1.8 Overall Research Aim

The emphasis of this research is to assess how the conductive properties of the

ground affect heat flowing from a line source (a simulated energy pile) and how it is

affected by cyclic thermal loading.

This research aims to address the area of inadequate geotechnical input in energy pile

design with a focus on the limited understanding of factors that govern heat flow within

soils around an energy pile, by investigating the thermal behaviour of the soils around

a simulated energy pile in a bid to establish a relationship between soil type, water

content, temperature, overburden pressure, time and thermal cycles; and the

performance of energy piles.

1.8.1 Objectives

The research objectives undertaken in order to achieve the overall aims are:

1) Establish the use of the ground as a low grade energy source through a critical

review of literature

2) Develop a piece of equipment/test rig to investigate the thermal behaviour of soil

around a model energy pile

3) Develop a test procedure for running the experiments to investigate the effects of

cooling of buildings over a typical diurnal cycle

4) Study the effects of cyclic heat loading on an energy pile to determine what

impact the thermal cycles have on the soil properties

5) Determine the effects of soil type, water content, temperature, overburden

pressure, time and thermal cycles on the thermal performance of an energy pile

1.8.2 Benefit/Impact

The benefit of this research is to produce results based on investigations which will

contribute to existing data on thermal behaviour of soils around an energy pile, to aid

designers and other researchers in the field, thereby ensuring improved performance

of energy piles.
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The final results which include original analysis of correlations between thermal

conditions and both thermal and mechanical properties will be of interest to designers

and other researchers as they are of practical importance in energy pile applications.

1.9 Research Methodology

The methodology adopted in achieving the aim and objectives of this research which

involved the design and development of an experimental apparatus and laboratory

procedures for investigating soil thermal behaviour, is described under the following

headings of critical review of literature, design of experiment and test rig, test

procedure and result analyses and interpretation.

1.9.1 Critical Review of Literature

A critical review of existing literature was undertaken to gain understanding of the use

of the ground as a low grade energy source, and how heat energy is stored and

abstracted from the ground, and also to identify the factors that affect heat flow in the

ground.

1.9.2 Design of Appropriate Experiment and Equipment/Test Rig

An experiment was developed to simulate ground conditions by creating an

axisymmetric problem similar to an installed energy pile. This allowed a linear heat

source within a soil mass to be modelled to depict a scenario typical to that of an

energy pile exchanging heat with the surrounding soil while being subjected to

overburden pressure. The experimental model and test rig were designed to dissipate

heat radially by conduction from a line source by optimising the radial distribution of

temperature and the dimensions of the sample to minimise the effect of the boundary

conditions. The test rig allowed a range of tests to be undertaken to simulate an

energy pile under cyclic thermal loading based on a 24hr cycle to simulate an office

environment

1.9.3 Test procedure

Soils samples were prepared and thermal tests carried out in the fabricated test rig to

investigate their thermal behaviour and to record changes in heat dissipation

influenced by controlling/varying soil type, water content, pressure, temperature, time

and thermal cycles. The test procedure involved the following steps:

i. Sample preparation based on the soil types and their proportions in constituting

the sample and the sample water content.



13

ii. To determine the thermal capacity of samples in terms of time taken to achieve

thermal equilibrium and time taken to cool back to controlled room temperature

when a constant heat source was applied in a controlled room temperature at

specific overburden pressure, water content, and power input.

iii. To measure and record heat distribution within soil subject to varying cycles of

thermal loading and unloading to simulate practical use of energy piles in an

office environment

iv. To monitor changes in heat flow influenced by soil water content, temperature,

pressure and the power input to the system

1.9.4 Interpretation and Presentation of Results

The results obtained from the experiments were analysed and interpreted to show how

soil water content, temperature, pressure, the power input to the system and cyclic

thermal loading affected the performance of a simulated energy pile.

1.10 Thesis Outline

The outline of the thesis is briefly summarised in terms of the contents of the following

chapters.

Chapter two critically explores the literature related to the topic area and identifies

current development and gaps in knowledge necessitating this research.

Chapter three presents a detailed description of the experimental methodology and the

processes undertaken in designing the test rig. It explains how each design parameter

was chosen and the theory and assumptions behind their selection. The procedures in

assembling and commissioning of the test rig are also covered in this chapter.

Chapter four describes the test procedure which encompasses sample preparation,

loading the test rig and carrying out the tests. The test procedure is described in detail

with typical results of the tests included.

The details of the results from all the tests carried out on various samples in the test

rigs over the research period are presented in chapters five and six. Chapter five deals

with the results from the original rig design while chapter six covers the results

obtained from tests carried out in the modified rig.

The interpretation, discussion and validation of the results obtained from the

experiments undertaken to investigate the thermal behaviour of the soil around a

simulated energy pile, are covered in Chapter seven, while the research conclusions

and recommendations are presented in Chapter eight.
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Drawings and photographs of the test rig are included in the appendix.
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Chapter 2 Literature Review

2.1 Introduction

The justification for the adoption of renewable energy technologies to reduce carbon

emissions while meeting the global energy demands was presented in Chapter 1. The

heating and cooling demands of buildings were identified as mainly responsible for

both energy consumption as well as being a major contributor to carbon-dioxide

emissions. A shift of focus to the exploration and harnessing of renewable energy

resources will therefore, be beneficial in the long-term in meeting energy demands

while protecting the environment. One such technology is ground source heat pumps,

particularly energy piles, to supplement the heating and cooling needs of the buildings,

which will eventually lead to less dependence on fossil fuels and subsequently overall

reduction of carbon-dioxide emissions.

This chapter discusses the key aspects of using this technology, the considerations of

thermal properties necessary for its use, and finally the issues or problems currently

hindering its optimum performance. These will lead to the identification of gaps in

knowledge which address the need for the focus of this research.

2.2 Renewable Energy Types

The growth of renewable energy is enjoying a global boost especially due its

advantage which Blum et al. (2010) identify as “avoiding of additional carbon-dioxide

emissions while helping to enhance energy security and improve sustainability in

preventing further carbon-dioxide emissions”. This is more so as renewable energy

according to Ellabban et al. (2014) has the potential to meet and even exceed the

global demands.

The common renewable energy resources include wind energy, marine energy, solar

energy, hydro energy, biomass energy and geothermal energy and were described in

Chapter 1.

Geothermal energy refers to energy extracted from the earth’s heat store originating

from both radioactive decay of minerals and absorbed solar energy (Laloui and Di

Donna, 2011). This cost effective and environmentally friendly source of energy can be

utilized on both small and large scale for electrical power generation, direct use of

heat; consisting of geothermal heat pump (GHP) technologies, or combined heat and

power in cogeneration applications (Ellabban et al., 2014).
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2.3 Low Grade Geothermal Energy

Unlike high grade geothermal energy resource which is derived from deep in the earth

and associated with high temperatures, low grade or shallow geothermal energy refers

to the use of the top 100m below the zone of seasonal influence (approximately 2m),

and thermally stable, for the purpose of heating or cooling buildings by taking

advantage of the temperature difference between the ground and the building. Figure

2.1 shows a typical temperature profile explaining how above approximately 100m, the

ground temperature is mostly from surface temperatures particularly solar, and while

below 100m, temperature sources are from the earth’s core (Clarke et al., 2008).

Figure 2.1: A typical temperature profile (Clarke et al, 2008)

The use of GSHPs for space heating and cooling is a renewable energy technology

based on the Earth’s relatively constant temperature at depths of 10-15m, and its

difference in temperature from that of the air. Since they are associated with generally

low temperatures of approximately 10-15°C in Europe and 20-25°C in the tropics, a

heat pump is utilized to enhance its use (Abdelaziz and Ozudogru, 2016).

2.3.1 Heat Pumps

The invention of the heat pump by Peter Ritter von Rittinger an Austrian mining

Engineer in 1855, was driven by environmental and economic considerations, which

he justified two years later by showing an annual saving of 293,000m3 of firewood if all

Austrian saltworks used heat pump installations (Brandl, 2006).

A heat pump is simply described as “a device that pumps heat” and also “raises the

temperature of the available heat from an unusable level to a usable one” (Banks,
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2008). Similarly, Omer (2008) describes a heat pump as a mechanical device used for

heating and cooling that operates on the principle of moving heat from a region of

higher temperature to one of lower temperature. It is comprised of an evaporator, a

compressor and a condenser as shown in Figure 2.2, and typically yields a higher

useful heat output than that required to operate it.

Figure 2.2: Schematic diagram of a heat pump, connected to a closed-loop borehole heat

exchanger. The heat pump uses 1500 W electricity to extract 4267 W heat from the ground,
yielding a grand total of 5.77 kW space heating and a COPH of 3.8 (Banks, 2008)

The coefficient of performance (COP) of a heat pump is a parameter defined (Rybach

(2012) as the heat output divided by the electrical energy input for operation, both in

kilowatts. A COP value of 4 means that four portions of usable energy are derived

from one portion of electrical energy, and three portions of energy from the ground. A

COP value of ≥4 is recommended for economic reasons (Brandl, 2006).  

Heat pumps which also operate in reverse form typically gather heat from air, water or

ground and concentrate it for inside use and can be grouped into tree main types Air-

to-air, Water source and Ground source according to the type of heat source and heat

distribution medium (CIBSE, 2005).
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2.3.2 Ground Source Heat Pumps

Ground Source Heat Pumps (GSHPs), are described by Rybach (2012) as “a

decentral heating and/or cooling system that moves heat to or from the ground”, using

“the Earth as a heat source (in the winter) or a heat sink (in the summer)”. These

systems are also referred to as Geothermal Heat Pumps (GHPs), geo-exchange,

earth-coupled, earth energy, or water-source heat pumps (HPs). GSHPs utilize

renewable energy stored in the ground, through the use of pipes containing a fluid that

exchanges its heat with its surroundings thus extracting and concentrating stored

energy used for heating space in winter and cooling in summer (Faizal et al., 2016).

They operate by simply moving heat around, and are accepted as unique technology

in the heating and cooling of residential and commercial buildings (Omer, 2008).

GSHPs are composed of three basic parts, the heat storage or extraction part within

the ground, the central heat pump, and the heat distributor within the building (Rybach,

2012). Figure 2.3 shows a schematic of these components.

Figure 2.3: The three main components of a geothermal heat pump system (Rybach, 2012)

2.3.3 Types of Ground Source Heat Pumps

There are two main types of GSHPs, the ‘open loop’ and ‘closed loop’. In the open

loop, water is pumped from bodies such as lakes, streams, pond and wells for heat

exchange, after which it is returned to a discharge system or re-injection well. The

closed loop systems involves the installation of plastic pipes, usually polyethylene,
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either horizontally or vertically, through which a heat transfer fluid which could be

water or an anti-freeze solution is circulated for heat exchange with the surrounding

ground (Hemmingway and Long, 2012; Rybach, 2012). An energy pile is an example

of the closed loop system.

Advantages of this technology as identified by (Laloui et al., 2006; Omer, 2008; Abuel-

Naga, H. et al., 2015a) include:

i. Clean and reliable energy source

ii. Energy efficient with a Coefficient of Performance (COP), which is the ratio of

heat output to electrical power consumption; of four versus a typical electric

heater with COP of one

iii. Environmentally friendly by reducing Green House Gas emissions by up to

66% compared with systems based on fossil fuels

iv. Not being restricted to specific geologic regions

v. Cost effective in the long term even though they cost more to install than

conventional systems

vi. Require electricity to power pump, but will typically deliver three to four times

as much electrical energy as used

vii. Are expected to perform reliably in excess of 20 years

The steady growth witnessed in the use of geothermal/ground source heat pump

technology for heating and cooling of buildings, expressed through the increasing

number of installations in the last 15years, especially in countries like the United

States, Denmark, and Sweden, clearly shows the prospective future of this technology

(Blum et al., 2010).

2.4 Soil Heat Transfer and its Applications in GSHPs

Heat transfer is simply defined as “thermal energy in transit due to a temperature

difference” (Banks, 2008). Heat moves from a higher temperature region to a lower

one and normally occurs via three mechanisms namely: Conduction, Convection and

Radiation. Properties that affect heat transfer mechanisms in soils include water

content, porosity or density, mineral content and temperature (Gabrielsson et al.,

2000). Heat transfer in the ground predominantly takes place through conduction

particularly in clays where convection can hardly take place due to its low permeability

(Thomas and Rees, 2009). This research however, focuses on how the conductive

properties of the ground affect heat flowing from a line source (a simulated energy

pile) and how it is affected by cyclic thermal loading and other parameters.
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2.4.1 Conduction

Conduction describes energy transfer across a medium from its more energetic

particles to the less energetic ones resulting from interactions between the particles

(Çengel, 2005). According to Clarke et al. (2008), conduction occurs in all soils and

depends on the thermal conductivity and specific heat capacity of the soil.

Glassley (2015), states that conduction takes place through the transfer of energy

between atoms of a material leading to a change in their vibrational frequency, the rate

which depends on the thermal conductivity and diffusivity of the material. Thus heat

flow through a material depends on thermal conductivity and temperature gradient

over a specified distance and can be expressed by Fourier’s Law of heat conduction.

Since heat transfer through conduction requires a medium, it is the most dominant

form of heat transfer in soils, although in some cases heat transfer by convection may

take place.

2.4.2 Convection

Convection describes the heat transfer between a solid surface and adjacent liquid or

gas in motion thus involving a combination of conduction and fluid motion effects

(Çengel, 2005). Convection may occur only in granular soils where hydraulic

conductivity is significant enough to allow flow of water through the soil (Clarke et al.,

2008).

Therefore where there is no bulk fluid motion, heat transfer takes place by conduction.

2.4.3 Radiation

Radiation describes the energy emitted in form of electromagnetic waves resulting

from changes in the electronic arrangements of the atoms that make up the matter,

and does not require a medium (Çengel, 2005). According to Rees, S.W. et al. (2000),

heat transfer in soil through radiation is negligible.

In conclusion therefore, conduction is the most important means of heat transfer in

soils.

2.5 Thermal Characteristics of Soils

Thermal or thermo-physical properties of soils are critical to heat transfer in soils and

help to determine the soil’s ability to perform effectively as a heat source or heat sink.

For the purpose of this research, they include thermal conductivity, specific or

volumetric heat capacity and thermal diffusivity. Knowledge of these properties in a

particular site will aid in the design of a suitable and efficient GSHP for that site.



21

The thermal properties of the ground that determine rate at which heat is transferred

from the ground to the heat exchanger are the thermal conductivity and thermal

diffusivity (Busby, J. et al., 2009).

2.5.1 Thermal Conductivity

Thermal conductivity is defined by Rees, S.W. et al. (2000) as “the constant of

proportionality that relates the rate at which heat is transferred by conduction to the

temperature gradient in a material”. It is measured in Watts per metre Kelvin (W/m.K).

This property determines how fast or slowly a material gains and loses heat or its

ability to transfer heat by conduction (Banks, 2008). Thermal conductivity is also

described by Busby, J. et al. (2009) as “the capacity of a material to conduct or

transmit heat”. Thermal properties of soils are a function of soil water content, the

degree of saturation determines the soil thermal conductivity (Thomas and Rees,

2009).

Thermal conductivity is critical to the successful performance of GSHPs as it

determines how quickly heat exchange takes place between the heat transfer fluid in

the pipes, and the surrounding soil, and also helps to determine the number of

installations required to meet energy requirements of buildings (Suryatriyastuti et al.,

2012).

2.5.2 Specific/Volumetric Heat Capacity

Specific or volumetric heat capacity is described by Banks (2008) as a material’s

ability to store thermal energy or heat; that is the amount of heat locked up in the

material for every degree Kelvin of temperature, and measured in Joules per Kelvin

per kilogram. It can also be directly defined as “the amount of energy stored in a

material per unit mass per unit change in temperature” (Rees, S.W. et al., 2000). This

property will greatly determine the ability of the ground, based on its constituent

minerals and properties to perform as a heat source or heat sink.

2.5.3 Thermal Diffusivity

Thermal diffusivity is the ratio of thermal conductivity to the heat capacity which is a

measure of the ability of a material to conduct thermal energy relative to its ability to

store it (Incropera, 2007a).

Busby, J. et al. (2009) describes thermal diffusivity as “the rate at which heat is

conducted through a medium”, and relates thermal diffusivity to thermal conductivity,

heat capacity and density via the equation:

α = λ/Cpρ
(2.1)

where: ߙ is thermal diffusivity (m2/s), ߣ is thermal conductivity (W/m.K), Cp is specific

heat capacity (J/kg.K) and ߩ is density (kg/m3).
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Thermal diffusivity according to (Glassley, 2015), “provides a quantitative measure for

evaluating how quickly a material will change temperature in comparison with its

volumetric heat capacity”. “Materials with a high thermal diffusivity will quickly change

temperature”. Both thermal conductivity and thermal diffusivity, according to Shiozawa

and Campbell (1990) and Mitchell and Soga (2005) “depend on soil composition, bulk

density, particle shape, and especially water content.

Table 2.1 presents a summary of thermal conductivity and specific heat capacity

values of various soils.

Table 2.1: Summary of values of thermal conductivity and specific heat capacity of various soils

(Clarke et al., 2008)

Soil type
Water

content:%

Bulk
density:
Mg/m3

Dry
density:
Mg/m3

Thermal
conductivity:

W/m K

Specific heat
capacity: J/kg

K

BH C13 88 21·3 1920 1583 2·89 1520

Kaolin (sat.) 46·2 1730 1183 1·52 2362

Kaolin (dry) 0 1390 1390 0·25 800

Sandy CLAY 26·5 1890 1494 1·61 1696

Sandy CLAY 19·5 2100 1757 2·45 1459

Soft dark grey sandy gravely
CLAY

28·5 1912 1488 3·57 1764

Soft grey fine sandy CLAY 54·6 1650 1067 4·20 2646

Soft grey fine sandy CLAY 41·4 1741 1231 3·03 2200

Stiff dark grey sandy gravely
CLAY

10·1 2299 2088 3·69 1141

Stiff dark grey sandy gravelly
CLAY

9·6 2369 2161 3·28 1125

Stiff grey-brown sandy
gravelly CLAY

9 2352 2158 3·20 1104

Very soft grey fine sandy
CLAY

46·2 1711 1170 3·51 2362

Grey slightly silty sandy
GRAVEL

11·1 1983 1785 4·44 1175

Grout 166 1250 470 0·64 6412

Grout 199 1240 415 0·71 7528

Grey limestone (very hard) 0·4 2681 2670 2·30 814

Grey limestone (very hard) 0·1 2690 2687 2·54 803

Coarse SAND (dry) 0 1800 1800 0·25 800

Coarse SAND (sat.) 20·2 2080 1730 3·72 1483

Dark grey clayey fine sand/silt 28 1848 1444 4·26 1747

Fine SAND (dry) 0 1600 1600 0·15 800
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Soil type
Water

content:%

Bulk
density:
Mg/m3

Dry
density:
Mg/m3

Thermal
conductivity:

W/m K

Specific heat
capacity: J/kg

K

Fine SAND (sat.) 24·6 2010 1613 2·75 1632

Made ground (silty gravely
sand)

13·9 2182 1916 5·03 1270

Medium SAND (dry) 0 1700 1700 0·27 800

Medium SAND (sat.) 20·2 2080 1730 3·34 1483

2.6 The Role of Geotechnical and Thermal Properties of Soil in

the Design Considerations for Energy Geo-structures

GSHPs can be installed at virtually any location (Rybach & Sanner 2000), but the type

of system (open or closed loop), the choice of ground collector loop (horizontal or

vertical) and the size of the loop all depend on local geological conditions (HEEBPP

2003; Sanner et al. 2003; Ondreka et al. 2007). Factors which affect the performance

of the ground element of a GSHP system which are considered during their design

and installation have been identified by Busby, J. et al. (2009) to include the

temperature of the ground, thermal properties of the soil, groundwater levels and the

ground conditions such as the geology/engineering geology aspects such as the rock

strength, depth and thickness of deposits.

According to Loveridge et al. (2017), the design of energy geo-structures focuses on

two main objectives. The first requires working out the energy output of the geo-

structure within realistic temperature limits of the soil and heat pump, and relies on the

thermal properties of the soil and concrete. The second objective is to ensure that

geotechnical limit of the geo-structure is not exceeded due to temperature changes,

and relies on its geotechnical properties and their thermal behaviour. Thus, the

thermal and geotechnical properties of both the soil and concrete material of the heat

pump are very important in the design considerations of an energy pile. Table 2.2

gives a summary of the key design parameters and their justifications.

Table 2.2: Summary of key parameters required for the design of energy geo-structures

(Loveridge et al., 2017)

Design parameter Required for Comments

Soil thermal conductivity Energy output
An average value is used in most design approaches, although real

conditions are likely to be anisotropic and heterogeneous

Soil specific heat capacity Energy output

Undisturbed soil
temperature

Energy output Average value, or preferably a profile with depth

Groundwater flow rate
(Darcy velocity)

Energy output
As a minimum, an indication is required of whether significant

groundwater flow is to be expected at the site
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Design parameter Required for Comments

Soil strength
Geotechnical

design

In total or effective stress terms as appropriate; should include an
estimate of whether likely to be significantly temperature

dependent

Soil stiffness
Geotechnical

design
For serviceability considerations

In situ stresses (K0) and
pore water regime

Geotechnical
design

‘Apparent’ pre-consolidation pressure can be affected by
temperature

Stress history
Geotechnical

design

Over-consolidation ratio
(OCR)

Geotechnical
design

Determines the nature of the thermo-elastic (or thermo-plastic)
response

Concrete thermal
conductivity

Energy output Often included within the thermal resistance parameter

Concrete specific heat Energy output For storage of heat within the concrete

Thermal resistance of
heat exchanger

Energy output
A lumped parameter that includes the thermal properties and

geometry of the heat exchanger

Concrete coefficient of
thermal expansion

Geotechnical
design

To determine the potential expansion of the geo-structure

Soil coefficient of thermal
expansion

Geotechnical
design

Expansion of soil relative to concrete may be important for soil
structure interactions

Concrete limiting stress
Structural

design
Additional stresses may develop owing to restraint of the geo-

structure as it tries to expand on heating

2.7 The Determination of the Thermal Properties of Soil

In the wake of the EESs and their efficiency which largely depends on soil thermal

properties, various tests have been developed to measure these properties. When the

results of soil thermal tests from a particular site are incorporated into the design of a

thermal pile along with other considerations such as thermal demands of a building, a

more efficient system is produced.

Tests involving the measurement of soil thermal properties using different techniques

and for various purposes have been going on for many years, the most common being

in agriculture and climate change (International Workshop on Effects of Expected

Climate Change on Soil Processes in the and Sub, 1990), nuclear waste disposal (Cui

et al., 2009; Tang et al., 2008; Britto et al., 1989), pipeline laying, energy piles (Wood

et al., 2009), energy geo-structures (Laloui and Di Donna, 2011), and high voltage

cables (Di Donna and Laloui, 2015).

Test methods used for measuring soil thermal properties include the thermal response

test which is carried out in-situ by introducing a defined heat load in a borehole heat

exchanger and then measuring the resulting temperature changes in the circulating

fluids (Sanner et al., 2003). Single and dual probe tests (Liu and Si, 2011), multi-

needle probe thermal tests (Bristow et al., 2001). In addition to these, various studies

carried out in a bid to better understand heat transfer mechanisms include in-situ tests
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(Thomas and Rees, 2009; Wood et al., 2009; Bourne-Webb et al., 2009), numerical

modelling (Brandl, 2006; Li et al., 2009; Rees, S.J., 2015; Fan et al., 2013), and

laboratory tests (Burghignoli et al., 2000; Abuel-Naga, H.M. et al., 2007; Clarke et al.,

2008; Kalantidou et al., 2012).

According to Loveridge et al. (2017), the determination of soil thermal properties can

either be carried out through thermal steady state using Fourier’s Law, or through

transient temperature changes using diffusion equation. The measurement or

determination of thermal conductivity values of soil samples in situ or in the laboratory

according to Shiozawa and Campbell (1990) is either carried out under steady heat

flow or unsteady or transient heat flow.

The method commonly involves the use of a heat probe containing an electrical heater

and thermocouple by generating heat using a constant current through a heating wire,

and determining the thermal conductivity by measuring the probe temperature change

during the heating or consequent cooling phase. This method according to Shiozawa

and Campbell (1990), was described by De Vries (1952) and Jackson and Taylor

(1986) and is based on “a solution of the general heat conduction equation for a

constant line heat source applied in a homogeneous isotropic medium of initially

uniform temperature”, and has acceptable accuracy where properly applied.

A theoretical method to calculate thermal conductivity from volume fraction and

conductivities of solid, liquid and air phases was given by De Vries (1963), (Shiozawa

and Campbell, 1990).

Clarke et al. (2008), describe the techniques used in measuring thermal conductivity

as mostly comparative methods where a material of known conductivity is compared

with that of the material being tested. They describe a laboratory method of directly

determining thermal properties of samples obtained from site investigations. The test

involves heating a cylindrical specimen from both ends to allow for axial heat flow,

while measuring the temperature changes within the sample.

The needle probe method of determining soil thermal properties using transient heat

flow involves inserting in a sample, a needle which contains a heating element and

sensors, and then measuring temperature changes which are analysed using a line

source approach. Another approach which is similar is to use the dual probe method

which has a second monitoring point, with the added advantage of being able to

determine thermal diffusivity and specific heat capacity from the measured

temperature changes (Loveridge et al., 2017).

2.7.1 In-situ Thermal Response Testing

Thermal response test (TRT) is a method used to determine the in situ ground thermal

properties to aid the design of GSHP, and according to Sanner et al. (2003), is
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achieved by putting a defined load into the borehole heat exchanger, and measuring

the resulting temperature changes in the fluid circulated. According to Rybach (2012),

“a standard TRT circulates a heated fluid in a test BHE and yields average values of

thermal conductivity, thermal borehole resistance, and ground temperature over the

BHE, by using a linear heat source model”.

The accurate determination of these thermal properties at any site is fundamental to

appropriate design, costing and installation of a successful GSHP system, and

prevents the use of estimated or generic values for key thermal properties

(Hemmingway and Long, 2012).

Figure 2.4 shows a schematic diagram of a TRT.

Figure 2.4: Schematic of a thermal response test, where T1 is the fluid input temperature and

T2, the fluid output temperature. After (Rybach, 2012)

According to Sanner et al. (2008), although TRT also called Geothermal Response

Test (GeRT) is open to possible sources of errors that are grouped as either under

underground influence (usually from groundwater flow), or thermal influence, it is still a

reliable method of determining actual site thermal properties for the correct designing

of Borehole Heat Exchangers (BHEs) as opposed to use estimated or generic values

for the design.
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2.7.2 Dynamic Response Models and the Role of Thermal

Diffusivity

Thermal diffusivity reflects the soil’s ability to transfer heat and change temperature in

response to heat supply or removal (Arkhangelskaya and Lukyashchenko, 2018) and

is normally calculated directly from soil temperature distribution at depth and the

thermal conductivity estimated from it after taking the soil parameters into

consideration (Busby, Jon, 2016). The thermal diffusivity and conductivity are critical to

the success of a GSHP performance, because whether functioning as a heat source or

sink, the temperature distribution in the surrounding material according to Westaway

(2016), “depends on its thermal diffusivity, whereas heat transfer also depends on its

thermal conductivity”. Apparent thermal diffusivity can be calculated from soil

temperature data using a technique which according to (Busby, Jon, 2016), is based

on “the decrease in amplitude and delay in temperature change (phase shift) with

depth of a transmitted heat signal applied to the ground surface, the magnitudes of

which are determined by thermal diffusivity”.

To incorporate these thermal properties adequately into a high performance design

with minimal installation costs, numerical/dynamic models are important as they give

the advantage of simulating all possible aspects and parameters required to create a

reliable and efficient system.

According to Zhang et al. (2018), the short-term ground temperature response is

useful for determining energy consumption of a heat pump system for efficient

operation, and thus requires the use of transient heat transfer. They also identify time

scales, varying loads and thermal interactions between multiple boreholes, as major

challenges to the optimal design of BHEs, thus justifying the need to develop accurate

and efficient BHE models through the application of computational methods for ground

dynamic thermal response.

One of the models in use is the Ground Loop Design program, which according to

Mensah et al. (2017) “is composed of a building load, borehole design, and heat pump

modules that enable the designer to perform a complete design of the ground loop

heat exchanger”.

In numerical modelling, Spitler et al. (2005) contribute that a design methodology

should be able to adequately size the ground heat exchangers “with minimal user input

and computational time”, and also “have a simulation model that can predict hour-by-

hour (or shorter time interval) responses of the ground loop heat exchanger to

continuously changing building loads, as this approach allows the prediction of system

energy consumption and electrical demand”. A methodology which aids the

temperature change around a borehole to be estimated was developed by Eskilson in

1987 using the g-function which according to Spitler et al. (2005) “allows the
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calculation of the temperature change at the borehole wall in response to a step heat

input for a time step”, and “the response to any arbitrary heat rejection/extraction

profile can be determined by devolving the heat rejection/extraction profile into a series

of step heat pulses, and superimposing the response to each step heat pulse”.

Another approach is the use of Dynamic Thermal Networks (DTN) which allows the

simulation of complex three dimensional geometries required to solve building heat

transfer problems. According to Fan et al. (2013) in the DTN approach “the time-

dependent thermal processes are represented as a network to describe the

relationship between boundary temperatures and heat fluxes”, and the “network

includes a combination of admittive and transmittive heat paths and time-varying

conductances that are characterized by a series of response factors”.

The development and use of thermal dynamic models contribute greatly to the

development of optimal designs and realistic pricing of earth energy systems.

2.8 Energy Piles

Energy piles, also known as thermo-active piles, are pile foundations incorporated with

heat exchangers to heat or cool buildings by taking advantage of the constant ground

temperature to use it as a heat source/sink (Abdelaziz and Ozudogru, 2016).

According to Loveridge and Powrie (2012), energy or thermal piles are “a specialist

type of closed-loop ground energy system in which small diameter pipes are cast into

the piled foundations of a building to allow circulation of a heat transfer fluid”. In further

detail, Laloui and Di Donna (2011) describe energy piles as “a system of pipes

installed within concrete structures, with a heat carrier fluid that circulates through it,

can extract heat from the ground that is sufficient to satisfy the need for heat during

the winter and can expel excess heat during the summer”, illustrated in figure 2.5.

Figure 2.5: Typical energy pile arrangement after (Laloui et al., 2006)
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Within the energy piles, the circulating heat carries fluids in a system of absorber pipes

installed within their concrete structures, taking advantage of the relatively constant

ground temperature at depths to provide heating in winter and cooling in summer by

exchanging heat with the surrounding soil (Laloui and Di Donna, 2011). Figure 2.6

shows an illustration of energy piles installed in a small building.

Figure 2.6: Heating/cooling a small house with energy foundations (Brandl, 2006)

Brandl (2006), considers energy piles to operate with higher heat transfer compared to

the normal borehole heat exchangers owing to concrete having higher thermal

conductivity than soil. An added advantage is the fact that there is no need for

separate construction as the pile system is primarily required for structural reasons.

Growth has been recorded in the use of energy piles in the United Kingdom, also

corresponding with carbon dioxide savings, which according to Laloui et al. (2006) can

significantly reduce carbon dioxide emissions of buildings.

The acceptance of this technology and expected increase in installations requires a

better understanding of how energy piles function.

2.8.1 Uses of Energy Piles

The use of energy foundations have been suggested to save up to two-thirds of the

cost of conventional heating while also providing clean renewable energy (Brandl,

2006).
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The key advantages associated with the use of GSHPs technology include a reduced

dependence on fossil fuels for heating and cooling of buildings resulting in a significant

reduction of CO2 emissions of buildings. These advantages have resulted in a

recorded increase in the popularity and use of GSHPs technology in the United

Kingdom and other parts of Europe as shown in Figure 2.7.

Figure 2.7: Number of installed GSHP units and energy provided for space heating in some

European countries from 2000-2011 after (Bayer et al., 2012)

2.8.2 Energy Pile Design

The heat from energy piles is transferred into the ground mainly by conduction,

therefore, the design of an energy pile takes advantage of the thermal properties of

concrete which makes it suitable for use as a heat exchanger medium due to its high

thermal conductivity compared with soil. Pipes made of high-density polyethylene

plastic 20-25mm diameter, with wall thicknesses of 2.0-2.3mm through which a heat

carrier fluid is circulated, are installed in the concrete. The pipes are placed to form

coils or loops, and the heat transfer could be water, water mixed with antifreeze, or a

saline solution (Brandl, 2006). Figure 2.8 shows pipes fitted to the reinforcement cage

of a bored energy pile.
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Figure 2.8: Absorber pipes fitted to the reinforcement cage of bored energy pile (Brandl, 2006)

According to Brandl (2006), it is more common to have the plastic piping fixed to the

reinforcement cages of energy piles on site, even though it can also be fixed in the

plant. During the pipe installation, the fluid inflow and outflow ends of the pipes are

fixed with a locking valve and a manometer which allows for the pipe circuit to be

pressurized to about 8 bar for both integrity check and to prevent the collapse of the

wet concrete head during the installation process.

In rotary bored piles, the pipes are usually fixed to the pile cage, while in continuous

flight auger (CFA) piles the pipe loops are plunged into the concrete centre as shown

in Figure 2.9 (Loveridge and Powrie, 2012).

Figure 2.9: Typical thermal pile construction details (Loveridge and Powrie, 2012)
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Brandl (2006) argues that the process of plunging the pipes into the wet concrete in

the continuous flight auger may affect the final integrity of the absorber pipes and

recommends the rotary bored technique for energy piles.

The heating and cooling process of a building using an energy pile, according to

(Faizal et al., 2016), will require both a primary circuit within the foundation, and a

secondary circuit installed in the building. The primary circuit of an energy pile consists

of closed pipework through which a pumped heat-carrier fluid, usually glycol-water

mixture found to prevent corrosion over time, exchanges energy with the ground. The

secondary circuit on the other hand consists of pipework embedded in the floor and

walls of the structure. A heat pump connected to both the primary and secondary

circuits, typically raises the original temperature by up to 15-20°C to a higher usable

temperature in the case of heating (Brandl, 2006). Figure 2.10 shows the layout of

absorber pipes being installed in the concrete slab in the first floor of a building.

Figure 2.10 : Absorber pipes entering a concrete slab (Brandl, 2006)

2.8.3 Coupling of Mechanical and Thermal Properties

Energy piles are required for both structural support and to meet the heating/cooling

needs of buildings. However, temperature changes within the pile may induce stresses

and strains capable of affecting the soil properties with respect to its bearing capacity

that could eventually pose challenges to the structural integrity of the pile. Changes in

temperature within saturated soils normally lead to resultant changes in effective

stress and volume. As observed in clay, an increase in temperature will normally lead

to pore pressure build up, and how fast or slowly it dissipates is a function of the soil’s

hydraulic conductivity. Temperature increase in soils could also lead to a reduction of

shearing resistance leading to soil structure collapse and reduced void ratio. A
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reduction in pore pressure on the other hand could result in soil structure being

strengthened (Mitchell and Soga, 2005; Vieira et al., 2017).

Thus an understanding of the thermo-mechanical behaviour key to the long-term

success of energy geo-structures and to achieve this, Laloui and Di Donna (2011),

suggest the “couplings between the mechanical properties of the soil-foundation

system, the temperature and the ground pore water, as well as the non-linear

properties of the soil energy-storage system” to be given adequate consideration

during its design Figure 2.11 shows mechanical and thermal stresses acting on an

energy pile.

Figure 2.11: Thermal effects on an energy pile (ΔT, temperature variation; P, mechanical load; 

δth, pile displacement induced by temperature variation; Δσth, thermally induced stress; c′, 
cohesion; and φ′, friction angle of the soil) Laloui and Di Donna (2011) 

Models based on numerical analyses have been developed, capable of predicting the

thermos-mechanical behaviour of energy geo-structures to better account for them in

their design (Laloui and Di Donna, 2011; Suryatriyastuti et al., 2012; Bourne-Webb et

al., 2009; Bourne-Webb et al., 2016)

2.9 Gaps in Knowledge

With the increased use of GSHPs technology, some concerns are also being raised

about their reliability, efficiency and safety as identified from literature in terms of

design, stability and long term performance.
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While there are advantages associated with this technology, a major weakness

identified from work done by (Rees, S.W. et al., 2000; Preene and Powrie, 2009b;

Abuel-Naga, H. et al., 2015a), focuses on their designs which so far utilise inadequate

data input from geotechnical engineers and hydro-geologists and the use of data on

the key ground parameters such as initial ground temperature, thermal conductivity,

and specific heat capacity only generically and from literature rather than from site-

specific field or laboratory measurements. This weakness could result in systems with

low Coefficient of Performance (COP) that may fail over the long term. The problem of

“paucity of data on soil thermal properties required for the sizing of horizontal collector

loops that is compounded by their seasonal dependence” was emphasized by Busby,

Jon (2016).

In the study carried out by Laloui et al. (2006), limited knowledge in the area of thermal

effects on the structural behaviour of foundations was identified as a major obstacle in

the technology’s industrial growth.

From a safety perspective, Brandl (2006), points out that a pile designed

conventionally for stability may not have accounted for temperature induced stresses

and strains within the pile, temperature induced changes in the soil properties and at

the soil-pile interface, which may reduce its safety margin.

In addition to describing a method to determine thermal properties of soil samples,

Clarke et al. (2008) also highlight the need for further investigations of the thermal

characteristics of soils with emphasis on saturated and partially saturated soils for

direct application in the installation of near surface horizontal loops (closed system)

and also to build a database of knowledge.

Preene and Powrie (2009a), identified a possible danger as that of long-term changes

in ground temperature with continued use of EESs, and suggest that to combat this

effect, adequate geotechnical input from the early stage will result in more reliable and

efficient designs.

Yu, X. et al. (2011), report a recorded increase of 0.5°C in soil temperature after

operating a GSHP for a one year period. Though seemingly small for now, this

increase could become significant over long periods of continuous usage, with

possible negative impacts on the ground properties. Over an annual cycle, it is ideal

that the energy extracted from the ground balances the energy put back into the

ground to avoid changes in the mean ground temperature over the long term (Laloui

and Di Donna, 2011). With more of these systems in use, it is important that over time

the net heat input balances the heat extracted (an approach based on aquifer thermal

energy storage, ATES) otherwise a change in the ground temperature will occur which

over the long term may have negative resultant effects on the soil properties. As a
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result of these concerns, Laloui and Di Donna (2011) point out gaps in the use of

energy piles as limited understanding of their thermo-mechanical behaviour and

inadequate geotechnical input in their design. A similar study by Darkwa et al. (2013)

evaluating the thermal performance of a cooling dominated system was borne out of

the concern regarding long term performance of GSHPs where thermal imbalance in

the ground is created by higher rates of heat dissipation into the ground as against

extraction rates where the cooling need is predominant.

It is reported that for investigations related to thermally driven volume change in soils,

more focus is being placed on heating clays to high temperatures appropriate for

nuclear waste disposal as opposed to studying the effect of smaller magnitudes of

heating and cooling over long periods (Loveridge and Powrie, 2012). They expressed

concern about temperature changes around the soil around a pile may result in soil

volume change leading to potential changes in soil properties, and also suggest further

investigation of long-term cyclic changes. Saggu and Chakraborty (2015), pointed out

that the “effect of cyclic heat flow in and out of the energy piles on the load carrying

capacity of these piles and the resulting changes in soil stress–strain response are not

well understood”, while suggesting the “need to understand and quantify the load

transfer mechanism of energy piles under long term cyclic thermomechanical loading”.

Abuel-Naga, H. et al. (2015b), suggest further research work to thoroughly investigate

the temperature effects on the soil-pile interaction to aid in validating the assumptions

made in the available energy pile design methods.

In summary therefore, the gaps and concerns with the use of GSHPs technology were

identified as follows:

1) Limited understanding of thermo-mechanical behaviour of energy piles

2) Possible temperature induced stresses and strains within pile, temperature

induced changes in the soil properties and at soil-pile interface, which may

reduce its safety margin.

3) Inadequate geotechnical input in energy pile design

4) Uncertainty about the effects of long-term cyclic loading on the thermal

behaviour of soils

2.10Overview of Research Questions

In light of the challenges and gaps identified with the use of the GSHP technology,

further research is required in the area of soil thermal behaviour in order to generate

reliable data to aid in the design of more efficient and safer GSHPs and for other

similar applications.
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In conclusion therefore, this research aims to address the area of inadequate

geotechnical input in energy pile design with a focus on the limited understanding of

factors that govern heat flow within soils around an energy pile, by investigating the

thermal behaviour of the soils around a simulated energy pile in a bid to establish a

relationship between soil type, water content, temperature, overburden pressure, time

and thermal cycles; and the performance of energy piles.
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Chapter 3 Experimental Methodology, Test Rig Design and

Equipment

This chapter covers the description of the experimental methodology and the

processes undertaken in designing the test rig. An explanation is given on how each

design parameter was chosen and the theory and assumptions behind their selection.

The procedures in assembling and commissioning the test rig are also covered in this

chapter.

3.1 Introduction

The ground is considered as a source of renewable energy due to its capacity to store

both solar energy from the surface and geothermal energy from the earth’s core and

also its ability to act as a thermally stable mass at depths below the zone of seasonal

temperature variations. It is utilized either as a heat source or sink through the use of

Earth Energy Systems (EESs) which harness and efficiently transfer energy between a

building and the ground by means of circulating fluids (Banks, 2008). This technology

relies on heat transfer by conduction from the surrounding soil by circulating fluids

within pipes when operating as a closed loop system (CIBSE, 2005).

An investigation of the thermal behaviour of the soil around a simulated energy pile

under the influence of soil type, water content, temperature, pressure, time and

thermal cycles was undertaken. To achieve this, an experiment was developed which

allowed a linear heat source within a soil mass to be modelled to depict a scenario

typical to that of an energy pile exchanging heat with the surrounding soil while being

subjected to overburden pressure as depicted by Figure 3.1 on page 38.

Heat transfer by conduction is of primary importance in saturated clays as heat

transfer by convection and radiation is limited because of the low permeability of clays

and the fact they are saturated (Abuel-Naga, H. et al., 2015a; Abuel-Naga, H.M. et al.,

2007). Thus the concept of the laboratory study of heat dissipation in the ground is

based on the application of the principles of conduction heat transfer to the study of

soil thermal behaviour under specific conditions of water content, overburden

pressure, time (duration), cycles, and temperature difference; all acting as variables.

These parameters were identified to find out how they impact heat dissipation in soil

samples, in order to simulate an efficient earth energy system.
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Figure 3.1: An energy pile exchanging heat with surrounding ground

The experimental model and test rig were designed to dissipate heat radially by

conduction from a line source by optimising the radial distribution of temperature and

the dimensions of the sample to minimise the effect of the boundary conditions

(Incropera, 2007a; Mills, 1999).

3.1.1 Soil type

Soils are particulate materials that may contain rock (gravel and sand), clay minerals,

water, air and organic matter depending on the composition. The composition and

particle type of natural soils varies to the extent that there is no reference composition

to determine typical soil properties. It is for this reason that soil behaviour is often

studied using artificial soils (Mitchell and Soga, 2005). Three types of soils were

studied – clay, sand and composite soil formed of clay and sand. The thermal

properties of clay, sand, water and air are different therefore, the thermal properties of

a soil will depend on the proportion of clay, sand, water and air within a sample. The

heat capacity of a soil, Csoil, will depend on the mass specific heat, c, density, ρ, and 

volume, V, of its constituents:-

=࢙ ࢟ࢇࢉ(ࢂ࣋ࢉ) + ࢊࢇ࢙(ࢂ࣋ࢉ) + +࢘ࢋ࢚ࢇ࢝(ࢂ࣋ࢉ) ࢘ࢇ(ࢂ࣋ࢉ) (3.1)
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Given the variation in the composition of natural soils, Equation 3.1 shows that the

heat capacity of those soils will vary. Therefore, commercially available soil was used

so that the composition of the samples could be controlled. Clay was represented by

kaolin as it is often used to study the behaviour of fine grained soils. This was also the

reason for using Leighton Buzzard sand. Composite soils were formed of mixtures of

kaolin and sand in the proportions 75:25, 50:50 and 25:75.

3.1.2 Air and Water Content

Equation 3.1 shows that the thermal properties of a soil will depend on the water and

air content. Most natural soils in temperate climates below the level of seasonal water

changes will be saturated. Therefore, saturated samples of clay and composite soils

were used in these tests. In order to ensure saturation, samples were prepared as

slurry and then consolidated to vary the water content. This is a further advantage of

using commercially available soils as they are supplied dry.

It is more difficult to vary the water content of sand by consolidation. The density of

sand can be varied by the method of preparing the sample. Loose sand is deposited

rapidly with no further treatment; dense sand can be compacted or vibrated into place

or deposited slowly allowing the grains to take up a dense configuration. In both cases,

the sand was saturated by inundation.

3.1.3 Time to Equilibrium

The thermal characteristics of soils can be assessed from either transient conditions

as the soil is heated or cooled or steady state conditions. It was necessary to establish

the time to steady state conditions in order to determine the soil thermal characteristics

and assess whether steady state conditions are achieved in a typical daily thermal

cycle. The time it took each sample type to attain the equilibrium conditions and to cool

back to its initial temperature was studied to determine the time to equilibrium for

heating and cooling for different soil compositions.

3.1.4 Temperature

The sample temperature was controlled by the current and voltage (power) input to the

test. Tests were carried out between 30°C and 40°C typical of site installations

(Brandl, 2006), to study the influence temperature on heat dissipation in the soil

samples being tested and to determine the effect of the thermal capacity of the ground

on the performance of the energy pile.

3.1.5 Pressure Applied

The test rig was built to allow for pressure to be applied to the top of a sample to

simulate overburden pressure and vary the water content. Tests were carried out
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within controlled ranges of overburden pressure from 0kPa to 200kPa to simulate

depths from 0m to 40m below the ground surface in saturated soils. This means that

the sample represented an element of soil within the depth of the energy pile.

3.1.6 Heating and Cooling Cycles

Samples were subjected to heating and cooling cycles to reflect heating load from a

building. The cycles were based on 24 hours period consisting of 8 hours heating and

16 hours cooling simulating a typical office during its working day generating heat.

Other heating and cooling cycle test durations within the 24 hour period were also

carried out to study the thermal behaviour of the different soil composition under

different thermal loads.

3.1.7 Design Concept

A linear heat source placed centrally in a cylindrical container filled with soil was used

to represent the energy pile in the ground (Figure 3.2) and by insulating the top and

bottom of the sample it is possible to simulate radial heat flow. The overburden

pressure was simulated by applying a load to the surface of the soil sample which was

insulated at the top and bottom. Drainage was permitted from the base of the sample.

The variation in temperature across a sample was monitored using thermal probes

installed through glands in the wall of the cell.

Figure 3.2: Concept of Rig Design
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The variables during a test were:-

1. The soil composition

2. The overburden pressure (and hence the water content)

3. The temperature of the heat source

4. The time to apply the thermal load including the time to steady state (for

heating and cooling) and the different loading cycles

Measurements taken during a test were:-

1. The vertical and radial temperature profiles

2. The final vertical and radial water content and soil strength

The emphasis of the tests was on the measurement of the following:

1) The time it takes a soil sample in the test rig to achieve steady state conditions

when a constant heat source is applied from a central linear source, and the

time it takes to cool back to its initial temperature. Steady state refers to

temperatures that are constant with time; inferring that heat flow is also

constant with time (Mills, 1999). The steady state condition in the sample was

determined through the use of temperature probes to monitor its temperature

changes. Thermal conductivity is defined by Rees, S.W. et al. (2000) as “the

constant of proportionality that relates the rate at which heat is transferred by

conduction to the temperature gradient in a material”. The data collected during

an experiment could be used to determine the thermal properties of the

sample.

2) The effects the cyclic thermal loading involved specified periods of heating and

cooling, reflecting an office building’s daily heating and cooling loads, would

have on the soil properties, determined from strength and water content tests

carried out on sub samples collected after the experiment, and the ability of the

soil to act as a heat sink.

Further details of the design and construction of the test rig, the commissioning of the

rig, the experimental methodology, and the additional equipment required are provided

in the rest of the chapter in the order listed below:

i. Schematic diagram of Test Rig

ii. Description and Design of Test Rig and Experiment

iii. The Design of the Rig

iv. Additional equipment required
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3.2 Description of Test Rig Design

A test rig was designed to meet the principles set out in Section 3.1.7. The sample of

soil to be tested (Figure 3.3) is within a cylindrical test chamber or cell body (7). There

are openings fitted with glands down the sides of the chamber (9) to enable insertion

of thermocouples (10) for monitoring temperature changes within the chamber.

A piston (5) placed on top of the sample is pressurised using a flexible membrane /

rubber diaphragm (4) to simulate the overburden pressure on an element of soil at

some depth below the ground surface. This was based on the Rowe cell (Head, 2006),

a cell designed to consolidate large samples of soil.

The base of the cell (12) is fitted with a perforated plate (11) to allow excess pore

water pressures to dissipate and drain out through openings in the cell base (13). The

top and bottom plates are clamped to the body by long bolts (6), to provide a

watertight seal.

Figure 3.3: Schematic diagram of Test Rig
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The heating element is inserted through the base of the cell into a copper pipe or tube

(8) within the sample. The copper pipe is allowed to move down as the clay

consolidates. To avoid heat loss to the surrounding, the end of the pipe projecting from

the base plate moves within a cover (14) below the base of the cell. Drawings of the

test rig and its parts are included in the Appendix.

Figure 3.4 displays a fully set up test rig in operation.

Figure 3.4: Test Rig

3.3 Design of Test Rig

This section briefly describes the processes involved in the design of the equipment.

The selection of parameters for the design was based on the use of general heat

transfer equations for conduction as this is the prime means of heat transfer in soils



44

(Thomas and Rees, 2009). Through the process of manual optimization, heat transfer

equations were analysed to determine the geometry of the test rig.

A theoretical study was undertaken to select an experiment and test procedure and a

test rig that would enable soil to be tested and data collected that corresponds to

theory based on the thermal conductivity of soils. This property determines how fast or

slowly a material gains and loses heat or its ability to transfer heat by conduction

(Banks, 2008).

Figure 3.5 shows an energy pile exchanging heat with the surrounding soil.

Figure 3.5: Heat transport from soil to heat carrier fluid within the absorber pipe of an energy

pile (Brandl, 2006)

Conduction in cylinders is usually treated as a one-dimensional problem when

temperature is a function of the radial coordinate (Mills, 1999). The model of the rig

design was therefore, based on steady state one-dimensional heat conduction, with a

centrally placed heat source radiating outwards.

To determine the appropriate geometry for the test chamber of the rig, the principle of

heat transfer by conduction was applied to study the relationship between the

geometry and variation of temperature due to radial heat flow. A tube of inner and

outer radii ܴଵand ܴଶ, length L, thermal conductivity ,݇ with the two surfaces maintained

at constant temperatures�ܶଵ and ଶܶ as shown in Figure 3.6, is typically considered a

one-dimensional problem (Mills, 1999).



45

Figure 3.6: A long Cylindrical Layer

According to Janna (1988) Fourier’s law of heat conduction for heat transfer through

this layer can be expressed as

ࡽ = −
ࢀࢊ

ࡾࢊ (3.2)

Where

Heat flux (W/m2)ࡽ is the conduction heat transfer rate through the cylindrical

layer and is constant in the radial direction

 (W/m.K) is the thermal conductivity of the material

R is the radial direction in which the temperature varies

T is the temperature at any radius R

A = ࡸࡾ࣊ is heat transfer area at location R and varies in the direction of heat

transfer.

Assuming thermal conductivity to be constant, and because radial conduction through

a cylindrical wall is logarithmic, heat transfer rate can be further expressed as:

ࡽ =
ࢀ∆ࡸ࣊

ࡾ)ܖܔ ⁄ࡾ ) (3.3)
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The temperature difference between the boundaries is: ࢀ − ࢀ = ࢀ∆ (3.4)

For a constant Q, Equation (3.2) can be re-arranged such that thermal resistance, R”,

is expressed as:

”܀ =
ࡾ)ܖܔ ⁄ࡾ )

ࢀ∆ࡸ࣊

(3.5)

Heat conduction problems may also be solved by using existing solutions reported in

terms of a shape factor or steady-state dimensionless conduction heat rate and are

specific to the geometry of the heat transfer problem (Incropera, 2007b). For a

cylindrical shape, the steady heat transfer rate can be determined from the equation

expressed below as:

ࡽ = ࢀ)ࡿ − (ࢀ
(3.6)

Where ࡿ = Shape factor

ࢀ − ࢀ = Temperature Difference between boundaries

The shape factor for a long cylindrical layer of length L is expressed as:

=܁
ࡸ࣊

ࡾ)ܖܔ ⁄ࡾ ) (3.7)

(Janna, 1988)

3.3.1 Design Principles and Assumptions

As the experiment simulated an energy pile, a linear heat source, the design was

based on the following principles:

 To create an axisymmetric problem similar to an installed energy pile to

simulate the transfer of heat by conduction for an element of ground

 To ensure constant temperature boundaries to simulate the dissipation of heat

from an energy source into ground at constant temperature remote from the

pile

 To insulate the top and bottom of the rig in order to ensure heat flow is radial

 To allow temperature to be monitored across the sample to study the thermal

behaviour of the soil

 To be able to simulate elements of the pile at different depths to study if

thermal behaviour changes with depth.

All the calculations carried out for purpose of this research involving conduction heat

transfer equations are based on the following assumptions:
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 A single geological layer (thus constant properties such as thermal
conductivity)

 Constant temperature at the internal and external boundaries

 Finite fixed boundary

 Single cylindrical heat source

 Heat transfer is radial by conduction

For the purpose of calculations to optimize the rig design, a typical thermal

conductivity value of 1.8W/m.K for soil was used in the calculations (Banks, 2008), and

a temperature difference of 20°C was also used in the calculations to determine

appropriate parameters for the rig based on a room temperature of 20oC and a core

temperature of 40oC.

3.3.2 Choice of Rig Material

Conventional consolidation chambers are made of metal, often steel. Their purpose is

to laterally restrain the soil to ensure one dimensional consolidation. In this experiment

the cell wall is also an integral part of the heat transfer. Therefore, the thermal

characteristics of the cell wall have to be taken into account. Further, the soil is to be

consolidated therefore, the cell wall has to be able to provide the necessary lateral

resistance to contain a soil sample subject to an overburden pressure, which, in these

experiments will be a maximum of 200kPa.

The pile heats the soil with the temperature in the soil reducing from its maximum at

the pile/soil interface to the ground temperature some distance from the pile, which,

according to Equation (3.2) is infinity. In practical terms, the external boundary can be

a finite distance from the pile because the variation in temperature is logarithmic and

difference between the simulation and the theory would be small.

Thus the cell wall has to be strong enough to contain a sample subject to an

overburden pressure and have thermal characteristics which are consistent with radial

conduction. Various materials were considered before narrowing down the decision to

steel and High Density Polyethylene (HDPE). An advantage HDPE has over steel is

that its thermal conductivity (0.46W/m.K) is similar to that of soil. The thermal

conductivity of steel (43W/m.K) is about one hundred times that of soil. This means

that the temperature profile using HDPE will be little affected by the cell wall whereas,

with steel there will be noticeable change in the temperature profile at the cell wall for

a wall designed to resist the lateral stresses. The strength of steel (~400MPa) is

sixteen times that of HDPE (~25MPa) which means that the cell wall thickness for

HDPE will be greater than that for steel.
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HDPE has three advantages over steel:-

1. It has a similar thermal conductivity to soil therefore, the temperature profile

though the soil and cell wall will be similar to that of a soil sample with the

same external diameter. This means that a smaller soil sample can be used if

contained in a HDPE cell as opposed to a steel cell.

2. The wall thickness of a HDPE cell will be greater than that for a steel cell for

the pressures to be applied. This increases the effective distance of the finite

boundary of the sample.

3. The density of HDPE (~1Mg/m3) is about an eighth of that of steel (~8Mg/m3)

making it easier to handle the test rig when assembling and disassembling the

rig between tests.

3.3.3 The Diameter of the Cell

The soil was tested in a cylindrical container as shown in Figure 3.7

Figure 3.7: A section through a long cylindrical layer containing soil sample and heat source

within the sample.

It was important that the cell diameter was of the right size relative to the diameter of

the heat source to simulate radial conduction in an infinite soil mass yet be small

enough to be able to assemble the rig. Since the soil and cell wall have similar thermal
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properties, the initial calculations were based on a uniform cylinder of length, L,

internal diameter, R1, and external diameter, R2.

The effect of cell/soil diameter on heat conduction was analysed using Eq. (3.5),

ࡽ = ࢀ)ࡿ − (ࢀ

Where =ࡿ Shape factor; =܁
ࡸ࣊

ࡾ)�ܖܔ ⁄ࡾ )
(for a cylindrical layer)

ࢀ − ࢀ = Temperature Difference

R1 = Radius of heat source

R2 = distance from the centre of the heat source to the outer wall of the cell.

In the calculations, a temperature difference of 20°C was used based on a

temperature at heat source of 40°C and controlled room temperature of 20°C.

It was proposed to use an HDPE tube which is supplied in standard sizes. 250mm was

the nominal internal diameter since a Rowe cell piston was to be used to consolidate

the sample. 262mm HDPE tube with a wall thickness of 11mm has a nominal internal

diameter of 251mm which was deemed acceptable without further machining. This

wall thickness is sufficient to withstand a working pressure of 800kPa; that is

equivalent to a maximum overburden pressure of about 1600kPa.

It is impossible, experimentally, to ensure radial heat flow since some heat will be lost

from the top and bottom of a sample. However, it is possible to ensure radial heat flow

over a significant length of sample provided the sample is long enough. The top and

base plates were made of HDPE providing similar thermal boundaries to the radial

boundary. Therefore, heat loss from the top and bottom of the sample was inevitable.

This is no different from an energy pile in which there will be heat will flow to the

ground surface and to the soil below the pile. The coefficient of thermal conductivity,

the length of the sample, and the internal and external temperatures are constant in a

test. Therefore, the quantity of heat flow is a function of (R2/R1) as shown in Figure 3.8

on page 50.

In terms of pile capacity, the radial zone of influence of a pile is normally taken to be

ten. The thermal zone of influence is much greater (Figure 3.8) since the power

required to maintain the temperature difference increases as the volume of soil

increases.
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Figure 3.8: Plot of Q(W) vs R2/R1 for selecting appropriate diameters for the Heat Source and

Test Rig

The diameter of the cell was fixed by the dimensions of the Rowe cell and material

chosen for the cell wall. A 12.7mm diameter cartridge heater was used as the heat

source. The cartridge heater was inserted in a 15mm diameter copper tube to simulate

the energy pile. This ratio (R2/R1) is 16.74 which gives a value of [Q/(2πk(T1 – T2))] as

0.36 which exceeds the recommended ratio of ten and shows that the boundary will

have little influence on the temperature profile in the soil.

3.3.4 The effect of the cell wall

Figure 3.9 on page 51, shows a multi-layered cylinder which models a centrally placed

heat source in a cylindrical container filled with soil sample for radial heat dissipation.

Using Eq. (3.3),

ࡽ =
ࢀ∆ࡸ࣊

ࡾ)ܖܔ ⁄ࡾ )

At the cell wall interface defined by R2, the temperature is T2. Thus:

=࢙ࡽ
ࢀ)࢙࢚ࡸ࣊ − (ࢀ

ࡾ)ܖܔ ⁄ࡾ ) (3.8)

And

=ࢇ࢝ࡽ
ࢀ)ࢇ࢚࢝ࡸ࣊ − (ࢀ

ࡾ)ܖܔ ⁄ࡾ ) (3.9)
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It is assumed, at steady state, the flow of heat through the soil is the same as the flow

of heat through the cell wall. Hence:

=࢙ࡽ ࢇ࢝ࡽ

Therefore,

ࢀ)࢙࢚ࡸ࣊ − (ࢀ

ࡾ)�ܖܔ ⁄ࡾ )
=
ࢀ)ࢇ࢚࢝ࡸ࣊ − (ࢀ

ࡾ)�ܖܔ ⁄ࡾ )

And

ࢀ)࢙࢚ − (ࢀ

ࡾ)ܖܔ ⁄ࡾ )
=
ࢀ)ࢇ࢚࢝ − (ࢀ

ࡾ)ܖܔ ⁄ࡾ ) (3.10)

Figure 3.9: A section through a multi-layered cylinder filled with soil sample with a centrally

placed heat source
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Equation (3.10) was applied to study the influence of radial distances and cell wall

thickness on temperature changes through heat conduction. The effect of wall

thickness and the diameter of the heat source on the temperature at the soil/wall

interface were considered.

Figure 3.10: Multi-layered Cylindrical Section filled with Soil Sample and showing the

parameters being calculated

Figure 3.10 is a cross-section of a multi-layered cylindrical pipe of an assumed

thickness, filled with soil and with a centrally placed heat source. Heat dissipation is

assumed to take place in the radial direction as stated earlier. Figure 3.10 is discussed

as follows:

 R1, R2 and R3 represent the radius of the heat source, distance from the centre

of the heat source to the inner cell wall, and the distance from the centre of the

heat source to the outside cell wall respectively.

 T1, T2 and T3 are the temperature at the wall of the heat source, temperature at

the inner cell wall and the temperature outside the cell wall (controlled room

temperature).

 kwall and ksoil represent the thermal conductivities of the cell wall and soil

sample respectively. Typical values of 0.46W/m.K and 1.8W/m.K were used in

the calculations for both the cell wall material and soil sample respectively.
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Figure 3.11 shows the variation of T2 with T1 for an external pressure of 20oC for

251mm diameter soil sample with an 11mm HDPE cell with an 11mm wall thickness.

A temperature increase of 10°C at the heat source produced a temperature difference

of approximately 0.6°C at the interface between the soil and the cylinder, while a 20°C

increase produced a temperature difference of 1.1°C at the same location.

Figure 3.11: Plot of T1 (°C) vs. T2 (°C) where values for T2 were obtained by changing the

values of T1 while keeping T3, R3, R1 and R2 constant

In the second instance, values were again generated for T2 (temperature at the inner

cell wall) by changing values R1 (radius of the heat source), while keeping T3 (outside

temperature), R3 (distance from the centre to the outside cell wall), T1 (source

temperature), R2 (distance from the centre to the inner cell wall) all constant.

T2 values obtained by changing the R1 values depict a relationship between the heat

source radius (R1) and wall temperature (T2), are presented by the chart in Figure 3.12

on page 54.

It was observed that as the radius of the heat source (R1) was increased from 5mm to

10mm the inner wall temperature (T2) increased by only by 0.3°C. Increasing the

radius further to 80mm only increased T2 by about 1°C.

Increased changes in T2 occur only as heater radius becomes greater than 90mm.

Between 90mm and 100mm radius the increase in T2 is about 1.8°C, thus the gradual
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heat flow within the sample which is desired for the experiment, requires keeping the

heat source radius less than 80mm.

Figure 3.12: Plot of R1 vs. T2 (°C) where values of T2 were obtained by changing the values of

R1 while keeping T3, R3, T1 and R2 constant

In the third and final instance, the relationship between R2 and T2 was studied (Figure

3.13).

Figure 3.13: Plot of R2 vs. T2; where values of T2 were obtained by changing the values of R2

while keeping T3, R3, T1 and R1 constant
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Values were generated for T2 (temperature at the inner cell wall) by changing values

R2 (distance from the centre to the inner cell wall), while keeping T3 (outside

temperature), R3 (distance from the centre to the outside cell wall), T1 (source

temperature), R1 (radius of the heat source) all constant.

The prime purpose of the cell wall is to contain the soil. However, it also affects the

heat flow and therefore, the temperature profile through the soil sample. HDPE was

the chosen material for the cell because the thermal conductivities of soil and HDPE

are similar thus increasing the effective volume of soil in the experiment. The tests

were carried out in a constant temperature laboratory which, typically, meant a

temperature of 20oC ± 1.5oC. Therefore, the cell wall had to act as an insulator to

reduce the effect of the room temperature fluctuations on the soil. The standard HDPE

pipe of 11mm thickness was tested based on the above criteria and therefore, found

suitable for the purpose of the experiment.

3.3.5 Ability to withstand Pressure Loading

A standard 251mm internal diameter HDPE pipe with 11mm cell wall thickness was

used. The maximum pressure acting on the cell wall was due to the lateral stress in

the soil. The operating pressure for this pipe is 640kPa. The maximum overburden

pressure was 200kPa which gives an approximate lateral pressure of 100kPa.

Therefore, the HDPE cell was acceptable.

3.3.6 Other Design Aspects

Figure 3.14 on page 56, shows a fully labelled section of the rig used to highlight the

design details that are referred to in the process. The cylindrical cell body (7)

containing the sample, was clamped between the cell base (12) and the cell cover (2)

with threaded bars (6). This technique ensured that the sample was properly sealed to

prevent pore water leaking from a sample and to make the pressure system airtight.

The design of the cell cover was based on the Rowe consolidation cell (Head, 2006),

with an attached flexible rubber diaphragm (4) and inlet (1) for air pressure to be

uniformly distributed over the soil thereby simulating overburden pressure. The cell

base was designed with outlet points (13) to serve as drainage for excess pore water

during the consolidation stage when the sample to pressurized.

Five 15mm round openings were made through the cell base. The central opening was

for the heater and the others were for the purpose of investigating the location of heat

sources in a concrete pile. This is not covered in this research therefore, they were

plugged off during the experiment. The base required sturdy stands (15) to adequately

support the weight of wet soil sample, the pressure load and other parts of the rig.
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Figure 3.14: Cross-section of test rig showing the key elements

The stands were designed to be high enough to provide adequate clearance for the

heater in a copper pipe (8) which was designed to be introduced through the bottom of

the cell.

The copper pipe was designed to be fitted through the centre of the cell base to the

cell body and threaded to the top rigid plate (5) so that the heater and copper pipe

moved down as the sample was consolidated. Copper was selected as the material of

choice due to its high thermal conductivity value of 401W/m.K (Incropera, 2007b), as

the function of this pipe is to hold the heating element and conduct the heat to the

surrounding soil. A heater cover (14) acted as an insulated casing for the heater. An

opening by the side of the heater cover allows for the heater wiring to pass through.

Two rigid plates were designed for use within the cell body to keep the pipe in a fixed

position and to keep the soil in place. The top plate (5) was designed to ensure

uniform loading on top of the soil and has a threaded opening to secure the heater

pipe in place. The thinner lower plate (11) has perforations to allow dissipation of

excess pore water pressures.
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Small openings (9) were made in the sides of the cell wall for thermocouples (10) to be

inserted at various distances from the centre to measure the temperature changes

within the soil sample.

Several O-rings (3) of varying sizes were placed at points where the rig parts are

connected in order to ensure proper sealing.

3.3.7 A summary of how the rig is set up

The process of setting up the rig for use is described in the following steps and aided

by the use of figures.

i. The cartridge heater, A in Figure 3.15, is smeared all over with conductive gel

to ensure uniform heat distribution within and along the pipe. When the heater

is placed in the pipe, the gel helps to push out existing air in the pipe. The

heater is then placed into the copper pipe, and firmly screwed together by

means of its threaded base, B in Figure 3.15.

Figure 3.15: Cartridge heater and cartridge heater in copper pipe

ii. The cell base is set up by fitting an O-ring into the groove of the cell base as

shown in Figure 3.16. Openings 1 to 4 not in use during the experiment are

blanked off with plugs.

B
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Figure 3.16: Top view of cell base with O-ring attached

iii. From Figure 3.17; the stands are attached to the cell base from the bottom,

drainage fittings are attached and the copper pipe bearing the heater firmly

fitted through the central opening in the base. The heater cover is fitted over

the base of the heater and under the cell base. The heater wires pass down

through an opening on the side of the heater cover for that purpose.

Figure 3.17: Bottom view of cell base showing fittings and copper pipe with heater
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iv. The perforated flat plate, A in Figure 3.18, is slid down the copper pipe and

placed on the bottom of the base. Filter paper (B) cut to the shape and size of

the perforated plate is placed over it to prevent blockage of drainage openings

as shown in Figure 3.18. A layer of silicon grease is applied over the O-ring to

help seal gaps around the cylindrical cell body to be placed over it.

Figure 3.18: Perforated plate to be placed over cell base

v. The openings on the sides of the cylindrical body are fitted with blanking plugs

to ensure it does not leak when a sample is consolidated (Figure 3.19). The

plugs are later replaced with Swagelok glands after consolidation of the

sample.

Figure 3.19: Cylindrical cell body showing openings fitted with blanking plugs
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vi. As shown in Figure 3.20, the cylindrical cell body is placed over the cell base

where the silicon grease was applied to help hold it in place and seal off gaps.

A top flange is placed over it enable the cell body and cell base to be clamped

together by a set of threaded bars.

Figure 3.20: Cylindrical cell body attached to cell base by threaded iron bars

At this stage the soil slurry is carefully placed in the cell to eliminate air. Figure 3.21

shows a top view of the cell before and after loading with sample.

Figure 3.21: Top view of cell before and after loading with sample
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vii. The upper rigid plate is placed on the sample and screwed on to the top of the

copper pipe to keep it in a fixed position, as shown in Figure 3.22. A layer of

filter paper is placed between the sample and plate to prevent the soil sticking

to the plate.

Figure 3.22: Showing top and bottom views of the piston (rigid plate) before and after it is

placed over sample

viii. The cell cover fitted with the flexible rubber diaphragm as shown in Figure 3.23

(page 62), is placed over the top flange and clamped to the cell base with

another set of threaded iron bars. This concludes the setting up process.

After setting up the rig, an air pressure supply unit is connected through valves on the

cell cover to introduce air pressure which is uniformly distributed over the sample by

the rubber diaphragm.

When consolidation of the sample is over, power is supplied to the cartridge heater

listed in Table 3.1, from a laboratory direct current power supply source.

Thermocouples also listed in Table 3.1, are fitted through the Swagelok openings on

the sides of the cell body at specific distances from the heat source to measure

temperature changes across the sample. The thermocouples are connected to a data

logger which is set to record the temperature changes at regular intervals. The data is
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stored in the logger until retrieved using a laptop programmed with the appropriate

data logger software.

Figure 3.23: Test rig being covered with cell cover fitted with flexible rubber diaphragm

3.3.8 Additional Equipment

The equipment required for the experiment in addition to the test rig are; cartridge

heater, Laboratory DC power supply, temperature sensor probes

(thermistors/thermocouples), air pressure supply unit, a data logger and a computer.

Specification details of the heater are included in the Appendix.
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Table 3.1: Table showing additional equipment and their description

Equipment Brief Description

Cartridge

Heater

A Chromalox DC heater half inch in diameter (12.7mm) and 300mm

in length was designed and manufactured to run at 30V and 3A

specifically to suit the purpose, with a maximum output temperature

of 60°C.

Temperature

Probes

Thermocouples were required for measuring temperature changes in

the sample and are connected to a data logger for the purpose of

data monitoring and collection. K-type thermocouples of varying

lengths were used. A photograph of the thermocouples is shown

below.

Data logger The data logger CR800 series was used in conjunction with the

thermocouples to record temperature data from tests run during the

experiments.

Air Pressure

Supply Unit

An air pressure supply unit installed in the laboratory was used as

source of air pressure for the experiment.

Computer A standard laptop installed with the data logger program was

required to access the recorded data from the data logger.

Lab DC

Power

Supply Unit

A Laboratory Direct Current power supply was used as a source of

constant power supply to the cartridge heater during the experiment.

The Gwinstek GPS-3303 has a power supply range of 0-30Volts and

3Amperes.

3.4 Commissioning of Rig

The rig was commissioned for use by carrying out leakage tests and a set of

preliminary heating and cooling tests.
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To carry out the leakage test, the rig was set up as described in the previous section

and the cell body was filled with water. Slight leakage occurred from around the base

of the cylinder which indicated the presence of a gap. Silicon grease was placed

around the O-ring sealing the cell body to the base. This solved the leakage problem

and allowed for heating tests to be conducted on kaolin samples as other parts of the

rig worked according to design expectations.

The preliminary tests on kaolin involved loading the cell with saturated kaolin sample

of known water content and introducing specific air pressure load through the top of

the cell to the rubber diaphragm which distributes it evenly over the sample. On

completion of the consolidation process, heat was introduced into the sample through

the centrally placed cartridge heater and radial heat distribution is monitored across

the sample.

3.5 Results and Problems

Figure 3.24 on page 65, shows a graphical representation of a typical heating and

cooling test carried out on a kaolin sample with overburden pressure of 50kPa. The

heating test run was for eight hours while the cooling took place for 16 hours, both

within a 24 hour cycle. Temperature probes were inserted at specific distances across

the cell as shown in the inset.

From the graph in Figure 3.24, it can be seen that within the eight hours heating period

that the heater attained a temperature of approximately 35°C while the temperatures

recorded by the probes just touching the outside wall of the copper pipe are 24°C and

27.8°C respectively. This significant temperature difference between the heater and

outside wall of the pipe was not anticipated and was therefore, noted as an issue to be

resolved. The use of heat transfer gel around the cartridge heater within the copper

pipe to help in uniform heat conduction did not adequately resolve this problem.

Based on the sample in equilibrium heating condition, the variation of temperature

across the sample, from the heater to the inner edge of the rig, is presented in Figure

3.25 on page 66.

In this figure, the temperature variations at the top and bottom layers of the sample are

displayed alongside the theoretical temperature variation expected for the sample in

heating equilibrium. The disparity in temperature between the top and bottom of the

heater, and also the theoretical prediction, all point to non-uniform heating and

therefore, the need to make modifications to the rig design.

Leakage was observed during the consolidation process. This occurred around the

gap between the cell base and the copper pipe, where the water leaked onto the base
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of the cartridge heater during consolidation. This could potentially affect the wiring of

the heater over time and present an electrical hazard, and in addition affect the long-

term performance of the rig.

Figure 3.24: Heating and cooling cycles in kaolin showing temperature variations at different

radii as shown in the layout of probe positions

While noting the leakage and temperature difference issues, observations were also

made of a few changes that could potentially improve the performance of the rig.

Therefore, based on challenges encountered and observations made during
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preliminary tests carried out, modifications to the rig design were required for its

optimum performance.

Figure 3.25: Temperature variations across the sample compared to the theoretical variation

3.6 Modifications to Rig Design after Preliminary Tests

Figure 3.26 on page 67, shows both the initial and modified rig designs and highlights

the differences due to design change. The modifications made to the parts of the rig

are first summarised and then in more detail in the following sections. Modifications

made to address the issues found during the commissioning test led to changes to

other parts of the rig.

The thickness of the piston was increased with a central hole to allow the cartridge

heater to be fixed as the soil was consolidated. This change resolved the issues of

possible heat loss from the length of heater below the cell and leakage from the base

of the heater.

An increase in the length of the cell body was required in order to accommodate the

thicker top plate (piston).

The design of the cartridge heater and its type of wiring was also modified to allow it

be screwed directly to the base plate thus eliminating the need for the copper pipe and

the use of a heat transfer gel to ensure heat distribution. This resulted in the added

advantage of being able to measure heat flow directly from the source, while reducing

the possibility of heat loss within the pipe due to trapped air.
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Figure 3.26: The initial rig design and the modifications made to improve its performance
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During the modification to the cell base and piston, four extra heater openings were

created at specified positions for the purpose of further testing to model different

positions of energy piles in concrete and the effect of their interactions in future work. It

is not part of this research as this research focused only on the central position

modelling an energy pile in soil. The extra openings were plugged off while carrying

out tests.

O-rings of different sizes were used in several places to prevent any possible leakages

especially around the circumference of the base plate where the cell body is attached,

and around the base of the cartridge heater as shown in Figure 3.26 on page 67.

The perforations made in the bottom plate were increased in a radial pattern to

enhance better drainage of pore fluids during sample consolidation.

The modifications made to parts of the rig are described in more detail below.

3.6.1 Change to Design of Rigid Top Plate

The thickness of the rigid top plate was increased from 40mm to 160mm to

accommodate free upward movement of heater due to consolidation, as sample in the

preliminary tests showed settlement of up to 97mm. The additional thickness was

added to also prevent the rubber diaphragm from coming in direct contact with the

heater to avoid damage.

The diameter of the piston was selected as 250mm to fit into the cell body with just

enough room to limit friction between the cell wall and top plate as the soil

consolidated.

Holes were drilled in the piston to align with the holes in the base plate. These holes

were there to allow tests to be carried out with different locations of the heat source; to

test the position of U-tubes in a concrete pile, for example. The holes were not used in

these tests and therefore, were sealed with plugs.

The plugs were fitted with O-rings to ensure proper sealing as shown in Figure 3.27 on

page 69.

Two threaded openings were made at the top of the piston to fit handles to aid in lifting

the piston. Figure 3.27 (page 69), shows details of the piston and its attachments.

The piston also acts as an insulator to prevent heat loss from the cartridge heater.
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Figure 3.27: Top piston and its parts

3.6.2 Change in Cartridge Heater Design

The initial cartridge heater design which had a threaded base was changed to have a

flange at the bottom to enable it to be screwed directly to the cell base. The heater is

attached to the base of the rig by means of bolts fitted through a flange attached to its

base. See Figure 3.28.

Figure 3.28: Cartridge heater

The wiring type was also changed from directly attached wires which were susceptible

to damage, to detachable spade terminals. The heater is connected to the power

source via 6.3mm spade terminals with 1000mm leads covered with protective

sleeves. It operational range is at 30 Volts and 90 Watts and runs on direct current.
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The stainless steel cartridge heater was specially designed to fit the test rig according

to specifications given to the manufacturer (Chromalox).

3.6.3 Change to Cell Base Design

The cell base supports the cell body. It sits on four legs to allow access to the base to

attach drainage lines and electric cables.

The cell base has a central opening for the cartridge heater used in these experiments

and four similar openings which were sealed with plugs for the purpose of these

experiments but could be used in future similar investigations.

The cell base also has a groove around its circumference into which an O-ring of

appropriate dimension is installed to ensure proper sealing when the cell body is

clamped on securely. Figure 3.29 shows both the initial and modified cell base

designs.

Figure 3.29: The initial and modified cell base designs

The main changes made to the cell base are:

1) The stands were re-designed to be shorter than the previous stands as the

need for clearance required for heater movement was eliminated in the rig

modification

2) The openings for the cartridge heater have grooves around their circumference

for O-rings to ensure proper sealing and prevent leakage as shown in Figure

3.30 (page 71). There are also provisions made around the openings for bolts

to secure the base of the cartridge heater

3) The positions of the openings made for the cartridge heater changed slightly

from that of the initial design to enable the study of heater interactions based

on distances from each other in future study
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Figure 3.30: Top and bottom views of modified cell base

4) Plugs were fabricated in the same diameter as the heater to seal off the

openings not in use during these experiments. As can be seen in Figure 3.29

(page 70), the surfaces around the openings are designed to flush with the top

of the plugs unlike in the initial design where the plugs stood proud of its

surrounding surface.

5) The cell base surface as shown in Figure 3.30 is grooved to allow easier

drainage of pore pressures. Figure 3.30 also shows the top and bottom views

of the cell base.

3.6.4 Change in Design of Cell Body

The cell body was designed with an additional increase in height of 130mm to

accommodate the new top plate as shown in Figure 3.31.

Figure 3.31: Modification of Cell body



72

The diameter and cell wall thickness remained the same. An additional probe opening

was made in the modified cell wall to enable more probes to be inserted into the test

chamber. In the initial design of the cell body, the lowest probe position was placed

approximately 45mm from the base while in the modified cell body, it was placed

20mm from base.

3.6.5 Change in Design of Perforated Bottom Plate

Changes were made to the perforated bottom plate. Although both are of the same

thickness (10mm), the positioning of the openings for the cartridge heater were

changed to align them with those in the base and top plate.

In the modified design, additional perforations were made in the bottom plate in a more

defined radial pattern to facilitate drainage of pore water pressures. The changes are

shown in figure 3.32.

Figure 3.32: Top view of initial and modified bottom plates

3.7 Description of Modified Test Rig

Figure 3.33 on page 73 shows diagrams of both rig designs side by side to highlight

the differences due to design change, while the modified test rig is described

subsequently.
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Figure 3.33: Diagrams of initial and modified rig designs
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The sample of soil to be tested (Figure 3.33B) is within a cylindrical test cell also

referred to as the cell body (8). This chamber is made from HDPE.

There are openings (9) fitted with glands, down the sides of the cell to enable insertion

of thermocouples for monitoring temperature changes within the chamber.

A piston (6) placed on top of the sample is pressurised by introducing pressurized air

through a flexible membrane (5) to simulate an element of soil at some depth below

the ground surface, and operates by using a consolidation mechanism similar to the

Rowe cell (Head, 2006). The piston also has a central opening through which a

cartridge heater (11) can slide upwards as the piston pushes downwards on the

sample. The piston is also made of HDPE and acts as an insulator to prevent heat loss

from the cartridge heater.

The base of the cell (13) is fitted with a perforated plate (12) to allow excess pore

water pressures to dissipate and drain out through drainage openings (14) in cell base.

Both the cell base and perforated plates are made of HDPE.

The cell base also has a central opening through which the cartridge heater is fitted

from the base of the cell into the test chamber. The cell cover and cell base are

clamped to the cell body by long bolts (7), to provide a watertight seal by compressing

the O-rings between the cell base and cell wall.

3.8 Assembling of the Rig

This section explains the step by step procedures in setting up of the rig for a typical

experiment. With the use of photographs to aid the descriptions, the processes

involved are described in three main tasks which involve:

1. Setting up the cell base and its components

2. Setting up the cell body and its components

3. Attaching the cell cover to the test chamber

3.8.1 Task 1: Setting up the cell base and its components

The first task is to set up the cell base. Several steps are required to do this and are

listed as follows:

1) The four stands are screwed into threaded openings in the bottom of the

cell base by means of threaded bolts attached to the stands as shown in

Figure 3.34 on page 75.
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Figure 3.34: Assembling the cell base

2) The openings provided for drainage are fitted with drainage fittings and

tubing as shown in Figure 3.34.

3) An O-ring of appropriate dimension is installed into the groove around the

circumference of the cell base as shown in Figure 3.35.

4) The other openings that are not in use during the test are sealed off with

blanking plugs fitted with O-rings to ensure proper sealing. The O-rings

are fitted into grooves around the stem of the plug as shown in Figure

3.35.

Figure 3.35: Setting up of the cell base with O-rings and plugs
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5) In the next step, an O-ring of appropriate dimensions is fitted into the

groove of the central opening and the cartridge heater is fitted through the

opening.

6) The heater is secured in place by bolts screwed through the flange onto

the cell base as shown in Figure 3.36.

Figure 3.36: Installing the cartridge heater

7) The final step in this task is to slide the perforated bottom plate over the

heater through its central opening, onto the surface of the cell base as

shown in Figure 3.37. The plate is then lined with filter paper to keep

sample in place while allowing drainage of water. The filter paper was

placed over the heater by making a central opening in it.

Figure 3.37: Assembling the test rig showing the base plate with the cartridge heater in place

and filter paper to allow excess pore pressures to dissipate as pore fluid is drained from the
sample
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3.8.2 Task 2: Setting up the cell body and its components

Several steps are required in this task:

1) The openings on the cell body are threaded to enable them be sealed off

with threaded blanking plugs as shown in Figure 3.38. This is to prepare

the cell body to be loaded with sample and to prevent any leakage when

pressure is applied to the sample in the cell. The plugs are replaced with

Swagelok glands after the sample is consolidated.

Figure 3.38: Sealing the openings on the cell body for sample loading

2) The cell body is then placed over the already set-up cell base as shown in

Figure 3.39. It is important to ensure that the openings are accessible.

Figure 3.39: Photograph showing (a) the cell body fitted into the already set-up cell base; and

(b) the inside of the test chamber from top view
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3) An O-ring of appropriate dimension is fitted into the groove around the

circumference of the top flange as shown in Figure 3.40. The top flange is

then mounted onto the cell body as shown in Figure 3.40. The presence of

the O-ring is to ensure air-tight sealing of the rig when in testing operation.

Figure 3.40: Top flange mounted on cell body

4) The final step in this task is to attach the cell body firmly to the cell base by

clamping the top flange to the cell base using threaded iron bars, nuts and

washers. This is illustrated in Figure 3.41.

Figure 3.41: The test chamber (cell body and cell base) is bolted in place by threaded iron bars
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At this stage, the cell body is ready to be loaded with the soil slurry which is described

in the next subsection.

3.8.2.1 Loading the Rig Chamber

The soil slurry is carefully loaded by hand into the test chamber up to almost level with

the cartridge heater, as shown in Figure 3.42.

Figure 3.42: Inside the test chamber loaded with sample

The sample is placed in such a way to eliminate air that may be present in the sample.

The sample in the rig is allowed to stabilize to the controlled room temperature.

The piston is then placed over the sample so that the top of the cartridge heater fits

through its central opening (Figure 3.43A). This allows for free downward movement of

the piston as sample consolidates. The piston accommodates the heater exposed by

the settlement of the sample and also acts as an insulator to prevent heat loss.

Figure 3.43: Top piston placed over sample



80

The piston is lowered over the sample using the handles provided for this purpose as

shown in Figure 3.43B, and then removed afterwards.

The cell cover fitted with the flexible rubber diaphragm as shown in Figure 3.44, is

placed over the top flange and clamped to the cell base with another set of threaded

iron bars. This concludes the setting up process.

3.8.3 Task 3: Attaching the cell cover to the test chamber

This final task involves attaching the cell cover to the test chamber already set up in

tasks one and two.

The cell cover, to which the rubber diaphragm is attached, is placed over the top

flange and clamped to the cell base with the longer set of threaded iron bars which are

tightened across to balance the torque. This is shown in Figure 3.44.

Figure 3.44: Attaching the cell cover to the test chamber

3.9 Test set up

After setting up the rig, an air pressure supply unit is connected through valves on the

cell cover to introduce air pressure which is uniformly distributed over the sample by

the rubber diaphragm.

When consolidation of the sample is complete, power is supplied to the cartridge

heater from a laboratory direct current power supply source. Thermocouples are fitted

through the Swagelok openings on the sides of the cell body at specific distances from
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the heat source to measure temperature changes across the sample. The

thermocouples are connected to a data logger which is set to record the temperature

changes at regular intervals. The data is stored in the logger until retrieved using a

laptop programmed with the appropriate data logger software. Figure 3.45 shows a

test set up in operation.

Detailed drawings showing dimensions and specifications of the various parts of the

rig are attached in the Appendix.

Figure 3.45: An overview of test set up in the modified rig

3.10 Summary of Features of the Rig that met Design Criteria

The test that was run after the modified rig was set up was observed closely to ensure

that the design criteria had been met.
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The increased thickness of the piston allowed for free upward movement of the

cartridge heater during sample consolidation and also resolved the issues of heat loss

and water leakage from the base of the heater. The use of different sizes of O-rings

especially around the circumference of the base plate to which the cell body was

attached, and around the base of the cartridge heater, also prevented water leakages.

The re-design of the cartridge heater and spade wiring which allowed it to be screwed

directly to the base plate, eliminated the need for the copper pipe and the heat

variations between the heater and pipe earlier encountered. This also ensured heat

flow directly from the heat source into the sample.

Better drainage of pore fluids during sample consolidation was enhanced by the

increased perforations made in the bottom plate in a radial pattern.

With the two main problems of water leakage, and temperature differences along the

heater length and between the heater and copper pipe wall resolved by the

modifications to the initial rig design, a graph is presented in Figure 3.46 shows the

temperature variations across the sample at the top and bottom of rig, and in

comparison to the theoretically predicted variation.

Figure 3.46: Temperature variations across the sample compared to the theoretical variation

When compared with Figure 3.25 (page 66), which shows the temperature variations

across sample in the initial rig design, Figure 3.46 shows a more uniform temperature

at the top and bottom of the heater and thus, improvement in heat transfer within the

system. The disparities observed between actual and predicted variations are

discussed in more detail in Chapter 7.
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In conclusion after the set up of the modified rig, the details of the procedures involved

in carrying out a test are discussed in the next chapter.

3.11 Conclusion

In this chapter, the design concept, materials and testing parameters were presented

and discussed. The design aspects and justifications for the parameters and materials

selection for fabricating the rig were also discussed. The rig was commissioned. The

problems detected and encountered during the commissioning of the rig, were

presented alongside the need for modifications, which were made to the initial design

to make it fit for purpose. The step by step procedures for setting up both the initial

and modified rigs were described in detail. Both rig designs were then compared and

the changes to the design explained.

The test procedure will be discussed in Chapter 4.
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Chapter 4 Test Procedure and Typical Results

4.1 Introduction

Following on from chapter 3 where the test rig, its components and assembly were

described, this chapter focuses on details of the test procedure which covers the

following areas:

1) Instrumentation and leakage checks

2) Sample materials and preparation procedure

3) Tests for the purpose of studying heat dissipation through kaolin, sand and

mixtures of kaolin and sand in varying proportions while controlling parameters

such as water content, temperature/power, heating cycles, pressure load, and

time taken in order to study their effects on the soil thermal behaviour. To

achieve this, a heater was centrally placed in the sample while measuring and

recording temperature changes within a sample at specified intervals and the

time taken for the sample to heat up and cool down was recorded.

4) Analysis of soil properties after the tests

5) An overview of typical test results

4.2 Instrumentation and Leakage Testing of Rig and its

Components

Instrumentation and leakage tests were carried out on the rig to ensure it performed

according to the design expectations and was compatible with other instruments and

equipment required in setting up the experiment.

The leakage test consisted of setting up the rig as described in chapter 3 and then

filling it with water to detect any leakages. It was successful with the modified rig

design as no leakage was observed as was the case of the first rig design.

In the instrumentation test, the cartridge heater and its electrical components were

tested to ensure they were in good working condition.

The heater was tested in detail with the aim of establishing its temperature response to

a specific power input by connecting it to a power supply unit and adjusting the current

and the voltage.

The heater was first tested in water and in kaolin samples held in a glass jar (Figure

4.1 on page 85) to test its performance which was easier to monitor in the jar, before
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proceeding to use it in various tests within samples in the rig. The reason for this was

to test the cartridge heater, thermocouples, power supply unit and data-logger and

study how they work within a small sample of kaolin, towards gaining a better

understanding of how the heating component of the rig works.

Figure 4.1: The cartridge heater being tested on a small scale to establish its temperature

response to power input

4.3 Typical Test Procedure

This section describes a typical test procedure which consists of the following five

phases:

1) Sample preparation

2) Consolidation

3) Equilibrium testing

4) Thermal Cycles

5) Assessing the Soil Properties

4.3.1 Sample Preparation

Due to the varied composition of natural soils, soil behaviour is often studied using

artificial soils (Mitchell and Soga, 2005). In order to represent the ground element of an

energy pile, three types of soils were studied: clay, sand and composite soil formed of

clay and sand. Kaolin and Leighton Buzzard sand were used to study the behaviour of

fine grained soils and also because they are typical laboratory soils with standard
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properties which can be controlled and studied. Composite soils were formed of

mixtures of kaolin and sand in the proportions 75:25, 50:50 and 25:75.

4.3.1.1 Materials/Equipment Required

The materials and equipment required in the sample preparation process include:

1) Kaolin powder (high grade laboratory type)

2) Leighton Buzzard Sand (fraction size C; 600um-300um)

3) Leighton Buzzard Sand (fraction size D; 300um-150um)

4) Industrial Mixer with all its electrical components

5) Weighing scale

6) Distilled Water

7) Plastic buckets and scoops

4.3.1.2 Sample Preparation Process

Since the thermal properties of clay, sand, water and air are different, it follows

therefore, that the thermal properties of any soil will depend on the proportion of clay,

sand, water and air within a sample. The sample preparation process therefore,

involved mixing kaolin powder with distilled water to achieve specific water content,

and also mixing specific quantities of kaolin, sand and distilled water to form composite

soil samples.

Although the samples used in each test varied from each other in terms of water

content and soil type/composition, the mixing process was similar in each case. The

mixing processes of the different samples are described in the following sub-sections.

4.3.1.3 Kaolin Sample Mixture

This section describes the processes involved in preparing kaolin slurry at

approximately 82% water content, at which the saturation level is approximately 150%

of its liquid limit in order to limit the amount of trapped air in the sample.

The weight of distilled water and kaolin powder required to produce the desired water

content of slurry was first of all determined, and in the case of a kaolin slurry with 82%

water content, typically 12.5kg of Kaolin powder was mixed with 10.1kg of distilled

water to yield the quantity of sample required to fill the test chamber of the rig up to the

level of the cartridge heater.

The sample mixing process takes place within an extraction chamber to minimize

inhalation of the kaolin particles. The set-up is shown in Figure 4.2 on page 87.
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The distilled water was poured into the bowl of the mixer and it was switched on, after

which the kaolin powder was carefully added scoop by scoop as shown in Figure 4.3,

and the mixing process was continued until the mixture turned to smooth slurry.

Figure 4.2: A mixing unit set up inside an extraction chamber for mixing samples

Figure 4.3: Photo showing kaolin sample mixing process where kaolin powder is being added

to the distilled water in the mixer bowl
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On completion of the mixing process, the slurry was transferred from the mixer into

clean and dry plastic buckets with lids for easier movement and onward loading into

the test rig (Figure 4.4A). At this stage, several samples were collected for the

determination of the actual water content of the prepared mixture (Figure 4.4B) as

specified in BS:1377 (Head, 2006).

Figure 4.4: Photo showing (a) Well mixed kaolin sample ready for testing (b) Kaolin samples

collected for determination of actual water content of prepared sample

Following the procedure described earlier (pages 86 & 87),, a total of five samples

were prepared for both preliminary tests and subsequent tests carried out under

varying overburden pressures of 25, 50, 100, & 200kPa.

4.3.1.4 Kaolin Sample Mixture for Control Test

A separate sample was prepared following the procedure described earlier (pages 86

& 87), but with different proportions of kaolin powder to distilled water in order to

achieve a slurry with approximate water content of 85%. 12kg Kaolin powder and 10kg

distilled water was used to obtain this. The purpose of this sample was to serve as

comparison with the other samples of lower water content to further study the impact

of water content on thermal properties of soil, and was tested at 0, 25 and 50kPa.

4.3.1.5 Kaolin Sand Sample Mixture (Kaolin to Sand ratio is 3:1)

This sample was prepared with three parts of kaolin powder to one part of sand. It

required combining 11.25kg kaolin powder with 3.75kg sand. The 3.75kg of sand was

comprised of 1.25kg fraction C and 2.5kg fraction D. 9kg of distilled water was used in

preparing this sample. The distilled water and kaolin powder were mixed following the

standard process described earlier (pages 86 & 87) and the sand was gradually mixed

in until a smooth consistency was achieved as shown in Figure 4.5 on page 89.The

average water content of this sample as determined by the water content test was
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59%. Two sets of this sample were prepared and loaded into two separate rigs. One

test was run at 25kPa while the other at 100kPa.

Figure 4.5: Photo showing sample mixture of three parts of kaolin to one part of sand in the test

chamber

4.3.1.6 Kaolin Sand Sample Mixture (Kaolin to Sand ratio is 1:1)

This sample was prepared with one part of kaolin powder to one part of sand. It

required combining 9kg kaolin powder with 9kg sand. The 9kg of sand was comprised

of 3kg fraction C and 6kg fraction D. 8kg of distilled water was used in preparing this

sample.

The distilled water and kaolin powder were mixed following the standard process

described earlier (pages 86 & 87), and the sand was gradually mixed in until a smooth

consistency was obtained. The average water content of this sample as determined by

the water content test was 44.4%.

The prepared sample was loaded into the rig as shown in Figure 4.6 and tested first at

25kPa, then at 50kPa and finally at 100kPa.

Figure 4.6: Photo showing sample mixture of one part of kaolin to one part of sand in test

chamber
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4.3.1.7 Kaolin Sand Sample Mixture (Kaolin to Sand ratio is 1:3)

This sample was prepared with one part of kaolin powder to three parts of sand. It

required combining 5kg kaolin powder with 15kg sand. The 15kg of sand was

comprised of 5kg fraction C and 10kg fraction D. 6.4kg of distilled water was used to

prepare this sample based on the calculation that 3.9kg of distilled water was required

to saturate the sand, while 2.5kg of water was required to achieve 50% water content

for the weight of kaolin powder used.

The distilled water and kaolin powder were mixed following the standard process

described earlier (pages 86 & 87), and the sand was gradually missed in until smooth.

The average water content of this sample as determined by the water content test was

32%.

The prepared sample was loaded into the rig as shown in Figure 4.7 and tested first at

25kPa, then at 50kPa and finally at 100kPa.

Figure 4.7: Photo showing sample mixture of one part of kaolin to one three parts of sand in

test chamber

4.3.1.8 Dry Sand Sample

In the case of dry sand, 1 part of fraction C grain size sand was mixed with 2 parts of

fraction D grain size sand (5.5kg fraction C: 11kg fraction D giving total mass of

16.5kg).

The sand mixture was poured carefully into the test chamber of the rig after setting up

the rig for sample loading. To prevent the sand from sticking to the piston as a result of

statics, a layer of filter paper was placed over the top of the sand after perforating it in
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the centre to create an opening for the top of the heater. The process of loading the

sand sample is shown in Figure 4.8.

Figure 4.8: Photo showing process of loading test chamber with dry sand sample before testing

The cell cover was put in place and pressure load of 25kPa was applied in preparation

for testing.

4.3.1.9 Saturated Sand Sample

Dry sand of the same proportion as the previous sample was loaded into the test rig

following the same process. While in the test chamber, the sample was saturated by

connecting a vacuum pump to the rig to suck out air from the system so that while the

air was being sucked out, water connected to the rig through the drainage openings of

the test chamber was sucked up into the sand sample to replace the air and saturate

the sample. 4.3kg of distilled water was required to saturate the dry sand weighing

16.5kg. Figure 4.9 on page 92, shows the vacuum pump attached to the test rig during

the process of saturating the sand sample.

4.3.2 Consolidation Phase

As described in Chapter 3, the prepared sample was carefully placed into the test

chamber in layers to exclude as much air as possible to achieve full saturation. The

top of the cell was assembled and the pressure applied to consolidate the sample.

Tests were carried out on the samples at overburden pressures of 0kPa, 25kPa,

50kPa, 100kPa and 200kPa to simulate depths below 20m.

The drainage valves were opened to release pore water pressure resulting from the

applied load. The fluid was collected in cylinders via tubing connected to the drainage

openings as shown in Figure 4.10 on page 93.
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Figure 4.9: Photo showing the process of preparation of saturated sand sample where water is connected to the rig through the drainage tubing and the vacuum

pump is connected to the rig to suck out air from the sample while drawing water into the sample
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Figure 4.10: Photo showing drainage tubing connected at bottom of cell base to collect water

expelled from sample during consolidation

The settlement of the piston and the volume of expelled water were measured to

establish the end of consolidation and determine the consolidation characteristics of

the soil. The consolidation was measured by a dial gauge set up as shown in Figure

4.11 and the total consolidation time varied from sample to sample.

Figure 4.11: Settlement dial-gauge set up to monitor progress of consolidation in sample

By the end of the consolidation phase, the soil sample had stabilized to the room

temperature which was controlled to act as external constant temperature.
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4.3.3 Heating to Equilibrium and Cooling

At the end of the consolidation phase, the test rig was prepared for the heating tests.

The blanking plugs used in sealing off the openings on both sides of the cell body

were replaced with Swagelok glands to enable the thermocouples to be inserted into

the sample to measure temperature changes (Figure 4.12).

Figure 4.12: The blanking plugs are replaced with Swagelok gland for insertion of

thermocouples

Thermocouples (probes) were inserted through openings in the chamber and

positioned at specific distances between the heater and the wall of the test chamber to

measure the temperature changes within the sample at various locations across the

cell.

A typical layout of the thermocouples within the test chamber is shown in Figure 4.13.
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The heater was powered through a laboratory Direct Current Constant voltage supply

to enable control of voltage and current. This was switched on to commence the test

and the heater was allowed to attain temperatures between 30°C and 40°C typical of

site installations (Brandl, 2006). A few tests were run at slightly higher temperatures

for comparison.

Figure 4.13: Drawing and photo of thermocouple arrangement within Test Chamber in relation

to distance from heat source

The heater is powered through a laboratory Direct Current Constant voltage supply to

enable control of voltage and current. This was switched on to commence the test and

the heater was allowed to attain a fixed temperature between 30°C and 40°C typical of

site installations (Brandl, 2006). A few tests were run at slightly higher temperatures

for comparison.

The tests were carried out in a constant temperature laboratory controlled to

approximately 18°C ± 1.5°C.

The temperature changes in the heater and within the sample were measured by the

thermocouples and the readings were logged at regular intervals. The duration of

heating was recorded with reference to the time it took the sample to attain equilibrium

conditions.

A graph of the temperature recorded across the sample was plotted against time to

give a heating curve. This represents the heating cycle test which is presented in

Figure 4.19 (page 101).

With the sample still in heating equilibrium condition, a temperature profile test was

carried out. This was achieved by placing the probes uniformly at specified intervals
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from the cell centre to the inner edge of the cell wall as illustrated in Figure 4.14, while

taking readings at these intervals.

To commence the test, the probes positioned from top to bottom on both sides of the

test chamber were fully pushed into the centre of the test chamber as illustrated in

Figure 4.15 on page 97.

Figure 4.14: Temperature profile within the test chamber is captured by inserting all the probes

at uniform radial distances from the heater to the edge of the cell wall.

In this way the temperatures along the heater from top to bottom were measured to

show any temperature variations along its length. All the probes were then moved

outwards at uniform radii and the temperature readings again recorded. This continued

at specific intervals ending up at the inner edge of the cell wall.

The aim of this test was to capture a temperature profile at different radii and depth

within the sample contained in the test chamber. This test was used in the

determination of soil sample properties such as thermal conductivity and was useful in

establishing temperature variations along the heater length.
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Figure 4.15: Temperature profile within the test chamber is captured by inserting all the probes

from top to bottom at uniform distances from the heater to the edge of the cell wall.

The third test in this phase is the cooling cycle.

At the end of the profile test, the positions of the probes were changed to the initial

locations used during the heating cycle and then the power supply was disconnected

and sample allowed to cool back to the controlled room temperature.

The temperature changes within the cell were recorded and plotted against time to

give the cooling curve. The time taken for the sample to cool back to room

temperature was recorded.

4.3.4 Thermal Cycles

The cyclic tests were based on a 24 hour period consisting of 8 hours heating and 16

hours cooling; a thermal load for a typical office during a normal working day.

In the preliminary tests the heating cycles were at first run two hourly from 2, 4, 6, 8,

10, 12, 14, 16, 18, 20 and 22 hours heating within a 24 hour test period in order to

study the sample response to heating and cooling cycles. This process helped to

establish the maximum heating periods of a sample beyond which complete cooling

will not be established within a 24 hour test period. The cycles were repeated over a
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number of days, up to 14 days in the preliminary tests to observe the sample thermal

behaviour and if changes occurred in the heating curves with repetition over time.

When the repeated curves were compared, no significant changes were found and this

pattern was then used to establish subsequent test cycles to an average of 3-5 days

for cyclic tests. Further cyclic tests were then restricted to 4, 8 and 12 hours heating

cycles.

4.3.5 Soil Properties

At the end of the test regime, 80 to 100 representative points at specified locations

across the cell were analyzed for strength parameters using the laboratory vane test,

which is a method commonly used for measuring shear strength in soft to firm clays

and organic deposits. Samples were then collected from the locations that were tested

for shear strength, and analyzed for their water content. The aim of this was to get a

clear picture of the strength and water content distribution across the sample in a real

test condition and to establish a relationship between the sample strength, water

content and sample distance from the heat source. These analyses were carried out

on the sample after the complete series of heating tests had been run.

In order to assess the sample for strength and water content distribution, the rig was

stripped open so that the sample in the test chamber became accessible for the test

and sample collection. The sample was then divided into four layers and testing and

collection points were marked uniformly across each sample layer at specified

distances from the centre of the cell which is the heat source, to the edge of the cell

wall. The layout of test and sample collection points is illustrated in Figure 4.16.

Figure 4.16: Sketch of layout for sample analysis and testing at the end of the heating tests



99

The laboratory vane test consists of advancing a four-bladed vane into cohesive soil

(saturated clays) to the desired depth and applying a measured torque at a constant

rate until the soil fails in shear along a cylindrical surface to provide its undrained

shear strength (Knappett and Craig, 2012). This test was selected in the determination

of the strength properties of the sample over other methods such as the triaxial test

due to the need to carry out the tests in-situ in the rig with little or no disturbance at 80-

100 sample locations and also the constraint presented by the overall small size of the

sample. Vane dimensions (height x dia.) of 40x20mm was used in the tests.

The tests were carried out accordance with BS 1377-7:1990. Figure 4.17 depicts some

of the processes involved in carrying out the vane tests and sampling.

The limitations associated with the use of the laboratory vane test include the fact that

it is only suitable for testing for soft cohesive soils and may not give reliable results for

clays mixed with sand or silt (Knappett and Craig, 2012).

Figure 4.17: Samples were collected for water content determination after the shear strength

test carried out at every sample point

4.4 Preliminary Tests

As part of commissioning the equipment, preliminary tests were carried out to

understand the behaviour of the rig and kaolin sample under the testing conditions.

The findings from the first two tests were useful in the setting up and running of

subsequent tests. One of the tests carried out is described briefly in this section.

The test was commenced with a prepared kaolin sample of 82% water content loaded

into the cell following the steps described in the test procedure.
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The sample was tested at an over burden pressure of 25kPa which was applied in

increments of 6kPa, 12.5kPa and finally 25kPa. Each loading increment was

maintained long enough to achieve full settlement. The dial gauge readings and

excess pore water dissipated allowed for the end of the consolidation phase to be

established. The water drained from sample was used to determine average water

content of the sample.

At the end of the consolidation phase, thermocouples were fixed at specified distances

across the cell in order to monitor the temperature variations at each point as shown in

Figure 4.18.

The heating cycle commenced with the introduction of power to the heating element

and the temperature variations across the cell were monitored with reference to the

probe positions. Being a preliminary test, several heating and cooling cycles were

carried out using several combinations of current and voltage (power) until the desired

heater temperature within the sample of up to 40°C was established. Other tests were

carried out while the sample maintained equilibrium conditions.

Figure 4.18: Arrangement of thermocouples within the test chamber to monitor temperature

changes within the sample

At the end of the heating tests, analyses of the sample properties were carried out

after dismantling the rig.

A summary of results from the tests is presented and discussed in the next section.
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4.5 Typical Test Results

The observations and findings made from the preliminary tests carried out in the initial

rig design informed the modifications applied to improve the new rig design.

The results presented in this section were obtained from preliminary tests carried out

in the initial rig design alongside results obtained from similar tests carried out in the

modified rig. Both sets of results are discussed and compared.

4.5.1 Heating to Equilibrium

The layout of the probe arrangements in Figure 4.18 (page 100), is the same for all the

preliminary tests carried out in the initial rig.

Figure 4.19 show the heating curves of a kaolin sample to thermal equilibrium, with the

probe positions indicated in Figure 4.18, in relation to the heater in the initial rig

design.

Figure 4.19: The heating curves of kaolin sample to thermal equilibrium showing the variation in

temperature with time at the various probe locations in the initial rig design

The test was carried out on a sample at controlled room temperature of 18°C ± 1.5°C.

In Figure 4.19, the red line at the top represents the cartridge heater within the copper

pipe. This line shows an increase in temperature which eventually attained an

equilibrium value of between 39.5°C and 40°C in about 16 hours of heating.
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The green line directly below the red line represents probe position 2 which is a point

at the bottom of the copper pipe touching its outside wall. At equilibrium condition, the

temperature attained is 35.5°C which gives a significant difference of approximately

4.5°C between the heater in the copper pipe and the outside wall of the copper pipe.

The third line represents probe position 1 which is a point at the top of the copper tube

touching its outside wall. At equilibrium condition, the temperature attained is 29.6°C

which gives a significant difference of approximately 10.3°C between the heater in the

copper pipe and the outside wall of the copper pipe. It also indicates a temperature

difference of about 6°C between the top and the bottom of the cartridge heater, with

the bottom showing a higher temperature than the top.

The fourth line represents probe position 4 which is a point in the sample about 38mm

from the heater. It shows a steady increase in temperature in response to the heat

transferred radially from the heater through the sample. The same applies to the next

four lines below.

The purple bottom line represents the controlled room temperature which fluctuates

within an the range of ±1.5°C in a constant temperature room.

The light green line directly above the room temperature line represents probe position

8 in the figure. It is at the top right side of the inner edge of the cell wall of the test

chamber and shows a relatively constant temperature increase which indicates that

the insulation properties of the cell wall works according to design since the external

temperature was not constant.

From this test, it was observed that the cartridge heater showed significant

temperature variation along its length with the bottom showing higher temperatures

than the top. Another issue observed was the significant temperature difference

between the cartridge heater within the copper pipe and the outside wall of the copper

pipe. An attempt was made to resolve this issue in the modified rig design by

eliminating the copper pipe and installing the cartridge heater directly in the sample.

The issue of temperature variation along the length of the heater was also resolved

during the manufacture of the new heater design.

Figure 4.20 on page 103, shows a layout of the probe arrangements for all the

preliminary tests carried out in the modified rig.

Figure 4.21 also on page 103, shows the heating curves of a kaolin sample to thermal

equilibrium in the modified rig, with the probe positions same as indicated in Figure

4.20, in relation to the heater. The test was also carried out on a sample at controlled

room temperature of 18°C ± 1.5°C.
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Figure 4.20: Layout of the probe arrangements for all the preliminary tests carried out in the

modified rig design

Figure 4.21: The heating curves of kaolin sample to thermal equilibrium showing the variation in

temperature with time at the various probe locations in the modified rig design

The first three lines at the top represent the cartridge heater and probe positions 1

touching the top of the heater, and 2 touching the bottom. They all show very similar

temperatures at equilibrium which confirms uniform heating at the top and bottom of

the heater and shows that the issues identified from the preliminary results have been

resolved.



104

The bottom line represents the controlled room temperature which fluctuates within an

average of 1.5°C in a constant temperature room.

The two lines directly above the room temperature line represent probe positions 9

and 10 in the figure. They are at the inner edges at the top right and bottom left of the

cell wall of the test chamber and show a relatively constant temperature increase

which indicates that the insulation properties of the cell wall works according to design.

Probe positions 3, 5, 7 and 9 placed in the sample at specific distances varying with

depth on the left side of the test chamber, show similar temperatures to probes 4, 6, 7

and 10 placed at corresponding distances on the right side of the test chamber. This

indicates a uniform temperature along the heater which shows that the issue of

temperature variation along the length of the heater was resolved in the modified rig

design.

4.5.2 Temperature Profile Contour plots

With the samples still in thermal equilibrium, Figures 4.22 and 4.23 (page 105), show

contour plots of the temperature variations within the samples in both the initial rig

design and modified rigs respectively. These contour plots represent the vertical

temperature profiles at different radii across the samples.

The Figures show that there is temperature variation across the cell even while in

thermal equilibrium, with each of the different colours and shades of the same colour

representing different temperature ranges between 22°C and 44°C.

Figure 4.22: Temperature contour plot of the vertical temperature profiles at different radii

across the sample in initial rig design
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In Figure 4.22 (page 104), which shows the temperature profile of the sample in the

initial rig design, the radial heat dissipation can be seen as the sample shows different

temperature intensities between the centre and edge of the sample.

The Figure shows a clear picture of the temperature differential along the heater length

as earlier observed from the heating test, with the base showing a higher temperature

intensity than the top. It can be seen from the plot that the sample is cooler at the top

and the temperature profile lines are not parallel.

Figure 4.23 which represents the sample in the modified rig shows a more radially

uniform heat dissipation across the sample. The temperature along the length of the

heater is shown to be almost uniform which is a clear improvement over the initial

design.

Figure 4.23: Temperature Contour plot of the vertical temperature profiles at different radii

across the sample in modified rig

From both figures, the temperature variations indicate a more uniform heat distribution

in the modified rig than in the initial rig design.

4.5.3 Variation of Temperature across layer of sample at one level

Figures 4.24 on page 106, shows a graph of temperature variations across the sample

layer in the initial rig design while Figure 4.25 (page 106), shows the same graph for

tests carried out in the modified rig.
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Figure 4.24: Range of average temperature measurements showing the variations from top to

bottom of sample at each location across the sample layer, and also showing that the average
temperature reduces with distance from the heater, in the initial rig design

Figure 4.25: Range of average temperature measurements showing the variations from top to

bottom of sample at each location across the sample layer, and also showing that the average
temperature reduces with distance from the heater, in the modified rig

The graphs represent readings recorded at varying radii from the heat source to the

inner edge of the cell wall. The temperature readings were obtained from two probes

inserted into the test chamber from opposite sides, at the same level while the sample

was in thermal equilibrium. The graphs represent temperature variations across one

level or layer of the sample while in thermal equilibrium, and show the range/variation
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of temperatures from top to bottom of the sample between the heat source and the

inner edge of the wall of the test chamber.

The points plotted in both graphs excluded the readings from the probes located at the

heater and the inner edge of the cell wall in order to have a temperature variation

within the sample and devoid of the thermal effects of the heater and cell wall

materials, especially as the cell wall acts as an insulator to reduce the effect of the

room fluctuations on the soil.

From Figure 4.24 (page 106), representing the initial rig design, the variation from top

to bottom of the sample ranged from ±0.4°C near the cell wall to ±1.7°C closer to the

heater. This confirms the temperature differential from top to bottom of heater earlier

observed, hence a less radial heat dissipation across the sample

The temperature variation in the modified rig as shown in Figure 4.25 (page 106),

ranged from ±0.3°C to ±0.5°C, and showed a more uniform spread from top to bottom,

hence a more radial dissipation across the sample.

4.5.4 The Cooling Curve

Figure 4.26 shows a cooling curve for a test carried out in the initial rig design while

Figure 4.27 on page 108, shows a cooling curve for a test carried out in the modified

rig.

Figure 4.26: Cooling curves of kaolin sample from equilibrium heating back to controlled room

temperature showing the variation in temperature with time at the various probe locations in
initial rig design
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Both graphs represent the cooling curves of the sample from equilibrium heating back

to controlled room temperature, showing the variation in temperature with time at the

various probe locations. The cooling process commences when the power supply to

the heater is turned off, and continues until the sample cools down to the controlled

room temperature.

It can be observed from graph in Figure 4.26 (page 107), that most of the cooling took

place within the first 15 hours and within 24 hours the sample had fully cooled to the

controlled room temperature.

From graph 4.27 the cooling process was slightly longer than that of the initial rig.by

about 3 hours. This was expected since the sample started cooling from a higher

temperature than the sample in the initial cell design.

Figure 4.27: Cooling curves of kaolin sample from equilibrium heating back to controlled room

temperature showing the variation in temperature with time at the various probe locations in
modified rig

In both tests, the room temperature shows fluctuations which fall within the range of

±1.5°C as controlled by the temperature setting installed in the laboratory. These

fluctuations which were more pronounced due to prolonged human activity in the

laboratory, could indicate heat movement in and out of the rig and raise concern about

errors in the measurement system. This concern was resolved by the fact that only the

thermocouple data recorded in the inner edge of the rig reflected fluctuations in

response to the fluctuations in the room temperature and the data recorded within the
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soil sample remained unaffected, hence the decision to exclude the data close to the

cell wall in the analysis.

4.5.5 Thermal Cycles

The thermal cycles is of particular interest as it represents the thermal loading cycles

on an office building based on a daily cycle in which it reaches its heating peak within

the working day and cools back during the night, all taking place within a 24 hour

cycle.

Figure 4.28 shows five days of thermal loading cycles cyclic loading consisting of 8

hours heating and 16 hours cooling carried out in the initial rig design while Figure

4.29 on page 110, shows two days of thermal cyclic loading consisting of 8 hours

heating and 16 hours cooling carried out in the modified rig.

The tests were carried out on the basis of 8 hours heating and 16 hours cooling cycles

corresponding with the day and night heating and cooling needs of a typical office

complex in 5 working days.

Figure 4.28: Five days thermal loading cycles consisting of 8 hours heating and 16 hours

cooling in initial rig design

The graph in Figure 4.28 shows five cycles of daily variation of temperature generated

over time to represent a working week which allows for cooling over the weekend. The

daily heating curves are similar to the heating curves obtained when heating the

sample to equilibrium which was discussed earlier, and have the same explanations.

The only difference is the shorter heating duration which means that lower peak

temperatures are attained. The daily cooling cycle is also similar to the cooling curve

discussed earlier. Complete cooling of the sample is achieved within the 24 hour cyclic

test.
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Repeating the cycles over a few days allowed for comparison of the daily results in

order to identify any changes in cyclic behaviour over time. The daily cycles were

analysed and compared and there were no differences or changes observed, hence,

further tests were reduced to fewer daily cycles.

The tests carried out in the modified rig shown in the graph in Figure 4.29, reflects

fewer daily cycles. The heating and cooling curves of a daily cycle are similar to the

heating and cooling curves earlier discussed in the modified rig with the only difference

being that the peak temperature achieved is lower due to the shorter heating time.

Complete cooling of the sample is also achieved within the 24 hour cyclic test.

Figure 4.29: Two days of thermal loading cycles consisting of 8 hours heating and 16 hours

cooling in modified rig

Figure 4.29 also showed the uniformity of the temperature readings recorded from

probes placed on opposite sides of the rig at similar distances from the heat source at

the centre of the rig. The temperature readings recorded at the heater, and at the

probes placed at the top and bottom of the heater all correspond as depicted by the

first three lines merged at the top of the graph in Figure 4.29. This also showed that

the modified rig design ensured more uniform heating of the sample.

4.5.6 Analysis of Soil Properties after the Heating Tests carried out

in both rig designs

At the end of the heating tests, an analysis of soil properties such as strength and

water content tests were carried out on the sample (Head and Epps, 2011; Head,

2006; Knappett and Craig, 2012; Aysen, 2002) The sample was divided into four

layers and an average of 20 samples were collected from each layer from the specific

locations where the shear strength tests had been carried out, to determine the water
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content. Results from the four layers from top to bottom were analysed to provide

information on each layer of the sample to determine if the total sample was

homogenous or had different properties.

The results of the shear strength tests from each sample location, were plotted against

the results from the water content tests at the same location to determine a

relationship as shown in Figure 4.30 for the test run in the initial rig design at an

overburden pressure of 25kPa, and Figure 4.31 for the test run in the modified rig at

an overburden pressure of 100kPa. Both graphs were plotted from results based on

the analysis carried out on the bottom layer of both tests.

Figure 4.30: Shear strength against water content carried out on the sample at the end of the

heating tests in the initial rig design at 25kPa

Figure 4.31: Shear strength against water content carried out on the sample at the end of the

heating tests in the modified rig at 100kPa
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From both graphs, a relationship was seen to exist between the shear strength and

water content of the sample which showed that areas of lower water content showed

corresponding higher shear strength values which was expected.

4.6 Chapter Summary

This chapter covered the setting-up of the rig including instrumentation and leakage

tests. Typical test procedures including sample preparation, consolidation, heating to

thermal equilibrium, thermal loading cycles, determination of water content and shear

strength within sample, and an overview of the analysis of soil properties were covered

in detail. Typical test results were also presented and discussed. The analysis focused

on the comparison of the results obtained from the tests carried out in both the initial

and modified rigs, which showed that a radial and more uniform heating pattern was

more achieved in the modified rig than in the initial rig design

Conclusions drawn from this chapter highlight the successful coupling of the rig and its

parts, and conducting preliminary tests from which measurable and realistic data were

collected. Based on the progress recorded after the stage of preliminary tests, the

main tests were carried out according to plan. In the Chapter 5, data and results from

the tests carried out will be presented and discussed in more detail. Other

relationships to be discussed in Chapter 5 include the variation of shear strength and

water content in the sample with respect to distance from the heat source.
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Chapter 5 Results obtained from Tests in the First Rig Design

5.1 Introduction

Chapter 4 dealt with the test procedure and typical test results. In this chapter, the first

rig was proof tested by carrying out tests to establish the test procedure, and the

details of the tests are presented here.

Several experiments were carried out on kaolin to study its thermal behaviour under

the following parameters:

1) The water content of the sample

2) The overburden pressure applied to the sample in the test chamber

3) The power input determining the heater temperature as controlled by the

current and voltage used

4) Time or duration of the test

5) Thermal cycle loads

5.2 Tests Carried out in Initial Rig Design

A total of four samples were prepared and tested in the initial rig design, to gain a

better understanding of the working mechanism of the rig, its components, and of the

test procedure.

Each sample underwent thermal tests lasting for between 4 and 21 weeks. Details of

the tests carried out on each of the four samples are presented one after the other on

the basis of the objectives behind carrying out each of them.

5.2.1 Objectives of Thermal Tests Carried out on Soil Samples

Each of the four samples were prepared and underwent a series of thermal tests to

achieve the following objectives:

1) To determine how long it took the soil sample being tested to achieve thermal

equilibrium or steady state conditions when heated from a controlled room

temperature at a specific pressure, water content, and power input

2) To determine the time it took to cool back to the room temperature when the

power supply was disconnected

3) To determine the distribution of temperature across the sample at thermal

equilibrium
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4) To investigate a range of thermal loading cycles from 2, 4, 6, 8 12, up to 22

hours heating and cooling within a 24 hour cycle to determine sample response

to heating cycles and time required to cool down. The thermal loading cycles

tested differed from test to test and were specified for each test

5) To determine shear strengths and water contents within the sample in relation

to distance from heat source and different levels of sample height at the end of

a test

A summary of the samples prepared and the conditions under which they were tested

is presented in Table 5.1.

Each of the tests are described in detail, and for this purpose, are identified by their

serial number in the Table 5.1, the sample soil type and the pressure applied.

Table 5.1: Summary of samples prepared and tests carried out on each sample

Samples S/N 1 2 3 4

V
A

R
IA

B
L

E
S

/
P

R
O

P
E

R
T

IE
S

/
T

E
S

T
S

Material
Kaolin

(Preliminary)
Kaolin

(Preliminary)
Kaolin Kaolin

Water Content
before Test (%)

89.5 82 82 82

Pressure Applied
(kPa)

50 50 50 25

Power (W) NA 4.8, 5.98
5.4, 4.84,

3.6
4.49, 7.98,
9.48, 17.05

Sample Height
before Test (mm)

280 280 280 280

Sample Height
after Test

(mm)
241 183 183 215

Height Diff.
(mm)

39 97 97 65

Av. Shear Strength
after Tests (kPa)

NA NA 7.3 5.3

Av. Water Content
after Test (%)

NA 52.8 47.8 56.7

Thermal Cycles
within 24 hour

(hours)
NA NA 8

4, 8, 12, 16,
20

Heating to steady
state

(hours)
NA 16 30 26 - 28

Cooling duration
(hours)

NA - 30 30

Whole Duration of
Test (weeks)

NA 4 11 37

Period of Test March 2013
March to April

2013
May to July

2013
Oct 2013 –
July 2014
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5.2.2 Other Tests

Leakage and instrumentation tests were conducted before the actual tests in the rig

were commenced. The objective of the leakage test was to find out how well sealed

the rig to ensure that there was no unaccountable loss of water.

The instrumentation test was carried out by means of a small scale test with the

following objectives:

i. To test the cartridge heater, thermocouples, power supply unit and data-

logger and how they work together in a small sample of kaolin

ii. To gain better understanding of how the cartridge heater works and what

power inputs would be required to achieve a certain temperature range.

5.2.2.1 Leakage Tests

Before the start of the tests, the rigs were filled with water and tested for signs of

leakage.

There were leakage problems identified in the first cell design which was temporarily

resolved by the use of silicon grease to allow the rig to be used for tests.

A more lasting solution was achieved through the modification made to the cell design.

The modified rig design passed the leakage test when it was tested as no leakage was

observed.

5.2.2.2 Instrumentation Test

Prior to the start of the soil thermal tests in the rig, a small scale test was carried out. A

kaolin sample was prepared and loaded into a glass beaker of approximately 320m in

height and 75mm in diameter. The heater was inserted into the centre of the kaolin

and connected to a power supply unit, while a thermocouple was inserted at the edge

of the beaker. Both were connected to a data-logger to monitor temperature changes.

The photograph showing the set-up of this test was presented as Figure 4.1 in chapter

4.

Several current and voltage combinations were tested until eventually at a power input

of approximately 5.3W, a temperature of 40°C was achieved and maintained as shown

in Figure 5.1.
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Figure 5.1: Graph showing cartridge heater, thermocouple and room temperature changes

during the small scale test

The blue line at the top of the graph in Figure 5.1 represents the cartridge heater while

the red line directly below it represents the temperature point about 30mm away from

the heater and by the inner edge of the glass beaker. This temperature increases in

response to the heater temperature and indicates heat transfer across the sample.

The green line at the bottom of the graph represents the controlled room temperature

which showed some fluctuations during the test duration. It is noted that the

temperature within the sample did not show fluctuations to the same extent as those

for the room temperature, suggesting that the variations of less than 1oC in room

temperature would not be critical.

5.2.3 Sample No. 1 (Preliminary Tests on Kaolin Sample)

Following the instrumentation test, a preliminary test was carried out in the initial cell

design. The objectives of carrying out this test include:

i. To gain an understanding of sample preparation and setting up of tests

ii. To prepare samples of varying water contents and selecting the most practical

range to work with

iii. To test how the rig and its additional components work when assembled and

loaded with sample

iv. To determine the range of power input required by the cartridge heater to

achieve a certain temperature within the sample
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v. To practically test the procedure for setting up and running of tests proposed

during the design of the experiment with a view to improve on it where

necessary

vi. To determine appropriate temperature logging intervals for the thermal tests

vii. To work with actual data collected from tests

viii. To gain a practical experience of carrying out the tests with a view to identify

likely errors and reduce them

5.2.3.1 Procedure

Sample No. 1 was prepared by mixing kaolin and distilled water to achieve 89.5%

water content, that is 1.5 times the liquid limit to ensure saturation. The rig was

assembled, the soil carefully placed in the cell and the sample loaded.

A pressure of 50kPa was immediately applied to the sample which resulted in kaolin

slurry being forcefully pushed out through the drainage valves. The test was stopped.

The rig was dismantled and holes were evident in the filter paper placed on the

perforated bottom plate at the base of the test cell. The holes occurred around the

drainage openings and were likely caused by the sudden introduction of high pressure

on a kaolin sample of such high water content.

Lessons learnt from this test include:

i. Allow sample to settle in the rig for up to 12 hours before applying pressure

ii. Beginning the consolidation phase with the application of lower pressures and

increase incrementally

iii. Reduce water content of kaolin sample to make it more manageable for testing

while keeping it high enough to limit air in sample.

Although the first preliminary test ended abruptly without achieving all the objectives,

valuable experience was gained for more successful running of subsequent tests.

5.2.4 Sample No. 2 (Preliminary Tests on Kaolin Sample at 50kPa)

In order to accomplish the objectives set out in the first preliminary test which was

discontinued, another kaolin sample was prepared with a water content of 82%. This

sample was tested at a pressure of 50kPa which was applied in incremental pressures

of 12.5, 25 and finally 50kPa, with the consolidation phase lasting approximately two

weeks. The excess pore water drained from the rig was collected and weighed.

At the end of the consolidation phase, thermocouples were inserted at different radii

and levels within the sample from the centre to the edge and a heating test
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commenced. After several hours of monitoring the heating process and adjusting the

power input, the sample attained steady state conditions after approximately 16 hours

of heating. The heater subsequently maintained a temperature of 40°C based on

power input of 5.98W.

Heating and cooling tests were carried out three times over a period of 90 hours as the

results in Figure 5.2 show. The blue line at the top represents the cartridge heater

while the lines at the bottom represent the room temperature. Two thermocouples

numbered 5 & 6 in the Figure, were set to record the room temperature for the

purpose of comparison, and both recorded similar readings. The other lines in

between them represent various locations within the sample from the edge of the

heater to the inner edge of the cell.

The temperature difference between the heater and the thermocouple placed just

outside of the heater wall was 12.9°C suggesting that the heat transfer was not

adequate. This was taken note of with a view to resolve it in the following tests. Some

leakage was also observed around the heater base at bottom of cell but it was less

than that in the first test.

The fluctuations observed in the room temperature as shown in Figure 5.2 was due to

the laboratory temperature control being fixed during this test. The test came to an end

after cooling was completed.

Figure 5.2: Graph of heating and cooling tests from second preliminary test

The objectives set out for the preliminary tests were achieved.
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5.2.4.1 Dismantling and Stripping Test For Sample Collection

At the end of the heating and cooling tests. The cell was dismantled and samples were

collected from various location to determine the water content within the sample. The

average water content of the sample was 52.8%.

5.2.5 Sample No. 3 (Tests carried out on kaolin sample at 50kPa)

A kaolin sample was prepared at 82% water content and carefully loaded into the test

rig following the test procedure described in the previous chapter. During the

consolidation phase a pressure of 50kPa was applied in incremental loads of 12.5, 25

and finally 50kPa.

The objectives for setting up this test were in line with the objectives common to all the

tests as listed in section 5.2.1. The thermal loading cycles investigated during this test

was 8 hours heating and 16 hours cooling.

At the end of the consolidation phase, thermocouples were inserted into the test

chamber from two opposite sides. Each thermocouple on the left side had a

thermocouple on the right hand placed at a similar distance from the heater to build in

redundancy, allow for a failure of a thermocouple and provide a means of averaging

the temperature variation or measure the variation both vertically and horizontally.

Eight thermocouples were inserted into the test chamber with four on each side. They

were inserted from the inner edge of the cell towards the heater at distances of 1mm,

40mm, 80mm and 118mm (touching copper pipe bearing the heater) from the inner

cell wall, at four levels from bottom to top, with each on a different level of the sample

height, at intervals of 40mm. The lowest probe was inserted at about 45mm above the

sample base, and all other probes inserted 40mm above each other. The four on the

other side were placed at the same distances and levels from top to bottom. Figure 5.3

on page 120, shows the layout of thermocouples for this test.

5.2.5.1 Objective 1: Equilibrium Heating Duration

To achieve the first objective of the test, which was to determine how long it took the

soil sample being tested to achieve equilibrium or steady state conditions, the heating

test was commenced by supplying power to the cartridge heater from the power

supply unit.

Both the cartridge heater and all the thermocouples fixed into the test chamber were

connected to the data-logger to allow the temperature changes in heater and points

within the sample to be logged every five minutes.
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Figure 5.3: Layout of thermocouples within test chamber for tests carried out on sample no.3;

kaolin at 50kPa

Figure 5.4 shows a graph of the increase in temperature across the sample until

equilibrium with a power input of 5.4W. Note that the room temperature varied by up to

2oC even though tests were carried out in a temperature controlled room. This had

little effect on the temperature across the cell suggesting the average room

temperature could be used in the analysis.

Figure 5.4: The variation of temperature with time across a sample of kaolin consolidated to

50kPa showing that thermal equilibrium was achieved after about 30hrs
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Table 5.2 presents the temperature values of the sample in thermal equilibrium after

38 hours of remaining in equilibrium. The sample being able to maintain similar

temperature conditions for this period confirmed that the sample had achieved steady

state.

Table 5.2: Temperature values at probe locations in equilibrium heating condition for kaolin at

50kPa and 5.4W power

Probe label
Distance from
Heater (mm)

Temp at Equilibrium
after 30 hours (°C)

Temp at Equilibrium
after 38 hours (°C)

Probe 10 Heater 36.5 36.6

Probe 1 Outer edge top of pipe 25.8 25.8

Probe 2 Outer edge bottom of pipe 29.2 29.2

Probe 3 38 24.5 24.5

Probe 4 38 24.9 25.0

Probe 5 78 23.8 23.8

Probe 6 78 23.4 23.4

Probe 7 117 22.6 22.6

Probe 8 117 22.0 22.0

Probe 9 Controlled Room Temp 18.8 18.8

5.2.5.2 Objective 2: Cooling Duration

The second objective was to determine the duration of cooling. This was done by

disconnecting power supply to the heater and allowing the sample to return to its initial

temperature (controlled room temperature).

From Figure 5.5, complete cooling of the sample from the elevated thermal equilibrium

condition back to the initial, room temperature was approximately 30 hours.

Figure 5.5: The time to return to room temperature (test at 50kPa; sample no.3)
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5.2.5.3 Objective 3: Temperature Variations in Sample

This objective was to measure the temperature profile across the sample under

thermal equilibrium to show the temperature variations between the centre and edge

of sample. Observations from this test, shown by the graph in Figure 5.6, indicate that

the temperature at the bottom of the cell was observed to be higher than that at the top

of the cell.

Figure 5.6: Temperature variations across sample from outer wall of pipe containing the heater

to edge of test chamber and from top to bottom of sample

It is also to be noted that although a temperature reading of around 36°C was obtained

in the heater, the maximum reading obtained from the outside wall of the pipe holding

the heater was approximately 29°C. This is indicative of inefficient heat transfer

between the heater and the pipe wall.

The temperature values at the measured locations within the sample are shown in

Table 5.3.

Table 5.3: Table showing temperature variation for sample no.3

Distance from
heater (mm)

Layer 1
(top of sample)

Layer 2
(Middle of sample)

Layer 3
(Middle of sample)

Layer 4
(bottom of sample)

0 25.4 26.7 27.9 29.2

20 24.5 25.4 26.2 26.9

40 23.9 24.5 25.2 25.6

60 23.5 24.0 24.5 24.8

80 23.3 23.7 24.1 24.2

100 23.0 23.4 23.6 23.7

118 22.6 22.9 23.1 23.2
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5.2.5.4 Objective 4: Thermal Loading Cycles

Objective 4 was to investigate a range of thermal cyclic loads from 2 to 22 hours of

heating and cooling within a 24 hour cycle to determine the sample response to

heating cycles and time required to cool down.

The heating cycle was run for 8 hours and then allowed to cool for 16 hours and this

was repeated over a period of five days to investigate if changes will take place as the

test is repeated over time. A graph of the results from this test are shown in Figure 5.7.

Figure 5.7: The temperature variation across the sample during 8 hours heating and 16 hours

cooling for five days on a kaolin sample at 50kPa and at 5.4W

Table 5.4 presents the temperature values at points within the sample at the end of

each thermal heating load and cooling after 24 hours. It shows that the cycles of

thermal loading had little effect on the maximum and minimum temperatures, and the

sample did not reach thermal equilibrium after 8hrs of heating.

Table 5.4: Temperature values after 8 hours thermal heating load and 16 hours cooling for day

1 and day 5 in kaolin at 50kPa and 5.4W power

Probe
label

Distance from
Heater (mm)

Temp after
8 hours

thermal load
(°C) Day 1

Temp after
16 hours
cooling

(°C)
Day 1

Temp after
8 hours

thermal load
(°C) Day 5

Temp after
16 hours
cooling

(°C)
Day 5

Probe 10 Heater 34.7 20.4 35.3 20.6

Probe 1
Outer edge top

of pipe
24.1 20.3 24.2 20.8

Probe 2
Outer edge

bottom of pipe
27.7 20.2 28.0 20.2

Probe 3 38 22.7 20.3 22.7 20.3

Probe 4 38 23.3 20.3 23.3 20.3
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Probe
label

Distance from
Heater (mm)

Temp after
8 hours

thermal load
(°C) Day 1

Temp after
16 hours
cooling

(°C)
Day 1

Temp after
8 hours

thermal load
(°C) Day 5

Temp after
16 hours
cooling

(°C)
Day 5

Probe 5 78 22.2 20.3 22.2 20.3

Probe 6 78 21.8 20.3 21.8 20.3

Probe 7 117 21.6 20.1 21.4 20.1

Probe 8 117 21.0 20.2 20.9 20.1

Probe 9
Controlled

Room Temp
18.8 18.8 20.0 18.5

5.2.5.5 Objective 5: Shear Strength and Water Content Tests

The objective was to determine shear strengths and water contents within the sample

relative to the heat source and bottom of the sample.

At the end of the thermal tests the rig was dismantled by stopping the test,

disconnecting the pressure, and removing the cell cover and top piston. The shear

strength and water content tests were carried out while the sample was still in the test

chamber in order to avoid disturbing the sample and altering its state.

Locations were marked on the sample with reference to distance from the heater and

shear strength tests using the vane apparatus were carried out at those locations.

Samples were collected from the tested points to determine their water contents. The

tests were carried out layer by layer in four layers each approximately 46mm in height.

A total of 96 samples were tested.

Figure 5.8 shows the variation of shear strength with distance from heater in the four

layers from top to bottom of the sample.

Figure 5.8: Variation of shear strength with distance from heater in the four layers from top to

bottom of the sample
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The plot indicates an increase in sample strength closer to the heat source which is

consistent with the reduction in water content shown in Figure 5.8.

Similarly, Figure 5.9 shows the variation of water content with distance from heater in

the four layers from top to bottom of the sample. The plot indicates a decrease in

percentage water content closer to the heat source.

Figure 5.9: Variation of percentage water content with distance from heater in the four layers

from top to bottom of the sample

Figure 5.10 shows a plot of shear strength against water content for the sample tested.

Samples tested from each layer were represented differently to give an indication of

how the shear strength and water content vary from top to bottom of the sample.

Figure 5.10: The variation of shear strength with percentage water content in Sample No.3 at

the end of the heating tests
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The trend lines generally do not show a clear relationship between the shear strength

and water content, but show a trend of increasing shear strength with a reduction in

water content which is best defined in layer 2 where the relationship can be

considered strong for the water content range of 45.8-50.3% as shown in Table 5.5.

The trend lines for layers 1 and 4 have similar R-squared values as shown in Table

5.5, which also shows the coefficients and regression values for the trend lines in

Figure 5.10. This being a preliminary test was used as basis for improving the test

procedure.

Table 5.5: The coefficients and regression values for sample No. 3

Sample layer
Equation for fit

y = mx + c
R

2
Validity range of

water content (%)

Layer 4 (Top) -0.7767x + 45.374 0.2649 46.4 - 50.7

Layer 3 (Middle) -0.068x + 9.3731 0.0559 34.6 – 51.5

Layer 2 (Middle) -1.2772x + 69.248 0.6093 45.8 - 50.3

Layer 1 (Bottom) 1.0223x - 40.369 0.2638 44.9 – 51.4

5.2.5.6 Observations and Problems Encountered During Test

By the end of this test (Test No. 3), the five objectives of the tests were achieved.

Problems that arose during this test and how they were resolved are as follows:

1) Delay was experienced in the course of running the test due to heater failure. It

stopped working as a result of damage caused by the leakage from the

preliminary tests as the wiring was not adequately protected. Two heaters were

ordered from the manufacturers for use with the rig, therefore there was a

backup available. As a precaution, the wiring of the second heater was then

protected by securing it with water proof material. In order to replace the faulty

heater in the already set up rig, the test was interrupted and a forklift was used

to raise the rig gently to create access to its base through which the new heater

was installed. This was done successfully and the test proceeded.

2) To solve the problem of temperature disparity between the heater and outside

the copper pipe wall as identified from the previous test, heat transfer gel was

ordered to smear around the heater prior to placing it in the pipe to allow for

uniform heat conduction through the pipe and also get rid of air in the pipe.

Delayed supply of the heat transfer gel translated to a delay in the test.
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3) Also during the course of this test, it was identified that a wrong thermocouple

wiring in the data-logger was being used for the heater. K thermocouple wiring

was used instead of J wiring meant for the heater. This was resolved as soon

as it was noticed. The use of the heat transfer gel resulted in reducing the

temperature difference between the heater and outer wall of pipe.

4) Slight leakage persisted during the test.

Due to all the problems encountered during the period of testing Sample No. 3, it was

considered as a learning test and most data collected were not used in the discussion

chapter because of the errors noted.

A lasting and more reliable solution to the problems identified above led to the need to

modify the rig and heater design for more reliable tests and data. The process of

modification was set in motion and at the end, a modified rig design was fabricated.

5.2.6 Sample No. 4 (Tests carried out on kaolin sample at 25kPa)

While awaiting the fabrication of the modified rig design, another test was set-up,

taking care to make improvements based on the experiences of the previous test.

A kaolin sample was prepared at 82% water content and carefully loaded into the test

cell. During the consolidation phase a pressure of 25kPa was applied in incremental

stages of 6, 12.5, and finally 25kPa.

The objectives for setting up this test were in line with the objectives of the tests listed

in section 5.2.1.

Eight thermocouples were inserted into the test chamber with four on each side. They

were inserted from the inner edge of the cell towards the heater at distances of 1mm,

40mm, 80mm and 118mm (touching the heater), and at four levels with each on a

different level of the sample height, at intervals of 40mm. The lowest probe was

inserted at about 45mm above the sample base, and all other probes inserted 40mm

above each other.

Figure 5.11 on page 128, shows the layout of thermocouples for the thermal tests

carried out on this sample.

5.2.6.1 Objective 1: Equilibrium Heating Duration

To determine how long it took the soil sample being tested to achieve equilibrium or

steady state conditions, the heating test was commenced by supplying power to the

cartridge heater from the power supply unit.
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Figure 5.11: Layout of thermocouples for tests carried out on kaolin sample at 25kPa

The temperature changes in the heater and within the sample were logged during the

test and the results are presented in Figures 5.12. and 5.13 (page 129) The figures

present two graphs of the sample being heated to steady state condition at two

different power inputs of 4.49W and 9.48W respectively

Figure 5.12: Kaolin Test at 25kPa at thermal equilibrium for power input of: 4.49W

18

19

20

21

22

23

24

25

26

27

28

0 5 10 15 20 25 30

Te
m

p
e

ra
tu

re
(°

C
)

Time (hours)

Heater Temp_C1

Temp_C(1)

Temp_C(2)

Temp_C(3)

Temp_C(4)

Temp_C(5)

Temp_C(6)

Temp_C(7)

Temp_C(8)

Room Temp_C(9)



129

Figure 5.13: Kaolin Test at 25kPa at thermal equilibrium for power input of 9.48W

The sample was allowed ample time to cool down between the tests, and the second

test was only commenced after the sample had cooled down to room temperature.

The sample achieved equilibrium conditions after approximately 28 hours of heating at

the lower power input and 26 hours at the higher power input. The higher power meant

that the sample heated up faster.

An observation from this test is that the difference between the heater temperature

and outside the pipe wall reduced considerably after the use of the heat transfer gel

around the heater and also rectifying the heater wiring to the correct one.

The temperature values at fixed locations within the sample in equilibrium condition at

both power inputs are presented in Table 5.6.

Table 5.6: Temperature values at probe locations for thermal equilibrium for kaolin at 25kPa

and 4.49W and 9.48W power

Probe
label

Distance from
Heater (mm)

Temp in Equilibrium
after 28 hours at

power of 4.49W (°C)

Temp in Equilibrium after
26 hours at power of

9.48W (°C)
Probe 10 Heater 27.0 39.4

Probe 1
Outer edge top

of pipe
24.4 29.9

Probe 2
Outer edge

bottom of pipe
26.8 35.9

Probe 3 38 23.1 27.5
Probe 4 38 23.4 28.0
Probe 5 78 22.4 27.1
Probe 6 78 22.1 25.6
Probe 7 117 21.2 24.5
Probe 8 117 20.8 22.2

Probe 9
Controlled

Room Temp
18.2 16.0
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5.2.6.2 Objective 2: Cooling Duration

The second objective was to determine the duration of cooling. This was done by

disconnecting power supply to the heater and allowing the sample return to initial

temperature (controlled room temperature). From Figures 5.14 and 5.15, complete

cooling of the sample from equilibrium condition back to initial temperature lasted

approximately 30 hours in both cases of heating at different power inputs.

Figure 5.14: Cooling curves for kaolin test at 25kPa from thermal equilibrium achieved at power

input of 4.49W

Figure 5.15:Cooling curves for kaolin test at 25kPa from thermal equilibrium achieved at power

input of: 9.48W
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5.2.6.3 Objective 3: Temperature Variations in Sample at Start of Test

The objective of this test was to measure the temperature profile across the sample

when in thermal equilibrium at the start of the testing regime to show the temperature

variations between the centre and edge of sample. This was carried out across the

sample and at four levels along the sample height according to the procedure

explained in Chapter 4. The graph of results from this test is shown in Figure 5.16.

From this figure, the temperature at the bottom of the cell was observed to be higher

than that at the top of the cell.

Table 5.7 presents the temperature values measured at intervals of 15mm across the

sample and at four levels from top to bottom of the sample during the profile test while

sample remained in thermal equilibrium.

Figure 5.16:Temperature variations across sample and at four levels from top to bottom of

sample at start of kaolin at 25kPa test

Table 5.7: Table showing temperature variation values at start of test on sample no.4

Distance
from

heater
(mm)

Layer 1
(top of

sample)

Layer 2
(Middle

of
sample)

Layer 3
(Middle

of
sample)

Layer 4
(bottom

of
sample)

0 30.6 32.5 34.1 35.8

15 28.1 29.9 30.9 32.1

30 26.9 28.4 29.3 30.1

45 26.3 27.4 28.2 28.6

60 25.8 26.7 27.4 27.6

75 25.3 26.1 26.7 26.6

90 24.8 25.5 25.9 25.8

105 24.2 24.8 25.2 24.9

118 23.1 23.7 23.9 23.6
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Figure 5.17 presents a temperature contour plot of the sample in thermal equilibrium,

with each of the different colours and shades of the same colour representing different

temperature ranges. This figure captures the temperature variations across the sample

and from top to bottom of the sample at the end of the test when a power of 17.05W

was applied. This Figure shows that the temperature in the sample reduces radially as

expected but there is also some temperature reduction from bottom to top of the

sample which suggests some heat loss from the top of the sample. However, the

most of the heat loss was radial.

Figure 5.17: Contour plot of temperature variations across sample no.4 in heating equilibrium

condition

5.2.6.4 Objective 4: Thermal Loading Cycles

Another test was carried out on this sample to investigate thermal loading cycles within

a 24 hour period. Thermal cyclic loads tested during this test include 4, 8,12,16 and 20

hours of heating within a 24 hour testing period. They were run over several days and

at different power inputs.

The results from the 8 hours heating and 16 hours cooling is presented here in Figure

5.18 (page 133).
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Figure 5.18: Variation in temperature with time for thermal loading cycles of 8 hours heating

and 16 cooling over five days on kaolin sample at 25kPa and 9.48W

Table 5.8 presents the temperature values measured at points within the sample at the

end of the thermal heating load and at cooling after 24 hours, and also the thermal

load and cooling on the fifth day (that is, the last cycle of thermal loading). The

temperature after 8hrs of thermal loading on the fifth day was consistently higher than

that after one day. The difference varied between 0.4oC at the heater to 0.1oC at the

wall of the cell .

Table 5.8: Temperature values after 8 hours thermal heating load and 16 hours cooling in

kaolin at 25kPa and 9.48W power

Probe
label

Distance from
Heater
(mm)

Temp after
8 hours thermal
load (°C) Day 1

Temp after
16 hours cooling

(°C) Day 1

Temp after
8 hours thermal
load (°C) Day 5

Temp after
16 hours cooling

(°C) Day 5

Probe 10 Heater 35.3 19.4 35.7 19.4

Probe 1
Outer edge top

of pipe
26.4 19.5 26.8 19.5

Probe 2
Outer edge

bottom of pipe
31.9 19.4 32.2 19.4

Probe 3 38 23.3 19.5 23.6 19.5

Probe 4 38 23.9 19.4 24.2 19.5

Probe 5 78 22.2 19.4 22.4 19.4

Probe 6 78 21.6 19.3 21.9 19.4

Probe 7 117 20.9 19.2 21.0 19.2

Probe 8 117 20.1 19.2 20.2 19.3

Probe 9
Controlled Room

Temp
18.8 19.0 18.6 19.3
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5.2.6.5 Objective 5: Shear Strength and Water Content Tests

The objective of this test was to determine shear strengths and water contents within

the sample in relation to distance from heat source and different levels of sample

height.

At the end of the thermal tests the rig was dismantled by stopping the test,

disconnecting the pressure, and removing the cell cover and top piston. The shear

strength and water content tests were carried out while the sample was still in the test

chamber in order to avoid disturbing the sample and altering its state.

Locations were marked on the sample with reference to distance from the heater and

shear strength tests were carried out in those locations. Samples were collected from

the tested points to determine their water contents. The tests were carried out layer by

layer in four layers. 20 samples were tested on each layer ranging in thickness

between 50-60mm. A total of 80 samples were tested.

Figure 5.19 shows the variation of shear strength with distance from heater in the four

layers from top to bottom of the sample. The plot indicates an increase in shear

strength closer to the heat source.

Figure 5.19: Variation of shear strength with distance from heater in the four layers from top to

bottom of the sample

Figure 5.20 shows the variation of water content with distance from heater in the four

layers from top to bottom of the sample. The plot indicates a decrease in percentage

water content closer to the heat source.
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Figure 5.20; Variation of percentage water content with distance from heater in the four layers

from top to bottom of the sample

Figure 5.21 shows a plot of shear strength against water content for this sample.

Samples tested from each layer are represented in different colours in the graph to

give an indication of how the shear strength and water content vary from top to bottom

of the sample.

Figure 5.21: The variation of shear strength with percentage water content in kaolin sample

tested at 25kPa at the end of the testing regime

The trend lines show a strong trend of increasing shear strength with a reduction in

water content The trend lines for layers 2 and 3 are the same. The trend lines for

layers 2, 3 and 4 have similar R-squared values as shown in Table 5.9 which shows
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the coefficients and regression values for the trend lines in Figure 5.21. The values

from this Figure show a clear improvement over those in Figure 5.10 which being the

first test was used as basis for improving the test procedure.

Table 5.9: The coefficients and regression values for sample No. 4

Sample layer
Equation for fit

y = mx + c
R

2
Validity range of

water content (%)

Layer 1 (Top) -0.5732x + 39.945 0.0596 53.2 – 56.9

Layer 2 (Middle) -0.6044x + 38.512 0.6732 50 – 58.5

Layer 3 (Middle) -0.6143x + 39.092 0.5268 54.5 – 59.4

Layer 4 (Bottom) -0.5363x + 35.4 0.7167 53.3 – 63.1

5.2.6.6 Conclusion

This was the last test carried out in the first rig. All subsequent tests were carried out in

the modified rig to improve on the quality of results obtained.

The modifications made to the rig include changes to the cartridge heater design to

allow it be placed directly within the sample and secured with O-rings and bolts to the

cell base thus eliminating the need for the copper pipe, heat transfer gel and leakage

from around the pipe.

The temperature differential in the heater shown by the contour profile plot was also

addressed during the heater modification.

The power supply unit was replaced due to fluctuating power inputs, to a more stable

unit.

Preliminary tests were carried out to develop the test procedures following the set

objectives. The results obtained were analysed and used as a basis for improving on

subsequent tests carried out in the modified rig, which are presented in Chapter 6.
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Chapter 6 Results from Modified Rig Tests

6.1 Introduction

Chapter 6 is a continuation of chapter 5 in presenting the details of all the tests carried

out. While chapter 5 focused on tests carried out in the first rig design, this chapter

focuses on the tests carried out in the modified rig design. The results presented here

will be discussed in Chapter 7.

The need for the modification was highlighted by the problems encountered during the

preliminary tests as described in Chapter 5. The key issues addressed by the

modifications were that of water leakage and temperature differential in the heater in

order to improve on the quality of results obtained.

The samples tested in the modified rig were kaolin, sand and a mixture of both in

different proportions, to study their thermal behaviour under the following parameters:

1) The soil type constituting the sample tested

2) The water content of the sample

3) The overburden pressure applied to the sample in the test chamber

4) The power input determining the heater temperature as controlled by the

current and voltage used

5) Time or duration of the test

6) Thermal loading cycles

6.2 Tests Carried out in Modified Rig

A total of nine samples were prepared and tested in the modified rig, with several

categories of tests carried out on each sample. The samples tested and presented

were numbered from 5 to 13, each varying in composition, water content, and

overburden pressure at which the test was carried out. The numbering is a

continuation of the numbering of the samples presented in Chapter 5.

The results will be presented in three groups according to the soil type constituting the

samples. The groups are:

1) Tests carried out on kaolin

2) Tests carried out on kaolin and sand mixtures

3) Tests carried out on sand
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Within the groups, the results of tests carried out on the samples will be presented

according to the sample label for each of the 9 samples and the details of the tests

carried out on each of them will be presented one after the other on the basis of the

objectives behind carrying out each of them.

6.2.1 Objectives of Thermal Tests Carried out on Soil Samples

Each of the nine samples was prepared and underwent series of thermal tests to

achieve a set of objectives. The following objectives were common to all the samples

being tested:

6) To determine how long it took the soil sample being tested to achieve thermal

equilibrium or steady state conditions when heated from a controlled room

temperature at a specific pressure, water content, and power input

7) To determine the time it took to cool back to the room temperature when the

power supply is disconnected

8) To determine the distribution of temperature across the sample in thermal

equilibrium

9) To investigate a range of thermal loading cycles from 2, 4, 6, 8 12, up to 22

hours heating and cooling within a 24 hour cycle to determine sample response

to heating cycles and time required to cool down. The thermal cycles tested

differ from test to test and will be specified for each test

10) To determine shear strengths and water contents within the sample in relation

to distance from heat source and different levels of sample height at the end of

each test.

A summary of the samples prepared and the conditions under which they were tested

is presented in Table 6.1, and the samples will be identified by their serial number on

the Table 6.1 (page 139), the sample soil type and the pressure applied.

6.2.2 Tests carried out on Kaolin

Samples number 5, 6 and 7 were formed of kaolin which was tested under varying

conditions of water content and overburden pressures. Tests carried out are discussed

according to the sample numbers.

6.2.2.1 Sample No. 5 (Tests carried out on kaolin sample at 100kPa)

On the arrival of the modified rig design, leakage tests were carried out on it as

explained earlier, and no leakage was detected.
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Table 6.1: Detailed summary of samples and tests carried out on each sample

Samples

S/N
5 6 7 8 9 10 11 12 13

V
A

R
IA

B
L

E
S

/
P

R
O

P
E

R
T

IE
S

/
T

E
S

T
S

Material Kaolin Kaolin Kaolin

Kaolin

Sand

75:25

Kaolin

Sand

75:25

Kaolin

Sand

50:50

Kaolin

Sand

25:75

Sand Sand

Water
content
before Test
(%)

82 82 84.5 59 59 44.4 32 Dry 26

Pressure
Applied
(kPa)

100 200
0, 25,

50
25 100

25, 50,
100

25, 50,
100

25 25

Power (W) 17.03 17.03 17.03 17.03 17.03 17.03 17.03 4.23 19.04

Sample
Height
before Test
(mm)

275 275 285 285 285 275 270 228 218

Sample
Height
after Test
(mm)

190 186.5 205 234 218 213 220 218 218

Height Diff.
(mm)

85 88.5 80 51 67 62 50 10 0

Avg. Shear
Strength
after Test
(kPa)

16.3 38.7 11.4 5.9 17.2 28 13 NA NA

Avg. Water
Content
after Test
(%)

48 42 49.8 42.1 36.5 22.8 19.6 NA NA

Thermal
Cycles
within 24
hours
(hours)

2, 4, 6,
8, 12,
14, 18,

22

4, 8,
12, 18,

22
8, 12

4, 8,
12, 20

4, 8,
12, 20

4, 8,
12

8, 12
4, 8,
12

8, 12

Heating to
Steady
State
(hours)

29 48
36, 40,

38
26 40

39, 42,
43

28, 28,
48

24 24.5

Cooling
Duration
(hours)

26 30
24, 28,

23
30 32

20, 32,
30

27, 23,
24

18 22

Duration of
whole Test
(weeks)

19 21 8 7 10 15 12 8 6

A kaolin sample was prepared at 82% water content to ensure saturation, and carefully

placed in the rig cell for a series of thermal tests to be carried out at a pressure of

100kPa. The objectives of the tests carried out on this sample were common to those

listed in section 6.2.1.
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During the consolidation phase, pressure was applied in incremental loads of 6, 12.5, 25,

50 and finally 100kPa.

At the end of the consolidation phase, thermocouples were inserted into the test

chamber from two opposite sides, at different radii and levels. Each thermocouple on the

left side had a thermocouple on the right hand placed at a similar distance from the

heater to build in redundancy, allow for a failure of a thermocouple and provide a means

of averaging the temperature variation or measure the variation both vertically and

horizontally. Figure 6.1 shows the layout of thermocouples for this test.

Figure 6.1: Layout of thermocouples within the test chamber for tests on kaolin at 100kPa

Eight thermocouples were inserted into the test chamber with four on each side. They

were inserted from the inner edge of the cell towards the heater at distances of 1mm,

38mm, 78mm and 118mm (touching the heater), and at four levels with each on a

different level of the sample. The lowest thermocouple was positioned at 20mm above

the sample base, while the others were placed at intervals of 43mm above each other.

Additional thermocouple numbers were assigned to subsequent tests as the previous

thermocouples were still in use in sample no 4 when this test was set up.

6.2.2.1.1 Objective 1: Equilibrium Heating Duration

This heating test was undertaken to determine how long it took the soil sample to

achieve equilibrium or steady state conditions.
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The heating test was commenced by supplying power to the cartridge heater from the

power supply unit.

A power input of 17.03W was used in this test and the sample achieved equilibrium

conditions after approximately 29 hours of heating. The temperature changes in the

heater and within the sample were logged during the test and a graph of the results is

presented in Figure 6.2. Temperature fluctuations observed in the room temperature

were expected within the range of ±1.5°C.

Figure 6.2: The variation of temperature with time across a sample of kaolin consolidated to

50kPa showing that thermal equilibrium was achieved after about 29 hours

The temperature values at fixed locations within the sample in equilibrium condition at

the power input of 17.03W are presented in Table 6.2.

Table 6.2: Temperature values at probe locations in thermal equilibrium for kaolin test at 100kPa

and power input of 17.03W

Probe label Distance from Heater (mm) Temp in steady state after 29
hours (°C)

Probe 10 Heater 42.9

Probe 19 Outer edge top of heater 44.2

Probe 20 Outer edge bottom of heater 43.0

Probe 21 40 33.5

Probe 22 40 32.8

Probe 23 80 29.7

Probe 24 80 30.4

Probe 25 117 24.3

Probe 26 117 25.2

Probe 9 Controlled Room Temp 18.1
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6.2.2.1.2 Objective 2: Cooling Duration

To determine the duration of cooling the power supply to the heater was disconnected.

The sample was allowed to return to its initial temperature (controlled room temperature).

From Figure 6.3, complete cooling of the sample from equilibrium condition back to initial

temperature lasted approximately 26 hours.

Figure 6.3: The time to return to room temperature (test at 100kPa)

6.2.2.1.3 Objective 3: Temperature Variations across Sample

The objective here was to measure the temperature profile across the sample under

thermal equilibrium, in order to obtain the temperature variations within the sample at the

start of the testing regime. Results from this test are shown in Figure 6.4.

Figure 6.4: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at start of test on kaolin sample at 100kPa
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The temperature variation in the new heater design was also investigated during this

test. The temperature values measured at the locations within the sample are presented

in Table 6.3.

Table 6.3: Table showing temperature variation values at the start of test on kaolin at 100kPa

Distance
from

heater
(mm)

Layer 1
(top of

sample)

Layer 2
(Middle

of
sample)

Layer 3
(Middle

of
sample)

Layer 4
(bottom

of
sample)

0 44.5 42.8 40.4 43.6

15 39.1 37.8 36.4 37.1

30 36.9 35.7 34.7 34.6

45 35.2 34.2 33.1 32.4

60 33.7 32.9 31.9 30.9

75 32.3 31.7 30.7 29.7

90 31.0 30.5 29.6 28.7

105 29.6 29.1 27.9 27.1

118 25.1 25.6 24.3 24.5

A second temperature profile across the sample in thermal equilibrium was carried out at

the end of the thermal testing on the sample to show the temperature variations within

the sample. Results from this test are shown in Figure 6.5. Both tests were compared to

observe changes in the sample between the start of tests and at the end. This is

discussed in Chapter 7.

Figure 6.5: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at end of tests on sample no. 5
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The temperature contour profile plot in Figure 6.6 (page 144) shows the temperature

variation in the sample No. 5 in thermal equilibrium at the end of the thermal tests carried

out on sample no. 5.

Figure 6.6: Temperature contour plot showing temperature variations in sample no. 5 at the end

of the testing period

Figure 6.6 shows a more radial temperature distribution in the sample as compared with

the preliminary test shown in Figure 5.17 in Chapter 5.

The temperature values measured at the locations within the sample are presented in

Table 6.4

Table 6.4: Table showing temperature variation values at end of tests on sample no.5

Distance
from heater

(mm)

Layer 1
(top of

sample)

Layer 2
(Middle of
sample)

Layer 3
(Middle of
sample)

Layer 4
(bottom of

sample)

0 45.2 43.2 40.9 44.2

15 40.1 38.6 37.4 38.5

30 37.5 36.2 34.9 34.7

45 35.7 34.5 33.5 33.0

60 34.0 33.1 32.3 31.5

75 32.7 32.0 31.1 30.2

90 31.4 30.7 29.9 29.0

105 30.0 29.4 28.6 28.1

118 26.2 25.7 25.5 25.3

6.2.2.1.4 Objective 4: Thermal Loading Cycles

Several thermal loading cycles were investigated on this sample. Thermal cyclic loads

tested in kaolin sample at 100kPa within a 24 hour testing period include:
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1) 2 hours heating cycles run for five days

2) 4 hours heating cycles run for two days

3) 6 hours heating cycles run for two days, and then repeated for 2 days later in the

test

4) 8 hours heating cycles run for 14 days, and then repeated for 8 days later in the

test

5) 12 hours heating cycles run for three days

6) 14 hours heating cycles run for five days

7) 18 hours heating cycles run for five days

8) 22 hours heating cycles run for five days

The results from the 8 hours heating and 16 hours cooling over a period of 14 days are

presented here in Figure 6.7.

The 8 hours thermal cycles were repeated over two weeks to investigate any changes

between the first day and the last day. The findings are presented and discussed in

section 7.5.7 of Chapter 7.

Figure 6.7: The temperature variation across the sample during 8 hours heating and 16 cooling

for 14 days on kaolin sample at 100kPa and 17.03W
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Table 6.5 presents the temperature values measured at points within the sample at the

end of the thermal heating load and at cooling after 24 hours for all the cycles run during

this test.

Table 6.5: Temperature values at probe locations after thermal cyclic loads for 2, 4, 6, 8, 12, 14,

18 and 22 hours of heating and subsequent cooling within 24 hours

Probe label
Probe

10
Probe

19
Probe

20
Prob
e 21

Prob
e 22

Probe
23

Probe
24

Prob
e 25

Probe
26

Probe
9

Distance from
Heater (mm)

Heater

Outer
edge
top of
heater

Outer
edge

bottom
of

heater

38 38 78 78 117 117
Room
Temp

Temp after 2
hours thermal

load (°C)
32.3 32.5 33.2 23.1 22.7 20.8 20.9 19.7 19.9 19.7

Temp after 22
hours cooling

(°C)
18.8 18.9 18.8 18.8 18.8 18.8 18.8 18.5 18.5 17.4

Temp after 4 hours
thermal load (°C)

34.5 35.0 35.2 25.2 24.7 22.4 22.5 19.3 19.6 17.0

Temp after 20
hours cooling (°C)

19.2 19.3 19.1 19.2 19.1 19.2 19.1 18.9 18.9 18.6

Temp after 6 hours
thermal load (°C)

35.7 36.6 36.3 26.7 25.9 23.6 23.8 20.3 20.7 17.4

Temp after 18
hours cooling (°C)

19.3 19.4 19.3 19.3 19.2 19.2 19.2 18.7 18.7 17.1

Temp after 8 hours
thermal load (°C)

38.4 39.4 38.9 29.1 28.5 25.9 26.1 22.2 22.2 18.2

Temp after 16
hours cooling (°C)

19.9 20.1 19.8 20.0 19.8 19.8 19.8 19.2 19.0 17.0

Temp after 12
hours thermal load

(°C)
39.7 40.9 37.3 30.7 30.1 27.0 27.6 22.6 25.0 19.0

Temp after 12
hours cooling (°C)

21.3 21.6 21.1 21.4 21.2 20.9 21.1 19.3 20.3 17.4

Temp after 14
hours thermal load

(°C)
41.2 42.4 38.7 32.3 31.6 28.6 29.1 24.0 26.1 18.4

Temp after10 hours
cooling (°C)

22.9 23.3 22.6 23.1 22.8 22.6 22.7 21.2 21.8 19.4

Temp after 18
hours thermal load

(°C)
41.5 42.8 41.6 32.6 31.6 28.9 29.3 23.8 24.6 19.1

Temp after 6hours
cooling (°C)

24.8 25.6 24.3 25.1 24.6 24.3 24.4 21.7 22.1 18.5

Temp after 20
hours thermal load

(°C)
42.3 43.7 42.5 33.5 32.5 29.7 30.1 24.1 25.0 16.5

Temp after 2 hours
cooling (°C)

29.3 30.7 28.5 29.5 28.8 28.0 28.3 23.4 24.2 17.5
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The graph in Figure 6.8 (page 147), is a summary of all the thermal cyclic tests run on

this sample, and shows the peak heating temperatures of each thermal cycle across the

sample.

Figure 6.8: Variation of various thermal loads at peak temperatures across sample no. 5 from

heater to edge of the test chamber

6.2.2.1.5 Objective 5: Objective 5: Shear Strength and Water Content Tests

The objective of this test was to determine shear strengths and water contents within the

sample in relation to distance from heat source and different levels of sample height. At

the end of the thermal tests the rig was dismantled and the shear strength and water

content tests were carried out while the sample was still in the test chamber in order to

avoid disturbing the sample and altering its state.

Locations for this test were marked on the sample with reference to distance from the

heater and shear strength tests were carried out in those locations. Samples were

collected from the tested points to determine their water contents. The tests were carried

out layer by layer in four layers with each layer ranging in thickness between 50-60mm.

A total of 80 samples were tested.

Samples tested from each layer are shown separately and presented in different colours

to give an indication of how the shear strength and water contents vary from top to

bottom of the sample.
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Figure 6.9 shows the variation of shear strength with distance from heater in the four

layers from top to bottom of the sample which indicates an increase in shear strength

closer to the heat source in the top and bottom layers of the sample. In the middle layers,

the shear strength only changed within ±1kPa.

Figure 6.9: Variation of shear strength with distance from heater in the four layers from top to

bottom of the sample

Figure 6.10 shows the variation of water content with distance from heater in the four

layers from top to bottom of the sample which indicates a decrease in percentage water

content closer to the heat source.

Figure 6.10: Variation of percentage water content with distance from heater in the four layers

from top to bottom of the sample
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Figure 6.11 on page 149, shows a plot of shear strength against water content for this

sample.

Figure 6.11: The variation of shear strength with percentage water content in kaolin sample tested

at 100kPa at the end of the testing regime

The trend lines show a strong trend of increasing shear strength with a decrease in water

content, with the bottom layer showing the strongest relationship. Table 6.6 shows the

coefficients and regression values for the trend lines in Figure 6.11.

Table 6.6: The coefficients and regression values for sample No. 5

Sample layer
Equation for fit y =

mx + c
R

2
Validity range of water

content (%)

Layer 1 (Bottom) -2.0096x + 112.6 0.7919 47.0 – 51.1

Layer 2 (Middle) -1.5303x + 89.081 0.4668 45.9 – 49.5

Layer 3 (Middle) -0.6593x + 47.505 0.2318 46.1 – 49.5

Layer 4 (Top) -2.2505x + 125.63 0.1304 45.9 – 48.3

6.2.2.2 Sample No. 6 (Tests carried out on kaolin sample at 200kPa)

A kaolin sample was prepared at 82% water content and carefully loaded into the test rig

for a series of thermal tests to be carried out at a pressure of 200kPa. The objectives of

the tests carried out on this sample were in line with those of previous samples listed in

section 6.2.1. The procedure for setting up this test was same as that described in

section 6.2.2.1. The layout of thermocouples for this test is the same as shown in Figure

6.1 (page 140).
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6.2.2.2.1 Objective 1: Equilibrium Heating Duration

This heating test was undertaken to determine how long it took the soil sample to

achieve equilibrium or steady state conditions. A power input of 17.03W was used in this

test and the sample achieved thermal equilibrium after approximately 48 hours of

heating. The temperature changes in the heater and within the sample were logged

during the test and a graph of the results is presented in Figure 6.12.

Figure 6.12: The variation of temperature with time across a kaolin sample consolidated to

200kPa showing that thermal equilibrium was achieved after about 48 hours

The temperature values at fixed locations within the sample in equilibrium condition at

the power input of 17.03W are presented in Table 6.7.

Table 6.7: Temperature values at probe locations in thermal equilibrium for kaolin test at 200kPa

and power input of 17.03W

Probe label
Distance from Heater

(mm)
Temp in equilibrium heating
condition after 48 hours (°C)

Probe 10 Heater 42.5

Probe 19 Outer edge top of heater 44.8

Probe 20
Outer edge bottom of

heater
42.1

Probe 21 40 34.9

Probe 22 40 33.9

Probe 23 80 30.7

Probe 24 80 31.7

Probe 25 117 25.6

Probe 26 117 26.3

Probe 9 Controlled Room Temp 18.9
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6.2.2.2.2 Objective 2: Cooling Duration

To determine the duration of cooling of the sample, the power supply to the heater was

disconnected. The sample was allowed to return to its initial temperature or controlled

room temperature.

From Figure 6.13, complete cooling of the sample from equilibrium condition back to

initial temperature lasted approximately 30 hours.

Figure 6.13: The time to return to room temperature for kaolin test at 200kPa

6.2.2.2.3 Objective 3: Temperature Variations across Sample

The objective of this test was to measure the temperature profile across the sample in

thermal equilibrium in order to obtain the temperature variations within the sample. The

graph in Figure 6.14 shows results obtained from this test, which indicate a temperature

difference between the top and bottom of the sample.

Figure 6.14: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at start of test on kaolin sample at 200kPa
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The temperature values measured at the locations within the sample are presented in

Table 6.8

Table 6.8: Table showing temperature variation values at start of tests on sample no.6

Distance
from heater

(mm)

Layer 1
(top of

sample)

Layer 2
(Middle of
sample)

Layer 3
(Middle of
sample)

Layer 4
(bottom of

sample)

0 44.0 42.0 39.2 41.3

15 38.5 37.3 36.1 36.3

30 36.0 35.2 34.2 33.7

45 34.2 33.6 32.7 31.9

60 32.8 32.3 31.4 30.3

75 31.6 31.1 30.2 29.1

90 30.4 29.8 29.0 27.9

105 29.1 28.2 27.4 26.6

118 25.0 24.7 23.9 23.8

6.2.2.2.4 Objective 4: Thermal Loading Cycles

Several thermal loading cycles tests were investigated on this sample. Thermal cyclic

loads tested within a 24 hour testing period on kaolin sample at 200kPa are:

1) 4 hours heating cycles run for three days

2) 8 hours heating cycles run for three days

3) 12 hours heating cycles run for three days

4) 18 hours heating cycles run for three days

5) 22 hours heating cycles run for three days

All the thermal cyclic load tests were carried out on this sample for a period of three days

each. The results from the 12 hours heating and 12 hours cooling for a period of three

days is presented here in Figure 6.15

Figure 6.15: The temperature variation across the sample during thermal loading cycles of 12

hours heating and 12 cooling for three days on kaolin sample at 200kPa and 17.03W
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Figure 6.16 shows a summary of four thermal cyclic tests run on this sample. The graph

shows the peak heating temperatures of each thermal cycle across the sample.

Figure 6.16: Various thermal loads at peak temperatures when in thermal equilibrium, also

showing the decrease in temperature across sample no. 6 away from the heater

Table 6.9 presents the temperature values measured at points within the sample at the

end of the thermal heating load and at cooling after 24 hours for thermal loading cycles

run at 4, 8, 12 and 18 hours on sample no. 6.

Table 6.9: Temperature values after 4, 8, 12, and 18 hours thermal heating load and subsequent

cooling in sample no. 6 at 17.03W power

Probe 10 Heater 32.7 18.7 35.7 20.1 38.8 21.4 40.8 25.3

Probe 19 Outer edge 34.0 18.8 37.4 20.2 40.8 21.7 43.0 26.1

Probe 20 Outer edge 33.1 18.7 35.8 20.0 38.7 21.2 40.5 24.8

Probe 21 38 24.9 18.8 27.9 20.2 31.1 21.5 33.2 25.7

Probe 22 38 24.3 18.8 27.2 20.1 30.3 21.4 32.2 25.3

Probe 23 78 22.1 18.8 24.6 20.0 27.4 21.1 29.1 24.7

Probe 24 78 22.4 18.7 25.2 20.0 28.2 21.3 30.0 25.1

Probe 25 117 20.2 18.5 21.4 19.6 23.5 20.2 24.5 22.2

Probe 26 117 20.2 18.3 22.0 19.5 24.1 20.2 25.1 22.4

Probe 9

Controlled

Room Temp 17.8 18.3 17.0 18.0 19.1 19.0 17.8 18.5

Probe

label

Distance

from Heater

(mm)

Temp

after 12

hours

cooling

(°C)

Temp

after 18

hours

thermal

load (°C)

Temp

after 6

hours

cooling

(°C)

Temp

after 4

hours

thermal

load (°C)

Temp

after 20

hours

cooling

(°C)

Temp

after 8

hours

thermal

load (°C)

Temp

after 16

hours

cooling

(°C)

Temp

after 12

hours

thermal

load (°C)
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6.2.2.2.5 Objective 5: Shear Strength and Water Content Tests

The objective and procedure of this test are the same as those presented in sub-section

6.2.2.1.5 For this sample the tests were carried out layer by layer in three layers of

approximately 62mm each, and a total of 60 samples were tested.

Figure 6.17 shows the variation of shear strength with distance from heater in the three

layers from top to bottom of the sample. The plot indicates an increase in sample

stiffness closer to the heat source in the middle and bottom layers.

Figure 6.17: Variation of shear strength with distance from heater in the three layers from top to

bottom of the sample

Similarly, Figure 6.18 shows the variation of water content with distance from heater in

the three layers from top to bottom of the sample. The plot indicates a decrease in

percentage water content closer to the heat source more pronounced in the middle and

bottom layers.

Figure 6.18: Variation of percentage water content with distance from heater in the three layers

from top to bottom of the sample
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Figure 6.19 presents a plot of shear strength against water content for this sample

showing how the shear strength and water contents vary from top to bottom of the

sample.

Figure 6.19: Plot of shear strength against water content carried out on kaolin sample tested at

200kPa at the end of the testing regime

The trend lines show a weak relationship between shear strength and water content. The

trend lines in the bottom layer show a trend of increasing shear strength with a decrease

in water content. Table 6.10 shows the coefficients and regression values for the trend

lines in Figure 6.19.

Table 6.10: The coefficients and regression values for the trend lines in Figure 6.19.

Sample layer
Equation for fit

y = mx + c
R

2
Validity range of

water content (%)

Layer 1 (Bottom) -0.8029x + 70.697 0.0341 39.8 – 43.0

Layer 2 (Middle) 1.578x - 29.084 0.07 41.0 – 43.4

Layer 3 (Middle) -6.5065x + 318.42 0.4241 42.0 – 43.6

6.2.2.3 Sample No. 7 (Tests carried out on kaolin sample at 0, 25, & 50kPa)

This sample was prepared at 84.5% water content which was 2.5%higher than the other

kaolin samples in order to investigate the effect of the additional water content on the

test results. The soil was carefully placed in the cell of the assembled rig.
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The thermal tests were carried out on this sample in three phases, with the overall

objectives the same as those listed in section 6.2.1.

The three phases of tests carried out on this sample were:

1) Testing the sample at 0kPa

2) Testing the sample at a pressure of 25kPa

3) Testing the sample at a pressure of 50kPa

For the sample tested at 0kPa and 25kPa, only the first four objectives are presented, as

the fifth objective could only be carried out after the test at 50kPa as it involved stripping

the cell apart.

The arrangement of the thermocouples within the test chamber remained the same for

the three phases of tests carried out on this sample and is shown in Figure 6.20.

Figure 6.20: Layout of thermocouples within test chamber for tests carried out on sample no. 7

6.2.2.4 Testing Sample No. 7 at 0kPa

The tests carried out on the sample with no pressure applied include heating and cooling

tests, thermal cyclic loading tests and a temperature profile test across sample in

equilibrium condition. These tests are described in terms of the objectives for carrying

them out.
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6.2.2.4.1 Objective 1: Equilibrium Heating Duration

This heating test was undertaken to determine how long it took the soil sample to

achieve equilibrium or steady state conditions.

A power input of 17.03W was used in this test and the sample achieved equilibrium

conditions after approximately 36 hours of heating. The temperature changes in the

heater and within the sample were logged during the test and a graph of the results is

presented in Figure 6.21.

Figure 6.21: The variation of temperature with time across a sample of kaolin at 0kPa and power

input of 17.03W showing thermal equilibrium was achieved after about 36 hours

The temperature values at fixed locations within the sample in equilibrium condition at

the power input of 17.03W are presented in Table 6.11.

Table 6.11: Temperature values at probe locations in thermal equilibrium for sample no.7 tested

at 0kPa and power input of 17.03W

Probe label Distance from Heater (mm)
Temp in equilibrium heating
condition after 36 hours (°C)

Probe C_2 Heater 44.7

Probe 1 Outer edge top of heater 40.9

Probe 2 Outer edge bottom of heater 42.8

Probe 3 30 33.8

Probe 4 30 34.1

Probe 5 60 30.9

Probe 6 60 30.9

Probe 7 90 28.7

Probe 8 90 28.3

Probe 9 117 24.7

Probe 10 117 24.3

Probe 11 Controlled Room Temp 19.8



158

6.2.2.4.2 Objective 2: Cooling Duration

To determine the duration of cooling, the power supply to the heater was disconnected.

The sample was allowed to return to the controlled room temperature.

Complete cooling of the sample from equilibrium heating condition to controlled room

temperature lasted approximately 24 hours as shown in Figure 6.22.

Figure 6.22: Cooling curves for sample no. 7 at 0kPa showing the time to return to room

temperature

6.2.2.4.3 Objective 3: Temperature Variations across Sample

The objective of this test was to measure the temperature variations across the sample

in thermal equilibrium. Figure 6.23 shows a graph of results obtained from this test.

Figure 6.23: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at start of test on sample no. 7 at 0kPa
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The temperature values measured at the locations within the sample are presented in

Table 6.12.

Table 6.12: Table showing temperature variation values in sample no.7 at 0kPa

Distance
from

heater
(mm)

Layer 1
(top of

sample)

Layer 2
(Middle

of
sample)

Layer 3
(Middle

of
sample)

Layer 4
(Middle

of
sample)

Layer 5
(bottom

of
sample)

0 42.2 42.5 43.7 41.8 43.6

13 37.8 37.5 38.4 37.9 37.9

26 34.8 35.0 35.8 35.5 35.0

39 32.8 33.2 33.8 33.6 32.8

52 31.3 31.8 32.3 32.2 31.3

65 30.2 30.7 31.2 30.9 30.0

78 29.3 29.7 30.2 29.8 29.0

91 28.5 28.8 29.2 28.9 28.0

104 27.6 27.7 28.1 27.7 27.0

118 25.2 24.9 24.9 25.1 24.8

6.2.2.4.4 Objective 4: Thermal Loading Cycles

Thermal loading cyclic tests were carried out on this sample. Thermal cyclic loads tested

within a 24 hour testing period on sample no. 7 at 0kPa are:

1) 8 hours heating cycle run for one day

2) 12 hours heating cycles run for three days

The graph of results from both the 8 and 12 hours heating and subsequent cooling within

the 24 hour period for both tests is presented in Figure 6.24.

Figure 6.24: The temperature variation across sample during 8 and 12 hours heating and

subsequent cooling on sample no. 7 at 0kPa and 17.03W
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Table 6.13 presents the temperature values measured at points within the sample at the

end of the thermal heating load and at cooling after 24 hours for thermal loading cycles

run at 8 and 12 hours on sample no. 7 at 0kPa.

Table 6.13: Temperature values at probe locations after thermal cyclic loads for 8 &12 hours of

heating and subsequent cooling within 24 hours

Probe
label

Distance
from

Heater
(mm)

Temp after 8
hours

thermal load
(°C)

Temp after
16 hours
cooling

(°C)

Temp after
12 hours

thermal load
(°C)

Temp after
12 hours
cooling

(°C)
Probe
C_2

Heater
39.0 19.0 41.0 20.6

Probe 1
Outer edge

top of
heater 35.5 19.1 37.4 20.8

Probe 2
Outer edge
bottom of

heater
37.6 18.8 39.4 20.4

Probe 3 30 27.9 19.1 29.9 20.9

Probe 4 30 28.4 19.0 30.4 20.8

Probe 5 60 25.1 19.0 27.1 20.7

Probe 6 60 25.3 19.0 27.2 20.7

Probe 7 90 23.4 18.9 25.2 20.3

Probe 8 90 23.3 18.9 25.0 20.2

Probe 9 117 20.8 18.4 22.2 19.1

Probe 10 117 20.7 18.5 22.2 19.1

Probe 11
Controlled

Room Temp
18.5

18.1 19.3 17.7

6.2.2.5 Testing Sample No. 7 at 25kPa

The tests carried out on sample no. 7 at pressure of 25kPa include heating and cooling

tests, thermal cyclic loading tests and a temperature profile test across sample in

equilibrium condition. These tests are described in terms of the objectives for carrying

them out.

6.2.2.5.1 Objective 1: Equilibrium Heating Duration

This heating test was undertaken to determine how long it took the soil sample to

achieve equilibrium or steady state conditions.

A power input of 17.03W was used in this test and the sample achieved equilibrium

conditions after approximately 40 hours of heating. A graph of the heating test is

presented in Figure 6.25.
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Figure 6.25: The variation of temperature with time across a sample of kaolin consolidated to

25kPa showing that thermal equilibrium was achieved after about 40hrs

6.2.2.5.2 Objective 2: Cooling Duration

To determine the duration of cooling, the power supply to the heater was disconnected

and the sample was allowed to return to the controlled room temperature. Complete

cooling of the sample from equilibrium heating condition to controlled room temperature

lasted approximately 28 hours as shown in Figure 6.26.

Figure 6.26: The time to return to room temperature for sample no. 7 at 25kPa
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6.2.2.5.3 Objective 3: Temperature Variations across Sample

The objective of this test was to measure the temperature variations across the sample

in thermal equilibrium. Figure 6.27 shows a graph of results obtained from this test.

Figure 6.27: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at start of test on sample no. 7 at 25kPa

The temperature values measured at the locations within the sample during the

temperature profile test carried out to investigate temperature variations across the

sample are presented in Table 6.14.

Table 6.14: Table showing temperature variation values in sample no.7 at 25kPa

Distance
from

heater
(mm)

Layer 1
(top of

sample)

Layer 2
(middle

of
sample)

Layer 3
(middle

of
sample)

Layer 4
(middle

of
sample)

Layer 5
(bottom

of
sample)

0 41.1 42.2 42.3 40.9 43.2
13 36.0 37.2 37.7 37.1 37.7
26 34.1 35.0 35.3 35.0 34.8
39 32.7 33.4 33.6 33.3 32.9
52 31.6 32.2 32.2 31.9 31.3
65 30.7 31.2 31.1 30.8 29.9
78 29.7 30.2 30.2 29.8 28.8
91 28.9 29.2 29.2 28.8 27.8

104 27.7 28.1 28.1 27.7 26.9
118 25.3 25.5 25.6 25.2 24.7
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6.2.2.5.4 Objective 4: Thermal Loading Cycles

Thermal loading cyclic tests were carried out on this sample. Thermal cyclic loads tested

within a 24 hour testing period on sample no. 7 at 25kPa are:

1) 8 hours heating cycles run for two days

2) 11.5 hours heating cycles run for two days. This test was meant to be for 12

hours but an error in the timer resulted in 11.5 hours thermal cyclic loads being

run instead.

A graph of results from both tests is presented in Figure 6.28.

The temperature values at fixed locations within the sample in thermal equilibrium at the

power input of 17.03W are presented in Table 6.15 (page 164) Also shown in this table

are the temperature values measured at points within the sample at the end of the

thermal heating loads and at cooling after 24 hours for thermal loading cycles run at 8

and 11.5 hours on sample no. 7 at 25kPa.

Figure 6.28: The temperature variation across sample during 8 and 11.5 hours heating and

subsequent cooling in sample no. 7 at 25kPa and 17.03W
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Table 6.15: Peak temperature values at thermal equilibrium and thermal cyclic loads in sample

no. 7 at 25kPa

Probe
label

Distance
from

Heater
(mm)

Temp in
thermal

equilibrium
after 36

hours (°C)

Temp
after 8
hours

thermal
load
(°C)

Temp
after 16
hours

cooling
(°C)

Temp
after
11.5

hours
thermal

load
(°C)

Temp
after
12.5

hours
cooling

(°C)

Probe
c_2

Heater 44.2 37.9 19.9 40.2 21.7

Probe 1
Outer

edge top
of heater

44.0 38.0 20.1 40.4 21.9

Probe 2

Outer
edge

bottom of
heater

43.2 37.9 19.8 40.2 21.5

Probe 3 30 34.8 28.9 20.1 31.5 21.9

Probe 4 30 34.2 28.7 19.9 31.3 21.7

Probe 5 60 31.4 25.9 20.0 28.5 21.7

Probe 6 60 31.2 25.9 19.9 28.4 21.7

Probe 7 90 29.1 24.3 19.8 26.8 21.4

Probe 8 90 29.1 24.3 19.9 26.7 21.5

Probe 9 117 24.4 21.7 19.1 23.6 20.4

Probe
10

117 24.6 21.9 19.2 23.9 20.6

Probe
11

Controlled
Room
Temp

18.8 19.6 18.5 20.8 19.2

6.2.2.6 Testing Sample No. 7 at 50kPa

The tests carried out on sample no. 7 at pressure of 50kPa include heating and cooling

tests, thermal cyclic loading tests and a temperature profile test across sample in thermal

equilibrium conducted at the end of the thermal tests. The tests are described in terms of

the objectives for carrying them out.

6.2.2.6.1 Objective 1: Equilibrium Heating Duration

This heating test was undertaken to determine how long it took the soil sample to

achieve equilibrium or steady state conditions.

A power input of 17.03W was used in this test and the sample achieved equilibrium

conditions after approximately 38 hours of heating. A graph of the heating test is

presented in Figure 6.29 on page 165.
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Figure 6.29: The variation of temperature with time across a sample of kaolin consolidated to

50kPa showing that thermal equilibrium was achieved after about 38hours

6.2.2.6.2 Objective 2: Cooling Duration

To determine the duration of cooling, the power supply to the heater was disconnected

and the sample was allowed to return to the controlled room temperature. Complete

cooling of the sample from equilibrium heating condition to controlled room temperature

lasted approximately 23 hours as shown in Figure 6.30.

Figure 6.30: The time to return to room temperature for sample no. 7 at 50kPa
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6.2.2.6.3 Objective 3: Temperature Variations across Sample

The objective of this test was to measure the temperature variations across the sample

under equilibrium heating conditions. Figure 6.31 shows a graph of results obtained from

this test.

Figure 6.31: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at start of test on sample no. 7 at 50kPa

The temperature values measured at specific locations within the sample during the

temperature profile test carried out to investigate temperature variations across the

sample are presented in Table 6.16.

Table 6.16: Table showing temperature variation values in sample no.7 at 50kPa

Distance
from

heater
(mm)

Layer 1
(top of

sample)

Layer 2
(Middle

of
sample)

Layer 3
(Middle

of
sample)

Layer 4
(bottom

of
sample)

0 32.8 37.6 40.5 44.3

13 31.2 34.2 36.1 38.8

26 30.5 32.5 34.1 35.8

39 29.9 31.4 32.6 33.9

52 29.3 30.5 31.5 32.2

65 28.7 29.7 30.4 30.5

78 28.6 29.0 29.6 29.4

91 28.1 28.3 28.8 28.5

104 27.5 27.3 27.8 27.6

118 25.9 24.7 25.1 25.0
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6.2.2.6.4 Objective 4: Thermal Loading Cycles

Thermal loading cyclic tests were carried out on this sample. Thermal cyclic loads tested

within a 24 hour testing period on sample no. 7 at 25kPa are:

1) 8 hours heating cycle run for two days

2) 12 hours heating cycles run for three days.

A graph of results from both tests is presented in Figure 6.32.

Figure 6.32: The temperature variation across sample during 8 and 12 hours heating and

subsequent cooling in sample no. 7 at 50kPa and 17.03W

The temperature values at fixed locations within the sample in equilibrium condition at

the power input of 17.03W are presented in Table 6.17 on page 168

Also shown in this Table are the temperature values measured at points within the

sample at the end of the thermal heating loads and at cooling after 24 hours for thermal

loading cycles run at 8 and 12 hours on sample no. 7 at 50kPa.
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Table 6.17: Peak temperature values at equilibrium condition and thermal cyclic loads in sample

no. 7 at 50kPa

Probe label
Distance

from Heater
(mm)

Temp in
thermal

equilibrium
after 42

hours (°C)

Temp after
8 hours
thermal
load (°C)

Temp after
16 hours
cooling

(°C)

Temp after
11.5 hours

thermal
load (°C)

Temp
after 12.5

hours
cooling

(°C)

Probe c_2 Heater 58.4 50.1 18.7 53.9 20.2

Probe 1
Outer edge

top of heater 36.3 31.8 19.0 33.7 20.7

Probe 2
Outer edge
bottom of

heater 44.4 38.7 18.9 41.4 20.5

Probe 3 30 27.3 22.9 18.6 24.7 20.2

Probe 4 30 28.5 23.8 18.7 26.0 20.4

Probe 5 60 29.8 24.9 18.9 27.0 20.6

Probe 6 60 30.5 25.4 19.0 27.6 20.7

Probe 7 90 27.8 23.6 18.8 25.4 20.3

Probe 8 90 28.3 23.5 18.8 25.5 20.6

Probe 9 117 24.5 21.3 18.2 23.1 19.5

Probe 10 117 24.1 20.4 18.2 22.1 19.6

Probe 11
Controlled

Room Temp 19.8 18.5 18.0 19.3 18.3

6.2.2.6.5 Objective 5: Shear Strength and Water Content Tests

The objective and procedure of this test are same as those stated in sub-section

6.2.2.1.5. For this sample the tests were carried out layer by layer in four layers, each

approximately 51mm in height. A total of 80 samples were tested.

Figure 6.33 shows the variation of shear strength with distance from heater in the four

layers from top to bottom of the sample.

Figure 6.33: Variation of shear strength with distance from heater in the four layers from top to

bottom of the sample
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The plot indicates an increase in sample stiffness closer to the heat source, gradually

reducing towards the cell edge.

Similarly, Figure 6.34 shows the variation of water content with distance from heater in

the four layers from top to bottom of the sample. The plot indicates a decrease in

percentage water content closer to the heat source, increasing towards the cell edge.

Figure 6.34: Variation of percentage water content with distance from heater in the four layers

from top to bottom of the sample

Figure 6.35 shows a plot of shear strength against water content for this sample at

different levels to show how the shear strength and water contents vary from top to

bottom of the sample.

Figure 6.35: Variation of shear strength with percentage water in sample no. 7 at the end of the

tests carried out at 50kPa
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The trend lines show a general trend of increasing shear strength with a reduction in

water content; this is more pronounced in layers 3 and 4. Table 6.18 shows the

coefficients and regression values for the trend lines in Figure 6.35, and the validity

range of water content.

Table 6.18: The coefficients and regression values for the trend lines in Figure 6.35 and the

validity range of water content.

Sample layer
Equation for fit

y = mx + c
R

2
Validity range of

water content (%)

Layer 1 (Top) -0.2832x + 17.192 0.1031 47.5 – 51.4

Layer 2 (Middle) -0.4776x + 37.378 0.0346 46.9 – 52.9

Layer 3 (Middle) -1.9172x + 112.39 0.6112 47– 52.8

Layer 4 (Bottom) -1.3132x + 77.406 0.4248 46.1 – 51.6

6.2.3 Tests carried out on Kaolin and Sand Mixtures

After carrying out thermal tests on kaolin samples, a combination of kaolin and sand

samples were also tested to investigate changes that may occur due to difference in soil

type.

Samples number 8, 9, 10 and 11 were constituted of kaolin and sand combined in

proportions of 75:25, 50:50 and 25:75. These samples were tested under varying

conditions of water content and overburden pressures. Tests carried out are discussed

according to the sample numbers.

6.2.3.1 Sample No. 8 (Tests carried out on Kaolin:Sand 75:25 at 25kPa)

Sample no. 8, a combination of kaolin and sand, was prepared at a ratio of three parts of

kaolin to one part of sand, at 59% water content. The sample was carefully placed in the

rig cell for a series of thermal tests carried out at a pressure of 25kPa. The objectives of

the tests carried out on sample no. 8 were in line with those of previous samples listed in

section 6.2.1.

During the consolidation phase, pressure was applied in incremental loads of 6, 12.5,

and lastly 25kPa.

At the end of the consolidation phase, thermocouples were inserted into the test

chamber from two opposite sides, at different levels and specified distances from the

heater. Each thermocouple on the left side had a thermocouple on the right hand placed

at a similar distance from the heater to build in redundancy, allow for a failure of a
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thermocouple and provide a means of averaging the temperature variation or measure

the variation both vertically and horizontally. Ten thermocouples were inserted into the

test chamber with 5 on each side. They were inserted from the inner edge of the cell

towards the heater at distances of 1mm, 28mm, 58mm, 88mm and 118mm (touching the

heater), and at five levels with each on a different level of the sample height. The lowest

thermocouple was positioned at 20mm above the sample base, while the others were

placed at intervals of 43mm above each other. The arrangement of the thermocouples

within the test chamber is shown in Figure 6.36.

Figure 6.36: Layout of thermocouples within test chamber for tests carried out on sample no. 8

6.2.3.1.1 Objective 1: Equilibrium Heating Duration

A heating test was undertaken to determine how long it took the soil sample to achieve

thermal equilibrium or steady state conditions.

A power input of 17.03W was used in this test and the sample achieved thermal

equilibrium after approximately 26 hours of heating which is a shorter duration than the

pure kaolin samples that required between 30 and 40 hours to attain thermal equilibrium.

The variation of temperature with time across the sample during the steady state heating

is presented in Figure 6.37.
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Figure 6.37: The variation of temperature with time across a sample of 75:25 Kaolin & sand

consolidated to 25kPa showing that thermal equilibrium was achieved after about 26 hours

6.2.3.1.2 Objective 2: Cooling Duration

To determine the duration of cooling, the power supply to the heater was disconnected

and the sample was allowed to return to the controlled room temperature. Complete

cooling of the sample from equilibrium heating condition to controlled room temperature

lasted approximately 30 hours as shown in Figure 6.38.

Figure 6.38: The time to return to room temperature for sample no. 8 at 25kPa
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6.2.3.1.3 Objective 3:Temperature Variations across Sample

The objective of this test was to measure the temperature profile across the sample

under thermal equilibrium in order to obtain the temperature variations within the sample.

The graph in Figure 6.39 shows results from this test. It is observed that the sample

shows similar temperature profiles irrespective of the level, unlike other pure kaolin

samples that showed clear differences.

Figure 6.39: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at end of test on sample no. 8 at 25kPa

The temperature values measured at specific locations within the sample during the

temperature profile test carried out to investigate temperature variations across the

sample are presented in Table 6.19.

Table 6.19: Table showing temperature variation values in sample no.8 at 25kPa

Distance
from

heater
(mm)

Layer 1
(top of

sample)

Layer 2
(Middle of
sample)

Layer 3
(Middle of
sample)

Layer 4
(Middle of
sample)

Layer 5
(bottom

of
sample)

0 41.3 41.3 41.6 39.8 41.9

15 37.1 37.1 37.2 36.6 37.0

30 34.8 34.9 34.9 34.6 34.5

45 33.3 33.4 33.8 33.1 32.6

60 32.1 32.2 31.8 31.5 30.7

75 31.1 31.2 31.1 30.8 29.9

90 30.1 30.2 30.2 29.7 28.8

105 29.0 29.1 29.0 28.5 27.7

118 25.9 26.0 26.1 25.6 25.3
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6.2.3.1.4 Objective 4: Thermal Loading Cycles

Several thermal loading cycles were investigated on this sample. Thermal cyclic loads

tested within a 24 hour testing period on sample no. 8 at 25kPa were:

1) 4 hours heating cycles run for five days

2) 8 hours heating cycles run for five days

3) 12 hours heating cycles run for five days.

4) 20 hours heating cycles run for five days

The results from the 8 hours heating and 16 hours cooling for a period of five days are

presented here in Figure 6.40.

Figure 6.40: Temperature variation across the sample during 8 hours heating and 16 hours

cooling in sample no. 8 at 25kPa and 17.03W

The temperature values at fixed locations within the sample in equilibrium condition at

the power input of 17.03W are presented in Table 6.20.

Also shown in this table are the temperature values measured at points within the

sample at the end of the thermal heating loads and at cooling after 24 hours for thermal

loading cycles run at 4, 8, 12 and 20 hours on sample no. 8 at 25kPa.
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Table 6.20: Peak temperature values at equilibrium condition and thermal cyclic loads in sample

no. 8 at 25kPa

Probe
label

Distance
from

Heater
(mm)

Temp in
thermal

equilibrium
after 43

hours (°C)

Temp
after 4
hours

thermal
load
(°C)

Temp
after 20
hours

cooling
(°C)

Temp
after 8
hours

thermal
load
(°C)

Temp
after 16
hours

cooling
(°C)

Temp
after 12
hours

thermal
load
(°C)

Temp
after 12
hours

cooling
(°C)

Temp
after 20
hours

thermal
load
(°C)

Temp
after 4
hours

cooling
(°C)

Probe C_2 Heater 41.9 32.5 17.9 35.7 19.3 37.4 22.0 40.2 26.1

Probe 1 117 25.7 19.8 17.6 21.6 19.0 23.1 19.9 24.7 22.7

Probe 2

Outer
edge

bottom of
heater

41.3 32.6 17.8 35.5 19.4 37.2 21.1 40.0 25.6

Probe 3 90 29.6 21.1 17.9 24.0 19.4 25.7 20.5 28.3 25.3

Probe 4 30 33.9 24.7 17.9 27.8 19.5 29.6 20.7 32.4 26.0

Probe 5 60 31.4 22.3 17.9 25.4 19.5 27.2 20.7 29.9 25.9

Probe 6 60 31.4 22.3 17.9 25.4 19.5 27.2 20.6 29.9 25.8

Probe 7 30 33.8 24.5 17.9 27.7 19.5 29.5 20.7 32.3 26.1

Probe 8 90 29.5 21.1 17.8 23.9 19.4 25.6 20.4 28.2 25.2

Probe 9

Outer
edge

bottom of
heater

41.4 32.6 17.9 35.6 19.4 37.2 21.0 40.0 25.7

Probe 10 117 25.6 19.7 17.6 21.5 18.9 23.2 19.8 25.0 22.6

Probe 11
Controlled

Room
Temp

18.0 17.6 16.9 17.7 18.4 18.3 18.4 18.8 17.6

6.2.3.1.5 Objective 5: Shear Strength and Water Content Tests

The objective and procedure of this test are same as those presented in sub-section

6.2.2.1.5 For this sample the tests were carried out layer by layer in four layers of

approximately 58.5mm in height, and a total of 80 samples were tested.

Figure 6.41 shows the variation of shear strength with distance from heater in the four

layers from top to bottom of the sample which indicates an increase in shear strength

closer to the heat source.

Figure 6.41: Variation of shear strength with distance from heater in the four layers from top to

bottom of the sample
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Figure 6.42 shows the variation of water content with distance from heater in the four

layers from top to bottom of the sample which indicates a decrease in percentage water

content closer to the heat source.

Figure 6.42: Variation of percentage water content with distance from heater in the four layers

from top to bottom of the sample

Figure 6.43 shows the variation of shear strength with percentage water content for this

sample at different levels to show how the shear strength and water contents vary from

top to bottom of the sample.

Figure 6.43: The variation of shear strength with percentage water content in sample no. 8

consolidated to 25kPa at the end of the testing regime
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The trend lines show a good trend of increasing shear strength with a reduction in water

content. The trend lines in layers 1 and 2 show a strong relationship between the shear

strength and water content. Table 6.21 shows the coefficients and regression values for

the trend lines in Figure 6.43, and the validity range of water content.

Table 6.21: The coefficients and regression values for the trend lines in Figure 6.43 and the

validity range of water content

Sample layer
Equation for fit

y = mx + c
R2

Validity range of

water content (%)

Layer 1 (Bottom) -1.1216x + 52.347 0.7833 40.2 – 44.1

Layer 2 (Middle) -1.3322x + 63.423 0.741 40.8 – 44.5

Layer 3 (Middle) -0.9299x + 45.064 0.396 39.9– 44

Layer 4 (Top) -0.8722x + 42.265 0.3741 38.8 – 42.7

6.2.3.2 Sample No. 9 (Tests carried out on Kaolin:Sand 75:25 at 100kPa)

Sample no. 9 was prepared in a similar manner to sample no. 8 with the same proportion

of kaolin to sand and at the same water content of 59%. The only difference being that

sample no. 9 was tested at a pressure of 100kPa which was applied incrementally.

The objectives of the tests carried out on sample no. 9 were in line with those of previous

samples as listed in section 6.2.1.

The arrangement of the thermocouples within this test chamber is shown in Figure 6.44

on page 178.

6.2.3.2.1 Objective 1: Equilibrium Heating Duration

A heating test was undertaken to determine how long it took the soil sample to achieve

thermal equilibrium or steady state conditions. At a power input of 17.03W the sample

achieved equilibrium conditions after approximately 40 hours of heating. The

temperature changes in the heater and within the sample during the steady state heating

is presented in Figure 6.45.
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Figure 6.44: Layout of thermocouples within test chamber for tests carried out on sample no. 9

Figure 6.45: of the variation of temperature with time across sample no. 9 consolidated to 100kPa

showing that thermal equilibrium was achieved after about 40 hours

6.2.3.2.2 Objective 2: Cooling Duration

To determine the duration of cooling, the sample was allowed to return to the controlled

room temperature. Complete cooling of the sample from equilibrium heating condition to

controlled room temperature lasted approximately 32 hours as shown in Figure 6.46.
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Figure 6.46: The time to return to room temperature for sample no. 9 at 100kPa

6.2.3.2.3 Objective 3: Temperature Variations across Sample

The objective of this test was to measure the temperature profile across the sample

when in thermal equilibrium in order to obtain the temperature variations within the

sample. The graph in Figure 6.47 shows results obtained from this test.

Figure 6.47: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at end of test on sample no. 9 at 100kPa

The temperature values measured at specific locations within the sample during the

temperature profile test carried out to investigate temperature variations across the

sample are presented in Table 6.22.
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Table 6.22:Temperature variation values in sample no.9 at 100kPa

Distance
from

heater
(mm)

Layer 1
(top of

sample)

Layer 2
(Middle

of
sample)

Layer 3
(Middle

of
sample)

Layer 4
(Middle

of
sample)

Layer 5
(bottom

of
sample)

0 41.2 39.9 39.2 37.3 39.2

15 37.0 36.0 35.4 34.5 34.8

30 34.4 34.0 33.5 32.7 32.5

45 32.9 33.0 32.5 31.6 31.5

60 31.6 31.4 31.0 30.5 29.6

75 30.5 30.4 30.0 29.4 28.5

90 29.6 29.5 29.1 28.6 27.7

105 28.5 28.5 27.9 27.5 26.6

118 25.7 25.7 25.1 24.7 24.1

6.2.3.2.4 Objective 4: Thermal Loading Cycles

Several thermal loading cycles were investigated on this sample. Thermal cyclic loads

tested within a 24 hour testing period on sample no. 8 at 25kPa are:

1) 4 hours heating cycles run for five days

2) 8 hours heating cycles run for five days

3) 12 hours heating cycles run for five days.

4) 20 hours heating cycles run for four days

The results from the 8 hours heating and 16 hours cooling for a period of five days is

presented here in Figure 6.48

Figure 6.48: The temperature variation across the sample during 8 hours heating and 16 hours

cooling in sample no. 9 at 100kPa and 17.03W
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The temperature values at fixed locations within the sample in thermal equilibrium at the

power input of 17.03W are presented in Table 6.23.

Also shown in this table are the temperature values measured at points within the

sample at the end of the thermal heating loads and at cooling after 24 hours for thermal

loading cycles run at 4, 8, 12 and 20 hours on sample no. 9 at 100kPa.

Table 6.23: Peak temperature values at equilibrium condition and thermal cyclic loads in sample

no. 9 at 100kPa

6.2.3.2.5 Objective 5: Shear Strength and Water Content Tests

The objective and procedure of this test are the same as those stated in sub-section

6.2.2.1.5 For this sample the tests were carried out layer by layer in four layers of

approximately 54.5mm each, and a total of 80 samples were tested.

Figure 6.49 on page 182, shows the variation of shear strength with distance from heater

in the four layers from top to bottom of the sample which indicates a decrease in shear

strength away from the heat source.

Probe C_3(1) Heater
39.4 31.1 18.5 34.0 19.1 36.4 20.5 39.2 26.2

Probe 17 117 24.6 19.6 18.3 21.2 18.8 22.5 19.1 24.7 23.0

Probe 18

Outer

edge

bottom of

heater 39.3 31.5 18.5 34.2 19.0 36.5 20.3 39.1 25.6

Probe 19 90 28.7 21.1 18.5 23.8 19.0 25.9 20.2 28.6 25.6

Probe 20 30 32.1 24.0 18.5 26.9 19.1 29.2 20.5 31.9 26.2

Probe 21 60 30.2 22.1 18.5 25.0 19.1 27.2 20.3 29.9 25.9

Probe 22 60 30.4 22.2 18.5 25.1 19.2 27.4 20.4 30.1 26.1

Probe 23 30 32.1 24.1 18.5 26.9 19.1 29.2 20.3 31.9 26.0

Probe 24 90 28.8 21.2 18.5 23.9 19.1 26.0 20.2 28.7 25.6

Probe 25

Outer

edge

bottom of

heater 39.2 31.5 18.4 34.2 19.0 36.4 20.2 39.1 25.6

Probe 26 90 28.6 21.1 18.5 23.8 19.1 25.8 20.2 28.5 25.6

Probe 11

Controlled

Room

Temp 17.1 17.7 18.4 17.5 18.5 17.3 17.6 19.1 19.0

Temp

after 8

hours

thermal

load (°C)

Probe label

Distance

from

Heater

(mm)

Temp in

equilibrium

heating

condition

after 40

hours (°C)

Temp

after 4

hours

thermal

load (°C)

Temp

after 20

hours

cooling

(°C)

Temp

after 16

hours

cooling

(°C)

Temp

after 12

hours

thermal

load (°C)

Temp

after 12

hours

cooling

(°C)

Temp

after 20

hours

thermal

load (°C)

Temp

after 4

hours

cooling

(°C)
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Figure 6.49: Variation of shear strength with distance from heater in the four layers from top to
bottom of the sample

Figure 6.50 shows the variation of water content with distance from heater in the four

layers from top to bottom of the sample which indicates an increase in percentage water

content closer to the cell edge.

Figure 6.50: Variation of percentage water content with distance from heater in the four layers

from top to bottom of the sample

Figure 6.51 on page 183, shows a plot of shear strength against water content for this

sample at different levels to show how the shear strength and water contents vary from

top to bottom of the sample.
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Figure 6.51: Variation of shear strength with percentage water content carried out on 75:25

kaolin:sand sample tested at 100kPa at the end of the testing regime.

The trend lines show a strong trend of increasing shear strength with a reduction in water

content. Table 6.24 shows the coefficients and regression values for the trend lines in

Figure 6.43, and the validity range of water content.

Table 6.24: The coefficients and regression values for the trend lines in Figure 6.51 and the

validity range of water content

Sample layer
Equation for fit

y = mx + c
R

2
Validity range of

water content (%)

Layer 1 (Bottom) -2.899x + 120.67 0.6443 35.2 – 37.3

Layer 2 (Middle) -1.7479x + 80.582 0.5042 35.1 – 38.7

Layer 3 (Middle) -1.4212x + 69.155 0.4245 35.7– 38.1

Layer 4 (Top) -6.1543x + 239.72 0.3074 34.8 – 36.4

6.2.3.3 Sample No. 10 (Tests carried out on Kaolin:Sand 50:50 at 25, 50,

100kPa)

Sample no. 10 which is another combination of kaolin and sand was prepared at a ratio

of one part of kaolin to one part of sand, at 44.4% water content. The sample was
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carefully placed in the test rig for a series of thermal tests carried out in three phases of

consolidation, with the overall objectives as those listed in section 6.2.1 except for the

last objective of shear strength which will not be accurate for this sample constituted of

50% sand because the laboratory vane shear test is only suitable for testing for soft

cohesive soils and may not give dependable results for clays mixed with sand or silt

(Knappett and Craig, 2012).

The three phases of tests carried out on this sample were:

1) Testing the sample at a pressure of 25kPa

2) Testing the sample at a pressure of 50kPa

3) Testing the sample at a pressure of 100kPa

The arrangement of the thermocouples within the test chamber remained the same for

the three phases of tests carried out on this sample and is shown in Figure 6.52.

Figure 6.52: Layout of thermocouples within test chamber for tests carried out on sample no. 10

6.2.3.4 Testing Sample No. 10 at 25kPa

The tests carried out on the sample at 25kPa pressure include heating and cooling tests,

thermal cyclic loading tests and a temperature profile test across sample in thermal

equilibrium. These tests are described in terms of the objectives for carrying them out.

6.2.3.4.1 Objective 1: Equilibrium Heating Duration

A heating test was undertaken to determine how long it took the soil sample to achieve

thermal equilibrium or steady state conditions.



185

At a power input of 17.03W the sample achieved equilibrium conditions after

approximately 39 hours of heating. The variation of temperature with time in the heater

and within the sample during the steady state heating is presented in Figure 6.53.

Figure 6.53: The variation of temperature with time across sample no. 10 at 25kPa and power

input of 17.03W showing thermal equilibrium was achieved after about 39 hours

6.2.3.4.2 Objective 2: Cooling Duration

To determine the duration of cooling, the power supply to the heater was disconnected

and the sample was allowed to return to the controlled room temperature. Complete

cooling of the sample from equilibrium heating condition to controlled room temperature

lasted approximately 20 hours as shown in Figure 6.54.

Figure 6.54: Cooling curves for sample no. 10 at 25kPa showing the time to return to room

temperature
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6.2.3.4.3 Objective 3: Temperature Variations across Sample

The objective of this test was to measure the temperature profile across the sample in

thermal equilibrium in order to obtain the temperature variations within the sample. The

graph in Figure 6.55 shows results from this test.

Figure 6.55: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at end of test on sample no. 10 at 25kPa

The temperature values measured at specific locations within the sample during the

temperature profile test carried out to investigate temperature variations across the

sample are presented in Table 6.25.

Table 6.25: Table showing temperature variation values in sample no.10 at 25kPa

Distance
from heater

(mm)

Layer 1
(top of

sample)

Layer 2
(Middle of
sample)

Layer 3
(Middle of
sample)

Layer 4
(Middle of
sample)

Layer 5
(bottom of

sample)

0 39.5 39.3 39.3 37.9 39.8

15 36.4 35.9 35.7 35.1 36.0

30 34.3 34.0 33.9 33.5 33.8

45 32.7 32.8 32.6 32.2 32.1

60 31.8 31.9 31.6 31.3 30.9

75 30.9 31.0 30.8 30.5 29.9

90 30.1 30.2 30.0 29.6 29.3

105 29.0 29.2 29.1 28.7 28.1

118 25.9 26.5 26.3 26.2 26.0

6.2.3.4.4 Objective 4: Thermal Loading Cycles

Thermal loading cycles were investigated on this sample. Thermal loading cycles tested

within a 24 hour testing period on sample no. 10 at 25kPa were:

1) 4 hours heating cycle

2) 8 hours heating cycles run for two days

3) 12 hours heating cycles run for two days.
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A graph of results from the 4 and 8 hours heating and 20 and 16 hours cooling

respectively, is presented in Figure 6.56.

Figure 6.56: The temperature variation across the sample during thermal loading cycles of 8

hours heating and 16 hours cooling in sample no. 10 at 25kPa and 17.03W

The temperature values at fixed locations within the sample in equilibrium condition at

the power input of 17.03W are presented in Table 6.26. Also shown in this table are the

temperature values measured at points within the sample at the end of the thermal

heating loads and at cooling after 24 hours for thermal loading cycles run at 4, 8, and 12

hours on sample no. 10 at 25kPa.

Table 6.26: Peak temperature values at equilibrium condition and thermal cyclic loads in sample

no. 10 at 25kPa

Probe
label

Distance
from

Heater
(mm)

Temp in
equilibrium

heating
condition
after 39

hours (°C)

Temp
after 4
hours

thermal
load (°C)

Temp
after 24
hours

cooling
(°C)

Temp
after 8
hours

thermal
load (°C)

Temp
after 16
hours

cooling
(°C)

Temp
after 12
hours

thermal
load (°C)

Temp
after 12
hours

cooling
(°C)

Probe C_2 Heater 41.6 32.7 19.1 34.1 19.9 35.8 20.8

Probe 1
Outer

edge top
of heater

39.8 31.5 19.2 33.1 20.0 35.1 21.0

Probe 2

Outer
edge

bottom of
heater

40.6 32.8 19.2 34.1 19.9 36.0 20.8

Probe 3 30 34.0 25.9 19.3 27.4 20.0 29.4 21.0

Probe 4 30 33.7 25.8 19.3 27.2 19.9 29.1 20.8

Probe 5 60 31.7 24.0 19.3 25.4 19.9 27.3 20.9

Probe 6 60 31.7 24.0 19.3 25.4 19.9 27.2 20.8

Probe 7 90 29.7 22.8 19.2 23.9 19.8 25.7 20.7

Probe 8 90 30.3 23.0 19.2 24.2 19.8 26.1 20.7

Probe 9 117 26.8 21.0 18.7 21.3 19.7 23.5 20.3

Probe 10 117 26.4 20.7 18.6 21.1 19.6 23.3 20.2

Probe 11
Controlled

Room
Temp

19.4 17.8 17.5 16.8 19.1 18.9 19.2
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6.2.3.5 Testing Sample No. 10 at 50kPa

The tests carried out on the sample at a pressure of 50kPa include heating and cooling

tests, thermal cyclic loading tests and a temperature profile test across sample in

equilibrium condition. These tests are described in terms of the objectives for carrying

them out.

6.2.3.5.1 Objective 1: Equilibrium Heating Duration

A heating test was undertaken to determine how long it took the soil sample to achieve

thermal equilibrium or steady state conditions.

At a power input of 17.03W the sample achieved equilibrium conditions after

approximately 42 hours of heating. The variation of temperature with time in the heater

and within the sample during the steady state heating is presented in Figure 6.57.

Figure 6.57: Temperature variation with time across sample no. 10 consolidated to 50kPa

showing that thermal equilibrium was achieved after about 42 hours

6.2.3.5.2 Objective 2: Cooling Duration

To determine the duration of cooling, the power supply to the heater was disconnected

and the sample was allowed to return to the controlled room temperature. Complete

cooling of the sample from equilibrium heating condition to controlled room temperature

lasted approximately 32 hours as shown in Figure 6.58.
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Figure 6.58: Time to return to room temperature for sample no. 10 at 50kPa

6.2.3.5.3 Objective 3: Temperature Variations across Sample

The objective of this test was to measure the temperature profile across the sample

while in thermal equilibrium in order to obtain the temperature variations within the

sample. The graph in Figure 6.59 shows results from this test.

Figure 6.59: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at end of test on sample no. 10 at 50kPa

The temperature values measured at specific locations within the sample during the

temperature profile test carried out to investigate temperature variations across the

sample are presented in Table 6.27.
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Table 6.27: Table showing temperature variation values in sample no.10 at 50kPa

Distance
from

heater
(mm)

Layer 1
(top of

sample)

Layer 2
(Middle of
sample)

Layer 3
(Middle of
sample)

Layer 4
(Middle of
sample)

Layer 5
(bottom

of
sample)

0 39.9 38.9 39.2 37.8 39.8

15 36.4 35.8 35.6 35.1 35.9

30 34.5 34.0 33.8 33.5 33.7

45 32.9 32.7 32.6 32.2 32.2

60 31.8 31.8 31.6 31.2 30.9

75 30.9 30.9 30.7 30.4 29.9

90 30.1 30.1 29.9 29.6 29.0

105 29.1 29.1 28.9 28.5 28.1

118 25.4 25.8 25.7 25.4 25.4

6.2.3.5.4 Objective 4: Thermal Loading Cycles

Thermal loading cycles were investigated on this sample. Thermal loading cycles

investigated within a 24 hour testing period on sample no. 10 at 50kPa were:

1) 8 hours heating cycles run for two days

2) 12 hours heating cycles run for several days in separate tests.

A graph of results from the 8 hours heating and 16 hours cooling for a period of two days

is presented in Figure 6.60.

Figure 6.60: The temperature variation across the sample during thermal loading cycles of 8

hours heating and 16 hours cooling in sample no. 10 at 50kPa and 17.03W

The temperature values at fixed locations within the sample in thermal equilibrium at the

power input of 17.03W are presented in Table 6.28. Note that during the steady state

heating test, probes 8 and 10 swapped positions.
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Also shown in Table 6.28 are the temperature values measured at points within the

sample at the end of the thermal heating loads and at cooling after 24 hours for thermal

loading cycles run at 8 and 12 hours on sample no. 10 at 50kPa.

Table 6.28: Peak temperature values at equilibrium condition and thermal cyclic loads in sample

no. 10 at 50kPa

Probe
label

Distance from
Heater (mm)

Temp in
equilibrium

heating
condition
after 42

hours (°C)

Temp
after 8
hours

thermal
load
(°C)

Temp
after 16
hours

cooling
(°C)

Temp
after 12
hours

thermal
load
(°C)

Temp
after 12
hours

cooling
(°C)

Probe
C_2

Heater
40.4 34.1 19.1 36.5 21.2

Probe 1
Outer edge top

of heater
40.2 33.6 19.2 36.2 21.4

Probe 2
Outer edge
bottom of

heater

40.5 34.3 19.0 36.8 21.1

Probe 3 30 34.2 27.8 19.2 30.3 21.3

Probe 4 30 33.8 27.5 19.1 30.0 21.2

Probe 5 60 31.9 25.7 19.1 28.2 21.2

Probe 6 60 31.9 25.7 19.0 28.2 21.2

Probe 7 90 30.0 24.2 18.9 26.6 21.0

Probe 8 90 30.6 22.0 18.3 24.5 20.2

Probe 9 117 26.8 21.5 18.4 23.7 20.2

Probe
10

117
27.0 24.6 18.9 27.0 21.1

Probe
11

Controlled
Room Temp

19.9 17.3 17.3 19.3 18.5

6.2.3.6 Testing Sample No. 10 at 100kPa

The tests carried out on the sample at 100kPa pressure include heating and cooling

tests, thermal cyclic loading tests and a temperature profile test across sample in

equilibrium condition. These tests are described in terms of the objectives for carrying

them out.

6.2.3.6.1 Objective 1: Equilibrium Heating Duration

A heating test was undertaken to determine how long it took the soil sample to achieve

thermal equilibrium or steady state conditions. At a power input of 17.03W the sample

achieved equilibrium conditions after approximately 43 hours of heating. The variation of

temperature with time in the heater and within the sample during the steady state heating

is presented in Figure 6.61.
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Figure 6.61: Variation of temperature with time across sample no. 10 consolidated to100kPa

showing that thermal equilibrium was achieved after about 43 hours

6.2.3.6.2 Objective 2: Cooling Duration

To determine the duration of cooling of the sample, the power supply to the heater was

disconnected and the sample was allowed to return to the controlled room temperature.

Complete cooling of the sample from equilibrium heating condition to controlled room

temperature lasted approximately 30 hours as shown in Figure 6.62.

Figure 6.62: The time to return to room temperature for sample no. 10 at 100kPa
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6.2.3.6.3 Objective 3: Temperature Variations across Sample

The objective of this test was to measure the temperature profile across the sample

while in thermal equilibrium, in order to obtain the temperature variations within the

sample. The graph in Figure 6.63 shows results from this test.

Figure 6.63: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at end of test on sample no. 10 at 100kPa

The temperature values measured at specific locations within the sample during the

temperature profile test carried out to investigate temperature variations across the

sample are presented in Table 6.29.

Table 6.29: Table showing temperature variation values in sample no.10 at 100kPa

Distance
from

heater
(mm)

Layer 1
(top of

sample)

Layer 2
(Middle of
sample)

Layer 3
(Middle of
sample)

Layer 4
(Middle of
sample)

Layer 5
(bottom

of
sample)

0 40.7 39.4 39.3 38.2 40.2
13 37.5 36.6 36.3 35.8 36.6
26 35.6 35.0 34.7 34.3 34.6
39 34.3 33.9 33.6 33.2 33.2
52 33.0 32.9 32.6 32.3 32.1
65 32.0 32.1 31.9 31.6 31.1
78 31.1 31.3 31.1 30.8 30.3
91 30.3 30.7 30.6 30.2 29.7
104 29.0 29.8 29.8 29.4 28.9
118 26.1 27.6 27.3 26.9 26.7
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6.2.3.6.4 Objective 4: Thermal Loading Cycles

Thermal loading cycles were investigated on this sample. Thermal loading cycles tested

within a 24 hour testing period on sample no. 10 at 100kPa were:

1) 8 hours heating cycles run for two days

2) 12 hours heating cycles run for three days at first and later on repeated for four

days

A graph of results from the 8 hours heating and 16 hours cooling for a period of two days

is presented here in Figure 6.64.

Figure 6.64: The temperature variation across the sample during thermal loading cycles of 8

hours heating and 16 hours cooling in sample no. 10 at 100kPa and 17.03W

The temperature values at fixed locations within the sample in equilibrium condition at

the power input of 17.03W are presented in Table 6.30.

Also shown in the Table are the temperature values measured at points within the

sample at the end of the thermal heating loads and at cooling after 24 hours for thermal

loading cycles run at 8 and 12 hours on sample no. 10 at 100kPa.
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Table 6.30: Peak temperature values at equilibrium condition and thermal cyclic loads in sample

no. 10 at 100kPa

Probe
label

Distance
from

Heater
(mm)

Temp in
equilibrium

heating
condition
after 43

hours (°C)

Temp
after 8
hours

thermal
load
(°C)

Temp
after 16
hours

cooling
(°C)

Temp
after 12
hours

thermal
load
(°C)

Temp
after 12
hours

cooling
(°C)

Probe
C_2

Heater
40.0 34.4 19.5 36.2 21.0

Probe 1
Outer

edge top
of heater

40.7 35.0 19.7 36.9 21.2

Probe 2

Outer
edge

bottom of
heater

40.2 34.7 19.5 36.6 21.0

Probe 3 30 34.2 28.5 19.7 30.4 21.2

Probe 4 30 33.5 28.1 19.6 30.0 21.1

Probe 5 60 31.8 26.3 19.6 28.2 21.1

Probe 6 60 31.8 26.4 19.6 28.3 21.1

Probe 7 90 30.0 24.8 19.5 26.6 21.0

Probe 8 90 30.1 24.9 19.5 26.8 20.9

Probe 9 117 26.9 22.2 19.2 24.0 20.3

Probe
10

117
26.7 22.3 19.1 24.3 19.9

Probe
11

Controlled
Room
Temp

19.7 17.4 18.6 19.0 18.2

6.2.3.7 Sample No. 11 (Tests carried out on Kaolin:Sand 25:75 Test at 25,

50, 100kPa)

Sample no. 11 which is another combination of kaolin and sand was prepared at a ratio

of one part of kaolin to three parts of sand, at approximately 32.1% water content. The

sample was carefully placed in the test rig for a series of thermal tests carried out in

three phases with the overall objectives the same as those listed in section 6.2.1.

The three phases of tests carried out on this sample were:

1) Testing the sample at a pressure of 25kPa

2) Testing the sample at a pressure of 50kPa

3) Testing the sample at a pressure of 100kPa

The arrangement of the thermocouples within the test chamber remained the same for

the three phases of tests carried out on this sample and is shown in Figure 6.65.
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Figure 6.65:Layout of thermocouples within test chamber for tests carried out on sample no. 11

6.2.3.8 Testing Sample No. 11 at 25kPa

The tests carried out on the sample at 25kPa pressure include heating and cooling tests,

thermal loading cycles and a temperature profile test across sample in thermal

equilibrium condition. These tests are described in terms of the objectives for carrying

them out.

6.2.3.8.1 Objective 1: Equilibrium Heating Duration

A heating test was undertaken to determine how long it took the soil sample to achieve

thermal equilibrium or steady state conditions.

At a power input of 17.03W the sample achieved equilibrium conditions after

approximately 28 hours of heating. The variation of temperature with time in the heater

and within the sample during the steady state heating is presented in Figure 6.66 on

page 197.
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Figure 6.66: The variation of temperature with time across sample no. 11 consolidated to 25kPa

and power input of 17.03W showing thermal equilibrium was achieved after about 28 hours

6.2.3.8.2 Objective 2: Cooling Duration

To determine the duration of cooling, the power supply to the heater was disconnected

and the sample was allowed to return to the controlled room temperature. Complete

cooling of the sample from thermal equilibrium to controlled room temperature lasted

approximately 27 hours as shown in Figure 6.67.

Figure 6.67: Cooling curves for sample no. 11 consolidated to 25kPa showing the time to return to

room temperature
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6.2.3.8.3 Objective 3: Temperature Variations across Sample

The objective of this test was to obtain the temperature variations within the sample

when in thermal equilibrium. The graph in Figure 6.68 shows results from this test.

Figure 6.68: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at end of test on sample no. 11 at 25kPa

The temperature values measured at specific locations within the sample during the

temperature profile test carried out to investigate temperature variations across the

sample are presented in Table 6.31.

Table 6.31: Table showing temperature variation values in sample no.11 at 25kPa

Distance
from

heater
(mm)

Layer 1
(top of

sample)

Layer 2
(Middle of
sample)

Layer 3
(Middle of
sample)

Layer 4
(Middle of
sample)

Layer 5
(bottom of

sample)

0 37.3 36.0 35.9 34.8 36.3
13 34.8 33.8 33.5 33.2 33.6
26 33.2 32.5 32.2 31.9 31.9
39 32.1 31.5 31.2 31.0 30.8
52 31.2 30.8 30.6 30.3 29.9
65 30.4 30.1 29.9 29.6 29.2
78 29.8 29.6 29.4 29.1 28.6
91 29.2 29.1 28.9 28.6 28.1
104 28.7 28.5 28.3 28.0 27.5
118 26.4 26.0 25.7 25.7 25.3

6.2.3.8.4 Objective 4: Thermal Loading Cycles

Thermal loading cycles were investigated on this sample. Thermal cycles tested within a

24 hour testing period on sample no. 11 at 25kPa were:

1) 8 hours heating cycles run for three days

2) 12 hours heating cycles run for two days.
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The results from the 8 hours heating and 16 hours cooling for a period of three days are

presented here in Figure 6.69.

Figure 6.69: of the temperature variation across sample during 8 hours heating and 16 hours

cooling in sample no. 11 at 25kPa and 17.03W

The temperature values at fixed locations within the sample in equilibrium condition at

the power input of 17.03W are presented in Table 6.32. Also shown in this table are the

temperature values measured at points within the sample at the end of the thermal

heating loads and at cooling after 24 hours for thermal loading cycles run at 8 and 12

hours on sample no. 11 at 25kPa.

Table 6.32: Peak temperature values at equilibrium condition and thermal cyclic loads in sample

no. 11 at 25kPa

Probe
label

Distance
from Heater

(mm)

Temp in thermal
equilibrium

after 36.5 hours
(°C)

Temp
after 8
hours

thermal
load (°C)

Temp
after 16
hours

cooling
(°C)

Temp
after 12
hours

thermal
load (°C)

Temp after
12 hours
cooling

(°C)

Probe
C_3(1)

Heater 36.4 32.5 19.4 33.6 20.0

Probe 17
Outer edge

top of heater
37.2 33.2 19.5 34.3 20.3

Probe 18
Outer edge
bottom of

heater
36.6 33.0 19.3 34.0 19.9

Probe 19 30 32.3 28.3 19.5 29.4 20.2
Probe 20 30 31.8 28.0 19.4 29.0 20.0
Probe 21 60 30.1 26.3 19.4 27.4 20.0
Probe 22 60 30.2 26.5 19.3 27.6 19.9
Probe 23 90 28.9 25.4 19.3 26.4 19.8
Probe 24 90 29.2 25.6 19.3 26.6 19.8
Probe 25 117 26.0 23.3 19.1 24.2 19.2
Probe 26 117 26.4 23.6 19.0 24.5 19.2

Probe 11
Controlled

Room Temp
19.5 18.9 18.5 19.1 17.7



200

6.2.3.9 Testing Sample No. 11 at 50kPa

The tests carried out on the sample at 50kPa pressure include heating and cooling tests,

thermal cyclic loading tests and a temperature profile test across sample in thermal

equilibrium. These tests are described in terms of the objectives for carrying them out.

6.2.3.9.1 Objective 1: Equilibrium Heating Duration

A heating test was undertaken to determine how long it took the soil sample to achieve

thermal equilibrium or steady state conditions.

At a power input of 17.03W the sample achieved thermal equilibrium after approximately

28 hours of heating. The variation of temperature with time in the heater and within the

sample during the steady state heating is presented in Figure 6.70.

Figure 6.70: Temperature variation with time across sample no. 11 consolidated to 50kPa

showing that thermal equilibrium was achieved after about 28 hours

6.2.3.9.2 Objective 2: Cooling Duration

To determine the duration of cooling, the power supply to the heater was disconnected

and the sample was allowed to return to the controlled room temperature. Complete

cooling of the sample from equilibrium heating condition to controlled room temperature

lasted approximately 23 hours as shown in Figure 6.71 on page 201
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Figure 6.71: Cooling curves for sample no. 11 at 50kPa showing time to return to room

temperature

6.2.3.9.3 Objective 3: Temperature Variations across Sample

The objective of this test was to measure the temperature profile across the sample

when in thermal equilibrium in order to obtain the temperature variations within the

sample. The graph in Figure 6.72 shows results from this test.

Figure 6.72: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at end of test on sample no. 11 at 50kPa
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The temperature values measured at specific locations within the sample during the

temperature profile test carried out to investigate temperature variations across the

sample are presented in Table 6.33.

Table 6.33: Table showing temperature variation values in sample no.11 at 50kPa

Distance
from heater

(mm)

Layer 1
(top of

sample)

Layer 2
(Middle of
sample)

Layer 3
(Middle of
sample)

Layer 4
(Middle of
sample)

Layer 5
(bottom of
sample)

0 37.0 35.7 35.4 34.5 35.7

13 34.3 33.3 33.0 32.5 32.9

26 32.7 32.0 31.6 31.3 31.3

39 31.5 31.1 30.7 30.5 30.3

52 30.7 30.4 30.0 29.9 29.5

65 30.0 29.7 29.4 29.4 28.9

78 29.3 29.2 28.8 28.8 28.3

91 28.7 28.6 28.2 28.2 27.7

104 28.0 27.8 27.5 27.5 27.0

118 25.1 24.7 24.4 24.5 24.2

6.2.3.9.4 Objective 4: Thermal Loading Cycles

Thermal loading cyclic tests were carried out on this sample. Thermal cyclic loads tested

within a 24 hour testing period on sample no. 11 at 50kPa were:

1) 8 hours heating cycles run for one day

2) 12 hours heating cycles run for three days.

A graph of results from the 12 hours heating and 12 hours cooling for a period of three

days is presented in Figure 6.73.

Figure 6.73: Temperature variation across sample during 12 hours heating and 12 hours cooling

in sample no. 11 at 50kPa and 17.03W
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The temperature values at fixed locations within the sample in equilibrium condition at

the power input of 17.03W are presented in Table 6.34. Also shown in this table are the

temperature values measured at points within the sample at the end of the thermal

heating loads and at cooling after 24 hours for thermal loading cycles run at 8 and 12

hours on sample no. 11 at 50kPa.

Table 6.34: Peak temperature values at equilibrium condition and thermal cyclic loads in sample

no. 11 at 50kPa

Probe
label

Distance
from

Heater
(mm)

Temp in
thermal

equilibrium
after 37

hours (°C)

Temp
after 8
hours

thermal
load (°C)

Temp
after 16
hours

cooling
(°C)

Temp
after 12
hours

thermal
load (°C)

Temp
after 12
hours

cooling
(°C)

Probe
C_3(1)

Heater 36.2 31.4 18.2 33.1 19.5

Probe 17
Outer

edge top
of heater

37.2 32.2 18.3 34.0 19.7

Probe 18

Outer
edge

bottom of
heater

36.4 31.7 18.2 33.4 19.5

Probe 19 30 32.3 27.3 18.3 29.2 19.7

Probe 20 30 31.8 27.0 18.2 28.8 19.5

Probe 21 60 30.2 25.4 18.2 27.2 19.6

Probe 22 60 30.1 25.4 18.2 27.1 19.5

Probe 23 90 28.8 24.3 18.2 26.0 19.4

Probe 24 90 29.1 24.6 18.1 26.2 19.4

Probe 25 117 25.8 22.2 18.0 23.4 19.0

Probe 26 117 25.8 22.2 17.8 23.3 18.9

Probe 11
Controlled

Room
Temp

19.7 18.7 17.7 18.3 18.0

6.2.3.10 Testing Sample No. 11 at 100kPa

The tests carried out on the sample when consolidated to 100kPa include heating and

cooling tests, thermal loading cycles and a temperature profile test across sample in

equilibrium condition. These tests are described in terms of the objectives for carrying

them out.

6.2.3.10.1Objective 1: Equilibrium Heating Duration

A heating test was undertaken to determine how long it took the soil sample to achieve

thermal equilibrium or steady state conditions.

At a power input of 17.03W the sample achieved equilibrium conditions after

approximately 48 hours of heating.
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The temperature variations with time in the heater and within the sample during the

steady state heating are presented in Figure 6.74 on page 204.

Figure 6.74: Variation of temperature with time across sample no. 11 at 100kPa in showing that

thermal equilibrium was achieved after about 48 hours

6.2.3.10.2Objective 2: Cooling Duration

To determine the duration of cooling, the sample was allowed to return to the controlled

room temperature. Complete cooling of the sample from equilibrium heating condition to

controlled room temperature lasted approximately 24 hours as shown in Figure 6.75.

Figure 6.75: Cooling curves for sample no. 11 at 100kPa showing the time to return to room

temperature
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6.2.3.10.3Objective 3: Temperature Variations across Sample

The objective of this test was to obtain the temperature variations within the sample

when in thermal equilibrium. The graph in Figure 6.76 shows results from this test.

Figure 6.76: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at end of test on sample no. 11 at 100kPa

The temperature values measured at specific locations within the sample during the

temperature profile test carried out to investigate temperature variations across the

sample are presented in Table 6.35

Table 6.35: Table showing temperature variation values in sample no.11 at 100kPa

Distance
from

heater
(mm)

Layer 1
(top of

sample)

Layer 2
(Middle

of
sample)

Layer 3
(Middle

of
sample)

Layer 4
(Middle

of
sample)

Layer 5
(bottom

of
sample)

0 37.2 35.5 35.3 34.5 35.6

13 34.5 33.3 32.9 32.5 33.0

26 32.9 32.0 31.6 31.6 31.5

39 31.7 31.1 30.7 30.8 30.5

52 30.8 30.3 30.0 30.0 29.6

65 29.9 29.7 29.4 29.3 28.9

78 29.3 29.1 28.8 28.7 28.3

91 28.6 28.5 28.2 28.2 27.7

104 27.9 27.7 27.5 27.4 26.9

118 25.0 24.8 24.6 24.5 24.2

6.2.3.10.4Objective 4: Thermal Loading Cycles

Thermal loading cyclic tests were carried out on this sample. Thermal cyclic loads tested

within a 24 hour testing period on sample no. 11 at 100kPa were:

1) 8 hours heating cycles run for two days
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2) 12 hours heating cycles run for three days.

A graph of results from the 8 hours heating and 16 hours cooling for a period of two days

is presented in Figure 6.77.

Figure 6.77: Temperature variation across sample during 8 hours heating and 16 hours cooling in

sample no. 11 at 100kPa and 17.03W

The temperature values at fixed locations within the sample in equilibrium condition at

the power input of 17.03W are presented in Table 6.36. Also shown in this table are the

temperature values measured at points within the sample at the end of the thermal

heating loads and at cooling after 24 hours for thermal loading cycles run at 8 and 12

hours on sample no. 11 at 100kPa.

Table 6.36: Peak temperature values at equilibrium condition and thermal cyclic loads in sample

no. 11 at 100kPa

Probe label
Distance

from Heater
(mm)

Temp in thermal
equilibrium after

48 hours (°C)

Temp after 8
hours

thermal load
(°C)

Temp after
16 hours

cooling (°C)

Temp after 12
hours

thermal load
(°C)

Temp after
12 hours

cooling (°C)

Probe C_3(1) Heater 36.0 31.8 19.1 34.3 20.6

Probe 17
Outer edge

top of heater
37.1 32.7 19.2 35.3 20.8

Probe 18
Outer edge
bottom of

heater

36.2 32.2 19.1 34.6 20.6

Probe 19 30 32.2 28.0 19.2 30.5 20.7

Probe 20 30 31.6 27.5 19.1 30.0 20.6

Probe 21 60 30.2 26.0 19.1 28.5 20.6

Probe 22 60 30.1 26.0 19.0 28.5 20.6

Probe 23 90 28.8 24.9 19.0 27.3 20.5

Probe 24 90 29.1 25.2 19.0 27.7 20.5

Probe 25 117 25.9 23.2 18.9 25.4 20.2

Probe 26 117 25.9 23.1 18.7 25.3 20.1

Probe 11
Controlled

Room Temp
19.1 19.4 18.5 20.2 19.2
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6.2.4 Tests carried out on Sand

After carrying out thermal tests on samples of kaolin and combinations of kaolin and

sand, also tested, were dry and saturated sand samples to investigate changes that may

occur due to difference in soil type.

Sample number 12 was dry sand while sample number 13 saturated sand. These

samples were tested and described according to the sample numbers as follows.

6.2.4.1 Sample No. 12 (Tests carried out on Dry Sand at 25kPa)

Sample no. 12 which comprised of 1 part of C grain size sand to 2 parts of D grain size

sand was carefully poured into the test rig to eliminate air before commencing a series of

thermal tests carried out at a pressure of 25kPa. The objectives of the tests carried out

on sample no. 12 were in line with those of previous samples listed in section 6.2.1.,

except for the last objective of determination of shear strength and water content relative

to distance from the heater, which is not applicable to this sample due to its non-

cohesive nature.

The arrangement of the thermocouples within the test chamber for this test is shown in

Figure 6.78.

Figure 6.78: Layout of thermocouples within test chamber for tests carried out on sample no. 12
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6.2.4.1.1 Objective 1: Equilibrium Heating Duration

A heating test was undertaken to determine how long it took the soil sample to achieve

thermal equilibrium or steady state conditions. An initial power input of 17.03W was used

and the sample heated up to very high temperatures and was discontinued. The power

input was adjusted until a suitable temperature range was attained at an input of 4.23W.

The sample achieved thermal equilibrium after approximately 24 hours of heating as

shown by the temperature-time graph presented in Figure 6.79.

Figure 6.79: Variation of temperature with time in sample no. 12 at 25kPa showing that thermal

equilibrium was achieved after about 24 hours

6.2.4.1.2 Objective 2: Cooling Duration

To determine the duration of cooling, the power supply to the heater was disconnected

and the sample was allowed to return to the controlled room temperature. Complete

cooling of the sample from thermal equilibrium to controlled room temperature lasted

approximately 18 hours as shown in Figure 6.80.

Figure 6.80: Cooling curves for sample no. 12 at 25kPa showing time to return to room

temperature
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6.2.4.1.3 Objective 3: Temperature Variations across Sample

The objective of this test was to obtain the temperature variations within the sample

when in thermal equilibrium. The graph in Figure 6.83 shows results from this test.

Figure 6.81: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at end of test on sample no. 12 at 25kPa

The temperature values measured at specific locations within the sample during the

temperature profile test carried out to investigate temperature variations across the

sample are presented in Table 6.37.

Table 6.37: Table showing temperature variation values in sample no.12 at 25kPa

Distance
from heater

(mm)

Layer 1
(top of

sample)

Layer 2
(Middle of
sample)

Layer 3
(Middle of
sample)

Layer 4
(Middle of
sample)

Layer 5
(bottom of

sample)

0 38.3 37.8 37.8 35.8 35.1

15 31.9 32.3 31.9 30.6 29.5

30 29.0 29.2 29.0 28.2 27.1

45 26.8 27.1 26.7 26.4 25.4

60 25.0 25.3 25.0 24.6 23.7

75 23.5 23.8 23.6 23.2 22.4

90 22.3 22.5 22.3 21.9 21.3

105 21.2 21.3 21.2 20.8 20.5

118 20.2 19.9 19.8 19.7 19.6

6.2.4.1.4 Objective 4: Thermal Loading Cycles

Thermal loading cycles tests were investigated on this sample. Thermal cycles

investigated within a 24 hour testing period on sample no. 12 at 25kPa were:

1) 4 hours heating cycles run for two days

2) 8 hours heating cycles run for three days

3) 12 hours heating cycles run for three days

A chart showing the 8 hours heating and 16 hours cooling for a period of two days is

presented in Figure 6.82.



210

Figure 6.82: Temperature variation across sample during thermal loading cycles of 8 hours

heating and 16 hours cooling in sample no. 12 at 25kPa

The temperature values at fixed locations within the sample in equilibrium condition at

the power input of 4.23W are presented in Table 6.38. Also shown in this table are the

temperature values measured at points within the sample at the end of the thermal

heating loads and at cooling after 24 hours for thermal loading cycles run at 4, 8 and 12

hours on sample no. 12 at 25kPa.

Table 6.38: Peak temperature values at equilibrium condition and thermal cyclic loads in sample

no. 12 at 25kPa

Probe
label

Distance
from Heater

(mm)

Temp in
thermal

equilibriu
m after 24
hours (°C)

Temp
after 4
hours

thermal
load (°C)

Temp
after 20
hours

cooling
(°C)

Temp
after 8
hours

thermal
load (°C)

Temp
after 16
hours

cooling
(°C)

Temp
after 12
hours

thermal
load (°C)

Temp
after 12
hours

cooling
(°C)

Probe
C_3(1)

Heater 39.9 35.2 19.5 37.2 18.8 37.9 19.4

Probe
17

Outer edge
top of heater

38.2 33.1 19.2 35.2 19.1 36.0 19.6

Probe
18

Outer edge
bottom of

heater
35.2 31.2 19.1 32.9 18.6 33.5 19.3

Probe
19

30 28.2 23.4 19.0 25.4 19.0 26.2 19.5

Probe
20

30 27.3 22.9 18.9 24.7 18.8 25.4 19.3

Probe
21

60 24.4 20.4 18.8 22.2 18.7 23.0 19.4

Probe
22

60 24.2 20.2 18.7 22.0 18.6 22.8 19.3

Probe
23

90 21.8 18.8 18.6 20.2 18.5 20.8 19.2

Probe
24

90 21.9 18.6 18.5 20.1 18.4 20.9 19.3

Probe
25

117 19.6 17.4 18.0 18.9 18.0 19.4 19.2

Probe
26

117 19.2 17.2 17.5 18.9 17.7 19.4 19.2

Probe
11

Controlled
Room Temp

18.3 16.8 17.4 18.5 17.6 18.7 19.1
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6.2.4.2 Sample No. 13 (Tests carried out on Saturated Sand at 25kPa)

Sample no. 13 which is a mixture of 1 part of C grain size sand to 2 parts of D grain size

sand was saturated before carrying out thermal tests at a pressure of 25kPa. The

objectives of the tests carried out on sample no. 13 were in line with those of previous

samples listed in section 6.2.1.

The arrangement of the thermocouples within the test chamber is shown in Figure 6.83.

Figure 6.83: Layout of thermocouples within test chamber for tests carried out on sample no13

6.2.4.2.1 Objective 1: Equilibrium Heating Duration

Several heating tests were undertaken to determine how long it took the soil sample to

achieve thermal equilibrium or steady state conditions. An initial power input of 17.03W

was found to be insufficient in raising the sample to the expected temperature range.

The power input was adjusted until a suitable temperature range was attained at an input

of 19.04W.

The sample achieved equilibrium conditions after approximately 24.5 hours of heating as

shown by the temperature-time graph presented in Figure 6.84.
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Figure 6.84: Variation of temperature with time in sample no. 13 at 25kPa showing that thermal

equilibrium was achieved after about 24.5 hours

6.2.4.2.2 Objective 2: Cooling Duration

To determine the duration of cooling, the power supply to the heater was disconnected

and the sample was allowed to return to the controlled room temperature. Complete

cooling of the sample from thermal equilibrium to controlled room temperature lasted

approximately 22 hours as shown in Figure 6.85.

Figure 6.85: Cooling curves for sample no. 13 at 25kPa showing time to return to room

temperature

6.2.4.2.3 Objective 3: Temperature Variations across Sample

The objective of this test was to obtain the temperature variations within the sample

when in thermal equilibrium. The graph in Figure 6.86 shows results from this test.
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Figure 6.86: Temperature variations across sample from heater to edge of test chamber and from

top to bottom of sample at end of test on sample no. 13 at 25kPa

The temperature values measured at specific locations within the sample during the

temperature profile test carried out to investigate temperature variations across the

sample are presented in Table 6.39.

Table 6.39: Table showing temperature variation values in sample no.13 at 25kPa

Distance
from

heater
(mm)

Layer 1
(top of

sample)

Layer 2
(Middle of
sample)

Layer 3
(Middle of
sample)

Layer 4
(Middle of
sample)

Layer 5
(bottom of

sample)

0 40.8 39.0 38.7 37.2 38.9

15 37.1 35.8 35.5 34.7 35.2

30 34.7 34.0 33.6 33.1 33.0

45 33.1 32.6 32.3 31.8 31.6

60 31.9 31.7 31.4 30.9 30.5

75 30.9 30.8 30.5 30.1 29.6

90 30.2 30.1 29.8 29.4 28.9

105 29.1 29.0 29.0 28.5 28.0

118 25.4 25.3 25.3 24.9 24.7

The tests carried out on both the dry and saturated sand samples lasted for shorter

durations compared to the tests carried out on the other samples because they took less

time to achieve thermal equilibrium and to cool back to the controlled room temperature.

6.2.4.2.4 Objective 4: Thermal Loading Cycles

Thermal loading cycles were investigated on this sample. Thermal loading cycles

investigated within a 24 hour testing period on sample no. 13 at 25kPa were:

1) 8 hours heating cycles run for three days

2) 12 hours heating cycles run for three days
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The chart showing 8 hours heating and 16 hours cooling for one day is presented in

Figure 6.87.

Figure 6.87: Temperature variation across sample during thermal loading cycles of 12 hours

heating and 12 hours cooling in sample no. 13 at 25kPa

The temperature values at fixed locations within the sample when in thermal equilibrium

at the power input of 19.04W are presented in Table 6.40. Also shown in this table are

the temperature values measured at points within the sample at the end of the thermal

heating loads and at cooling after 24 hours for thermal loading cycles run at 8 and 12

hours on sample no. 13 at 25kPa.

Table 6.40: Peak temperature values at equilibrium condition and thermal cyclic loads in sample

no. 13 at 25kPa

thermal
data

Distance
from Heater

(mm)

Temp in
thermal

equilibrium
after 24.5
hours (°C)

Temp after
8 hours
thermal
load (°C)

Temp after
16 hours
cooling

(°C)

Temp after
12 hours
thermal
load (°C)

Temp after
12 hours
cooling

(°C)

Probe
C_3(1)

Heater
39.6 29.6 20.1 30.6 20.8

Probe 17
Outer edge

top of heater
40.6 30.8 20.2 32.2 21.0

Probe 18
Outer edge
bottom of

heater

39.9 29.5 20.1 30.4 20.7

Probe 19 30 34.1 29.2 20.2 30.3 20.9

Probe 20 30 33.5 28.8 20.1 29.7 20.8

Probe 21 60 31.6 27.9 20.1 28.8 20.7

Probe 22 60 31.5 28.0 20.1 28.7 20.6

Probe 23 90 29.3 26.5 20.0 27.0 20.4

Probe 24 90 30.4 27.2 20.0 27.8 20.5

Probe 25 117 25.5 24.4 19.8 24.2 19.6

Probe 26 117 25.7 24.3 19.7 24.3 19.5

Probe 11
Controlled

Room Temp
18.6 19.6 19.1 18.1 17.9
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6.3 Conclusion

The tests described in this chapter were successfully carried out in the modified rig

without encountering any of the problems identified with the initial rig design. The spade

terminals attached to the new heater design worked as expected without any damage.

Therefore the modification to the rig, its parts and the heater proved to be a lasting and

more reliable solution to the problems encountered at the beginning of the tests as was

the goal.

Tests were carried out on three groups of samples consisting of kaolin, combinations of

kaolin and sand, and saturated and dry sand.

The results obtained from the tests carried out were described briefly in this chapter.

Detailed analyses and discussion of results will be carried out in Chapter 7.
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Chapter 7 Discussion

7.1 Introduction

Chapters 3 to 6 described how a test rig was developed and utilized in undertaking

experiments based on a linear heat source to model an energy pile. This was achieved

through the use of heat transfer equations from theory and the assumptions they were

based on.

This Chapter deals with the interpretation and discussion of the results of the tests

undertaken to show how soil water content, temperature, pressure, the power input to

the system and thermal loading cycles affected the behaviour and performance of the

simulated energy pile, and the validation of the results against theory.

7.2 Errors Associated with the Experimental Process

Random and systematic errors are normally associated with measurement procedures

(Lyons, 1991). Errors were likely to have occurred during the process of sample

preparation and testing, from the equipment used such as cartridge heater, data logger,

thermocouples, power supply unit, pressure unit, as well as from human errors during

sample preparation, reading of data, setting up and carrying out of the tests. The

manufacturer’s notes on error margins for each equipment were taken into consideration

during testing and data compilation (Taylor, 1997).

The errors could be grouped and discussed in relation to soil type, water content

determination, temperature measurements, consolidation pressure and time or duration

of test. In this section, the possible errors to have occurred are presented and discussed

according to the groups of variables, as well the measures that were taken to reduce

their impact on the final results.

7.2.1 Sample Preparation

Errors associated with the soil type could arise from the sample preparation process

which consisted of:

1) The weighing of soil samples and distilled water could lead to measurement

errors within the margin of ±0.1gram.

2) Sample loss during mixing process due to spills. This was minimal due to

researcher taking extreme care during the mixing process and could be

estimated in the region of 1g per kilogram of sample.
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7.2.2 Water Content Determination

In order to ensure that the actual water content of a sample after the preparation was the

same as estimated, freshly mixed samples were collected and their water content

determined. Measurement errors within the range of ±0.1gram could have occurred

during the water content determination. In the calculation of water content values an

error of ±1% was taken into consideration.

For the water content determination tests carried out on the sample after the thermal

tests, 60 to 80 samples were collected from the main sample in the test rig to ensure an

average representation, thus reducing the overall impact of errors on the results

obtained.

7.2.3 Temperature Measurements

Errors associated with temperature measurements arose mainly from the equipment

used which included: the cartridge heater, thermocouples, data-logger and power supply

unit. They operate within error margins which are presented in Table 7.1.

Table 7.1: Error margins for equipment used

Equipment Accuracy

Cartridge heater Measured by data-logger as a thermocouple

Data-logger ± 0.06%of reading + offset
For thermocouple measurements ±0.3°C

Power supply unit ±0.1V (Voltage 0.1% of reading + 1 digit)
±0.01A (Current 0.3% of reading + 1 digit)

Thermocouples Measured and recorded by data-logger in °C

The room temperature was controlled and operated within a temperature range of 18°C

±1.5°C.

Thermocouples which are formed by joining two dissimilar metals at the tip or junction,

produce a voltage based on temperature difference. The k-type thermocouple was used

to measure the temperature, and typically consists of alumel and chromel wires. The

thermocouples were fitted into their connectors which were wired and plugged into a

data-logger that was programmed to convert the resistance into temperature, which was

recorded and stored for retrieval.

Figure 7.1 on page 218, is a plot of temperature with time for measurements taken from

two sides of a sample as backup against data loss and error impact.
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Figure 7.2 expresses the relationship between the temperature measurements. The

probe positions 5 and 6 used in the plot are shown in Figure 7.3.

Figure 7.1: Variation of temperature with time from probes placed at two opposite sides of the test

rig showing the similarity between the measurements

Figure 7.2: The fit of temperature measurements from opposite sides of the test rig
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Figure 7.3: Test rig showing probe positions

7.2.4 Consolidation Pressure

Errors associated with this group could occur from the power supply unit used in loading

air pressure on the sample. The error margin for this is ±0.1kPa.

7.2.5 Time / Duration of Test

Errors occurring due to time could stem from the timing device used in timing the

duration of the test. A built in error margin of approximately ±5seconds was taken into

consideration.

7.2.6 Strength Tests

Just as in the case of the water content determination carried out at the end of the

thermal tests, the in-situ strength tests were carried out at 60 to 80 locations per sample

in the test rig to ensure accuracy. The blades of the vanes were carefully cleaned in

between the tests to further limit errors. As noted in Chapter 3 section 4.3.5, a hand vane

was used and the torque measurement from which the shear strength was calculated,

was recorded. An error margin of ±1kPa was taken into consideration for the shear

strength measurements.

7.2.7 Impact of Errors on Results

Other instruments used included the dial gauge used in measuring the consolidation

which had an error margin of ±0.1mm.
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The measuring tape and metal metre rule used in measuring sample height and

distances had an error margin of ±0.5mm.

Additional errors in measuring the temperature at the probe locations could also be due

to temperature fluctuations in the heater. The impact of fluctuations on the results was

considered low because they usually occurred for brief periods not long enough to reflect

changes in the soil temperature at the time of measurement.

As all the experiments were carried out by only the researcher, human errors arising

from measurements and taking of readings were likely to re-occur in all the tests and will

therefore, be common to all the results.

7.3 Repeatability/Reproducibility of Tests

The impact of errors can be reduced by the repeatability of the tests (Bevington and

Robinson, 1992; Lyons, 1991). The reproducibility of a test is “the ability of a researcher

to duplicate the results of a prior study using the same materials as were used by the

original investigator” (Goodman et al., 2016). To check repeatability during experiments

with a view to observe the impact of errors, a four hour heating test was initially carried

out on a kaolin sample and then a repeat test was conducted under the same conditions.

Figure 7.4 shows a graph comparing the results of the two tests. Comparing both test

results in Figure 7.5, a strong relationship is indicated by the fit of the regression line

giving R-squared value of almost one, which thus confirms the repeatability of the tests.

Figure 7.4: Comparison between two tests on a kaolin sample subjected to 4 hours of heating and

20 hours of cooling
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Figure 7.5: The fit of two tests carried out on a kaolin sample subjected to 4 hours of heating and

20 hours of cooling

7.4 Validation of Experiment Results against Theory

Before the discussion of the results obtained from tests carried out on prepared samples

in the test rig, a brief recap of the principles behind the design of the experimental model

designed to dissipate heat radially by conduction from a line source by optimising the

radial distribution of temperature is given below.

The design principles and assumptions used in the experimental model were based on:

1) An axisymmetric problem similar to an installed energy pile was developed to

simulate the ground element of heat transfer by conduction.

2) To ensure constant temperature boundaries and avoid external influence, the cell

wall was designed to contain but not restrict heat flow, and the rig size was of

sufficient diameter to control the experiment.

3) The top and bottom of the rig were insulated to try to ensure that heat flow was

radial and could be monitored across the sample in order to record temperature

changes and study the thermal behaviour of the soil

4) It was designed to be able to model elements of the pile at different depths to

study thermal behaviour changes with depth.

The calculations used for purpose of this research involved the use of conduction heat

transfer equations and were based on the following assumptions which were necessary

for the model to be treated as a one-dimensional heat conduction case.
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1) A single geological layer with constant properties

2) Fixed boundaries with constant temperatures at both the internal and external

boundaries

3) Single cylindrical heat source

7.4.1 Determination of Thermal Conductivity of Tested Samples

The results obtained during the experiments were validated against theory by calculating

the actual thermal conductivity of each sample tested and comparing with accepted

values in existing literature.

From data obtained during tests carried out to investigate the temperature variations in

the samples in equilibrium condition, it was observed that although the heat dissipation

took place in a mostly radial direction as was expected, there were slight axial

temperature variations within the sample. The variations are shown in the temperature

contour profile plot in Figure 7.6. This was taken into consideration during the

determination of the thermal conductivity values of the samples and so the average

values of the temperature measured radially across the sample and in four layers from

the top to the bottom of the sample, were used to calculate the average thermal

conductivity of the sample.

In a separate column are the thermal conductivity values obtained from calculations

based on the temperature values recorded radially across the middle layer of the sample

to compare with the average values in order to find out how much they differ from the

average values.

Figure 7.6: Temperature contour profile of sample in equilibrium condition showing both radial and

axial variations
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The temperature values across the middle layer were considered as this layer showed a

more radial temperature distribution from across the sample. The temperature readings

were obtained from the temperature test run while the sample was in steady state as

shown in Figure 7.7. This procedure is described in Chapter 4 section 4.3.3.

Figure 7.7: Temperature profile measurements of sample within the test chamber at specified

locations from top to bottom and at uniform distances from the heater to the edge of the cell wall
while sample is in steady state

The temperature readings in the sample at the edge of the cell wall were disregarded

while calculating the thermal conductivity to avoid external influences on the result due to

room temperature fluctuations or interference with the thermocouple.

Figure 7.8 shows the radial and axial temperature variations within the sample while

Figure 7.9 shows the average temperature variations of the same sample.

Figure 7.8: Radial and axial temperature variations within the sample in Fig 7.6
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Figure 7.9: Range of average temperature measurements showing the variations from top to

bottom of sample at each location and also showing that the average temperature reduces with
distance from the heater, in the sample shown in Figure 7.6

The axial temperature variations may be influenced by the variations in water content

within the sample due to consolidation which may allow the sample to be wetter towards

the base. This is because there will be some transfer of the load to the walls of the cell.

Figure 7.10 shows the variation of water content within the sample. The Figure shows

the sample to be wetter at the bottom and towards the cell wall away from the heat

source.

Figure 7.10: Water content variation from top to bottom and across sample in Figure 7.6, with

respect to distance from heat source
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The thermal conductivity values will vary within the sample due to the variation of water

content within the sample, and for that reason, the thermal conductivity values for the

samples at the top and bottom layers were also calculated for the purpose of

comparison. The values are also shown in Table 7.2.

Using data obtained from the tests, Equation 7.1 was used in the determination of

thermal conductivity values in the various samples tested while in steady state

conditions. The results obtained are presented in Table 7.2.

ࡽ =
ࢀ∆ࡸ࣊

ࡾ)ܖܔ ⁄ࡾ )
(7.1)

Table 7.2: Summary of calculated values of thermal conductivity for the samples tested

SN SAMPLE TYPE PRESSURE
APPLIED
(kPa)

WATER
CONTENT
BEFORE
TEST (%)

WATER
CONTENT
AFTER
TEST (%)

THERMAL
COND.
TOP
LAYER
(W/m.K)

THERMAL
COND.
MIDDLE
LAYER
(W/m.K)

THERMAL
COND.
BOTTOM
LAYER
(W/m.K)

AV.
THERMAL
COND.
WHOLE
SAMPLE
(W/m.K)

1 KAOLIN 0 84.5 NA 1.58 1.56 1.48 1.57

2 KAOLIN 25 82 56.7 2.47 1.89 1.46 1.86

3 KAOLIN 100 82 48 2.31 2.58 2.24 2.41

4 KAOLIN 200 82 42 2.48 2.62 2.40 2.53

5 KAOLIN:SAND
(75:25)

25 59 42.1 2.32 2.28 2.00 2.24

6 KAOLIN:SAND
(75:25)

100 59 36.5 2.37 2.69 2.45 2.59

7 KAOLIN:SAND
(50:50)

100 44.4 22.8 2.55 3.33 2.80 3.01

8 KAOLIN:SAND
(25:75)

100 32.1 19.6 3.16 3.50 3.81 3.64

9 SAND 25 26 26 2.84 3.49 3.15 3.27

10 SAND 25 DRY NA 0.45 0.46 0.54 0.48

The thermal conductivity values obtained for the kaolin samples under steady state

conditions range from 1.46W/m.K to 2.62W/m.K and fall within the range of expected

values from 0.9W/m.K to 2.93W/m.K for kaolin samples of varying levels of saturation

Banks (2008); (Clarke et al., 2008; Abuel-Naga, H. et al., 2015b; Thomas and Rees,

2009).

Thermal conductivity values given for sand by (Clarke et al., 2008) range from

0.15W/m.K to 3.34W/m.K for fine to medium sand in dry and saturated conditions. The
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values obtained from the experiments are 0.45-0.54W/m.K for dry sand and 2.84-

3.49W/m.K for saturated sand. The values therefore, agree with those in the literature.

The various combinations of kaolin and sand samples gave thermal conductivity values

ranging from 2.0W/m.K to 2.81W/m.K. The values fall within the expected range for

kaolin and quartz (Hamdhan and Clarke, 2010; Yu, X.B. et al., 2016). This is a validation

of the experiments.

From the values of thermal conductivity obtained and presented in Table 7.2, a

relationship was observed between the thermal conductivity values and water content of

the samples which is shown in Figure 7.11 for kaolin samples. The samples higher in

water content showed lower thermal conductivity values. This was consistent for kaolin

samples of water content ranging from 48-85% with thermal conductivity values of 2.41-

1.57W/m.K. In the case of the kaolin sample with 42% water content, the thermal

conductivity value reduced to 1.85W/m.K. The lower thermal conductivity values in the

samples higher in water content is due to the much lower thermal conductivity values of

water which is given as 0.57W/m.K (Thomas and Rees, 2009) and 0.6W/m.K (Abuel-

Naga, H. et al., 2015b).

Figure 7.11: The variation of thermal conductivity with percentage water content in kaolin samples

The thermal conductivity value of the dry sand sample was much lower than that of the

saturated sand. Quartz has a high thermal conductivity value of 7.8W/m.K (Abuel-Naga,

H. et al., 2015b), 8.79 W/m.K (Thomas and Rees, 2009) while air has a very low thermal

conductivity value of 0.024W/m.K (Banks, 2008). It follows therefore, that the presence

of air in the dry sand is responsible for the low thermal conductivity value of 0.53W/m.K
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obtained from the experiment because the majority of the heat flow would have been

through the particle contacts; whereas in the saturated sand, heat would have flowed

through the water as well.

It was observed that the average thermal conductivity values and those obtained based

on layers at the top, middle and bottom of the sample were close in value and did not

differ much as shown in Figure 7.12, suggesting that the loss of heat at the ends of the

sample did not affect the results much.

Figure 7.12: Comparing thermal conductivity values obtained from top, middle and bottom of

sample with the average values.

7.4.2 Comparing Measured Temperature Distribution Within Sample

With Values Predicted From Theory

The radial temperature variations across the different samples recorded while the

samples were in thermal equilibrium, were compared against temperature variation

values predicted from theory.

Thermal conductivity values determined from the samples were used in the prediction of

the temperature distribution using Equation 1. The predicted values were plotted

alongside the measured values in the graphs presented in Figures 7.13 to 7.22, where

the red dotted lines represent the predicted values based on theory while the blue

broken lines represent the measured values. Measured temperature values were plotted

against the predicted temperature values.
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It was observed from the graphs, that both the predicted temperatures and the measured

temperatures have similar trends and show a strong relationship as indicated by the fit

between them shown in the same Figures.

The differences between the predicted and the measured data groups could be due to

the partially insulating behaviour of the wall of the test chamber as the predicted values

are lower in temperature than the measured values for all the samples. It is noted that

the measured values in all tests exceeded the predicted values even though there may

have been some heat loss from the top and bottom of the sample.

Figure 7.13: The fit of predicted and measured temperature distribution within kaolin sample with

84.5% water content, tested at 0kPa

Figure 7.14: The fit of predicted and measured temperature distribution within kaolin sample

tested at 25kPa; 56.7% water content
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Figure 7.15: The fit of predicted and measured temperature distribution within kaolin sample

tested at 100kPa and 48% water content

Figure 7.16: The fit of predicted and measured temperature distribution within kaolin sample

tested at 200kPa; 42% water content

Figure 7.17: The fit of predicted and measured temperature distribution within 75:25 kaolin:sand

samples tested at 25kPa; 42.1% water content
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Figure 7.18: The fit of predicted and measured temperature distribution within 75:25 kaolin:sand

sample tested at 100kPa; 36.5% water content

Figure 7.19: The fit of predicted and measured temperature distribution within 50:50 kaolin:sand

sample tested at 100kPa; 28% water content

Figure 7.20: The fit of predicted and measured temperature distribution within 25:75 kaolin:sand

sample tested at 100kPa; 19.6% water content
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Figure 7.21: The fit of predicted and measured temperature distribution within saturated sand

sample tested at 25kPa

Figure 7.22: The fit of predicted and measured temperature distribution within dry sand sample

tested at 25kPa

7.5 Discussion of Kaolin Sample at 100kPa

The kaolin sample prepared at a water content of 82% and consolidated at 100kPa, with

power input of 17.03W is discussed in detail in this section. Subsequently tests carried

out on the other samples will be discussed in relation to this sample.

The discussion is in line with the objectives of the tests conducted on the sample as

described in Chapter 6 on the basis of soil type, water content, temperature/power input,

pressure, thermal cycles and time.
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7.5.1 Heating To Steady State / Thermal Equilibrium

A heating test was carried out on the kaolin sample at controlled room temperature of

18°C ± 1.5°C. The probe arrangements within the sample during the heating test is

shown in Figure 7.23.

Figure 7.23: Layout of probes within kaolin sample during the heating test

Figure 7.24 shows the variation of temperature with time within the sample being heated

to steady state conditions.

Figure 7.24: Variation of temperature with time across kaolin sample consolidated at 100kPa

being heated to steady state
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The three lines at the top of the graph represent the heater and probe positions 19 and

20 both touching the top and bottom of the heater respectively within the sample. They

attained temperatures between 43°C and 44°C after about 32 hours of heating.

The next two lines below them are represented by probe positions 21 and 22 which are

located within the sample at approximately 40mm from the heater. When in thermal

equilibrium, the temperatures attained were 33.5°C and 32.9°C respectively. The probes

were positioned at different levels within the sample and at opposite sides of the test

chamber. This is true of all the other probes and explains why there is a slight difference

in temperatures recorded by both sets of probes even though they were placed at the

same distances from the heater.

At 40mm from the heater, the sample temperature is about 10°C lower than the

temperature at the heater.

The next set of lines below are represented by probe positions 23 and 24 which were

located within the sample at approximately 80mm from the heater. At thermal

equilibrium, the temperatures attained were 29.7°C and 30.5°C respectively.

At 80mm from the heater, the sample temperature was about 13°C lower than the

temperature at the heater. It is also only at 3°C lower than the temperature in the sample

at about 40mm away and towards the heater.

The purple line at the bottom represents the controlled room temperature which was

controlled at 18°C and fluctuated within an average of ±1.5°C in a constant temperature

room.

The dark red and green lines directly above the room temperature line represent probe

positions 25 and 26 in the Figure. They were located at the bottom left and top right side

of the inner edge of the cell wall of the test chamber respectively.

They showed temperatures of 24°C and 25°C respectively. They also showed a

relatively constant increase which indicated that the insulation properties of the cell wall

worked according to design. This point was further buttressed by the constant

temperature profile retained in the sample in spite of the fluctuating room temperature.

Looking at probe 22 which was located in the sample at about 40mm away from the

heater, like the rest of the probes, it recorded an equilibrium temperature after about 32

hours of heating. Although approximately 32.9°C was recorded at this location after 32

hours of heating, a temperature of 27.7°C was achieved after 8 hours of heating,. This

translates to almost 65% of the equilibrium temperature.
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By 12 hours of heating, a temperature of 29.9°C translating to almost 80% of the

equilibrium temperature had been achieved.

By 16 hours of heating, a temperature of 31.3°C which is about 89% of the equilibrium

temperature had been achieved.

By 20 hours of heating, a temperature of 32.2°C which is about 95% of the equilibrium

temperature had been achieved.

By 24 hours of heating, a temperature of 32.4°C which is about 97% of the equilibrium

temperature had been achieved, even though the sample finally reached equilibrium

after approximately 32 hours of heating.

This is depicted by Figure 7.25, which shows that 24 hours was sufficient duration to

allow for the sample to achieve most of its full heating potential while a minimum heating

duration of 16 hours was required to reach almost 90% of this potential.

Figure 7.25: Percentage of maximum temperature attained by sample against time of heating

7.5.2 Cooling Of Sample

During the cooling test, the power to the heater was disconnected and the sample was

allowed to return to its initial or controlled room temperature. From the graph in Figure

7.26, the cooling duration lasted approximately 27 hours to fully return to the controlled

room temperature of 19°C.
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Figure 7.26: Time for kaolin sample consolidated at 100kPa to cool back to controlled room

temperature

Looking at the sample location where the temperature was recorded by probe 22, within

8 hours of cooling, at a temperature of 23.9°C, about 79% of cooling had been achieved.

By 12 hours of cooling the temperature was 21.5°C which meant 88% of cooling had

been achieved.

By 16 hours of cooling, the temperature had dropped to 20.1°C indicating that 94% of

cooling had been achieved. This is depicted by Figure 7.27. These data show that a

duration of 12 to 16 hours was required for significant cooling to take place in this

sample.

Figure 7.27: Percentage of maximum temperature against time of cooling
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7.5.3 Temperature Variations within Sample in Thermal Equilibrium

While the sample was in thermal equilibrium, a temperature profile test was carried out to

determine the temperature variations within the sample. This was done at the beginning

of the thermal tests carried out on the sample, and was repeated on the sample after

several weeks of being subjected various thermal tests. Both temperature variations

were compared to investigate if any changes occurred in the sample over the period of

being subjected to thermal tests lasting up to 19 weeks.

Figure 7.28 is a chart of both tests showing the average temperature variations across

the sample when in thermal equilibrium, at the beginning, and after sample was

subjected to weeks of thermal tests. Both results appeared similar, but to further

compare them, they were plotted against each other as shown in Figure 7.29.

Figure 7.28: Variations in average change in temperature at locations across sample of kaolin at

100kPa at both the start and end of thermal tests

Figure 7.29: Fit of variations in average change in temperature across sample at start and end of

tests
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From Figure 7.29, the results show the changes in temperature at the end of the tests to

be higher within a range of 0.3°C to 1.1°C than those measured at the start of the test.

This indicated that the thermal properties of the sample still remained relatively the same

even after undergoing series of long-term heating and cooling tests lasting a duration of

about 19 weeks, suggesting that the properties of the soil did not change between tests.

The increased temperature at the end of the test was likely caused by migration of water

due to the increase in temperature in the first cycle which was permanent.

7.5.4 Temperature and Thermal Conductivity

A relationship was observed between thermal conductivity values and temperature

across the sample in thermal equilibrium as shown in Figure 7.30. The thermal

conductivity values were found to be higher in parts of the sample with higher

temperatures and closer to the heat source, which is also consistent with the fact that the

water content was lower nearer the heater.

The thermal conductivity values ranged from 1.85W/m.K to 2.98W/m.K over a

temperature range of approximately 8°C

Figure 7.30: Thermal conductivity values plotted against corresponding temperature values

across the sample to show relationship

7.5.5 Water Content and Thermal Conductivity

A relationship was observed between the thermal conductivity values and the water

content across the sample as shown in Figure 7.31.

The thermal conductivity values differed by 0.6W/m.K over water content values ranging

within 2% of each other. The parts of the sample that showed higher water contents also

showed lower thermal conductivity values and lower temperatures and vice versa (Lee et
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al., 2011). This was explained earlier as likely resulting from the influence of the lower

thermal conductivity values of water in samples higher in water content.

Figure 7.31: Thermal conductivity values plotted against corresponding water content values

across the sample to show relationship

7.5.6 Water Content and shear strength across sample

The water content at the end of the test was found to vary across and along the sample

as shown by the graph in Figure 7.32. From the graph, the sample showed less water

content towards the centre of the sample closer to the heat source. The water content

also varied from the top to the bottom of the sample, with the bottom showing a higher

percentage than the top, possibly due to some load transfer to the cell wall during

consolidation of the sample. Towards the outer edge of the cell, the water content was

also found to be higher. This suggests that the water migrated from the soil around the

heat source.

Figure 7.32: Variation in water content across the sample with respect to distance from the heater

the range of average water content at each location indicating that the water content increases
with distance from the heater
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Another relationship was also found to exist between the sample shear strength in

relation to distance from the heat source as shown in Figures 7.33 and 7.34. The graph

shows that the sample had higher shear strength values closer to the heat source and

lower values towards the edge of the sample, and also higher values at the top of the

sample relative to the bottom. The middle of the sample showed fairly uniform values.

Figure 7.33: Variation of shear strength values with the sample

Figure 7.34: Range of variation in average shear strength values at each location showing that

the average shear strength reduces with distance from the heat source
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The shear strength values which were measured in relation to distance from the heat

source were plotted against the water content of samples taken from the same locations

tested. Their relationship is shown in Figure 7.35.

Figure 7.35: Relationship between the average shear strength values and corresponding water

content values with respect to distance from the heat source

Figure 7.36 shows the relationship between the shear strength values and corresponding

water content values in the top, middle and bottom layers of the sample.

Figure 7.36: Shear strength values against corresponding water content values in top, middle and

bottom of kaolin sample at 100kPa

The trend lines show a strong trend of increasing shear strength with a decrease in water

content. The bottom layer shows the strongest relationship. The differences in the trend
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lines are likely due to spatial variations in the properties of the soil, the errors in

measuring strength (±1kPa) and water content, (±1%) as well as the variation in water

content due to consolidation. They all show that a reduction in water content near to the

heater is associated with an increase in shear strength.

Table 7.3 shows the coefficients and regression values for the trend lines in Figure 7.36

and their water content validity range.

Table 7.3: The coefficients and regression values for the trend lines in Figure 7.36 and the validity

range of water content

Sample layer
Equation for fit

y = mx + c
R

2
Validity range of water

content (%)

Layer 1 (Bottom) -2.0096x + 112.6 0.7919 47.0 – 51.1

Layer 2 (Middle) -1.5303x + 89.081 0.4668 45.9 – 49.5

Layer 3 (Middle) -0.6593x + 47.505 0.2318 46.1 – 49.5

Layer 4 (Top) -2.2505x + 125.63 0.1304 45.9 – 48.3

7.5.7 Thermal Cyclic Loads

Several thermal loading cycles consisting of periods of heating and cooling over a 24

hour period were investigated on this sample. Thermal loading cycles investigated

include 2, 4, 6, 8, 12, 14, 18 and 22 hours of heating loads with corresponding periods of

cooling within a duration of 24 hours. The cycles were repeated over several days to

investigate any difference in sample behaviour over time of repeating the cycles.

The results obtained from comparing data from the first and last days of the 8 hours

heating cycle carried out over a period of 14 days are presented in Figure 7.37.

Figure 7.37: Comparing temperature values from day 1 of 8 hours thermal load cycle with day 14

of the same thermal load
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Similarly, the results obtained by comparing data from the first and last days of the 16

hours cooling after the 8 hours thermal load over a period of 14 days is presented in

Figure 7.38.

Figure 7.38: Comparing temperature values from day 1 of 16 hours cooling cycle with day 14 of

the same cooling cycle

Results from the graphs comparing both the heating and cooling curves in Figures 7.37

and 7.38 show that no difference occurs in the sample after several heating cycles. This

indicates that the repeated cycles did not affect the thermal properties of the sample.

The maximum or peak temperatures reached at specific hours of heating (thermal

loads), and the corresponding temperatures upon cooling within a 24 hour period, were

investigated and plotted against time to obtain the graph shown in Figure 7.39.

Figure 7.39: Thermal cyclic loading showing peak temperatures reached and corresponding

cooling temperatures within a 24 hour period.
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Findings from the detailed investigations of the individual thermal cycles show that , the

thermal cyclic loads of 2, 4, 6, 8 hours of heating, with subsequent cooling within 24

hours, were well within the heating and cooling capacity of the sample.

For the cycles run at 12 and 14 hours of heating with subsequent cooling for 12 and 10

hours, the sample was still able to achieve a high percentage of cooling.

The cycles run at 18 and 22 hours of heating did not allow the sample sufficient cooling

period and resulted in residual heat being built up in the sample.This is in agreement

with sections 7.5.1 and 7.5.2 discussing the cooling duration of this sample where 12 to

16 hours were found to be the time required for the sample to cool properly after being

subjected to heating loads.

7.6 Effect of Soil Type/Composition on duration of heating to

thermal equilibrium

Heat transfer is determined by the thermal properties of the material to be tested. For

this reason, standard soil types such as kaolin, sand and a mixture of both kaolin and

sand in different proportions were tested to study the effect of soil types on thermal

behaviour of sample. All the tests carried out were based on five groups of soil types and

combinations which constituted the samples and are presented in Table 7.4.

Table 7.4: The composition of the samples

Sample composition Kaolin
Kaolin:sand

mixture
Kaolin:sand

mixture
Kaolin:sand

mixture
Sand

Proportions by
percentage

100 75:25 50:50 25:75 100

The effect of soil composition on thermal behaviour in soils was investigated by carrying

out tests on the different soil types under similar conditions.

Figure 7.40 shows heating curves of the time to equilibrium from tests carried out on five

different soil types including combinations of kaolin and sand under similar conditions of

power input, pressure and time (duration) of testing. The curves obtained for each

sample type indicate a different heating response from each of the soil samples tested.

The results presented in the graph are from samples of kaolin, sand and combinations of

kaolin and sand in proportions of 75:25, 50:50 and 25:75 representing a predominantly

kaolin sample, a sample of equal kaolin and sand proportions and a predominantly

sandy sample respectively.
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The temperatures recorded at same location within the five different sample types were

compared in terms of time to equilibrium. Due to the soil types being different, the water

content varied between the samples. They were tested at the same pressure of 25kPa

and the same power input of 17.03W.

The soil types with the highest sand composition reached its equilibrium temperature the

fastest at approximately 24 hours of heating, and had the lowest maximum temperature

of about 31.8°C.

Figure 7.40: Heating curves of the different soils compositions with varying water contents, tested

at same power input of 17.03WThe sample made up of just kaolin with no sand content took the
longest time to reach equilibrium temperature and also had the highest equilibrium temperature of
about 34°C.

Figure 7.41 on page 245, shows a graph of time to equilibrium against sand content of

sample.

It shows that the combination samples higher in sand content generally attained thermal

equilibrium temperature faster than samples with lower sand content, although other

factors such as water content also influence time to equilibrium. This is mostly as a result

of the higher thermal conductivity value of the sand content, enhanced by the kaolin

particles filling the voids between the sand particles and replacing the water between the

sand particles. This results in an increase in mass of solids and decrease in mass of

water, thereby leading to a higher thermal conductivity in the sample and shorter time to



245

equilibrium than in the predominantly kaolin samples. The samples were tested at the

same power input.

Figure 7.41: Time to equilibrium of combination samples of kaolin and sand with respect to the

percentage sand content

Figure 7.42 shows a plot of maximum temperature attained versus sand content of

sample. It shows that samples with higher sand content attained lower equilibrium

temperatures for tests carried out at the same power input, which could be due to the

lower specific heat capacity of wet sand (1632J/Kg.K) relative to that of wet kaolin

(2362J/Kg.K).

Figure 7.42: Maximum temperature attained relative to the percentage sand content of sample

after 42 hours of heating

Figure 7.43 shows a graph of the cooling curves of the samples which shows that the

samples cooled at a similar rate compared to the heating rate, although the combination



246

sample with 75% sand content cooled fastest due to its lower heat capacity. The

saturated sand sample did not cool as fast which is due to the higher specific heat

capacity of water (4187J/Kg.K).

Figure 7.43: Cooling curves for the different soils compositions with varying water contents, after

being heated at power input of 17.03W

Therefore, time to equilibrium and cooling, differ from sample to sample and although is

influenced by factors such as water content, soil composition, thermal conductivity,

temperature and pressure, soil composition plays the most dominant role.

7.7 Effect of Consolidation Pressure and Water Content on

heat dissipation

Thermal diffusivity is defined by Shiozawa and Campbell (1990) as “the ratio of thermal

conductivity to volumetric heat capacity, and is a measure of the rate of transmission of

temperature change into soil, when the surface temperature changes with time”.

The time required for the sample to attain thermal equilibrium is therefore, influenced by

both the soil thermal conductivity and diffusivity, which in turn rely on soil composition,

bulk density, particle shape, and water content (Shiozawa and Campbell, 1990; Mitchell

and Soga, 2005).

Prior to testing, the samples were prepared by mixing the dry kaolin or sand with distilled

water to achieve specific water contents. Apart from sand which was tested in both dry

and saturated forms, all the other samples were tested within controlled ranges of water
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content and were assumed to be saturated because of the method of sample

preparation. On the basis of the soil types and the proportions used in constituting the

samples, the water content levels at the start of the tests varied from sample to sample.

The effect of water content on the heating tests was investigated in relation to the effect

of pressure applied to the sample, this is because the water content of the sample in the

test chamber changed after the consolidation phase and so differed from that at the start

of the test. Therefore, the effect of water content on thermal behaviour is being

discussed with reference to the effect of the consolidation pressure applied to the test.

The test rig was built to allow for pressure to be applied to the top of the sample to

simulate overburden pressure as samples were tested to simulate underground

conditions. The pressure applied also determined the water content of the sample during

the test.

All the tests were carried out within 5 groups of pressure ranging from 0kPa to 200kPa.

These are presented in Table 7.5.

Table 7.5:The pressure applied during the tests

PRESSURE
(kPa)

0 25 50 100 200

SAMPLE
GROUPS
TESTED

KAOLIN

KAOLIN
KAOLIN KAOLIN

KAOLIN

SAND

KAOLIN:SAND
(75:25) KAOLIN:SAND

(50:50)

KAOLIN:SAND
(75:25

KAOLIN:SAND
(50:50)

KAOLIN:SAND
(50:50)

KAOLIN:SAND
(25:75)

KAOLIN:SAND
(25:75)

KAOLIN:SAND
(25:75)

To investigate the influence of water content of sample and pressure applied, on heat

dissipation and time to equilibrium, the same soil type (kaolin) having the same water

content of 82% at the start of tests, was tested at the same power input of 17.03W but at

different consolidation pressures of 25kPa, 100kPa and 200kPa. The kaolin sample of

84.5% water content at 0kPa was tested alongside for comparison. The samples had

different thermal conductivity values due to their varying water contents.

Heating curves from the results of this test the are presented in Figure 7.44. The graph

shows that within the first 24 hours of the heating test, the samples at different pressures

had very similar curves and dissipated heat at similar rates, within 1.5°C of each other
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under the different pressure loads. The samples at pressures of 25kPa and 200kPa with

different water contents both behaved similarly.

The sample tested at the lowest pressure of 0kPa and with highest water content

achieved equilibrium temperature before the other samples. In conclusion all the

samples behaved similarly even though the water content and consolidation pressures

were different, and the time to equilibrium was not directly influenced by the water

content in the case of kaolin samples, suggesting that the soil composition had more

influence on its thermal behaviour.

Figure 7.44: Heating curves for kaolin samples at 84.5% water content at 0kPa, and 82% water

content at start of test, and tested at the same power input of 17.03W but different consolidation
pressures of 25, 100 and 200kPa

When all four samples were allowed to cool back to their initial temperatures, they still

behaved in a similar way and had cooled to the same temperature after approximately

26 hours as shown in Figure 7.45.

Figure 7.45: Cooling curves for the kaolin samples in Figure 7.44
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As the influence of water content and consolidation pressures were not clearly defined in

the kaolin samples tested, another soil type was tested under similar conditions for

comparison.

Figure 7.46 shows the heating curves of kaolin and sand samples combined in a

proportion of 75% kaolin to 25% sand. This soil combination both had the same initial

water content and was tested at the same power input of 17.03W but at different

consolidation pressures of 25kPa and 100kPa.

Both samples behaved differently, as that tested at 100kPa with resultant lower water

content reached equilibrium by 30 hours of heating at a maximum temperature of

approximately 32°C, while the sample tested at 25kPa with resultant higher water

content reached equilibrium after 42 hours of heating, at a maximum temperature of

approximately 34°C.

Figure 7.46: heating curves for kaolin:sand (75:25) samples with same water content at start of

test, same power input of 17.03W but at different consolidation pressures of 25kPa and 100kPa

When the same samples were allowed to cool, the sample tested at 25kPa with higher

water content took an additional 6 hours to cool to the same temperature as the sample

tested at 100kPa.

The graph of the cooling curves is shown in Figure 7.47 on page 250. In this case, where

the samples were composed of both kaolin and sand, the water content seemed to have

influenced the heating and cooling of sample. This is likely due to the higher specific heat

capacity of water relative to that of kaolin and sand.
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Figure 7.47: Cooling curves for the kaolin:sand (75:25) samples in Figure 7.46

Another soil type consisting of a combination of 50% kaolin and 50% sand was further

tested to investigate the influence of water content and consolidation pressure. The

graph of the result is shown in Figure 7.48. This sample was tested at the same power

input of 17.03W, with the same water content at the start of the test. The consolidation

pressures applied were 25kPa, 50kPa and 100kPa.

From Figure 7.48, it can be seen that although the samples started to heat up at different

temperatures, all within 1°C of each other, they all reached equilibrium temperature at

approximately the same time in 35 hours. They achieved the same maximum

temperature of 33.6°C in the samples tested at 25kPa and 50kPa while that tested at

100kPa was very close at 33.4°C. Unlike the previous sample with 25% sand content

where the influence of water content was noticeable, the sand content of 50% in the

sample is seen to have overridden the influence of water content in this test.

Figure 7.48: Heating curves for kaolin:sand (50:50) samples with same water content at start of

test, same power input of 17.03W but different consolidation pressures of 25, 50 and 100kPa
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When the samples were allowed to cool, they behaved similarly as by 22 hours, the

samples tested at 50kPa and 100kPa had reached the same cooling temperature, while

the sample tested at 25kPa remained about 0.5°C higher in temperature as shown in

Figure 7.49.

Figure 7.49: Cooling curves for the kaolin:sand (50:50) samples in Figure 7.48

Another soil type consisting of a combination of 25% kaolin and 75% sand was further

tested to investigate the influence of water content and consolidation pressure. The

graph of the result is shown in Figure 7.50. This sample was tested at the same power

input of 17.03W, with the same water content at the start of the test. The consolidation

pressures applied were 25kPa, 50kPa and 100kPa.

From Figure 7.50, the samples behaved in a similar way during the heating, and they all

reached equilibrium temperature at about the same time in 24 hours, and achieved the

same maximum temperature within 0.5°C of each other with the sample tested at

100kPa having the lower temperature.

Figure 7.50: Heating curves for kaolin:sand (25:75) samples with same water content at start of

test, same power input of 17.03W but different consolidation pressures of 25, 50 and 100kPa
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The graph of the samples cooling is shown in Figure 7.51. The samples had cooled by

26 hours, with the sample tested at 25kPa approximately 0.5°C higher than those tested

at 50kPa and 100kPa. This is also likely to be influenced by the higher specific heat

capacity of water relative to kaolin and sand.

Figure 7.51: Cooling curves for the kaolin:sand (25:75) samples in Figure 7.50

The dry sand and saturated sand samples were not compared as both required different

power inputs for heating, with the saturated sample requiring up to five times the power

requirement of the dry sample, which could still be attributed to the higher specific heat

capacity of water relative to sand.

Therefore, while both the water content and soil composition influence the thermal

conductivity as shown in Figure 7.52, which in turn influences the heat dissipation in the

soil, the thermal diffusivity is more influenced by the soil composition.

Figure 7.52: Thermal conductivity of sample as a function of both percentage sand content and

percentage water content
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In conclusion, while both water content and consolidation pressure influenced the heat

dissipation in the various samples, the influence of the soil composition was seen to be

more dominant.

7.8 Discussion of the Determination and Prediction of Thermal

Conductivity of the Samples and the influence of Water

Content and Sample Composition on the Thermal

Conductivity

The thermal conductivity values for the soil samples tested were predicted using

equation 7.1 (Fourier’s law of heat conduction) and the results presented in Table 7.6,

which shows that the thermal conductivity of the soil samples is determined by the water

and sand contents. In the case of the kaolin samples, the thermal conductivity of the soil

sample generally increases as the consolidation pressure increases, this is because the

void ratio, and consequently the water content, reduces. This is expected since the

thermal conductivity of water is less than that of clay.

In the case of the samples of kaolin and sand combinations, the thermal conductivity

increases as the sand content increases because the thermal conductivity of sand is

higher than that of kaolin.

Table 7.6: Thermal conductivity of samples based on Fourier’s Law of heat conduction

SN SAMPLE
PRESSURE

APPLIED (kPa)

WATER
CONTENT

BEFORE TEST
(%)

WATER
CONTENT

AFTER TEST
(%)

AV. THERMAL
COND. WHOLE

SAMPLE (ktmass)
(W/m.K)

1 KAOLIN 0 84.5 NA 1.57

2 KAOLIN 25 82 56.7 1.86

3 KAOLIN 100 82 48 2.41

4 KAOLIN 200 82 42 2.53

5 KAOLIN:SAND (75:25) 25 59 42.1 2.24

6 KAOLIN:SAND (75:25) 100 59 36.5 2.59

7 KAOLIN:SAND (50:50) 100 44.4 22.8 3.01

8 KAOLIN:SAND (25:75) 100 32.1 19.6 3.64

9 SAND 25 26 26 3.27

Numerous models have been developed to predict the thermal conductivity of soils

based on the properties of the constituents, from the model proposed by de Vries, which

is based on the volume fractions of the continuous medium (water in this case) and the

soil particles and the thermal conductivity of these two fractions (Lee et al., 2011; Tian et

al., 2016);
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Assuming that the thermal conductivity is a function of the volume fractions of the kaolin,

sand and water, then a simple assumption is the thermal conductivity of the sample

mass, ktmass, is given by equation 7.2

ݐ݇݉ ݏܸݏܽ ݉ ݏݏܽ = ݓݐ݇ ݐܽ݁ ݎܸ ݓ ݐܽ݁ +ݎ ݐ݇݇ ݈ܽ ݅݊ ܸ݇ܽ ݈ ݅݊ + ݏܽݐ݇ ݏܸܽ݀݊ ݊݀ (7.2)

Since tests were carried out on saturated kaolin samples and saturated sand samples,

and the thermal conductivity of water well known from literature as (0.6W/m.K), the

effective ktkaolin and ktsand can be calculated from this equation.

The results obtained are presented in Table 7.7. The average effective ktkaolin is

2.34W/m.K and the effective ktsand is 3.71W/m.K. A typical thermal conductivity for solid

clay minerals is 1.93W/m.K and that for quartz, 3W/m.K. Hence these values correspond

in magnitude as the effective thermal conductivity of the constituents of the soil used in

the tests.

Table 7.7: Effective thermal conductivity values of kaolin and sand based on Equation 7.2

SN SAMPLE PRESSURE
APPLIED

(kPa)

WATER
CONTENT
BEFORE
TEST (%)

WATER
CONTENT
AFTER
TEST (%)

AV. THERMAL
COND. WHOLE

SAMPLE (ktmass)

(W/m.K)

EFFECTIVE
THERMAL COND OF
SOIL. (ktsoil) (W/m.K)

1 KAOLIN 0 84.5 NA 1.57 1.55

2 KAOLIN 25 82 56.7 1.86 2.03

3 KAOLIN 100 82 48 2.41 2.80

4 KAOLIN 200 82 42 2.53 2.97

5 SATURATED
SAND

25 26 26 3.27 3.71

Using the effective thermal conductivities of the solid constituents (kaolin and sand), it is

also possible to predict the mass thermal conductivity of the kaolin/sand samples using

this equation.

The results obtained are presented in Table 7.8 (page 255), and in Figure 7.53 (page

256), in which the predicted thermal conductivity of each sample is compared with the

water content.

Figure 7.53 shows that an increase in sand content shows an increase in the mass

thermal conductivity of the sample, and an increase in water content shows a decrease

in the thermal conductivity. It is noted that there is an increase in thermal conductivity

with sand but the increase between 75% and 100% sand exceeds that between 0% and

25%, 25% and 50%, 50% and 75%. This could be due to the fact that with a sand

content less than about 75%, the engineering behaviour of soil is similar to that of pure
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kaolin since the voids between the sand particles are filled with kaolin and water (Al-

Moadhen Muataz et al., 2017).

Table 7.8: Predicted mass thermal conductivity values of kaolin/sand samples based on Equation

7.2

Sample
Water content

(%)

Mass Thermal
Conductivity

(W/m.K)

Sand content
(%)

Kaolin

84.5 1.06

0

82 1.07

68 1.12

61.8 1.16

52.7 1.21

46.8 1.26

Kaolin:sand

(75:25)

60 1.36

25
41.9 1.53

36.3 1.60

Kaolin:sand

(50:50)

44.4 1.68

50

31.9 1.87

30.4 1.90

27.4 1.96

Kaolin:sand

(25:75)

32 2.08

75
21.5 2.34

20.9 2.36

18.8 2.42

Sand 26.1 3.71 100
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Figure 7.53: Thermal conductivity in kaolin/sand samples showing an increase with increased

sand content and a decrease with increased water content based on volume

The trend lines for the data in Figure 7.53 for the different sand contents suggests that

there is a linear relationship between the thermal conductivity and water content. These

relationships were used to calculate the thermal conductivity at 50%, 100%, 150% and

200% of the liquid limit. The results, as presented in Figure 7.54, show that for water

content below the liquid limit, when the soil is considered a solid, there is a linear

relationship between thermal conductivity and sand content

Figure 7.54: Relationship between thermal conductivity and sand content at various levels of

saturation based on volume

If the water content is 26%, the same as the water content of the saturated sand used in

this study, then the predicted ktmass is 2.51W/m.K, which is less then that determined from
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the heat transfer equation (3.71W/m.K). Further, the thermal conductivity of a sand with

a water content of 107%, would be less than that of water, which is not possible. This

suggests that this proposal to base the predicted thermal conductivity on the volume of a

soil’s constituents may not be appropriate.

Another option was to consider that the thermal conductivity of the soil depends on the

mass of the soil, which is based on the assumption that heat is transferred by

conduction. In that case, ktmass is:

ݐ݇݉ ݏܹݏܽ ݉ ݏݏܽ = ݓݐ݇ ݐܽ݁ ݎܹ ݓ ݐܽ݁ +ݎ ݐ݇݇ ݈ܽ ݅݊ ܹ ݇ܽ ݈ ݅݊ + ݏܽݐ݇ ܹ݊݀ ݏܽ ݊݀ (7.3)

The effective thermal conductivities of kaolin and sand based on mass are 3.14W/m.K

and 3.97W/m.K respectively as shown in Table 7.9. While these values exceed typical

values for clay minerals and quartz, they are of the same order of magnitude.

Table 7.9: Effective thermal conductivity values of kaolin and sand based on Equation 7.3

SN SAMPLE

PRESSURE
APPLIED

(kPa)

WATER
CONTENT
BEFORE
TEST (%)

WATER
CONTENT

AFTER TEST
(%)

AV. THERMAL
COND.
WHOLE
SAMPLE
(ktmass)

(W/m.K)

EFFECTIVE
THERMAL
COND. OF
SOIL (ktsoil)

(W/m.K)

1 KAOLIN 0 84.5 NA 1.57 2.39

2 KAOLIN 25 82 56.7 1.86 2.57

3 KAOLIN 100 82 48 2.41 3.23

4 KAOLIN 200 82 42 2.53 3.34

5
SATURATED

SAND
25 26 26 3.27 3.97

Figure 7.55 shows predicted values of thermal conductivity of the kaolin/sand samples

using mass of the constituents and the effective thermal conductivity of the kaolin and

sand. They show that an increase in sand content increases the thermal conductivity and

an increase in water content reduces the thermal conductivity.
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Figure 7.55: Thermal conductivity in kaolin/sand samples showing an increase with increased

sand content and a decrease with increased water content based on mass

Figure 7.56 on page 259, shows the thermal conductivity at 50%, 100%, 150% and

200% of the liquid limit. The results show that for water content below the liquid limit,

when the soil is considered a solid, there is a linear relationship between thermal

conductivity and sand content. If the water content is 26%, the same as the water

content of the saturated sand used in this study, then the predicted ktmass for saturated

sand is 3.47W/m.K, which is less then that determined from the heat transfer equation

(3.79W/m.K but this is closer in value than that based on the volumes of the constituents.

However, the thermal conductivity of a sand with a water content of 107% is tending

towards that of water which suggests that this may be a better method to produce the

thermal conductivity of sand/clay soils.
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Figure 7.56: Relationship between thermal conductivity and sand content at various levels of

saturation based on mass

Figure 7.57 shows a comparison between the predicted values of thermal conductivity

using Equation 7.3, and those determined directly using the heat transfer equation

(Equation 7.1). It shows that the predicted values based on mass are closer to the values

determined from the heat transfer equation than those predicted from the volume. This is

not absolute as more data is required to validate this proposal.

Figure 7.57: Comparison of thermal conductivity values of determined from the heat transfer

equation and those predicted based on the mass and volume of the sample constituents
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7.9 Effect of Temperature (Power input)

The sample temperature was controlled by the current and voltage (power) input

introduced into the test through the cartridge heater within the test chamber. Tests were

carried out at different power inputs to study the influence of temperature/power input on

heat dissipation in the soil samples tested.

Samples were tested with power inputs ranging from 4.23W to 19.04W as presented in

Table 7.10.

Table 7.10: Table showing the power inputs used in carrying out the tests

POWER (W)
RANGING FROM

4.49 TO 17.05
17.03

RANGING FROM
4.23 TO 19.04

SAMPLE
GROUPS
TESTED

KAOLIN

KAOLIN:SAND (75:25 )

SANDKAOLIN:SAND (50:50)

KAOLIN:SAND (25:75)

The heater temperature was determined by the power input which meant that lower

power inputs yielded lower heater temperatures and higher power inputs yielded higher

temperatures.

The different sample types also had different power requirements to achieve the same

temperature, which was also the case with the same sample type at different water

contents or different consolidation pressure.

To show how the same sample responded to different power inputs, a kaolin sample at

82% water content and consolidation pressure of 25kPa, was tested at different power

inputs and the results obtained are presented in Figure 7.58 on page 261.

The graph shows the different responses of the sample to the different power inputs. The

main difference noted was the time to equilibrium and the maximum temperatures

attained.

At a power input of 4.49W, the sample reached equilibrium in approximately 20 hours at

a maximum temperature of 23.3°C. At a power input of 9.48W, the same sample

reached equilibrium after 25 hours at a maximum temperature of 28°C. And at a power

input of 17.05W, it reached equilibrium after 42 hours, at a maximum temperature of

34°C.
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Figure 7.58: Heating curves of the same soil type, kaolin at 82% water content and consolidation

pressure but at different power inputs ranging from 4.49-17.05W

It therefore, suggests that a higher power input or higher temperature in the energy pile

could result in longer time to equilibrium and a higher temperature attained in the soil

composed of kaolin. A different outcome may be observed with a different soil

composition.

Figure 7.59 shows variations in temperature across a sample in equilibrium condition for

two different power inputs in kaolin sample at 82% water content and tested at 25kPa

consolidation pressure.

The temperature variations due to both power inputs, vary from almost 3°C at the inner

edge of the cell wall to approximately 10°C closer the heater.

Figure 7.59: Spatial variation in temperature across the same kaolin sample at two different power

inputs
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7.10 Thermal Cycles

The samples were subjected to heating and cooling cycles to reflect heating load from a

building. The thermal cycles were typically based on a 24 hour period of 8 hours heating

and 16 hours cooling to reflect a typical office during a working day generating heat while

cooling down overnight.

In the kaolin sample of 82% initial water content, tested at 100kPa the heating cycles

were first run two hourly from 2, 4, 6, 8, 10, 12, 16, 18 20 and 22 hours heating in order

to study the soil response to heating and cooling cycles. This process helped to establish

the maximum heating time of the sample above which complete cooling cannot be

established within a 24 hour test period. It was found that the 8 hours heating and 16

hours cooling cycles allowed the sample recover back to its initial temperature.

In the same sample, the 8 hours thermal cycles were repeated over a period of 14 days,

to observe the sample thermal behaviour and if changes in behaviour would occur over

time. The curves were compared and the findings which indicated no significant change,

was used to establish subsequent test cycles to an average of 3-5 days cyclic tests.

Further tests were then restricted to 4, 8 and 12 hours heating cycles.

For the purpose of an office building, the 8 hours thermal cycles run for five days to

represent a working week was explored in the various sample types to investigate their

cooling capacity over the 24 hour period. In all the samples the 8 hours thermal loading

proved to allow for adequate cooling.

Figure 7.60 on page 263, shows a typical graph of 8 hours thermal cycles run for a

period of five days in a kaolin:sand sample.

Thermal loads of 4, 8, 12 and 18 hours were carried out on a kaolin sample and the

results of the one day cycles are presented in Figure 7.61 (page 263), to show how the

sample responded to the thermal loads and to what extent it cooled down within the 24

hour period.
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Figure 7.60: Thermal loading cycles of 8 hours heating and 16 hours cooling in 75:25 kaolin:sand

sample at 25kPa and 17.03W

Figure 7.61: 4, 8, 12 and 18 hours heating cycles on a kaolin sample tested over a 24 hour period

to study to what degree cooling was established within time

The samples were subjected to thermal cyclic tests to investigate the effect of 8 hours

thermal loads on the soil thermal behaviour. The maximum temperature reached when in

thermal equilibrium was compared with the maximum temperature reached during an 8

hour thermal load.
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A kaolin sample at 84.5% water content, heated with a power input of 17.03W and at

zero consolidation pressure, reached a maximum temperature of 28.4°C after 8 hours

thermal load, and a maximum of 34.1°C when it reached equilibrium at 36 hours of

heating.

Running the 8 hours thermal load on this sample, required the use of approximately 63%

of its maximum equilibrium capacity.

Similarly, a kaolin sample of about 48% water content, heated with a power input of

17.03W, reached a maximum temperature of 28.5°C after 8 hours thermal load, and a

maximum temperature of 32.9°C when it reached equilibrium at 32 hours of heating.

Running the 8 hours thermal load on this sample, required the use of almost 70% of its

maximum equilibrium capacity.

The same kaolin sample at about 42% water content, heated at a power input of

17.03W, reached a maximum temperature of 27.2°C after 8 hours thermal load, and a

maximum of 33.9°C when it reached equilibrium at 48 hours of heating.

Running the 8 hours thermal load on this sample, required the use of about 57% of the

sample maximum equilibrium capacity.

Figure 7.62 shows the peak temperatures attained by the three kaolin samples with

respect to the duration of heating they were subjected to.

Figure 7.62: Peak temperatures attained in kaolin samples of varying water contents with respect

to duration of heating
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A 75:25 kaolin:sand sample at 42.1% water content, heated at a power input of 17.03W ,

reached a maximum temperature of 27.82°C after 8 hours thermal load, and a maximum

of 33.9°C when it reached equilibrium at 43 hours of heating.

Running the 8 hours thermal load on this sample, required the use of about 61% of the

sample maximum equilibrium capacity.

While the same sample 75:25 kaolin:sand sample at a different water content of about

36.5%, heated at a power input of 17.03W, reached a maximum temperature of 26.9°C

after 8 hours thermal load, and a maximum temperature of 32.1°C when it reached

equilibrium at 40 hours of heating.

Running the 8 hours thermal load on this sample, required the use of about 62% of the

sample maximum equilibrium capacity.

Figure 7.63 shows the peak temperatures attained by both 75:25 kaolin:sand samples of

varying water contents with respect to their duration of heating.

Figure 7.63: Peak temperatures attained in 75:25 kaolin:sand samples of varying water contents

with respect to duration of heating

Heating a 50:50 kaolin:sand sample at 31.9% water content, at a power input of 17.03W,

resulted in a maximum temperature of 27.2°C reached after 8 hours thermal load, and a

maximum of 33.7°C reached at thermal equilibrium after 39 hours.

Running the 8 hours thermal load on this sample, required the use of about 58% of the

sample maximum equilibrium capacity.
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Similarly, a 50:50 kaolin:sand sample at 30.4% water content, heated at a power input of

17.03W, reached a maximum temperature of 27.5°C after 8 hours thermal load, and a

maximum of 33.8°C when it reached equilibrium at 42 hours of heating.

Running the 8 hours thermal load on this sample, required the use of 59% of the sample

maximum equilibrium capacity.

The same 50:50 kaolin:sand sample at 22.8% water content, heated at a power input of

17.03W, reached a maximum temperature of 28 °C after 8 hours thermal load, and a

maximum of 33.5°C when it reached equilibrium at 43 hours of heating.

Running the 8 hours thermal load on this sample, required the use of about 64% of the

sample maximum equilibrium capacity.

Figure 7.64 presents the peak thermal temperatures attained by the three samples of

50:50 kaolin:sand at varying water contents with respect to their duration of heating.

Figure 7.64: Peak temperatures attained in 50:50 kaolin:sand samples of varying water contents

with respect to duration of heating

A 25:75 kaolin:sand sample at 21.5% water content, heated at a power input of 17.03W,

reached a maximum temperature of 28°C after 8 hours thermal load, and a maximum of

31.8°C when it reached equilibrium at 36.5 hours of heating.

Running the 8 hours thermal load on this sample, required the use of about 72% of the

sample maximum equilibrium capacity.

The same 25:75 kaolin:sand sample at 20.9% water content, heated at a power input of

17.03W, reached a maximum temperature of 27 °C after 8 hours thermal load, and a

maximum of 31.8°C when it reached equilibrium at 37 hours of heating.
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Running the 8 hours thermal load on this sample, requires the use of about 64% of the

sample maximum equilibrium capacity.

The same sample of 25:75 kaolin:sand sample at 19.6% water content, heated at a

power input of 17.03W, reached a maximum temperature of 27.5°C after 8 hours thermal

load, and a maximum of 31.6°C when it reached equilibrium at 48 hours of heating.

Running the 8 hours thermal load on this sample, required the use of 69 % of the sample

maximum equilibrium capacity.

Figure 7.65 shows the peak thermal temperatures attained by the three samples of 25:75

kaolin:sand at varying water contents with respect to their duration of heating

Figure 7.65: Peak temperatures attained in kaolin samples of varying water contents with respect

to duration of heating

A saturated sand sample at 26% water content, heated at a power input of 19.04W and

tested at 25kPa consolidation pressure, reached a maximum temperature of 28.8°C after

8 hours thermal load, and a maximum of 33.5°C when it reached equilibrium at 24.5

hours of heating.

Running the 8 hours thermal load on this sample, requires the use of about 69% of the

sample maximum equilibrium capacity.
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Dry sand sample heated at a power input of 4.23W and tested at 25kPa consolidation

pressure, reached a maximum temperature of 24.7°C after 8 hours thermal load, and a

maximum of 27.3°C when it reached equilibrium at 23.9 hours of heating.

Running the 8 hours thermal load on this sample, required the use of about 70% of the

sample maximum equilibrium capacity.

Figure 7.66 shows the peak thermal temperatures attained by the dry and saturated

sand samples with respect to their duration of heating.

Figure 7.66: Peak temperatures attained in dry sand and saturated sand samples with respect to

duration of heating

Table 7.11 on page 269, presents the maximum temperature values recorded during the

thermal loading cycles and the heating of sample to equilibrium condition. Also shown in

the Table are the time to equilibrium of the samples as well as a percentage value for the

8 hours thermal cyclic peak temperatures in relation to the peak equilibrium

temperatures attained by the samples.

The calculated percentages range between 56% and 72% of the peak equilibrium

temperatures which suggests that all the soil types tested under the varying levels of

saturation and consolidation pressure will perform suitably for 8 hours thermal loading

and still cool back to its initial temperature within the 24 period.
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7.11 Sample Properties Analyzed after Thermal Tests

At the end of a test, analyses of soil properties was carried out on all the samples that

had undergone thermal tests except for the sand tests. Due to the nature of sandy soils,

neither direct shear strength nor water content tests would give useful data for analyses.

From all the samples tested, a total of 729 samples were collected for water content

determination after direct shear tests were carried out at the same locations tested.

Table 7.11: Summary of maximum temperatures at 8 hours thermal load and at equilibrium, also

showing percentage temperature of sample equilibrium is required for 8 hours thermal cycles

Sample
Water

content
(%)

Consolidation
Pressure

(kPa)

Maximum
Temperature

at 8 hours
thermal load

(°C)

Maximum
Temperature

at
equilibrium

(°C)

Time to
equilibrium

(hours)

8 hours
peak

thermal
load

percentage
temperature

of
equilibrium
peak load

(%)

Kaolin 84.5 0 28.4 34.1 36 63

Kaolin 48 100 28.5 32.9 29 70

Kaolin 42 200 27.2 33.9 48 57

75:25
kaolin:sand

42.1 25 27.8 33.9 26 61

75:25
kaolin:sand

36.5 100 26.9 32.1 40 62

50:50
kaolin:sand

31.9 25 27.2 33.7 39 58

50:50
kaolin:sand

30.4 50 27.5 33.8 42 59

50:50
kaolin:sand

22.8 100 28.1 33.5 43 64

25:75
kaolin:sand

21.5 25 28 31.8 28 72

25:75
kaolin:sand

20.9 50 27 31.8 28 64

25:75
kaolin:sand

19.6 100 27.5 31.6 48 69

Saturated
sand

26 25 28.8 33.6 24.5 69

Dry sand NA 25 24.7 27.3 24 70
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To establish a relationship between the shear strength and water contents in the sample,

results from both tests at the same sample location were plotted against each other.

Figure 7.67 shows the spatial variation of shear strength and water content from results

gathered from the analyses of all the kaolin samples tested at different consolidation

pressures, thus resulting in different post-test water contents and shear strengths.

Figure 7.67: Spatial variation of shear strength and water content of four kaolin samples tested at

25, 50, 100 and 200kPa

A summary of the details of the shear strength and water content tests carried out on

samples at the end of the thermal tests, is presented in Table 7.12.

Table 7.12: Table showing details of soil properties analysed after thermal tests
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Pressure Applied
(kPa)

50 25
0

25
50

100 200 25 100

25
50

100

25
50

100

Water Content at
start of Test (%)

82 82 84.5 82 82 59 59 44.4 32

No. of samples tested 109 80 80 80 60 80 80 80 80
Av. Water content at

end of tests (%)
47.5 56.7 49.8 48 42 42.1 36.5 22.8 19.6

Av. Shear strength at
end of tests (kPa)

7.7 5.3 11.4 16.3 38.7 5.9 17.2 28 13
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The relationship between the shear strength and water content in relation to distance

from the heat source indicates that the sample is stiffer and lower in water content closer

to the heat source. This suggests that the soil around the energy pile is likely to be stiffer

than soil further away from it.

Figure 7.68 shows a graph of the distribution of average water content in samples in

relation to normal load to which they were subjected during testing.

Figure 7.68: Average water content in samples at end of tests plotted against normal load applied

to samples during tests

7.12 Chapter Summary

This Chapter dealt with the analysis, interpretation and discussion of the results obtained

from the tests undertaken to show how soil water content, temperature, pressure, power

input and thermal loading cycles, affected the thermal behaviour of soil with regards to

heat dissipation from a simulated energy pile.

The results were successfully validated against theoretical predictions by determining the

thermal conductivity values of the samples by use of heat transfer equation,, and

comparing with values found in literature to show agreement.

Thermal conductivity values were also predicted by using the mass fractions of the

sample constituents and thermal conductivity of the fractions. Although this was shown

to be a possible basis for thermal conductivity determination, more data is required to

validate this. Results obtained from this prediction, compares well with results obtained
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in literature. Possible errors were identified and discussed with a view to minimize their

impacts on the results obtained.

The tests were shown to be repeatable

Water content and soil composition were seen to play a very key role in influencing the

thermal conductivity of the soil and hence the heat dissipation and consequently the

performance of an energy pile.

Thermal conductivity was observed to increase with increased sand content of sample,

and to decrease with increased water content. Temperature increase in sample also

corresponded with an increase in thermal conductivity in sample.

The thermal cycles investigated within a 24 hour period (8 hours heating and 16 hours

cooling) on the various sample compositions at different water contents, consolidation

pressure and durations of thermal loading, suggest that they will perform suitably for

cooling an office building where it is typically required for 8 hours thermal loading.

This is because the thermal cycles showed that all the sample types tested at heating

cycles of up to 14 hours were able to cool back adequately to be suited to the typical

heating and cooling needs of a office building

The strength of the soil was shown to increase with proximity to the heat source, while

the water content of the sample on the other hand increased with distance away from the

heat source.

The relationship between the shear strength and water content in relation to distance

from the heat source indicates that the sample is stiffer and lower in water content closer

to the heat source. This suggests that the soil around the energy pile is likely to be stiffer

than soil further away from it.

Thermal equilibrium was achieved within samples tested and the time to equilibrium was

shown to be determined by chiefly by sample composition, while water content and

power input also influenced it, amongst other factors

Sandy samples tended to achieve thermal equilibrium faster and also cooled faster

which could be both as a result of the higher thermal conductivity value of the sand

content, and a possible decrease in water content due to the kaolin particles filling the

voids between the sand particles and replacing the water. Hence resulting in a higher

thermal conductivity in the sample and shorter time to equilibrium than in the

predominantly kaolin samples.
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Sandy samples also attained lower equilibrium temperatures compared to samples

higher in kaolin content possibly due to the lower specific heat capacity of wet sand

(1632J/Kg.K) relative to wet kaolin (2362J/Kg.K).

The samples higher in water content took longer to cool possibly due to the higher

specific capacity of water relative to those of sand and kaolin.

The thermal behaviour of the soil samples tested was shown to be unaffected after being

subjected to series of tests over a prolonged period of up to 19 weeks.
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Chapter 8 Overall Conclusions and Recommendation for

Further Work

8.1 Introduction

This research was undertaken to investigate the thermal behaviour of the soil around a

simulated energy pile as influenced by soil type, water content, temperature, pressure,

time and thermal cycles. Investigations were carried out which sought to identify the

parameters that had the most influence on thermal behaviour, so as to recommend the

factors to be considered when designing an energy pile system, especially as a means

of cooling an office building, and to make original contribution to knowledge while

adding to existing data. This target was achieved as presented in this Chapter.

A novel experimental test rig and laboratory procedures for operating it, were designed

and developed to study heat dissipation radially by conduction from a linear heat

source within a soil mass, modelled to depict a scenario typical to that of an energy

pile exchanging heat with the surrounding soil while being subjected to overburden

pressure.

In a bid to establish a relationship between specific soil properties and the

performance of an energy pile, a series of tests were carried out on prepared soil

samples in the fabricated test rig to investigate their thermal behaviour and to record

changes in heat dissipation influenced by controlling and varying the soil composition,

water content, overburden pressure, temperature, time and thermal cycles.

8.2 Research Conclusions

In the course of the research, data on subsurface heat transfer were generated and

analyzed from which key findings were made. On the basis of these findings and the

original contributions made through this research, some conclusions were reached at

the end of the research. They are presented below under the objectives for carrying

them out.

8.2.1 Establishing the use of the ground as a low grade energy

source

The use of the GSHPs of which an energy pile constitutes a closed system, was

identified as a method primarily used to abstract heat from the ground by relying on

heat transfer by conduction from the surrounding soil. The technology converts the low
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grade energy of the ground into usable form. Energy is stored in the ground, and in

soils the most important means of heat transfer between the building and the ground is

through conduction. Factors that affect heat flow and thermal behaviour of the ground

such as soil type, water content, overburden pressure, temperature and thermal cycles

were identified for investigation.

8.2.2 Designing and developing of test rig to investigate the

thermal behaviour of soil around a model energy pile

A test rig was developed using classic predictions of thermal behaviour that allowed

for the investigation of thermal behaviour of soil around an energy pile. Ground

conditions were simulated by creating an axisymmetric problem similar to an installed

energy pile. The characteristics of the tests to be undertaken in terms of dimensions of

the test rig, materials to be used for its fabrication, variables to be controlled, and

parameters to be measured were determined from an analysis of the laboratory scale

test.

The test rig was designed and successfully fabricated which allowed a range of tests

to be undertaken to simulate an energy pile under cyclic thermal loading based on a

24hour cycle to simulate an office environment.

8.2.3 Developing of test procedure for carrying out experiments to

study heat dissipation in soil and the effects of cooling of

buildings over a typical diurnal cycle, and the Validation of

results

A test procedure was developed for running the experiments. The soil types tested

were selected as 100% kaolin, 100% sand and various combinations of both in the

proportions of 75:25, 50:50 and 25:75, which allowed for the influence of sand content

to be investigated. The sample preparation method was established by carrying out

preliminary tests in the laboratory, and the test procedure which was also developed

through carrying out preliminary tests, allowed for changes in heat flow influenced by

soil water content, temperature, overburden pressure, thermal cycles and the power

input to the system to be monitored.

A protocol was developed for measuring and recording heat distribution within the soil

sample subject to varying cycles of thermal loading and unloading to simulate practical

use of energy piles in an office environment. This was done by setting up the test rig

and placing thermocouples at specific distances within the soil sample in the test rig

through the openings along the sides of the test chamber. The thermocouples were

connected to a data-logger which was programmed to record the temperature changes
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within the soil samples. The recorded data were retrieved through the use of a

computer with relevant software installed for the purpose. This allowed for the thermal

properties of samples in terms of temperature variations within the soil, time taken to

achieve equilibrium conditions and time taken to cool back to controlled room

temperature to be determined.

The results of the tests conducted during this research were presented in chapters 5

and 6, and several findings were made based on these results in line with the research

objectives.

Adequate consideration was given to possible errors identified with the experimental

procedure, with a view to minimize their impacts on the results obtained.

The experiments showed repeatability which will enable other researchers carry out

experiments using the test rig with consistent results. The results were successfully

validated against theoretical predictions. Variations in temperature of different soil

compositions were determined to be mostly radial, and the data obtained was used to

calculate thermal conductivity values of the different soil samples using the heat

transfer equation. The values obtained from the experimental data for the different soil

compositions (sand, kaolin and their combination in different proportions) at different

water contents varying from about 20% to 85%, ranged from 0.45W/m.K to 3.81W/m.K

and are similar to values given in literature as ranging between 0.15W/m.K and

7.8W/m.K for similar soil types at similar water contents. Kaolin samples ranging from

42% - 85% water content showed thermal conductivity values of 1.46W/m.K -

2.58W/m.K. The samples composed of sand and kaolin combinations in proportions of

75:25, 50:50 and 25:75, gave thermal conductivity values ranging from 2.0W/m.K –

3.81W/m.K, for water contents ranging from 19% – 42%. The thermal conductivity

values obtained for dry sand were between 0.45W/m.K and 0.54W/m.K, and for

saturated sand, 2.84W/m.K – 3.49W/m.K.

A relationship was established between the values of thermal conductivity obtained

from the kaolin samples, and the water content of the samples. The samples higher in

water content showed lower thermal conductivity values which was expected due to

the influence of the lower thermal conductivity value of water given as 0.6W/m.K from

literature.

Water content and soil composition were observed to play an important role in

influencing the thermal conductivity of the soil and hence heat dissipation and

therefore, the performance of an energy pile
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Thermal conductivity was seen to increase with increased sand content of sample, and

to decrease with increased water content. An increase in sample temperature also

corresponded with an increase in thermal conductivity of sample.

The thermal conductivity value of the dry sand sample was much lower than that of the

saturated sand, because, although quartz has a high thermal conductivity value of 7.8-

8.79W/m.K, air has a very low thermal conductivity value of 0.025 W/m.K. It follows

therefore, that the possible presence of air in the dry sand sample, is responsible for

the low thermal conductivity value of 0.54 W/m.K obtained.

Thermal conductivity predicted by using the mass fractions of the sample constituents

and thermal conductivity of the fractions, were shown to be a possible basis for

thermal conductivity determination, but requires more data to validate. However, the

results obtained from this prediction, were close in value to the results obtained from

the use of the heat transfer equation

Measured and predicted temperature variations within the tested samples, with

respect to distance from the heater were compared. The fit of both data showed strong

relationships between them.

With the validation of the experiment and test procedure, this laboratory based test rig

developed could be used to test site specific samples for their extensive thermal

behaviour while at the same time determine their thermal conductivity values with

reference to their intended use.

8.2.4 Determining the effects of soil type, water content,

temperature, overburden pressure, time and thermal cycles

on the thermal performance of an energy pile

Thermal equilibrium was successfully achieved within samples tested although the

time to equilibrium in almost all the samples exceeded the diurnal cycle.

The time to equilibrium was shown to be mainly influenced by sample composition,

followed by water content and magnitude of temperature amongst other factors.

With regards to how quickly the different soil types tested reached equilibrium

temperatures at a constant power supply, and how quickly they cooled back to their

initial temperatures, the samples higher in sand composition reached thermal

equilibrium faster than the other samples lower in sand content, while at the same

time, having the lowest maximum temperature compared to the other samples higher

in kaolin content. This is likely due to the lower specific heat capacity of wet sand

(1632J/Kg.K) relative to wet kaolin (2362J/Kg.K).
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The sandy samples also cooled faster which could be both as a result of the higher

thermal conductivity of the sand content, and a likely decrease in water content due to

the kaolin particles replacing water while filling the voids between the sand particles.

This will result in a higher thermal conductivity in the sample and shorter time to

equilibrium than in the predominantly kaolin samples.

The samples higher in water content took a longer time to cool, possibly due to the

higher specific capacity of water relative to those of sand and kaolin.

The influence of water content and consolidation pressure on the duration of reaching

equilibrium in the various samples was observed to increase significantly in samples

tested at higher pressures and thus lower water content.

It can therefore, be concluded that although the influence of water content and

consolidation pressure on the duration of heating was observed to increase with an

increase in pressure (lower water content), but at the same time the increase in the

duration was observed to be dependent on the soil type. The soil type therefore, had

greater influence on the soil thermal behaviour than water content or overburden

pressure. The higher the thermal load or temperature the sample is subjected to, the

longer it takes to reach thermal equilibrium and vice versa.

8.2.5 Studying the effects of thermal cyclic loading on an energy

pile to determine what impact the thermal cycles have on the

soil properties

Although the time to reach equilibrium varied between the soil types, it was observed

that after 12 hours of heating, up to 80% of the equilibrium temperature is reached,

and after 16 hours of heating in most of the samples, up to 89% of the equilibrium

temperatures are achieved. By the end of 24 hours, up to 97% of the equilibrium

temperatures are reached. Therefore, while most samples vary in their heating

duration, by the end of 24 hours, almost all the samples are very close to their

equilibrium temperatures. Thus an average duration of 24 hours thermal load would

get most samples close to their equilibrium capacity. In cooling capacity for the soil to

return to its initial state, a minimum duration of 16 hours is required to reach 94% of its

initial temperature which is adequate for cooling an office building.

Thermal cyclic tests carried out for 8 hours to represent the heating load from an office

building, and 16 hours to cool back was repeated over a period of 14 days. A

comparison of the experimental data obtained from both the first and last days of the

cyclic tests showed no noticeable difference in the soil thermal properties. Therefore,

when the soil around an energy pile in an office building is subjected to 8 hours
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thermal cyclic loading, the 16 hours overnight period is adequate for the soil to cool

back to its initial state and so is not affected in the long-term by residual temperatures.

To buttress this, temperature variation test measurements were carried out on a kaolin

sample tested at 100kPa both at the beginning of the tests, and after approximately 19

weeks of being subjecting to heating and cooling tests. Results from both tests when

compared, showed no noticeable difference in the soil thermal properties, as they

remained unchanged even after being subjected to series of tests over the prolonged

period.

All the soil types when subjected to 8 hours thermal loading cycle were able to cool

back to the initial temperature within a 24 hour period that is, after 16 hours of cooling.

Therefore, it is possible to operate a heating and cooling cycle in a 24 hour period.

This is because the time to attain thermal equilibrium in the samples far exceeds 8

hours. For example, the sample made up of 50:50 kaolin:sand combination, when

subjected to the 8 hours thermal loading cycle, attained a maximum temperature of

27.2°C, as against its peak temperature of 33.7°C when thermal equilibrium is attained

after 39 hours.

For the thermal cycles run at 12 and 14 hours of heating with subsequent cooling for

12 and 10 hours (i.e. the 24hr cycle), a sample was still able to achieve some

percentage of cooling but in the long-term there was a build up of residual heat in the

soil. Thermal cycles run beyond 14 hours within a 24 hour period are not

recommended as the case of cycles run at 18 and 22 hours of heating did not allow

the sample sufficient cooling period and resulted in residual heat in the sample.

It can be concluded that the thermal cycles investigated within a 24 hour period (8

hours heating and 16 hours cooling) on the various sample compositions investigated

at different water contents, consolidation pressure and durations of thermal loading,

suggest that they will perform suitably for cooling an office building where it is typically

required for 8 hours thermal loading.

The variation in shear strength and water content within samples, measured in relation

to distance from heat source and different levels of sample height showed the shear

strength of the soil to increase towards the heat source, while the water content of the

sample increased with distance away from the heat source. This means lower water

contents, and higher shear strength values around the heat source, and higher water

contents and lower shear strength values further away from the heat source. This may

have implications on the axial capacity of an energy pile.
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8.3 Recommendations for Further Work

In the course of this research, certain areas were identified, which if investigated

further, promises to be of interest while also broadening the scope of the research

already carried out. It is recommended therefore, that further work be carried out in the

areas highlighted below.

Further work could be carried out to investigate arrangements of energy piles to

assess the interaction of the thermal behaviour of individual piles so that the efficiency

of an energy piled foundation could be determined. The test rig was designed with

provisions made for these interactions to be investigated.

The water content and strength of the samples varied as a result of the transfer of heat

from the energy pile to the ground. This means the load carrying capacity of the

energy pile will change over time and is worth investigating further. The rig can be

adapted to assess this effect.

Tests were carried out on sand, kaolin and mixtures of sand and kaolin at different

water contents and overburden pressures. This can be extended to a wider range of

soil compositions in order to investigate the relationship between soil type, water

content and thermal conductivity and the effect they have on the performance of

energy piles.

Studying a larger sample size which will mean that these laboratory scale tests can be

scaled up to pilot tests to establish whether the behaviour observed in the laboratory is

representative of the field.

With the exception of the dry sand, all other samples tested were fully saturated to

begin with. Of interest will be the investigation of partially saturated samples. This will

enable other soil properties to be investigated in more detail.

This research focused on cooling of buildings by sending heat to the ground. A similar

study could be carried out in the case of the reverse, which is abstracting heat from

the soil by cooling it.

In the area of predicting thermal conductivity by using the mass fractions of the sample

constituents and thermal conductivity of the fractions, further research is required to

provide more data to aid in validating this proposal.
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Appendix

Drawings and Photos of Test Rig and Parts
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Drawing and photos of Test Chamber/Cell body
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Drawing and photos of Piston
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Drawing and Photo of Blanking Plug for sealing openings in piston
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Drawing and photos of Perforated Bottom Plate
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Drawing and photos of Cell Base
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Model of inside of Test Chamber mounted on cell base, showing heaters in proposed

positions passing through piston

Test Chamber mounted on cell base and inside view showing centrally placed heater
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Drawing of proposed heater design

Heater for modified rig


