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Abstract

Omar A Ahmed Elkezza
Assessment of Thermally Enhanced Geo-Energy Piles and Walls

Keywords: geo energy piles and walls, graphTHERM concrete, thermally en-
hanced soils, Geopolymer concrete, phase change materials (PCM) heat ex-
changer, PCM impregnated light weight aggregate.

Geo-energy piles and walls have long been recognized as a promising way to
reduce carbon dioxide emissions while providing renewable energy. However,
enhancing the thermal performance of these structures has remained a signif-
icant challenge. This thesis evaluated five different approaches to improving
the thermal performance of geo-energy piles and walls, through a series of
experiments using a fully instrumented testing rig. The first approach involved
adding graphTHERM powder to concrete to double its thermal conductivity,
boosting heat transfer efficiency by an impressive 50% to 66%. The second
approach tested slag-based geopolymer concrete as a sustainable construc-
tion material for geo-energy piles and walls, reducing CO2 emissions by 44.5%
while improving thermal performance by 14% to 21%. The third approach in-
volved testing thermally enhanced soils at the geo-energy structures/soil inter-
face, resulting in an 81% improvement in heat transfer efficiency. The fourth
approach utilized innovative phase change material (PCM) heat exchangers
that increased heat transfer efficiency by 75% and 43% in heating and cooling
operations, respectively. Finally, incorporated PCM-impregnated light weight
aggregates at the interface of the structure soil, significantly increasing tem-
perature difference and reducing thermal deformation of geo-energy struc-
tures.Overall, these innovative approaches made a significant contribution to
enhancing the thermal performance of geo-energy piles and walls. However,
approaches four and five, which involve utilizing PCM heat exchangers and
PCM-impregnated LWA's, respectively, showed extra benefits in dropping the
thermal effect on soils and reducing the thermal damage on those structures.
These techniques offer great promise for improving the thermal performance

of geo-energy structures.
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Chapter 1: Introduction

1.1 Background

Climate change is one of the critical issues globally affect environmental, eco-
nomic and society. In Europe there are more than 160 million buildings that con-
sumes more than 40% of the total energy usage (Thomas & Rees., 2009). For
example; in the Uk domestic heating accounts for almost quarter of the UK energy
uses which accounts for about 15% of the total carbon emissions. Currently burn-
ing fossil fuels is the most common method for generating energy in the UK ac-
counts for about 83% of the total energy produced, while 17% is supplied from
renewable energy source (ECUK., 2015). Nevertheless, fossil fuels are a deplet-
ing source of energy and contribute significantly to elevating carbon emis-
sion and greenhouse effect. Widespread use of renewable energy sources is, there-
fore, essential for the UK and Europe to meet their carbon emission and neutralisation

targets and in particular to meet its net zero carbon target.

In the recent years, the utilisation of the shallow geothermal energy for heating of buildings
is spreading rapidly in Europe and around the world. Ground source heat pump
(GSHP) is the will know and the wide spread technology the uses the thermal
energy to provide sustainable heating and cooling energies. Two standard sys-
tems can be used for extracting/rejecting the heat from/to the ground, (i.e. open
loop and closed loop). The former system uses water source (lakes or rivers) and
pumps it directly into the heat pump, while the latter uses fluid carrying pipes laid
either horizontally or vertically (Kovacevic et al., 2012). The closed GSHP system
is fundamentally made of two components, namely a Heat Pump (HP) and a Heat
Exchanger (HE). A HP circulates a coolant fluid in the HE e.g. in pipes that are
laid either horizontally or vertically into ground to either extract heat from or reject
heat into the ground. Due to the high cost of vertical drilling and the need for a
large ground area for placing horizontal HE (loops), the HE pipes are recently
being installed within the foundation elements of the structures and buried infra-
structures. These structures are currently known as geo-energy structures (GES)

e.g. energy piles, energy diaphragm walls and tunnel energy lining (Suryatri-
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yastuti et al., 2012). The analysis and design of geo energy piles have been de-
veloped for both thermal aspects (Pahud, 2008; Loveridge and Powrie, 2013; Al-
berdi-Pagola et al., 2018) and the geomechanical considerations that caused by
the temperature changes within the pile (Di Donna and Laloui. 2014; Mimouni
and Laloui, 2015; Rotta and Laloui, 2016). However, the implementation of en-
ergy wall mainly has been accompanied by numerical methods (Bourne-Webb et
al., 2016; Narsilio et al., 2016; Di Donna et al., 2016; Barla et al., 2018; Rammal
et al., 2018; Di Donna et al., 2021).

The efficiency of geo energy pile depends on many design parameters such pile
geometry, pipe configuration and numbers, thermal properties of concrete, fluid
flow rate and thermal properties, ground characteristics (Zahraa et al., 2021).
Most of these parameters have been studied by (Lee and Lam, 2013; Loveridge
and Powrie, 2014; Kavanaugh and Rafferty, 2014; Park et al., 2015; Luo et al.,
2016; Caulk et al., 2016; Cui and Zhu, 2017; Laloui and Loria, 2020; Zhao et al.,
2017; Noorollahi et al., 2018; Huang et al., 2018; Park et al., 2018). However,
published work would indicate that the thermal properties of concrete and ground
characteristics have given less attention. Guo et al. (2010); Lietal. (2018);
Kong et al. (2019) have assessed the enhancement of the concrete thermal con-
ductivity by using graphite powder. Nonetheless, there was no evaluation of the
effect of this thermal enhancement on the concrete's compressive strength and
there was also a lack of physical measurements of the pile performance. Further-
more, research studies on evaluating the effect of adjacent soil properties on the
performance of GESs seem scarce and existing ones are carried out numerically
(Qi et al., 2020; Bourne-web et al., 2020).

Even though the efficiency of geo-energy piles were examining thoroughly, lim-
ited laboratory investigations were carried out to study the use of diaphragm walls
as a geo-energy structure and to the best of my knowledge, there are only two
experimental work were conducted to study the geo energy walls (Kurten et al.,
2015; Dong et al., 2019). And none of these studies have investigated the effect
of concrete thermal conductivity and adjacent soil properties on the thermal per-

formance of geo energy walls.

In addition, over the last decade the use of thermal energy storage (TES) has

been widespread in building applications, Phase Change Materials (PCMs) are
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commonly used to increase the thermal energy storage due to the ability of ab-
sorb and/or release latent heat due to its solid-liquid phase translation (Peng et
al., 2020). This motivated the researcher to investigate the use of PCM to en-
hance the TES in GSHP’s applications. Therefore, several studies were per-
formed using the PCM as a thermal storage system in GSHP’s applications but
with different approaches including: i. using PCM with horizontal HE (Benli, 2011,
Dehdezi et al., 2012; Bottarelli et al., 2015; Pu et al., 2019), ii. Using PCM with
vertical GHE (Wang et al., 2014; Li et al., 2016; Qi et al., 2016; Chen et al., 2017,
Kong et al., 2017), iii. encapsulating PCM inside the energy pile (Hen et al., 2018;
Musa et al., 2020; Yang et al., 2021; Cao et al., 2022; Bao et al., 2022) and iv.
using a PCM slurry as a heat transfer fluid (Kong et al., 2017; Pu et al., 2019).
Based on the critical review which done by the author, the majority of the re-
search studies were carried out numerically to assess the effects of incorporating
PCM in the backfill material for GHE. There were only four studies that experi-
mentally evaluate the influence of incorporating the PCMs into GEP using three
different techniques (Olawoore, 2020; Mousa et al., 2020; Yang et al., 2021; Bao
et al., 2022). However, to the best of the authors’ knowledge there are no availa-
ble laboratory studies in the open technical literature to date into applying PCM

in geo-energy wall (GEW).

1.2 Research significance

Recently, geo-energy piles and walls are considered to be an effective solution
to extract/ reject thermal energy from/ to the ground and provide a sustainable
energy source to meet the UK targets for Coz emission reduction. However, its
interaction with the surrounding soils, and the enhancement of its thermal perfor-
mance still not thoroughly covered. Therefore, the results obtained from this the-
sis are more likely to provide engineers and researcher with an innovative ap-
proaches in how to enhance the thermal performance and the interaction with the
surrounded soil of geo-energy structures without detrimental effect on its me-
chanical properties. In addition, the outcomes would also offer a greater grasp in
how to enhancing the thermal energy storage of GES for designers and research

who work in the related area.
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1.3Research Aim and Objectives

The main aim of this research is to enhance the thermal performance of geo-
energy piles and walls through enhancing i. Thermal properties of concrete, ii.
Thermal properties of GES/soll interface and iii. Thermal energy storage of those
structures. The main objectives of this study are summarised below:

e To enhance the thermal conductivity of concrete using graphTHERM, and
evaluate the effect of this enhancement on the thermal performance of geo
energy piles (GEP) and geo energy walls (GEW).

e To produce thermally conductive Geopolymer concrete and to study the fea-
sibility of using for using this concrete for geo energy piles and walls applica-
tions.

e To use highly conductive fillers (graphTHEM and MF carbon fibre) to enhance
the thermal properties of GES/Soil interface and assess its influence on the
thermal performance of GEP and GEW.

e To increase the thermal energy storage (TES) of GEP and GEW using PCM

heat exchanger and evaluate the associated effects on the thermal perfor-

mance of GEP and GEW.

To use the coated PCM impregnated LWA'’s to enhance the TES of GES/Soll

interface and evaluate the thermal efficiency improvement of GEP and GEW.

1.40utline of the Thesis

In addition to the introduction chapter, this thesis contains seven more chapters.
The aims and objectives, research significance, and research methodology have

been obviously set out in this chapter.

CHAPTER TWO provides a summary of the physical concepts required to under-
stand the heat transfer behaviour of soils. Also, gives an overview for the ground
source heat pumps types and components. Ended with delivers the heat transfer

mechanism of geo energy piles and walls.

CHAPTER THREE highlights the impacts of using thermally enhanced concrete

on the thermal performance of geo-energy structures and interaction between the
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thermo-active-structures and adjacent dry and partly saturated soils. graph-
THERM concrete have been used to form GEP and GEW. Thermal performance
comparison with GEP and GEW made from conventional concrete were carried

out.

CHAPTER Four studies the thermal performance of geo energy structures (pile
and walls) made of geopolymer concrete. The environmental impact of GPC (ge-
opolymer concrete) piles and walls was also assessed by comparing the CO2
emissions with those resulted from OPCC (ordinary Portland cement concrete)
piles and walls. In this chapter four prototypes of geo energy structures prepared
from normal and geopolymer concretes were tested; two piles and two walls.

Moreover, numerical model was developed using COMSOL finite element modelling,
and validated with the experimental findings.

CHAPTER FIVE investigates the feasibility of improving the thermal performance
of GES through the addition of conductive additives to adjacent soils at the soil-
structure interface. Two additives named graphTHERM and carbon fibre are ex-
perimented to enhance the thermal properties of soil placed around the geo-en-

ergy experimental models within predetermined areas.

CHAPTER SIX experimentally examine the thermal performance of geo-energy
piles and walls fabricated with Phase Change Materials (PCMs) heat exchangers.
Four prototype concrete geo-energy piles and walls were casted and tested using
two different types of heat exchangers including standard heat exchangers and
PCM heat exchangers. The PCM heat exchangers utilised in the current study
was filled using two types of PCM with different melting points of 26°C and 42°C
for geo-energy piles and walls respectively. The thermal performance was exper-
imentally assessed for 100 hrs of continuous operation under cycles of cooling

and heating.

CHAPTER SEVEN look at the effect of enhancing the thermal energy storage of
soils around GEP and GEW through using innovative coated PCM impregnated
LWA'’s. and assessing the thermal performance for 100 hrs of continuous opera-
tion under cycles of cooling and heating.

Finally, CHAPTER EIGHT concludes the main findings of this research. as well

as offers some recommendations to be considered in the future research.
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Chapter 2: Physical concepts
2.1 Introduction

The energy is referring to the ability of doing work and work is usually expressed
in mechanics terms as the force applied to body causes a displacement of that
body. Both energy and work are scalars and have the same units, kgm?/s? or
Joules (J). The conservation of energy low is applied so; energies cannot be
destroyed or created but it can be transferred from one form to others. The com-
mon forms of energy are potential, kinetic, thermal, sound, gravitational, light, and

electromagnetic energy.

Thermal energy can be transferred to/from ground energy system by the collision
of the ground particles due to random movement of the atomic particles caused
by the change of the ground system temperature (Loveridge, 2012). The expres-
sions that usually used for ground energy are the heat transfer rate or on other
words power which, normally given symbol (Q), and measured with units of watts

(W) or joules per sec (J/s).

With the neglect of heat that transferred by the phase change, heat can be trans-
ferred in soils via three main mechanisms known as: conduction, convection and

radiation. These processes are thoroughly discussed in the coming sections.

2.2 Heat transfer mechanism

2.2.1 Conduction

When anybody subjected to a change in temperature, the heat will be transported
from the hot region to the cold region. This heat transfer occurs as a result of the
vibration of the atomic particles and the collisions between the particles which
caused by the temperature increase (Rees et al., 2000; Loveridge, 2012). Fou-
rier's law defined the heat transfer at steady state by proportional relationship
between the temperature change (gradient) and the heat transfer rate as follow-
ing:

9. ar (2.1)
A X
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Using a proportionality constant,

dT
0= (2.2)
Where, Q is the heat transfer rate, A is the cross-section area that perpendicular
to the direction of heat movement. dT and dx representing the temperature gra-
dientand 4 is the thermal conductivity. As for the electrical conductivity, a thermal
resistance (R) to the heat transfer can also be defined. This concept combined
both geometric properties (area A and length L) and the thermal conductivity into
single parameter:
AT L (2.3)

In complex geometries, the thermal resistance usually in terms of shape factor,
Stand thermal conductivity:

1
Ro L (2.4)

1.5
All the previous equations are used when the heat transferred at the steady
states. When the heat transfer is unsteady the gradient of temperature varies with
time, then become essential to look at general approach. This is known as the

diffusion heat equation:
d?T _p'C'dT _1dT (2.5)
dx2 A dt adt
Where, a stands for the thermal diffusivity measured with unit (m?/s), and it

measures how quickly the material transfer the heat. p’ and C' are the material

density and specific heat capacity, respectively.

2.2.2 Convection

“Convection “is the transfer of thermal energy from or to the body by physical
movement of the surrounding fluid which transfers the energy with its mass. On
other words, changing the fluid temperature leads to a change in density at the
contact zone and controls the fluid flow. Convection can be free or forced. Forced

convection occurs when fluid passes over surface with different temperature. This
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type of convection, sometimes named advection which is commonly occurs in
ground energy system due to the ground water movement. Newton’s law gave

the following description for convection:

%: h(T —Tp) (2.6)

Where; Tr and T are the temperatures of the fluid and the pipe that flowing in, respec-

tively, and h is the coefficient of the heat transfer in W/m? K.
2.2.3 Radiation

In the form of electromagnetic radiation, all bodies considered to radiate their
thermal energy due to the raise of temperature. The heat waves that travels
through the spaces and get absorbed by other atoms. This absorbed energy is
depending upon the absorptivity of the body and the intensity of the radiation.
The Stefan-Boltzmann law described the heat that radiated from black body (ther-

mal radiator) as function of its temperature:

2.7
Z =o.1rT* 2.7)

Where Q the rate of heat transfer in watts, o is a constant given by Stefan-Boltz-
mann 5.699x10-8 in W/m? K 4.

2.3 Heat transfer in soils

in soils and rock, the heat can be transferred by three processes (conduction,
convection and radiation). However, conduction is considered to be dominant
process in dry soils whereas when ground flow is present, convection also con-
tributes to the heat transfer mechanism (Rees et al., 2000). Fig. 2.1 shows the
conditions where convection and radiation can possibly become significant,
which mainly at large soil particles when the pore spaces occupies a large space
to allow the water easily pass. The water movement may also be worthy in fine

soil particles. The processes of heat transfer mechanisms are discussed below.
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Fig. 2.1. Heat transfer mechanism by particle size and saturation (redrawn from Farouki,1986)

2.3.1 Soils Conduction

The soil constituents are given the highest thermal conductivity in comparison
with the other soil components (air and water), therefore being the preferable path
to transfer heat by conduction see Table 2.1. However, occupied water and air in
the soil pores also play a significant role in soil thermal conductivity, as heat flow

through soil solids is restricted by contacts between particle.

Table 2.1. Thermal conductivity for some of the soil constituent

Material Thermal conductivity (w/m.k)
Quartz 7.7
Kaolinite 2.64

lllite 1.85

Water 0.60

Ice 222 @0°c
Air 0.024

Mica 16-35
Garnet 3.1-55
pyroxene 35-57
chlorite 5.2

Olivine 3.2-5
Feldspar 1.4-25

Plagioclase 15-2
Amphibole 28-4
Pyroxene 3.5-57

Data from Farouki, 1986, Cote and Conrad, 2005 and Banks, 2008

2.2.2 Soils convection

In soils free convection can be only take place when the pore space are some

millimetres in size (Farouki,1986). A study carried out by Martynov (1959),
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showed that the free convection in soils can become more significant at more
than 30°C temperature gradients and above this high temperature gradient an
increase in the overall thermal conductivity can be obtained due to the free con-
vection. It reported that the thermal energy storage in soils can be affected by
free convection for soils with coefficient of permeability greater than 10 m/s for
both horizontal and vertical flows (Hellstrom, 1991). However, The soil layers de-
creases the vertical hydraulic conductivity which leads to create neutral obstruc-
tion to this process.

Forced convection in soils is possible to occur when air or water are forced to
migrate through the soil particles due to the deference in pressure, e.g. Ground
water movement. Farouki (1986), demonstrated that the thermal conductivity of
soil mass can be increased by 20% when convection process is occurred.

Convection mainly consists of two processes: diffusion between soil particles and
advection caused by the transport of fluid through pores. These two processes
are companied in one equation named the diffusion-advection equation:

p/C dT _d*T d’T _p,Gy dT (2.8)
¥ odt  dxzdy? x ldx

Thermal properties of soil that used in this expression is:

p'C'=npy,Cy + (1 —n)psCs (2.9)
A =nd, + (1 —n)4, (2.10)

Where p,,, ps is the density of water and solids, A’ thermal conductivity, n is the

porosity and C,,, C, is the specific heat capacity of water and solids.

The relative importance of advection versus heat diffusion is measured by the
dimension less Peclent number which presents the ratio of the rate of advection
by the flow to the rate of diffusion of the same flow. Domenico and Schwartz

(1990) gave the Peclent number for heat transport in ground water as:

Pe = Lvi.:,cw (2.11)

where, L is the length and v is the velocity,
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2.2.3 Soils radiation

Apart from the coarse soils, the radiation in soils can be neglected (Rees et al.,
2000). However, the only available information about the radiation in soils is illus-
trated by Fillion et al. (2011), they experimentally showed that the radiation can
has a positive impact in the thermal conductivity of porous material in correspond-
ing with the particle size. They revealed that radiation come to be important for
dio> 10mm, and the heat transfer ability doubled its value when dio become

greater than 200mm.

2.3 Thermal properties of soils

2.3.1 Soil thermal conductivity

The thermal conductivity of soils is defined as the amount of heat transferred
through a unit area of soil in unit time due to the effect of thermal gradient (Alrtimi,
2014). Nusier and Abu-Hamdeh (2003) revealed that the thermal conductivity of
soil is mainly related to the heat conduction between soil particles and which is
affected by several parameters such as moisture content, density, mineralogy,
particles size and the volumetric proportion of the soil constituent. So, the thermal
conductivity of soils is so sensitive to its physical properties.

In soils, the thermal conductivity is measured by either steady state methods or
transient methods. The steady state methods measure the thermal conductivity
considering the heat flux through the soil is constant. Whereas, the transient or
unsteady state methods measure the thermal conductivity at different times be-
fore reaching the steady state situation. Table 2.2 summaries the most used

available methods to determine the thermal conductivity.

Table 2.3 shows the thermal conductivity values for the common rocks and soils

in the UK .The data presented in Table 2.3 obtained from two different tests, the

Divided bar method (laboratory steady state method), was used for rocks, while
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Table 2.2. Summary of methods used to determine thermal conductivity of soils

1.Steady state methods

1.1 Longitudinal heat flow

Method Details Reff
In these methods, samples are placed between two flat plates presents hot plate and cold plate . The
1.1.1 Hot plate methods temperature difference creates a temperature gradient across the sample. furrier’s law for unidirec- BS 874:1986
tional heat flow can be applied to evaluate the thermal conductivity of soils.
Is an approximate technique measuring the thermal conductivity of a material based on the ther-
- . . ; s ASTM C 518
1.1.2 Heat flow meter apparatus mal conductivity of reference material. It is commonly used to estimate the thermal conductivity of (2004)
insulating materials.
1.2 Radial heat flow methods
Method Details Reff
The theory of this method is to radially heat the sample, rather than longitudinally as in the hot plate
. . - . - - . . ASTM E 1225
1.2.1 Concentric cylinder method method. In most cases, the device consists of an inner heating cylinder (heating source) and an outer (2004)
cooling cylinder (sink). This process is also suitable for powdery or granular materials.
This method is used to avoid the heat loss associated with the protected hotplate and concentric Barrios et al
1.2.2 Concentric spheres cylinder method. In this method, the heat generator is placed in the core of a spherical sample and 2008 "’
all flow is conducted through a control volume.
2. Transient method
Method Details Reff
In this method, a thin wire is embedded in the centre of a soil sample. The wire heats the soil sam-
2 1 Transient hot wire method pl_e until reach the equilibrium. After reaching equili_brium, a constant power is applied to th(_e heating ASTM C 1113
wire. Thermocouples are used to measure the radial temperature difference across the soil sam-
ple.
2.2 Thermal needle method (single probe) It can be considered to be the fastest and easiest method available for measuring soil thermal proper- ASTM C177

ties. Mostly used to measure the thermal conductivity of soils

2.3 Dual probe method

Based on the theory of infinite linear heat source and radial heat transfer in an isotropic medium with
uniform initial temperature. This technique consists of two stainless steel needles connected in par-
allel and separated by a gap. One of needle is the source heater (thermal probe) and the other
needle contains the temperature sensor (sensor probe). It can measures both the thermal con-
ductivity and volumetric heat capacity of any soil mass. Thermal diffusivity is calculated as the ratio
between thermal conductivity and heat capacity.

Nusier and Abu-
Hamdeh, 2003
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Transient needle probe was used for measuring the thermal conductivity of soils.
However, no data about the density and the moisture content of the tested sam-

ples are provided, but given information about the boreholes sources.

Table 2.3. Thermal conductivity values for some of the UK lithology’s (Dowing and Gray,1986)

Formation Number of tests A w/m.k

London Clay 5 2.45 £0.07
Lambeth — sandy mudstone 4 2.33+£0.04
Lambeth — mudstone 10 1.63+0.11
Chalk 41 1.79+0.54
Upper Greensand - sandstone 18 2.66+0.19
Gault — sandy mudstone 32 2.32+0.04
Gault — mudstone 4 1.67£0.11
Kimmeridge Clay 58 1.51+0.09
Oxford Clay 27 1.56 £ 0.09
Mercia Mudstone 225 1.88 £ 0.03
Sherwood Sandstone 64 3.41+0.09
Westphalian Coal — sandstone 37 3.31+0.62
Westphalian Coal — siltstone 12 2.22+0.29
Westphalian Coal — mudstone 25 1.49+0.41
Westphalian Coal — coal 8 0.31+0.08
Millstone Grit 7 3.75+0.16
Carboniferous limestone 14 3.14+£0.13
Old Red Sandstone 27 3.26£0.11
Hercynian Ganites 895 3.30+0.18
Basalt 17 1.80+0.11

2.3.2 Specific heat capacity of soils

Specific heat capacity of soil is the amount of thermal energy that rises its tem-
perature by one degree (Bank, 2008). The specific heat capacity of soil solids is
approximately 800j/kg.k, this value is enough to classify the soil as a highly heat
storage material. The specific heat of any soil affected by varies parameters mois-
ture content and soil composition. Soil solids have less specific heat capacity than
water. Thus, wet soils always have higher specific heat capacity value than dry
ones. Abu-Hamdeh (2003) illustrated that the specific heat of the soils increases
by the increase of its moisture content. Kopp’s Law can be adopted to calculate
the specific heat capacity of soils based on the mass fraction the specific heat

capacity of the soil components.

2.12
Cp = - (cs.mg +cy.my, + c4.my) ( )
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If ms, mw and mq are the mass fraction and Cs, Cw and Cq the specific heat ca-

pacities of solids, water, and air respectively.
2.3.3 Thermal diffusivity of soils
Thermal diffusivity () measures how rapid is the heat to transfer in soils. It cal-

culated as thermal conductivity divided by the soil specific heat capacity and den-

sity, it is measured in m?/s

X (2.13)

2.3.4 Thermal Effusivity of soils
Thermal effusivity (B), is also named as the heat storage coefficient, is calculated

as following:

B=Zpcp (2.14)

where
B = Thermal effusivity (J/ s°°> m? K)

Soil with high thermal effusivity indicates both large thermal conductivity and ther-
mal storage capacity. Ghauman (1985) pointed out that materials with high ther-
mal effusivity can rapidly dissipate the heat. Whereas, materials with a low ther-
mal effusivity has more ability to hold heat considerably longer.

2.4 Factors influencing the thermal properties of soils

The thermal properties of soils are known as the thermal conductivity, specific
heat capacity and thermal diffusivity and mainly affected the heat transfer and
storage in soils. The thermal properties of soils are influenced by many parame-
ters which categorized into two groups: those which are related to the soil com-
position such as particle size and mineralogical composition and those which
can be easily controlled like moisture content, soil density and temperature of soil
(Abu-Hamdeh et al., 2001).
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2.4.1 Moisture content

The influence of moisture content on thermal conductivity in soils and has been
extensively studied (Farouki, 1986; Tarnawski et al. 2000; Krishnaiah and Singh,
2003; Nusier and Abu- Hamdeh, 2003; Sakaguchi et al., 2007; Hall and Allinson,
2009). These studies clearly show that the soil thermal conductivity increases

with the increase of its moisture content.

It is known that soils are consists of two or three-phase substances. In dry soils,
air have occupied the voids between the soil particles, the thermal conductivity of
the air is considerably lesser than that for the other elements, so heat is more
likely to transfer through the contact points between the soil particles. The inclu-
sion of water is soils allows the water to fills the pores and provides water bridges
between soil particles (Hall and Allinson, 2009). The water bridges leads to en-
hanced the heat transfer from one particle to another. For all soils, the relation-
ship between thermal conductivity and moisture content shows two distinct
phases. At first phase, the thermal conductivity remarkable increases as the wa-
ter content increases, then the rate of increase become more steady with further
increase of moisture (Mohamed et al., 2015).

depending on dry density and moisture content Kersten (1949) suggested two
empirical equations for predicting the thermal conductivity of two different types
of soils. The first equation is to be used for silt and clay soils that containing more
than 50% silt and clay (Eq. 2.15) and the second equation is for sandy soils (Eg.
2.16).

A =0.1442.[0.91logw — 0.2] x 1096243 Ya for silts and clay (2.15)

A =0.1442.[0.7 logw + 0.4] x 10%-6243va for sandy soils (2.16)

Where pd is the dry density in g/cm3.

In partially saturated state, Johansen (1975) proposed a model to calculate the

thermal conductivity of soils. This model introduces the concept of using the Ker-
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sten number ke, which depends on the soils saturation degree. The thermal con-
ductivity of the soil, giving by Johansen’s Eq. 2.17, can be assessed by linear

interpolation between saturated and dry thermal conductivities.

A= (Asat - Adry). ke + Adry (217)

Tong et al. (2009) established an equation to calculate the thermal conductivity
of soil taken into account the effects of moisture content, the saturation degree,

pressure, porosity, and temperature as following

(1=w.(1=n1) | nSy

A=n.(A—mky+ A —71p).[1—n;.(1—n)]2 [T+ on (2.18)

n(1-S;)

-1
5 ] +12[(1 = n). (1 = n)As + nSpky, + 1. (1 — 5,) 2]

Where; 4, 45 and 4, are the thermal conductivities of water, solid, and gas, re-

W7
spectively, n is the soil porosity. n1 is a fitted for pore structure of solid and gas
mixture, [0< n1 (n)<1], n2 is coefficient depending on the soil saturation degree

(Sr), porosity and temperature, [0<n2 ( n,Sr,T)<1].

2.4.2 Dry density

It is known that the increase in the soil density leads to increase its conductivity
to heat (Smith, 1942). When the soil density increased the porosity and the air
avoids are reduced resulting, more soil particles are filled into a unit volume and,
therefore, more contacts between particles occurs which offers more heat flow

paths causing an increase in the soil thermal conductivity.

The link between the soil densities and their thermal conductivity has been ex-
tensively investigated. Kersten (1949) proposed empirical equation developed
from thermal conductivity tests using 19 different soil types in dry conditions. The

thermal conductivity for silt and clay and for only sand is expressed as:

2 = &{(0.9logw — 0.2) x 1006242p4=34628} x 4186 (silt & clay) (2.19)

2 = &{(0.7logw + 0.4) x 100-6242pa~34628} 5 418.6 (sand) (2.20)
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Where; where A is the thermal conductivity of the soil (Wmt K1), w is the mois-

ture content (%), and pqis the dry density (g/cm?3).

Thermal conductivity at the saturated condition, Asat, and that after air drying, Adry,
are calculated using Egs. (2.21) and (2.22), respectively. The thermal conductiv-
ity of soil under unsaturated conditions is defined in Eq. (2.23) using the thermal
conductivities of soil under saturated and air-dried conditions, and Kersten num-

ber Ke, as following:
At = 0.57" - A1 (2.21)

o 137pg+647 (2.22)
9V 72700 — 947p4

Aunsat = (Asat - /1dry )Ke + /1dry (2.23)
K. = {0.7log (S,./100) + 1.0} for coarse (2.24)
K, = {log (5,/100) + 1.0} for fine (2.25)

Here, Asat, Adry, and Aunsat are the thermal conductivity of the saturated condition,
that of the air-dried condition, and that of the unsaturated condition, respectively
(Wmt k1), Ke is the Kersten number, n is the porosity, pd is the dry density

(g/cm?3), and Sy is the degree of saturation (%).

several empirical equations were produced by Singh and Devid (2000) to esti-
mate thermal resistivity for dry and saturated soils. Those equations have been
calibrated using data generated from the transient needle method. It was ob-
served that the absolute error between the thermal conductivity values calculated
from the equations and the experimental measurements was less than 15-20%.
Nusier and Abu-Hamdeh (2003) experimentally evaluated the thermal conduc-
tivity value of two soils classified as sand and loam with respect to its density
using dual probe method. They concluded that the thermal conductivity increased

with increasing bulk density for both solls.

Several relationships have been presented to describe the relationship between
dry density of soils and thermal conductivity e.g. (Farouki, 1986; Krishnaiah and
Singh, 2003; Chen, 2008). However, the presented was obtained for a few soils
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types and cannot be considered as standard values for other soil types. This is
due to the fact that the thermal conductivity of the soil is influenced by many other

factors such as particle size, mineralogy, water content.

Elminshawy et al. (2017) studied the effect of compaction level on porosity and
void ratio for a small laboratory scale EPAHE (earth pipe air exchanger) system
with 150 mm diameter and 1500 mm length copper pipe; it was discovered that
the thermal performance of EAPHE system and air temperature can be enhanced
by increasing the soil compaction level (density).

2.4.3 Mineralogy of Soil

It is known that soils are made up of solid grains which surrounded by pores
(voids) filled with water (saturated soil) or air (dry soil) or both (partially saturated).
The soil mass constituents and its fraction volume have significant influence on-
the thermal conductivity of soil. For example, sands with high quartz content (like
silica sand) commonly more conductive to heat than the other types of sand
where is more content of pyroxene and plagioclase feldspar (Farouki, 1986). The
thermal conductivity of some important soil components is given in Table 2.1.
Most of the soils are made up of one or more minerals such as quartz, clay
minerals, and organic materials mixed with water and air. the quartz has the
highest thermal conductivity and air has the lowest. The fact that sands have
higher thermal conductivity than clay is justified by the different in the mineralog-
ical composition between sand and clay.

2.4.4 Particle size

The porosity and density of any soil are strongly connected with the particle size
distribution. Consequently, the thermal conductivity of soils is directly affected by
this property. Several researchers have provided the significance of the heat
transfer through and between the contact of any soil particles eg. (Farouki, 1986;
Tarnawski et al., 2002; Krishnaiah and Singh, 2003). They highlighted that in dry
soils, the conduction by particle contact is the main mechanism that influences
conduction. The thickness of water layer (film) a rounding soil particles is influ-
enced by Particle size. The quantity of water required to create water coating is

directly depending on specific surface area of the particles. Since the specific
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surface area of Clay particles are higher than that of the sands, therefore more
water is required to make the water film around the particles (Sepaskhah and
Boersma., 1979).

An explanation for this property provided by Tavman (1996), when the particle
size decreases, more grains are necessary to reach the same porosity conse-
quently the thermal resistance between those grains rises. Nusier and Abu-
Hamdeh (2003) also concluded that sand had always higher thermal conductivity
values than loam and clay soil at all densities.

2.4.5 Temperature of soil

The temperature can in somehow effected the thermal conductivity measure-
ments. In soils, all minerals show a decrease in thermal conductivity with increas-
ing temperature (Brandon and Mitchell, 1989). The heat transfers through miner-
als crystalline is thought to occur by both pressure and longitudinal waves, which
become less harmonic as temperature increases. On the other hand, the water
and gases thermal conductivity increases with boosting temperature (Rooyen
and Winterkorn, 1957). Gases and general liquids collisions between molecules
is the rolling phenomena for heat transfer. Consequently, the increase in molec-
ular collisions caused by temperature increase leads to an increase in the thermal

conductivity.

The influence of temperature on the thermal conductivity of soils have been not
thoroughly studied. A few studies showed that an increase in the soil temperature
slightly increases the thermal conductivity and this increase is strong related with
water content (Tarnawski et al., 2002; Sakaguchi et al., 2007; Hamuda, 2009).

2.5. Ground source heat pump system

ground source heat pump is typically a mechanical equipment that uses to in-
crease/ decrease the temperature of the thermal energy that extracted or dissi-
pated from the ground, by running fluid through burred close or open loop pipes.
These heat pumps can extract the stored heat in the ground and used to heat the
buildings during the winter and reject heat into ground to cool buildings in sum-
mer. Its work mechanism is quite similar to that of refrigerator. The ground source
heat pumps, are consists of main four components known as: Evaporator, Con-

denser, Compressor and Expansion valve see Fig. 2.2. In heating cycles, fluid is

O Elkezza., 2023 19



circulated through the heat pump that is buried in the ground or inside geo-energy
structures, this fluid absorbs or releases the heat from/to the ground and is col-
lected into the evaporator which contains a heat transfer liquid. Inside the evap-
orator, the heat transfer liquid absorbs the thermal energy (heat) from the fluid
that was in the ground heat exchanger which rises the temperature of the heat
transfer liquid. Then the higher temperature heat transfer liquid is circulated in
the compressor which converts the compressed liquid to high pressure and tem-
perature liquid. in the condenser, the vapour heat transfer liquid transfers its heat
to heat the buildings ( under floor heating , radiators and heating the water for
daily use). Commonly, the ground heat exchanger GHE could be installed in two
ways, either as an open loop or a closed loop (Suryatriyastuti et al., 2012; singh
et al., 2019), to reject/extract heat energy to/from the ground. The open loop ex-
tract water from the source of water (e.g. aquifer or river), by pumping it to
the heat pump system, and then pumps it back to the water source at some
distance apart do avoid any interaction between inlet and out let. Open loop so-
lutions are considered to be an unfavourable option owing to their costly mainte-
nance requirements caused by clogging, which may occur due to the pollution in

the water source (Suryatriyastuti et al., 2012).

GHE, transfers the thermal Increasing the pressure

Heal Pump
te::rgr\‘/e:?gn;r;:i g:(r:un:ez l ) | — r3ises the temperature

b heat transferred to heating

A l water.

c-"’ !l [T
T

- >

pumps.

Expansionvalvi Heat is transferred to room
' : by radiators or underfloor
heating.

The refrigerant expands
causing it to cool.

Fig. 2.2. Ground source heat pump components and mechanism (Olawoore, 2019).

Whereas the closed loop system runs constant fluid mass in a closed pipes net-
work, installed either vertically or horizontally (Akrouch, 2014; Suryatriyastuti et
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al., 2012; Zagorscak and Thomas, 2016; Kovacevic et al., 2013). Due to the high
cost of vertical drilling and the large ground area needed for placing horizontal
GHE (loops), the GHE pipes are recently being installed within the foundation
elements of the structures. Heat exchangers in structures foundation that is
planned to be built can significantly lower the costs and provide new opportuni-
ties to widespread use of this technology (Brandl, 2006; Bourne-Webb et al.,
2016; Soga and Rui, 2016; Brandl, 2016; Loveridge et al., 2020). Currently, all
types of underground structures, such as tunnel anchors and linings, slabs, piles
and diaphragm walls can be employed to exchange heat with the ground (Loria,
2020). Fig. 2.3 illustrates the types of the ground heat exchangers that commonly
uses with the GSHPS.

2.5.1. Energy efficiency of heat pump

The efficiency of the ground heat pump is measured by the coefficient of perfor-
mance (COP) which is defined as the ratio between the given energy (heat out-
put) by the pump to drive energy (electrical energy input). For instant, the use of
ground source heat pump with COP=4, means that each 4kW of heat provided

by the pump needs 1kW of the electrical energy to derive the pump.

2.6. Heat transfer in GEO-Energy piles

In a geo- energy pile, heat transfers from/to the surrounded ground by heat trans-
fer processes named as convection and conduction. In cooling modes, the heat
transfers by convection from the fluid in side (GHE) to the pipe wall, then con-
ducted to the concrete which transfer that heat to the surrounded soils by con-
duction (dry soils) and both conduction and convection in the saturated and partly
saturated soils. Fig. 2.4 demonstrates the process of heat transfer across GEPs.
The temperature gradient between the circulated fluid and the soil derives the
heat to be transferred to the soil in cooling modes (operation during summer),
and vice versa in winter. The concept of thermal resistance is applied to solve the

heat transfer equation for GEP as following:
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T, —Ts (2.26)

Rr=Rruid +RPlpe +Rconcrete +Réround (2.27)

Well Pond/ Lake

Closed loop system

Vertical Horizontal Slinky

Geo-energy structures

S S -
- -

Energy Base slab I : sf

Embedded heat iransfer pipes | = = = |

Fig. 2.3. Different types of ground heat exchangers.

Where; Q is the heat transfer rate, T1 and Ts are fluid and soil temperature, Riuid
,Rpipe, Rconcrete , Rground are the thermal resistance of fluid, pipe, concrete and
grounds, respectively. (Faizal et al., 2016; Rui Assuncao, 2014).
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Ruid IS generally calculated by assuming that the pipe wall has uniform tempera-
ture using the following expression:

R 1 (2.28)
Fid = 5k

Where n is the number of pipes in GEP, r; is the internal radius of the pipe and h;

is the coefficient heat transfer of the fluid circulated in the pipe, hi can be calcu-

lated using Nusselt number (represents the ratio between convection and con-

duction) as following:

h = Nu Afluid (229)
' ZT'l'

i)o.lzt (2.30)

1 2r;1
Nu = 1.86 * (Re.)3.(—)3.(
L Hw

The thermal resistance of the conduction through the pipe Wall can be calculated
by the theory of hollow cylinder with constant temperature at the outer and inner

surfaces as following:

In (T_o) (2.31)

Where; 1y, k,, are the pipe outer diameter and the pipe thermal conductivity.
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Fig. 2.4. Temperature drop between running fluid and ground for geo-energy pile (Faizal et al.,
2016).

The thermal resistance of concrete is considered to be more difficult to be calcu-
lated, however, Shonder & Beck (2000), proposed a formula for calculation of
thermal resistance of hollow cylinder which can be used as concrete pile. two
radiuses named as 7,75, Where r, is the pipe radius and r,sf is the effective
radius and it's a function of the number of pipes inside the geo energy piles and
ro the outer radius of the heat exchanger.

™ (2.32)

_ Tefr
Rconcrete - an
C

In

Where; Ry is pile radius , k¢ is thermal conductivity of the concrete and rest =rovn

,n donates the number of pipes.

The surrounded soil thermal resistance is estimated by the equation proposed

by (li et al. 2018) as following:
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In (&) (2.33)

_\Tps/
21k

RS =
Where; rs is soil radius, rps is the distance between the pipe and the soil and ks

is soil thermal conductivity.
2.7. Heat transfer in GEO-Energy walls

The heat transfer for energy walls depends on many factors, such as influences
from heat exchangers and influence from the geometric of the wall as well as
effects of difference materials (concrete, soil ...... etc). Generally, two main heat
transfer process monitored, conduction and convection. As the liquid is circulated
in the heat exchanger it transfers the heat to the pipe wall by convection, then the
heat is transferred through the pipe wall to the concreate (wall body) by conduc-
tion. Finally, this heat conductes from the concrete to the surrounded ground by
conduction (Rui manual, 2014). Kurten et al. (2014) developed an approach
based on a model evaluated by (koschenz and drer, 1999) to analytically analysis
the heat transfers on concrete based on its thermal resistance, Kurten model
considers the heat to be transfers in the wall systems in two dimensions X and Y
whereas, at the insulation layer the heat will be transferred in one dimensional.
Fig. 2.5 represents the geometry of Kurten model and Table 2.4 gives a descrip-
tion of the nations in Fig. 2.5.

Commonly, the thermal resistance model is normally used to analyse the heat
exchange rate on the bore holes and energy pies considers the thermal re-
sistances to be connected in series .in contrast , for energy diaphragms the ex-
tracted or dissipated heat flows to or from outside (soils) and the inside ( base-
ment) and this needs to be considered. This process can be evaluating by form
of a delta connection as shown in Fig. 2.6. From outer wall of pipe T3, the heat
flows towards the soil as well as towards basement, this can be expressed by
means of the analogy to electrical circuit, the delta connection can be trans-

formed to star network which easier for numerical Implementation.
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Fig. 2.5. Heat transfer through the energy walls (Kurten, 2015).

Table 2.4. Notations for Fig. 2.5 parameters.

A Concrete thermal conductivity, (w/mk) o;  Coefficient heat transfer outside (w/m?2k)

A Conduction layer thermal conductivity, (w/mk) «, Coefficient heat transfer inside (w/m2k)

Ais Insulation layer thermal conductivity, (w/mk) U:  Overall heat transfer coefficient outside
(W/mak)

Ap Thermal conductivity of pipes, (w/mKk) U2  Overall heat transfer coefficient inside
(w/m2k)

d1 Distance from pipe centre to the cover layer (m) a Distance between the pipes (m)

d2 Distance from pipe centre to the insulation layer do  Pipe outside diameter (m)

(m)

do Thickness of the heat conduction layer (m) di Pipe inner diameter (m)

dis Thickness of the heat conduction layer m

T1 Outside temperature (soil) °c

T2 Inside temperature (cellar) °c

Tr Fluid temperature heat carrier °c
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Fig. 2.6. Thermal resistance diagram for energy wall.

Fig. 2.6 shows the star connection T3 is the start temperature the pipe outer sur-
face, Tkis the average structural component temperature and it can evaluated via
a “structure resistance” Rx . Using the core temperature Tk helps to calculate the
heat flow towards inside Q2 and outside Qi. By applying the law of one dimen-

sional heat conduction Q1 and Q2 ca be calculated by:

! 1 2.34
Q=—.(Txy—T;) with Ry =— ( )
Rl U1

! 1 2.35
Q1 :_-(Tk_Tz) with R, = — ( )
RZ UZ

The heat transfer coefficients U1l and U2 can be calculated as follows:

Ul= [i + deover + ﬂ]_l & U2= [L + Qinsulation + Q]_l
X1

Acover Ac X2 Ainsulation Ac

The overall heat flow for the System Q to Outside (Soil) And Inside (Cellar) Is:

Tr—Ts 1 1 (2.36)
=—F+—. (T5—Tg) ——.(Tx — T,
QrosoiL Ry + Rp | Ry (T5 9, R, (Tk 2)

Tr—T;

1 1
Qro cELLAR = R, + R, + R, (T3 = Tx) — R, (Tx — T1)

(2.37)
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The heat transfer rate between the wall of pipe and the circulated fluid can be
described by the thermal Resistance of from convection Rw and the thermal re-
sistance through the pipe wall Rp it can be determined by the known correlation

from the thermodynamics (Vdi-warmeatlas, 2006).

Ro—— L (dO) 2.38
T A V] (2.38)
1 Nu Afluid
R =—_ ' = .

2.7.1 Structural resistance RX

The structural resistance Rx is the main important parameter of Kurten model,
that’s because this thermal resistance takes into account the geometry of the pipe
layer and the multi-layered structural part as presented before in Fig 2.5, in en-
ergy walls, a 2D heat flow is more likely to occurs in the layer of the pipes and
only 1D heat flow in the insulation layer is assumed. Kurten model mathematically
calculated the structural resistance Rx this derivation was detailed in (Kurten,
2015) and given the formula for the structural resistance as following:

R - (a—do).(1-®) (2.40)
YU+ Uy).(dy.(1 — D) + a.P)
With
_ 2.7 Aconcrete- T (2.41)
a. (U +Uy)
Where: -
_ _a 21 A o 91(8)+g2()] 7t (2.42)
F - [ln (T[do) + a.(U1+U2) + 2521 N ]
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U _ (2.43)
g.(s) = — (_ Z/AC) i e~("a)az [1 4 g, (s)]
(UZ/AC) a+ 2ms
,(s) =
Ac(1+R) + (1’},—’; - %)(1 ~R)
0 (2.45)
N, =1-— (Ul/ ) S 15 )
(Ul/AL) a—2ms
U (2.46)
NZ =1-— (l_Jl/AL) a = 2ms . e_(41ts/a)dL
(Ul/l) a+ 2ms
0 (2.47)
R =— <I_J2//16) @ = 21s . e_(4ns/a)(d1+dz)
<U2/AC) a+ 2ms
0, =, 0, = [O(i1 + % (2.48)
2.8. Summary

This chapter provide a review of the main physical concepts that are essential to
understand the heat transfer mechanism in soil and the definitions of thermal
properties of soil. A significant amount of understanding has been accumulated
on the parameters that effecting the heat transfer. The ground sources heat

pump components and mechanism as well as the analytical approach for the heat
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transfer mechanisms for geo energy piles and walls are also covered in this chap-
ter. The following five chapters, present and discuss different thermal enhance-

ment approaches for geo-energy piles and walls.
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Chapter 3: The Influence of the Thermally Enhanced Concrete
on the Performance of Geo-Energy Piles and Walls.

3.1 Highlights

e Enhancing the thermal conductivity of concrete was found to significantly improve
the performance of geo-energy structures.

e The heat transfer efficiency of energy pile and energy diaphragm wall made from
thermally enhanced concrete was significantly improved by 50% and 66% respec-
tively.

e Adding 36% of graphTHERM powder to the concrete by weight of cement was found
to double the thermal conductivity of concrete without detrimental effects on
the compressive strength.

e The stiffness of the graphTHERM concrete was higher by 15% more than that
measured for normal concrete.

3.2 Introduction

Critical analysis of heat transfer mechanisms in geothermal energy piles has
demonstrated that there are four key factors affecting the thermal performance of
geothermal energy piles which are: i. geometrical optimisation, ii. introduction of
a Nanofluid as a coolant/circulating fluid, iii. pipe materials and iv. concrete heat
transfer enhancement (Faizal et al., 2016). Geometrical optimisation mainly fo-
cuses on the pile dimensions depth, diameter, concrete cover, etc. as well as
the pipe configuration [number of pipes and pipe arrangements]. Kwag and
Krarti (2013) numerically demonstrated that increasing the pile length led to an
increase in the heat exchange rate. It was also revealed that when the distance
between U-tube loops or shanks space was increased, the extracted and dissi-
pated energy was considerably enhanced. Similarly, Kaltreider et al. (2015) showed that
the heat transfer was remarkably higher when larger tube shanks were used. It was also
noted that enlarging the pile diameter resulted in a lower concrete thermal re-
sistance (Rconcrete) for a single U-tube configuration (Loveridge and Powrie,
2014). The double U-shaped pipes were found to produce a better thermal per-

formance than a single U-tube (Li et al., 2014; Gashti et al., 2014). Increasing the
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number of pipes inside the energy piles was found to provide an enhanced mech-
anism to extract more heat from the ground. Jalaluddin et al. (2011) indicated
that enhanced coaxial heat exchanger tubes gave an improved heat transfer with
the surrounding ground. In other words, increasing the length of the HE pipes
inside the foundation elements of the structure increased the extracted heat. Zar-
rella et al. (2013) pointed out that the helical shaped HE also led to an improve-
ment in the thermal performance and was considered to provide more heat trans-
fer than U-tube shaped HE due to providing higher heat transfer area than the
conventional U-tube HE. The geometrical parameters of GEPs were largely gov-
erned by the imposed mechanical load of the superstructure rather than the build-
ing energy demand. Nevertheless, to enhance the thermal performance, an in-
crease in the pile length and/or pile diameter might be necessary, hence a cou-
pled mechanical and thermal assessment of the GEPs is required to optimise the
use of the sub-structural elements of the structures. Lyu et al. (2020)’s proposed
a novel heat exchanger configuration for a geo-energy pile, which called a deeply
penetrating 1-U-shaped configuration and compared its heat transfer perfor-
mance with a traditional 1-U-shaped and 1-W-shaped configuration. It was re-
vealed that the proposed deeply penetrating 1-U-shaped HE provided superior
improvement on the total heat transfer rate giving an increase of 122% when
compared with the traditional 1-U-shaped configuration [a single U-tube shaped]
and of 55% when compared with 1-W-shaped [a single W-tube shaped] configu-
ration. An optimisation exercise of double-U-tube borehole heat exchanger (BHE) was
carried out using the Taguchi Method to rank the most influential parameters on the ex-
tracted and rejected heat (Kumar and Murugesan, 2020). Eight parameters were stud-
ied including borehole temperature, inlet temperature, borehole radius, half cen-
tre distance, grout thermal conductivity, soil thermal conductivity and mass flow
rate. The optimization exercise indicated that during heat rejection and extraction
(cooling and heating), the inlet temperature and borehole temperature are found
to be the most influential parameters on the heat transfer rate, followed by the
mass flow rate, centre distance and thermal conductivity of the grouting material.
BHE tube radius did not influence the heat transfer rate for cooling mode. In heat-
ing mode, the thermal conductivity of soil was found to be the less influential pa-

rameter on the heat transfer rate.
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Several studies examined the effect of mixing nanoscale particles with the circu-
lating fluid to enhance its thermal properties. It was proven that a significant in-
crease in thermal properties of fluid occurred with a small concentration of parti-
cles (Das et al., 2006). Ghozatloo et al. (2014)’s tests on Graphene/water fluid
with a concentration of 0.050, 0.075 and 0.100% by weight revealed that the ther-
mal conductivity of the circulating fluid increased when increasing the graphene
concentration up to a particular concentration of 0.075%. For example, measure-
ments taken at 25 °C illustrated that with the addition of 0.05, 0.075 and 0.10%
of graphene by weight in water, the thermal conductivity was increased by 15%,
29.2% and 12.6% respectively. Godson et al. (2014) found that the overall heat
transfer coefficient of nanofluids made of silver and water mix was higher than
that of water. Furthermore, it was shown that the pressure drop in the case of this
nanofluid was higher compared to that observed for the base fluid due to an in-
crease in viscosity, hence more pumping power was needed. Although nanofluids
showed a remarkable improvement in thermal conductivity, it did not result in a
significant impact on the overall thermal exchange energy (Cecinato and Lover-
idge, 2015).

Due to being the interface element between the circulating fluid and surrounding
concrete, pipe material should carefully be selected because of the impacts of its
thermal resistivity on controlling the heat transfer, durability and cost effective-
ness (Noorollahietal., 2018). To investigate the effect of pipe mate-
rial, Selamat et al. (2016) carried out experiments on pipes made of three different types
of material: high density polyethylene (HDPE), copper, and a composite (cooper and
LDPE coating) and with a thermal conductivity of 0.41, 387.6 and 1.19 W/m.K respectively.
The heat exchange rate was found to be 206.4, 232.2 and 209.6 W/m respec-
tively. As a result, the copper pipe was revealed to improve the operational effi-
ciency by 16%. Another investigation Raymond et al. (2015) using three different
types of pipe material: plastic with a thermal conductivity of 0.24 W/m.K, steel
with a thermal conductivity of 57 W/m.K and copper with a thermal conductivity
of 395 W/m.K, showed that the heat exchange rate (W) for the three pipes was
933.96, 939.89, 939.92 kWhl/year respectively. Consequently, the study sug-
gested that the type of the pipe material had no major effect in the system perfor-
mance which is contradictory to the outcomes of (Selamat et al., 2016). Further-

more, by comparing the thermal performance of the steel pipes with that of the
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HDPE pipes, it was observed that the performance of the steel pipes was higher.
This was attributed to the fact that its thermal resistance was about 7% less than
that of the HDPE pipes. In addition, it was reported that due to higher heat ex-
change rate in the case of steel pipes, a higher soil temperature around the steel
pipe was experienced (Cao et al., 2016). Improving the thermal properties of
HDPE using different types of conductive fillers such as metallic oxide, non-ox-
ides, graphite and other similar materials was assessed. Dorrian and
Mumm (2011) developed a pipe with a higher thermal conductivity of 0.85 W/m.K
by the addition of a blend of 20% HDPE, 5% thermoplastic elastomer and 75%
zinc oxide. The results revealed that using the thermally enhanced pipe material
reduced pipe length by almost less than half whilst increasing the extracted heat
by 100%. Ye et al. (2006) experimentally evaluated HDPE filled with expanded
and colloid graphite. The thermal conductivity of HDPE pipes increased with the
increase in the graphite content whilst expanded graphite led to twice as high
thermal conductivity values compared to those measured for HDPE filled with
colloid graphite. It is reasonable to highlight that the key considerations for the
selection of the pipe material would be dependent on the cost, corrosion re-
sistance, durability and its thermal properties. Hence, HDPE pipes become a sen-
sible choice due to their low cost, corrosion resistance and easy installation.

Several studies were carried out aiming at either increasing the compressive
strength of concrete or reducing the thermal conductivity of concrete for insulation
purposes. Nevertheless, limited investigations were performed to improve the
thermal conductivity of concrete (Li et al., 2018). It is, therefore, crucial that the
use of novel composite materials is explored to enhance the thermal properties
of concrete without losing sight of any potential impacts on the load carrying ca-
pacity of structural elements such as the piles. Guo et al. (2010) examined the
addition of graphite to improve the thermal conductivity of concrete and pointed
out that at room temperature, with an increase in the graphite content, the thermal
conductivity of concrete rapidly increased. In another study, a series of graph-
ite concrete specimens were prepared by mixing cement, sand, water, water-re-
ducing agent, and different volumetric content of powdered graphite (0%, 5%,
10%, 15%, and 25%). The results indicated that the addition of graphite pow-

der clearly enhanced the thermal conductivity, especially for concrete specimens
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with graphite contents of more than 15%. The measured thermal conductivity re-
sults were used in a numerical modelling using finite element analysis to investi-
gate the performance of geo-energy pile made of graphite concrete. The results
demonstrated the ability of graphite concrete to enhance the heat transfer char-
acteristics of energy piles and showed that a higher graphite content was more
beneficial to the heat transfer process. However, the study did not include any
field or large-scale experimental measurements (Li et al., 2018). Similar numeri-
cal study by Kong et al. (2019) on heat transfer characteristics of graphite con-
crete was used to thermally enhance energy pile and the results indicated that
the heat transfer capacity of the graphite concrete energy pile was higher by 6.5%
than that measured on a typical concrete energy pile. Nonetheless, there was no
evaluation of the effect of this thermal enhancement on the concrete's compres-
sive strength and there was also a lack of physical measurements of the pile per-
formance.

Even though the efficiency of geo-energy piles were studied by several authors
e.g. ( Baoetal, 2019 and Cecinato and Loveridge, 2015) limited laboratory in-
vestigations were carried out to study the use of diaphragm walls as a geo-energy
structure. Kurten et al. (2015) developed a semi-analytical model that was used
to evaluate the effects of several factors including ground temperature, inlet tem-
perature, flow rate and thermal conductivity of soil. The model was validated us-
ing experimental results and its results showed that the pipe thickness cover, flow
rate and inlet temperature are the most important factors which affected extrac-
tion of heat using such a structure. However, the results of another numerical
study carried out by Di Donna et al. (2016) to evaluate the most influential pa-
rameters on the performance of heat exchange using embedded walls revealed
that the thermal conductivity of concrete and ground temperature caused signifi-
cant impacts on the geo-energy wall performance. The behaviour of the geo-energy
wall was assessed by a finite element model carried out by Sterpi et al. (2017) to highlight
the wall's geotechnical and structural response. The results suggested that the thermally
induced effects on the structure were not negligible and could be observed partly in the
form of additional displacements and variations of the internal actions. Bourne-
Webb et al. (2016) also performed numerical simulations to study the mechanical re-
sponse of the geo-energy walls under different environment conditions and found that

the seasonal changes affected the thermal expansion value for the wall and the
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soils, hence it should be considered in the design process. Dong et al. (2019) proved
through experimental and numerical investigations that a short-term heating of the wall
showed a substantial temperature gradient across the wall thickness resulting in a signifi-
cant stress and strain variation within the wall during the first few hours. Di Donna
et al. (2017) published results of the first study on the efficiency of diaphragm
walls and found that the concrete thermal conductivity had major effects on the
long-term performance of geo-energy diaphragm walls and recommended to
carefully design the concrete mix to maximise the thermal conductivity of wall
material.

In light of the aforementioned critical review of the key parameters affecting the
performance of geo-energy structures, it is reasonable to conclude that extensive
research studies have been conducted on geo-energy structures with a focus on
optimising the geometry of geo-energy structures, heat exchanger coil types and
design. However, published work would seem to indicate that less attention has
been given to the concrete thermal properties’ effect on the performance of the
energy piles and diaphragm walls. Consequently, this chapter reports the out-
comes of an experimental investigation conducted using a large-scale fully instru-
mented laboratory rig for assessing the effects of enhancing the concrete thermal
conductivity using graphTHERM addition on the thermal performance of geo-en-
ergy structures including piles and walls. The primary objectives of this chapter
are to: i. Optimise the content of graphite to achieve a significantly improved ther-
mal conductivity with minimal/no adverse impact on strength, ii. Assess the heat
transfer capacity of geo-energy structures e.g., pile and walls utilising thermally
enhanced concrete in dry and partly saturated grounds and iii. Study the thermal

expansion and lateral earth pressure on the geo-energy structure.

3.3. Experimental materials and methods

In order to enable the investigation process of geo-energy structures using ther-
mally enhanced concrete, a fully instrumented testing rig was designed and man-
ufactured to run the heat transfer experiments consisting of three main parts, a
testing tank, geo-energy structure and a data acquisition system. Details of the
materials used in this experimental programme are demonstrated and discussed

hereafter.
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3.3.1. Materials
3.3.1.1. Sand

Standard building sand was chosen to simulate the ground soil in this experi-
mental study due to its availability and cost effectiveness. The particle size distri-
bution of the sand was determined in accordance with BS1377: Part 2 and is
shown in Fig. 3.1. The sand was found to have a mean particle size of 0.24 mm
and its characteristic diameters are illustrated in Fig. 3.1. The coefficients of uni-
formity (Cu) and curvature (Cc) were determined and found to be 1.38 and 0.89
respectively. As a result, the sand used was classified as a poorly graded fine to
medium sand. The specific gravity (Gs) of the sand was determined using
the pycnometer method as specified by BS1377:2, 1990 and found to be 2.65.

100
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®
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Partical size, mm
Fig. 3.1. Particle size distribution of the used sand.

A standard Proctor Compaction Test was performed according to BS1377-4:1990
in order for the maximum dry unit weight and optimum moisture content of the
sand to be determined. The compaction test revealed that the maximum dry unit
weight and optimum moisture content are 18.15 kN/m? and 11% respectively. In
addition, direct shear tests were performed in compliance with BS 1377 part 7
under a range of normal stresses between 70 and 250 kPa to generate data for
the normal stress shear stress relationships. Based on the acquired data, the fric-

tion angle for the sand was found to be 34.8° Table 3.1.
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Table 3.1. Main properties of the used sand.

Parameter Value Test Method
Mean particle size, D50 (mm) 0.24 BS.1377:2, 1990
Coefficient of Uniformity, Cu 1.38

Coefficient of Curvature, Cc 0.89

Specific gravity, Gs 2.65 BS.1377:2, 1990
Maximum dry unit weight (kN/m3) 18.15 BS.1377:4, 1990
Optimum water content (%) 11 BS.1377:4, 1990
Angle of friction angle, ¢ (degrees) 34.8 BS.1377:7, 1990
Hydraulic conductivity (mes™) 2.7x10* BS.1377:6, 1990

3.3.1.2. Graphite powder

In this study, a special type of the graphite powder called “graphTHERM” was

used to enhance the thermal conductivity of the concrete as it has a less effect

on hydration of the concrete besides its high thermal conductivity. The selected

graphite powder was developed by Georg H. Luh GmbH and had a high thermal

conductivity of more than 100 W/m.K. Based on the data sheet provided by the

supplier, graphTHERM was manufactured to be used as a filling material to in-

crease the thermal conductivity without causing significant adverse impacts on

the mechanical properties. Table 3.2 presents the main properties of graph-

THERM powder as provided by the supplier.

Table 3.2. Main properties of graphTHERM.

Property Value
Carbon (%) Min 99.9
Ash (%) Min 0.01
Iron (ppm) 100
Tapped density (g/cm3) 0.85-1
Thermal conductivity, for cylindrical prepared sample of 1.85 gm.cm-3 and 100
w/c=10% (W/m.K)

Surface area (m?/g) 6.5-10
D10 (um) 10 - 14
D50 (um) 18-25
D90 (um) 30-45
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3.3.1.3. Concrete batches

All concrete batches were designed in compliance with the British Standards, BS
8500. Portland limestone cement (CEM II/A-LL 52.5R), manufactured by Hanson
UK in accordance with BS EN 197-1:2000 was used in this study. A mix of natural
coarse aggregates (NCA) with a maximum particle size of 10 mm and natural fine
aggregate (NFA) with a maximum patrticle size of 5 mm were used in this re-
search. The NCA particles had predominantly angular shapes. The properties of
the coarse and fine aggregates were conformed to the standard requirement lim-
its of BS EN 882. A water/cement (w/c) ratio of 0.45 was chosen to achieve a
target compressive strength ranging between 45 - 48 MPa after 28 days. The
proportions of the concrete constituents were kept constant for all concrete mixes
in this study, the graphite powder was added to the concrete mix as a ratio of the
cement by weight. It is imperative to note that the graphite powder was not used
as a replacement material in the concrete. The concrete batches were prepared
by mixing cement, NFA, NCA, water and graphite powder (graphTHERM). The
graphTHERM was added with different weight contents of 0%, 10%, 20%, 30%,
40% and 50% by weight of the cement. The materials were mixed in a mechanical
pan type mixer for 2-3 min in order for a homogenous mix to be achieved prior to
adding the predefined amount of water. The mix was then poured in special cy-
lindrical moulds with an internal diameter of 100 mm and a height of 50 mm as
well as in 100 mm cubical moulds. The former was used to create specimens with
an appropriate size for measuring thermal conductivity using a hotplate testing
setup, whereas the latter was used to produce standard concrete cubes for as-
sessing the compressive strength of thermally enhanced concrete. Both cylindri-
cal and cubical concrete specimens were cured for 28 days in a water bath fol-
lowed by 2 days in a drying room with an ambient temperature of 24°C. It was
important to dry out the specimens due to the sensitivity of thermal conductivity
measurement to moisture content. Afterward, these samples were utilised to de-
termine the optimum graphTHERM content. Subsequently, the optimum percent-
age of the graphTHERM was used to produce further concrete samples for eval-
uating the thermal expansion coefficient and concrete stiffness. Also, concrete

prisms with dimensions of 40 x 40 x 160 mm were used to evaluate the concrete
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thermal expansion coefficient in accordance with TI-B 101 (94), whereas cylindri-
cal concrete samples with a diameter of 100 mm and height of 200 mm were

used to determine the concrete stiffness in accordance with EN 1992-1-2, 2004.

3.3.2. Experimental methods

3.3.2.1. Hot plate setup

Hot plate tests were carried out according to the British Standards - BS EN
12664: 2001 to measure the thermal conductivity on cylindrical concrete samples
prepared with different percentages of graphite powder by weight of cement. Fig.
3.2 shows a schematic drawing of the hot plate test. The concrete sample was
sandwiched between flat hot and cold plates as shown in Fig. 3.2. Due to the
temperature difference, a thermal gradient was created through the sample. The
heat flux, which is defined as the amount of the input heat power passing through
the cross-sectional area of the specimen, can be determined from the power input
and the cross-sectional area of the specimen. By knowing the temperature drop,
heat flux and length of the specimen, Fourier's law of unidirectional heat transfer
can be applied to calculate the thermal conductivity (k) in W/m.K as given
by Eq. (3.1).

k=" (3.1

Where; Q is the heat flux (w/m?), AT is the temperature drop (°C), L is the speci-
men thickness (m) and A is the cross-sectional area of the concrete sample (m?).
It is worth noting that the setup was calibrated by measuring the thermal conduc-
tivities of sample materials such as wood, aluminium and brass with known ther-
mal conductivity. The results of the calibration exercise showed that the maximum
error in the thermal conductivity measurement was found to be 3%. In addition,
measurements were taken on three identical samples and the average value was

reported hereafter for each concrete mix.
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Fig. 3.2.Schematic drawing of the hot plate test experimental setup.

3.3.3. Heat transfer experiments

A Fully instrumented heat transfer testing rig with internal dimensions of 1 m x 1
m x 1 m was designed and manufactured. Figs. 3.3 and 3.4 show schematic di-
agrams of the testing rig and configuration of the geo-energy pile and wall re-
spectively. The tank walls are fully insulated to minimise the effect of the ambient
air temperature. A drainage system was installed at the base of the tank to uni-
formly introduce and drain groundwater over the whole cross-section area of the
tank. The drainage system included perforated pipes, manifold, gravel bed, a filter
sheet and a well. The perforated pipes and manifold were surrounded by a gravel
bed that was wrapped by a synthetic filter sheet to prevent washing out of fine
sand particles and to avoid blockage of the drainage system. The drainage sys-
tem (manifold) related to an external well to regulate and maintain the water level
inside the tank at pre-determined levels.

Two different embedded geo-energy structures were examined in this study a
concrete energy pile and concrete energy wall. The geo-energy pile was formed
with external dimensions of 900 mm in height and 150 mm in diameter. The pile
was placed in the centre of the tank and surrounded by sand. A U-shaped heat

exchanger [HE] made out of nylon with a total length of 1700mm and outer and
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inner diameters of 8 mm and 6 mm respectively was embedded symmetrically

inside the concrete pile. 50m
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Fig. 3.3. Schematic diagram of the experimental rig for energy pile tests; a) Plan view, b) Location
of thermocouples, c) Vertical cross section of the testing tank and d) Image of real testing rig.
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The concrete energy wall was constructed in 5 segments that were interlocked
together to form an embedded wall as shown in Fig. 3.4b. Each segment of the
concrete wall had dimensions of 900 mm in height, 190 mm in width and 120 mm
in depth. A nylon U-shaped heat exchanger was embedded in each segment re-
sulting in a total heat exchanger tube length of 9900 mm. In order to fasten the
HEs precisely in predefined locations inside the energy piles and walls, metal
cages were manufactured and fitted inside the casting mould prior to casting of
wet concrete. The centre to centre spacing between the two legs of the U-shaped
HE was maintained at 100 mm in the energy piles and walls. After casting the
concrete, the energy model structures were cured for 28 days by covering them
with wet sheets that were frequently wetted with water to maintain consistent cur-
ing conditions.

Upon completion of curing period, the geo-energy pile was installed in the centre
of the testing tank which is located in control temperature room and the ambient
temperature was kept constant of about 21°C. To measure the lateral earth pres-
sure on the pile and the wall, an earth pressure cell was installed at a pre-deter-
mined location which was at mid-height of pile or the centre point of the wall. The
earth pressure cell was placed during the sand filling stage of the tank as shown
in Fig. 3.3b and Fig. 3. 4c. A T-type thermocouple was fastened at mid height of
the pile and at the centre point of the wall to measure the temperature of the
concrete during the test. The illustrative drawings in Figs. 3.3b, 3.4a and 3.4b
show the location of sensors. The soil temperature was measured at several ver-
tical and horizontal sections. A total of 23 T-type thermocouples were utilised for
measuring the vertical and horizontal soil temperature profile, fluid temperature
inside the heat exchanger, inlet and outlet temperature and the ambient temper-
ature. A total of 27 T-type thermocouples were required in tests involving the geo-
energy wall. All thermocouples were calibrated prior to their use and the accuracy
of the measurements were found to be + 0.25°C. After the installation of all de-
vices and sand-filling completed, a mix of degradable glycol-water ratio 1 part
glycol to 3 parts of water was circulated in the HE that was embedded inside the
energy structure with a target temperature of 52°C. The flow rate of the circulating
fluid was controlled using a peristaltic pump at a rate of 67 I/h (which presenting
laminar flow with Reynolds number of 510) throughout the tests. In total 6 exper-

iments were carried out including 4 tests on energy piles and 2 tests on energy
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walls with the fixed and variable parameters demonstrated in Table 3.3. The first
two tests were conducted on piles that were made from normal concrete and
graphite concrete and installed in dry sand beds as illustrated in Table 3.3. Two
more tests were then performed whilst the sand surrounding the pile was partly
saturated with water by maintaining the water level inside the tank at 500 mm
above the base resulting in a steady hydrostatic water pressure. This is an at-
tempt to simulate a real-world scenario where geo-energy piles are installed in
grounds where groundwater table is stagnant at a particular level. The final two
experiments were carried out on energy walls made of normal and thermally en-
hanced concrete materials but installed in a similar ground to the previous two
tests in which sand was partly saturated with water. It should be noted that test
coding was developed to reflect test conditions. For example, a test code W-NW-
1 indicated a normal concrete wall installed in a partly saturated sand whereas
test code W-GW-2 indicated an energy wall made out of graphite concrete in
partly saturated sand. Table 3.3 illustrated the fixed and variable parameters in
each experiment alongside with the test coding. Measurements were taken every
10 second by the data acquisition system and saved automatically on the com-

puter. An hourly average was then determined and presented hereafter.

Table 3.3. Fixed and variable parameters for heat transfer experiments.

Series Test cod- Fixed parameters Variable parame-
ing ters
D-NP-1 DS, FR=67 I/h, IT=52.14 °C NP
D-GP-2 DS, FR=67 I/h, IT=52.41 °C GP
> —
o0
T =
i W-NP-3 ~ FR=67I/h, PSS, IT=52.01 °C, NP
WL =500 mm
W-GP-4 FR=67 I/h, PSS, IT=52.52 °C, GP
WL =500 mm
W-NW-1 PSS, WL =500 mm, FR=67 I/h, NW
>0 IT=53.18 °C
ol N
T 2 W-GW-2 PSS, WL =500 mm FR =67 I/h, GW
IT=52.35°C

where; DS = Dry Sand, PSS= Partly Saturated Sand, FR = Flow Rate, WL= Water Level and
IT = Inlet Temperature, NP= normal concrete pile, GP= graphTHERM concrete pile, NW= normal
concrete wall, GW= graphTHERM concrete wall.
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3.3 Results and discussion

This section is organised to present and discuss the measurements taken for the
thermal conductivity and thermal heat capacity of sand and the thermal conduc-
tivity of concrete before assessing the behaviour of the geo-energy structures
under different conditions. The effect of adding thermal enhancement material on
the concrete thermal conductivity is presented and discussed. These results are
then utilised to support the discussion of the influence of the thermally enhanced

concrete on the performance of geo-energy structures e.g. piles and walls.
3. 3.1. Thermal properties of sand soil

A KD2 Pro thermal analyser device was utilised to measure the thermal proper-
ties including thermal conductivity and thermal capacity of the sand used. Both
dry and wet sand samples were prepared with a constant dry unit weight of 18.15
kN/m?3 under a static load. Samples of the wet sand were prepared with varying
water contents of 1%, 3%, 5%, 10%, 20% and 30% and were compacted to the
same dry unit weight. Upon compaction of the sand samples, needles of the KD2
Pro thermal analyser device were inserted carefully into the prepared sample to
measure the thermal conductivity and volumetric thermal heat capacity. Average
values of three measurement readings were taken for each sample. Fig. 3.5 pre-
sents the thermal conductivity measurements on sand samples as a function of
water saturation. The degree of saturation was determined based on the actual
measurement of the water content at the end of the test. The results clearly show
a correlation between increases in thermal conductivity and increasing water sat-
uration. The thermal conductivity of dry sand was found to be 0.36 W/m.K. Careful
inspection of the data shown in Fig. 3.5 revealed that the relationship between
thermal conductivity and degree of saturation shows two distinct phases. The first
phase is characterised by a remarkable increase in the thermal conductivity val-
ues from 0.36 to 2.6 W/m.K with a slight change in the water saturation while in
the second phase, the thermal conductivity values increased from 2.6 to 3.5
W/m.K over a wide range of water saturation. This could be attributed to the gra-

dation of the sand used and its water retention properties resulting in a high suc-
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tion head at low degrees of water saturation, which in turn caused improved bond-
ing between the particles and enhanced conductive heat transfer capability. Also
shown in Fig. 3.5 are the measured values for the volumetric heat capacity of the
sand as a function of the degree of water saturation. It is clear that the volumetric
heat capacity (Cv) increased linearly with the degree of saturation which is con-
sistent with previous observations by (Yadav and Saxena, 1973; Ghuman and
Lal, 1985 and Abu-hamdeh, 2003).
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Fig. 3.5. Measured thermal conductivity of sand as a function the degree of water saturation

3.3.2. Thermal conductivity, strength and stiffness of concrete

The attained results for the thermal conductivity of concrete samples prepared
with 0%, 10%, 20%, 30%, 40% and 50% graphite (graphTHERM) content of ce-
ment weight and tested at room temperature are presented in Table 3.4. It should
be noted that the data presented in Table 3.4 represents the average value of the
thermal conductivity attained from tests on three identical concrete samples
whilst batch 1 was carried out as a control test. Consequently, the degree of im-
provement was determined in comparison to the results attained from the control

test. It can be observed that the highest thermal conductivity value was recorded
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for a concrete made with a graphite content of 50%. The measured thermal con-
ductivity was 3.10 W/m.K which was more than double that obtained on a normal
concrete sample (1.44 W/m.K). The enhanced thermal conductivity could funda-
mentally be attributed to the higher thermal conductivity value of the graph-
THERM which was typically 100 W/m.K but also to the particle size of graph-
THERM, which is , smaller than that of the cement, could have contributed to
filling of the tiny voids between the aggregates thereby resulting in an improved
packing of particles and a higher density concrete. In other words, replacing the
air voids in the concrete with higher thermal conductivity particles could result in
a significant increase in the thermal conductivity of concrete (Meng and Khayat,
2016 and Arora et al., 2018).

The data plotted in Fig. 3.6 suggest that the relationship for the thermal conduc-
tivity of concrete as a function of graphite powder content took the form of an S-
shape curve characterised by three distinct regions. With the addition of up to
10.5% of graphite powder by the weight of cement, a moderate degree of im-
provement in the thermal conductivity can be observed in region 1. Whereas in
region 2, a remarkable degree of improvement in the thermal conductivity of con-
crete was recorded with the increase in the graphite powder content up to 35.5%.
Any further increase in the graphite content above 35.5% led to another moderate
degree of improvement in the thermal conductivity of concrete. Results reported
by Qingwen et al. (2018) suggested that in order to observe a positive change in
the value of the thermal conductivity of concrete, more than 15% of graphite
should be added to the concrete. No optimum value for the graphite content was
suggested by the study, nor was the impact on the mechanical behaviour as-

sessed.

Data for the influence of graphTHERM content on the measured compressive
strength of concrete after 28 days of curing were also plotted in Fig. 3.6. It was
observable that the addition of graphTHERM powder to the concrete mix resulted
in a considerable degree of improvement in the compressive strength of concrete
up to 10% graphTHERM content. A more than 10% addition of the graphTHERM
powder led to a gradual but slight decline in the measured compressive strength.
However, the measured compressive strength was still higher than that recorded

in the control test on normal concrete with 0% graphTHERM powder content. The
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results revealed that adding more than 45% of graphite powder resulted in
achieving a lower strength below that recorded for the normal concrete with zero

graphite powder content.

Table 3.4. Thermal conductivity of concrete mixed with different percentages of graphite

Batch Graphite Room Temperature Thermal Degree of improvement
number Content °C Conductivity %
% W/m.K
1 Zero 24.4 1.44 -
2 10 24.7 1.60 11
3 20 25.9 2.10 45
4 30 24.6 2.64 83
5 40 24.3 2.97 106
6 50 24.8 3.10 115

Strengthening of concrete by incorporation of graphite powder was previously
reported and interpreted by (Dimov et al., 2018). Graphite powder would interact
with cement in the presence of water to produce Calcium Silicate Hydrate (C-S-
H) which is different to that produced in the case of normal concrete and would
affect the morphology of the hydration. These changes promote a growth of C-S-
H along the graphite particles which enhanced the bond strength of the cement.
Results for the microstructure of graphite-concrete taken by X-ray diffraction
(XRD) indicated the modification of cement crystals upon graphite incorporation,
more specifically to calcium aluminoferrite, calcium carbonate, tri- and di-calcium
silicate as well as calcium aluminate (Dimov et al. 2018). The microstructural
changes in the crystals at the early stage of hydration are responsible for the

strength growth at late stages e.g 28 days.

In order for an optimum graphite content to be determined for geo-structural ap-
plications, both aspects of the compressive strength of concrete and thermal con-
ductivity were taken into consideration. From Fig. 3.6, it was very clear that there
is a range for the graphite content which can result in enhancing both thermal
conductivity and concrete compressive strength over those recorded for normal

concrete. Bottom line was that addition of graphite powder should not reduce the
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strength of concrete. The results suggested that addition of 36 % of graphite pow-
der content to concrete material was effective in terms of enhancing the thermal
conductivity by 100 % (top of region 2) whilst resulting in a better compressive
strength of graphite concrete which was 10 % higher than that attained for the

control test on normal concrete without any graphite powder.
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Fig. 3.6. Thermal conductivity and compressive strength of concrete as a function of the graphite
content.

Stiffness of normal concrete and graphTHERM concrete prepared with an opti-
mum value of graphite powder was measured on cylindrical samples with a di-
ameter of 150 mm and length of 300 mm. Samples were cured in a water bath
for 28 days and air dried for 24 hours prior to testing. Strain gauges were fastened
on the sample surface in the longitudinal direction as shown in Fig. 3.7 b and c.
Fig. 3.7a shows recorded data for the applied stress and measured strain on
samples made from normal concrete and graphTHERM concrete. The modules
of elasticity (E) was determined from the measured data in accordance to EN
1992-1-2,2004. The results revealed that the stiffness of the graphTHERM con-
crete and normal concrete was found to 32 GPa and 27.8 GPa respectively. It is
clear that the stiffness of graphTHERM concrete is 15 % great than that meas-
ured for the normal concrete. The increase in stiffness of graphTherm concrete
could be attributed to combining C-S-H which has a Young's modulus E of 23.8
GPa with graphite particles with E value of 2000 GPa (Tanabe et al., 2008 and
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Dimov et al., 2018). This would lead to a considerable increase in the elasticity
modulus of the graphite-concrete. Moreover, addition of graphite powder assists
with the reduction in the concrete porosity as it extends the size range of mi-
croscale dimension of the particles and increases the packing density for the mix
(Sbia et al., 2015 and Arora et al., 2018).
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Fig. 3.7. Cylinder compressive strength vs strain for normal concrete and graphTHERM con-
crete.

3.3.3 Heat transfer experiments for energy pile
3.3.3.1 Heat transfer experiments for energy pile

Throughout all tests, the circulating was continually pumped at flow rate of rate
of 67 I/h (which presenting laminar flow with Reynolds number of 510) and fluid
temperature was recorded at the inlet and outlet points of the HE that was em-
bedded in the model geo-energy pile. The inlet-outlet temperature difference
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At would indicate the highest amount of heat energy that the pile was able to dis-
sipate into the soil. Fig. 3.8 presents the temperature difference between inlet
and outlet from the four tests and evidently demonstrates that test W-GP-4 in
which the energy pile made of graphite concrete and installed in partly saturated
sand gave the highest temperature difference. On average a difference of about
3 °C was recorded after reaching steady state conditions in comparison to a
measured temperature difference on normal concrete pile in partly saturated
sand of 2 °C, indicating a degree of improvement of 50% while the degree of
improvement in temperature deference between inlet and outlet decreased to
31% when the piles were tested in dry soil conditions. These findings provide
reliable evidence that the thermal performance of geo-energy pile increased
when the graphite concrete was used which could be attributed to the higher ther-
mal conductivity of graphite concrete than that of normal concrete as illustrated
in Fig. 3.8.

D-NP-1: D-GP-2 W-NP-3 W-NG-4

Temperature, °C
S

0 20 40 60 80 100

Time, h

Fig. 3 8. Measured temperature difference between inlet and outlet

In addition, as illustrated in Fig. 3.3, the circulating fluid temperature was meas-
ured at two more points; points 1 and 2 inside the HE at a distance of 450 mm
and 1450 mm from the inlet point respectively. The total length of pipe within the
HE was 1700 mm. Data for the measured temperature, the temperature differ-
ence from that measured at the inlet point and the percentage of temperature

dissipation at the two points after reaching steady state conditions are presented

O Elkezza., 2023 51


https://www.sciencedirect.com/topics/engineering/thermal-energy
https://www.sciencedirect.com/science/article/pii/S0375650521002315#fig0008
https://www.sciencedirect.com/science/article/pii/S0375650521002315#fig0008
https://www.sciencedirect.com/science/article/pii/S0375650521002315#fig0003

in Table 3.5. The data demonstrates that the fluid temperature flowing in the HE
reduced by about 20% and 90% of the total dissipated temperature at points 1
and 2 respectively. To evaluate the effect of water saturation on the liquid tem-
perature dissipation, the temperature difference

Ati2 =T1-T2 was determined and presented in Table 3.5. The results clearly
showed for energy piles with normal concrete tests D-NP-1 and W-NP-3 that sat-
urating the sand up to mid height of the pile caused a 37% increase in the tem-
perature difference between points 1 and 2. This could be attributed predomi-
nantly to the fact that the soil in the bottom half of the tank was fully saturated
with water leading to remarkably higher thermal conductivity and heat capacity.
To confirm this observation, measurements for the thermal conductivity and vol-
umetric thermal heat capacity of soil were taken on samples at predetermined
heights after the completion of the tests W-NP-3 and W-GP-4. In addition, sam-
ples were extracted precisely at the same predetermined heights for determina-
tion of water content and density. Fig. 3.9 presents water distribution inside the
testing tank which confirms that sand in the bottom half of the tank is fully satu-
rated with water. Notably, there is a significant drop in the degree of saturation in
the top 300 mm of the sand reaching an almost dry condition at the surface of the
sand. Then, the obtained value of the soil degree of saturation was used in con-
junction with Fig. 3.5 to measure the thermal conductivity and heat capacity of
the sand along the tank height. Also, presented in Fig. 3.9, is the measured ther-
mal conductivity against the degree of saturation. The measurements reveal that
thermal conductivity and heat capacity retained high values in the bottom half of
the tank and decreased gradually towards the sand surface (top of the tank).
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Table 3.5. Circulating fluid temperature along the heat exchanger

POINT2

||=NoLnEJTT POINT 1 (T1) POINT 2 (T>) OUTLET POINT D':;'::g?
TEST POINTL
CODE T T Aty HD T, At;  HD Aty To Ats q
°C °C °C % °C °C % °C °C °C watts
D-NP-1 52.14 51.76 0.39 23 5065 152 92 1.11 50.49 1.65 113.50
D-GP-2 52.41 51.97 0.44 20 5046 195 90 1.51 50.25 2.16 148.65
W-NP-3 52.01 51.6 0.46 22 50.07 194 95 1.53 49.96 2.05 141.10
W-GP-4 52.52 51.75 0.77 25 4958 294 96 2.17 49.45 3.07 211.27

where; Ti = inlet temperature, T1= Circulating fluid temperature at 450 mm, T2 = Circulating fluid temper-
ature at 1450mm, To = Outlet temperature, At1 =Ti-T1, Atz = Ti-T2, Atz = Ti-To, At12=T1-T2, HD = percentage
of heat dissipation, q = dissipated energy.

Fig. 3.10 shows the change in the soil temperature measured at five points along
the depth of the pile at 150 mm, 300 mm, 450 mm, 600 mm and 750 mm in

the inlet side and at three points at 150 mm, 450 mm and 750 mm in the outlet

side. All measurements were taken at 100 mm away from the pile in both inlet

and outlet sides as shown in Fig. 3.3. With the increase in the experimental time,

the soil temperature increased until reaching steady state conditions after 20 h

from the onset of the test.
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Fig. 3.9. Measured degree of saturation and thermal properties along the experimental tank.

Fig. 3.10 therefore shows the results of the vertical profile of soil temperature

after reaching steady state conditions. The maximum soil temperature recorded
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at 750 mm for D-GP-2 test is found to be around 33 °C which reduced by 2 °C in
W-GP-4, recording 31°C. It was evident that the temperature gradient was much
steeper at the top half of the pile which suggested that most of the dissipated heat
was recorded in the lower soil layers of the tank where the sand has a higher spe-
cific heat capacity value due to being saturated. Tests in which geo-energy piles
were installed in dry sands showed a higher soil temperature along the vertical
profile. Furthermore, the gradient of soil temperature in tests performed on nor-
mal and graphite concrete piles installed on partly saturated sand demonstrated
a considerable reduction in the soil temperature in comparison to that measured
in dry sand. Comparing the vertical temperature profiles recorded on the four
geo-energy piles illustrated that the temperature gradient in the adjacent soil was
strongly affected by the concrete thermal characteristic. It was obvious that the
dissipation of heat from the graphTHERM concrete pile did not cause the soil
temperature to increase to the normal concrete pile level despite the fact that it
enabled a higher heat dissipation. To calculate the dissipated heat, Eq. (3.2) was
used:

q= ‘rile (Tout — Tin) (3.2)

where; q is the thermal energy dissipated into the ground (watts), m is the mass
flow rate (kg/s), Cp the spesific heat capacity (J/kg. K) and Tinlet and Toutlet are
the inlet and outlet temperatures respectively. For dry tests, D-NP-1 and D-GP-
2, the calculated dissipated heat was about 113.50 watts and 148.6 watts respec-
tively, while for partly saturated soil tests, the dissipated heat was about 141.10
watts for W-NP-3 and 211.27 watts for W-GP-4. Fig. 10 also shows that the soll
temperature was elevated on both sides of the pile due to dissipation of heat via
the HE. Tests D-NP-1 and D-GP-2 that were carried out in dry soil conditions,
showed higher soil temperature. On the other hand, results from tests W-NP-3
and W-GP-4 indicated that a lower soil temperature was recorded in comparison
with those measured for dry soil. This phenomenon could be attributed to the fact
that the specific heat capacity is different for dry and saturated sand. Specific
heat capacity is defined as the amount of energy to unit increase in the tempera-
ture of a unit mass of material. Therefore, it needed more energy to be rejected

from the geothermal pile to observe an identical change in temperature in the
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Distance along pile depth, mm

saturated sand. These results are in consensus with previous work carried out by
(Mohamed et al., 2 015; Kramer, 2013 and Bao et al., 2019).

The horizontal soil temperature profile at mid-height of the pile (450 mm below
the soil surface) measured on both inlet and outlet sides are shown in Fig. 3.11.
As can be seen in Fig. 3.11, due to the high temperature gradient between the
pile and the surrounding soil, the soil temperature has increased until reaching
steady state conditions. The maximum increase in the soil temperature from its
initial state (20 + 1°C) was recorded at~15°C in tests carried out on dry sand. This
could be attributed to its lower heat capacity and thermal conductivity (Kra-
mer, 2013; Faroki, 1986 and Alrtimi et al., 2014). Whereas, when the energy pile
was installed in a partly saturated sand, the maximum soil temperature difference
was found to be 10 °C resulting in a reduction of 33%. In addition, with the in-
crease in the radial distance from the pile, there was a significant decrease in the
soil temperature. The maximum temperature changes at 50 mm, 100 mm, 200
mm, 300 mm and 425 mm away from the pile surface were 14.5 °C, 10.6 °C, 6.50
°C, 3.64 °C and 1.68 °C respectively. Hence, the temperature reached a relatively
stable state at approximately 300 mm on both sides, which was as twice as

the pile diameter.
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Fig. 3.10. Vertical temperature profile of the soil at 100 mm away from the pile.
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Fig. 3.11. Soil horizontal temperature profile at mid-height of the pile.

Fig. 3.12a and b showed the lateral earth pressure measured at mid-height of the
pile. The lateral pressure cell was placed at the pile-soil interface of the pile in the
inlet side. The data were captured from tests on geo-energy piles made from
normal concrete and graphTHERM concrete and installed in dry sand and partly
saturated sand. The initial values of the lateral earth pressure were approximately
4.8 kPa and 5.79 kPa on piles installed in dry and partly saturated sand beds
respectively. The lateral earth pressure was slightly increased by circa 10 Pa after
running the experiment for 20 h. This could be attributed to the induced thermal
expansion due to heating that in turn led to an increase in the lateral earth pres-
sure at the soil-pile interface. To ascertain the observed behaviour, the thermal
strain due to thermal expansion of the pile was calculated in accordance with EN
1992-1-2 as given by Eq. (3.3).

Ethermar = AT * CTE (3.3)

where; CTE is the coefficient of thermal expansion for concrete and AT is the
temperature difference on concrete which was measured during the test. To ac-

curately calculate the thermal strain, it was crucial to determine the coefficient of
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thermal expansion. Experiments were conducted in accordance with TI-B 101

(94) on samples of normal concrete and graphTHERM concrete with an optimum

percentage of graphTHERM. The coefficient of thermal expansion was found to
be 2.002 x 10 °C* and 5.024 x10°C-! for graphTHERM concrete and normal

concrete respectively. Fig. 3.13 illustrates that the increase in pile temperature

led to an increase on the thermal strain. The calculated thermal strain of the nor-

mal concrete pile was 45% higher than that for the graphTHERM concrete pile.

This could be attributed to the coefficient of thermal expansion of the normal con-

crete which was determined experimentally and found to be about 2.5 times

greater than that measured for graphTHERM concrete.

4820

4815

4810

4805

4800

Lateral earth pressure, pa

4795

4790

5805

[ (a) r (b)
- © 5800 |
a
. g
N 3
i 2 5795 |
: g
[ o
[ < i
i 5 5790 |
[ ] 3
[ TJ_’ [
: D-NP-1 £ 5785 [ WINP-3
5 D-GP-2 3 i W-GP-4
PN N TR TR RO R N T TR W TN M TN NN MENN NN NN RN NN RN Y 5780 -IIIIIIIIIIIIIIIIIIIIIIII
0 20 40 60 80 100 0 20 40 60 80 100
Time, h Time, h

Fig. 3.12. Lateral earth pressure for (a) dry soil tests and b) partly saturated soil tests.
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3.3.3.2 Heat transfer through geo-energy walls

Tests W-NW-1 and W-GW-2 were carried out using geo-energy walls made from
normal concrete and thermally enhanced concrete, installed in partly saturated
sand. Temperature measurements taken for the circulating fluid were recorded
at the inlet and outlet points of the heat exchanger. Fig. 3.14 presents data for
the inlet-outlet temperature difference measured on normal and graphTHERM
concrete geo-energy wall. The data evidently demonstrate that the graphTHERM
concrete wall (W-GW-2) produced a higher temperature dissipation of 9.67 °C
compared with a temperature difference of 6 °C dissipated by the normal concrete
wall after reaching steady state conditions. These results illustrate that the ther-
mal performance of geo-energy walls increases by 66% when graphite concrete
was used. This may be attributed to the fact that inclusion of graphite powder in
the concrete contributed significantly to fill the tiny voids with highly thermal con-
ductive material resulting in a considerable reduction in the degree of porosity
and improvement in its thermal conductivity as suggested by (Arora et al., 2018).
This led to the dissipation of more heat to adjacent soils which in turn enhanced
the performance of heat pumps.
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Fig. 3.14. Temperature difference (inlet-outlet).

In addition to measuring inlet and outlet temperatures, temperature measure-
ments were taken at 4 more points: P1, P2, P3 and P4 at a distance of 900 mm,

2950 mm, 4950 mm and 6950 mm along the 9900mm long heat exchanger
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(see Fig. 3.4c). Fig. 3.15a and b shows data for the temperature measurements
at the six points from tests on geo-energy walls made from normal concrete and
thermally enhanced concrete respectively. The results show that the temperature
drops from that recorded at the inlet Ti was almost the same in both tests W-NW-
1 and W-GW-2. The measured fluid temperature was reduced by about 11% at
P1 and 70% at P4 as illustrated in Table 3.6. The fluid temperature gradient along

the embedded heat exchanger was considered to decline uniformly.

Table 3.6. Circulating fluid temperature along the heat exchanger.

TEST INLET POINT 1 POINT 4 OUTLET
CODE POINT POINT
Ti T1 Aty HD Ta Aty HD To Ats
°C °C °C % °C °C % °C °C
W-NW-1 53.81 53.05 0.76 13 50.29 3.52 61 4798 5.82
W-GW-2 52.35 5145 0.90 10 46.16  6.19 67 42.67 9.67

where; Ti = inlet temperature, Ti-liquid temperature at 900 mm, Ts= liquid temperature at 6950mm,
To=outlet temperature, At1-Ti-T1, Ats=Ti-Ts4, Ats=Ti-To, HD = percentage of heat dissipation.

The vertical soil temperature profiles measured at two vertical sections V1 and
V2, located at 100 mm and 300 mm away from the experimented energy wall as
shown in Fig. 3.3. Measurements of temperature along V1 were taken at a depth
of 150 mm, 300 mm, 450 mm, 600 mm, and 750 mm, while those along V2 were
recorded at 150 mm, 450 mm and 750 mm. Data for the temperature measure-
ments taken at two vertical sections namely V1 and V2 were plotted in Fig.
3.16 after reaching steady state conditions. The data show clearly that the soil
temperatures at section V1 were significantly higher than those measured further
away at section V2. Furthermore, it can be observed that the influence of the
graphTHERM concrete energy wall (W-GW-2) on the soil temperature was sig-
nificant in comparison with that produced by the geo-energy wall made from nor-
mal concrete (W-NW-1). This reflects principally the ability of each type of wall to
dissipate heat into the surrounding soil. Eq. (3.2) was used to calculate the dissi-
pated heat from the energy walls and found that, W-GW-2 dissipated heat of
about 665.53 watts, while W-NW-1 dissipated 400.53 watts. Hence, the graphite
concrete wall dissipated more than 50% heat to adjacent soils which would result

in a higher temperature variation in the surrounding soils.
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The horizontal soil temperature profile measured at mid-height of the wall is pre-
sented in Fig. 3.17. Soil temperature was measured at 50 mm, 100 mm, 200 mm,
300 mm, 400 mm, 500 mm, 600 mm and 880 mm away from the wall. It was
observed that an interference region between the wall and soil can be considered
as the most affected region in the experimental tank. From the results of the two
tests, a soil-wall interference region was identified to be around 400 mm. Initially,
the soil temperature was 21°C which was increased intensely to reach almost
41.5 °C at 50 mm away from the wall after reaching steady state conditions for
graphTHERM concrete wall. For the same measurement point the temperature
gradient reduced by 2 °C to be almost 38 °C when the normal concrete was used.
The figure also indicated the steady state soil temperature reduced when increas-
ing the horizontal distance from the wall.
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Fig. 3.17. Horizontal soil temperature profile for W-NW-1 and W-GW-2.

Fig. 3.18 shows the measured lateral pressure at mid-height of the wall in case
of a normal concrete and graphite concrete wall. The experimental results are
evidence that heating the geo-energy wall induced thermal expansion which in
turn increased the lateral earth pressure applied on the wall surface. In other
words, the lateral earth pressure increased with the increase in wall temperature
irrespective of the concrete type until reaching almost a constant value after run-
ning the tests for 40 hours. The maximum lateral earth pressure was double that

measured at the onset of the experiment. According to Dong et al. (2019), the
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increase in lateral earth pressure could have a significant contribution to the ver-
tical stress within a wall. In the case of the graphTHERM concrete wall, the ex-
cess lateral earth pressure was 8 kPa to 13.8 kPa whilst for normal concrete wall,
8 kPa to 15 kPa. The results suggest that the graphTHERM concrete wall pro-
duced 8% lower lateral earth pressure than that measured on a normal concrete
wall. To explain this behaviour, Eq. (3.3) was utilised to determine the thermal
strain for both walls as a function of temperature. Data for the thermal strain were
presented in Fig. 19 and demonstrate that when the temperature of the wall in-
creased, the correspondingly strain increased. For normal concrete wall the max-
imum thermal strain was founded to be 119 e while for the grapTHERM concrete
wall, the maximum thermal strain was reduced by 41% to 84 ue. This suggested
that the Coefficient of thermal expansion for graphTHERM concrete is 2.5 times
less than that measured for the normal concrete. In contrast with the pile, the wall
generated a higher lateral earth pressure which could be attributed to the relative
volume of concrete used for the construction of pile and wall. So, the pile, when
subjected to thermal load, would slightly expand, but due to the cylindrical
shape of the pile, adjacent sand would arch around it partially absorbing the effect
of thermal expansion. Whereas, in case of geo-energy walls, the lateral expan-
sion is greater than that observed on piles and the whole wall would push the
sand unidirectionally, thus producing a higher lateral earth pressure. One should
note that it is essential that further investigations are carried out to evaluate the
effect of graphTHERM concrete on the thermally induced elongation for geo-en-
ergy piles and walls and the thermally induced bending for the geo-energy wall
to be in line with the recent studies on concrete geo-energy structures by (Nicho-
lison etal., 2014; Mimouni and Laloui., 2015; Loria and Laloui. 2016; Loria and
Laloui.2017; Pagol etal. 2018; Dongetal. 2019; Loveridge et al.2020; Ravera et al.
2020; Loria, 2020; Shao et al. 2021 and Sailer et al. 2021).
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A comprehensive experimental investigation was carried out to assess the influ-

ence of using thermally enhanced concrete in the construction of two geo-energy

structure applications e.g. energy piles and energy diaphragm walls. Based on

the experimental results, the following conclusions could be drawn out;

e The thermal conductivity of graphite-concrete was significantly improved in

comparison to that obtained for normal concrete under the same environmen-
tal temperature. An improvement of about 11%, 45%, 83%, 100% and 115%
was recorded when 10%, 20%, 30%, 40% and 50% of graphTHERM powder

was added to the concrete respectively.
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e Considerable improvements in the compressive strength of concrete was
achieved when grahpTHERM powder was added to concrete. The peak for
the compressive strength of graphite concrete was recoded with the addition
of 10% graphite powder. Adding more than 45% of graphite powder to the
concrete resulted in achieving a compressive strength that was lower than

that of normal concrete.

e The results suggested that adding 36% of graphite powder to the concrete
enhanced the thermal conductivity by 100% in addition to achieving 10%

higher concrete compressive strength.

e The thermal performance of energy pile was remarkably improved by incor-
porating graphTHERM into concrete whether placed in dry or partly saturated
sand. The degree of improvement was found to be 31% and 50% when the

geo-energy pile was installed in dry and partly saturated sand respectively.

e The thermal efficiency of geo-energy wall diaphragms was increased by 66%
when graphTHERM was added to the concrete.

e The stiffness of the graphTHERM concrete was higher by 15% more than that

measured for normal concrete.

e The coefficient of thermal expansion of graphTHERM concrete was found to
be 2.5 times less than measured for normal concrete. Therefore, the graph-
THERM concrete geo-energy structures would experience less thermal ex-

pansion which in turn could lead to less lateral earth pressure.
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Chapter 4: Feasibility of using Geo-polymer concrete for Geo-
energy piles and walls applications

4.1 Highlights

e The geopolyemer concrete can be used as sustainable concrete for the construction
of the geo energy structures due to its ability to produce less coz emissions.

e Electric arc furnace slag (EAFS), can be used to produce a higher thermal conduc-
tivity geo- polymer concrete.

e The stiffness and the coefficient of thermal expansion (CTE) of geo-polymer con-
crete were 11% and 17%, respectively lesser than those measured for the same
compressive strength normal concrete.

e The heat transfer efficiency of energy pile and energy diaphragm wall made from
geo- polymer concrete was improved by 14% and 21% respectively.

e The CO2 emissions associated with the production of geopolymer concrete was
44.5% smaller than that for normal concrete.

4.2 Introduction

Reinforced concrete is typically the most material applied in GES constructions
(Brandl, 2006) owing to its ability in providing high heat-conducting and high ther-
mal storage capability. It is well known that cement is the most frequent material
used to produce concrete, however, cement is considered a harmful material in
terms of sustainability since the production of cement contributes to causing
around 6% of the global CO2 emissions (Amran et al., 2020; Hamada et al.,2020),
in addition to consuming a large amount of energy. In order to mitigate such det-
rimental effects, sustainable alternative materials are incorporated to replace the
conventional cement in concrete (Das et al., 2020, Alhawat et al., 2022). Geopol-
ymer (GPC) is a novel construction material that can be applied in engineering
applications with a full replacement for cement binder in concrete (Tayeh et al.,
2021; Zinkaah et al., 2022). Geopolymer is classified as an inorganic material
and belongs to the family of alkali-activated materials, synthesized by activating
a variety of raw aluminosilicate materials that are rich in alumina and silica (e.g.,
fly ash, red mud, slag and metakaolin) through highly concentrated alkali activa-
tion to form a polymeric structure ranging from amorphous to semi-crystalline.

Geopolymer has effectively replaced conventional cement in various construction
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applications such as precast bridge decks, fire resistance material, and pave-
ments. Recently, geopolymer is being gained more attention as an appropriate
material for developing sustainable concrete, offering several benefits over con-
ventional concrete in terms of mechanical, durability, high fire resistance and ther-
mal properties. Moreover, geopolymer has exhibited greater environmental per-
formance by minimising footprint emissions in addition to the ability to integrate
waste materials as sources for geopolymer (Welil et al., 2009). Despite having
similar mechanical and durability properties to those of conventional concrete,
the thermal properties, namely thermal conductivity, and specific heat may differ
significantly from those found in normal concrete. The thermal properties of con-
crete are crucial for designing buildings to provide thermal storage as well as
restrict or improve thermal movement. The thermal performance of concrete can
be affected by changing the quantities of components, which have varied thermal
conductivity and thermal specific heat properties. These two characteristics gov-
ern the level of heat stored in the material used as well as the heating rate that
can be transferred into/out of the material used. Accordingly, relatively limited
research has been conducted on the thermal performance of geopolymer con-
crete. According to the previous finding, geopolymer concrete generally exhibits
lower thermal conductivity in comparison with other conventional building mate-
rials (Aguilar et al., 2010; He et al., 2020). Rashad et al. (2019) demonstrated
that geopolymer mortar had a lower heat conductivity (0.930 W/(m-k) in compar-
ison to cement mortar (1.400 W/(m.K). In a different study, Snell et al. (2017)
indicated that the thermal conductivity and the specific heat of geopolymer paste
are substantially lower than that found in cement paste and more equivalent to
those measured in silica sand and granite. However, the thermal performance of
geopolymer is heavily influenced by the characteristics of the materials used (e.qg.
chemical composition, the quantity of soluble alumina and silica, and the particle
size of precursors). Previous studies indicated that the low thermal conductivity
of fly ash-based geopolymer, especially in comparison with that found in geopol-
ymer prepared from metakaolin (Kong et al., 2007; Guerrieri et al., 2010; Zhao et
al., 2011). This is probably can be attributed to the low porosity and the change
in the pore structure of geopolymer matrix. Investigations conducted by Niklio¢ et
al. (2016) showed that geopolymer paste offered higher thermal conductivity

when fly ash was patrtially replaced by steel slag (up to 40%). This can be clearly
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ascribed to the extensive content of iron in steel slag particles, having high ther-
mal conductivity reaching around 15 W/m.K. Conversely, the inclusion of fiber in
geopolymer matrix seems one of the most efficient ways to enhance the thermal
insulation and reduce the thermal conductivity of geopolymer. Samal etal. (2015)
examined the thermal conductivity of several fiber reinforcements in metakaolin-
based geopolymer under increasing temperature conditions. The findings indi-
cated that the highest thermal conductivity recorded at 250°C did not exceed
0.700 W/m.K, which is highly comparable to that typically found in conventional
concrete (lower than 0.750 W/m.k. This can be explained by the high porosity of
fibre, resulting in the existence of high levels of air in geopolymer, and thus re-
ducing the rate of heating transfer through geopolymer. Aside from adding fibre,
Lee et al. (2016) stated that adding the aluminium powder to fly ash-based geo-
polymer can decrease the thermal conductivity and apparent density of the ma-
trix. This is mainly due to the reactions between aluminium powder and sodium
hydroxide in geopolymer slurry, forming hydrogen, which in turn results in in-

creasing porous structures inside geopolymer mortar.

Interestingly, the change in thermal conductivity can also be associated with the
ratio of Si/Al molar as it tends to rise with increasing Si/Al molar ratios (Kamseu
et al., 2012). This mostly is related to increasing the content of silica, which can
be useful for enhancing the thermal conductivity by strengthening the produced
polysilicates. The thermal conductivity of geopolymer tends to reduce with lower
geopolymer density (He et al., 2020). The type of aggregate used in concrete has
also a significant impact on the thermal conductivity of concrete. Evidently, light-
weight aggregate has lower thermal conductivity due to its higher porosity and
reduced density, which is mostly filled by air in concrete, increasing the heat in-

sulation of structures.

The concrete effect on the thermal performance of geo-energy structures has
been extensively studied (Li et al., 2018; Kong et al., 2019). The influence of
graphite powder on the thermal conductivity was carried out by Li et al. (2018),
and the results then used in developing numerical modelling using finite element
analysis to investigate the performance of geo-energy piles made of graphite con-
crete. The results demonstrated the ability of graphite concrete to enhance the

heat transfer characteristics of energy piles and showed that a higher graphite
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content was more beneficial to the heat transfer process. A similar numerical
study was carried out by Kong et al. (2019) on the heat transfer characteristics of
graphite concrete to thermally enhance energy in piles. The results indicated that
the heat transfer capacity of the graphite concrete energy pile was higher by 6.5%
than that measured in a typical concrete energy pile. Nonetheless, there was no
evaluation of the effect of this thermal enhancement on the concrete compressive

strength, in addition to the lack of physical measurements of the pile performance.

It can be concluded that concrete is one of the key parameters that need to be
highly considered during the design of geo-energy structures. Also, geopolymers
are thermally stable under exposure to high temperatures. Geopolymer has a low
mass loss and a low expansion ratio and thermal conductivity. Furthermore, the
thermal characteristics of geopolymers are directly connected to the geopolymer
ingredients and raw materials. Accordingly, the literature showed that there are
relatively limited studies were carried out on the thermal characteristics of geo-
polymer concrete, while the applicability of geopolymer concrete as a construc-
tion material for geo-energy piles has not been investigated yet, Therefore, the
current chapter aims to fill the research gab by experimentally and numerically
exploring the potential use of geopolymer concrete in enhancing the thermal per-
formance of geo-energy piles and walls using a large-scale fully instrumented
laboratory rig. For comparative purposes, piles and walls were prepared from
conventional and geopolymer concretes with similar compressive strengths.
Moreover, a 2D finite element model was developed and validated for-geo energy
piles using COMSOL Multiphysics by using the data obtained from the experi-

ments.

4.3 Experimental programme

In order to accurately investigate the thermal performance of GPC geo-energy
structures, a fully instrumented testing rig was designed and manufactured to run
the heat transfer experiments consisting of three main parts, a testing tank, geo-
energy structure and a data acquisition system. Details of the materials used in
this experimental approach are demonstrated and discussed in the following sec-

tions.
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4.3.1 Materials

4.3.1.1 Sand

Standard building sand was selected to simulate the ground soil in this experi-
mental study further details about the physical, geotechnical and thermal prop-

erties of this sand can be found in and section 3.3.1.1.

4.3.1.2 Normal concrete

The concrete mixtures were designed with water/cement (w/c) ratio of 0.45 to
achieve a target compressive strength ranging between 45 - 48 MPa after 28
days. Different samples were prepared to measure the thermal conductivity of
concrete, compressive strength, thermal expansion coefficient and stiffness fur-
ther information about the normal concrete batches is presented in section 3.3.1.2
of this thesis.

4.3.1.3 Geopolymer concrete

The Geopolymer concrete batches were designed to achieve a target compres-
sive strength of 45MPa. The main components used in producing geopolymer
mixtures were by mixing fly ash (FA), electric arc furnace slag (EAFS), sodium
hydroxide, sodium silicate, coarse and fine aggregates. The FA meets the re-
quirements of BS EN 450-1 and is classified as category N (known as class F
accordingto ASTM 618). Table 4.1 presents the chemical composition of FA used
in this study. EAFS is a by-product of steel making, produced during the produc-
tion of the steel. The chemical composition of EAFS was obtained from the sup-
plier and presented in Table 4.2. The alkaline activator used was consisted of
sodium hydroxide (NaOH) with amorality of 14 and sodium silicate solution
(Na2Sios), having a ratio of Na2Sios/NaOH. Off note, the NaOH and sodium
silicate solution were mixed before being added to the concrete. Additionally,
naphthalene named Oscreed 893 superplasticizer and additional water was
added to the mixture to improve the workability. The composition of GPC is shown
in Table 4.3. Four geopolymer concrete mixes were designed and tested to eval-
uate the effect of EAFS on the thermal conductivity of geopolymer concrete. For

all mixes, the total binders were kept constant of 400kg/m3. EAFS% was taken
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as 0.1, 0.2, 0.3, and 0.4 of the total binders and other proportions were kept con-

stant, with Na2Sioz/NaOH ratio of 2.5 as described in Table 4.3. The mixes were

prepared with the same fine and coarse aggregates used earlier in normal con-

crete. Firstly, all dry materials were mixed together for two minutes before adding

the alkaline activator, the additional water and superplasticizer for around 5 mins.

Then the mix was poured in the moulds prepared to measure the mechanical and

thermal properties, namely thermal conductivity, coefficient of thermal expansion,

compressive strength, and concrete stiffness.

Table 4.1. Chimical and phisical analysis of fly ash.

Element Units Weight property
Loss in Ignition % 3.90

Fineness % 27.6
Particle Density Kg/m?3 2304
28 days Activity Index % 84
90 days Activity Index % 100
Initial setting time, sam- Minutes 205
ple

cl % 0.01

Sulfuric Anhydride Sos % 0.78

Calcium Oxide CaO % 4.48

SiOz, A|203, F903 % 83.66

Na.O % 2.72
Magnesium Oxide MgO % 1.57

Phosphate PO, % 0.35

Where, activity index is defined by ASTM C 311 (1998), as the ratio of the compressive of mortar mixed
with 20% fly ash (by weight of binder) to control mortar.

Table 4.2. Physical and chemical properties of electric arc furnace slag (EAFS)

Element Units Weight  property
SiO; % 17.96

Al,O; % 7.96

Fe/FeO; Fe,0; % 31.58

Cao % 32.52

MgO % 4.56

MnO % 3.8

Na,0+K,0 % 0.2

TiO; % 0.59

Relative Density Kg/m?3 3500
P20s % 0.58

SO3 % 0.25

Loss in Ignition % -

Specific gravity 3.01
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Table 4.3. Mixture properties of GPC and OPCC

Ingredient OPCC GPC-Mix1 GPC-Mix2 GPC-Mix3 GPC-Mix4
proportions proportions proportions proportions proportions
kg/m3 kg/m3 kg/m3 kg/m3 kg/m3
Cement 343 - - - -
Flay ash - 360 320 280 240
Slag - 40 80 120 160
NaOH (14 M) - 66.5 66.5 66.5 66.5
Na,SiO; - 163 163 163 163
Coarse aggregate 1199 1209 1209 1209 1209
10mm
Fine aggregate 783 650 650 650 650
Water 155 20 20 20 20
Super plasticiser - 10 10 10 10
weight 2480 2518.5 2518.5 2518.5 2518.5

Where, EAFS ratio for GPC-Mix1, GPC-Mix2, GPC-Mix3, and GPC-Mix4 are 0.1, 0.2, 0.3, and 0.4, respec-
tively.

4.3.2 Experimental method

4.3.2.1 Thermal properties of concrete

The Hot plate test was carried out to measure the thermal conductivity of OPCC
and GPC samples according to the British Standards - BS EN 12664:2001. More
information about this test can be obtained from section 3.3.2.1 of this thesis.

4.3.2.2 Heat transfer experiments

In total 4 experiments were carried out including 2 tests on energy piles and 2
tests on energy walls with the fixed and variable parameters demonstrated in
Table 4. 4. The first two tests were conducted on piles using OPCC and GPC as
illustrated in Table 4.4. Two more experiments were carried out on energy walls
made of OPCC and GPC. It is worth to mentioned that the piles and walls were
experimented using the experimental rig that have been explained in section
3.3.3.
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Table 4.4. Fixed and variable parameters for GEP and GEW.

Series Test coding Fixed parameters Variable parameters Notes
OPCCpile  FR=671/h, PSS, OPCC Normal concrete
e 1 IT =52.499C, WL=500 mm
© GPC pile FR =67 I/h, PSS, GPC Geopolymer concrete

IT=51.67°C, WL=500 mm

OPCCwall  fR=671/h, PSS, OPCC Normal concrete
= 2 IT =53. 789C, WL=500 mm
w
© GPC wall FR =67 I/h, PSS, GPC Geopolymer concrete

IT =51.59°C, WL=500 mm

Where; PSS= Partly Saturated Sand, FR = Flow Rate, WL= Water Level and IT = Inlet Temperature, OPCC= normal
concrete, GPC= Geopolymer concrete.

4.4 Assessing CO2z emissions for OPCC and GPC

The energy that used to deliver the raw materials for OPCC and GPC, is respon-
sible to release CO2 emissions into the atmosphere. OPC produces a higher
emission in comparison with other cementitious materials such as FA, and EAFS.
The manufacturing of one kg of OPC produces about 0.73—-0.85 gm of CO2 (Ha-
sanbeigi et al., 2012; Hills et al., 2016; Alsalman et al., 2021). In the current chap-
ter, the value of 0.84 kg-COz2/kg, was used to calculate the total CO2 emissions
for the production of geo-energy structures (Sanjuan et al., 2020). The other con-
crete materials such as aggregates and sand are generated relatively low
CO2 emissions. The CO2 emissions of FA, and EAFS are 0.0196 kg-CO2/kg, and
0.052 kg-CO2/kg, respectively. According to several studies (yang etal.,
2013; Ghacham et al.,2016). Hammond et al. (2011), the emissions associated
with fine aggregate was stated 0.0048 kg-CO2/kg ,while the coarse aggregate
emissions was reported to be 0.0075 kg-COz2/kg (yang et al., 2013). According
the emissions associated with the production, it has been estimated as 0.008 kg-
CO2/kg (yang et al., 2013).

The activating solutions such as sodium hydroxide and sodium silicate, con-
sumes higher energy for their production, and consequently, result in a consider-
ably higher CO2 emission. Production of sodium hydroxide emissions lead to
carbon emission of approximately 1.915 kg-COz/kg (Alsalman et al., 2021). This

value is computed for 100% concentration of (solids) sodium hydroxide. On the

O Elkezza., 2023 72



other hand, production sodium silicate generates lower emissions when com-
pared to that for sodium hydroxide of 1.22 kg-CO2/kg (Alsalman et al., 2021), it
Is worth to mentioned that this value is for the solid form. Moreover, superplasti-
cizers have an average emission rate of 1.88 kg-CO2/kg (European Federation
of Concrete, 2015). It is worth mentioning that in this study, the emissions related
to transportation were assumed to be the same since the materials were collected

from similar distances, and thus the impact of such emissions was neglected.

4.5 Numerical model

The physics problem in this numerical model is to simulate the operation of
GEP system which can be divided into two categories:

1). Time dependant heat transfer problem, which can be solved to calculate the
temperature at each node of the finite element mesh.

2). unsteady fluid flow and convection (forced) problem in pipes, which can be
solved by estimating the fluid temperature and the pipe wall temperature along
the pipe axis.

In the domains that equipped by solid such as pipe, concrete and soil, pure con-
duction heat transfer is expected to occur which is governed by the conduction

eqguation in case of no generation of internal heat as following:

oT
pCy 5, + V. (=AVT) =0 (4.1)

Where; V. Represents the divergence operator and A is the thermal conductivity
of the material (pipe wall, concrete and soil). Equation (4.1) is solved for temper-
ature, T. a boundary conditions of a zero-hour temperature of all the module com-
ponent are applied to the numerical model during the run time and was used to
create a matrix which will be solved, for approximately calculate the temperature
changes.

The fluid flow and heat transferred from/to fluids in pipes are physically modelled
the heat exchanger pipe based in modelling the internal flow and the heat to be
transferred through the pipe wall; the solution of the pipe flow and heat transfer
problem is provided using built-in equations in COMSOL. In which, pipe flow is
evaluated by solving the momentum and continuity equation given by (Branard
et al., 1966).
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The second term of the right-hand side in Equation (4.2) accounts for pressure
drop by viscous shear and the Darcy friction factor f, represents the pressure
drop with respect to the pipe length due to the viscous shear and it can be calcu-

lated using Reynolds number, e pipe roughness and dh the hydraulic diameter.
fp can be assessed using the equation proposed by Churchill, (1997) as follow-

ing:

1/2
Lt CZ)—l.Sl (4.9)

Where; C; and C, are factors given as:

16
0.9

¢, =|-24571 (7> +027(e) (4.5)
L= | T AR, “"\n '

(4.6)

Equation (4.4) are valid all flow condition, including, laminar or turbulent. Further-
more, e in Equation (4.5) describes the absolute value for pipe surface rough-

ness; and for polyethylene it is given as 3.0 x10°m.

Reynolds number, R, is gives the ratio between the inertial forces to the viscous

forces, such that:
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U dh
R, = pr (4.7)

In pipe, the heat transfer is covered by the energy equation as follows:

oT
PRpiCor 5 + (PrApiCofVri-VT)
(4.8)
PrApi

3 .
= Api AsVT + Fp dh |Vf,i| + qwan

Where; As, C, s and T are the thermal conductivity, specific heat capacity and

temperature of the heat carrier fluid, respectively, and g,,,; denotes to the flux
heat per length that extracted or dissipated through the pipe wall to the surround-
ing domain and given by:

Gyan = UPp (Tc = To) (4.9)

Where; U is the coefficient heat transfer in the pipe, P, = 2nr; represents the

wetted perimeter and T, is the temperature of concrete (outer side the pipe sur-
face). Fig.4.1, shows the cross section of the domain of pipe-fluid and demon-
strate the temperature gradient across the pipe wall. By considering the internal
fluid film resistance and the resistance of the wall, the overall heat transfer coef-

ficientis evaluated as follows:
1

1 n, (1 (4.10)
Rt 2,0 ()

U =

Where; hy is the convection heat transfer coefficient, 1, thermal conductivity of

the pipe and r; , r, are internal and external pipe radius, respectively.
A
hy = Nu-L (4.11)

2Ti

as the ratio of convective to conductive across the pipe wall is given by Nusselt

number. And estimated for laminar flow as following:
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Nu = 1.86 * (R,P.)"/3 (ﬁ) (i)m (4.12)

L/ N\

Off note, eq (4.12) are valid only with the following condition:

Laminar , {[ReD Pr/(L/D)]l/g(y/yw)O-“} > 2, uniform surface temperature,

0.48< P. < 167000.0044 < u/u,, < 9.75.

Pipe wall

Fig. 4.1. the temperature gradient across the pipe wall.
4.5.1 Geometry and Boundary Conditions

All geometries were assembled with COMSOL as shown in Fig. 4.2 cylindrical
concrete pile with a diameter of 150mm and a length of 1m contained a U-shaped
heat exchanger with inlet and outlet have been constructed. The inlet and outlet
were placed 90° apart and the heat exchangers were 8mm diameter HDPE tubes

with Imm wall thicknesses placed inside the concrete pile at the centre with a
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concrete cover of about 17mm. The distances between the U-tube shanks were
kept constant at 100mm, whilst a 425mm x1000mm soil block was assigned sur-
rounding the pile on the both sides (inlet and outlet side).

The simulation was carried out using finite element mesh with a maximum ele-
ment size of 0.01 m and a minimum element size of 0.00002 m and a maximum
growth rate of 1:1. All boundary conditions were applied using the data collected
from the lab experimental data, which were explained previously in section 2.2.3.
The ambient temperature of 20°C has been assigned on the top (soil surface) of
the module domain while the sides and the bottom have been insulated. Moreo-
ver, the inlet temperature and flow rate were kept constant at 53°C and 67I/h,
Table 4.5 and Fig 4.2 demonstrate the module parameters.

To simulate the current experimental work two numerical runs were performed,
run 1 considers the OPCC geo-energy pile with thermal conductivity of 1.44
w/m.k, whereas run 2 studies the GPC pile with a thermal conductivity value of
1.69 w/m.k. both runs were carried out to simulate the pile operation for 100hrs,
and during each run, the increase of soil and concrete temperature and the drop

of liquid temperature were calculated.

T=20°C
YYYYTYTYYYYYYYYYYYYYYYY
rm 1 1 | ] 1-"‘ :
0.97 0.9 :
Soil do- | Soil do-
0.87 0.87
main | main
0.7 0.7 |
0.67 0.67
0.57 0.5
0.37 0.3
0.27] 0.2 !
1
i (]
0.1 0.1 1
Ll 1
o1 T T T T T T T T o o T T T T T T T
0.2 0 0.2 04 0.6 0.8 1 1.2 0.2 0 0.2 04 0.6 0.8 1 1.2
——— Insulated walls —— U-tube .—-- Concrete pile
Fig. 4.2. Geometry and boundary conditions of the pile model
Table 4.5. Parameters for the simulation runs.
Parameters Value Unit Note
Initial soil temperature 21 °C Measured
Coolant inlet temperature, T; 53 °C Measured
Soil thermal conductivity, Ks 2.8 wm?lk! Measured
Coolant density 1035 Kg m Data
sheet
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Coolant thermal heat capacity, C, 3700 Jkgtk'  Measured

Internal pipe radius, r; 3 mm Measured
external pipe radius, r, 4 mm Measured
Heat exchanger length, L 1700mm mm Measured
Dynamic viscosity, p 0.0080 Ns m? Data
sheet
Kinematic viscosity, w 0.0000076 m?st Data
sheet
Reynolds Number, R. 510 Computed
Coolant thermal conductivity 0.457 wm?lk?! Measured
Pipe thermal conductivity, Kp 0.250 wmlk! Data
sheet
Prandtl number, P, 71 Computed
Nusselt number (jaminar), Nu 7.029 Computed
Heat transfer coefficient, h; 527 wm?k?! Computed
GPC Thermal conductivity* 1.69 wm?lk?! Measured
OPCC Thermal conductivity* 1.44 wm?lk?! Measured
GPC Specific heat capacity 1095.7 Jkglk! Computed
OPCC specific heat capacity 1231.8 Jkgtk! Computed
GPC density 2521 Kg m3 Measured
OPCC density 2480 Kg m3 Measured

4.5.2 Model application

The 2D numerical model presented above has been utilised to provide a realistic
interpretation of the relationship between the thermal conductivity of the concrete
and surrounded ground thermal conductivity. This is done through a number of
simulations where the thermal conductivity of ground where kept fixed and equal
to a value of 2.8 W/mK. And the thermal conductivity of concrete changed be-
tween upper limit of Kc=2Ks and lower limit of Kc=0.25Ks. All the other parame-
ters were fixed as shown in Table 4.5. Table 4.6 shows the detailed variable pa-

rameters of the simulation runs.

Table 4.6. Parameters values used in the pile simulation.

Runi Variable Parameter
1 Rc=0.25Rs

2 Rc=0.5Rs

3 Rc=0.75Rs
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4 Rc=Rs

5 Rc=1. 5Rs

6 Rc=2Rs

Rc=thermal conductivity of concrete and Rs = thermal conductivity of soil

4.6 Results and discussions

4.6.1 Thermal conductivity, strength, and stiffness of OPCC and GPC

Thermal conductivity and compressive strength results for concrete samples pre-
pared with OPCC and GPC tested at room temperature are illustrated in Table
4.7 and Fig. 4.3. All data presented in Table 4.7 represents the average value of
three identical concrete samples. Batch 1 was carried out with OPCC, while
batches 2, 3, 4, and 5 were tested with GPC with different ratios of EAFS (0.1,
0.2, 0.3 and 0.4).

According to the obtained results, the thermal conductivity of OPCC is equal to
1.44 W/m .k, whereas for GPC concrete varied between 1.56 to 1.72 W/m.k and
reached the peak when EAFS was 0.3 in other words EAFS 30% Of the total
binders. In addition, the thermal conductivity of GPC also increased with increas-
ing EAFS /FA ratio. This increase in the thermal conductivity value could be fun-
damentally attributed to the higher content of Fe20s3 in the EAFS. Zhihe et al.
(2014) reported that the higher thermal conductivity of the steel slag is mainly
corresponding to the content of Fe20s. Also, Taked et al. (2009) pointed out that
the Fe20s3 has the higher thermal conductivity among the other synthesized iron
oxides (15 W/m.k) demonstrating why slag was previously employed to enhance
the thermal conductivity of concrete asphalt mixture (Jiao et al., 2020). The en-
hancement might also be explained by the higher density of GPC batches, which
was 3% higher than made from OPCC, leading to an increase in the thermal
conductivity of GPC batches. The relationship between the GPC density and the
thermal conductivity was previously discussed by Ali et al. (2020) and Elzeadani
(2021), the reduction of concrete density leads to increasing the pore volume of
their internal structures, which in turn leads to entrapping air in the mix. Further-
more, data for the influence of EAFS content on the measured compressive
strength of GPC after 28 days of air curing were also plotted and presented in
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Fig. 4.3 and Table 4.7. It was obvious that the addition of EAFS to the GPC mixes
resulted in a considerable degree of improvement in the compressive strength up
to EAFS = 0.3, whilst further increase in EAFS content led to a gradual decline in
the measured compressive strength. Strengthening GPC by the incorporation of
slag was previously reported by Farooq et al. (2021), increasing EAFS content
can trigger the increase in the compressive strength of Na2Sioz and NaOH due
to the presence of Ca*? ions, which react with the alumina and the silica to form
C-A-S-H gel in addition to C-S-H.

Table 4.7. Thermal conductivity of OPCC and GPC batches.

Batch EAES Room Tem- Therm.al. Compressive
number ratio perature Conductivity strength

°C W mK?! MPa

1 - 24.4 1.44 45

2 0.1 24.5 1.56 41.2

3 0.2 24.1 1.61 43.4

4 0.3 24.0 1.69 45.6

5 0.4 24.4 1.72 42.5

Moreover, alkaline activator reaction with the slag considered as an exothermal
reaction because heat is generated during the geopolymerization process. There-
fore, the increase of EAFS content increased the compressive strength of GPC.
Also, it has been reported that the GPC compressive strength improvement with
slag addition could be attributed to the formation of gel phase (C-S-H and A-S-H)
and the compactness of microstructure (Kumar et al., 2010).
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Fig. 4.3. GPC thermal conductivity and compressive strength with respect EAFS/FA ratio.

Due to the sensitivity of the concrete stiffness to the thermo-mechanical behav-
iour of geo-energy structures. The stiffness of OPCC and GPC batch 4 was
measured on cylindrical samples with a diameter of 150 mm and length of 300
mm. Samples were cured in a water bath for 28 days and air dried for 24 hours
prior to testing. Strain gauges were fastened on the sample surface in the longi-
tudinal direction as shown in Fig. 4.4 (a) and Fig. 4.4 (c). Fig. 4.4 (b) shows rec-
orded data for the applied stress and measured strain on samples made from
OPCC and GPC. The compressive strength presented in Fig. 4.4 (b) is cylindrical
compressive strength. The modulus of elasticity (E) was determined from the
measured data in accordance with EN 1992-1-2, (2004). The results reveal that
the stiffness of the OPCC and GPC was 28.2 GPa and 25.6 GPa, respectively. It
is clear that the stiffness of OPCC concrete was 11% greater than that measured
for the GPC. This could be caused by the proportion of coarse and fine aggregate
in the GPC mixes, which was 6% less than the proportion in OPCC. Nikbin et al.
(2014) and Neupane (2016) found a significant increment in the modulus of elas-

ticity with the increase of the proportion of aggregate in GPC mixes.
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4.6.2 Pile heat transfer tests

For the two pile tests, the circulating fluid temperature was recorded at the inlet,
outlet and T1 points of the HE embedded in the model geo-energy pile as it can
be seen in Fig. 3.3b. The inlet-outlet temperature difference At represents the
amount of heat energy dissipated by the pile into the soil. Fig. 4.5a illustrates the
temperature difference between the inlet and outlet for the four tests. It can be
obviously observed that GPC pile in which the energy pile made of Geopolymer
concrete (GPC) gave the highest differences in temperature. On average, a dif-
ference of about 2.37 °C was recorded after reaching steady-state conditions for
the GPC pile test. In comparison to the temperature difference measured on the
OPCC pile (2.07 °C), it can be said that almost 14 % improvement in temperature
difference between inlet and outlet was reported in the case of using Geopolymer
concrete. These results provide reliable proof that the thermal performance of
geo-energy pile tends to enhance when the GPC is used, which could be at-
tributed to the higher thermal conductivity value of GPC than that of OPCC as
illustrated in Fig. 4.3. Furthermore, Fig. 4.5b and Table 4.8 demonstrate the cir-
culating fluid temperature measured at a certain point named T1 inside the HE at
a distance of 850 mm from the inlet point of 1700 mm HE, a data for the measured
temperature at inlet and outlet, the temperature difference from that measured at
the inlet point and the percentage of temperature dissipation at T1 after reaching

steady-state conditions. The data demonstrate that the fluid temperature flowing
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in the HE reduced by about 52 % and 45 % of the total dissipated temperature at
point T1.
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Fig. 4.5. Experimental and numerical temperature difference between inlet and outlet.
Table 4. 8. Circulating fluid temperature along the heat exchanger for pile tests
TEST INLET POINT POINT 1 (T1) OUTLET POINT DISSIPATED
CODE ENERGY
Ti T, Atl HD TO Atin-out q
°C °C °C % °C °C watts
OPCC PILE 52.49 51.40 1.09 52 50.41 2.08 143.14
GPC PILE 51.67 50.60 1.07 45 49.30 2.37 163.10

Where; Ti = inlet temperature, T1 = Circulating fluid temperature at 450 mm, To = Outlet temperature, At1
=Ti-T1, Atinout = Ti-To, HD = percentage of temperature dissipation, q = dissipated energy.

The heat exchange between the geo-energy structure and soil per unit can be
calculated using equation 3.2. It was obvious that the dissipation of heat from the
GPC pile is higher than that reported with the OPCC pile by 14%. For OPCC pile
and GPC pile, the calculated dissipated heat was about 143.14 watts and 163.10
watts, respectively. As a result of the high temperature gradient between the ex-
perimental piles and soil, the soil temperature rapidly increased during the early

stage of heating until reaching a certain level, then it maintains almost constant,
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showing a steady state. Fig. 4.6 exhibits the change that occurred in the soil tem-
perature in the horizontal direction after reaching steady-state conditions for both
piles tests, including OPCC and GPC pile. For both tests, the temperature of sand
at the horizontal location was measured at (50mm, 100mm, 200mm, 300mm,
425mm) in both sides of the pile at a constant depth of 450mm from the tank base
(see Fig. 3.3b). The maximum temperature change (the temperature at the meas-
ured point - initial soil temperature) was observed at 50mm from the pile, record-
ing about 11 °C and 8 °C for the GPC and OPCC piles, respectively as seen in
Fig. 4.6. This temperature changes then gradually decreased with the increase
in the horizontal distance until reaching 1.6 °C and 1.4 °C at the boundaries of
the experimental tank. In addition, the steady state temperature changes for GPC
pile rise by about 8% compared to that of the OPCC pile. This could be attributed
to the fact that the amount of dissipated energy from the GPC pile is 14% higher
than that found in OPCC pile.
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Fig. 4.6.Soil horizontal temperature profile at the mid-height of the pile.

Fig. 4.7 supports the state of increasing soil temperature along with the depth of
the pile at predetermined locations at 100mm away from both sides of the pile as
shown in Fig. 3.3b. The distribution of the temperature change increased as the
depth rose. However, these changes are clearly affected by the water table; in
fact, the change in temperature above the water table is more significant than

that below the water table. In the case of testing GPC pile, the temperature
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change above the WL of soil was 28.30 °C at 150 mm, 29.47 °C at 300 mm and
29.73 °C at 450 mm, whereas below the WL, the temperature changes were less
significant, reporting 30.80 °C at 600 mm and 30.98 °C at 750 mm. In other words,
the temperature of dry/ partially saturated soils showed higher temperature
changes compared to those were fully saturated. This can be justified by the fact
that saturated sand has greater heat capacity than partially saturated and dry
sand. Therefore, it seems that more energy needs to be rejected from the GEP
in order to reach the same temperature in the saturated sand (Mohamed et al.,
2015; Kramer, 2013; Bao et al., 2019). To confirm this observation, the thermal
conductivity and volumetric thermal heat capacity measurements of soil were
taken on samples at predetermined heights after the completion of testing GPC
and OPCC piles. Samples were extracted precisely at the same predetermined
heights to determine water content and density. Fig. 4.8 presents water distribu-
tion inside the testing tank, which confirms that sand at the lower half of the tank
was fully water-saturated. There was also a significant drop in the degree of sand
saturation at 300 mm of the top, turning to an almost dry condition at the surface
of the sand. The value obtained from the soil degree of saturation was then used
in conjunction to the soil thermal properties provide in Fig. 3.5, to measure the
thermal conductivity and heat capacity of the sand along with the tank height, as
presented in Fig. 4.8, the measurements revealed that high values of thermal
conductivity and heat capacity were stated at the bottom half of the tank, while it
gradually reduced towards the sand surface (top of the tank).

Fig. 4.9 shows the lateral earth pressure measured at mid-height of the pile. The
lateral pressure cell was placed at the pile-soil interface of the pile on the inlet
side. The data was captured from the tests conducted on OPCC and GPC piles,
using partly saturated sand. The initial value of the lateral earth pressure was
approximately 5.79 kPa. For OPCC pile test, the lateral earth pressure was
slightly increased by circa 10 Pa after running the experiment for 20 h to a value
of 5.80 kPa, while the later earth pressure for the GPC pile increased by 3 Pa
after reaching the steady-state condition. This could be attributed to the induced
thermal expansion due to heating, leading to an increase in the lateral earth pres-
sure at the soil-pile interface. To determine the observed behaviour, the thermal
strain due to thermal expansion of the pile was calculated in accordance with EN

1992-1-2 as given by Equation 3.3.
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Fig. 4.8. Measured degree of saturation and thermal properties along the experimental tank

To precisely estimate the thermal strain, it was essential to determine the coeffi-

cient of thermal expansion. Experiments were conducted in accordance with TI-

B 101 (94) on OPCC and GPC samples. The coefficient of thermal expansion
was found to be 4.173 x 10 °C* and 5.024 x10%°C* for GPC and OPCC, re-
spectively. Fig. 4.10 illustrates that the increase in pile temperature led to an in-

crease in the thermal strain. The calculated thermal strain of the OPCC pile was

about 2% higher than that measured in GPC pile. This could be attributed to the
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difference in CTE between OPCC and GPC, which was experimentally higher in
OPCC by 17% in comparison with GPC.
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Fig. 4.10.Experimental and numerical pile temperature and calculated thermal strain for
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4.6.2.1 Validation of pile numerical model

The experimental data of the pile heat transfer tests were utilised to validate the
2D COMSOL pile model. The model was operated for a 100 continuous hrs to
evaluate the GEP made of OPCC and GPC. The temperature difference results

between inlet and outlet between the modelled data and the experimental data
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have been used to assess the model accuracy. For run 1 and run 2, the temper-
ature differences between inlet and outlet were constant of 1.94 °C and 2.21°C
respectively, by reaching the steady state. According to the experimental results,
the average steady-state temperature difference was 2.07 °C and 2.37 °C at the
steady-state close, indicating a good agreement in the results. To evaluate the
accuracy of the numerical model results, the root mean square error (RMSE) and
the maximum error (Errmax) were calculated using Eq. 4.13 and Eq. 4.14, re-
spectively, and the findings were presented in Table 4.9.

2
RMSE = \/(AT_comsol - AT_experimenlfal) (413)
n

| (AT_ComSOl - AT_experimental)

Ertyax = (4.14)
AT_comsol
Table 4. 9. Ay and statistical performance of pile model
Model run A7 comsol °C AT experimental °C RMSE Errmax
1 1.94 2.07 0.13 0.067
2 2.21 2.37 0.16 0.072

Table 4.9 shows the values of RESE and Err max 7.2% between the COMSOL
model and the experimental data. 7.2% maximum error was recorded for run 2
while 6.7% error was found in run 1. These findings showed a strong agreement
with the result of the experimental work. The variation of concrete temperature
has also been modelled, Fig. 4.10 shows the temperature of concrete variation
with time, while Fig. 4.11 and Fig. 4.12 displays the variation of temperature with
time for the whole experimental tank (including pile and soil). According to the
figures, after one hour of GPC and OPCC GEP continues operation, the temper-
ature of the pile increased by almost 2 °C, while with further increase in time (e.g.,
10 hrs), the change in temperature on OPCC pile was about 8 °C and for GPC
was 9 °C. By extending the time of running, the pile temperature reached a
steady state at 20hrs, then minor changes in the temperature of the pile and soils

were noted until the end of the operation. For both runs, a notable excess of GPC
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temperature was captured by about 1°C more than OPCC as seen in Fig. 4.10,
Fig. 4.11, and Fig. 4.12.

4.6.2.2 The effect of concrete thermal conductivity

The thermal conductivity of concrete has been rated to be the third important
parameter that affecting the thermal performance of geo-energy piles (Cecinato
and loveridge., 2015). Shafagh et al. (2021) demonstrated that the thermal con-
ductivity of soil is the dominant heat transfer mechanism for buried pipes because
it relatively occupied the large volume of the system. Hence, the model has been
utilised to provide deep understanding for the relationship between the thermal
conductivity of soil and the thermal conductivity of concrete for the geo energy
piles applications. The model was simulated for 100h continues operation at con-

stant inlet temperature of 52 °C and constrained with data presented in Table 4.5.

Simulations were performed for range of concrete thermal conductivities see Ta-
ble 4.6. the temperature difference between inlet and outlet at each hour of the
total run of 100hr, have been calculated and presented in Fig. 4.13. Fig. 4.13
shows concrete thermal conductivity can play an important role in the tempera-
ture difference (inlet-outlet) of the geo energy pile. In order to understand Fig.
4.13, the case of Rc=Rs was taken as reference. Below the reference line, the
reduction of 25% in thermal conductively (kc) leads to a decrease in AT (in-outy Of
about 15%. Whereas further reduction to 75% on Kc value produces 70% reduc-
tion in AT(n-ouy. On the other hand, above the reference line, an increase of 50%
of Kc leads to enhance AT in-out) by 35%. Therefore, the results recommended to
control the thermal conductivity of concrete to be equal or greater than the value
of Ks.
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4.6.3 Wall heat transfer test

To study the thermal performance of geo-energy walls, two tests were carried
out; one tested GPC wall and the other conducted on OPCC wall. Both walls were
installed inside partly saturated sand. According to Fig. 4.14a, the temperature
measurements were taken for the circulating fluid at Inlet, T1, and outlet points of
the heat exchanger. The temperature differences between inlet and outlet data
for GPC and OPCC walls are presented in Fig. 4.14b. For steady state condition,
the data obviously indicated that the GPC wall produced a higher temperature
dissipation of 7 °C compared with the temperature difference of 5.77 °C dissi-
pated by OPCC wall. These results demonstrated that the thermal performance
of geo-energy wall increased by 21% in comparison with wall made out of OPC .
This can be justified by the fact that the used GPC can offer higher thermal con-
ductivity than that for OPCC, reporting 17% improvement in the current study.
Elkezza et al. (2022) stated that by doubling the thermal conductivity of the con-
crete used to produce the GEW, the thermal efficiency of the geo-energy wall

installed in partly saturated sand would increase by 66% .

The measurement of the liquid temperature was taken at T1, which is located at
4950 mm away from the inlet point Ti (Fig. 4.14b). Fig. 4.14c illustrates data for
temperature measurement at 3 points including inlet, T1 and outlet for both types

of walls; GPC and OPCC . The results also showed that the temperature dropped
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from that recorded at the inlet was almost the same (59% and 61%) in both tests;
GPC wall and OPCC wall. As can be Seen from the results presented in Fig.
4.14c and Table 4.10, the fluid temperature gradient along the 9900 mm embed-
ded heat exchanger was considered to uniformly decline. In addition, the heat
exchange between the geo-energy wall and the soil was also calculated by equa-
tion 3.2, and the results showed that the dissipation heat from the GPC wall was
clearly higher than that found in OPCC wall by 20%, while the calculated dissi-
pated heat was 482 W and 400 W.

The vertical temperature profile was measured at two vertical sections (V1 and
V2), located at 100mm and 300mm away from the experimented energy wall,
respectively as shown in Fig. 3.4. The measurements of temperature along V1
and V2 were taken at depths of 150mm, 300mm, 450mm, and 750mm. The data
for soil temperature after steady-state at V1 and V2 were plotted in Fig. 4.15. The
data clearly showed that the soil temperature at section V1 was significantly
higher than that measured further away at section V2.
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Table 4.10. Circulating fluid temperature along the heat exchanger for wall tests

TEST INLET POINT POINT 1 (T1) OUTLET POINT DISSIPATED
CODE ENERGY
Ti T1 Aty HD To Atin-out q
°C °C °C % °C °C watts
OPCC wall 53.78 50.26 3.58 61 48.01 5.77 400
GPC wall 51.59 46.79 4.10 59 43.51 7 482

Where; T; = inlet temperature, T1 = Circulating fluid temperature at 4950 mm, To = Outlet temperature,
At1=Ti-T1, Atin-out = Ti-To, HD = percentage of temperature dissipation, q = dissipated energy.

Furthermore, it can also be observed that the influence of the GPC wall on soll
temperature was more significant in comparison with that produced by GEP made
by OPCC. Fig. 4.15 also indicates that the change of the soil temperature in-
creases with the increase of depth. It is worth to note that the change of soil
temperature is significantly affected by water table, and the vertical soil changes
above the water table are more significant than below the water level, which can

be explained by the higher heat capacity of the fully saturated soil.
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Fig. 4.15. Vertical soil temperature at V1 and V2 for GPC wall and OPCC wall.

The horizontal soil temperature profile measured at mid-height of the wall is pre-
sented in Fig. 4.16. Soil temperature was measured at 50 mm, 100 mm, 200 mm,
300 mm, 400 mm, 500 mm, 600 mm and 880 mm away from the wall. Initially,
the soil temperature was 21°C, which intensely increased to reach almost 40.1
°C at 50 mm away from the wall after reaching steady-state conditions for GPC
wall. For the same measurement point the temperature gradient reduced by 2 °C
to be almost 39.1 °C when OPCC was used. The figure indicated the steady-state
soil temperature reduced when increasing the horizontal distance from the wall.
For instance, the soil temperature in GPC wall at 200mm away from the wall was
recorded to be 34.57 °C, whereas further increasing in the horizontal distance
300mm led to a reduction in soil temperature to be 32 °C. Also, it was also ob-
served that the interference region between the wall and soil can be considered
as the most affected region in the experimental tank, and the soil-wall interference

region was identified to be around 400 mm.
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Fig. 4.16. Horizontal soil temperature for GPC wall and OPCC wall.

The measured lateral pressure at mid-height of the wall in case of a GPC and
OPCC wall was measured and the results are presented in Fig. 14.17. The ex-
perimental results confirmed that heating the geo-energy wall prompted a thermal
expansion, which in turn rose the lateral earth pressure applied on the wall sur-
face. In other words, the lateral earth pressure increased with the increase in wall
temperature irrespective of the concrete type until reaching almost a constant
value after running the tests for 40 hours. The maximum lateral earth pressure
was double that measured at the onset of the experiment. According to Dong et
al. (2019), the increase in lateral earth pressure might cause a significant contri-
bution to the vertical stress within the wall. In the case of the GPC walll, the excess
lateral earth pressure was 7.4 kPa to 14 kPa whilst for OPCC wall, 8 kPa to 15
kPa. The results suggested that the GPC wall produced 6% lower lateral earth
pressure than that measured on a normal concrete wall. To clarify this behaviour,
Equation 3.3 was utilised to determine the thermal strain for both walls as a func-
tion of temperature. The thermal strain results were presented in Fig. 4.18, and
demonstrated that when the temperature of the wall increased, correspondingly
strain also increased. For OPCC wall, the maximum thermal strain was founded
to be 119 pe while for the GPC wall, and the maximum thermal strain was reduced
by 10% to 108 ue , highlighting that the CTE of GPC is 17% times less than the

OPCC. In contrast with the pile, the wall generated a higher lateral earth pressure,
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which could be attributed to the relative volume of concrete used for the construc-

tion of pile and wall. Thus, when the pile subjected to thermal load, it would slightly

expand, but due to the cylindrical shape of the pile, the adjacent sand would arch

around it partially absorbing the effect of thermal expansion. While in case of geo-

energy walls, the lateral expansion was greater than that observed on the piles,

and the whole wall would unidirectional push the sand, and thus producing a

higher lateral earth pressure (Elkezza et al., 2021).
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4.7 Assessment of CO2 emissions

Fig. 4.19 presents the estimated emissions resulted from one cubic meter of GPC
and OPCC. GPC resulted 44.5% less CO2 emissions, compared to that for
OPCC. The high emissions were mainly credited to OPC (ordinary Portland ce-
ment), which responsible for 92% of the total emission of OPCC as shown in Fig.
4.19a. In contrast, the combination of the alkaline activators (sodium hydrox-
ide(NaOH) and sodium silicate (NazSios)) occupied 68% of the total emission of
GPC as shown in Fig. 4.19b. NazSios itself produces 37% of the total emission.
Yang et al. (2013) reported different CO2 emission values than that reported by
Alsalman et al., (2021). According to Yang et al. (2013) the CO2 emissions pro-
duced by one kg of NazSioz and NaOH are 1.32 kg-CO2/kg and 1.22 kg-CO2/kg,
respectively. If these values of the emission generated from sodium silicate and
sodium hydroxide were accounted, the emission of GPC would further be re-
duced by only 9% compared to those reported by (Alsalman et al., 2021). The
binder materials of GPC (FA and EAFS) are responsible for approximately 2%
and 5% of the total emission of GPC, respectively. The effect of coarse and fine
aggregates on the emission of OPCC and GPC is minimal, whilst the production
of Concrete seems does not have a obvious influence on the CO2 emission gen-
erated from OPCC and GPC as shown on Fig. 4.19. Detailed calculations can

be found in Appendix B.

Aggragate ~ Concrete production Concrete steelslag_ Fly ash Sand
production ____ >% R 2%"\ ,-2% Coarse
10%  Tte-o 7 " /I ,. aggragate
,_ / / // 5%

plasticiser
8%

/_ Sodium
hydroxide

31%

Sodium _/'
silicate
37%

Fig. 4.19. CO2 emissions (a). OPCC and (b). GPC.
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4.5. Summary of findings

The thermal performance of GPC geo-energy structures in partly saturated sand
was experimentally and numerically investigated and compared with that of
OPCC geo energy structures. The environmental foot-print of using GPC for geo-
energy piles and walls was also evaluated by calculating the CO2 emissions, and
compared with those resulted from OPCC piles and walls. The following conclu-

sion were drawn:

e The thermal conductivity of GPC was considerably increased with the in-
crease of EAFS percentage and reached the peak when EAFS about 0.3 of
the total binders.

e Significant improvement in GPC compressive strength was achieved when
EAFS/ FA ratio was increased up to 0.3, while a decline in the measured
compressive strength for GPC was observed with higher ratios used.

e The stiffness of OPCC was 11% greater than that for GPC, and the CTE of
OPCC is 17% higher than that measured for GPC. As result experienced
less lateral earth pressure in GPC geo-energy structures.

e In comparison to OPCC geo-energy pile, the thermal performance of GPC
geo-energy pile installed in partly saturated soil improved by 14%.

e The thermal efficiency of GPC geo-energy walls was higher by 21% when
compared with OPCC wall.

e The CO2z emissions associated with GPC geo-energy piles and walls showed
a significant reduction, reaching up to 44.5% lower in comparison with n that

reported with OPCC piles and walls.
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Chapter 5: Thermal enhancement of soil-geo-energy structure
interaction using conductive additives.

5.1 Highlights

e Enhancing the thermal contact properties is critical to improve the heat transfer efficiency
of geo-energy structures.

e Conductive additives such as graphTHERM and carbon fibre were found effective to
enhance the thermal properties of sand and reduce contact thermal resistance.

o Heat transfer efficiency of geo-energy piles and walls remarkably improved by 81 % and
100 % when thermally enhanced sand by the addition of 10 % graphTHERM was used
at the interface within a finite region.

e The use of thermally enhanced sand by the addition of 10 % carbon fibre by weight
around the geo-energy piles and walls increased the heat transfer rate by 54 % and 80
% respectively.

¢ Placing thermally enhanced sand in direct contact with the geo-energy structures led to
enhance the heat flux and enlarge the thermally active soil zone.

5.2 Introduction

Over the last decade, the effect of traditional backfill and thermally enhanced
backfill on the thermal performance of GSHP boreholes were investigated in
many research (e.g. Jobmann and Buntebarth. 2009; Delaleux et al., 2012; Erol
and Fracois, 2014; Zhou et al., 2012; Liu et al., 2019). Jobmann and Buntebarth
(2009) studied the potential of enhancing the thermal conductivity of the benton-
ite-based backfill materials using two conductive additives (quartz sand and
graphite). It was stated that the addition of 50% quartz sand to the bentonite
increases the thermal conductivity by about 50 %, while adding 50 % graphite to
the bentonite increases the thermal conductivity by almost 8.5 folds in compari-
son with those reported when raw backfill materials were used. Graphite is, there-
fore, considered as an effective additive in improving the thermal conductivity of
the backfill material and hence the performance of ground heat exchanger. It is

worth noting that graphite is characterised by its low chemical reactivity with the
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ecosystem. Nevertheless, adding graphite with a high content to the backfill ma-
terials could be detrimental to grout viscosity which would lead to forming gaps
between buried tubes and borehole grout material. Delaleux et al. (2012) con-
cluded that the addition of 10 % graphite enhances the thermal conductivity of
bentonite grout about five folds’. Accordingly, Erol and Francois (2014) suggested
a maximum blending ratio of 10 % graphite to avoid potential adverse effects. Liu
et al. (2019) used TICA GSHP Design software to evaluate the applicability of
using quartz sand—bentonite—carbon fibre mixture as a borehole backfill material.
It was found that the total area and cost of ground buried pipes were reduced
when a backfill made from quartz sand—bentonite—carbon fibre was used. These
results concerning the effect of backfill material properties on the thermal perfor-
mance of boreholes were promising, which would motivate researchers to work
on and explore potential approaches to improve the thermal recovery using geo-
energy structures. Nevertheless, the effect of backfill material on the thermal per-
formance of geo-energy structures might be complex due to the complexity of
some types of geo-energy structure geometry and the requirement to carry out

coupled mechanical and thermal loads (Brandl, 2006).

Research studies on evaluating the effect of adjacent soil properties on the per-
formance of GESs seem scarce and existing ones are carried out numerically. Qi
et al. (2020) carried out a numerical investigation to evaluate the thermal re-
sponse of the pile/soil interface. This study illustrated that heat transfer coefficient
(h) at the pile-soil interface can be different during cooling and heating modes.
Thus, for a proper design of the system, accurate and reliable heat transfer values
at the interface must be deduced. It is also reasonable to conclude that experi-
mental investigations are also imperative to complement and confirm the out-

comes of previously limited numerical research studied.

Performance of energy walls was assessed primarily using numerical methods
(see, Bourne-Webb et al., 2016; Nasilio et al., 2016; Di Donna et al., 2017; Barla
et al., 2020; Rammal et al., 2020; Di Donna et al., 2021). It was revealed that
analysis and design method of geo-energy walls currently lack comprehensive
design guidelines which in turn could lead to difficulties in calculating thermal en-

ergy supply without full numerical simulations which is time consuming. The first
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proposal to design energy walls by analytical methods was introduced by (Sun et
al., 2013). Their model proposed 2D plane heat conduction between geo-energy
wall and surrounding ground. Although the model was validated using data col-
lected from the Shanghai Museum of Nature History, the model results poorly
matched the collected data. Kurten et al. (2015) established an analytical model
to design geo-energy walls based on the based on the thermal resistances of the
structure (Rx), they simplified the calculation of (Rx) considering the heat problem
as delt electrical resistance connection. Shafagh and Rees (2019) also estab-
lished a thermal resistance model for energy walls. They assumed the shape
factors as rectangle wall with pipe which represented at an offset hole. This ap-
proach led to achieving an acceptable accuracy for many design purposes such
as choosing the number of pipes inside the wall. Furthermore, Shafagh et al.
(2020) proposed numerical finite volume model to represent geo-energy wall with
surrounded ground and basement boundary conditions using dynamic thermal
network (DTN), the model was validated by imposing Thermal Response Test
(TRT). Acceptable relative errors between measured and predicted heat transfer
rates were achieved. The proposed thermal response model showed to be very
efficiently when utilised to simulate the wall response over long timescales. Con-
sequently, Di Donna et al. (2021) provided the only design chart for energy walls
based on ground properties e.g. hydraulic and thermal properties and ground
conditions including ground water and flow velocity. According to the presented
design chart, the ground thermal conductivity with the absence of groundwater
flow can increase the available energy by almost 150 %. Despite these attempts
to provide practical design guidelines, none of these studies covered the effect of

wall-solil interface properties on the thermal performance of geo-energy walls.

In the current Chapter, sand samples were initially prepared and tested to ascer-
tain the effect of adding thermal enhancement additives e.g. graphTHERM and
carbon fibre on the thermal properties of thermally enhanced sand. These results
assisted with the determination of an optimum additive ratio to achieve favourable
mechanical and thermal performance of the thermally enhanced sand. Then, the
selected ratio of additives was utilised to prepare thermally enhanced materials
that were placed at the soil-structure interface. Experiments using a relatively

large-scale experimental rig with dimensions of 1 m x 1 m x 1 m were carried out
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to assess the impact of enhancing the soil’'s thermal properties at the GES-saill
interface using graphTHERM and carbon fibres on the performance geo-energy
piles and walls and to evaluate the impacts on ground temperature. All results
were compared against a control test where GESs were installed in virgin soils.

5.3 Significance of this chapter

Currently, all available numerical studies used to design GESs assume perfect
interface between GES and adjacent soil which is capable to pass through con-
ductive heat transfer. However, Qi et al. (2020) proved that poor interface thermal
properties between concrete structure and soil could lead to a deleterious impact
on the heat transfer efficiency for large size GESs which in turn might lead to
losing its ability to transfer heat. This chapter proposes an innovative way to en-
hance the thermal performance of geo-energy structure and thermal interaction
with surrounding soils. The chapter provides a deeper understanding for the ef-
fect of thermal properties at the interface between geo-energy structures and ad-
jacent soils on the thermal performance of geo-energy structures which would
help improving the design and efficiency of geo-energy structures. Data gener-
ated from this comprehensive investigation could be used to validate numerical
and analytical models. It should be noted that it becomes paramount to consider
possible ways to transform this method to reality so that it can be applied in real-
world application/projects. This can be applied through deep mixing method and
injection technology so that the thermal and mechanical properties of the near
soil zone can be improved. The outcomes of this study seem promising and pro-
vide a strong rationale for practicing engineers and client to apply such tech-

niques in real projects.
5.4 Methodology

In order to investigate the performance of geo-energy structures installed in ther-
mally enhanced soils with particular dimensions, a fully instrumented testing rig
was designed and manufactured as shown in Fig. 5.2 and 5.3. The following sec-
tions demonstrated the thermal and physical properties of the material used in

the experimental program as well as described the experimental rig that have
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been used to evaluate the thermal performance of geo energy structures (piles

and walls).

5.4.1 Materials

The ground soil in this study was simulated by using standard building with a
mean particle size Dso of 250 um, a coefficient of uniformity (Cu) of 1.38 and a
coefficient of curvature of 0.89. Further details about the used sand can be found

in section 3.3.1.1.

GraphTHERM and Carbon fibre were selected as additives to enhance the ther-
mal properties of sand. GraphTHERM is a special type of graphite powder which
have a high thermal conductivity value up to 100 W/m.k, more information about
this material composition, particle size and surface area are presented in Elkezza
et al. 2022. Carbon fibres are a recycled carbon fibre powdered to 80u - 100p.
This type of fibres are normally used in the applications that required to increase
the mechanical properties. Also, it can contributes customise the electrical and
thermal conductivity of selected matrix. The selected carbon fibre was provided
by ELG carbon fibre Ltd. Table 5.1 presents the main properties of carbon fibre

that were provided by the supplier.

Table 5.1 The main properties of Carbon fibre.

property Value
Carbon fibre content, % >98
Fibre diameter, um 7

Bulk density (ton/m?3) 0.40
Thermal conductivity, dry (W-m™.k?) Up to 30
Metal contaminations* <0.5x10°3
Tensile strength, MPa** 4150
Tensile modulus, GPa** 320-255

Ordinary Portland cement concrete OPCC was designed for target compressive
strength of 45 MPa was used to produce the geo energy piles and walls that been
used in this study. Further information about the preparation procedure can be

found in section 3.3.1.3 in this thesis.

O Elkezza., 2023 104



5.4.2 Mechanical and Thermal assessment

Although data provided by the supplier indicated that these additives were de-
signed to cause very minor influence on the mechanical properties even at a high
filling degree of greater than 60 %, it was found essential that experiments are
conducted to assess the impact of mixing additives with sand on the shear
strength behaviour of the mix. Shear strength tests were then conducted to de-
termine friction angle, (@) of pure sand and mixes of sand with different percent-
ages of the highly conductive additives (graphTHERM and Carbon fibre) with ra-
tio of 2.5 %, 5.0 %, 10.0 %, 15.0 % and 20.0 % by weight to examine the effects
on the shear strength of thermally enhanced sand. Direct shear tests were con-
ducted in accordance with BS 1377:7 (1990) to obtain both normal and shear
stresses at failure for each sand mix. All test samples were compacted to the

same unit weight of 1.85 gm/cm?.

In addition, to determine an optimum percentage for the additives based on the
thermal properties, samples were prepared by mixing sand with different percent-
ages of additives (2.5 %, 5 % and 10 %) by dry weight. The thermal properties of
the mixes were determined using KD2 Pro thermal analyser. In total, 84 samples
were prepared and tested for sand mixed with predetermined amounts of carbon
fibre and graphTHERM powder. Table 5.2 summaries the testing programme to
assess the thermal properties of thermally enhanced sand. The materials were
initially mixed by hand until obtaining a homogenous mixture and then predeter-
mined amounts of water was added to produce mixtures with moisture content of
5 %, 10 % and 15 %. Subsequently, the mixtures were poured into a designed
mould shown in Fig. 5.1. All samples were compacted to a unit weight of 18. 5
KN/m3. This achieved by compacting each sample in 5 layers starting with a cen-
tral layer with a thickness of 50 mm and successive layers with thickness of 12.5
mm from both sides. This approach was found useful to avoid and/or minimise
the discrepancy in the density along the height. All samples were conducted ac-
cording to the recommendations of (Saad et al., 2012). The thermal properties
were measured using dual-needle sensor SH-1 of the K2D Pro thermal meter
device that was inserted in the sample for 2 to 5 min. Data presented for each

sample was obtained as an average value of three measurement readings.
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Table 5.2 Experimental program for sand thermal enhancement tests

Parameters Note
Series  Material
Variable Fixed
1 Puresand w=0%,5%,10%,15% y4=18.5 KN/m3 12 samples

2 Sand +GT  w=0%,5 %, 10 %, 15 %

v4=18.5 KN/m3 36 samples, 12 for each % of GT
GT=25%,5%, 10%

3 Sand +CF wc=0%,5%, 10%, 15%

v4=18.5 KN/m3 36 samples, 12 for each % of CF
CF=2.5%,5%, 10 %

Note: GT =grapTHERM, CF=Carbon Fibre, wc=water content and yqs= dry density.

I
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Fig. 5.1. The procedure of testing the thermal enhanced sand.

5.4.3 Heat transfer of geo-energy piles and walls

This experimental work was designed to simulate the installation of geo-energy
structures in thermally enhanced soils with a particular zone around the GES so
as to study the effects of the thermal properties at the soil-GES interface on the
thermal performance of geo-energy structures. In order to determine the effective
size of a thermally enhanced sand zone, a preliminary investigation was carried
out using hot plate setup. Six cylindrical layered samples with a diameter of 100
mm and height of 200 mm were prepared and tested as shown in Fig. 5.2. The
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thermally enhanced sand layers were prepared by mixing sand with optimum val-
ues of graphTHERM and carbon fibre additives. Samples were then constructed
by compacting the thermally enhanced sand into layers with predetermined
heights of 10 %, 20 %, 30 %, 40 % and 50 % of the total sample height. The unit
weight of all samples was kept constant at 18.5 kN/m3. Each sample was sub-
jected to a hot end source of heat to allow heat flux through the layered sample
and measuring the temperature at the cold end as shown in Fig. 5.2 (a and b).
Measured temperature values at the cold end of samples were presented in Fig.
5.2 c after reaching steady state conditions. It was very clear that by increasing
the height of thermally enhanced sand layer, heat flux was increased resulting in
rising the temperature at the cold end. The data revealed that there is a unique
relationship between the thickness of thermally enhanced sand layer and the
temperature at the cold end which was characterised by showing two stages per-
formance. The first stage showed a rapid increase in the temperature at the cold
end from 30.3 °C to 32.4 °C with a slight change in the thickness of thermally
enhanced layer up to a thickness of 23 % whilst less impact on the temperature
at the cold end was observed when the thickness of thermally enhanced layer
was increased beyond it. The results suggested that a ratio of 25 % and 24 % of
thermally enhanced sand with graphTHERM and carbon fibres, respectively are
practically effective distances to enhance the thermal interaction with adjacent
soils. As a result, it was decided to place 100 mm of thermally enhanced sand all
around the geo-energy piles and 200 mm of thermally enhanced sand in front of

geo-energy walls.
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Fig. 5.2. (a). Hot plate setup for heating the samples, (b). The variation of the thermally enhanced
layer for each test and (c). The relationship between cylindrical height occupied by thermally en-
hanced soil and cold end temperature.
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The piles and walls were experimented using the experimental rig that have been
explained in section 3.3.3 in this thesis. Figs. 5.3 and 5.4 showed schematic dia-
grams of the testing rig for geo-energy piles and walls respectively. In total, six
experiments were carried out to assess the performance of geo-energy piles and
walls with fixed and variable parameters as demonstrated in Table 5.3. To create
a particular zone around the geo-energy pile filled with thermally enhanced sand
whilst the rest of the tank is filled with natural sand, a filling method was proposed
utilising a wooden box with dimensions of 350 mm x 350 mm x 1000 mm to set
out boundaries of each zone around the geo-energy piles. Both the geo-energy
pile and box were centred in the experimental tank. Then the thermal enhanced
sand was filled around the geo-energy pile inside the wooden box whilst natural
sand was poured outside the wood box. After filling the wooden box, it was gently
lifted to form a natural boundary between the two zones. In case of tests on geo-
energy walls a wooden sheet was used during the filling process to create a ther-
mally enhanced sand zone with a width of 200 mm as can be seen in Fig. 5.3 and
5.4.

Table 5.3. Fixed and variable parameters for piles and walls heat transfer experiments

Series Test coding Fixed parameters Variable parameters

S/S/P1 FR=671/h, GWL =500 mm, IT =52.41 °C Normal sand

- —_—

@ 9 S/C/P2 FR=671/h, GWL =500 mm, IT = 52.54 °C Sand + 10 % Cf boundaries

5 3

< S/G/P3 FR=671/h, GWL =500 mm, IT =52.36 °C Sand + 10 % GT boundaries
S/S/W1 FR = 67I/h, GWL = 500mm, IT = 52.61 °C Normal sand

(o] —_

%) 0 = = = (0] o, :

8 (_;0 S/C/W2 FR=671/h, GWL =500 mm, IT =52.19 °C Sand + 10 % Cf boundaries

] ~—

< 5/G/W3 FR = 67I/h, GWL = 500 mm, IT =52.30 °C Sand + 10 % GT boundaries

GT=grapTHERM, CF=Carbon fibre, GWL= ground water level, IT= inlet temperature.

5.5 Results and discussions

Data presented in this section were organised and discussed to provide a deeper
understanding for i. the effects of conductive additives on shear strength and
thermal behaviour of sand, ii. the performance of the geo-energy structures in-
stalled in thermally enhanced soils and iii. the impacts of using thermally en-

hanced soils on ground temperature.
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5.5.1 Sand shear strength assessment

Data from shear strength experiments were collected on sand samples prepared

with different percentage of additives e.g. GT and CB. Fig. 5.5 showed the rela-

tionship between the percentage of additive content e.g. GT and CF in the sand

sample and the determined friction angle. A reference point showing the friction

angle of natural sand was also plotted.
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Fig. 5.3. Heat transfer experimental model for geo energy pile.
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Fig. 5.4. Heat transfer experimental model for geo energy wall.
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The data suggested that adding GT and CB with a content of up to 15 % resulted
in an improved shear strength above which a decline in the angle of friction was
observed. This could be contributed to the size distribution of GT and CF which
is finer than the mean diameter of the sand. Therefore, one would anticipate that
the added GT and CF filled the pore voids, increased particle contacts and inter-
locking hence leading to an increased friction angle. Nevertheless, exceeding 15
% content of GT and CF caused an adverse impact on the overall shear strength
since the additives started to dominate the behaviour of composite soil develop-
ing weaker contact surfaces. The results clearly suggested that the behaviour of
sand mixed with GT and CB peaked at the addition of 10 resulting in attaining a
higher friction angle by a value of 8 % and 15 % respectively. Thus 10 % additive
was considered to be an optimum value to enhance effectively the shear strength
of pure sand. Further tests were therefore limited to 10 % to avoid any determi-

nantal impacts on the stability of geo-energy structures.
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Fig. 5.5. Friction angle against additive content.

5.5.2 Thermal enhancement of sand

The KD2 Pro thermal analyser device was utilised to measure the thermal prop-
erties including thermal conductivity, volumetric heat capacity and thermal diffu-
sivity of sand samples. Samples of sand were mixed with predetermined amounts

of additives e.g.GT and CF as illustrated in Table 4 and prepared with different
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water content of 0 %, 5 %, 10 %, and 15 % that are equivalent to degree of sat-
urations of 0 (dry state), 28 %, 59 % and 88 %. These samples generated enor-
mous data for the thermal performance of thermally enhanced sands as a func-
tion of the additive type and moisture content. It is worth noting that all samples
were compacted to the same dry unit weight of 18.5KN/m? and actual water con-
tent was determined at the end of test. Figs. 5.6a and b showed the results of
thermal conductivity as a function of GT and CF content at different moisture
content. The data showed linear relationships between the additive content and
the attained thermal conductivity of sand mixes at different moisture contents. As
presented in Figs. 5.6a and b, sand mixed with the addition of 10 % graphTHERM
powder and water at 88 % saturation showed high thermal conductivity of 4.20
W/m.k. Whereas when sand samples prepared with exactly the same CF and
moisture content showed a 12 % reduction in the overall thermal conductivity
coefficient which was found to be 3.7 W/m.k. Careful inspection of the data in Fig.
5.6a and b illustrated that addition of GT and CF to moist sands would improve
the thermal conductivity by an average rate of 13.6 % and 8.8 % respectively
related to the additive content. This indicated that the addition of GT powder was
more effective to enhance the thermal conductivity of sands which could be due
to the fact that the thermal conductivity of grapTHERM particles was three times
higher than that of carbon fibre. Data shown in Fig. 5.6 a and b revealed that the
degree of saturation played a major role in enhancing the thermal conductivity of
sand mixes. Despite the additive type and content, insignificant improvement
could be achieved for the thermal conductivity of dry sands. This could be at-
tributed to inability of additives to form an effective conductive matrix through the
whole sand sample. Preparing sand samples at low moisture content e.g. 28 %
degree of saturation that is close to the residual saturation of the sand coupled
with the addition of additives showed a remarkable improvement of almost 6-fold
increase in the magnitude of thermal conductivity. This could be attributed to the
gradation of the sand used and its water retention, resulting in a high suction head
at low degrees of water saturation. This would in turn lead to a strong particle
bonding and bridging the gaps between particles, hence enhancing the conduc-
tive heat transfer capability (Tarnawski and Leong, 2000; Abdel-Aal et al., 2015;
Mostafa et al., 2015; Alrtimi et al., 2016; Elkezza et al., 2022). Nevertheless, the

positive contribution of increasing the moisture content in the sand samples
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deemed to decline with further increase in the moisture content above the resid-
ual saturation. The thermal conductivity increased roughly by 30 % on samples

prepared with water moisture at near full saturation.

Measurements taken for the volumetric heat capacity of natural sand and sand
mixed with different percentages of graphTHERM and carbon fibre at different
degrees of saturation were presented in Figs. 5.7a and b. Data presented for the
volumetric heat capacity illustrated that adding both additives to a dry sand would
not cause a substantive degree of improvement in the heat capacity of mixed
sand. Nevertheless, the addition of graphTHERM to sand, generally, led to a
higher heat capacity than that observed when carbon fibre was added irrespec-
tive of the amount of water. The effect of graphTherm on the volumetric heat
capacity was more prominent at higher moisture content reaching a degree of
improvement of 4 % with 1 % increase in the graphTherm content which was

double that was deduced on sand samples mixed with carbon fibres.
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Fig. 5.6.Thermal conductivity relationships as function of a) graphTHERM and b) carbon fibre
content

Moreover, data presented in Figs. 5.7a and b suggested that direct increase in
the volumetric heat capacity was noticeable with the increase in the degree of
saturation for both additives. Studies carried out by Yadav and Saxena (1973);
Ghuman and Lal (1985) and Abu-hamdeh (2003) agreed on direct relationship

between water content and the volumetric heat capacity of pure sand. Based on
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the attained results even with the addition of the two different additives, the meas-
ured volumetric heat capacity seems to be directly related to the moisture content

despite the amount of the additive.

Values for the thermal diffusivity of the tested sand samples mixed with graph-
Therm and carbon fibre were exhibited in Figs. 5.8a and b respectively. The ther-
mal diffusivity was slightly reduced with the addition of the thermally conductive
fillers at 2.5 % followed by a gradual increase with further addition of additives.
The initial drop in the thermal diffusivity with the addition of small quantity of ad-
ditive can primarily be attributed to the relative changes in the thermal conductiv-
ity and thermal capacity. The thermal diffusivity of sand mixed with carbon fibre
seemed to improve at a considerably higher rate than that recorded on sand sam-
ples mixed with graphTherm powder. Mathur et al. (2015) numerically investi-
gated the performance of EATHE (earth air tunnel heat exchanger) systems in
soils with three thermal diffusivities. The study revealed that the soil with a higher
thermal diffusivity would be able to transfer heat to nearby soils more quickly in
comparison with the soil that has a lower thermal diffusivity.
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Fig. 5.7. Volumetric heat capacity relationship at different water saturation as function of a) graphTHERM content
and b) carbon fibre content
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Fig. 5.8. Thermal diffusivity as a function of a) graphThHERM and b) carbon fibre.

5.5.3 Heat transfer experiments

In order to assess the performance of geo-energy structures and impact on soill
temperature, the temperature of the circulating fluid at the inlet and outlet points
of the HE as well as the horizontal and vertical soil temperature profiles at prede-
termined locations in the soil surrounding the geo-energy structure were recorded
as shown in Figs. 5.3 and 5.4. The inlet-outlet temperature difference (At) would
indicate the highest amount of heat energy that the geo-energy structures were
able to dissipate into the soil. Figs.5.9 and 5.10 presented data for the
temperature difference between inlet and outlet points (Tinet — Toutlet) measured
for modelled geo-energy piles and walls respectively. It can be seen from the data
in Figs.5.9 and 5.10 that at the onset of the cooling process, there was a clear
unsteady thermal structure-soil interaction illustrated by a relatively clear variable
temperature difference between inlet and outlet which lasted for about 20 hrs until
reaching the steady state equilibrium. The measured temperature difference
between inlet and outlet were 2.16 °C, 3.33 °C and 3.92 °C for geo-energy piles
installed in pure sand, thermally enahnced sand by CF and thermally enehnaced

sand by GT respectively. Whereas for geo-energy walls, the measured
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temperature difference were 5.8 °C, 10.5 °C and 12.0 °C for the same soil types
respectively. It was therefore evident that the recorded temperature difference
between inlet and outet was dependent on the thermal properties of the nearby
soil to thegeo-energy structure. It was also noted that the use of thermally
enhanced sand with GT showed the highest temperatre difference, followed by
that enhanced by CF which was consistent with the measured thermal properties
of soils as illustrated in Table 5.4. This suggested that the greater the thermal
properties of near backfill soil e.g thermal conductivity, heat capacity, the higher
temperature difference between inlet and outlet. Fig. 5.11 showed results for the
dissipated heat energy for geo-energy piles and walls installed in different soils
(calculated using equation 3.2). The heat transfer rate for the geo-energy pile
reached its highest value of 269.84 W when installed in a thermally enhanced
sand by GT which was 18 % higher than that recorded when thermally enhanced
sand by CF was used and 91% increase over that recoded for a control geo-
energy pile in pure sand. Similarily data deduced for geo-enregy walls
demonstarted that heat transfer rate for walls installed in thermally enhanced
sand by GT is the highest and higher by 15 % and 108 % in comparison with
those recorded for geo-energy structure installed in a thermally enhanced sand

by CF and pure sand.

This outcome is in agreement with previous conclusions made for horizontal
loops and boreholes. Song et al. (2006) based on a numerical study revealed that
increasing soil thermal conductivity from 1.1 w/m.k to 2.5 w/m.k led to almost 100
% increase in the heat transfer rate by horizontal loops. Studies by Javadi et al.
(2018); Omer (2016) and Dulaleux et al. (2012) reported that the higher thermal
conductivity of the borehole backfill resulted in a greater heat transfer rate.

In addition, as illustrated in Fig. 5.3, the circulating fluid temperature was
measured at two additional points; points 1 and 2 inside the HE at a distance of
450 mm and 1450 mm from the inlet point respectively. The total length of pipe
within the HE was 1900 mm. Data for the measured temperature, temperature
difference from that measured at the inlet point and the percentage of
temperature dissipation at the two points after reaching steady state conditions

are presented in Table 5.4 . The data demonstrated that the fluid temperature
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reduced by about 20 % and 90 % from the total dissipated temperature at points
1 and 2 respectively. Furthermore, around 70% of the total temperature
dissipation was found to occur between point 1 and point 2. This could be
attributed predominantly to the fact that the soil in the bottom half of the tank was
fully saturated with water, leading to a remarkably high thermal conductivity and
heat capacity. To confirm this observation, measurements for unit weight,
moisture content (degree of saturation), thermal conductivity and volumetric
thermal heat capacity of soil were taken at predetermined heights after the
completion of tests S/C/P2 and S/G/P3. Tables 5.5 and 5.6 presented measured
values for the degree of saturation which confirmed that sand in the bottom half
of the tank is fully saturated with water. There was a significant drop in the degree
of saturation in the top 300 mm of the sand, reaching almost a dry condition at
the surface of the sand. Then, the obtained value of the soil degree of saturation
was used in conjunction with Figs. 5.6 and 5.7 to measure the thermal
conductivity and the volumetric heat capacity of the sand along the tank height.
The measurements revealed that thermal conductivity and heat capacity retained
high values in the bottom half of the tank, and decreased gradually towards the

sand surface (top of the tank).
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Fig. 5.9. Temperature difference Inlet-Outlet for geo energy piles with
three soil boundaries.
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Table 5.4. Circulating fluid temperature along the heat exchanger for pile test

POINT
FI";L”E;;_ POINT 1 (T1) POINT 2 (T2) POzl_NT OUTLET POINT DI:;E?giD
1
T T, Ay D T, A, H  At, T To At q
o °oc  oC % c oc P ¢ P °C  °C  watts
% %

s/s/P1 52,01 51.6 046 22 5007 194 95 153 75 49.96 205  141.10
s/c/p2 5271 5183 0.87 26 4956 3.14 94 227 68 4936 3.35  229.10
s/G/P3 5228 5142 089 21 4849 378 96 293 73 4830 398  269.80

where, Ti = inlet temperature, T1 = Circulating fluid temperature at 450 mm, T2 = Circulating fluid temperature at 1450mm, To =
Outlet temperature, At1=Ti-T1, Atz = Ti-T,, Atz = Ti-To, At12 =T1-T, Tp = percentage of temperature dissipation, q = dissipated energy.
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Fig. 5.11. Dissipated heat energy from geo energy walls and piles with different soil boundaries.
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Table. 5.5. Measured degree of saturation and thermal properties along the experimental tank for test

S/C/P2.
Normal sand Thermally enhanced sand by CF
Depth X4 Se K C, X4 Se K Cv
(KN/m3) (%) (w/mk) MJ/m3k (KN/m3) (%) (w/m.k)  MJ/m3k
0-100mm 16 3 0.4 0.6 16.4 2.1 0.45 0.72
100-200 mm 16.2 6.7 0.56 0.65 16.5 7.5 0.91 0.81
200-300 mm 16.5 12.6 1 0.81 16.8 10.4 11 0.95
300-400 mm 16.7 91.8 2.65 1.4 17.1 90.2 3.5 15
400-900 mm 16.8 99.6 2.78 1.44 17.3 99.1 3.7 1.52

where; ¥d = the unit weight of sand, Sr = degree of saturation, K = thermal conductivity, Cv= volumetric heat capac-

ity.

Table 5.6. Measured degree of saturation and thermal properties along the experimental tank for
test S/IG/P3.

Normal sand Thermally enhanced sand by GT
Depth Yq S, K C Y4 S K G
(KN/m3) (%) (w/mk) MJ/m3k (KN/m3) (%) (w/m.k) MJ/m3.k

0-100mm 16.8 3 0.4 0.6 16.7 3 0.54 0.81
100-200 mm 16.9 6.7 0.56 0.65 16.8 6.7 1.2 0.89
200-300 mm 17.1 12.6 1 0.81 16.9 12.6 2.5 1
300-400 mm 17.3 91.8 2.65 14 17.2 91.8 4.15 2
400-900 mm 17.7 99.6 2.78 1.44 17.5 99.6 4.20 2.1

where, Xd = the unit weight of sand, Sr = degree of saturation, K = thermal conductivity, Cv= volumetric heat capacity.
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Fig. 5.12. Circulating fluid temperature along the heat exchanger for wall tests.
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In case of geo-energy walls, circulating fluid temperature were measured at two
intermediate points T1 and T2 at distances of 2950mm and 6950mm along the
9900mm long embedded heat exchanger (see Fig. 5.4). Fig. 5.12 shows the data
for the temperature measurements at four points on the geo-energy wall tests
(S/SIW1, SIC/W2, SIG/W3). The results showed the measured circulating fluid
temperature reduced by about 30 % at T1 and 80% at T2. The fluid temperature

at the embedded heat exchanger was considered to be uniformly reduced.

Figs. 5.13 and 5.14 displayed the change in soil temperature at a height of 450
mm along the horizontal direction after reaching the steady state conditions for
geo-energy piles and walls respectively installed in pure sand, thermally en-
hanced sand by 10 % GT and thermally enhanced sand by 10 % CF.

For geo-energy pile tests, measurements for the soil temperature were taken at
horizontal locations of 50 mm, 100 mm, 200 mm, 300 mm and 425 mm on both
sides of the pile at exactly the same height of 450 mm from the tank base (see
Fig. 5.3). In the case of geo-energy walls, the horizontal soil temperature profile
was recorded at horizontal locations of 50 mm, 100 mm, 200 mm, 300 mm, 400
mm, 500 mm, 600 mm and 880 mm at a height of 450 mm above the tank base
(see Fig. 5.4). Due to the high-temperature gradient between the experimental
model of geo-energy structures including (piles and walls) and soll, the soil tem-
perature increased rapidly during the early stage of cooling until reaching a

steady state then remained almost constant.

The maximum increase in soil temperature measured on geo-energy pile tests
was recorded at 50 mm from the pile surface and found to be 8 °C, 11 °C, 12 °C
when geo-energy piles installed in pure sand, thermally enhanced sand by CF
and thermally enhanced sand by GT respectively. The soil temperature gradually
declined with the increase in the horizontal distance away from the pile. Fig. 5.13
clearly showed that the soil temperature at the tank boundary remained almost
the same as the initial one measured at O hr when the geo-energy pile was in-
stalled in pure sand. However, in case of using thermally enhanced sands by CF
and GT around the geo-energy pile, the soil temperature at the tank boundary
was considerably higher by 3 °C and 5 °C respectively. This suggested that en-
hancing the thermal properties of adjacent soils led to improved thermal interac-

tion and higher heat flux to the surrounding soils. Furthermore, it can be observed
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Fig. 5. 13. Horizontal soil temperature profile at depth 450mm at both sides of geo-energy pile model

that the use of thermally enhanced sand by GT around the pile led to producing
the highest temperature change in the soil temperature. Fig. 5.14 presented
measured temperature data on geo-energy walls which showed that i. the maxi-
mum temperature increase in eth adjacent soil was found to be 18°C, 19°C and
20.5 °C at a horizontal distance of 50 mm away from the wall when pure sand,
thermally enhanced sand by CF and thermally enhanced sand by GT were placed
in front of the wall respectively. Furthermore, the change in soil temperature at
the boundaries of the experimental tank was found to be 0°C, 4.2°C, 7.52°C cor-
responding to the same three tests which again suggested that the best thermal
interaction occurred when thermally enhanced sand by GT was placed in front of
the geo-energy wall. The use of thermally enhanced sand by GT resulted in 20
% higher temperature at the tank boundary on comparison with that measured
for pure sand. The results, therefore, suggested that the use of thermally en-
hanced sand at the GES-soil interface resulted in a higher heat flux from the GES
into the surround soils which in turn would lead to enlarging the thermally active
soil zone. These results are in line with those previously reported by Zhou et al.
(2020) for U-shaped HE installed in sand/graphite backfill. This could be at-
tributed to the amount of dissipated energy that could the adjacent soil at the

interface of geo-energy structure transfer from the pile to the surroundings.
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Vertical soil temperature profiles were recorded at 100 mm away from both sides
of the geo-energy piles and presented in Fig. 5.15. The data clearly showed that
there was a gradual increase in the soil temperature with depth which is con-
sistent with previously presented data for the temperature difference between the
two intermediate points T1 and T2. This could be attributed to the increase in
thermal conductivity with depth and the fact that the bottom half of the geo-energy
pile existed in fully saturated sand. In addition, the increase in soil temperature
with depth was also found to be dependent on the type of soil at the geo-energy
pile interface e.g. whether it was thermally enhanced. The data in Fig. 5.15
demonstrated that the lowest temperature change was recorded when geo-en-
ergy pile was installed in pure sand (test S/S/P1) whereas the highest soil tem-
perature change was experienced when the geo-energy pile was installed in ther-
mally enhanced sand by GT (test S/G/P3).
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Fig. 5.14. Horizontal Soil temperature profile at depth 450mm in front of geo-en-
ergy wall model.

This is primarily due to the higher thermal conductivity of thermally enhanced
sand by GT which was placed around the pile. The change in soil temperature
above the water table is highly significant than that below the water table. In the
case of geo-energy pile installed in thermally enhanced sand with GT (test
S/G/P3), the soil temperature above the WL rose from 28.21 °C at a depth of 150
mm to 29.75 °C at a depth of 300 mm. Whereas below WL, a lower increase in
soil temperature was recorded from 32.50 °C at a depth of 600 mm to 33.18 °C

at a depth of 750 mm. This can be justified by the fact that saturated sand has a
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greater heat capacity than that of the partially saturated and dry sand. Therefore,
more rejected thermal energy would be required by geo-energy pile to observe

an identical temperature change in fully saturated sand.

The results of the vertical soil temperature profile at two vertical locations named
P1 at 100 mm and P2 at 300 mm (see Fig. 5.4) away from the geo-energy struc-
ture wall are presented in Fig. 5.16. It is worth noting that the vertical soil temper-
ature profile at P1 is within the thermally enhanced soil whereas the second ver-
tical soil temperature profile is in the pure sand. Data presented in Fig. 5.16 illus-
trated that higher temperature change was recorded at the location P1 compared
to that recorded at P2. Moreover, it can be observed that using thermally en-
hanced sand by GT produced the highest temperature change over the other two

studied cases (CF and pure sand).
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Fig. 5.15. Vertical Soil Temperature profile along the geo-energy pile at 100mm at both

sides (inlet & outlet).
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Figs. 5.17a and b showed measured data for the lateral earth pressure at mid-
height of the geo-energy piles and walls respectively. In tests on geo-energy
piles, the pressure cell was placed at the pile/soil interface on the inlet side (see
Figs. 5.3 and 5.4). Results recorded on geo-energy piles demonstrated a very
minor effect on the lateral earth pressure reporting an increase of around 7 Pa.
However, measurements taken on geo-energy walls showed higher effect on the
lateral earth pressure. For instance, the lateral pressure increased with elevating
the wall temperature over the time from 8 kPa to 15 kPa in the case of using pure
sand (0 % additive). There was a slight drop in the passive lateral earth pressure
to 14.5 KPa and 14.0 kPa when thermally enhanced sand by GT and CF used in
front of the wall respectively. This behaviour can be attributed to the increase in
friction angle by the addition of 10 % GT and CF (see Fig. 5.5). Furthermore,
thermal strain due to thermal expansion of the geo-energy structures was calcu-
lated in accordance with EN 1992-1-2 as given by Equation 3.3. To accurately
calculate the thermal strain, it was crucial to determine the coefficient of thermal
expansion. Experiments were conducted in accordance with TI-B 101 (94) on
samples of concrete that used to produce the geo- energy piles and walls. The
coefficient of thermal expansion was found to be 5.024 x10¢°C-1. Fig. 5.18 illus-
trated the increase in thermal strain as a function of the temperature difference.

The thermal strain determined for geo-energy piles were 82 ug, 80 pye and 73 ue
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when the geo-energy piles were installed in thermally enhanced sand by GT,

thermally enhanced sand by CF and pure sand respectively. Whereas the ther-

mal strains were 123 peg,116 pe and 115 pe on walls installed in the similar soils

respectively. It can be clearly observed that the use of thermally enhanced

sand by GT produced the highest thermal strain.
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Fig. 5.17. (a). Lateral earth pressure at 450mm along the pile, (b). Lateral earth pressure at 450mm in front
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5.6 Summary of outcomes

This chapter was designed to examine experimentally the effects of soil thermal
properties at geo-energy-soil interface on the thermal performance of geo-energy
structures. Thorough experimental programme was carried out to assess the
thermal and mechanical properties of thermally enhanced sands by graphTherm
and carbon fibre as well as to evaluate the thermal performance of geo-energy
structures placed in pure and thermally enhanced sands and impact on ground
temperature using large scale testing rig. The following findings can be attained

from this chapter:

e Significant improvement on the sand thermal properties can be achieved by
the addition graphTherm and carbon fibres.

e Adding 10 % of grapTHERM and 10 % carbon fibre to pure sand by weight
was found to increase the thermal conductivity by 62 % and 35 % respectively.
This is coupled by experiencing a considerable increase in the shear strength
parameter by 15 % and 8 % respectively.

e Volumetric heat capacity of sand was increased by 73 % and 30 % by the
addition of 10 % of graphTHERM and 10 % carbon fibre to the sand respec-
tively which would assist geo-energy structures to dissipate and extract more
thermal energy with a lower effect on soil temperature.

e The composite soils after the addition of CF showed a slightly higher thermal
diffusivity than that of pure sand indicating that the thermally enhanced sands
are capable of provide faster heat transfer rate to surroundings. on the other
hand, the addition of GT seems to cause a little reduction on the value of the
thermal diffusivity resulting in slowing the heat transfer rate.

e The heat transfer rate by geo-energy piles and walls remarkably increased by
54 % and 80 % respectively when a thermally enhanced soil by 10 % CF was
placed at the soil/structure interface.

e Using thermally enhanced sand by GT at the soil-geo-energy structure inter-
face led to an enhancement in heat transfer rate of 81 % and 100.7 % for geo-

energy piles and walls respectively.
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e Itis evident that placing thermally enhanced sand at the interface of geo-en-
ergy structure enlarged the thermally active soil zone, hence leading to en-
hancing the thermal performance of geo-energy structures.

e The use of thermally enhanced sands at the interface of the geo-energy struc-

ture did make insignificant impact on the lateral earth pressure.
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Chapter 6: the use of PCM heat exchangers in geo-energy piles
and walls.

6.1 highlights

Use of PCM heat exchangers was found to significantly enhance the thermal performance
of geo-energy piles and walls.

e The use of PCM heat exchanger increased the heat transfer efficiency of geo-energy piles
by 75 % and 43% in heating and cooling operations respectively in comparison with those
achieved using a standard heat exchanger.

e The use of PCM heat exchanger led to 43 % and 32 % enhancement in the heat transfer
performance of geo-energy walls during heating and cooling cycles respectively compared
with those achieved using standard heat exchangers.

e The use of PCM heat exchangers was found to reduce the impact on geo-energy strains,
soil temperature and the thermal interference radius.

6.2 Introduction

The geometry of geo-energy structures is generally designed in accordance with
the building structural loads which might result in a limited thermal storage ca-
pacity for GES ( Mehrizi et al., 2015; Musa et al., 2020; Lee et al., 2015 ). There-
fore, thermal storage systems are highly recommended as possible solutions for
GES to increase the thermal storage capacity and reduce the associated influ-
ence to soil temperature without the need to increase the size of structural ele-
ments (Musa et al., 2020). In building applications, Phase Change Materials
(PCMs) are commonly used to increase the thermal energy storage due to the
ability of absorb and/or release latent heat due to its solid-liquid phase translation
(Peng et al., 2020).

Several studies were performed using the PCM as a thermal storage system in
GSHP’s applications but with different approaches including: i. mixing PCM with
backfill materials in boreholes (Pu et al., 2019; Chen et al., 2017; Li et al., 2016;
Qi et al., 2016; Wang et al., 2014, Bottarelli et al., 2015; Kong et al., 2017;
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Dehdezi et al., 2012 ; Benli, 2010), around horizontal GHE (Pu et al., 2019; Bot-
tarelli et al., 2015; Dehdezi et al., 2012; Benli, 2008) and surrounding vertical
GHE (Chen et al., 2018; Kong et al., 2017; Li et al., 2016; Qi et al., 2016; Wang
etal., 2014), ii. encapsulating PCM inside the energy pile (Han et al., 2018; Musa
et al., 2020; Yang et al., 2021a, Cao et al., 2022; Bao et al., 2022; Yang et al.,

2021b) and iii.

using a PCM slurry as a heat transfer fluid (Pu et al. 2019; Kong et al. 2017).

Tables 6.1 and 6.2 summarise the methods and outcomes of available studies

into the use of PCM in geo-energy piles.

Table 6.1. The available studies of using PCM for GSHPs

Method Outcome Reference
Numerically studied the effect of replacing >>The study concluded that PCM reduced the Chenetal.,
12.6 % backfill with PCM (paraffin wax) and thermal radius. However, the thermal conduc- 2017
compared it with standard grout. tivity of paraffin wax led to a lower thermal effi-

ciency of the grout.
Shape stabilized PCM material made of sil- >>The study revealed that the use of proposed Li et al.,
ica, graphite and deconic acid with mass of backfill increased the heat storage and heat 2016
10 %,6 % and 60 % respectively was used as transfer rate of the tested borehole by 35.9 and
backfill material for bore hole of 50 m depth  22.3 respectively, compared to normal grout.
and 150 mm diameter.
Numerically compared the influence of 3dif- >>It was revealed that a smaller thermal radius Qi et al,
ferent PCMs (RT27, mixture of capric acid occurs whereas the heat transfer rate is re- 2016
and lauric acid as 66:34 and enhanced acid duced.
with metal particles) as backfill materials on
the thermal performance of borehole with 2
m diameter and 3 m depth.
Numerically studied the performance of >>Itwas found that PCM could reduce the ther- Wang et
GSHP for 300 hrs at constant inlet tempera- mal radius but the heat transfer would be re- al., 2014
ture. Considering the effect of PCM backfill duced as well.
with
Numerically examined the effect of mixing >>the results suggested that inclusion of micro  Bottarelli et
microencapsulated PCM into the backfill capsulated PCM enhanced the heat pump per- al., 2015
material and determined the thermal perfor- formance by decreasing the temperature of
mance of horizontal GHE for two cases with GHE, which allows to smooth the thermal wave.
and with out PCM backfill. However, the enhancement percentage was

not reported.
Studied the effect of the use of microencap- >>The result showed that the addition of 40 % Dehdezi et
sulated PCM on the thermos-physical prop- and 80 % PCM decreased the temperature var- al., 2012
erties of soil, using 5 different ratios of 10 %, iation in the soil at a depth 1 m by 2 °C and 3°C
20 %, 30 %, 40 % and 80 % by volume. respectively. In addition, COP of the horizontal

GHE was enhanced by 17%.
Experimentally investigated a GSHP cou- >>The COP was found to be between 2.3t0 3.8 Benli, 2010
pled with PCM storage tank for greenhouse depending on the ambient temperature. How-
heating model. The study was conducted ever, there was no compassion between the ex-
between October 2005 and May 2006. perimented system and a conventional GSHP

system without PCM tank.
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Table 6.2. The available studies of using PCM for GEP.

Method

Outcome

Reference

Experimentally and numerically studies into
the effect of PCM on the thermal perfor-

mance of GEP with different flow rates.

Numerical analysis study aimed to elucidate
the potential use PCM GEP as a renewable

snow melting system.

Experimentally investigated the thermo-me-
chanical behaviour of PCM energy piles
made with expanded perlite which impreg-
nated with decly acid and lauric acid 66 % to
34 %, respectively and coated with epoxy
resin then compared with traditional GEP.

Numerical simulations were conducted to
compare the influence of traditional and en-
hanced PCM backfill materials on the ther-
mal performance of precast high strength
GEP.

Experimentally investigated an innovative
method to enhance the thermal performance
of GEP using phase change steel balls as

concrete aggregates.

Numerically studied the effect of thermal
conductivity and phase change temperature
of the PCM energy pile on it’s thermal and

mechanical behaviour.

>> |t was revealed that the presence of PCM
increased the extracted and rejected heat for
the same flow rate by 16%.

>> The PCM modified GEP provided higher
thermal energy extraction and therefore it
would significantly reduce the required num-
ber of piles by 25-35 %.

>> During a continuous 10 hrs operation, the
heat transfer rate increased from 2900 to
3162 KJ for traditional pile and PCM pile re-
spectively. The displacement at the top of the
pile, the internal peak stress and the maxi-
mum tip pressure were decreased for the
PCM pile in comparison with the traditional
pile.

>> The result indicates that the thermal con-
ductivity of the PCM backfill has extraordinary
effect on the heat transfer rate of the energy
pile. It shows that by increase the thermal
conductivity of the PCM backfill by 0.2
W/(m.°C) and 0.4 W/(m.°C) the heat ex-
change rate of the GEP increased by 17 %
and 32.6 %.

>> The heat transfer rate of PCM pile was al-
ways larger than that measured for traditional
pile. Also, the PCM pile showed more uniform
temperature and restoration and a smaller
temperature difference between soil and pile.
This would produce lower internal stresses

and deformation in the pile body.

>> From a thermal energy prospective: by in-
creasing the thermal conductivity of the PCM
GEP 2.1 to 3.1 w/m.k the thermal perfor-
mance increased from 135.6 to 175.9 w/m,
which led to increasing the soil influence ra-
dius. Concerning the mechanical behaviour,

Musa et al.
2020

Han et
al.2018

Yang et al.
2021a

Cao et al.
2022

Bao et al.
2022

Yang et al.
2021b
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increasing the thermal conductivity led to an
increased thermal deformation, axial force
and displacement. Thermo-mechanical be-
haviour is greatly affected by the phase
change temperature of PCM for cooling
mode. Decreasing the phase change temper-
ature can improve the heat exchange rate and
decrease the thermal influence radius. Also it

would reduce the deformation and the axial

forces.
Experimentally investigated the thermal per- The heat storage capacity of GEP was in- Olawoore,
. . 0
formance of GEPs modified with bio-based creased with the increase of PCM %. And 2020

concluded that incorporating biobased PCM
phase change materials impregnated in in GEP is a promising and sustainable way

glass aggregates and fly ash aggregates. of enhancing its thermal performance.

Based on the above critical review of the technical literature, it can be concluded
that the majority of the research studies were carried out numerically to assess
the effects of incorporating PCM in the backfill material for GHE. The three stud-
ies that were experimentally conducted to evaluate the influence of incorporating
the PCMs into GES were performed using three different techniques including
adding PCM steel balls as a replacement to aggregate Bao et al. (2022), using
phase change material aggregate which made out of expanded perlite Yang et
al. (2021a) encapsulating the PCM inside enclosed tubes at the centre of the pile
Musa et al. (2020). However, to the best of the author’s knowledge there are no
available laboratory studies in the open technical literature to date into applying
PCM in geo-energy wall (GEW). Therefore, the current chapter aims to address
this gap by presenting a new concept for the development of PCM heat ex-
changer inside the GES e.g. piles and walls. The thermal performance of geo-
energy piles and walls prepared with PCM-HE and standard-HE during cooling
and heating processes are experimented and assessed. Moreover, the earth
pressure and thermal deformation for the geo-energy piles and walls incorporat-

ing PCM-HE and standard HE are evaluated.
6.3 Significance

Worldwide spread use of renewable energy sources are encouraged to enable
the UK and EU countries to meet their carbon emissions targets and assist with
achieving the UN Sustainable Goals. The results obtained from this chapter are
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expected to provide engineers and researchers with an innovative approach on
how to enhance the thermal performance and thermal energy storage (TES) of
geo-energy structures and reduce changes in the soil temperature, which conse-
qguently may reduce the thermal deformations resulted from the changes in GES
temperature. In addition, the findings would offer a greater grasp of applying of
PCM in GES applications for design practitioners and researchers who work in

the related area.

6.4 Experimental work

In order to precisely investigate the thermal performance of geo-energy walls and
piles with phase change materials (PCM) heat exchangers (HE), a PCM HE was
manufactured and fastened inside GEP and GEW at the casting stage. The ther-
mal performance of GEP and GEW with PCM HE was tested using fully instru-
mented testing. The heat transfer experiments consisting of three main parts, a
testing tank, geo-energy structure and a data acquisition system. Details of the
materials used in this experimental approach are demonstrated and discussed in

the following sections.

6.4.1 Material properties

6.4.1.1 Sand

Standard building sand was selected to simulate the ground soil in this experi-
mental study further details about the thermal and mechanical properties of the
used sand can be found in section 3.3.1.1 in this thesis.

6.4.1.2 Concrete

All concrete batches were designed in compliance with the British Standards (BS
8500). The mixtures were designed with water/cement (w/c) ratio of 0.45 to
achieve a target compressive strength ranging between 45 - 48 MPa after 28
days. special cylindrical concrete samples with an internal diameter of 200 mm
and a height of 50 mm and 100 mm cubical concrete samples were prepared.
The former was used to measure thermal conductivity using a hotplate testing
setup, whereas the latter was used to assess the compressive strength of con-

crete. Furthermore, a concrete prisms with dimensions of 40 x 40 x 160 mm and
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cylindrical concrete samples with a diameter of 100 mm and height of 300 mm
were also prepared to measure the concrete thermal expansion coefficient in
accordance with TI-B 101 (94), and to determine the concrete stiffness in accord-
ance with EN 1992-1-2, 2004. Further information about the measurements of

concrete properties can be found in section 3.3.1.3 and Table 6.3.

6.4.1.3 Phase Change Material (PCM) properties

Two different types of paraffin- based PCMs were considered in this study,
namely: i. RT26, used for geo-energy pile test and ii. RT42, used for geo-energy
wall test. Both materials are pure PCM with high heat storage during the phase
transition to store/release substantial heat at nearly constant temperature. These
utilising the process of phase change between solid and liquid (melting and con-
gealing) PCM materials were selected primarily based on the results of Elkezza
et al. 2022. where the ultimate steady state of soil temperature during cooling
tests on identical geo-energy piles and walls were found to occur at 26 °C and 42
°C. Table 6.4 and Fig. 6.1 presented the detailed properties of the PCM provided
by the supplier (Rubitherm Technologies GmbH). It is worth noting that the used
PCMs are characterised by their high heat storage, releasing and storing heat at
relatively constant temperature, no supercoiling effect, chemically inert and their
stable performance through thousands of phase change cycles.

Table 6.3. Main properties of the used PCM.

Property Value Test Method
Thermal conductivity (W/m.k) 1.44 BS EN 12664:2001
Compressive strength (MPa) 45

Stiffness (GPa) 28.2 EN 1992-1-2, (2004)
CTE (°C?) 5.024 x10® TI-B 101 (94)

where; CTE= coefficient of thermal expansion.

Table 6.4. Thermal and mechanical properties of concrete

Properties RT26 RT42
Melting area (°c) 25-28 38-43
Congealing area (°c) 27-25 37-43
Heat storage capacity (kj/kg) 180 165
Specific heat capacity (kj/kg.k) 2 2
Density solid (kg/l) 0.88 0.88
Density liquid (kg/1) 0.75 0.76
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Enthalpy, ki/kg

Heat conductivity (both phase) 0.2 0.2
(w/m.k)

Volume expansion (%) 12.5 12.5
Flash point 150 150

— x- = RT 26, (heating) RT 26, (cooling) —x— RT 42, (heating) RT 42, (cooling)
100 45
90 |Ha) 40 | -(b)
80 35 !"w
70 m /1 \
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Fig. 6.1. Enthalpy of a). RT26 and b). RT42.

6.4.2 Heat transfer experiments

6.4.2.1 Fabrication of HE’s

For a precise assessment of the thermal response of geo-energy piles and walls
made out with PCM heat exchangers, geo-energy piles and walls were made

using i. strandared heat exchanger (HE) and ii. phase change material heat PCM

(HE). The standard HE is a U-shaped heat exchanger [HE] made from nylon with
a total length of 1700 mm and outer and inner diameters of 8 mm and 6 mm
respectively. Whereas the PCM (HE) is made of double pipes where a smaller
diameter pipe was held concentrically inside a larger pipe. The inner pipe acts as
a heat transfer fluid carrier, whearas the outer pipe hosts the PCM around the
inner pipe as shown in Fig. 6.2. The inner pipe is made from nylon and with the
same size as those of standard HE whilst the outer pipe is made of polybutylene
with inner and outer diameters of 19 mm and 22 mm respectively. However, se-
lecting different materials for the outer pipe could lead to a better thermal perfor-

mance. Faizal et al. (2016), revealed that the higher thermal conductivity pipe

O Elkezza., 2023 135



materials can result in a positive impact on the thermal performance of GEP. A
560.49 cm?® and 2802.45 cm?® of RT26 and RT42 were used to fill the space be-

tween the inner and outer pipes which was used in geo-energy piles and walls

respectively.
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Fig. 6.2. Heat Exchangers used in geo-energy pile (a) PCM HE and (b) standard HE.

6.4.2.2 Geo-energy structures expermintal setup

To evaluate the thermal performance of geo-energy piles and walls with PCM
heat exchangers, a fully instrumented heat transfer testing rig with internal
dimensions of 1 m x 1 m x 1 m was designed and manufactured. the schematic
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diagrams of the testing rig and configuration of the geo-energy piles and walls
are presented in Figs. 6.3 and 6.4, respectively. The experimental rig consisted
of, fully insulated experimental tank, drainage system, geo-energy piles and
walls, and sand . Thermos couples connected to data acquisition system were
utilised to measure the temperature at pre-determined location as shown in Figs.
6.3 and 6.4.

In total 4 experiments were carried out including 2 tests on energy piles and 2
tests on energy walls with fixed and variable parameters demonstrated in Table
6.5. The first two tests were conducted on piles using standard heat exchanger
and PCM heat exchanger. Two more experiments were carried out on energy
walls with standard heat exchanger and PCM heat exchanger. All thermocouples
were calibrated against an accurate thermocouple, achieving an accuracy around
1 0.25 °C Prior to their use.

Table 6.5. Fixed and variable parameters for GEP and GEW tests.

Series Fixed parameters Variable parameters

FR =67 I/h, PSS, WL=500 mm  Standard HE

GEP

FR=67I/h, PSS, WL=500 mm PCM HE
> 2 FR=67I/h, PSS, WL=500 mm  Standard HE

w

© FR =67 I/h, PSS, WL=500 mm PCMHE

Where, PCM= phase change materials, HE= heat exchanger, PSS= Partly Saturated Sand, FR = Flow Rate,
and WL= Water Level.

6.4.2.3 Testing procedure

After the installation of all devices and completing sand-filling, a mix of degrada-
ble glycol-water ratio (1:3) was circulated in the HE. The flow rate of the circulat-
ing fluid was controlled using a pump at a rate of 67 I/h throughout the tests. Each
test was kept running continuously for 100 hrs so as to undertake two cycles of
cooling and heating. In the cooling cycle, a hot glycol-water with an inlet temper-
ature of 52 °C was continuously circulated in the heat exchanger within the geo-
energy structure for 24 hrs. The heating cycle is then carried out by circulating
cold glycol-water mix with an inlet temperature of -2 °C for 24 hrs. It should be

noted that all tests were performed whilst the sand surrounding the geo-energy
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structural was partly saturated with water by keeping the water level inside the
tank at 500 mm above the base, resulting in a steady hydrostatic water pressure
which simulates a real-world scenario where geo-energy piles and walls are in-
stalled in grounds with a stagnant groundwater level at a particular height. All
measurements were taken every 10 seconds using a data acquisition system and
saved automatically in a computer, while an hourly average was then determined

and presented hereatfter.
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Fig. 6.3. Experimental rig for geo-energy pile tests: (a) Plan view, (b) Vertical cross section of the
testing tank showing location of thermocouples and (c) Image of the testing rig.

O Elkezza., 2023 139



A-150mm —-150mm =<1 50mm =< 150mm —#-150mm =< 150mm -~

+

100 mm

800mm

100 mm

X jrsece s 6

g
~
HERy
%

7555 % e A e 75 i T o A A S e e e
Thermocouples in soils
PChA
Thermocouples in concrete

Pressure cell

MRy

L

Control temperature tank (heater)
Chiller

S = Y R 1]

(b)

Central heating purmp.

Flow control
well.

Perforated pipes.
Grawvel bed.
Synthetic filter.

Fig. 6.4. Experimental rig for geo-energy wall tests: (a) Plan view, (b) Vertical cross section of the
tested energy wall, (d) section B-B, location of thermocouples, e) image of real test rig.

O Elkezza., 2023

140




6.4.3 Evaluation of experimental data

To assess the extracted/rejected thermal energy from and to the geo-energy
structure, total heat exchange rate expressed by Equation 3.2 was determined.
Furthermore to assess the change in soil temperature due to heat extraction and
rejection from the geo-energy structures, excess soil temperature (EST) which is
defined as the diffrence between actual soil temperature during the test and
original soil temperature. EST can be possitive (+ve) value during the cooling
cycles or negative (—ve) value during the heating cycles and can be deduced as
given by Equation 6.1:
EST =T, —T, (6.1)

The unconstrained thermal strain of the geo-energy structure caused by the tem-
peratures change of the concrete was defined and measured using equation 3.3.
In addition, the thermal stress due to the temperature change of concrete can be
expressed by the general Hook’s law as following:

Pthermal = £E * Etnermai (6.2)
where; pihermar 1S the thermal stress of the geo-energy structure due to temper-
ature change, E refers to young’s modulus of the concrete and the negative sign

means the concrete of the geo-energy structure is cooled.

6.5. Results and discussions
6.5.1 Heat transfer in geo-energy pile

Fig. 6.5a shows the variation in the temperature of the circulating fluid at inlet
point, base of the HE (T1) and Outlet point for geo-energy piles equipped with a
standard HE and PCM HE during a continuous cooling-heating operation. The
flow rate of the circulating fluid was kept constant through the test at 67L/hr. A
temperature difference is notable in Fig. 6.5b which clearly reflects the degree of
heat exchange between the geo-energy piles and surrounding soil. It is worth
mentioning that during cooling tests the circulating fluid was circulated with an
inlet temperature of 52°C whilst during the heating stages the circulating fluid
was circulated with an inlet temperature of -2 °C. Careful inspection of Fig. 6.1
illustrated that PCM RT26 generates about 34 % higher energy during cooling

than heating.
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Fig. 6.5b demonstrates the temperature difference between inlet and outlet that
was recorded in geo-energy piles equipped with standard HE and PCM HE. It
can be observed that the pile equipped with a PCM HE gave a higher temperature
difference. For both pile tests, the temperature difference in the heating cycle is
slightly higher than that recorded during the cooling cycle, which reveals a better
heat exchange performance of the piles during the heating operation. The results
demonstrated that a geo-energy pile with a standard HE has temperature differ-
ence of about 2.15 °C and 2.11 °C in heating and cooling cycles respectively after
reaching steady-state conditions which was reached after 16 hrs of continuous
operation. Whereas in the case of geo-energy pile with a PCM HE, the tempera-
ture difference recorded after reaching steady state conditions was 3.77 °C and
3.10 °C in heating and cooling cycles respectively. This could be attributed pri-
marily to the impact of PCM (RT26) which generates about 34 % higher energy
during cooling than heating (see Fig. 6.1). The average of temperature difference
of the last eight hours of heating and cooling cycles have been calculated to de-
termine the percentage of improvement, the results revealed that the thermal per-
formance of geo-energy pile tends to enhance during heating and cooling by
about 75 % and 43 %, respectively when PCM HE was embedded inside the
GEP.
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Fig. 6.5. Measured circulating fluid temperature a). inlet, T1 and outlet temperature b). Tempera-
ture difference between inlet and outlet.

In order to aid the discussion, the heat exchange between the geo-energy pile
and soil was calculated using Equation 3.2 and presented in Fig. 6.6. It is obvious
that the dissipated and extracted heat in a geo-energy pile with PCM HE is higher
than that reported for a geo-energy pile with a standard HE. This could be at-
tributed to the use of PCM which enhanced heat transfer from and to the pile by
i. sensible heat due to temperature change and ii. storing the latent heat during
phase transition of PCM. Therefore, the total amount exchanged heat due to PCM

incorporation increased remarkably.

300 M Cooling  m Heating
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Fig. 6.6. Dissipated or extracted energy in a geo-energy pile with a standard HE and PCM HE.
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The influnce of PCM HE on the temperature of soil surounding the GEP is
assessed based on the results recorded by 24 thermocouples that were installed
in the soil in pre-determined locations (see Fig. 6.3). Fig. 6.7 shows the soil
temperature that was recoreded during the two cycles of continuous cooling and
heating operation for 100 hrs. Temperature measurements were taken at
horizontal distances of 50 mm, 100 mm, 200 mm, 300 mm and 425 mm in both
sides of the pile at a depth of 450mm from the tank base. The results clearly
illustrate that in both tests with a standard HE and PCM HE a similar trend was
recorded where temperature dropped with increasing the distance from the pile.
In addition, maximum temperature difference after reaching a steady state con-
dition was observed at 50 mm from the pile and gradually decreased with the
increase in horizontal distance. However, it is very notable that the changes in
soil temperature are much lower in the case of geo-energy pile equipped with a
PCM HE. Precisely, during the cooling cycle, the excess soil temperature (EST)
after reaching steady state conditions at radial distances of 50 mm, 100 mm, 200
mm, 300 mm, 425 mm were 10.6, 8.29, 4.8, 3.29 and 1.44 °C respectively in case
of GEP with a standard HE whereas the corresponding values for GEP with a
PCM HE were found to be 3.22, 1.43, 0.9, 0.86 and 0.58 °C respectively. This
illustrates a remarkable impact for encapsulating PCM around the HE in reducing
the temperature difference in the soil surrounding the geo-energy pile which is
attributed to the capacity of PCM to store thermal energy between the cooling
and heating cycles. In heating tests where surrounding soil is likely to drop its
temperature, the temperature difference at radial distances of 50 mm, 100 mm,
200 mm, 300 mm, 425 mm were recorded and found to be 11.9, 9.29, 3.44, 1.28,
and 0.20 °C respectively for GEP with a standard HE and 4.24, 1.06, 0.38, 0.21,
and 0.08 °C respectively for GEP with a PCM HE. Based on data presented in
Fig. 6.7, it can be also observed that the interference region between the pile and
soil can be considered as the most affected region which is often given by the
radius of interference. From the results of the two tests, a soil-pile interference
radius was identified to be around 300 mm and 100mm for geo-energy piles with
a standard HE and a PCM HE respectively. This could be attributed to the latent
heat that released and absorbed by the PCM which can not only enhance the
thermal performance but also can reduce the soil temperature changes and the

thermal interference radius of GEP.
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Fig. 6.7. Soil horizontal temperature profile at mid-height of GEP with a standard HE and a PCM
HE.

Fig. 6.8 shows the variation in soil temperature along the depth of pile after reach-
ing steady state conditions in case of GEP with a standard HE and a PCM HE.
Data in Fig. 6.8 demonstrate that during the heating cycle, soil temperature in-
creased with the depth of GEP as the circulating fluid travelled inside the HE but
with a different temperature range depending on the type of HE. Furthermore,
during the cooling stages, the changes in soil temperature were observed to be
less prominent in case of GEP with a PCM HE than that recorded for a GEP with
a standard HE. Data recorded showed that temperature changed from 20.88 °C
at 150mm to 22.33 °C at 750 mm for GEP with a PCM HE, whereas for a GEP
with a standard HE, the soil temperature was found to change from 26.20 °C to
29.38 °C at the same measurement points. In contrast with the heating stages,
the vertical soil temperature between 150 mm and 750 mm was found to increase
from 20.17 °C to 21.92 °C for GEP with a PCM HE and from 16.86 °C to 20.33 °C
for GEP with a standard HE.
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Fig. 6.8. Soil vertical temperature profile at 200mm from standard HE and PCM HE GEP.

Fig. 6.9a displays the lateral earth pressure measured at mid-height of pile for
GEP with a standard HE and a PCM HE. The pressure cell was placed at the
soil-pile interface on the inlet side. According to Fig. 6.9a, the initial value of lateral
earth pressure was approximately 5225.80 Pa for GEP with a standard HE and
5115.70 Pa for GEP with a PCM HE. During the cooling stage, the pile is heated
and the lateral earth pressure gradually increased until reaching a peak pressure
of 5551.20 Pa and 5320. 10 Pa for GEP with a standard HE and a PCM HE
respectively at the end of cooling stage. Then the lateral pressure started to de-
crease to reach 5293.22 Pa and 5106.40 Pa for GEP with a standard HE and a
PCM HE respectively. This could be a result of the induced thermal expan-
sion/shrinkage due to heating/ cooling of concrete which led to an increase/ de-
crease in the lateral earth pressure at the soil pile interface. To assist the discus-
sion, Equation 3.3 was used to determine the thermal strain that caused by the
thermal expansion/ shrinkage of both piles. It is worth mentioning that to precisely
estimate the thermal strain, it was essential to determine the coefficient of thermal
expansion. An experiment was conducted in accordance with TI-B 101 (94) on
concrete samples to determine the coefficient of thermal expansion which was
found to be 5.024x10 °C-1. Fig. 6.9b and c show that the increase in pile tem-
perature led to an increase in the thermal strain which caused an increase in the

soil pressure at the pile side. On the other hand, reducing the pile temperature

@ PCM HE cooling
PCM HE heating
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would lead To a decrease in the thermal strain which in turn would cause a drop
in the soil pressure at the pile-soil interface. Therefore, values for the lateral pres-
sure in the case of GEP with a PCM HE were lower than those measured for GEP
with a standard HE under the same conditions of flow rate and inlet temperature.
Further analysis, to determine the internal thermal stress that generated in the
pile due to temperature changes was deduced using Equation 6.2. In order to
precisely estimate the thermal stress, it is essential to determine the modules of
elasticity of concrete. The modulus of elasticity (E) was determined from the
measured data in accordance with EN1992-1-2, (2004). The result revealed that
the stiffness of the concrete was 28.2GPa. Consequently, the thermal stress is
determined and presented in Fig. 6.9d. It can be seen that peak stresses are -
270 and — 100.6 kPa for GEP with a standard HE and a PCM HE respectively.
This can be attributed to that higher temperature rise in standard HE energy pile
caused larger thermal strain compared with the PCM HE. This indicates that the
PCM HE energy pile can reduce the thermal deformation of geo-energy pile
caused by thermal stress intensity at the middle of GEP.

6.5.2 Heat transfer in geo-energy wall

Two tests were carried out using geo-energy walls made with a standard HE and
a PCM HE and installed at the side of the experimental tank. Measurements for
the circulating fluid temperature were taken at inlet, T1 and Outlet for a standard
HE geo-energy wall and a PCM HE geo-energy wall. Fig. 6.10 presents meas-
ured temperature data and temperature difference for geo-energy wall with the
two types of HE. It should be noted that both walls were installed in a partly sat-
urated soil and tested whilst maintaining the same circulating fluid flow rate at a
value of 67L/hr. Furthermore, the cooling test was performed by circulating the
fluid with an inlet temperature of 52°C whilst during the heating stages the fluid
was circulated with an inlet temperature of -2°C. It can be seen from Fig. 6.10
that there is a notable difference between inlet and outlet temperatures in both
the PCM HE and standard HE energy walls during the cooling stages during cool-

ing and heating cycles.

O Elkezza., 2023 147



Standard HE PCM HE Standard HE PCM HE

5700 ( ) 40
F a E
5600 [ 35 F (b)
& 500 O 30 F/i--=7n fzerilh
o 5400 F S ) , | y
S F 8 25 :‘1 |\ 'I .
A 5300 E S » \ A \N
g : ® 2 F 1 "
o 5200 F ) F S~/ T
= F o o
S 5100 F el ¥
- o r
S 5000 3 F 10 E
4900 5 F
4800 :I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 :| 1L 1L 1L L 1 1 1 1 1 N N N N 1 " " " " 1 N N N N
0 20 40 60 80 100 0 20 40 60 80 100
Time, hr Time, hr
Standard HE PCM HE Standard HE PCM HE
120 350
C F (d)
. (c) 300
100 | © 3
M g £ 250 F
~ 80 | 4 o
£ F o .
© F "E 200 .
E 60 5 ‘© 150 E
i C £ 3
1S r b o
o 40 < 100 F
= = r
'_
20 [ 50 [
0 1 1 1 1 1 1 O L L 1 1
0 20 40 60 80 100 0 20 4?’ime h?o 80 100
Time, hr ,

Fig. 6.9. a) Lateral earth pressure at the mid height of standard HE and PCM HE GEP; b) Change
of temperature for standard HE and PCM HE GEP and the PCM,; c) The calculated thermal strain
for standard HE and PCM HE GEP; d) The calculated thermal stress for both.

This temperature difference indicates heat exchange between the wall and the
surrounding soil. It can clearly be observed from Fig. 6.10b that GEW equipped
with a PCM HE experienced the highest differences in temperature. Moreover,
The heat exchange between the geo-energy wall and soil was calculated using
Equation 3.2 and presented in Fig. 6.11. It is obvious that the dissipated and
extracted heat from the PCM HE pile is higher than that reported for a geo-energy
wall with a standard HE. This is attributed to the use of PCM HE for the energy
walls which allows the wall to transfer the heat by two mechanisms sensible heat

cauced by the change in temperature, and by stores the latent heat energy due
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to PCM phase transition, consequently, the amount exchanged heat can be

greatly increase.

Furthermore, Fig. 6.10 (b) shows that for both wall tests, the temperature differ-
ence in the heating cycles is slightly larger than that in the cooling cycles, which
revealed a better heat exchange performance of the wall during the heating op-
eration. On average, for standard HE wall heating and cooling cycles, about
5.47°C and 5.72 °C differences were recorded after reaching steady-state condi-
tions (after 16 hrs of operation), respectively. For PCM HE wall, the steady state
temperature difference was 8.18 °C and 7.23 °C in heating and cooling cycles
respectively. This could be attributed to that the used PCM (RT42) generates
about 13% higher energy during cooling than heating see Fig. 6.1.These results
provide reliable proof that the thermal performance of geo-energy wall tends to
enhance by about 43 % and 32 % for heating and cooling cycles respectively

when PCM was encapsulated around the heat exchanger in the GEW.
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Fig. 6.10. Data for measured circulating fluid temperature in GEW a) Temperature measurements
at inlet, T1 and outlet temperature, b) Temperature differences between inlet and outlet.
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Fig. 6.11. Dissipated/ extracted energy from standard, (HE) and PCM, (HE) GEW.

The horizontal soil temperature profile measured at mid-height of the wall is pre-
sented in Fig. 6.12. The soil temperature was measured at 50 mm, 100 mm, 200
mm, 300 mm, 400 mm, 500 mm, 600 mm and 880 mm away from the wall. It was

observed that an interference region between the wall and soil can be considered

O Elkezza., 2023 150


https://www.sciencedirect.com/science/article/pii/S0375650521002315?via%3Dihub#fig0017

as the most affected region in the experimental tank. From the results of the two
tests, a soil-wall interference region was identified to be around 600 mm and
400mm for geo-energy walls with a standard HE and a PCM HE respectively. The
pattern of temperature variation with distance was similar irrespective of the type
of the HE. It is also observed that maximum temperature excess after reaching
steady state conditions was observed at 50 mm from the wall and gradually de-
creased with the increase in horizontal distance. During cooling cycle, the steady
state excess in soil temperature (EST) at horizontal distance of 50 mm, 100 mm,
200 mm, 300 mm, 400 mm, 500 mm, 600 mm, 700 mm, 880 mm are respectively
17.64,17.41,12.65, 11.56, 6.86, 4.37, 1.96, 1.96,and 1.44 °C for geo-energy wall
with a standard HE, whilst the corresponding values for geo-energy wall with a
PCM HE were 11.17, 8.85, 6.05, 2.56, 2.44, 1.47, 1.47, 1.47 and 1.47 °C respec-
tively. Data for the EST during the heating cycle at the same measurement points
were found to be -10.73, -10.13, -8.3, -6.74, -5.46, -3.77, -2.77, -2.77 and -2.77
°C respectively for a geo-energy wall with a standard HE wall and -3.95, -3.05, -
2.1, -1.54, -0.75, -0.47, -0.47, -0.47, and -0.47 °C respectively for a geo-energy
wall with a PCM HE. From the results of the horizontal soil temperature profile
can clearly conclude that the soil temperature rise and the thermal interference
region of PCM HE wall are without doubt smaller than those for the standard HE
wall. This could be attribute to the latent heat that releasing and absorbing of the
PCM which can not only enhance the thermal performance, but also can reduce

the soil temperature changes and the thermal interference zone of GEW.

The influence of PCM HE inclusion in GEW on the vertical soil temperature profile
is also assessed and compared with the standard GEW. The soil temperature
profile was recorded at two vertical sections (V1 and V2) which were located at
100 mm and 300 mm away from the experimented energy wall, respectively as

shown in Fig. 6.4.
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Fig. 6.12. Soil horizontal temperature profile at the mid-height of standard HE and PCM HE GEW.

The measurements of temperature along V1 and V2 were taken at depths of 150
mm, 300 mm, 450 mm, and 750 mm. The data for soil temperature after reaching
steady-state conditions at V1 and V2 were plotted in Fig. 6.13. The data clearly
showed that the soil temperature at section V1 was significantly higher than that
measured further away at section V2. During the cooling stages, the steady state
temperature changes for GEW with a PCM HE was found to be less than those
measured for GEW with a standard HE. Soil temperature changed from 30.45 °C
at 300 mm to 27.63 °C at 750 mm for GEW with a PCM HE, whereas for a GEW
with a standard HE, the soil temperature changed from 35.82 °C to 36.02 °C ex-
actly at the same measurement points. In contrast during heating stages, the ver-
tical soil temperature changed from 18.55 °C at 300 mm to 18.48 °C at 750 mm
for GEW with a PCM HE whereas those measured for GEW with a standard HE
were 14.08 °C and 14.85 °C at 150 mm and 750 mm respectively. Furthermore,
it can be observed that the influence of the PCM HE on reducing the soil temper-
ature changes around GEW was significant in comparison with the case of using
standard HE. This can be justified by the ability PCM to store or reject more en-
ergy, hence reduce the energy that might be extracted or rejected into the ground
(Mousa et al., 2020).
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Fig. 6.13. Soil vertical temperature profile at 100mm and 300mm from GEW with a
standard HE and a PCM HE.

A pressure cell was installed at mid-height of the soil-wall interface to measure
the lateral earth pressure. Fig 6.14a shows the measured lateral earth pressure
at mid-height of the wall. According to the data captured, the initial value of lateral
earth pressure was approximately 5.56 kPa for GEW with a standard HE and
4.29 kPa for GEW with a PCM HE. During the cooling stage the wall is heated
and the lateral earth pressure increased gradually until reaches a peak pressure
of 14.73 kPa and 13.56 kPa for standard HE and PCM HE wall respectively, at
the end of cooling stage. Then it starts to decrease to reach 13.44 kPa (standard
HE) and 12.72 kPa (PCM HE). According to Dong et al. (2019), this could be
attributed to the induced thermal expansion/shrinkage due to heating/ cooling
which leads to increase/ decrease in the earth pressure at the soil wall inter-
face. To explain this behaviour, Equation 3.3 was utilised to determine the ther-
mal strain for both walls as a function of temperature changes. Data for the ther-
mal strain and temperature of the walls and PCM were presented in Fig. 6.14 (b)
and (c) and demonstrate that when the temperature of the wall increased, the
correspondingly strain increased (expansion) reversely, when the temperature of
the wall reduced, strain decreased (shrinkage). Generally, for the same flow rate
tests the PCM HE wall shows smaller temperature rise and thermal strain than
the standard HE.
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Also, it worth to mention that the change of the temperature in GEW produces

internal stress which can be determined using Equation 6.2. The calculated ther-

mal stresses are presented in Fig. 6.14d, according to data in Fig. 6.14d, the peak
thermal stress of GEW with a PCM HE and a standard HE are 253.33 kPa and

333.01 kPa respectively during cooling stages. Whereas, during the heating

stages the peak thermal stress of PCM HE wall is 393.32 kPa and that for stand-

ard HE wall is 477.09 kPa. This can be justified by the higher temperature change

in the standard pile when compared with that for PCM HE pile.
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Fig. 6.14. Lateral earth pressure at the mid height of standard HE and PCM HE GEW,; b). Change of
temperature for standard HE and PCM HE GEW and the PCM; c). The calculated thermal strain for
standard HE and PCM HE GEW; d). The calculated thermal stress for both walls.
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6.6 Summary

The current chapter assesses the thermal performance of geo-energy piles and
walls fabricated with phase change material (PCM) heat exchangers in compari-
son with the performance of the same energy structure but with standard heat
exchangers. Two types of PCM were used for piles and walls in the current study
based on their melting points, namely RT26 and RT42, respectively. The main

conclusions that could be drawn from the chapter are as follows:

» The inclusion of PCM immediately around heat exchangers has an effec-
tive positive impact on enhancing heat transfer for GEP by 75 % and 43
% for heating and cooling, respectively and for GEW by 43 % and 32 %
for heating and cooling cycles.

» The PCM heat exchanger significantly reduced the changes in soil tem-
perature and thermal interference zone of geo-energy piles and walls.

» Due to low temperature rise of PCM HE GES, the lateral earth pressure at
the pile side and the wall face is reduced in comparison with the standard
HE.

» Also, the thermal strain and stresses that produced by the change of GES

temperature are decreased when the PCM HE is used.
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Chapter 7: Assessment of using the phase change lightweight
aggregate to enhance the thermal and mechanical interaction
between soil and geo energy structures.

7.1 highlights

e Milled Carbon fibre showed the best performance and durability for sealing PCM im-
pregnated LWA'’s.

e Adding PCM impregnated LWA'’s to sand led to dropping the MDUW and OMC, while
it increased the permeability coefficient and the friction angle of the soil mix.

e The thermal energy storage of the soil and PCM LWA'’s mixes increased by increasing
the percentage of PCM in the mix.

e The use of 35% by volume ratio at the soil/GES interface showed significance increase
in the efficiency of Geo-energy piles and wall.

e The inclusion of PCM LWA’s at soil/GES interface reduces the thermal stress and
strains at the GES body.

e GES operation thermal effect on surrounded soils was also reduced when PCM LWA'’s

was used.

7.2 Introduction

Thermal energy storage (TES), often known as heat storage, enables storage of
heat energy in a material, so that can be used in the future . TES can be applied
mainly through two techniques, namely sensible heat storage and latent heat
storage (Mehling and Cabeza, 2008). Sensible heat storage, which is the most
prevalent technique applied, is fundamentally based on storing the thermal en-
ergy by raising the temperature of the storage medium in the range of sensible
heat storage (See Fig. 7.1). For example, storage of heat in the ground is one of
the common applications where sensible TES method can be applied. Heat is
stored or released not only due to the change in temperature but also can be
through the change in material’s phase. The latter is known as latent heating, and
its principle based on storing the heat during the phase change material without
any shift in temperature, as shown in Fig. 7.1. The amount of heat that is retained

when a substance goes through a phase shift without affecting its temperature is
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known as latent heat (See Fig. 7.1). The term "phase change materials" (PCM)
refers to the substances that are able to transform from solid to liquid, and appro-

priate for temperature-sensitive heat storage.

Melting

temperature .- .
P " Sensible

Temperzture

Sensible

'."‘ Latent
Asib[e
“ >

Stored heat

Fig. 7.1. Sensible and latent heat storage.

Since 1980, PCM has been used as a potential source for thermal storage in
construction materials (Mehling and Cabeza, 2008). Temperature stabilisation
and the storage/delivery of heat with minimal temperature differences are two
potential uses for PCMs. The ability of PCM to minimise the heating and cooling
loads inside buildings has been investigated by several researchers. For in-
stance, Feldman et al. (1995) found that the storage capacity of PCM prepared
from 1 m? gypsum wallboard impregnated with 23% by weight of methyl stearate
and methyl palmitate in a temperature range of 3.5 °C was approximately 12
times higher than that found in wallboard alone. By using a different PCM made
from Gypsum board with 25% weight Butyl stearate, Athientis et al. (1997) indi-
cated that PCM could lower the maximum room temperature in passive solar
structures by about 4°C throughout the day. Cabeza et al. (2007) highlighted that
concrete wall contained almost 5%wt of microencapsulated paraffin wax as PCM
was able to minimising the maximum interior dry bulb air temperature by around
2 °C during summer period. According to Hunger et al. (2009), adding 5%wt of
microencapsulated paraffin wax to the concrete mix saved almost 12% of the
energy needed for running air conditioners and keep the internal temperature in-
side a building constant at 23.5°C. Castell et al. 2010 pointed that the inclusion
of PCM in brick walls used in establishing and regulating the interior temperature

led to saving around 15% of the energy, compared with the same walls made
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without any PCM. Lightweight aggregate can also be employed as a PCM carrier
in concrete application, allowing a considerable amount of PCM to be used (up
to 8% by weight of concrete) without impairing the mechanical qualities (Rama-
krishna et al., 2015; Pongsopha et al., 2021). However, one significant disad-
vantage is the leakage of PCM to the concrete’s surface over time (Sukontasukku
et al., 2020; Pongsoph et al., 2019).

PCM has also been involved in the ground source heat pump systems (GSHP’s),
in the applications of boreholes and geo-energy piles. Recent studies indicated
that the incorporation of PCM in boreholes applications can highly enhance the
thermal storage capacity and heat transfer efficiency, in addition to reducing the
thermal influence radius in soils (Wang et al., 2014; Li et al., 2016; Chen et al.,
2018).

Recently the use of PCM for geo energy piles got extensive attention and it has
been investigated in many studies (Han and Yu, 2018; Mousa et al., 2020; Yang
et al., 2021a; Yang et al., 2021b; Cao et al., 2022; Bao et al., 2022). Yang et al.
(2021a) examined the thermos-mechanical behaviour of PCM energy piles pre-
pared with expanded perlite (impregnated with 66% of lauric and 34% of decly
acids), and coated by epoxy resin. The heat transfer rate rose during a continuous
10-hour operation from 2900 to 3162 KJ, compared to the conventional piles.
Also, their results showed a reduction in the displacement of PCM piles at the
top-of-pile, internal peak stress, and maximum tip pressure. Another computa-
tional analysis to examine the thermal performance of the PCM energy pile in
terms of phase change temperature and thermal conductivity was conducted by
Yang et al. (2021b), The findings showed that the thermal performance of the
PCM GEP rose from 135.6 to 175.9 w/m due to the thermal conductivity improve-
ment of the PCM. Also Increased thermal deformation, axial force, and the top
displacement. Han and Yu (2018) conducted numerical analysis to clarify the
possible use of PCM GEP as a renewable snow melting technology. The results
indicated that number of required piles would be greatly decreased by 25-35%
because the PCM-modified GEP significantly increased the thermal energy ex-
traction. Mousa et al. (2020) investigated the thermal performance of GEP incor-

porated with PCM at various flow rates using both experimental and numerical
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methods. It is found that the extracted and rejected heat for the same flow rate

were found to rise by 16% in the presence of PCM.

More recently, phase change steel balls were used as concrete aggregates in an
experimental study by Bao et al. (2022) to improve the thermal performance of
GEP. The heat transmission rate of PCM pile was reported always higher Com-
pared to traditional piles. In addition, the temperature and restoration in the PCM
pile were more consistent, and the temperature difference between the pile and
the soil was lower. As a result, the internal tensions and deformation in the pile
body could be clearly reduced. The thermal performance of precast high strength
GEP was recently simulated by Cao et al. (2022) to evaluate the performance of
PCM backfill materials. The outcome showed that the thermal conductivity of
PCM backfill significantly affected the heat transmission rate of energy piles. The
heat exchange rate of the GEP rose by 17% and 32.6 % when the thermal con-

ductivity of the PCM backfill increased by 0.2 and 0.4%, respectively.

Based on the critical review of the literature and aforementioned discussion, it
can be noted that although several studies have been carried out on the effect of
the inclusion of PCM in geo-energy piles applications, no comprehensive work
has been found in the literature regarding the use of PCM in geo-energy walls.
Furthermore, none of these studies have investigated the use of PCM at the
Soil/GES interface. Nevertheless, a numerical investigation was conducted by Qi
et al. (2020) to assess the thermal behaviour at a pile/soil interface. This study
demonstrated that the heat transfer coefficient (h) at the pile-soil interface can be
varied during cooling or heating. Therefore, accurate heat transfer values at the
interface must be calculated properly during the design of system, and experi-
mental studies are necessarily needed to support and validate the findings ob-
tained from the limited numerical research. According to Bourne-Web et al.
(2020), the geo contact thermal resistance is sensitive to sand density, and it can
be decreased between loose and thick sand by 0.02 and 0.005 m2/kW, respec-
tively.

The purpose of this chapter was to use coated-PCM-impregnated LWAs to en-
hance the thermal energy storage surrounded geo-energy piles and walls. The

main objectives of this study are to: i. produce coated PCM impregnated light-
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weight aggregate, ii.mix the produced PCM LWA'’s with soil and evaluate the im-
provement of the TES for the mixes, iii. Apply the enhanced TES soil mix at the
Soil/GES interface and assess the heat transfer efficiency of geo energy piles and
walls and iv. Study the thermal expansion and the lateral earth pressure on the
GES.

7.3 Experimental work

In order to enhance the thermal energy storage (TES) of the sand and evaluate
the effect of thermally enhanced sand on the thermal performance of geo-energy
piles and walls, the experimental work was divided into three main stages. The
first stage covered the production of PCM impregnated light weight aggregates,
while the second stage has focused on the enchantment of the TES of sand using
PCM Impregnated lightweight aggregates. The final stage presented the thermal
and mechanical performance of the geo-energy piles and walls after the inclusion

of PCM impregnated LWA at the soil/structure interface see Fig 7.2.

7.3.1 Production of PCM LWASs

7.3.1.1 Materials.
In this section, the main properties of various materials such as PCMs, LWAs,

and coating materials are discussed.

7.3.1.1.1 PCM

Two different types of paraffin-based PCMs were considered in this study,
namely: |I. RT26, used for geo-energy pile testing and ii. RT42, used for geo-
energy wall test. Both materials are pure PCM with high heat storage at the phase
transition temperature. These PCM materials were selected primarily based on
the results of Elkezza et al. 2022, where the ultimate steady state of soil tem-
perature during the cooling tests of identical geo-energy piles and walls was
found to occur at 26 °C and 42 °C. Table 6.4 and Fig. 6.1 a and b presented the
detailed properties of the PCM provided by the supplier (Rubitherm Technologies
GmbH). It is worth noting that the used PCMs are characterised by their high heat
storage, releasing and storing heat at a relatively constant temperature, no super-
coiling effect, chemically inert and their stable performance through thousands of

phase change cycles. The thermal stability (PCM weight change during different
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temperatures) of the PCM has been examined using thermogravimetric analysis
(TGA) Q500 V3.17 Build 265 equipment.

Experimental program

Production of PCM Sand thermal enhancement us- Geo-energy pile and
LWA. ing PCM LWA. wall tests.
Materials Sample Preperation !Determlnatlon of soil/GES
«PCM interface
*LWA Heat transfer
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esilica fume
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PCM impregnation of LWA, Assessment of mechanical

properties.
Coating of PCM LWAs.
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. Compaction
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Fig. 7.2. Experimental work stages.

About 40 +10mg of each PCM (RT26 & RT42) was loaded in the TGA and sub-
jected to a temperature ranges from 15 °C to 60 °C at a temperature change rate
of 5°C/minute under air flow rate of 10ml/min (Bensharada et al. 2021). The re-
sults obtained from the TGA test were presented in Fig. 7.3 and revealed that
there were little or no weight losses of both PCMs during and after the test. There-
fore, the PCMs can be considered as thermally stable and reliable to be used for

soil thermal energy storage enhancement.
7.3.1.1.2 light weight aggregates (LWAS)

LWA is an aggregate type that is characterised by a very low bulk density with a
range of 100 - 1000 kg/m? and low specific gravity (0.1 to 1.5) (Shendy, 1991). It
can also be considered as a highly porous medium which helps in absorbing

more liquid than normal aggregate. In this study, lightweight expanded clay ag-
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gregate (LECA), as shown in Fig. 7.4, was used to host the PCM due to its avail-
ability and low cost. The patrticle size of the used LECA ranged from 4 mm to 10

mm, while the bulk density was 500 kg/m3.
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Fig. 7.3. TGA curve (a), (b) for RT42; (c), (d) for RT26.

Fig. 7.4. Typical LECA.
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7.3.1.1.3 graphTHERM

The thermally enhanced graphite powder was developed by georg h. luh gmbh,
further information about this material can be found in section 3.3.1.2.

7.3.1.1.4 Milled Carbon fibre

This material made from recycled carbon fibre milled to 80u/100y made from
standard modulus fibre. This material have thoroughly explained in chapter 5,
section 5.4.1 and Table 5.1.

7.3.1.1.5 Silica Fume

This type of densified silica fume (micro silica) is produced in the electric furnace
during the production of silicon metals and other ferrosilicon alloys. The silica
fume consists of a high percentage of amorphous (non-crystalline) silicon dioxide,
and it has a density of 500-700 kg/m? and a particle size of less than 45 microns.

The chemical analysis, as provided by the supplier, is shown in Table 7.1.

Table 7.1. Chemical analysis of silica fume (Westbrook resource Ltd)

Constituents Percentage (%)
SiO, 92% min
Fe,03 2% max
MgO 3% max
Al,O3 1% max

LOI* 6% max

K20 3% max

Cao 3% max
Moisture Not specified
Na,O 3% max

C 3% max

*Loss on ignition representing organic matter content.

7.3.1.2 PCM impregnation of LWAs

Fig. 7.5 illustrates the experimental setup that was used in this chapter to im-
pregnate the PCM in LWA'’s. The setup consists of vacuum chamber, A vacuum
pump, water path and pipes. The vacuum chamber was used to host the light-
weight aggregate and the melted PCM during the process of suction. Further-
more, the vacuum pump was unlisted to provide 75 kPa suction pressure through-

out the impregnation process.
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A 1 kg of oven dried LWA'’ was placed inside the vacuum chamber. Then, a per-
forated plate was putted inside the chamber to cover the LWA'’s, a 5kg steel
weight was also putted on the top of the plate inside the chamber, to keep the
LWA'’s under the plate to prevent it from floating to the surface during the impreg-
nation process. After that, the melted PCM was poured inside the chamber and
the vacuum pump was switched on in order to begin air suction from the LWA’s
pore space, which took around 4 hrs from LWA'’s absorption till the PCM reached
the peak. At the end of the impregnation process, the vacuum was turned off, and
the impregnated LWA'’s were taken out of the chamber and immediately put in-
side a fridge for 24 hrs to allow the PCM to solidify. Table 7.2 shows the quantities
and the percentage of PCM that was impregnated in the LWA’s used in this study.

Table 7.2. The quantities and the % of PCM impregnation.

Constituents RT26 RT42
Original weight of LWA'’S (gm) 3200 3100
Weight after PCM impregnation (gm) 58062.81 55368.96
Percentage of impregnated PCM (%) 82 78
Weight after coating (gm) 67338.30 64033.80
Percentage of PCM after coating (%) 61.08 62.12

Impregnation ||

Process.

./

Fig. 7.5. PCM impregnation of LWAs setup.
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7.3.1.3 Coating of PCM impregnated LWAs

In a recent study by Sani et al. (2021), to the use of epoxy resin for coating the
PCM impregnated LWA'’s with graphite powder has been proposed to avoid the
concern of coalescing of the coated LWA'’s. Similarly, Kastiukas et al. (2016),
suggested the use of polyester resin to cover the surface of PCM impregnated
LWA’s, and the findings showed that this method reduced PCM leakage up to
3%. Also, kheradmand et al. (2015) coated the PCM impregnated LWA’s with
three different methods by using sikalastic-490T (waterproofing liquid mem-
brane), makote 3 (bituminous emulsion) and weber dry lastic (liquid used for wa-
ter proofing the building roofs). From the results, they observed that the coating
thickness was not homogenising and the PCM still leaked. In this study, to pre-
vent the issue of PCM leaking from impregnated LWA'’s, flexilon 457 (resin) and
flexilon 1117 (dilution) were mixed with a mixing ratio of 60% and 40%, respec-
tively. Both materials were supplied by Rosehill Polymers.Ltd. Firstly, flexilon 457
and flexilon 1117 were combined inside a container to form the coating material.
Then, the PCM impregnated LWA'’s were taken from the fridge and placed inside
the coating solution for about 5 minutes. While the PCM aggregates were in the
coating solution. It was manually turned around to ensure that all the aggregates
were uniformly coated and soaked with coating. It has been observed, that the
coated PCM LWA'’s tends to stick to one another, while the hardening of the coat-
ing material, as shown in Fig. 7.6. it worth mentioning that the separation of the
coated PCM LWA'’s at this stage was impossible and any force would result in

damaging the coating of the LWA'’s.

7.3.1.4 Separation of coated PCM LWA'’s

Kheradmand et al. (2015); Memon et al. (2015); Kastiukas et al. (2016) and Sani
et al. (2021) Experienced a problem where the coated PCM LWA'’s sticked to-
gether during the coating hardening. To solve the issue, Kastiukas et al. (2016)
sprinkled different materials such as glass powder, quartz and granite over the
sticked PCM LWA'’s. it was stated that after sprinkling the coated PCM LWA'’s
with the materials before the coating material fully hardened, it was easy to sep-

arate the coated PCM LWA's. the assessment of these thress separation material
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shows that the granite powder provided the best choice in terms of ease of sep-
aration and uniform coating however, about 3% PCM leakage was reported.
Memon et al. (2015), used silica fume to separate the coated paraffin-LWA how
ever it dosit show a great performance for sealing the PCM LWA’s. Kheradmand
et al. (2015), suggested the use of four different waterproof materials such as
sikalastic-490T, Makote 3 and Weber dry lastic as coating materials. They also
reported that there is no method has solved the issue of PCM LWA's sticking
together. In the study of Sani et al. (2021), two materials were used, namely
Redhill sand and graphite powder, to help the separation of coated PCM LWA’s
during the hardening of the epoxy resin. They observed that using Redhill sand
produced a non-uniform coating surface and most of the coated PCM LWA'’s were
coalesced together. Also, they added that the graphite powder coated PCM
LWA'’s yielded a product with a uniform coating layer and were separated from
each other. In this study, to separate the particles of PCM LWA'’s during the hard-
ening of the coating material, graphTHERM, milled Carbon fibre and silica fume
were chosen to be sprinkled over the PCM LWA's five minutes after the coating
with the coating materials, and manually sieved, and left to totally dry for 24 hrs
(See Fig.7.6).

PCM impregnated LWAs Coating PCM impregnated LWAs

e 3

Milled Carbon
fibre

Figure continued in next page
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Separating the stickled PCM impregnated LWAs

Sieved over sieve size 4mm

Fig. 7.6. Procedure PCM impregnated LWAs preparation
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7.3.1.5 Assessment of coating methods

Following the coating and drying process, the assessment of the best coating
method took a place by determining the PCM leakage with time under two condi-
tions, which are below the melting point environment and above the melting point
condition. A 1000 gm of RT26 PCM LWA'’s and 1000 gm of RT42 PCM LWA'’s
were placed in the same container and kept in the oven at 20 °C (below the melt-
ing point) for 30 days. During this period, the changes in mass was observed at
1st day, 7" days and 30™" day. Similarly, 2000 gm of PCM LWA'’S (50% RT26 and
50% RT42) was placed in the oven at 60 °C (above the melting point) and tested
similar to the case of 20°C. The results obtained from this measurement were
presented in Fig. 7.7. According to the figure, the mass of the tested PCM that is
coated LWA’s unchanged when it was kept in an environment temperature below
the melting point. The exposure to a temperature above the melting point led to
a leakage from the LWA'’s. Fig. 7.7 also displays the assessment of the three
coating methods including graphTHERM, Milled Carbone fiber, and silica fume.
The results indicated that that the use of Carbone fiber as a separating material
seems the best option to confine and seal the aggregate particles to prevent the
PCM from leaking out the LWA's in both conditions below and above the melting
point of the PCM.

Silica fume FC carbone fibre O graphTHERM Silica fume FC carbone fibre
graphTHERM
2500 2500
2000 [ - @ = 2000 |
& 1500 | £ 1500 |
=l o
& _ &
g 1000 | %’ 1000 |
500 | 500 |
O L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 O [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 0 10 20 30
Time, days Time, days
(a) (b)

Fig. 7.7. Assessment of the coating method a). below melting point, b). above melting point.
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7.3.1.6 Durability of the chosen coating method

As mentioned in the previous section, that the use of Milled Carbon fibre as a
separation material for the coated PCM LWA's provided the best selection of the
coating methods, and therefore, it becomes essential to carry out a further inves-
tigation to discuss the durability of the selected option. For this reason, the se-
lected PCM impregnated LWAs were subjected to a salty environment to reflect
the case of using the PCM LWAs in saline soils. Soil salinity is the quantity of
salt that is dissolved in soil water, it can be measured by using electrical conduc-
tivity (EC) (Maximillian et al., 2019). Paul and Rashid (2016) classified the soils
in accordance with their salinity and named the soils that have EC = 16 dS/m the
strongly saline soils. To convert the EC (dS/m) to TDS (total dissolved solids)
(mg/L) , the following equation was used (Boman and Stover, 2002):

TDS (mg/L)= EC (dS/m)*640 (7.1)
In this research, the PCM impregnated LWAs in a strong saline environment was
tested with EC =16dS/m to present harsh environmental conditions. A 1000gm
RT26 PCM LWA'’s and 1000gm RT42 PCM LWA'’s were placed in one container
filled with saline water (10.24 gm/L) and kept in the oven at 20 °C (below the
melting point). Another 2000 gm of PCM LWA'’S (50% RT26 and 50% RT42) was
similarly placed in a container filled with saline water and was kept in the oven at
60 °C (above the melting point). The measurements of the dry mass of PCM
LWA'’S were taken at 1 day,7 days and 30 days and the difference in the mass of
the PCM LWA'’S was used to measure the durability of the impregnated LWAs.
The results of the durability tests are illustrated in Fig. 7.8. From the results, it can
be noted that no changes in the coated PCM-impregnated LWAs weight at both
temperatures 20 °C and 60 °C. Thus, the use of Mf Carbon fibre as a separation
material for the coated PCM impregnated LWAs supplied a strong enough pro-
tection to shield the impregnated PCM inside the LWAs at both states of the PCM
(solid & melting) as well as, from any subjection to severe environmental condi-
tions (salt attack). The final finished product of the coated PCM impregnated
LWAs was used later to enhance the thermal energy storage of sands and to

increase the thermal energy storage at the soil/ geo-energy structures interface.
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Fig. 7.8. Durability of the coating method.

7.3.2 Sand thermal enhancement using PCM LWA.

7.3.2.1 Sample preparation and thermal properties measurements.

The used sand, which was already described in section 3.3.1.1, was mixed with
different percentages of its volume (7%, 14%, 21%, 28% and 35%) with coated
PCM impregnated LWAs. The sand and certain amounts of the PCM LWA'’s were
initially mixed by hand until obtaining an even distribution of PCM LWA'’S. Amount
of water (5%, 10% and 15%) was added, and then mixed to ensure the uniform
distribution of moisture. All specimens were prepared at constant unit weight of
15 KN/m? by controlling the volume and the weight of LWA/sand to fill cubic
moulds. The mould was made of transparent acrylic with dimensions of 2100mmx
100mmx100mm and has two holes in each side of the mould, as shown in Fig.
7.9. Subsequently, the mixture was poured into the designed mould. Each sam-
ple was compacted in 3 layers and ensuring no excesses soil remainined. Then,
the thermal properties were measured by K2D Pro thermal meter device using
the dual-needle sensor SH-1 by inserting the needle in the sample for 2 to 5 min
through two holes see Fig. 7.9. An average reading of three measurements from
three different faces was recorded for each sample. All tests were carried out at
different temperatures:10 °C, 20 °C, 25 °C, 26 °C,27 °C, 30 °C, 40 °C and 50 °C
for soil mixes with coated RT26 impregnated LWAs and at 20 °C, 30 °C, 40 °C,

O Elkezza., 2023 169



42 °C, 43 °C, 45 °C, 50 °C, 60 °C for soil mixes with coated RT42 impregnated

LWAs. Tables 7.3 and 7.4 summarise the testing programme for thermal en-

hancement of sand using coated PCM impregnated LWAsS

Table 7.3. Sample design parameters for soil and RT26 LWA’s mixes

Parameters
Series
Variable (w¢) Variable (ST) Fixed (y)

Sand we=5%,10%,15% (20, 30, 40, 42,43, 45, 50, 60) °C y=15 KN/m3

Sand +7% PCM LWA'’s we=5%,10%,15% (20, 30, 40, 42,43, 45, 50, 60) °C y=15 KN/m?3

Sand +14% PCM LWA’s we=5%,10%,15% (20, 30, 40, 42,43, 45, 50, 60) °C y=15 KN/m3

Sand +21% PCM LWA’s we=5%,10%,15% (20, 30, 40, 42,43, 45, 50, 60) °C y=15 KN/m?3

Sand +28% PCM LWA’s we=5%,10%,15% (20, 30, 40, 42,43, 45, 50, 60) °C y=15 KN/m3

Sand +35% PCM LWA’s we=5%,10%,15% (20, 30, 40, 42,43, 45, 50, 60) °C y=15 KN/m?3

Wc= water content, y= density of the sample, ST= sample temperature
Table 7.4. Sample design parameters for soil and RT42 LWA’s mixes
Parameters
Series
Variable (w¢) Variable (ST) Fixed (y)

Sand we=5%,10%,15% (10, 20, 25, 26,27, 30, 40, 50) °C y=15 KN/m3
Sand +7% PCM LWA'’s we=5%,10%,15% (10, 20, 25, 26,27, 30, 40, 50) °C y=15 KN/m3
Sand +14% PCM LWA’s we=5%,10%,15% (10, 20, 25, 26,27, 30, 40, 50) °C y=15 KN/m3
Sand +21% PCM LWA'’s we=5%,10%,15% (10, 20, 25, 26,27, 30, 40, 50) °C y=15 KN/m3
Sand +28% PCM LWA’s we=5%,10%,15% (10, 20, 25, 26,27, 30, 40, 50) °C y=15 KN/m3
Sand +35% PCM LWA'’s we=5%,10%,15% (10, 20, 25, 26,27, 30, 40, 50) °C y=15 KN/m3

Wc= water content, y= density of the sample, ST= sample temperature

7.3.2.2 Assessment of mechanical properties.

Fig. 7.10 displays the procedures used to assess the friction angle, maximum dry
density, optimum water content and permeability coefficient. All tests were per-
formed on pure sand and sand mixes with different percentages of coated PCM-
impregnated LWAs, the coated PCM-impregnated LWAs have been added as a

percentage of volume.
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Fig. 7.9. Schematic diagram fir the thermal enhancement, (b). image of real test, (c). Acrylic mould
fill with soil mixes.

7.3.3 Geo-energy pile and wall tests

7.3.3.1 Determination of soil/GES interface

In order to determine the soil/geo-energy structure interface, which will be occu-
pied by coated PCM impregnated LWAs soil mix, six cylindrical sand specimens
with a diameter of 100 mm and height of 200 mm were tested. Around 35% of
coated PCM impregnated LWAS soil mix was added in various percentages (i.e.,
10%, 20%, 30%, 40% and 50%) of the cylinder height and the rest of the cylinder
was filled with normal soil (See Fig. 7.11). The unit weight of the five samples

was kept constant at 15 kN/m3. Each of these samples was subjected to a hot
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end source of heat to allow the heat to transfer along the sample to the cold end
as shown in Fig. 7.11 (a and b). From Fig. 7.11 (c), it was very clear that by
increasing the cylindrical height, which occupied by PCM LWAs soll, the steady

state temperature at the cold end decreased.

Assessment of Mechanical Properties

Friction Angle

h 4

Direct shear tests were
performed (following BS
1377-4:1990) under nor-
mal stresses of 100 to 250
kPa. The test was per-
formed for different soil
mixes including pure sand
and sand with different %
of coated PCM impreg-
nated LWAs.

¥

Compaction

> 4

The soil compaction test was
performed in according to
BS1377-4:1990 for pure
sand and sand with different
% of coated PCM impreg-
nated LWAs to find out the
maximum dry density and
the optimum water content
of sand.

.

Permeability

> <

The constant head test in
according to BS1377-
6:1990 to obtain the per-
meability coefficient for
pure sand and sand with
different % of coated
PCM impregnated LWA:s.

.

Each test has been carried out for pure sand, sand + different percentage of coated
PCM impregnated LWAs (7%, 14%, 21%, 28% and 35%).

¥

The results obtained from this section will provide insight into what the effect of add-
ing coated PCM impregnated LWAs to sand

Direct shear box

Compaction test

Constant head test

Fig. 7.10. Assessment of mechanical properties follow chart
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It also revealed that, for the case of using 10% of the cylinder height filled with
PCM LWAs soil mix (50% soil and 50% PCM LWASs), the temperature of the cold
end reduced by about 12% compared with the case of pure soil. In the case of
50% of the cylinder height was occupied by coated PCM impregnated LWAs soil
mix, the temperature at the cold end dropped by about 68%, in comparison with
the pure soil case. This indicates a reduction in the thermal conductivity of the
soil column when the coated PCM impregnated LWAs soil mix was increased.
Zhang et al. (2021), reported that the key element in enhancing the short-and-
long-term heat transfer capacity of GEP is the thermal conductivity of backfill soil.
Also, an experimental and numerical analysis were carried out by Shafagh et al.
2022 to study the thermal regime of buried pipes. The results demonstrated that
the thermal conductivity of backfill is the dominant heat transfer mechanism. So,
it becomes essential to not negatively affect the thermal conductivity of the back-
fill. Therefore, the results suggested the ratio of 10% of the soil height as it pre-
sents a decrease of 10% only on the thermal conductivity of the soil mix, to be
equipped by coated PCM-impregnated LWAs soil mix. For PCM LWA's pile test,
the pile was placed in the centre of the experimental tank and the soil domain
covered 425 mm in all directions of the tank wall. For PCM LWA'’s wall test, the
wall was installed at one of the tank sides, offering 880mm of soil domain to the
tank wall. Hence, 42.5 mm of coated PCM-impregnated LWAs soil mix was
placed around the pile and 8.8 mm of coated PCM-impregnated LWAs soil mix

was used in front of the wall.
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Fig. 7.11. (a). Hot plate setup for heating the samples, (b). The variation of coated PCM LWA'’s for each
test and (c). The relationship between cylindrical height occupied by coated PCM LWA'’s and cold end tem-
perature.
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7.3.3. 2 Heat transfer experiments for GEP and GEW

In total, four experiments were carried out with fixed and variable parameters
using a fully instrumented test rig, as explained in section 3.3.3 and shown in Fig.
7.12 and 7.13. The first two experiments were conducted on energy pile using
normal sand and sand + 50% coated PCM-impregnated LWAs. The challenge
with these tests was how to fill the tank with coated PCM-impregnated LWAs
sand mix in 42.5 mm boundaries around the pile and how to maintain the other
part of the experimental tank filled with normal sand. For this reason, a filling
method was proposed using 235x235x1000 mm of the wooden box to create the
required boundaries. After placing the wooden box at the centre of the experi-
mental tank, it was filled with the coated PCM LWAs sand mix and the neutral
sand was filled outside the wood box. Once tank was totally filled, the wooden
box was gently removed using an airframe fixed around the experimental tank.
two more tests were carried out on geo energy walls. The first test was conducted
using pure sand and the second test used coated PCM LWAs sand mix. A filling
method was used to fill the coated PCM LWAs sand mix additive up to the
88.8mm in front of the wall using a wooden barrier, that was placed at 88.8 mm
away from the wall location to separate the experimental tank into two parts; the
coated PCM LWAs sand mix was filled inside the barrier, while natural was filled
outside that barrier (See Fig. 7.13.). Table 7.5 presents the test coding, fixed and

variable parameters in the experimental program applied in this study.

Table 7.5. Fixed and variable parameters for GEP and GEW tests

GES Test Name Fixed parameters Variable parameters

GEP Standard Test  FR =67I/h, GWL=500mm. Pure Sand

GEP PCM Test FR =671/h, GWL=500mm. Coated PCM LWAs sand mix at 42.5mm
around the pile.

GEW Standard Test  FR =67I/h, GWL=500mm. Neutral Sand

GEW PCM Test FR =67I/h, GWL=500mm. Coated PCM LWAs sand mix at 88.8mm in

front of the wall.
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Fig. 7.12. Schematic diagram of the experimental rig for energy pile tests:(a) Plan view, (b) Loca-
tion of thermocouples, and Vertical cross section of the testing tank. (c) Image of real testing rig.
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7.4 Results and discussions

7.4.1 Thermal enhancement of sand using PCM LWAs

The specific heat capacity of pure sand and sand mixed with different percent-
ages of coated PCM impregnated LWA'’s at different water contents has been
experimentally measured using KD2 PRO thermal analysis device. The detailed
sample design at the percentage of PCM LWA'’s can be found in Tables 7.3 and
7.4. Fig. 7.14 , shows the specific heat capacity of the soil PCM mixes was
slightly increased with the increase of the sample temperature until reached a
range of temperature, where the specific heat capacity significantly rocked to
create a peak which is known as the phase change point, where the paraffin
transforms from a solid to a liquid phase. The increase beyond the melting point
showed a sudden drop in the value of the specific heat until reaching almost a
constant value after the melting range of temperature. Moreover, Fig. 7.14, (a, b
and c) were carried out using RT26 PCM, whereas Fig. 7.14 (d, e and f) used
RT 42 and carful inspection of these figures demonstrated that the use of RT 42
PCM always gives a lower value of the specific heat capacity than the use of RT
26. This could be attributed to the low ability of RT42 to store or release heat (see
Fig .6.1).Fig. 14 also, shows the effect of water content on the measurement of
the specific heat capacity of sand mix. In order to evaluate this effect, it is worth
looking at 0% PCM series. As shown in the figure for zero percent PCM, the
specific heat capacity at 5%, 10% and 15% water content was measured and
found to be 0.85, 1.05 and 1.15 kj/kg.k, respectively. The area under the peak of
the specific heat capacity vs temperature is equal to the quantity of latent energy
stored in the PCM soil mix (Dehdezi et al. 2012). Hence, the area under Fig. 14
(a and d) was estimated and the data was presented in Table. 6.6 (Further infor-
mation about the measurements can be found in Appendix C ). worth mentioning
that the estimated values for both graphs were considered 10°C from 20°C to
30°C for Fig.14a and from 40°C to 50°C Fig.14d and the obtained data are
presented in Table. 6.6. demonstrating the quantity of the latent energy that
stored in the six soil mixes with deferent percentages of PCM LWA'’s and the
value AT (°C) needed to store the same quantity of energy as sensible heat in
soil (0% PCM case). As shown in Table 6.6, adding 35% PCM LWA'’s to soils
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allows storeing about 30.84 kj/kg at only AT =10°C and to achieve similar energy
storage, AT =36.28°C is needed for sensible storage only. Furthermore, Table
7.6, illustrates that sensible heat storage causes an excessive variation in the
ground temperature which is undesirable for ground-source heat pump applica-
tions. The thermal conductivity of soil mixes was also measured, and the data is
presented in Fig. 7.15. The figure clearly shows that the inclusion of PCM LWA'’s
in soil resulted in a reduction of its thermal conductivity. This reduction could be
due to the lower thermal conductivity of RT26 and RT42 also might be caused by
the significant drop in the porosity of the soil mixes when the PCM LWA'’s is used
in soils. The maximum reduction of soil mix thermal conductivity was obtained
when 35% of PCM LWA’s was added, resulting in a reduction of about 34.8%
compared with the 0% PCM LWA'’s case. These resulted in line with outcomes
obtained from a study carried out by Dehdezi et al. (2012), when the addition of
80% microencapsulated PCM led to a reduction of the thermal conductivity of the
soil mix by 100%. The thermal diffusivities of different soil and PCM LWA’s mixes
at different water saturations were measured, and plotted in Fig. 17.16. as shown
in Fig. 17.16, the thermal diffusivity decreased with the increase of the PCM
LWA'’s percentage in the soil mix, and reached its lowest value when the specific
heat capacity was at the peak. This reduction is due to the slight reduction of
thermal conductivity and the extreme increase in specific heat capacity. The re-
duction of the thermal diffusivity indicated that the heat transfer would be slower

at the temperature of phase change of PCM.

Table 7.6. Latent energy stored in the mixes considering AT =10°C

RT 26 RT42
Mix AT needed to store AT needed to store
Energy stored at same quantity of en- Energy stored at AT  same quantity of en-
AT=10°C (kj/kg)  ergy as sensible heat in =10 °C (kj/kg) ergy as sensible heat
soil (°C) in soil (°C)
0% PCM 8.5 - 8.5
7% PCM 14.52 17.08 9.86 11.6
14% PCM 19.28 22.68 14.68 17.2
21% PCM 22.32 26.25 18.50 21.76
28% PCM 24.64 28.98 21.74 25.57
35% PCM 30.84 36.28 24.46 28.77
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Fig. 7.14. Specific heat capacity of the PCM-modified soil at different temperatures.
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Fig. 7.15. Thermal diffusivity of the PCM-modified soil at different temperatures.
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7.4.2 Assessment of mechanical properties

4.4.2.1 Compaction characteristics

The sand was mixed with different percentages of coated PCM-impregnated
LWAs, considering the volume of sand, the maximum dry unit weight (MDUW)
and optimum moisture content (OMC) were evaluated using proctor compaction
test. Fig. 7.17 shows the typical compaction curve for pure sand and sand with
7%, 14%, 21%, 28%, and 35% of coated PCM impregnated LWASs. It could be
observed that the addition of coated PCM impregnated LWAs has dropped the

MDUW and the OMC of the compacted sand mixes. The inclusion of 7% coated
PCM impregnated LWAs, reduced the MDUW and the OMC by 8% and 7%, re-
spectively. Moreover, the addition of more than 7% coated PCM impregnated
LWAs has flattened the compaction curve of the tested mixes, demonstrating that
the density variation with moisture content is relatively steady. In other words,
with the addition of coated PCM-impregnated LWAs, the maximum density of the

soil can be obtained over a wide range of moisture content.
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Fig. 7.16. Compaction curve for different sand and PCM LWA’s mixes.
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7.4.2.2 Permeability characteristics

The permeability test was conducted for the pure and five coated PCM-impreg-
nated LWAs soil mixes (with different percentages of 7%, 14%, 21%, 28%, and
35% of the soil volume). Each test was performed with three different flows (low,
medium and high) and an average value of the hydraulic conductivity was calcu-
lated. As shown in Fig. 7.18, the inclusion of coated PCM-impregnated LWAS in
sand increases the coefficient of permeability compared with the pure sand case.
In the case of increasing the coated PCM impregnated LWASs in the sand mix,
the coefficient of Permeability increased until reaching the maximum value (35%
of coated PCM impregnated LWAS). This could be attributed to the fact that by
increasing the coated PCM-impregnated LWAs percentage in the sand mix, the

porosity of the soil mix significantly increases.

7.4.2.3 Friction angle characteristics

A large direct shear box was carried out on pure sand and sand with different
percentages of coated PCM impregnated LWA'’s. The findings for all soil mixes
indicated that, by adding the coated PCM-impregnated LWA'’s, the friction angle
of the mix increased (See Fig. 7.19). this can be explained by the higher friction
behaviour of the coated PCM LWA'’s. To confirm this behaviour, a sample with
100% PCM LWA'’s was tested using the shear box, and the result revealed that
the friction angle was 39.7 ©. This value is about 15% higher than that for pure

sand.
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Fig. 7.17. Coefficient of Permeability for different sand and PCM LWA'’s mixes.
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Fig. 7.18. The friction angle for different sand and PCM LWA'’s mixes.

7.4.3 Heat transfer experiments

For the same flow rate of 67L/hr, the variation in temperature of the circulating
fluid at the inlet point, based on the HE (T1) and the outlet point for geo-energy
piles and walls with two different soil conditions at the thermal interference zone
were measured and the data was presented in Figs. 7.20 and 7.21, respectively.
It is worth mentioning that the tests were carried out for the continuous cooling-
heating operation of 100hrs and during cooling tests, the circulating fluid was cir-
culated with an inlet temperature of 52°C whilst during the heating stages the
circulating fluid was circulated with an inlet temperature of -2°C. For pile tests,
the measurements of the temperature difference at T1 after reaching the steady
state during the cooling and heating stages, showed that for the standard pile test
with the pure sand about 53% and 58% of the total temperature difference was
recorded, respectively. In the case of using PCM LWA'’s soil mix at the pile soil
interface, the temperature difference at T1 was recorded 52% and 53% for the

cooling and heating respectively, (See Fig. 7.20a).
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Fig. 7.19. (a). Circulating fluid temperature of inlet, T1 and outlet of the heat exchanger for pile
tests, (b). Temperature differences between inlet and outlet.

The measurements for the liquid at T1 of the two wall tests were also taken. The
measurements indicated that about 51% and 50% of the total temperature differ-
ences were obtained for the cooling and heating of standard wall test, respec-
tively. Furthermore, the measurements of T1 when the PCM LWA'’S soil mix was
used were 52% and 51% for the cooling and heating, respectively (Fig 7.21a).
The measurements of T1 for the piles and walls tests showed that there was a
uniform heat transfer behaviour as the temperature of the liquid at the half length
of the heat exchanger gained around 50% of the total temperature difference.
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Fig. 7.20. (a). Circulating fluid temperature of inlet, T1 and outlet of the heat exchanger for wall
tests, (b). Temperature differences between inlet and outlet.

Fig. 7.20. (b) exhibits the AT (Inlet-Outlet) for the two pile tests (standard test and
PCM test). It was observed that the use of PCM LWA'’s soil mix at the interface
between the pile and the soil in the experimental tank presented a higher temper-
ature difference. The results established that the standard geo-energy pile test
has a temperature difference of about 2.10°C and 2.25°C in cooling and heating
cycles , respectively, after reaching steady-state conditions. In the case of using
PCM LWA'’s soil mix at the interface of pile and soil, the temperature difference
recorded at steady state was 5.38°C and 6.34°C in the cooling and heating cy-
cles, respectively. The figure also reveals that, for both pile tests, the temperature

difference in the heating cycle is slightly higher than that recorded during the
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cooling cycle, which reveals a better heat exchange performance of the piles dur-
ing the heating operation. This could be primarily attributed to the impact of PCM
(RT26), which generated about 34 % more energy during cooling than heating
(see Fig. 6.1). These results provide reliable proof that the thermal performance
of geo-energy pile tends to enhance during cooling and heating by about 156 %
and 181%, respectively, when PCM LWA'’s soil mix was used at the interface
between the GEP and the soil.

AT (Inlet-Outlet) for the two wall tests was also measured and the data presented
in Fig. 7.21b. According to the figure, the case of using the PCM LWA's soil mix
experienced the highest temperature differences. The figure also indicated that,
similar to the pile the use of PCM LWA's soil mix at the interface zone for GEW
has shown better performance during the heating test (inlet temperature =-2°C).
Moreover, for standard wall cooling and heating cycles a difference of about
5.47°C and 5.72°C, respectively, was recorded after reaching steady-state con-
ditions. while for the case of using PCM LWA'’s soil mix, the steady state temper-
ature deference was 9.37°C and 10.52°C cooling and heating cycles respectively.
The heat exchange between the geo-energy structure and soil per unit was
calculated using Equation (3.2) which indicates that the quantity of transferred
heat is connected to the temperature difference between the inlet and outlet,
which is evidenced to be directly dependent on the thermal properties of nearby
soils. Fig. 7.22 showed results for the dissipated heat energy for geo-energy piles
and walls installed in different soils (with and without PCM LWA'’s. The heat
transfer rate for the geo-energy pile reached its highest value of 436 W at the
heating cycle when 35% of PCM LWA'’s was installed in the GEP/soil interface.
The results also showed that the contribution of the pcm inclusion to enhance
thermal performance of GEP is more signficant (18% higher) during the heating
mode ( extruction of heat from ground). This could be due to the ability to store/
extracte heat for the RT26. Similarily, the data deduced for geo-enregy walls
demonstrated that the heat transfer rate for walls with  PCM LWA'’s used in the
interface zone extracted and dissipated more heat from/to the ground of about

72% and 83%, respectivelly, when compared with the standard walls.
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Fig. 7.21. Dissipated/ extracted energy from standard and PCM GEP and GEW.

Mousa et al., (2020), Yang et al., (2021a) and Bao et al., (2022) have justified the
previous founding to that the use of PCM for the energy structures (GEP) allows
the structure to transfer the heat not only by sensible heat due to temperature
change, but also can transfer and store the latent heat during phase transition of
PCM, and therefore, the amount of heat that can be exchanged increased sig-
nificantly.

The horizontal soil temperature profile measured at mid-height for piles and walls
is presented in Fig. 7.23. Fig. 7.23a shows the temperature variation in the
surrounding soil measured at horizontal distances of 50 mm, 100 mm, 200 mm,
300 mm and 425 mm on both sides of the pile at a depth of 450 mm from the tank
base. Fig. 7.23b shows the measurements of THE soil temperature at 50 mm,
100 mm, 200 mm, 300 mm, 400 mm, 500 mm, 600 mm and 880 mm away from
the wall.
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For piles, the results evidently showed that in both tests (standard test and PCM

test) a similar trend was recorded, where the temperature dropped with increas-

ing the distance from the pile. In addition, the maximum temperature difference

after reaching a steady state was observed at 50 mm from the pile and gradually

decreased with the increase in horizontal distance. However, it was very notable

that the changes in soil temperature were much lower in the case pile PCM test.
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To precisely prove this, the excess soil temperature (EST) at steady state condi-
tions measured at radial distances of 50 mm, 100 mm, 200 mm, 300 mm and 425

mm were calculated using Equation (6.1).

In the case of standard GEP, the excess soil temperature (EST) at steady state
conditions measured at the radial distance of 50 mm, 100 mm, 200 mm, 300 mm
and 425 mm was 10.6, 8.29, 4.8, 3.29 and 1.44°C, respectively, whereas the
corresponding values for GEP in the case of using PCM LWA'’s at the interface
was 6.29, 5.5, 2.12, 1.50 and 0.68°C respectively. The impact of using PCM
LWA'’s at the interface between GEP and soils is significant in reducing the tem-
perature difference in the soil surrounding the geo-energy pile, which is attributed
to the capacity of PCM to store thermal energy between the cooling and heating
cycles. In heating tests, where the surrounding soil is probable to drop its tem-
perature, the temperature differences at a radial distance of 50 mm, 100 mm, 200
mm, 300 mm and 425 mm was 11.9, 9.29, 3.44, 1.28, and 0.20°C, respectively
for standard GEP test and 6.9, 5.1, 3.1, 1.2, and 0.2°C, respectively for GEP with
a PCM LWA's at the interface. The measurement of horizontal soil temperature
for both wall tests are presented in Fig. 7.23b. It was observed that an interfer-
ence region between the wall and soil can be considered as the most affected
region in the experimental tank. From the results of the two tests, a soil-wall in-
terference region was identified to be around 600 mm and 400 mm for Standard
wall test and PCM wall test, respectively. Both wall tests have shown the same
trend as the maximum temperature excess after the steady state reached was
observed at 50mm from the wall and gradually decreased with the increase of
horizontal distance. It can also be further seen that heat was release into soil
(cooling test), the steady state excess in soil temperature (EST) at horizontal dis-
tance of 50 mm, 100 mm, 200 mm, 300 mm, 400 mm, 500 mm, 600mm, 700
mm,880 mm are respectively 17.64, 17.41, 12.65, 11.56, 6.86, 4.37, 1.96, 1.96,
and 1.44°C for the standard wall test, while the corresponding values are respec-
tively 13, 6.3, 4.21, 2.2, 0.38, 0.47, 0.42, 0.43, and 0.44°C for the PCM wall test
(using PCM LWA's at the interface). For heating tests (soil absorbs cool), the EST
at the same measurement points are respectively -10.73, -10.13, -8.3, -6.74, -
5.46, -3.77, -2.77, -2.77 and -2.77°C for the standard GEW test wall and -8.48, -
5.45,-3.7,-1.09, -0.92, -0.57, -0.77, -0.27, and -0.67°C for the wall test with using
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PCM LWA'’s at the interface. From the results of the horizontal soil temperature
profile for both GEP and GEW, can clearly conclude that the soil temperature
rises and the thermal interference region of GEP and GEW with using PCM
LWA'’s at the interface are without a doubt smaller than those for the standard HE
wall. This could be attributed to the latent heat that is released and absorbed by
the PCM which can not only enhance the thermal performance but also reduce

the soil temperature changes and the thermal interference zone of GEW.

Fig. 7.24a shows the variation in soil temperature along the depth of the pile after
reaching a steady state in the case of standard GEP and for pile with PCM LWA'’s
at the pile-soil interface. Data in Fig. 7.24a demonstrated that during the cooling
cycle (inlet =52°C), soil temperature increased with the depth of GEP as the cir-
culating fluid travelled inside the HE but with different temperature ranges, de-
pending on the type of soil at the interface zone. In case of standard pile test
(during heating cycles), the recorded Data showed that the temperature changed
from 26.2°C at 150mm to 29.38°C at 750mm. Furthermore, the changes in soll
temperatures were observed to be less prominent in the case of GEP with PCM
LWA'’s at the interface with the soil for heat cycles. In the case of PCM pile test
the temperature dropped along the depth from 24.12°C at 150mm to 27.28°C at
750mm.
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Fig. 7.23. (a). Soil vertical temperature profile at 100mm from GEP, (b). soil vertical
temperature profile at 200mm and 300mm from GEW.

The influence of the inclusion of PCM LWA'’s at the interference zone between
geo-energy wall and soil was also assessed and compared with the standard
GEW. The vertical temperature profile was measured at two vertical sections (V1
and V2), located at 100 mm and 300 mm away from the experimented energy
wall, respectively, as shown in Fig. 7.13. The measurements of temperature
along V1 and V2 were taken at depths of 150 mm, 300 mm, 450 mm, and 750
mm. The data for soil temperature after reaching steady-state conditions at V1
and V2 were plotted in Fig. 7.24b. The figure clearly showed that the soil temper-
ature at section V1 was significantly higher than that measured further away at
section V2. In the cooling stages of the 100 hrs continuous operation, the steady
state temperature changes for the PCM wall test was considered less significant
than that the standard wall. The temperature changes at V1 from 24.65°C at
150mm to 27.70°C at 750 mm for PCM wall test, whereas for of the standard wall
test, wall the temperature changes from 35.82°C to 36.02°C for the same meas-
urement points. In contrast with the heating stages (where the soil is cooled), the
vertical soil temperature changes at v1 were from 18.75°C at 150 mm to 14.52°C
at 750°C for PCM, wall test and 19.59°C to 16.17°C at 150mm
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Fig. 7.24.a). Lateral earth pressure at the mid height of standard test and PCM test GEP; b).
Change of temperature for GEP standard test and PCM test.

and 750mm respectively, for the standard wall test. Furthermore, it can be ob-
served that the influence of the PCM inclusion at the wall/soil interface reduced
the soil temperature changes around GEW significantly, in comparison with the
case of using standard soil. This can be justified by the ability of PCM to store or
reject more energy, and hence reducing the energy that might be extracted or

rejected into the ground (Mousa et al., 2021).

The lateral earth pressure (LEP) at mid-height of the pile for both pile tests was-
measured, and the data is presented in Fig. 7.25a. As shown in the figure, the
initial value of LEP was about 5.22 kPa and 5.174 kPa for the standard pile test
and PCM pile test, respectively. At cooling cycles (where the pile was heated),
the LEP increased gradually to reach peak pressure of 5.551k Pa and 5.486 kPa
at the end of cooling stage for standard pile test and PCM pile test, respectively.
Then, during the heating cycle LEP started to decrease, reaching 5.293 kPa and
5.201 kPa for the standard test and PCM test. The slight increase in LEP can be
justified by the fact that the increase and decrease of pile temperature lead to
thermal expansion/ shrinkage which will lead to an increase or decrease in LEP

at the GEP/soil interface.

To verify this result, the thermal strain was calculated at the end of heating and

cooling cycles using Equation (3.3).The calculation of &;.-mq revealed that at
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the end of cooling stage the peak strain was 63.71 pe and 60.95pe for standard
and PCM pile tests. On the other hand, reducing the pile temperature leads to
decrease the thermal strain to 97 pe and 75 pe for the standard and PCM pile
tests. Furthermore, the internal thermal stresses were also calculated at the end
of each heating and cooling stage using Equation (6.2). pthermar = 179 and 171
kPa for standard pile and PCM pile test at the end of cooling cycle and 271 and
211 kPa at the end of heating stage. These results indicated the GEP with PCM
LWA'’s at the interface with soil has always smaller thermal deformation when
compared with the standard pile test.

Standard test PCM test PCM test Standard test
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Fig. 7.25. a). Lateral earth pressure at the mid height of standard test and PCM test GEW; b).
Change of temperature for GEW standard test and PCM test.

A pressure cell was installed at the centre point of the wall on the GEW/soll inter-
face to measure the lateral earth pressure at the face of the wall. The capture
data was presented in Fig. 7.26. The initial value of LEP was approximately 5.56
kPa for standard GEW and 4.734 kPa for the case of using PCM LWA'’s at the
interface. During the cooling stage, the wall was heated and the LEP was grad-
ually increased until reaching the peak pressure of 14.73 kPa and 11.18 kPa for
the standard test and PCM test, respectively, at the end of cooling stage. Then,
it started to decrease when the heating stage reached the lowest value of 13.44
kPa and 9.67 kPa at the end of heating stage, for the standard wall and PCM wall

tests. The fluctuation of the LEP between heating and cooling was justified by
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Dong et al., (2019), to the induced of thermal expansion/shrinkage due to heat-
ing/ cooling can lead to an increase or decrease in the earth pressure at the soil
wall interface. In overall, the case of using PCM LWA's at the GEW/soil interface
offered about 32% lower values for LEP, in comparison with the standard case.
This could be due to the excellent drainage property and the ability of LWA to
control ground water pressure through the drainage surface water and ground
water. Similar results were obtained by Sherif et al., (2017) when the LEP was
significantly reduced by up to 25% when the expanded polystyrene (EPS) is used

at the interface between sand and concrete.

7.5 Summary of findings

This paper aimed to study the thermal performance of geo-energy piles and walls
by using PCM LWA's soil mix at the interface between the structure and the soil.
In the case of GEP, RT26 was impregnated in the LWA's, and mixed with the soil
to form highly TES soil mix, while RT42 was used for the wall test. The following

conclusions are drawn:

e The use of MF- Carbon fibre showed the best performance and durability
compared with the other two methods for sealing the impregnated LWA's.

e The addition of PCM impregnated LWA’s to sand led to dropping the
MDUW and the OMC, while it increased the permeability coefficient and
the friction angle of the soil mix.

e The thermal energy storage of the soil and PCM LWA’s mixes increased
by increasing the percentage of PCM in the mix. Soil with 35% PCM LWA's
stored 30.84 kj/kg at AT = 10°C, which can be equivalent to AT = 37°C in
the neutral soil case.

e The results showed a reduction in the thermal conductivity and thermal dif-
fusivity with the increase of PCM LWA'’s amount in the soil mix.

e in the case of geo-energy pile, the inclusion of 35 % PCM LWA'’s at the
GEP/soll interface increased the temperature difference (inlet-outlet) by

156% and 181% during cooling and heating, respectively.
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e In comparison with the standard GEW, the addition of PCM LWA's at the
wall/ soil interface rose AT by 72% and 83% for cooling and heating, re-
spectively.

e The results showed that the effect of PCM inclusion to enhance the thermal
performance was more significant during the heating mode (PCM was
cooled down) than that for the cooling mode (PCM was heated up).

e Forthe case of using PCM LWA'’s, the thermal deformation in terms of ther-
mal stress and strain was always smaller than that reported in the standard
case.

e The soil temperature significantly reduced when the PCM LWA'’s was used

in the GES/ soil interface.
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Chapter 8: Conclusions and future work

8.1 Summary

The main aim of this research was to enhance the thermal performance of geo-
energy piles and walls through improving: i. Thermal properties of concrete. ii.
Thermal properties of GES/solil interface. iii. Thermal energy storage of these
structures. In order to achieve the aim, different enhancement approaches were
proposed and thoroughly presented in the previous five chapters. The main pur-
pose of this chapter is to summarise the main findings obtained these approaches

and provide a number of suggestions for future work.

8.2 Conclusions

The findings achieved from each approach for geo energy piles and walls were
stated in full details at the end of each chapter. Hence, this section presents the

main findings drawn from this research work as follows:

e The impacts of using graphTHERM concrete on the thermal performance of
geo-energy structures was significant. The Results illustrated that adding 36%
of graphTHERM powder to concrete by weight of cement was found to double
the thermal conductivity of concrete, and improve the stiffness by 15% without
detrimental effects on the compressive strength. The heat transfer efficiency
of energy pile and energy diaphragm wall made from graphTHERM concrete
was considerably enhanced by 50% and 66% respectively, in comparison with
the efficiency of the same type of energy structure made from a normal con-

crete.

e The heat transfer efficiency of GPC geo energy piles and walls was higher by
14% and 21% respectively, in comparison with the efficiency of geo energy
structure that was made from OPCC. Also, the use of geopolymer concrete
reduced the coefficient of thermal expansion by 17% in compression with that
for OPCC, providing less lateral earth pressure. From environmental point
view, the GPC produced almost 44.5% less CO2 emissions than OPPC.
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e Placing 100 mm of thermally enhanced sands by graphTherm and carbon fi-
bre powders resulted in experiencing a remarkable improvement in the heat
transfer efficiency of the geo-energy piles by 81 % and 54 %, respectively.
Furthermore, an extraordinary increase (100 % and 80 %) in the heat transfer
efficiency was reported when 200 mm of thermally enhanced sands were
placed in front of geo-energy. The findings of using thermally enhanced soils
with a finite size at the GES-soil interface also suggested that the use of ther-
mally enhanced sands at GES-solil interface did not cause unfavourable im-
pacts in the lateral earth pressure on the GES but it was effective in enlarging
the thermally active soil zone.

e The use of PCM heat exchanger increases the heat transfer efficiency of geo-
energy piles by 75 % and 43% in heating and cooling operations respectively
in comparison with those achieved using a standard heat exchanger. Also,
the heat transfer performance of geo-energy walls with PCM heat exchanger
was enhanced by 43 % and 32 % in heating and cooling tests respectively.
Interestingly, the use of PCM heat exchangers not only enhance the thermal
performance but also reduced the possible impact of using GES on soil tem-
perature and the thermal interference radius. Furthermore, the findings also
indicated that the PCM heat exchangers were able to reduce potential dam-

age due to thermal stress, in comparison with traditional energy wall structure.

¢ Increasing the thermal energy-storage of geo energy structures by incorpo-
rating PCM-impregnated LWA'’s at the interface of structure soil, showed that
the inclusion of 35 % PCM LWA'’s at the GES/soil interface, extensively in-
creased the temperature difference (inlet-outlet) for cooling and heating. It is
also illustrated that the effect of PCM inclusion to enhance the thermal perfor-
mance is more significant during the heating mode (PCM is cooled down) than
the cooling mode (PCM is heated up). Furthermore, the findings indicated that
the use of PCM LWA'’s has reduced the thermal deformation of GES and has

a positive impact on soil temperature and interference radius.
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8.3 Contribution to knowledge

e My PhD research has contributed to developing knowledge in different as-
pects of engineering. In addition to testing experimentally large scales of
thermally enhanced geo-energy piles and walls for the first time, this re-
search revealed the feasibility of using geopolymer concrete as an alterna-
tive material to replace the traditional ones in GES applications.

e The research also provided a new concept about enhancing the thermal per-
formance of GES through mixing conductive fillers (graphTHERM and Car-
bon fibre) with soils at the interface between GES and soils.

e This study also enhanced thermal energy storage of geo-energy structures
via two new techniques, namely PCM heat exchanger, and PCM impreg-
nated LWA’S , which allows developing the thermal performance and re-

ducing the thermal deformation of GES.

8.4 Limitations

The study used fixed inlet temperatures of 52°C for cooling tests and -2°C for
heating tests. These temperatures may not accurately represent real-world con-
ditions of geo-energy structure (GES) operations. The chosen temperatures were
intended to create a reasonable temperature gradient, considering the constant
room temperature of 21°C. However, the results and conclusions drawn from the
study may not fully reflect the performance enhancement under different inlet
temperatures and ambient temperatures that are encountered in actual GES op-
erations. It's important to acknowledge that this study findings and conclusions
may be influenced by the selected temperature conditions. Extrapolating the re-
sults to real-world scenarios with different temperature conditions should be done
with caution, as the performance of GES systems can vary significantly based on

temperature differentials and operating conditions.

8.5 Recommendations for future work

This research has delivered new insights into the enhancement of the thermal

performance of geo-energy piles and walls. However, it has also revealed that
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further studies are required to be addressed in future research. These studies

can be summarised as follows:

e Measurement of thermal elongation and thermally induced bending for
thermally enhanced piles and walls.

Further investigations on the effect of graphTHERM concrete and Geopolymer

concrete on the thermally induced elongation for geo-energy piles and walls and

the thermally induced bending for the geo-energy wall are highly required.

e investigations into the producing the geopolymer concrete from other
by-product material.

The current investigation conducted in geo-energy piles and wall made of geo-

polymer concrete are limited to by-product materials such as slag and fly ash.

Testing the thermal performance of geopolymer concrete piles and walls pre-

pared from other sources (e.g construction demolition waste (CDW)) are highly

required due to the high demand and limited resource of by-product material.

e The thermal contact resistance between the geo-energy structure and
the surrounded soils.

It would be great benefit to carried out further experimental and numerical studies

to acquire better understanding of the contact thermal resistance at the interface

between the geo energy structures and the soil considering different parameters

(e.g. concrete and soil mineralogy, contact roughness, compaction level, and

other parameters).

e Optimising the thermal performance of PCM heat exchanger.

In this research the PCM HE was made out from two pipes, the inner pipe acts
as a heat transfer fluid carrier, whearas the outer pipe hosts the PCM around the
inner pipe. The inner pipe is made from nylon, whilst the outer pipe is made of
polybutylene. Using pipes from different materials can lead to achieving better
thermal performance, and hence, investigations in this area seems an essential

practise.
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e PCM LWA'’s as thermally storage enhancement technique at GES/soil
interface.

The use of PCM LWA’s at the interface between GES and soils has showed pos-

itive influence on the thermal and mechanical performance of GES during cooling

and heating operations. Therefore, it become essential to carried out further re-

search to propose a method for executing this method of enhancement in real

projects.

e Combination between different thermal enhancement approaches.

In this thesis, different approaches to enhance the thermal performance of geo
energy piles and walls were thoroughly studied. However, combination of two or
more enhancement approaches may lead to better thermal and mechanical per-

formance. Therefore, more relevant studies are needed:

1- Using of PCM heat exchanger with thermally enhanced concrete, this
could provide considerable thermal enhancement with significant reduc-
tion in GES temperatures.

2- Using the thermally enhanced concrete with thermally enhanced interface,
the expected benefit of carrying out this method, can be extreme enhance-
ment of the thermal performance. However, this method would more likely
lead to cause extraordinary increase in the GES and the surrounded soil
temperatures.

3- Using thermally enhanced concrete with highly thermally storage interface
(using PCM LWA'’s at the interface between soils and GES).

4- Enhancing the thermal energy storage and the thermal properties of the
interface GES/ soil by using PCM LWA's and conductive additives.

Also, the critical review of the available up-to-date literature review have revealed
that there are many research gaps regarding the performance of geo energy

structures need to be covered and some these can be as follows:
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e The behaviour of corroded geo energy structures.

Energy piles and other types of geo energy structures are commonly cast in
place, which can potentially subject these structures to either concrete faults or
reinforcement installation issues. In the case of concrete faults voids in concrete
piles might be formed due to insufficient of concrete which might resulted from
the non-even finish of the borehole. Furthermore, steel bars are more likely to be
laterally moved or dragged down during compaction. Consequently, the steel
bars will be exposed to the surrounding environments and the piles are mostly

buried in wet soils, provides an ideal environment for steel corrosion.

The corrosion of steel reinforcement in concrete is an electrochemical process
which occurs in the presence of moisture, oxygen and some catalyst to start the
electrochemical process. In this process, the iron in the steel is oxidized to pro-
duce rust, which can increase the volume of steel two to four times. This can
create a week interface layer between concrete and steel. The consequences of
the steel corrosion in concrete might lead to internal tensile stresses, causing loss
in bonding. Followed by cracking, spalling, which in turn significantly affects the

load carrying capacity.

The limited studies conducted on pile foundation after exposure to corrosion in-
dicated that, corrosion can significantly accelerate the formation of the cracks
within three to seven years after initiation (Weyers, 1998). Feng et al. 2021 car-
ried out a laboratory and numerical study to investigate the corrosion damage
and the bearing capacity characteristics of bridge pile foundations. Interestingly,
the result revealed that the increase of corrosion depth leads to gradually de-
crease the pile bearing capacity after 8 years. They also highlighted that the bear-
ing capacity of the pile will decreased by 34.5% in the 20th years of operation.
However, no studies have been evaluated the thermal and mechanical behaviour
of geo energy piles or other types after the exposure to corrosion. Therefore, its
required to evaluate the influence of different corrosion levels on the thermal and

mechanical performance of geo energy piles and other GES.
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e Self-sensing geo energy piles

Monitoring the mechanical deformation of geo energy structures is common prac-
tice in real projects. Currently, vibrating wire strain gauges or other types and load
sensors are used to measure these deformations. However, the durability, cost
and the none-linear behaviour of those sensors motivates researchers to develop
new methods for monitoring the concrete health. Recently, concrete can be mod-
ified to be self- monitoring concrete using smart materials such as carbon nano-
fibers. Those smart materials have the ability to sense and respond the changes
in strain, temperature, electrical shield and moisture through the measurement of
the change in the thermal resistivity. The self-monitoring property of the concrete
have been covered in many researches such as (Li et al. 2006; Wen and Chung.
2007; Han et al. 2007; Azhari and Banthia. 2012; Howser Roberts, 2013; Ma-
terazzi et al. 2013; Ding et al. 2013; Han et al. 2014; Dalla et al. 2016; D’Ales-
sandro et al. 2016; Azhari and Banthia.2017). however, none of these studies
have applied the self-sense property for geo energy piles, hence, examine the
self monitoring property of geo-energy pile is required.
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Appendix (A)

Numerical simulation for geothermal wall temperature.

The wall model has been utilised to predict the changes of wall temperate and soil tem-
perature during the experiment run time for GPC and OPCC geo-energy walls, finite
element analysis using COMSOL multiphysics was undertaken. The simulation of GEW
have been executed to solve time dependant heat transfer and heat transfer problem,
which was solved by calculating the temperature at each node of the finite element mesh.
Pure conduction heat transfers in solids with the generation of internal heat energy model

have used which governed by the following equation:

oT
pCpE+ V.(AVT) =q

Where p represents the density of solid materials (sand and concrete), C, and 4

are the specific heat capacity and the thermal conductivity of solids, T represents
the temperature of the solids and q is line heat flux which have been defined in
COMSOL interface by watts by just draw line and assign line heat source with
desired power per unit length.

Geometry and boundary condition

The experimental models which have been described in Fig 1 was modelled in
2D using COMSOL. Side cross-section of the experimental tank like the section
presented in Fig 5 (d). The heat exchanger has been assigned to the wall as a
line heat flux (see Fig 1). A similar method for representing the heat exchanger
for geo-energy wall in 2D was published by Dong et al. (2019), and showed great
potential in modelling the wall and soil temperature as well as the thermomechan-

ical behaviour of the GEW.
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T=20°C
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Fig.1. geometry and boundary condition of the wall module.

All boundary conditions were applied using the as have been described in section
4.5.1 The ambient temperature of 20°C has been assigned to the top (soil sur-
face) of the module domain while the sides and the bottom have been insulated.
The simulation was carried out using finite element mesh with a maximum ele-
ment size of 0.067 m and minimum element size of 0.0003 m and a maximum
growth rate of 1:1. Table 4.6 shows the material properties that have been used
in the numerical model.

To simulate the wall temperature and the soil temperature for the current experi-
mental work, two numerical runs were performed (run 1 predicts the OPCC geo-
energy wall with thermal conductivity of 1.44 w/m.k, and run 2 considers the

GPC wall with a thermal conductivity value of 1.69 w/m.k).
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Results
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Wall temperature and thermal strain versus time
Experimental data Numerical data
Model run Tat 100 mm Tat tank boundary Tat 100 mm Tat tank boundary RMSE Errmax
°C °C °C °C
1 38.08 21.9 39 20 1.49 0.095
2 39.09 22.8 40 21 1.42 0.085
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Appendix (B)

CO2 Emissions Calculation

Ingredient OPCC GPC-Mix1 GPC-Mix2 GPC-Mix3 GPC-Mix4
proportions proportions proportions proportions proportions
kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

Cement 343 - - - -

Flay ash - 360 320 280 240

Slag - 40 80 120 160

NaOH (14 M) - 66.5 66.5 66.5 66.5

Na,SiO; - 163 163 163 163

Coarse aggregate 1199 1209 1209 1209 1209

10mm

Fine aggregate 783 650 650 650 650

Water 155 20 20 20 20

Super plasticiser - 10 10 10 10

weight 2480 2518.5 2518.5 2518.5 2518.5

A @asmshimar normal con-
A NORMAL B geo-polymer crete
Item kg/m?3 kg/m3 CO, Kg/kg A.B A.B
OPC * 343 0.84 288.120
EAFS 120 * 0.052 6.240
Fly ash 280 * 0.0196 5.488
Sand 650 783 0.0048 3.120 3.758
Coarse aggregate 1209 1199 0.0075 9.068 8.993
Water 20 155 0.000196 0.004 0.030
Super plasticiser 10 * 1.88 18.800
Sodium hydroxide 32.1195 * 1.23 39.507
Sodium silicate 58.68 * 1.22 71.590
Concrete production 2518.5 2480 0.008 20.148 19.840
Total Co2 emissions 173 312
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Appendix (C)

Calculation of the area under curve Fig 7.14 a
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Calculation of the area under curve Fig 7.14 d
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