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Abstract

Sustainability and the greenhouse gases containment are the main purpose of the world policies to
combat climate change. These are certainly in contrast with the world's growing demand for energy
that is still too heavily based on fossil fuels, which are the main causes of gas emissions.

The European Energy policies for more than 20 years have been based on the reduction of the carbon
dioxide emissions using renewable energy sources and the reducing the final energy consumption.
Shallow Geothermal Energy (SGE) is a rapidly growing technology all over Europe as a support for
the Renewable Energy policies and European Directives because of its low greenhouse gas emissions
into the atmosphere. It is considered a renewable source on the timescales of technological/societal
systems because do not require the geological times of fossil fuel reserves such as coal, oil, and gas.
Low enthalpy geothermal energy is used for heating and/or cooling building by exploiting the ground
heat by ground heat exchangers connected to a geothermal source heat pump (GSHP).

Energy piles represents a rather innovative technology that couples the role of the structural
foundation with the role of the heat exchangers for GSHP plants to satisfy the building heating and
cooling needs. Compared to the traditional pile foundations, these structures are loaded both by
mechanical and thermal loads, where for thermal loads is commonly intended the application of a
thermal distortion. During the last years, thermal and thermomechanical behavior of energy piles has
been investigated by different approaches.

In this PhD thesis the main aim was to investigate on the thermomechanical behavior of energy piles
contextualized in Neapolitan context both by a geotechnical and energy point of view.

First of all, a general overview about the social and energy European context and about the geothermal
energy, an introduction to energy piles, by both a mechanical and an energetical point of view, was
reported.

The research was carried out following three different approaches: numerical modelling, small-scale
tests, and field scale tests.

As regard the numerical modelling, two types of analyses were carried out. In the former case by an
axisymmetric FEM model, the impact of different surface thermal boundary conditions on the
thermomechanical behavior of a single end bearing energy pile embedded in pyroclastic multilayer
soil is investigated. The latter case is about the study of the interaction factors for a couple of energy
piles where only one is thermally loaded while the other is embedded as a passive element in the
deformation field generated by the loaded pile. The results were obtained for different pile spacings

and for different subsoil and are presented in the chapter 4.



Chapter 5 is dedicated to the small-scale test carried out on an aluminum energy prototype pile
embedded in Neapolitan pyroclastic dry sand. Both thermal and thermomechanical tests were carried
out considering a cyclical application of the thermal loads both in heating and in cooling mode and
also considering the impact of different mechanical loads. The thermal loads provided to pile was
obtained from a dynamic energy simulation of a building in the city of Naples. The results showed
different axial forces distribution depending on the kind and magnitude of thermal and mechanical
load applied on pile. Moreover, it was observed irreversible pile displacements during the application
of cyclic thermal loads.

Finally, in the chapter 6 a field test was carried out in the province of Naples on a bored concrete
energy pile 12 m in length and 0,60 m in diameter embedded in pyroclastic soil and equipped with a
spiral heat exchanger configuration. Three heating thermal tests with different time duration were
carried out. From the tests was observed that the null point of the pile was located at the same depth
for all the tests. Anyway, the magnitude of the axial forces depended on the duration of the test and
the magnitude of the inlet heat carrier fluid. The pile heating did not affect the surrounding soil
temperatures during the tests and a high flow rate of heat power exchanged between the pile and soil
was measured. The measured pile displacements ranged between the 75% and 78% of the theoretical
free displacement. Moreover, a long-time monitoring of the pile and surrounding soil was carried out
for about 7 months. The data collected allowed to study the site underground temperatures trend over
the time and for different depth. It was also possible to find the mean value of the subsoil thermal
diffusivity and consequently predict a yearly temperature trend over the time and for different depth

for the site.
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Chapter 1

1 An introduction to energy piles. The purpose of the
research

1.1 Introduction
Nowadays, the world's growing demand for energy and its consequent environmental impact has

prompted a change of course in the world politics if compared to previous years. The search for
renewable primary energy sources other than fossil fuels was the driving force behind the Brundtland
Report in 1987 and the Kyoto Protocol in 1997. From these acts, in fact, were introduced into the
international policies, issues and concepts such as sustainability and the containment of greenhouse
gases to combat climate change, a phenomenon which is still gripping our society today.
Greenhouse gas emissions are the main cause of climate changes and the fossil fuels are the main
responsible of their production. Today a large part of energy electricity in the word is still generated
from fossil fuels and some sectors, such as the residential and commercial buildings, are one the main
responsible of these emissions. In fact, for these sectors, a large use of energy is provided by
traditional heating and cooling systems responsible to generate significant amounts of carbon dioxide
emissions. The decarbonization of energy supply can be achieved by maximizing the energy
efficiency and the sustainability of heating, cooling, and electricity systems. As a matter of fact, the
main options to reduce carbon dioxide emissions are the use of renewable energy sources and the
reduction of the final energy consumption. The latter two aspects have been the basis of European
energy policies for more than 20 years.

Since the early 2000s, indeed, a series of European Union (UE) directives were issued by European
parliament, later transposed and transformed into law by each member country. The aim was to
implement an energy policy in the civil construction sector aimed at limiting and reducing energy
consumption, favoring as much as possible the supply of renewable energy sources.

In last decades, for its high energy efficiency, the Shallow Geothermal Energy (SGE) is rapidly
increasing all over Europe as a support for the Renewable Energy policies and European Directives.
With the replacement of traditional electric heating and cooling systems by shallow geothermal heat
pumps it can be possible to significantly reduce the greenhouse gas emissions and the peak energy
consumption. In fact, these systems based on SGE have generally higher energy performance than
the traditional one.

To extract/inject heat from/to soil, a ground source heat pump (GSHP) connected to ground heat
exchangers (GHESs) is needed. Generally, heat ground exchangers are installed in vertical boreholes

approximately 100 m in depth or in horizontal loop bored in the shallow ground zone (about 1,5 m in
1
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depth). Anyway, in the last decades a new technology is emerging among the various energy options.
It is about energy geostructures, i.e., structures in contact with the ground in which the heat
exchangers are installed.

In this chapter after an overview of the European directives and a brief description of the energy
situation in Europe, the principles of geothermal energy and the operating mechanisms of a
geothermal pump system are discussed. Moreover, a general overview about energy geostructures
with a focus on energy piles is reported. Finally, the main thermal characteristic and property of the

ground and the principal problems that affects geostructures design the are treated.

1.2 European Energy policy framework
The concept of sustainable development, introduced in 1987 with the Brundtland Report by the World

Commission on Environment and Development (WCED), highlighted the strong relationship
between development and the environment and the mutual influence between the former and the latter
(World Commission On Environment And Development, 1987). Although all type of energy
production causes an impact on the environment, the severity of the impact depends on the technology
used to produce energy (Rybach, 2003). The Brundtland Report triggered a series of treaties born out
of the need to make economic development and environmental protection compatible. During the
United Nations Summits in Rio (1992), Kyoto (1997) and Johannisburg (2002), were defined the
goals for the protection of the environment.

Kyoto Protocol of 1997 was the first to fix targets and limits for industrialised countries on the
emission of greenhouse gases, the main contributors to the phenomenon of climate change that still
grips our societies today.

Since the early 2000s, in fact, the European Union's policies, based on the objectives of the Kyoto
Protocol, have promoted a sustainable, diversified, and low-energy economy that counteracts as much
as possible the causes of global warming and climate change.

The studies and the analysis of the buildings potentialities to achieve the set targets, has led over the
years to a series of directives for the energy management and the containment of greenhouse gas
emissions.

An update of EU energy policy framework to facilitate the transition away from fossil fuels towards
cleaner energy was made in 2019 to deliver on the EU’s Paris Agreement commitments for reducing
greenhouse gas emissions. “Clean energy for all Europeans package” was the name of the agreement
on this new energy rulebook. It was marked a significant step towards the implementation of the
energy union strategy, published in 2015. The Clean energy for all Europeans package is based on

the Commission's proposals published in 2016 and consists of 8 legislative acts that bring significant
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benefits from the perspective of consumers, the environment, and the economy fixing a long-term
strategy of achieving carbon neutrality by 2050.

Because almost 50% of Union’s final energy consumption is used for heating and cooling, of which
80% is used in buildings, efforts of Union were focused on the priority objective of energy efficiency
in buildings and on the decarbonise of the building stock. The buildings sector, in fact, is the largest
consumer of energy in the EU and one of the largest emitters of carbon dioxide. People spend most
of their lives in different forms such as homes, schools, offices, public buildings and so on. The 40%
of the EU's energy consumption and 36% of its greenhouse gas emissions come from buildings,
including their construction, use, renovation, and demolition. Improving the energy efficiency of
buildings is the key to achieving the ambitious goal of carbon neutrality by 2050. (European
Commission - Department: energy, 2020).

The Union was committed to developing a sustainable, competitive, secure, and decarbonised energy
system. The Energy Union and the Energy and Climate Policy Framework for 2030 establish
ambitious Union commitments to reduce greenhouse gas emissions further by at least 40% by 2030
as compared with 1990, to increase the proportion of renewable energy consumed, to make energy
savings in accordance with Union level ambitions, and to improve Europe’s energy security,
competitiveness, and sustainability. With the Paris Agreement on Climate Change in 2015 and the
EU policy framework for climate and energy, the goals of EU energy policy to promote renewable
forms of energy to reduce greenhouse gas emissions has become stronger than the approach taken
under the 1997 Kyoto Protocol. It was set out a long-term goal in line with the objective to keep the
global temperature increase well below 2 °C above pre-industrial levels and to pursue efforts to keep
it to 1,5 °C above pre-industrial levels (Agreement, 1977; European Commission, 2016).

Specific EU's directives were issued for the buildings and civil construction sector called EPBD
(Energy Performance Building Directive) while other directives were issued for the management and
the containment of the greenhouse gas emissions. The EPBD are directives in the European regulatory
framework covering both general criteria for calculating the energy performance of buildings and
minimum efficiency requirements to be met when designing new buildings or renovating existing
ones.

The first EPBD issued was the Directive 2002/91/EC "On the energy performances of the buildings".
This directive deals with all issues related to the assessment of the energy performance of buildings
emphasising the need to define harmonised methodologies for the estimation of energy consumption
according to different climatic and microclimatic conditions, the intended use of the building or
aspects related to local differences. It was characterized by some fundamental points. Frist of all, it

was introduced the obligatory of the energy certification of buildings using energy classes, both for
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new buildings and renovations, for the evaluation of the energy performance. Still used today, this
approach allowed not only the assessment of energy performance, but also the possibility of
comparing the performance of different buildings. A second aspect addressed by this directive was
the gradual application of different minimum energy performance requirements between the case of
new construction and renovation. Another fundamental aspect introduced was certainly a general
framework for a calculation methodology of the integrated energy performance of buildings. Finally,
the last point was the introduction of regular inspection of boilers and of air-conditioning systems in
buildings.

The second EPBD issued was the Directive 2010/31/CE "On the energy performances of the buildings
(recast)". This directive has abrogated the Directive 2002/91/EC and it sets even more stringent
targets for reducing greenhouse gases and saving energy. This directive maintained the points
introduced by the previous EPBD but extended them also to public buildings. Anyway, the most
important concept introduced by the directive was the ‘nearly zero-energy building’ (NZEB), defined
in article 2 of the directive as “a building that has a very high energy performance, as determined in
accordance with Annex I. The nearly zero or very low amount of energy required should be covered
to a very significant extent by energy from renewable sources, including energy from renewable
sources produced on-site or nearby” (2010/31/EU, 2010). Furthermore, the Directive specified that
new buildings had to meet the minimum energy performance requirements and to consider alternative
systems such as decentralised energy supply systems based on energy from renewable sources,
cogeneration, district or block heating or cooling, and heat pumps.

The third and last EPBD, up to the present day, is the Directive (EU) 2018/844 of 30 May 2018 that
outlines specific measures for the building sector to tackle challenges, updating and amending many
provisions from the Directive 2010/31/EU.

Regarding the management and the greenhouse gas emissions it is reported the evolution of the
directives starting from 2006.

Through the improvement of energy end-use efficiency and cost-effectiveness, Directive 2006/32/EC
"On energy end-use efficiency and energy services and repealing Council Directive 93/76/EEC" had
as its main target set for member states to save 9% of energy by 2015. To achieve this target, the
Directive placed the public sector at the heart of the matter by introducing energy efficiency and
energy savings as a basis for awarding public contracts or tenders. In addition, it introduced energy
audit systems to identify possible efficiency improvements for the civil, industrial, and commercial
sectors.

The fundamental directive for the production and promotion of energy from renewable sources was

the Directive 2009/28/EC "on the promotion of the use of energy from renewable sources and
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amending and subsequently repealing Directives 2001/77/EC and 2003/30/EC" (European, 2009).
This Directive set national targets for each member state of the European Union and obliged each
state to adopt a national plan for renewable energy. It was also known as “20-20-20 package”. This
name come from the targets prefixed from the directive as well as the reduction of EU greenhouse
gas emissions by 20% compared to 1990 levels, the improve of the EU's energy efficiency by 20%
and the production from renewable sources of the 20% of the EU's energy. To reduce greenhouse gas
emissions from the energy sector and major industries in a cost-effective way, a "cap and trade" policy
was adopted by assigning a market price to emissions. For sectors other than those mentioned above,
however, such as buildings, agriculture, waste, and transport, it set binding annual targets for 2013-
2020, differentiated according to the relative wealth of each EU country, aimed at reducing their
greenhouse gas emissions.

Directive 2012/27/EU replaced Directive 2006/32/EC and reinforced the energy efficiency and
greenhouse gas emission reduction targets set for 2050 by incentivising, especially for the public
sector, the rate of building renovations. The Directive detailed the framework of measures to improve
energy efficiency by 20% by 2020 compared to 1990 levels and required all Member States to set
national energy efficiency targets to achieve this goal. The Directive, moreover, through a common
framework of measures covering every stage of the energy chain, energy efficiency in the EU, from
generation to distribution and final consumption. The guidelines, while remaining like those of the
directive it replaced, have been strengthened especially on the concept of energy diagnosis for the big
companies and all energy-intensive enterprises and on the energy savings obligation.

The last updates regarding the Renewable energy and Energy efficiency European polices are
represented respectively by the Directive 2018/2001 and the Directive 2018/2002. In fact, the EU set
the ambitious target of 32% for renewable energy sources in the EU’s energy mix by 2030 and the
binding targets of at least 32,5% energy efficiency by 2030, relative to a ‘business as usual’ scenario
considering the energy efficiency like the easiest way of saving money for consumers and for
reducing greenhouse gas emissions.

The Directive 2018/2001 provides criteria for sustainability and greenhouse gas emissions saving
criteria for biomass fuels, biofuels and bioliquids. Moreover, it establishes rules, on energy use from
renewable sources in the heating and cooling sector and in the transport sector, on financial support
for electricity from renewable sources and self-consumption of such electricity and on regional
cooperation between Member States, and between Member States and third countries, on guarantees
of origin, on administrative procedures and on information and training.

On the other hand, the Directive 2018/2002 revised Directive 2012/27/EU. The main changes to the
2012 Directive relate firstly to achieving the energy efficiency target of 32,5 % by 2030 and secondly
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to anticipating further improvements by seeking to remove all barriers in the energy market that may
obstruct efficiency in the supply and use of energy. Furthermore, the social aspects of energy
efficiency have been strengthened by taking energy poverty into account when designing energy
efficiency schemes and alternative measures. Finally, Member States are required to have transparent
and publicly available national rules on the cost allocation of heating, cooling and hot water services

in multi-apartment and multi-purpose buildings where these services are shared.

1.3 A brief analysis of the main energy consumptions in the world
The growing demand for energy for heating and cooling with the increased ownership of air

conditioners and extreme weather events have caused energy-related CO> emissions from buildings
to rise in recent years after flattening out between 2013 and 2016. The highest level ever was recorded
in 2019 when direct and indirect emissions from electricity and commercial heat used in buildings
rose to 10 GtCO,. Counteracting this trend could be achieved mainly by decreasing fossil fuel-based
goods and increasing investments in sustainable buildings. Focusing on the first aspect, although heat
pumps and renewable heating equipment had an increase in sales in 2019 representing the 10% of the
total, the market, with almost 80% of new sales, is still dominated by fossil fuel-based heating
equipment and less efficient conventional electric heating technologies. By 2030, the share of heating
technologies from clean sources should reach 50%. On the other hand, as far as cooling in buildings
is concerned, data show that energy demand has more than tripled since 1990 and was responsible
for emissions of about 1 GtCO2 and almost 8,5% of total final electricity consumption in 2019
(Heating — Tracking Buildings 2020 — Analysis - IEA).

Analysing the data on total energy consumption at European level, from 1990 to 2018 the three most
used energy sources were oil products, natural gas, and electricity. In percentage terms, over the years,
the use of these energy sources was always much higher than the others. The final use of energy
consumed by sector shows that the three most important sectors in Europe are Industry, Transport
and Residential. However, since 1990, the transport and industrial sectors have had opposite trends,
while the residential sector has had a fluctuating trend and, perhaps also due to European energy
policies. In 2018 the residential sector showed the lowest value of energy consumed.

As mentioned, electricity is one of the most widely used energy resource in Europe. However, at
European level, after nuclear power, fossil fuels are still the main resource with a consequent increase

in CO2 production.
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Figure 1-1 - Total final consumption by source in the World (Source: IEA World Energy Balances 2020
https://www.iea.org/subscribe-to-data-services/world-energy-balances-and-statistics)
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Sustainable Development Scenario, 2010-2030, IEA, Paris https://www.iea.org/data-and-statistics/charts/heating-technology-sales-
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Figure 1-4 - Direct use of geothermal energy in the world during the period 2012-2024. The dashed zone represents future
previsions. (IEA, Direct use of geothermal energy, world, 2012-2024, IEA, Paris https://www.iea.org/data-and-
statistics/charts/direct-use-of-geothermal-energy-world-2012-2024)

1.4 Shallow geothermal energy
The geothermal energy is the source of energy from the heat stored in the Earth's crust, which is
propagated to the surface, where it dissipates, through the rocks or through carrier fluids such as water

or gas. In fact, there is a geothermal gradient between the internal part of the Earth’s crust and surface

with an average value of 30 °C/km, (Barbier, 2002).
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The geothermal energy is considered a renewable source on the time-scales of technological/societal
systems, do not require the geological times of fossil fuel reserves such as coal, oil, and gas and by
virtue of its low greenhouse gas emissions into the atmosphere, it is promoted alongside other
renewables in government programmes source of energy and an alternative to traditional energy
sources (Rybach, 2003). It can be used both for power generation and to provide an energy efficient
space heating and cooling for public, residential buildings, large architectural complexes, and other
infrastructures (Gao, Zhang, Liu, K. Li, et al., 2008; Johnston, Narsilio and Colls, 2011).

The difference between the uses of geothermal energy depends mainly on temperature of the
geothermal fluid (GF) as shown in Figure 1-5. In fact, high-enthalpy resources are characterized by
GF temperatures above 150 °C and are suitable for power generation while for temperatures below

150 °C of GF resources are called low-enthalpy and are suitable for the second aim (Barbier, 2002).
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Figure 1-5 - The utilization of geothermal fluids derived from (Lindal, 1973)

Generally, high-enthalpy resources tap into high-temperature energy sources fluids to drive turbines
for electricity production and often an interaction with kilometre-deep strata of rock is required. For
this reason, they are also classified as deep resources. This technology is used above all for large scale
application because its costs are generally very expensive. On the other hand, low-enthalpy resources
make direct use of the shallow temperature of the soil, which at certain depths is constant and equal
to the average annual air temperature. This solution, compared to the first one, shows great potential
in terms of access, long-term sustainability, flexibility, and economics (Preene and Powrie, 2009; De
Moel et al., 2010).

While the deep geothermal energy can be used only in particular region of the world where there are

hydrothermal resources, direct shallow geothermal energy can be used everywhere, and the heat can
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be extracted using a device called Heat Pump. Even if it was invented by Lord Kelvin in 1852, it’s
only over the last two decades that Ground Source Heat Pumps (GSHPs) had had increased use in
heating and cooling of buildings (Johnston, Narsilio and Colls, 2011).

Shallow Geothermal Energy (SGE) applications are increasing over the last decades all over Europe
as a result to their high energy efficiency and support from the Renewable Energy policies and
European Directives (Tsagarakis et al., 2020).

With this technology, a heat transfer fluid circulating inside geothermal heat exchangers (GHEs)
installed in vertical boreholes, trenches or building foundations, can take or inject thermal energy
from/to the ground depending on the heating or cooling phase of the building, respectively.

Heat can be extracted/injected from/in ground by different ways. It is possible to distinguish two main
families of GHEs according to whether they form an open or a closed loop.

The first type can be used when there is a groundwater or artesian aquifer in the ground and therefore
the thermal energy of the subsoil stored in the fluid could be taken directly and pumped to the surface
through a well. After the water having completed its cycle, it is injected into the aquifer by a different
injection well. Since the extraction well must guarantee a minimum flow rate to the heat pump, it is
essential for this type of circuit, that the extraction and injection rates are balanced so as not to create
imbalances in the source.

In closed loop, instead, a constant mass of heat carrier fluid circulates inside the GHEs transporting
thermal energy from ground to GSHP or vice versa. Closed loop can be arranged both horizontally
and vertically.

The horizontal typology is placed in a trench. It is a less expensive solution because it does not require
deep excavations like boreholes o wells, but it is also less energy-efficient being installed in the
shallowest part of the ground that is significantly affected by variations in air temperature. In addition,
the surface area of the ground used for the installation of this type of GHE can be up to twice as large
as the surface area to be conditioned.

The vertical typology, instead, unlike the horizontal type, develop their length vertically. This type
of GHE has the advantage of being energy efficient by exchanging thermal energy with the ground
at depths which are no longer affected by external climatic conditions occupying much less space
than horizontal closed loops. At the same time, however, they have the disadvantage of having fairly
high initial costs due to the excavation of the borehole (Wood, Liu and Riffat, 2010).

Nevertheless, energetic geo-structures and deep energetic foundations, such as piles, combine the
advantages of vertical closed loops type with the elimination of the initial costs of boreholes
excavation for GHEs. Energy foundations, with particular regard on energy piles, will be discussed

extensively and in detail in the next paragraphs as they are the main topic of this research.
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A: vertical closed loop
in borehole

B:vertical open loop in
water

C:vertical closed loop in
energy piles

D:horizontal closed loop

Figure 1-6 — Different type of heat exchangers

Regardless of the type of heat exchanger, conventionally systems for the heating and cooling with a
direct use of geothermal energy are generally made by three distinct parts that could be categorized
into three main components called primary circuit, secondary circuit and heat pump (Brandl, 2006).
The primary circuit consists of GHE in direct contact with the ground or installed in structures that
are in contact with the ground within which a heat carrier fluid circulates. The carrier fluid may be
water or a mixture of water and antifreeze substances. The latter solution is often used for installations
in colder regions where the temperature of the heat transfer fluid may reach temperatures close to 0
°C.

The secondary circuit, on the other hand, consists of a closed fluid-based building cooling or heating
network installed inside the floors and/or walls of the structure if the geothermal plant serves a
building or the secondary pipework could be installed also in bridge decks, road structures, platforms
if the plant works for an infrastructure.

Because the ground temperature is usually not sufficient to reach the temperatures necessary to
achieve indoor climate control, both in winter and summer season, a heat pump must be installed
between the primary and secondary circuits. It is a machine capable to increase (or decrease) the
temperature level. Heat pump system will be described in detail in the next section.

Recently, Preene and Powrie (2009) proposed an alternative subdivision of the ground energy system
in source side, load side and heat transfer system. With this new subdivision the parts are
characterized for the function and not for the component as in traditional classification.

However, in some county where the temperatures allow, it is possible to satisfy the upper structures

cooling demand with a direct heat transfer from ground heat exchangers to soil without a passage of
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the heat carrier fluid through a heat pump. This technique is so called “geocooling” or “freecooling”

(Pahud, Belliardi and Caputo, 2012; Loveridge and Powrie, 2013).

A:primary circuit (in
energy pile)
B:geothermal heat pump

C:secondary circuit
(radiant floor)

'

Figure 1-7 — Schematization of the components of a geothermal plant with energy piles

1.4.1 Heat pump and geothermal heat pump
To understand how a geothermal heat pump system works and what the real advantages are if

compared to a traditional air source heat pump, it is necessary to explain the general operating
principles of the heat pump.

Apparently contravening the second law of thermodynamics, a heat pump is a device that can
transport heat from a lower temperature level to a higher one. In fact, the name “pump” is derived
from the analogy with the hydraulic pump, which can lift a liquid from a lower to a higher level.

In the heat pump (as well as for water pump), however, the process can only take place with the use
of external energy. The heat pumps, in comparison to traditional fossil energy systems that produce
heat by burning fuel, use the energy in the environment such as air, water or soil, depending on the
type of the heat pump, and transfer it with the help of electricity to where it is needed.

The heat pump consists of a refrigerant fluid, i.e. with a low boiling point, which circulates within
pipes of a closed circuit made by four main components called respectively evaporator, compressor,
condenser, and expansion valve.

Depending on the temperature, the refrigerant can be in a gaseous or liquid state. Within the heat
pump circuit, in fact, what is commonly referred to as the thermodynamic cycle develops through
changes in the state of the refrigerant fluid. The thermal cycle can occur in one direction or another

depending on whether the heat pump is operating in heating or cooling mode. To explain the
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functioning of the device, the operation of the cycle in which the heat pump is used for indoor space
heating is described below.

* In the first step, into the evaporator, the refrigerant which is in a liquid state, evaporates by
absorbing thermal energy (heat) from the external source (air, water, or ground).

* In the second step, into the compressor, the vapor, is brought to a higher pressure and
temperature by using the external energy.

* In the third step, the high-temperature vapour arriving at the evaporator can supply its thermal
energy to the heat-transfer fluid inside the space to be heated, with a new change of state of
the refrigerant from vapour to liquid.

* In the fourth step, the fluid, which is still at high pressure, passes through an expansion valve
to return to its initial pressure and to begin a new thermal cycle.

The phases of the thermodynamic cycle described are represented in the pressure-enthalpy

diagram shown in Figure 1-9.
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Figure 1-8 — Schematisation of the cycle of the heat pump internal fluid during the heating operation for indoor zones

L)

— Energy for indoor emvironment
g =
D = C
Rt Condenser -
)/— ﬂ
/ N
Sub-cooled Liquid = Liquid - Vapour mixture / Superheated Vapour
Expansion /
vahve 1 Compressor
: - {m==
e Electrical
: \jg -
Evaporator |

l Enthalpy{k] /kg]

Energy from outdoor source

Figure 1-9 - Description of the different operating phases of a heat pump for an ideal refrigeration cycle plotted onto the pressure vs
enthalpy diagram
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The efficiency of the system, in the heating mode, is called Coefficient of Performance (COP). It is
defined as:

COP = energy output after heat pump [kW]

energy input for operation [kW]
Equation 1-1
It represents the ratio between the thermal energy to be supplied to the source at higher temperature
(indoor) and the mechanical energy to be supplied. Considering the ideal case in which the generated
entropy is null (reversible transformations), for heat pump COP can be defined as the differences of
source temperatures:

_ QindToutd

Qoutd,rev -
Tind

Equation 1-2

Toutd)

L,rev = Qina — Qoutd,rev = Qina (1 - T
ind

Equation 1-3

Qind _ Tind

COP =
Hprey Lrev Tind - Toutd

Equation 1-4
In this case the indoor temperature was assumed to be the hot source while the outdoor was assumed
to be the cold one because generally in winter, outdoor temperature is lower than indoor one.
Consequently, Liey is the minimum work required to transfer the amount of indoor thermal energy
Qind to the side with higher temperature. It is considered the minimum because of null generated
entropy hypothesis (reversible transformations).
The meaning of the COP can be summarised with an example: a value COP of 4 means that four
portions of usable energy are derived from one portion of electrical energy and three parts of external
energy (Brandl, 2006).
In the case of a refrigerating machine the COP is replaced by the EER (Energy Efficiency Ratio). It
is a way to differentiating the heap pump energy performances from that of the refrigerating machine,
but the calculation criterion is the same for both. It represents the ratio between the thermal energy
to be exported from the source at lower temperature (indoor) and the mechanical energy to be
supplied. As well as in the case of COP, considering the ideal case in which the generate entropy is
null (reversible transformations), for a refrigerating machine EER can be defined as the only

differences of source temperatures:
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Equation 1-6
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Equation 1-7

In this case, instead the indoor temperature was assumed to be the cold source while the outdoor was
assumed to be the hot one because generally in summer, outdoor temperature is higher than indoor
one and Ly is the minimum work required to subtract the amount of thermal energy Qina from the
lower temperature side. As before, it is considered the minimum because of null generated entropy
hypothesis (reversible transformations).

The Seasonal Performance Factor (SPF) of a thermo-active system with heat pump, instead, is defined
as:

SPF — usable energy output of the energy system [kWh]

emergy input of the energy system [kWh]

Equation 1-8

Compared to COP and EER, SPF includes not only the energy consume of heat pump but also the
other energy-consuming devices such as circulation pumps. SPF values between 3,8 and, 4,3 are
achieved with standard electric pumps (Brandl, 2006).

Because, as mentioned, the smaller the temperature differences between the source and the space to
be climate controlled, the greater the energy performance of the heat pump, it results that generally
GSHPs have energy performances higher than traditional air heat pump. As will be explained in more
detail in the following paragraphs, the temperatures of the subsoil remain constant at a temperature
that approximates the average annual temperature of the outside air. It means that in summer season
soil temperature is colder than air temperature and so soil can be used as reservoir and warmer
temperatures from the building can be rejected. The opposite happens in winter where the soil can be
used as a source of heat to heat the building because it results warmer than air temperature (Preene
and Powrie, 2009). In this way the difference between the internal and external source temperatures
is significantly reduced in geothermal heat pump if compared to air source heat pumps where external

source is subject to hourly daily temperature fluctuations. The energy performance of geothermal heat
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pumps, both in terms of COP and EER, is therefore generally much higher than that of conventional

air source heat pumps.

1.5 An overview on energy piles
The energy geo-structures, also called thermo-active ground structures, are structural elements in

contact with the ground, equipped with thermal energy exchangers and connected to a geothermal
heat pump. Energy geo-structures may consist of shallow foundations such as slabs, or ground support
works such as walls or diaphragms or using deep foundations such as piles. This is a relatively new
sustainable and economically viable technology that uses renewable energy sources such as
geothermal energy, providing long-term cost savings and minimised maintenance. The double
purpose of the energy foundations is to support buildings and provide them the energy needed for
heating and the cooling for building indoor environments during the year.

Chronologically, the application of this technology started at the beginning of the 1980s. The first
applications of thermo-active ground structures are found in Austria and Switzerland where at first
were used base slabs, then the piles (1984) and later diaphragm walls (1996) and tunnels (early-2000s)
were also adapted (Brandl, 2006; Adam and Markiewicz, 2009). Nowadays geo-structures are
widespread all around the world.

Focussing the attention exclusively on energy piles, they were used in many large construction
projects in different country of Europe. As regarding the already mentioned example the first Austrian
application, 59 bored energy piles 1,2 m in diameter and with an average length of 17,1 m were built
For the foundation of the Lainzer Tunnel (Adam and Markiewicz, 2009). Other examples include the
Frankfurt Main Tower in Germany where over 112 drilled energy piles 30 m in length were realised
(Laloui, Nuth and Vulliet, 2006) and the Dock at Ziirich airport in Switzerland where 315 energy
piles were employed (Pahud et al., 2008).

Energy piles (EPs) are a technology where heat exchangers, generally high-density polyethylene
plastic pipes (HDPE) loops, are installed inside piles foundation (Brandl, 2006). Inside the pipes a
heat carrier fluid flows inducing a heat exchange with surrounding soil. Over the years and in different
parts of the world many different piles construction technologies have been used and/or tested such
as concrete cast in situ (Gao, Zhang, Liu, K. S. Li, et al., 2008; Park et al., 2018), steel piles (Morino
and Oka, 1994; Nagano et al., 2005), precast high-strength concrete (PHC)(Park et al., 2013; Go et
al., 2014), both for small and large diameter piles. EPs can have length from 10 m to 60 m and
diameter from 0,15 m to 3,0 m (Bourne-Webb et al., 2016). If compared with traditional vertical
boreholes heat exchangers EPs reduces initial drilling costs and in the case of concrete piles the heat
transfer is effective because of the good thermal properties of concrete (Wood, Liu and Riffat, 2010)

(Brandl, 2006).
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The double purpose of the energy foundations is to support buildings and provide them the renewable
energy needed for heating and cooling of the building indoor environment during the year.
The design of energy piles should consider both serviceability and failure aspects of the system
(Bourne-Webb et al., 2016). The serviceability is linked to operational performances of the system
like for example vertical and horizontal displacements of the pile or the satisfaction of thermal
performances as required. On the other hand, the failure is linked to the complete collapse or loss of
function of the pile foundation, or of the energy system or both. Regarding the thermal serviceability
and failure, even if there are not so many indications on how should be measured, four criteria could
be used:

* Energy delivered;

» Efficiency of the system;

* System temperatures;

¢ Environmental.

Regarding the geotechnical serviceability and failure aspects they are linked above all to the induced
changes of the stress and strain regime in the pile structure due to changes in temperature. Three
criteria could be used here based on:

¢ Deformation;

e QOverstress;

¢ Resistance.

In the following paragraphs a short introductory literature review of the mechanical and thermal
behaviour of energy piles will be dealt with, while in the chapter 2 a more careful and detailed review

is presented showing how large is still the number of issues to be solved by researchers.

1.5.1 Pile/soil thermomechanical interaction
Pile and piles foundations are structural elements adopted when the mechanical properties of subsoil

are not sufficient to build a shallow foundation or when the upper structure has characteristics that
require the use of deep foundation. Generally, in service conditions, piles transmit vertical loads
applied on their head to the subsoil partly by normal stresses developing at the toe and partly by shear
stresses at the lateral pile-soil interface. The ratio between the two quantities depends both on the
type and nature of subsoil and on the pile installation technique.

Energy piles, differently from traditional piles, are subjected both to mechanical and thermal loads.
This can clearly change the load pattern of the pile. In fact, for an ordinary mechanically loaded pile
the highest axial stress is expected at the head with decreasing value with the depth because of the

shear stress mobilized at the soil-pile interface. If the shaft resistance is sufficient to support the
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vertical load, the axial stress decreases to zero. On the other hand, if the shaft resistance is not
sufficient non-zero values of the axial stress are measured at the pile toe. In the first case the pile is
called “floating pile” while in the second case the pile is called “‘end-bearing pile”.
When an EP is heated it tends to expand, on the contrary, when is cooled it tends to contract. Along
the pile shaft a neutral axis or so called “null point” (NP) is defined as the point where no thermal
induced displacement is observed (Knellwolf, Peron and Laloui, 2011). In the top part the movements
are directed upwards while in the bottom part the movements are directed downwards.
Anyway, a pile can expand or contract until a limiting value that is function of the thermal expansion
coefficient of the pile material. In EP the so called “free-expansion” behaviour is the upper limit of
the thermal strain and can be defined as:

T free = & " AT

Equation 1-9

Where a is the thermal expansion coefficient of the pile material and AT is the change in temperature
that occur in the pile.
However, an energy pile is not a free-standing column because restrains are provided by the
surrounding soil that mobilize the shaft restrain at the pile-soil interface and/or by the upper structures
or eventually stiff soil at the pile toe.
Usually, the observed strains due to a temperature change in a foundation pile (er,0bs) 1s less of the
free-expansion strain (€1,fee) and the difference between free-expansion and observed is the so called

restrained axial strain (€T Rest).
ST,Obs < gT,free
€T Rest = €T, free — €T,0bs
Equation 1-10
Axial thermal stress (oth) in the pile is created by the restrained axial strain (errest) and can be
estimated as:
Orn = —E - €7 pest = —E - (ET,free - gT,Obs) =—-E- (05 AT — gT,Obs)
Equation 1-11
with E equal to the Young’s modulus of the pile material.
Consequently, the thermally induced axial load (Pr) is estimated as:
PT = —OTp " A
Equation 1-12

where A is the section of the pile.
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The distribution of the thermal stress and the position of the NP depend on the stiffness of the
boundary restraints and whether the load applied to the energy pile is simply thermal or thermo-
mechanical.
Often EP are subjected to both thermal and mechanical load simultaneously. In this case the total
strain (€1otal) can be estimated as:
€Total = €m T ET,0bs
Equation 1-13
where ewm is the mechanical strain caused by load on pile head and ert,0bs is the thermal observed strain.
Mechanical induced axial load (Pwm) is usually estimated as:
Py = €y - AE
Equation 1-14
where A is the pile section and E is Young’s modulus of the pile material.
The total axial load (Pto) of an EP subjected to both thermal and mechanical loading is:
Protar = Py + Pr
Equation 1-15
The mobilized coefficient of thermal expansion and the degree of freedom are two parameters that
explain the thermomechanical behaviour of and energy pile.
The mobilized coefficient of thermal expansion (amob ) is defined as the slopes of the observed thermal

axial strain (et,0bs) versus temperature (McCartney and Murphy, 2012).

__ €T,0bs
®Amob = AT

Equation 1-16
The ratio between the free and observed axial strains (g.obs) and the thermal free-expansion strain
(&ufree) 18 called degree of freedom of pile and is denoted as “n”. The degree of freedom is a value in
the range 0 and 1. For a null n the pile results completely blocked while for a unitary value of n the
pile is completely free to move. By the way, in real cases, n is always an intermediate value between
the two limits, and it depends on the restraint at the two extremities of the pile and moreover on the

mobilized shaft friction (Knellwolf, Peron and Laloui, 2011)

_ €r0bs

gT,free

Equation 1-17

A simple description of the behaviour of EP under thermal and thermomechanical loads was reported
by P. J. Bourne-Webb et al. 2009 and Amatya et al. 2012. Replotted from literature, a scheme is

reported in which strain, stress and interface shear stress are represented in function of restrain and
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soil stiffness Figure 1-10. The schemes are rather simplified and self-explaining provided that the

figure caption is kept in mind.
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Figure 1-10 — Energy pile response mechanism under thermal and thermomechanical loads and different restrain conditions. a)
mechanical load only; b) heating only; c¢) cooling only; d) combined mechanical loads and heating; €) combined mechanical loads
and cooling; f) heating only with head restrained; g) heating only with head and toe restrained; h) combined mechanical loads and

heating with head restrained; i) combined mechanical loads and heating with head and toe restrained

1.6 Soil thermal properties, soil temperatures and heat transfer mechanisms
Compared to traditional foundation piles, in the case of EPs, in addition to the knowledge of the

mechanical properties of the soil, knowledge of its thermophysical properties and temperatures is also
essential. In literature it was demonstrated that the ground temperature had an impact in terms of
performances on geothermal heat pump and that vice versa energy piles could have an impact on
ground temperature after some years of the plant operation (Morrone, Coppola and Raucci, 2014; Wu
et al., 2019). The subsoil temperature can vary in response to radiant, thermal, and latent energy
exchange processes that occur mainly through the surface (Hillel, 1982). Anyway, it was shown that
at about twenty meters from the surface, seasonal fluctuations can be neglected and the subsoil
temperature stands at a value equal to that of the seasonal averages (Tinti et al., 2014). The effects of
the energy exchange on the soil profile depend on the time-variable and space-variable soil properties

like the specific heat capacity, the thermal conductivity (A), and the thermal diffusivity (as) (Hillel,
1982).
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In the following section soil thermal properties, temperature soil trend and prediction with the depth

and the main heat transfer mechanism are briefly recalled.

1.6.1 The mechanism of heat transfer
In nature the main heat transfer mechanisms are conduction, convection, and radiation. Conduction

occurs when the heat transfer takes place with the transfer of kinetic energy from molecules located
in a higher temperature area of the body to others in an adjacent lower temperature area. The heat
transfer occurs in solid, liquid, or gaseous bodies with no mass transport.

Convection is the thermal energy transfer mechanism triggered by the combined action of conduction
and mass transport. It is the most significant mechanism of heat transfer between a solid surface and
a fluid. The transfer of energy as the particles of the fluid come through their motion in contact with
other particles giving rise to different points of the fluid and has multiple conductive flows. An
increase of the fluid velocity provides an increase of the transferred energy.

The thermal radiation occurs through the propagation of electromagnetic waves. It is based on
absorption and emission phenomena for which each body, at a temperature different from 0 K, emits
an electromagnetic radiation that propagates through the vacuum. This radiation is partly absorbed

by another body and produces a transfer of energy between the two bodies.

1.6.2 Heat transfer in soil
In unfrozen soil the heat transfer occurs mainly by conduction and secondly by convection (Brandl,

2006).
The heat transfer mechanism of the conduction is governed by the Fourier’s Law. It states that the
flux of heat in a homogeneous body is in the direction of, and proportional to, the temperature
gradient:
Qcona = —AVT
Equation 1-18
Where qcond is the thermal flux [W/m?], A is the thermal conductivity [W/m°C] and VT the spatial

gradient of temperature. For a dimension, such as respect the depth of soil z, it becomes:

dT
Qcond= — A E

Equation 1-19
With dT/dz the gradient of temperature in vertical direction.
Fourier’s Law represent a way to describe heat conduction under steady-state condition. Generally,
the pile-soil thermal interaction is transient and so the heat transfer is affected not only by the
geometry and thermal conductivity but also by the temperature change velocity. The heat capacity of
soil governs the latter aspect (Loveridge and Powrie, 2013). For transient conditions, the equation

that must be adopted is:
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d°T d°T  d°T Cd°T

i dyr TdzZ T A1de

Equation 1-20

Where Cy (J/m*°C) is the volumetric heat capacity, T is the temperature and A is the thermal
conductivity [W/m°C]. This equation is similar to the consolidation governing equation simply
exchanging the temperature with the piezometric head.

The convection in soils occurs generally between the solid phase that is static and the water and/or
gasses in the pore and the convection heat transfer is calculated as:

—_ !
Qw,conv = prwvw(T -T )
Equation 1-21

Qv,conv = Copy V(T —T")

Equation 1-22
where the symbol w or v means water or vapour, respectively, c is the specific heat capacity, v is the
velocity vector and p is the density. Finally, T" is the reference temperature.
Sometime the water can also undergo the phenomenon of the vaporisation. It is well known that it
consists in a water phase change providing a latent heat transfer that can be quantified as:

qrat = Lopwvy

Equation 1-23

where Ly is the latent vaporisation heat at the temperature T".

The overall process of heat transfer in a soil volume is thus governed by the equation:

tot = Qcond + qw,conv + CIv,conv + Qiat

Equation 1-24

1.6.3 Soil thermal properties
The heat transfer in the soil is affected by some soil thermal properties such as the thermal

conductivity, the volumetric heat capacity and the thermal diffusivity. Briefly the thermal
conductivity can be seen as the capacity of material to conduct the heat from zones where the
temperature is higher to zones where the temperature is lower. The volumetric heat capacity is the
energy needed to increase in a material the temperature of 1 K (or 1 °C). Finally, the thermal
diffusivity is the parameter that indirectly affected the thermal conductivity law in transient condition.

These thermal properties are all described in detail in the next sections.

1.6.3.1 The soil thermal conductivity
As already reported before, thermal conductivity A [W/m°C] is defined as the quantity of heat

transferred thought a unit area of the conducting body in the unit time under a unit temperature

gradient. It is the most important thermal soil parameter (Brandl, 2006).
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Density of soil and its water content, and so also mineralogical components and chemical properties
of pore water, influence the thermal conductivity of soil. It is also influenced by the state of water
inside the pore. In fact, freezing increases the thermal conductivity significantly because of the higher
thermal conductivity of ice (2,18 W/m°C) compared to the lower thermal conductivity of the water
at liquid state (0,57 W/m°C) (Brandl, 2006).
Thermal conductivity is variable in time, because the proportions of air and water in soil continuously
change and is variable with depth because seldom soil composition is uniform in depth (Hillel, 1982).
The internal structure of soil matrix and the mode of transmission of heat from particle to particle and
from phase to phase could change the relationship between the specific thermal conductivities of the
constituent of soil and the overall thermal conductivity of soil.
Because of the multiphasic nature of the soil (solid, water and air), the parallel and the series
theoretical model were both developed to define a likely upper bound and lower bound for the soil
aggregate at its natural status. The parallel theoretical model defines the upper bound thermal
conductivity as in the following equation:

As =24,(1—n) + SA,n+n(1l—5)A,

Equation 1-25

On the other hand, the series theoretical model for the lower bound correspond to the following

overall conductivity:

As =

E\ e

w

Equation 1-26

where the symbol s, g, w and a means soil, grain (soil solid phase), water and air respectively, S is

the degree of saturation, n is the porosity.

1.6.3.2 The volumetric heat capacity
The soil volumetric heat capacity Cy (J/m*°C) is defined as the change in heat content of a unit bulk

volume of soil per unit change in temperature. It is the product of the soil density (kg/m?®) and the
specific heat extraction c, i.e. the skill of a material to store heat energy.
C, = pc
Equation 1-27
C, of a soil aggregate depends on some soil characteristics such as the wetness, the density and the
mineral and/or organic composition of the solid phase. Its value for soil can be estimated as the sum

of the volumetric heat capacity of soil various components in relation of the state of the soil
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Cys = (1- 'I’l)ngg +nSpycyw + n(1 = S)pycy
Equation 1-28
Where the symbol s, g, w and a means soil, grain (soil solid phase), water and air respectively, S is

the degree of saturation, n is the porosity.

1.6.3.3 The soil thermal diffusivity
The thermal diffusivity os can be defined as the change in temperature produced in a unit volume by

the quantity of heat flowing through the volume in unit time under a unit temperature gradient or as

the ratio between the soil thermal conductivity and the product of the soil density and its specific heat.
A A

Ag =—— = ——
CSp CU,S

Equation 1-29
In the following tables the recommendations coming from different handbooks or regulations on the
average thermal properties for soils and rocks are summarized. Of course, these are simply general
indications and cannot be considered as alternative to site and laboratory testing for measuring the

thermal properties of a specific soil aggregate.

Table 1-1 - Some thermal properties for soils and rocks from handbook (ASHRAE, 2011)

Thermal conductivity [W/m°C] Thermal diffusivity [m*/day]
Soil
15% water 1,4-1,9 0,042-0,061
Heavy clay
5% water 1,0-1,4 0,047-0,061
15% water 0,7-1,0 0,047-0,055
Light clay
5% water 0,5-0,9 0,056
15% water 2,8-3,8 0,084-0,11
Heavy sand
5% water 2,1-2,3 0,093-0,14
15% water 1,0-2,1 0,047-0,093
Light sand
5% water 0,9-1,0 0,055-0,12
Rocks
Granite 2,3-3,7 0,084-0,13
Limestone 2,4-3,8 0,084-0,13
Sandstone 2,1-3,5 0,11-0,65
wet 1,44-2,4 0,065-0,084
Shale
dry 1,0-2,1 0,55-0,074

25



Chapter 1: An introduction to energy piles. The purpose of the research

Table 1-2 - Thermal properties for soils from (VDI 4640, 2001)

Volumetric heat capacity
Thermal conductivity [W/m°C] Density [kg/m3]
[MJ/m3/°C]
min max min max min max
Dry clay 0,4 1 1,5 1,6 1,8 2
Water saturated
1,1 3,1 2 2,8 2 2,2
clay
Dry sand 0,3 0,9 1,3 1,6 1,8 2,2
Water saturated
2 3 2,2 2,8 1,9 2,3
sand
Dry gravel 0,4 0,9 1,3 1,6 1,8 2,2
Water saturated
1,6 2,5 2,2 2,6 1,9 2.3
gravel
Quartzite rock 5 6 2,1 2,1 2,5 2,7

Table 1-3 - Thermal diffusivity values derived from the thermal property of VDI 4640, 2001

Thermal Diffusivity [m?s] Thermal Diffusivity [m?/day]
min max ave min max ave
Dry clay 2,67E-07 6,25E-07 4,46E-07 0,023 0,054 0,039
Water saturated
5,50E-07 1,11E-06 8,29E-07 0,048 0,096 0,072
clay
Dry sand 2,31E-07 5,63E-07 3,97E-07 0,020 0,049 0,034
Water saturated
9,09E-07 1,07E-06 9,90E-07 0,079 0,093 0,086
sand
Dry gravel 3,08E-07 5,63E-07 4,35E-07 0,027 0,049 0,038
Water saturated
7,27E-07 9,62E-07 8,44E-07 0,063 0,083 0,073
gravel
Quartzite rock 2,38E-06 2,86E-06 2,62E-06 0,206 0,247 0,226

Table 1-4 — Thermal conductivity ranges for some soils and rocks. Replotted from (Microgeneration Certification Scheme - Biomass

WG, 2015)
Thermal conductivity [W/m°C]
Type of rock

Min Max Recommended
Sand, dry 0,3 0,8 0,4
Gravel, dry 0,4 0,5 0,4
Unconsolidated Peat, soft lignite 0,2 0,7 0,4
rock Clay/silt, dry 04 1,0 0,5
Clay/silt, water saturated 0,9 2,3 1,7
Gravel. water saturated 1,6 2,0 1,8
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Claystone, siltstone 1,1 3,5 2,2
Sand, water saturated 1,5 4,0 2,4
Hard coal 0,3 0,6 0,4
Gypsum 1,3 2,8 1,6

Marl 1,5 3,5 2,1
Sandstone 1,3 5,1 2,3
Solid Sediments Conglomerates 1,3 5,1 2,3
Limestone 2,5 4,0 2,8
Dolomite 2,8 4,3 3,2
Anhydrite 1,5 7,7 4,1

Salt 5,3 6,4 5.4

Tuff 1,1 1,1 1,1

Vulcanite, alkaline to ultra-

alkaline e.g. andesite, basalt 1,3 2,3 1,7
Plutonite, alkaline to ultra- Gabbro 1,7 2,5 1,9
Magmatites alkaline o
Diorite 2,0 2,9 2,6
Vulcanite, acid to e.g. Latite, dacite 2,0 29 2,6
intermediate e.g. Rhyolite, trachyte 3,1 3.4 33
Syenite 1,7 3,5 2,6
Plutonite, acid to intermediate
Granite 2,1 4,1 3,4
Clay shale 1,5 2,6 2,1
Slight metamorphic Chert 4,5 5,0 4,5
Mica schist 1,5 3,1 2,2
) Moderately to highly Gneiss 1,5 3,1 2,2
Metamorphic rock )
metamorphic Marble 1,3 3,1 2,5
Amphibolite 1,9 4,0 2,9
Vulcanite, acid to .

) ) e.g. Rhyolite, trachyte 2,1 3,6 2,9

intermediate
Quartzite 5,0 6,0 5,5

1.6.4 Heat exchange between pile a soil — thermal behaviour
The heat exchange between the energy piles and the surrounding soil occurs mainly through

mechanisms of conduction and convection. The heat transfer in a concrete energy pile occurs by heat
convection between carrier fluid and wall of pipes and heat conduction between pipes’ wall and
concrete of pile and between concrete and soil. For these reasons usually the heat exchange between
pile and soil is simplified and the convection and radiation mechanisms are considered as negligible

(Rees et al., 2000).
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Heat transfer mechanism from the primary circuit of EPs to surrounding soil and vice versa during
heating or cooling phases is a complex mechanism that involves all the underground components of
geothermal system.

The HDPE loops heat exchanging incorporated within the energy piles, the heat exchangers fluid that
flows inside pipes loops and finally the concrete of the pile, constitute the primary circuit. Between
the fluid circulating into the pipes inside the pile and the surrounding soil there is of course a thermal
gradient which is influenced by the pile-soil thermal interaction (Faizal, Bouazza and Singh, 2016).
The larger dimensions of the diameter of the energy piles compared to traditional geothermal wells
ensure that it cannot be considered a thermal steady state (Loveridge et al., 2015). In fact, since the
concrete around the pipes can take several days to reach the steady state, the difference in the average
temperature between the heat exchanger fluid and the average soil temperature on the edge of the
exchanger cannot be considered constant. For this reason, thermal resistance of concrete could
become a fundamental parameter to improve thermal performances of energy piles.

The heat transfer between the primary circuit fluid and the soil is summarized by equation (Faizal,

Bouazza and Singh, 2016):

Equation 1-30
Where T and Ts are fluid and soil temperatures, respectively, and R is the total thermal resistance
transfer, given as:
Rtot = +Rfluid + Rpipe + Rconcrete + Rground
Equation 1-31

The resistance of the fluid is usually expressed as:

1

Ropoy = ——
Fid = 5 nmrh

Equation 1-32

Where r1; is the internal pipe radius, n is the number of pipes, and h is the convective heat transfer

coefficient [W/m?°C]. The pipe thermal resistance is given as:

o In (7, /7;)
pipe 2nmi,,

Equation 1-33
Where 19 is the pipe outer radius and 2, is the thermal conductivity of the pipe material [W/m°C].
Regarding thermal resistance of the concrete annular section, its steady state value could be calculated
with the equation of the thermal resistance of a cylinder, but an assumption must be made for the

effective inner radius of that cylinder refr.
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The concrete thermal resistance using the equivalent diameter approach is given as:

In (rp/ Tef f)
Rioncrete = )
c

Equation 1-34
where 1y, is pile radius, Ac is concrete thermal conductivity [W/m°C], and resr is the effective radius.

Reff = T'O\/H

Equation 1-35

Where n is the number of pipes. The equivalent cylinder approach does not consider actual

positioning of pipes. The mechanism is explained in Figure 1-11.
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Figure 1-11 — Simplified scheme of the heat transfer mechanism from the heat carrier fluid to the surrounding soil in energy pile

In this section only a very schematic description of the heat transfer process is done. In the following
chapters a critical review of the literature on the mentioned properties and on the heat transfer

processes is proposed. Some hints about the possibility to improve the heat transfer are also provided.

1.6.5 The underground temperature
To provide an optimal design for energy piles, the soil temperature at relatively shallow depth below

the ground surface should be known. In fact, because EPs use ground as a heat source, the amount of
energy exchanged between piles and soil and vice versa, is directly proportional to the temperature
difference between the ground and the piles. Moreover, because the temperature field in the ground
and in the pile may affect mechanical behaviour of both elements to know temperatures in soil is
fundamental for the global performances of EPs.

The ground temperature is affected by some factors such as the structure and physical properties of
the ground, external air temperature variations, climatic factors, topography, position of surface of
soil with regards to the sun, solar radiation, wind, rainfall, and surface cover (van Manen and Wallin,

2012).
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Because of the local influences of the mentioned factors, during the year the temperature of the soil
does not follow the same pattern everywhere (Islam, 2017).

If compared to the average annual air temperature wave valued monthly, the annual thermal wave in
the soil shows a greater damping in amplitude and a phase-shift with the increase of the depth. Only
for the upper crust made by the first few tens of cm the average annual temperature wave of the soil
tends to coincide with the air one (Baggs, 1983).

The soil temperature is constant at certain depths, and around 15 m in depth it is equal to the mean
annual air temperature (Rybach and Sanner, 2000). For this reason, at a given time the soil shows
lower temperatures compared to the air temperatures in the summer period. The reverse occurs in the
winter period.

In literature, generally three temperature zones can be distinguished subdivided for depth. The surface
zone between 0 m and 2 m, the shallow zone between 2 m and 15 m and finally the deep zone between
15 m and 50 m.

In the surface zone, the ground temperature is sensitive to diurnal variations. In this zone thermal
parameters of soil are important, but the temperature is affected above all by surface condition like
for example soil cover, wind velocity and the interaction with structures.

In the shallow zone, the ground is sensitive to seasonal weather variations. External climatic
conditions and details tend to become negligible but the presence of a groundwater and the interaction
with upper structures and buildings must be taken in account for thermal exchanges.

In the deep zone, the ground temperature is nearly constant and depends in the upper 20-30 m by the
geographic location.

Under 50 m the temperature behaviour is completely affected by the geothermal heat flux.

This subdivision is fundamental for the design of the energy piles because the main part of the energy
piles is installed in the shallow zone and results very important to know the yearly temperature trends
and cycles.

To determine design parameters, as well as the detailed soil properties, long-term soil temperature
measurement at different soil depths and over the time are needed. This process often results lengthy,
complicated, and expensive.

Because a detailed site survey is not always possible, to minimize costs and time designers and
researchers are in the need of more practical tools (Ozgener, Ozgener and Tester, 2013).

Over the years, many studied were carried out about the subsoil temperatures for different aims.
Kasuda and Achemback (1965) compiled and analysed 63 sets of data of 48 states of the USA for the
annual variations of monthly average earth temperatures at different depths. From this data, the

authors, through the least-squared method, calculated the annual average amplitude and the phase
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angle of the soil temperature distribution with the depth. The thermal diffusivity of soil was also
computed from the observed temperatures data.

Baggs (1983) developed a semi-empirical formula for assessing soil temperature as a function of time
and depth. Using coefficient data derived from the temperature measurement of 20 Australian
experimental sites, the author adapted for the southern hemisphere the mathematical models for
predicting the temperature profiles in the subsoil, already published for the northern hemisphere. This
formula was calibrated so that the result of the algorithm had the best fitting with the experimental
curve. The data needed to use the formula was provided by Baggs both through a map of Australia
showing temperatures in different areas and through a table showing the lag time between wave air
temperature and soil wave temperature in relationships of the thermal diffusivity (Figure 1-12).

The effects of the upper structures on soil surfaces were investigated by Mihalakakou et al. (1995)
and Popiel et al. (2001). In the first case, the aim was to research an accurate transient numerical
method to calculate ground temperature at different depth starting from the calculation of the heat
flow towards the ground from a building foundation. In the second case, instead, the investigation
was carried out comparing both a paver car park surface and a grass covered surface. It was found
that for bare soil (car park) in summer at depth of 1 m the temperature was higher than 4 °C in
comparison with the lawn underground, while in winter the temperature was the same. Moreover, the
experimental data showed a good agreement with Baggs’s formula.

A study to predict soil temperature for geothermal heat exchangers application was carried out by
Ozgener et al. (2013). The model was determined using principles of transient heat flow with the
assumption of one-dimensional heat flow, constant thermal diffusivity, and homogenous soil. To
validate the accuracy of the model, the predicted temperature was compared with temperature
measured in field test performed at the Ede University (Turkey) at depth of 5 cm, 10 cm, 20 cm, and
300 cm.

31



Chapter 1: An introduction to energy piles. The purpose of the research

Soil Thermal Diffusivity : 1000: 1500: 2000" 3000: 3500' 4000: 5000:

10%sec] B (day)" (day) () day)" (day)  (day):(day)
TR T ) "_;QV 4 %:;&E:E.’g’?‘::{y-‘
0.27 (0.25)+ 36 53 7 ‘“2::;2@:::3
0.32 (0.30)* 32 48 65 "/ X .-’
0.38 (0.35)* 30 45 60
0.43 (0.40)* 28 42 56
0.48 (0.45)* 26 40 52
0.54 (0.50)* 25 38 50
0.59 (0.55)* 24 36 48
0.65 (0.60)* 23 34 46
0.70 (0.65)* 22 33 44
0.75 (0.70)* 21 32 42 63 74 85
0.81 (0.75)* 20 31 41 61 n 82
0.86 (0.80)* 20 30 40 59 69 79 /
0.92 (0.85)* 19 29 38 58 67 77 %

*  Column B. Converted to (ftzday'])
** Zone A. : A1l figures to the right and above broken line shown

thus:
m indicate a seasonal lag of four months
or more (122-198 days).
*** 7one B. : All figures below the broken line of Zone A. and above
the broken line of Zone B. shown thus:%
- indicate
a seasonal lag of three/four months (91-121 days).

Figure 1-12 — Baggs (1983). Time delay in relationship of soil depth and thermal diffusivity

Many other studies about the temperature soil distribution prediction over the time were carried out
by authors in many parts of the world such as Chow et al. (2011) in China, Van Manen et al. (2012)
in New Zeeland, Pouloupatis et al. (2011) in Cyprus, Tinti et al. (2014) in Italy or Islam (2017) in
Bangladesh.

1.6.5.1 Ground temperature prevision in function of the time and the depth: a mathematical
approach
Because of the connection between the soil-surface and external environmental temperature

conditions and the irregular weather episodic phenomena, to predict the temperature soil profile is
not a simple task.

A pure harmonic (sinusoidal) function of time around an average value is the easiest mathematic way
to represent the fluctuating thermal regime of nature for all depth in soil.

The following equation is thus widely applied and especially if it is calibrated with field data can give
a good approximation for the thermal regime of the soil (Hillel, 1982):

T(z,t) =Ty + A, sin[wt + ¢(2)]
Equation 1-36

where:

T(z, t) is the temperature of soil at time t and depth z;
Tm is the average temperature of the soil;

z 1s the considered soil depth;

t is the considered time;
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A, is the amplitude at depth z;

¢(z) 1s the phase angle at depth z.

A; and ¢(z) are function of depth but not of time. The sinusoidal function derived by solving annual
variation of daily average soil temperature at various depths (Hillel, 1982):

oT(z,t)  0°T(zt)

a
at 0z?
Equation 1-37

where o is the thermal diffusivity.
The boundary condition used to solve Equation 1-37 regarding temperature at surface:
T(0,t) =T, + Ay sin(wt)
Equation 1-38

and temperature at infinite depth is constant and equal to T:
Equation 1-39

the solution is (Hillel,1982):

T(z,t) = Ty + Age ™ /d [sin(wt — g)]
Equation 1-40

where:
o is the radial frequency defined as 2n/P;
P is the period;
d is called damping depth and it is defined as the depth at which the temperature amplitude decreases
to the fraction 1/e (37%) of the Ao. Damping depth is linked to thermal diffusivity and radial
frequency o:

d= |—
w

Equation 1-41

when an arbitrary zero point is introduced (to) and because the addition of constants does not affect

the Equation 1-40, become:
_z Z T
T(z,t) =T, + Age™ /d [sin(w(t — ty) — ~=3)]
Equation 1-42

For any depth, the amplitude of the wave temperature is smaller of the quantity e compared to the

amplitude of the wave temperature at the soil surface and the phase shift of —z/d.
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Analysing the sinusoidal function, it can be decomposed in three parts: an average steady temperature,
a sinusoidal annual variation and a transient variation. While the last term depends on climatic change
during the period of calculation, the first two depend on geographical location and annual variations.
From the differences of amplitudes and the phases of the waves at two different depths, it is possible

to calculate thermal diffusivity:

w ) 1 2
% =(3) -2 (Ger =)

Equation 1-43

e Zy — 74
= (3) [4(zy, )]
In 2z, )P

Equation 1-44

where z; and z» are the selected depth, ¢ is the phase, o is the radial frequency and A is the amplitude

of wave temperatures at the different depths.

1.7 Conclusion: the role of energy geo-structures and the purpose of the research
In recent decades, the world’s energy policies have been aimed at combating the sudden phenomenon

of climate change on the one hand and an ever-increasing demand for energy on the other. The main
problem is the still strong dependence on fossil fuels, both for direct energy consumption and to
produce derived energy sources such as electricity. It has been demonstrated that the heating and
cooling of the indoor spaces, is the largest energy sector in the world as well as one of the main
contributors to direct and indirect emissions of CO; and other climate-changing gases that contribute
to global warming. Moreover, the large amount of energy expended in this sector is very often caused
by energy-inefficient heating/conditioning systems. One possible answer to this problem can be the
installation of high-performance systems that do not use fossil fuels directly. Geothermal heat pump
systems meet these requirements exactly. In recent years, the increasingly binding energy design
criteria imposed by the EU have led to the rapid development of this type of technology. However, it
does have its limitations, such as the space required for the installation of underground heat
exchangers or the drilling costs for installing them.

Energy piles represent a new technology currently available in which geothermal heat exchangers are
inserted into the pile foundations In this way, in addition to the dead and live loads of the upper
structures, energy piles are subjected also to thermal loads during the heat exchangers between the
piles and the surrounding ground. that should be taken into account both in Ultimate Limit State

(ULS) and in Serviceability Limit State (SLS) checks.

34



Chapter 1: An introduction to energy piles. The purpose of the research

The main topic developed in this research is the evaluation of the behaviour of energy piles subjected
to coupled thermo-mechanical loads through a series of experimental tests at both laboratory and field
scale, as well as through numerical analyses, contextualising them in the climatic and geological

context of Naples (south Italy).
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2 Literature review

2.1 Introduction
In this chapter a literature review about energy piles was proposed. The chapter was divided in two

main parts. In the first one, the mechanical aspects of energy piles were investigated while in the
second one the energy aspects and the thermal performances were analysed. After a brief description
of the tests the data collected by the literature both for mechanical and energy aspects were analysed
and discussed. The aim of the analysis of the mechanical tests, both for full scale and small-scale
tests, was to investigate the main change respect a traditional pile in terms of stress, strain and
displacements. On the other hand, the aim of the review of the energy performances of the energy
piles was to investigate on the main factors that affects the thermal performance during the pile work

and the effects of these factors on the mechanical behaviour of the pile.

2.2 Mechanical behaviour of a single energy pile
In this section the main results collected from the literature by field scale and small-scale tests were

summarized and analysed. After a separate review between full and small scale about the
methodology of the tests carried out, the main mechanical behaviours of the energy pile for both the
types of test were analysed. The results were collected with the aim of investigating the mechanical

behaviour about the axial response, shaft response, radial response and head displacements.

2.2.1 Field tests
Field tests represent the most direct and closest experimental choice to the real thermomechanical

behaviour of an energy pile.

Over the years, field scale mechanical tests were conducted and published. The data and results have
been collected, synthesised, and compared.

The tests were carried out on piles installed with different technologies (both bored and driven
concrete piles), with different aspect ratios and embedded in different soils. Some tests were
conducted on single energy piles and others on energy piles that were part of a group of piles. Some
piles were tested by means of dedicated load tests, others, instead, were tested with the real weight
force of the building above. In this analysis only well-documented cases were reported. A brief
description of the collected tests is given below, and the main data are summarised in Table 2-1.
One out of the first tests on the behaviour of energy pile and its bearing capacity under thermal loads
were carried out by Brandl (2006) on an instrumented concrete bored pile, 9 m in length and 1,2 m
in diameter, forming part of an operational GSHP system of 143 piles installed during the construction

of a rehabilitation centre in Bad Schallerbach, Austria.
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The effects of thermal load on shaft resistance of the pile and the energy extraction were analysed.
Subsequently, first Laloui et al. (2006), then Bourne-Webb et al. (2009) in Switzerland and United
Kingdom, respectively, carried out field tests on energy piles.

In the first case, at the Ecole Polytechnique Federale de Lausanne (EPFL) the tests were performed
on a drilled pile 0,88 m in diameter and 25,8 m in length equipped with a U-shaped configuration
pipe system for heat carrier fluid circulation located in the edge of s group of 97 piles. Mechanical
and thermal loads were applied on the pile separately and alternately to decouple the thermal and
mechanical effects. The mechanical load was applied by the weight of the building under construction
under which the piles were installed.

In the second case, Bourne-Webb et al. (2009) carried out a thermo-mechanical test on an energy pile
in the Clapham Centre of Lambeth College in South London. The test was carried out in a main test
pile 23 m in length and 0,60 m in diameter installed in a first thin layer of sand and gravel (about 4
m) and the remaining part of the pile in a layer of stiff, fissured silty clay. A vertical load of 1200 kN
applied against the reaction beam and anchor pile system on the main test pile was hold 46 of the 53
days. It was observed by the strain profiles a thermal-elastic response of the pile under the applied
loads. The mobilised shaft capacity was smaller than the ultimate resistance.

Singh el al (2015) and Wang et al. (2013, 2015), on the other hand, investigated on the effect of
heating and cooling cycles on the and shaft capacity and the radial thermal strain. In both cases it was
observed that that heating and cooling cycles did not affect the side shear capacity of the energy pile
and that after a gain of strength of the pile shaft resistance during the heating phase it was observed
a return to initial values when the pile was cooled.

Field tests at Denver Housing Authority Senior Living Facility in Denver, Colorado were carried out
by McCartney and Murphy (2012) first and by Murphy and McCartney (2015) later. In both cases,
two different energy piles of the same foundation placed beneath an 8-story building were tested. The
drilled concrete energy piles, called A and B, were both 0,91 m in diameter and respectively 14,8 m
and 13,4 m in length. It was observed that the side shear stresses provided resistance to thermally
induced movements. It was also observed that for complex soil layers it is not always possible to
appreciate a thermo-elastic behaviour of the system. According to the authors a thermo-elasto-plastic
model for the soil could better capture the observed behaviour.

The thermo-mechanical response during a heating and cooling test of three of eight full-scale energy
foundations constructed for a new building at the US Air Force Academy, were analysed in USA
(Kyle D. Murphy, McCartney, and Henry 2015). The drilled shaft instrumented piles were called

Foundation 1, Foundation 3, and Foundation 4, and were 0,61 m in diameter and 15,2 m in length.
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Santiago et al. (2016) carried out a field test on a reinforced concrete square cross section driven pile.
The pile had a length of 17,4 m and a section of 0,35 m side fully instrumented with vibrating ware
strain gauges with thermistors and optical fibre sensors. In the centre of the pile a double U-shaped
configuration of HDPE pipes were installed. It was a thermomechanical test in which the pile was
first subjected to a mechanical load of 1000 kN, and after to a thermomechanical test where
mechanical load was maintained and heating and cooling thermal loads were applied to the
foundation. The subsoil consisted of an alternation of sandy gravel, stiff and soft clay.

In the city of Xinyang in Henan Province, China, Luo et al. (2019) carried out a field test on two
different drilled energy piles equipped with double U-loop pipe configuration and spiral
configuration, respectively and embedded in stiff sandstone. The U-loop pipe configuration EP was
0,6 m in diameter and 18,5 m in length while the other one was 0,8 m in diameter and 13,0 m in
length. The authors observed the axial and radial movements of the piles and the radial-strain
development and its contribution to pile settlement subjecting the pile to a heating-recovery-cooling-
recovery cycle. It was observed that during the heating cycles, shaft friction was mobilized, and
consequently measured strains was less than free conditions strains. In cooling phase, on the other
hand, if the pile was not subjected to mechanical loads, the axial strains measured were close to free
expansion condition while, with the application of the external mechanical load, the strains decreased.
The radial stress and the behaviour of EPs under cyclic thermal loads were analysed by Faizal et al.
(2018, 2019a, 2019b). By the tests it was observed that a minimal resistance was provide by the
surrounding soil. For this reason, radial stress was not considered a problem for pile/soil interaction
for the typical setting of cast-in-place concrete energy piles. The same conclusion was also found
when the mechanical load on the pile reached values approximately equal to 52% of the ultimate
capacity of the pile or considering daily cyclic thermomechanical loads. In fact, in these cases, the
radial thermal stresses had negligible values if compared to the axial one and the skin friction of the
pile was not affected by the radial thermal expansion/contraction of the pile. Moreover, it was
observed that thermal axial strain resulted uniform along the pile but, when the mechanical load was
applied an increase of stresses near the pile head was observed. Consequently, the stress distribution
was not uniform as the purely thermal case.

The field tests carried out by Sutman et al. (2015, 2019) in USA (Texas), highlighted that during
heating and cooling tests, the location of the dominant restriction affected the induced axial stresses
and the mobilization of shaft resistance distribution. Moreover, the effects of the end-restrain
disappeared moving away from the dominant restriction.

Finally, a full-scale test on driven energy pile was carried out by Jiang et al. (2021). The pile, 0,4 m

in diameter and 15 m in length embedded in medium dense silt was subjected to heating-recovery

41



Chapter 2: Literature review

and cooling-recovery cycles under different mechanical loading levels. From the test the authors
found that for thermal cycles the pile settlements were affected by the level of the mechanical loading
and that the thermal cycle history affected the pile settlement rate provided by mechanical loads. A

comparison in difference between driven and bored pile was also done.

Table 2-1 - Field tests on single energy piles

End restrains Mech. Applied
Constructive Single/piled
Author L [m] D [m] (Floating/ Soil load mechanical Thermal load
technique raft
End-Bearing) applic. load [kN]
Clayey-sandy ATmin=-14 °C
(Brandl 2006) 9,0 1,2 Bored Piled raft Floating Building 500 - 900
silt ATmax="7 °C
(Laloui, Nuth, Soft 0(TD) AT=21°C (T1)
and Vulliet 25,8 0,88 Bored Piled raft End-Bearing clay/sandston | Building | 1183 (T2-T6) AT=15°C
2006) e 1088 (T7) (T2-T7)
(P. J. Bourne- Standar
ATmin=-19 °C
Webb et al. 23 0,60 Bored Single Floating London clay d load 1200
ATmax= 29,4 °C
2009) test
(McCartney and
Murphy 2012)
14,8 (A) 3840 (A) ATmin = -5 °C
(K. D. Murphy 0,91 Bored Piled raft End-Bearing Clayrock Building
13,4 (B) 3640 (B) ATmax = 14 °C
and McCartney
2015)
(Kyle D.
Murphy,
15,2 0,61 Bored Piled raft End-Bearing Sandstone Building 883 ATmax =18 °C
McCartney, and
Henry 2015)
(Bill Wang et Very dense Bottom- 1700 Tin =38°C
16,1 0,60 Bored Single End-Bearing
al. 2015) sand up 1750 Tin =46°C
U)
ATmin =-6,8 °C
Standar
(Luo et al. 13 (2U) 0,80 Stiff 0 ATmax = 12,9 °C
Bored Single End-Bearing d load
2019) 18,5 (S) 0,60 sandstone 1600 (S)
test
ATmin =-12,4 °C
ATmax = 24,4 °C
(Sutman,
Olgun, and
(P1) Very
Brettmann (P1) 15,24 (P1) E-Bearing
dense sand Standar 0
2015) (P2)9,14 (P2) Floating Tmax=45 °C
0,457 Bored Single (P2) stiff clay d load
(Sutman, (P3) 15,24 (P3) E-Bearing Tmin=8 °C
(P3) Very test
Brettmann, and
dense sand
Olgun 2019)
Standar
(Singh et al. 1650
16,1 0,60 Bored Single Floating Sandy soil d load Tmax=41 °C
2015) 1850
test
0,35 Standar
(Santiago et al.
2016) 17,4 (square Driven Single End-Bearing Sandy gravel d load 1000 ATmax=17°C
section) test
(Akrouch, 40— 100 —
Tensile
Séanchez, and 5,50 0,18 Bored Piled raft Floating Stiff clay Load 150 - 200 - AT=10-15°C
02
Briaud 2014) 256
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Monotonic
heating T=45°C
Monotonic
(Faizal et al. Dense sand cooling T=5°C
16,1 0,60 Bored Single Floating No load -
2018) Heating cycle
T=30-55°C
Cooling cycle
T=7-16°C
(Faizal et al. Unsaturated
16,1 0,60 Bored Piled raft End-Bearing Building 1404 AT=24,1°C
2019a) sand
(Faizal et al. Unsaturated Cycles
16,1 0,60 Bored Piled raft End-Bearing Building 1404
2019b) sand AT=-8°C; 5°C
Standar
(Jiang et al. Medium 0, 315, 630, AT=30°C; AT=-
15 0,40 Driven Single Floating d load
2021) dense silt 945, 1260 9°C;
test

2.2.2 Small-scale tests
Although field tests are more representative of the real behaviour of an energy pile, for several reasons

such as the expensive costs or the impossibility of checking the boundary conditions, the small-scale
tests represent a possible alternative to field test. Small-scale test can be carried out by centrifuge or
by 1-g physical model.

The centrifuge method has the advantage respect the 1-g physical model to be able to reproduce
satisfactorily more realistic stress field in the subsoil surrounding the pile. On the other hand,
centrifuge test needs specific equipment to be carried out and are of course more expensive than 1-g
physical model.

Centrifuge tests were carried out both on small-scale concrete piles (McCartney and Rosenberg
2011), (Stewart and McCartney 2012, 2014), (Goode and McCartney 2015), and small-scale
aluminium piles (Ng et al. 2014).

During the tests the thermo-mechanical effects on the side shear capacity was investigated, and the
measurement of the load-settlement curves were evaluated using load transfer analysis (McCartney
and Rosenberg 2011). Also the axial strains, the head displacements and stress distributions
considering fixed-end boundary condition were analysed (Stewart and McCartney 2012, 2014)
observing a gain of compressive stress near the pile toe during the heating phases.

The effects of different soils (dry sand or unsaturated silt layers) and different boundary condition of
the pile end-restraining (floating and end bearing pile) were investigated by Goode and McCartney
(2015). The aim of the test was to quantify the end restraint boundary conditions impact on the
distribution of the thermal axial displacement and stress of the foundation.

The effects on pile behaviour considering different soils (overconsolidated kaolin clay and heavily
overconsolidated kaolin clay) were investigated also by Ng et al. (2014) on two small-scale tests in
centrifuge on floating energy piles using an aluminium pile. The aim was to investigate about the pile

behaviour under the influence of the induced temperature variations.
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1-g model small-scale tests were carried out both on aluminium/steel and concrete piles embedded
both in dry sand and clay.

In tests carried out on aluminium piles in dry sand (Kalantidou et al. 2012), (Neda Yavari et al. 2014)
(Nguyen, Tang, and Pereira 2017), the thermomechanical behaviour of the pile subjected to thermal
cycles under different constant mechanical axial loads was investigated. From the experiments, all
the authors found a thermo-elastic behaviour of the pile subjected to thermal cycles when the
mechanical loads did not reach some values in percentage than the pile bearing capacity. On the
contrary, irreversible pile settlements were observed when the mechanical loads limit was surpassed.
Moreover, it seemed also that under a constant mechanical load, pile settlements increased with the
increase of the number of cycles (Nguyen, Tang, and Pereira 2017).

The change in pile behaviours compared to the mechanical loads applied on the pile head was also
investigated by Yavari et al. (2016) for an aluminium pile embedded in clay. Wu et al. (2019) adopting
a steel small-scale model embedded in normally consolidated clay and subjected to thermomechanical
cyclical loads also investigated the effects of different climatic conditions considering both end-
bearing and floating piles. In addition, were assigned boundary conditions that simulated warm/cold
balanced climate, warm-dominated climate regions, and cold-dominated climate, respectively.
Adopting concrete small-scale model of energy piles, in some case it was possible also to investigate
the effects of different pipes configurations on the energy pile thermomechanical behaviour.

Two small-scale tests were carried out by Wang et al. (2016, 2017) to study the behaviour of concrete
energy pile with or without mechanical load and considering different heat exchanger configuration
in dry sand. In the first test (Cheng long Wang et al. 2016) the authors carried out a small-scale test
to evaluate the difference in behaviour of the energy pile during the heating and the cooling with and
without the presence of a vertical mechanical load on pile head. It was found residual thermal stress
after a heating and cooling cycle. Moreover, the vertical load also affected the pile displacements. As
a matter of fact, the pile head heaved under heating loads 143% compared to the case with vertical
load. The same occurred during cooling test. In the second study the thermomechanical behaviour of
semi-floating concrete energy piles subjected to heating—cooling cycles was investigated by authors
(Cheng-long Wang et al. 2017). The test was carried out comparing piles equipped with different pipe
configuration embedded in dry sand. It was observed the pile equipped with the W-shaped pipe
configuration had the larger settlements values compared to other piles. Finally, Elzeiny et al. (2020)
investigated on the thermo-mechanical performances of a small-scale concrete energy pile embedded
in dry sand and subjected to different number of heating cycles followed by axial pull-out load. From
the test the authors found that after 5 and 100 heating cycles, the peak pull-out load increase of 30%

and 27% then the baseline value. It was attributed to effects of ratcheting.
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In Table 2-2 small-scale test on energy piles are summarized.

Table 2-2 - Small-scale tests on energy piles

Pile Mechanical
Author L [m] D [m] Soil Type of test Thermal load
Material load
(McCartney and Monotonic AT=35°C
0,381 0,0762 Concrete Bonny silt Centrifuge 0,2 mm/min
Rosenberg 2011) Monotonic AT=45°C
(Stewart and
0,5334 0,0508 Concrete Unsat. silt Centrifuge 303 kN Monotonic AT max=22°C
McCartney 2012)
(Stewart and
0,5334 0,0508 Concrete Unsat. silt Centrifuge 443 kKN Monotonic AT max=30°C
McCartney 2014)
Lightly OC clay 96 kN
(Ng et al. 2014) 0,420 0,022 Aluminium Centrifuge 5 cycles AT =11°C - AT =-9°C
Heavily OC clay 192 kN
Monotonic AT =0°C
Monotonic AT =7°C
0,3429
Monotonic AT =12°C
Dry sand
Monotonic AT =18°C
Monotonic AT =11,1°C
(Goode and McCartney 0,5334
2015) 0,0635 Concrete Centrifuge 360 kN Monotonic AT =11,8°C
Monotonic AT =0°C
0,3429 Monotonic AT =10°C
Unsaturated silt Monotonic AT =18°C
Story AT =0°C - 9,5°C — 14,7°C —
0,5334
15,9°C -6,1°C
0 kN
Fontainebleau 0,2 kN
(Kalantidou et al. 2012) 0,6 0,002 Aluminium 1g model 2 cycles AT =25°C - AT =-25°C
dry sand 0,4 kN
0,5 kN
0 kN
0,1 kN
(Neda Yavari et al. Fontainebleau 0,15 kN
0,6 0,002 Aluminium 1g model 2 cycles AT =15°C - AT =-15°C
2014) dry sand 0,2 kN
0,25 kN
0,3 kN
0,1 kN
0,15 kN
(N. Yavari et al. 2016) 0,6 0,002 Aluminium Saturated clay 1g model 0,2 kN 2 cycles AT =5°C - AT =-5°C
0,25 kN
0,3 kN
0 kN
(Nguyen, Tang, and 0,1 kN
0,6 0,002 Aluminium Dry sand 1g model 30 cycles AT =1°C - AT =-1°C
Pereira 2017) 0,2 kN
0,3 kN
(Cheng long Wang et Dry Nanjing 0 kN
1,4 0,104 Concrete 1g model AT =30°C - AT =-10°C
al. 2016) sand 10 kN
(Cheng-long Wang et Dry Nanjing
1,4 0,104 Concrete 1g model 10 kN 3 cycles Tin=55°C - Tinti=11°C
al. 2017) sand
Dry Nanjing 0 kN
(Liu et al. 2018) 1,4 0,104 Concrete 1g model AT =9°C - AT =-1,5°C
sand 10 kN
5 cycles AT =20°C - AT =-20°C
Normally
AT =20°C
(Wu et al. 2019) 0,45 0,023 Steel consolidated 1g model 0,147 kKN
AT =-20°C
clay
No thermal load
Various
(Elzeiny et al. 2020) 1,098 0,102 Concrete Dry sand 1g model 100 cycles AT =20°C

tensile forces
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2.2.3 Acxial response: vertical strain and vertical stress
The distributions of vertical strain and stress along the pile, depend on the boundary conditions of the

pile end restrain and on the surrounding soil stiffness (Laloui, Nuth, and Vulliet 2006). Generally, the
pile heating induces expansive strain and, vice versa, the cooling induces a contraction of the pile.
In the semi-floating pile studied in the field test carried out in Lausanne (Laloui, Nuth, and Vulliet
20006) it was observed that at the pile toe thermal axial stress was much larger than the mechanical
one. Moreover, while the mechanical axial stress tended to decrease with depth (almost zero at the
toe) the thermal stress was uniform with depth. It was found that for the only thermal load test (free
displacements for pile head), strain during the heating period were non-uniform and influenced by
the friction along the pile shaft. During the cooling phase, a thermo-elastic linear behaviour was
observed, and the magnitude of the strains depended on the type of surrounding soil. It was observed
that the axial force induced by the thermal loads were larger and quite uniform compared to the force
induced by the mechanical one, which was maximum at the pile head and almost zero at the toe. A
temperature increment of 1 °C resulted in an additional temperature-induced vertical force on the
order of 100 kN and consequently, the total axial load in the pile was twice as large as the one due to
purely mechanical loading, with a large stress at the pile tip. Even if it was not possible to determinate
the influence of thermal cycles on the ultimate resistance of the pile, also in the test carried out by
Bourne-Webb et al. (2009), it was observed by the strain profiles a thermal-elastic response of the
pile under the applied loads. Moreover, the mobilised shaft capacity was smaller than the ultimate
resistance.

Some conclusions can be found in Faizal et al. (2019a, 2019b) where for thermal loads, the energy
pile showed an elastic behaviour and strains at the end of the thermal cycles returned to the initial
values. Moreover, the authors observed a substantial difference between thermal and
thermomechanical loads in terms of stress distribution along the pile. The former, in fact, provided a
rather uniform distribution of strain along the pile. When the mechanical load was added to thermal
one, near the pile head were recorded the higher axial stresses for the pile.

The distribution of stress/strain is affected by the position of the dominant restriction. It was well
showed both in the field test carried out by Sutman et al. (2019) and in the field test carried out by
Murphy et al. (2015) where it was observed that for the three foundation, even if the heating provided
a uniform distribution of the temperature along the piles, the maximum compressive thermal axial
stress occurred at a depth between the 72-78% of the pile length.

Anyway, differently from field scale, the main portion of 1 g small-scale physical model in dry sand

(Neda Yavari et al. 2014; N. Yavari et al. 2016; Cheng long Wang et al. 2016; Kalantidou et al. 2012;
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Nguyen, Tang, and Pereira 2017) found that mechanical load induced irreversible axial strains and
stresses during the application of the thermal load (cyclic or monotonic).
On the other hand, for the centrifuge models was found that strains along the pile were function of
the mobilised side friction and, that the heating thermal loads induced in the pile compressive strains
larger than the strains induced by mechanical load. End-bearing piles in compacted silt showed larger
values of thermal axial stresses than semi-floating piles in sand. It was attributed to the restrain of the
toe and the stiffness of the compacted silt (McCartney and Rosenberg 2011; Stewart and McCartney
2012; Goode and McCartney 2015).
A possible explain to this contrast between 1g model and field scale could be found in the difference
in the initial stress boundary condition due to installation technique of the pile or more on the way in
which the soil was prepared for the small-scale model. In addition, Faizal et al. (2019b) outlined the
difference in the safety factor of the full-scale piles designed for building dead load compared to the
small-scale piles. The authors supposed also that the difference in pile behaviour could be attributed
to the soil stiffness. They concluded that the dense sand found in the site test contributed to the
reversible energy pile thermal responses through a higher resistance to thermal strain.
In Figure 2-1 the axial stress versus the temperature change in heating phase were plotted for some
field tests. To consider the difference of stiffness of surrounding soil with depth, the data also reported
the normalized depth, i.e. the ratio between the depth and the pile length at which the data was
collected. The data included both thermomechanical tests and only thermal one. An increasing trend
of axial stresses could be observed with increasing temperature. In any case, the value of the stress
also depended on the degree of restraint possessed by the pile at the depth considered and by the test
1.e. if only thermal loads were applied on pile or thermal and mechanical at the same time.
It was clear that thermomechanical tests had an axial stress increment almost three times than the
only thermal load tests (333 kPa/°C and 244 kPa/°C for thermomechanical tests versus 121 kPa/°C
and 106 kPa/°C for the only thermal load tests).
Moreover, the difference between the results depended also on the degree of restrain of the pile.
To consider this variable, in Figure 2-2 the axial tension was normalised with respect to the maximum
theoretical stress value attainable by each pile under perfect restraint conditions and calculated as:

Otheo,fixed = ApiteEpie AT

Equation 2-1

Where oyie 1s the coefficient of thermal expansion of the pile, Epie is the Young modulus of the pile
and AT is the difference of temperature considered.
As shown in Figure 2-2 the value of the normalized axial stress is variable with the temperature

increase. It could be observed, in fact, that some piles tended to have a constant value of the degree
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of restrain, while in other cases the values tended to increase with the temperature with different

tends.
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Figure 2-2 — Normalized axial stress vs the temperature increment for some field tests
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2.2.4 The shaft response
Thermal strain induced by thermal loads alters the initial stress at the interface between pile and soil

even changing the mobilized shaft resistance direction (P. J. Bourne-Webb et al. 2009). When the
pile is heated, in fact, it tends to expand around the null point and the opposite effect is induced by
the cooling. To ensure the equilibrium, shear stress at the pile shaft is mobilized in opposite direction
of piles thermal displacements. The value and magnitude of the shear stress depend on the applied
thermal loads and on the pile restrain boundary conditions.

In field test carried out in Lausanne (Laloui, Nuth, and Vulliet 2006) and London (P. J. Bourne-Webb
et al. 2009), semi-floating and a floating pile were tested, respectively. Laloui et al. (2006) concluded
that temperature did not affected the friction resistance and that during heating a relief of side friction
mobilization was observed. On the other hand, Borne-Webb et al. (2009) observed that the shaft
resistance increased and decreased when the temperature changed. In particular, the shaft resistance
mobilization resulted greater in heating than in cooling mode. Amatya et al. (2012) attributed this
phenomenon to the radial expansion of the pile diameter during the heating phase that contributed to
increase the horizontal normal stresses at the pile/soil interface and so the shaft resistance of the pile.
The opposite effect was induced by the pile cooling where the contraction of the pile section reduced
the normal axial stress decreasing so the shaft resistance.

Anyway, a reduction of the shear resistance in cooling phases was not observed in the case of
overconsolidated soil in which, the soil tended to return to its initial state (Mimouni and Laloui 2015).
The same results of Bourne-Webb (P. J. Bourne-Webb et al. 2009) was achieved also in small-scale
centrifuge test for a pile model in unsaturated silt (Stewart and McCartney 2014), or for pile model
in dry sand (Cheng long Wang et al. 2016).

Wang et al. (2015) observed that for a full-scale pile embedded in very dense sand there was an
increase of the pile shaft resistance during the heating and that the shaft capacity returned to initial
conditions when the pile was cooled. This elastic behaviour was also confirmed by the test carried
out by Faizal et al. (2019b) for a similar pile, embedded in a similar soil and loaded by a residential
building.

An increase of the pile load capacity after a heating phase was found during the field test carried out
by Shing et al. (2015). The authors attributed it to an increase of the pile side shear load capacity due

to pile expansion and to a possible frictional resistance increase because of the drying.

2.2.5 The radial thermal response
As said in previous sections, the radial expansion/contraction of the pile under thermal loads could

be a reason for the ultimate capacity increase/decrease because of the change in the pile/soil interface

stresses.
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This phenomenon was considered both for field test in cohesive soils (Laloui, Nuth, and Vulliet 2006;
Mimouni and Laloui 2015) and cohesionless soil (Bill Wang et al. 2015; Faizal et al. 2018, 2019a,
2019b; Luo et al. 2019) and for small-scale centrifuge tests in compacted silt (McCartney and
Rosenberg 2011; Goode and McCartney 2015).

Contrasting results were found. Wang et al. (2015) observed a thermoelastic behaviour of the pile
embedded in very dense sand. At the end of the heating and cooling periods the average
circumferential strains of the pile were relatively uniform and no change with depth of them was
observed. In addition, there was a full recovery during the cooling period of the initial strain.

The same pile behaviour was observed by Faizal et al. (2018, 2019a, 2019b). In any case, it was found
that axial strain was more restricted than the radial one with measured radial strains 40% higher than
axial strains at the same depth.

In the field test carried out by Lalui et al. (2006) also the thermal radial strains resulted lager than the
axial one. In fact, it was found that at a depth of 16 m with a pile temperature of 21 °C the axial
thermal strain was about 160 pe while the radial one was 450 pe. For a pile temperature change of 3
°C, instead, at the same depth, it was observed radial thermal strains of 100 pe and axial thermal strain
of 30 pe.

McCartney and Rosenberg (2011) and Goode and McCartney (2015) observed that in energy piles
the radial thermal expansion could affected the pile ultimate capacity for monotonic heating thermal
loads. In the small-scale physic model 1-g carried out by Wang et al. (2017) was observed that after
each of the three thermal cycles imposed in the test, there was no recovery of the horizontal effective
stresses because of a non-recovery of initial temperature conditions. Anyway, the pile equipped with
the W-shaped configuration showed the greater horizontal stresses values. At the end of the cycles
the peak of horizontal stress was observed but at the end of the tests the horizontal stress resulted

nearly recovered.

2.2.6 Temperature induced displacements
The serviceability and safety of structures on piles is affected by settlements/displacements of the

foundation. The magnitude of EPs displacements depends both on the Null Point (NP) location (and
consequently on the type and the stiffness of external restraints) and obviously on the thermal or
thermomechanical loads conditions. Moreover, thermal displacements are directly proportional to the
linear/volumetric thermal expansion coefficient and to the pile geometry. Material and length of pile,
for instance, play a fundamental role for the final displacement value.

As already discussed in previous sections, heating loads always induce to a heave of the EP head.
The opposite happens for the cooling mode. When a compressive load, provided directly by the

superstructure or by a hydraulic jack during a test, is added to thermal loads, the pile behaviour could

50



Chapter 2: Literature review

change. In this case, the mechanical load provides additional settlements of pile head. So, when a pile
is heated, the effects of the expansion tend to reduce the head settlements, on the other hand, when it
is cooled the verse of the mechanical and thermal displacements are in accordance and settlements
are amplified.

In the field test carried out by Santiago et al. (2016) it was observed that for a square section concrete
pile embedded in sandy gravel, after a heating phase of about five days the pile achieved a maximum
displacement of 1,4 mm. Anyway, after stopping the heating the pile head had a residual upward
displacement of 0,4 mm. In cooling phase Jiang et al. (2021) observed an elastic-plastic pile behaviour
of a full-scale driven pile. The authors observed also that the mechanical loads magnitude and the
cycles history of thermal loads affected both the pile heave in heating and the pile head settlement in
cooling phase. Moreover, it was also noticed that the pile construction technique affected the head
displacements result with less normalized thermal-induced settlement developed for the driven
energy pile compared to bored one. It was attributed to the different effects of the pile construction
techniques on surrounding subsoil.

In small-scale tests, also, the magnitude of the mechanical load and the thermal history seemed to
play a principal role.

For physical 1-g model of pile embedded in dry sand, also, similar results were found (Kalantidou et
al. 2012; Neda Yavari et al. 2014; Cheng-long Wang et al. 2017; Nguyen, Tang, and Pereira 2017).
In small-scale test carried out by Kalantidou et al. (2012) the behaviuor of the energy pile subjected
to thermal cyles and four differet costant axial loads was investigated. It was found a themo-elastic
bheaviour for a pile subjected to thermal cycles and axial loads below the 40% of the ultimate
capacity. Anyway, during the heating phases the pile heave was lower than the free thermal expansion
of the pile. According to authors it was due to the settlements of the pile toe.

The same approach was followed in the test carried out by Yavari et al. (2014). The pile was subjected
to seven different axial loads and thermal cycles. It was observed that only for axial load below 30%
of the pile estimated bearing capacity the energy pile had a thermo-elastic behaviour both for heating
phases and cooling one. Anyway, over this axial load limit, the pile changed the behaviour and
significant cumulative settlement was observed and axial force at pile toe gradually increased over
the cycles.

From the small-scale test on aluminium piles carried out by Nguyen et al. (2017), instead, longer
thermal cycles were considered to observe the long-term behaviour of the pile. It was subjected to 30
cycles and different axial loads. In this test, also, was observed that the magnitude of the applied axial

load changed the final head pile displacements. Irreversible pile head settlements were provided in
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any case during the first heating/cooling cycle and the greater the mechanical load applied to the pile
head the larger the irreversible part of the settlements.

Anyway, also for small-scale concrete pile similar results were observed (Cheng-long Wang et al.
2017). From this test, indeed, was observed that the piles axially loaded up to the 50% of the failure
load and subjected to three circles of heating-cooling, presented irreversible increasing settlement for
each cycle.

In the test carried out by Yavari et al. (2016) the pile embedded in saturated clay was subjected to
incremental loads. It was found irreversible settlements for lower percentages of load relative to the
ultimate pile load than those seen for dry sand tests. In fact, irreversible settlements were already
recorded when an axial load of more than 20% of the ultimate load was imposed. After one cycle, the
magnitude of the irreversible settlement was less than the 0,5% of the pile diameter.

In the test carried out by Wu et al. (2019) a pile was subjected to different inlet temperatures to
simulate warm-dominated, cold-dominated or balanced climate considering both floating piles and
end-bearing pile. It was found after five cycles larger irreversible displacements of floating piles
compared to the end-bearing one under warm/cold balanced climate while the smallest irreversible
displacement was recorded under cold-dominated climate.

As regarding the small-scale test in centrifuge similar tests were carried out both in clay and silt (Ng
et al. 2014; Stewart and McCartney 2014).

Ng et al. (2014) studied the displacements of a pile embedded both in lightly and heavily
overconsolidated (OC) clay. The piles were subjected to five heating/cooling cycles under constant
working load. In any case cumulative irreversible displacement was found. In the case of lightly OC
clay, it corresponded to 3,8% of the pile diameter while for the heavily case it corresponded to 2,1%
of pile diameter.

On the other hand, in the test carried out by Stewart and McCartney (2014) on an end-bearing pile in
unsaturated silt no irreversible settlements were found during heating and cooling cycles. A possible
explain was provided by the authors which referred the occurrence to the end-bearing status of the
pile.

The effect of the thermal cycles on full scale and small-scale pile was summarized in next graphs.
Regarding the full-scale tests, in Figure 2-3 the piles head displacements versus the temperature
during the heating phase of the tests were plotted. It was possible to notice a linearity between the
head pile heave and the increase of the applied thermal loads. Anyway, the magnitude of the
displacements for the considered tests depended on some external factors such as the presentence of
the mechanical load with the thermal one and on the degree of restrain of the pile. By the graphs, in

fact, it was possible to notice that the larger values of displacements were obtained for the T1 test
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carried out by Laloui et al. (2006) where only thermal loads were applied on the pile. On the other

hand, when a thermomechanical load was applied the values of the displacements was lower. In

Figure 2-4 the displacements were normalized respect the maximum theoretical displacements for

each pile. The graph confirmed that the test where only thermal loads were applied was the nearest

to condition of free pile both in heating and cooling phase. Anyway, for all the piles, a certain

difference in behaviour was observed between the heating phase of the test (full symbols) and the

cooling phase (empty symbols) for the same temperature.
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Figure 2-3 — Pile head displacements against the temperature variation for field tests (H=heating)
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Figure 2-4 Normalized pile head displacements against the temperature variation for field tests both for heating and cooling phase
(H=heating, C=cooling)
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1g small-scale tests of pile embedded in sand and piles embedded in clay are summarized.

In Figure 2-5 the normalized displacement versus the temperature differences are represented for the

heating (full symbols) and cooling phase (empty symbols), respectively for the tests in sand. For each

test the mechanical load applied on the pile was reported in terms of percentage respect the ultimate

capacity bearing, in the breakers in the legend of the graph. It was observed that as the mechanical

load applied to the pile head increases, the normalised values of the displacements during heating are

always smaller than the unit value (theoretical case). The test carried out by Yavari et al. (2014) shows

negative values because it was the only test in which the cooling thermal load was applied before

heating. On the other hand, it was observed that in the cooling phase, the normalized displacements

values were higher than the unit and in some cases, were the applied mechanical load were very close

to the ultimate capacity (95%) the value of the normalized displacements had approximately an order

of magnitude greater than other cases.
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Figure 2-5 - Small-scale tests in sand. Normalized displacements against the temperature (H=heating, C=cooling, Qu=Ultimate load)
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Considering the number of the cycles, in Figure 2-6 it was possible to notice the impact of the

mechanical loads on the displacement trend. In fact, it was observed that for many cycles, as the load

applied to the pile head increased, so did the displacements.
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Figure 2-6 - Small-scale tests in sand. Displacements percentage against the number of cycles (Qu=Ultimate load)

The effects of the number of the cycles were considered also for the small-scale piles embedded in

clay. In this case, the applied mechanical loads were the same in percentage, but the degree of

constrain of the pile changed (Figure 2-7). To compare the different tests, the displacements were

normalized respect the pile diameters. It was possible to observe the impact of the soil stiffness

already at the end of the first cycle. Moreover, it was observed that the end bearing piles tended to

have less displacements than the floating one at the end of the cycles.
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Figure 2-7 — Small-scale tests in clay. Displacements percentage against the number of cycles (OC=overconsolidated)

55



Chapter 2: Literature review

2.3 Energy piles thermal performances
Due to its dual intrinsic structural and energetic nature, the energy pile needs special care in the design

stage. Differences in heat transfer performance and in temperature cycles bring to different thermo-
mechanical behaviours due to an alteration of the soil and soil/pile interaction that could affect the
thermo-mechanical structural and geotechnical behaviour of axially loaded EP (Brandl 2006; Elzeiny
et al. 2020; Cheng-long Wang et al. 2017).

Heat performances in EPs depend on different factors that could be investigated starting from the
experience on vertical boreholes heat exchangers (VBHE:).

The temperature level in heat exchangers depends on two groups of parameters (Eskilson 1987;
Hellstrom 1991). The first group is related to soil thermal conditions and properties such as the
undisturbed soil temperature, the amount of heat rejected or absorbed from the ground over time or
the thermal conductivity and the thermal diffusivity of the soil. The second group, instead, is related
to the design and construction of the borehole i.e. the diameter of the borehole, the diameter and
thickness of pipes, the number and the arrangement of pipes in the borehole, pipe and grout thermal
conductivities and the convection heat transfer characteristics at the inner surfaces of the pipes.

As regarding EPs, instead, according to Bozis et al. (2011) thermal performances of energy pile
depends on the number of pipes, configuration, dimensions of pipes and the flow specifications inside
the pipe.

According to Suryatriyastuti et al. (2012) the heat transfer rate depends on energy performances
(COP) of heat pumps and the soil thermal and hydrology properties such as saturation degree, thermal
conductivity, and specific heat extraction.

According to Park S. et al. (2016) because conduction is the main mechanism of heat transfer from
energy piles and soil, the energy performance is linked to the thermal conductivity of medium,
temperature difference between ground and fluid, the contact area of heat exchange pipe, and the
length and diameter of borehole. Also flow rate of the carrier fluid has an important role because the
rate of heat transfer from the fluid to the pipe wall largely depends on the convective condition of the
fluid.

According to Batini et al. (2015), the energy and geotechnical performances of energy piles are
affected by different factors such as different site layout, foundation geometry, pipe configuration
and soil and foundation material property while geotechnical performances vary for restrain condition
and applied thermal loads. Energy demand of the superstructures and thermal performances of energy

piles affect thermal loads.
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According to Brandl (2006) diameter and length of pipes, roughness of pipe wall, thermal property,
density, viscosity, flow velocity and flow conditions (laminar or turbulent) of the carrier fluid that
flow in pipes should be considerate in order to optimize the absorber pipes system.

The heat flow rate of an EP is the ratio between the heat power extracted or injected from/into ground
by an EP and the pile length [W/m]. It represents a simple way to evaluate and compare thermal
performances of different EPs. The heat flow ratio can be evaluated directly with Thermal

Performances Tests (TPTs).

2.3.1 Heat flow rate: Thermal Performances Test (TPT)
Thermal Performances Test (TPT) and Thermal Response Test (TRT) are two kind of test to

determine or thermal parameters (and in some cases also the undisturbed initial temperature of soil),
or the thermal performances (of energy piles), respectively. Generally, TPT is a faster method
compared to TPT. In any case, before a TPT, it is necessary to obtain thermal properties of soil and
pile to comprehensively analyse the heat exchange capacity of the EPs (Gao et al. 2008b).

Because the apparent similitude with VBHESs, the TRT technique was applied also for EPs.

TRT was first presented in 1983 by Mogensen (C. Zhang et al. 2014). With this kind of test it is
possible to determine the borehole/pile thermal resistance (Rp) and the thermal conductivity of
surrounding soil (As) applying a controlled amount of heating power to heat exchangers and
monitoring the temperature response of the carrier fluid (Loveridge et al. 2015).

The inlet and outlet heat carrier fluid temperature gradually increases, and a heat exchange balance
is reached after a long time (You et al. 2014).

TRT is based on the theory of Infinite Line Source Method (ILSM). It is among the most used
mathematical model to evaluate TRT data for sufficiently large times (C. Zhang et al. 2014).

ILSM returns the temperature in an infinite homogenous body heated along an ideal thin infinite line
with a constant heating rate q released as a constant per unit length and time and only moving along
a radial direction (Zarrella et al. 2017).

According to this model, the temperature at time t and at the distance r from the line is:

AT (r, ) = — fwe_ﬁzd __ 9 g (Z
18 = =B F=mmr Elaa
a

Equation 2-2

For large values of the parameter at/r’, the exponential integral can be approximated as (Carslaw

1959):
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E r? _ <4at)
4at) n T2 4
Equation 2-3

With this simplification Equation 2-2 becomes:

_ 9 4at> ) _
ATf_47TAS (ln(r2 Y]|+q- Ry

Equation 2-4

Where:

ATr =Tt - Tgis a function of radius of pile/borehole [°C];

Ty is the average temperature of the fluid [°C];

T, is the undisturbed soil temperature [°C];

Q is the heating power for length [W/m];

T is the time of the test [s];

As 1s thermal conductivity of the soil [W/m°C]J;

a is thermal diffusivity of the soil [m?/s];

r is the radius of the borehole/pile [m];

y is the Euler’s constant (0,5772);

Ry is the thermal resistance of the borehole/pile;

Equation 2-4 is applicable if t > 5r%/a. In fact, when t > 51%/a, 10% is the error of the
approximation of Equation (Equation 2-2).

The thermal resistance Ry and thermal conductivity of the soil As can be determinate from a graph
where are plotted changes of temperature of the carrier fluid against the logarithm of time using the
log-linear relationship equation for the infinite line source (Equation 2-2) (Loveridge et al. 2015).

When a heat flow is injected a transient process start:

i O+ (o (n(57) )+ o)1)

Equation 2-5

Tf =

Equation 2-5is the evolution of (Equation 2-4) considering the total length of heat exchanger H [m]
and the total heat power Q [W] (always for t > 57 /a).

Introducing:

Q

K=—H —
4-m-A-H

Equation 2-6
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And

= () ) ) o1

Equation 2-7
The Equation 2-7 can be expressed in linear form:

Tr=K-In(t) + m

Equation 2-8
With the Equation 2-8 it is possible to estimate the mean thermal conductivity of the soil through the
slope K on a plot Tt against In(t). The estimated thermal conductivity is independent from Ry and so
using As it is possible to also find the borehole thermal resistance according to the following

relationships.

B Q
/1_4-7T-K-H

Equation 2-9
1 1 1 4at
R, =5(Tf —Tp) =5(Tf—Tg) —4_ﬂ_/1-<1n(t) +ln(r—2)—y>

Equation 2-10

TRT method is subject to uncertainties because results depend on, via the slope K, the time of the test
duration to determine the effective thermal conductivity. A recommendation for a minimum of 50 h
is recommended (Gao et al. 2008b).

To consider EPs like VBHEs could bring to large errors in evaluation of thermal properties. Indeed,
EPs are similar to traditional boreholes heat exchangers but have some peculiarities that should be
always taken into consideration during the tests. First, the aspect ratios for EPs (the ratio between
length and diameter of pile) are smaller than VBHESs. In fact, usually lengths of piles are shorter, and
diameters are larger than those of vertical boreholes. For piles AR are in a range between 15 and 50
while for boreholes between 500 and 2000 (P. Bourne-Webb et al. 2016; Hu et al. 2014).

Then, thermal properties of the materials of the two technologies, concrete and the reinforce steel
cages for concrete piles and grout in traditional boreholes, are another important difference.
Moreover, the larger diameter of EPs compared to the VBHESs create a substantial difference between
the two technologies. On the one hand, it makes possible the introduction of multiple pipes and
multiple configurations in EPs, but on the other hand it represents a significant thermal mass with
different thermal properties compared to the surrounding soil. In this way, concrete of energy pile
can control the heat transfer potential of the pile-soil system (Singh, Bouazza, and Wang 2015; Peter

J. Bourne-Webb 2013).
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The infinite line source model represents the steady-state performance of boreholes reasonably well
but tends to under predict the thermal response of piles for periods out to a few days to weeks
depending on the diameter of the pile because of the dependence of the time on the radius square
(Loveridge and Powrie 2013). Moreover, while for traditional boreholes heat exchangers ground
surface is usually modelled as adiabatic due the length of the boreholes, in energy piles modelling
ground surface could play an important role because the pile works in the shallow zone of ground
where climatic condition affects the heat extraction/injection (Fadejev et al. 2017).

To compare the heat exchange performance of coil-type cast-in-place energy pile in TRT, Park et al.
(2015) introduced the concept of relative heat exchange efficiency (eff) normalized for length of piles

and for length of pipes taking into account the coil pitch:

Q
ef fpite = m
Equation 2-11
Q
ef fpipe = m

Equation 2-12
The same equipment used for TRT can be used to carry out a TPT. Unlike the TRT, with TPT is
possible to calculate the heat exchange rate per meter of the borehole/pile through the injection of a
constant inlet temperature carrier fluid in heat exchanger and measuring circulating water flow
velocity and the outlet water temperature (You et al. 2014):
Q= 7'hvcp(tout — tin)

Equation 2-13

Q

CI=E

Equation 2-14
Where:
Q is the heat exchange rate [W];
q is the average heat exchange rate per meter [W/m]
m is the mass flow [kg/s];
cp 1s the heat capacity of the circulating water [J/(kg°C)];
tout 1S the outlet temperature of the circulating water [°C];
tin i the inlet temperature of the circulating water [°C];
H is the borehole/pile depth [m].
Generally, TPT are carried out in field test and, depending on the duration, can be classified in short
or long tests. Generally, short tests have an operation time of few days and no more of three months.

Vice versa, long tests have more longer time of observation and could run also for the full operation
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of the system. Even if short tests can lead to an overestimate of thermal performances of EPs are
anyway used to evaluate design parameters of piles and pipes.

Anyway, the evaluation of thermal performances of and energy pile was tested also by small scale
model and numerical analysis if carried out with principia of TPT.

To compare different thermal design solutions for energy piles, below were summarized the results
from the principal field short TPT, small scale tests and numerical analysis. Only short-term field
TPTs were analysed because a direct comparison between the different long-time tests was not
possible. Indeed, long time TPT often provide results of heat exchange rate at the end of a time in

which both inlet temperature and carrier fluid flow rate were varied in time.

2.3.2 TPT field test
The results of short TPTs collected regarded different types of pile and different pipes configurations.

One on the first TPT in field was carried out in Japan in 1987 using steel piles (Morino and Oka
1994). Subsequently other authors used carried out steel piles for TPT in Japan (Katsura et al. 2009;
Nagano et al. 2005; Jalaluddin et al. 2011).

Hamada et al. (2007) described performances of energy piles applied for both residential and office
use during a field test. TPT was carried out on a 9 m in length precast high-strength concrete (PHC)
energy piles filled with water. Three different pipes configurations (U-shaped, double U-shaped and
indirect double pipe) were analysed.

TPT on a cast in situ concrete pile 1,5 in diameter and 20 m in length equipped with 8 pair of U tube
all around was carried out by Sekine et al. (2007). The authors investigated also on economic
feasibility of the solution and on change of underground.

In South Korea Park S. et al. (2015) and (2016) carried out many experiments to study thermal
performances of energy piles. In the first two studies the authors investigated thermal performance of
energy piles before with field tests and after with numerical analysis. The piles were equipped with
spiral coil pipes and influences of spiral pitch was investigated. In the second study, instead, was
carried out on large diameter (1,5 m) cast in situ concrete energy piles equipped with a W-shaped
pipe only for the half section of the pile. Park et al. (2017) evaluated the applicability of this kind of
pile comparing it with the thermal performances of other types of piles presented in literature. On the
other hand, Yoon et al. (2015) carried out an experimental and numerical study to investigate on
thermal performances and a cost analysis of precast high-strength concrete (PHC) energy piles
equipped with W and coil-type pipes configuration. TPT was carried out for 4 days heating the pile
with a constant inlet temperature of 30 °C under the operating condition of an 8 h on and a 16 h off
cycle. Subsequently the prediction of the heat flow rate for three months operation was carried out to

compare the performances of the two configurations in long time by a 3D FEM simulation.
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In China Gao et al. (2008a, 2008b) and You et al. (2014) carried out filed TPT on cast in situ and
CGC concrete energy piles respectively.

Gao et al. (2008a, 2008b) analysed and comparing the thermal performance of cast in situ energy
piles equipped with U-configuration (single U, double U and triple U) and W-shaped configuration
heat exchangers by field tests and numerical simulations.

You et al. (2014) carried out field tests on the heat exchange capacity of energy piles cement-fly ash-
gravel (CFG) 18 m in length and 0,42 m in diameter equipped with W-shaped pipes 25 mm in
diameter connected in series. TPTs were conducted changing water flow velocities (0,26 m/s, 0,51
m/s and 1,02 m/s), water inlet temperatures (5 °C, 35 °C, and 60 °C) and considering intermittent
operation and continuous operation.

Li et al. (2006) set up field tests on the thermal performance of single U-pipe with cement backfills
and single or double U-pipes with sandstone backfills. Different parameters were considered during
tests such as the water flow rate, the operation modes, the inlet water temperature, the backfill
materials, the soil types and the number of U-pipes were.

Luo etal. (2016) investigated on the thermal performances of double-U, triple-U, double-W and spiral
configurations in energy piles thought an experimental and numerical study. Also, a cost-benefits
analysis was developed. The tests were carried out in the Henan province on two type of cast in situ
pile that had length of 12 m and diameter of 0,8 m or pile 18,5 m in length and 0,6 m in diameter.
The type of the pile depended on type of pipes configurations. The thermal performances were
determined both for cooling mode and heating mode considering an intermittent operation mode made
by 7 days on for cooling, 26 days off, 7 days on for heating.

In Melbourne (Australia) Singh et al. (2015) investigated on thermal performances of concrete bored
cast in situ energy piles 0,6 m in diameter and 16,1 m in length equipped with U and W-shaped pipes
configurations. Three different heating tests were carried out considering different operation time. On
the other hand, Faizal et al. (2016a) analysed with a full scale test the thermal behaviour of a single
geothermal bored pile 16,10 m long and 0,60 m in diameter subjected to intermittent and continuous
operating cooling modes. Three different operating modes were analysed over a period of one year
and results of only 20 days of the experimentation were reported by authors. The pile was tested with
two intermittent modes, 8 h and 16 h with natural ground recovery and a continuous daily mode (24
h).

In USA Murphy et al. (Kyle D. Murphy, McCartney, and Henry 2015) investigated on eight drilled
shafts, each 15,2 m in length and 0,61 m in diameter equipped with different pipes configurations
such as single U, W-shaped and triple U shaped. The different results in terms of heat flow rate [W/m]

were compared by author considering the heat exchange through the horizontal portion of the loop.
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The field tests mentioned above are classified as “short terms TPT” because the time of the operation

mode was not longer than 3 months. Anyway, in literature there were also test where the thermal

performances were observed and investigated for a time much longer often on real plants that have

not been explicitly addressed in this review for the reasons explained in the previous section (C. J.
Wood, Liu, and Riffat 2010; Pahud et al. 2008; Christopher J. Wood, Liu, and Riffat 2010; Ruiz 2015;
Sekine et al. 1997).

In Table 2-3 results of field TPT test are summarized.

Table 2-3 — Energy piles thermal performances - field test (C=continuous operation mode; I=intermittent operation mode)

Water

Pitch

Pile Pile Aspect Thermal
Pipe Tin flow [mm] AT
Reference Pile type | lenght | diameter ratio Operation time flow rate
configuration [°C] rate (only for [°C]
[m] [m] L/D [W/m]
[/min] elical)
U tube 35,13 5,7 16,93 57,84
(Gao et al. 2008) Double U-tube 35,08 114 16,88 | o hcrete- 89,53
(Gao et al. Triple U-tube 34,88 17,1 16,68 cast in 25 0,6 41,7 ND 108,07
2008b) W-shaped 3502 | 57 16,82 situ 83,05
‘W-shaped 34,79 11,4 16,59 94,25
2 24,9
U tube 27,00 4 30,4
8 31,5
2 Steel - 36,9
(Jalaluddin et al.
2011) Double Tube 27,00 4 10 sand 20 0,14 142,9 C for 1 day 49,6
3 filled 54,8
2 26,6
Multi-Tube 27,00 4 34,8
8 40,2
U tube 17,79 4,38 8,49 53,81
Hamada et al. ~ Concrete-
( Double U-tube 18,90 4,06 9,6 9 0.302 208 ND 54,76
2007) Indirect double PHC
. 21,07 4,6 11,77 68,71
pipe
W-shaped 13,27 0.4 33,175 95
(Yoon et al. 30,00 14 3 Concrete- 1 8h on -16h off (4
2015) Helical (Coil ’ ’ 50 PHC 12,8 0,4 32 days average value) 120
Type)
35,00 15,01 19,00 C 50h 116
60,00 15,01 44,00 C 50h 258
5,00 15,01 -11 C 130h -58
35,00 7,65 19,00 C 28h 84
‘W-shaped Conerete 18 0,42 42,9
-shape: ;s 3
(You et al. 2014) P 35,00 15,01 19,00 -CFG C 28h 116
35,00 30,02 19,00 C 28h 94
35,00 15,01 19,00 C120h 116
1 120h (240n and
35,00 15,01 19,00 139
24h off)
U tube 50,5 10 41,2 Concrete- C 3 days 190
(Singh, Bouazza,
W-shaped 41 10 31,7 Bored 16,1 0,6 26,8 C 9 days 229
and Wang 2015) .
W-shaped 48 10 38,7 pile C 52 days 181
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Helical (Coil 1 (8h on-16h off) for
30,00 20 200 mm Concrete- 14 1.5 9,3 285,4
(S. Park et al. Type) 7 days
13 cast in
2015) Helical (Coil . 1 (8h on-16h off) for
30,00 20 500 mm situ 12,5 1,5 8,3 252,2
Type) 7 days
ND ND 100
ND ND 120
Concrete-
(Sekine et al. 8 U-shaped all ND ND 19h on -15 off 186
- - Cast in 20 1,5 13,3
1997) around ND ND . for 4 months 201
situ
ND ND -44
ND ND -52
ND 6,48 8,8 105,2
ND 7,14 6,9 101,6
W-shaped
ND 8,22 4.8 109,4
ND 6,36 6 97,9
Triple U-tube ND 8,46 4.8 139,2
(Kyle D. Murphy ND 6,48 4,5 | Concrete 126,9
- Bored
McCartney, and ND 7,56 - 39 . 15,2 0,61 24,9 ND 120
cast in
Henry 2013) ND | 2082 2 st 90,1
ND 13,56 1,6 55,8
U tube
ND 13,56 1,6 55,4
ND 11,34 1,3 44,6
ND 11,34 1,3 44,8
ND 11,34 1,9 56,9
1 (8h on-16h off) for
5,00 10 200 mm Concrete- 14 1,5 9,3 -140,4
(S. Park et al. Helical (Coil 7 days
-12 cast in
2016) Type) . 1 (8h on-16h off) for
5,00 10 500 mm situ 12,5 1.5 8,3 -132,9
7 days
Direct 2 5 <13 40 0,4 100,0 C 10 days -27,2
Direct -5 30 -14.3 40 0.4 100,0 C10 days -94,9
U tube 2 30 <13 40 0,4 100,0 C10 days -24,3
U tube -5 12 -14.3 40 0,4 100,0 C10 days -54,7
Double U-tube 2 30 -13 40 0,4 100,0 C10 days -19,9
Direct 2 30 -13 40 0,165 2424 C10 days -19,8
Direct -5 30 -14.3 40 0,165 2424 C10 days -61,6
U tube 2 30 <13 40 0,165 2424 C10 days -13,7
U tube -5 10 -14.3 Steel 40 0,165 2424 C10 days -38,9
ee
(Nagano et al. Double U-tube 2 30 <13 pile, 40 0,165 2424 C10 days -17,9
2005) Direct 2 5 -1,3 water 40 0,4 100,0 C20 days -20,4
- filled
Direct -5 30 -14,3 40 0,4 100,0 C20 days -64,6
U tube 2 30 <13 40 0,4 100,0 C20 days -17
U tube -5 12 -14.3 40 0.4 100,0 C20 days -41,9
Double U-tube 2 30 <13 40 0,4 100,0 C20 days -19,9
Direct 2 30 -1,3 40 0,165 2424 C20 days -14,9
Direct -5 30 -14,3 40 0,165 2424 C20 days -45,2
U tube 2 30 -13 40 0,165 2424 C20 days -14,3
U tube -5 10 -14.3 40 0,165 2424 C20 days -29,9
Double U-tube 2 30 <13 40 0,165 2424 C20 days -18,9
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2.3.3 Numerical model
Numerical model simulation could be a valid support to investigate on thermal performances tests of

EPs, often validated on previous field tests results, and very often allow to carry out parametrical
analysis to compare different design parameters.

Park H. et al (2013) analysed the thermal performances of precast high-strength concrete (PHC)
energy piles 400 mm in diameter and 180 mm in thickness installed in partially saturated weathered
granite soil deposit equipped with W-shaped and triple U configuration. W-shaped pipes and triple
U-pipes configuration thermal performances were compared through a 3D numerical analysis
validated on a previous TRT field measure. In the simulation, an initial soil temperature of 17 °C, an
inlet temperature of water of 30 °C and a flow rate of 7,2 I/min were considered. The simulations
were conducted an intermittent operation mode of 8 hours and a continuous operation mode
considering a period of operation 3 months long.

Zarrella et al. (2013) carried out a comparative analysis on thermal performances between the triple
U-shaped pipes configuration (coupled in parallel) and helical pipes configuration. The comparison
of the two configurations was developed for the same boundary conditions for both the piles through
a numerical simulation using an equivalent electrical circuit of suitable thermal resistances and
capacitance to solve the heat transfer problem. The model was compared with a field test carried out
in Mestre (Italy) on two energy piles 12 m in length and 500 mm in diameter, equipped with the two
pipes configuration and during the test the peak loads were measured and the behaviour in the short
term was investigated.

Hu P. et al. (2014) presented a composite cylindrical model for large diameter piles based on the
composite line source and cylindrical model taking into account the heat capacity of energy piles in
GSHP. This model was validated with a 3-D numerical model calibrated with field measured data
sets. A parametrical analysis on pipes number and layout was carried out. An energy pile 0,6 m in
diameter and 45 m in length was considered equipped with different pipes configurations (2-U, W-
shaped and 3-U.)

Batini et al. (2015) developed parametrical numerical analyses to investigate the full-scale energy
pile thermo-mechanical response considering different pipes configurations (U-shaped, double U-
shaped and W-shaped type), foundation aspect ratio, mass flow rate of the carrier fluid and the carrier
fluid mixture composition. The simulation was carried out considering the characteristics of energy
pile and surrounding soil from the study developed in the experimental site in the Swiss Federal
Institute of Technology in Lausanne (EPFL) under the Swiss Tech Convention Centre. The pile had
a length of 28 m and a diameter of 0,90 m.
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Carotenuto et al. (2017) developed a 3D numerical model, verified, and validated against
experimental and numerical data available in the literature (You et al. 2014; Bezyan, Porkhial, and
Mehrizi 2015), to investigate the heat transfer performance of different configurations of energy piles.
The authors carried out a parametrical analysis to evaluate the effects of design and operating
parameters like different diameter of pipes and pile, different properties of the materials, different
flow rate and pipes configurations such as U-tube, Double U-tubes, Triple U-tubes, spiral coil.
Cecinato and Loveridge (2015) developed a FE model to analyse the factors that mostly influence the
thermal behaviour of energy piles thought a parametric analysis. In particular, the effects of pile
length concrete conductivity, pile diameter and concrete cover, diameter and number of pipes, carrier
fluid flow velocity were investigated.

Bezyan et al. (2015) developed a 3D-fluid-solid coupled numerical simulation in order to investigate
the best performance in heat transfer rate and efficiency in energy pile equipped with 1-U-shaped and
1-W-shaped and vertical Spiral-shaped in cooling mode of water. Moreover, the authors also
compared three different pitch sizes for spiral configuration to establish the best design of spiral coil
for thermal performances. Finally, the analysis focused on the connection of multiple energy piles in
parallel and serially simulating a large-scale plant.

Three types of vertical pile-foundation heat exchangers (U-shaped, W-shaped and a W-shaped-all
round type which 6-U pipes) were analysed and compared by Mehrizi et al. (2016) by a 3D numerical
simulation in order to determine the most efficient configuration in terms performance in heat transfer
rate. The three different configurations were investigated considering three different pile length for
each configuration (20 m, 25 m and 30 m). Form the analysis resulted that the W-shaped-all round
type configuration had the best performances. After, the authors carried out another analysis to
compare performances of serial and parallel connection of pile-foundations in cooling. The result was
that the best efficiency in heat transfer rate was achieved by pile-foundation with W-shaped- all round
configuration in serial connection.

Luo etal. (2016) investigated on the thermal performances of double-U, triple-U, double-W and spiral
configurations in energy piles thought an experimental and numerical study. Also, a cost-benefits
analysis was developed. The tests were carried out in the Henan province on two type of cast in situ
pile that had length of 12 m and diameter of 0,8 m or pile 18,5 m in length and 0,6 m in diameter.
The type of the pile depended on type of pipes configurations. The thermal performances were
determined both for cooling mode and heating mode considering an intermittent operation mode made

by 7 days on for cooling, 26 days off, 7 days on for heating.
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Zhang et al. (2017) carried out a numerical simulation in order to investigate on the heat transfer
performance of the single energy pile and 3x3 energy piles equipped with a triple U pipes
configuration.

Abdelaziz et al. (2011) carried out a series of numerical analyses using a three-dimensional finite
element model to investigate on various factors on the thermal performance of GEPs using the pile
geometry (23 m long and 60 cm in diameter) from the field test reported in Bourne-Webb et al. (2009)
and a double loop of 19 mm diameter circulation tubes extended to a depth of 22,5 m. Form the
simulation the heat exchange rate was calculated for each case of configuration considering as
parameters thermal conductivities of different in-situ soils, pile materials, and flow conditions.

In Table 2-4 the results of the numerical analysis are summarized.

Table 2-4 - Energy piles thermal performances - Numerical analysis (C=continuous operation mode; I=intermittent operation mode)

Pitch
Water Thermal
[mm] Pile Pile Aspect
Pipe Tin flow AT Pile flow
Reference (only lenght | diameter ratio Operation Time
configuration [°C] rate [°C] type rate
for [m] [m] L/D
[/min] [W/m]
elical)
20 0,6 333 49,345
U tube 25 0,6 41,7 44,45
30 0,6 50,0 40,65
20 0,6 333 63,084
(Mehrizi et
W-shaped 35,00 5.7 - 16,80 Concrete 25 0,6 41,7 ND 54,28
al. 2016)
30 0,6 50,0 51,23
Six U-Tube (W- 20 0,6 333 72,27
shape all 25 0,6 41,7 68,4
around) 30 0.6 50,0 63,5
U tube 35,00 5.7 44,45
W-shaped 35,00 5.7 54,28
(Bezyan, Helical (Coil
Porkhial, Type) 35,00 5.7 200 102,5
o P 16,80 | Concrete 25 0,6 41,7 ND
o et Helical (Cotl 35,00 5.7 400 123,06
2015) Type) g g 4
Helical (Coil
35,00 5.7 600 92,84
Type)
28 31,1 -16,9
9 10,0 -12,5
9,7 18 20,0 -16,5
28 31,1 -16,9
36 40,0 -16,1
(Batini et al. U tube 5,00 - -8,20 Concrete 0,9 C 15 days
59 -15,8
2015)
9,7 -16,9
15,1 28 31,1 -17,3
24,1 -17,2
483 -18,1
Double U-tube 5,00 19,3 - -8,20 Concrete 28 0,9 31,1 C 15 days -26,5
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months

9 10,0 -20,3
18 20,0 -26,3
28 31,1 -26,5
36 40,0 -25,9
11,8 -25
19,3 -26,5
30,2 28 31,1 -27,1
48,3 -27,4
96,5 -29
28 31,1 -26,1
9 10,0 21
9,7 18 20,0 -26,6
28 31,1 -26,1
36 40,0 =249
W-shaped 5,00 - -8,20 Concrete 0,9 C 15 days
5,9 -24,2
9,7 -26,1
15,1 28 31,1 =27
24,1 27,9
48,3 -29
20 0,6 41,7 163,88
20 0,5 50,0 156,36
20 0,7 35,7 167,36
20 0,9 27,8 169,72
Double U-tube 35,13 - - Concrete 25 C6h
20 1 25,0 170,2
10 0,6 41,7 148,84
(Carotenuto
333 0,6 41,7 170,4
et al. 2017)
66,7 0,6 41,7 175,56
Triple U-tube 35,13 30 - - Concrete 25 0,6 41,7 Cé6h 222,32
700 mm 128,5
Helical (Coil 500 mm 152,6
35,13 10 - Concrete 25 0,6 41,7 C6h
Type) 250 mm 215,9
100 mm 276,1
Double U-tube ND 98,4 ND Concrete 18,5 0,6 30,8 C 7 days 147,1
Double U-tube 5,00 98,4 -11,00 Concrete 18,5 0,6 30,8 C 7 days -115,5
Triple U-tube ND 94,8 ND Concrete 18,5 0,6 30,8 C 7 days 252
Triple U-tube 5,00 94,8 -11,00 Concrete 18,5 0,6 30,8 C 7 days -157,1
Helical (Coil
(Luo et al. Type) 5,00 111 300 mm -11,00 Concrete 12 0,8 15,0 C 7 days ND
e
2016) P
Helical (Coil
5,00 94,2 300 mm -11,00 Concrete 12 0,8 15,0 C 7 days -145,7
Type)
Helical (Coil
ND 111 300 mm ND Concrete 12 0,8 15,0 C 7 days 296,3
Type)
Helical (Coil
ND 94,2 300 mm ND Concrete 12 0,8 15,0 C 7 days 224,7
Type)
Triple U-tube 30,00 7,2 13,00 13,75 0.4 344 C 3 months 42
(H. Park et Concrete
- 1 8h on-16h off for 3
al. 2013) Triple U-tube 30,00 72 13,00 PHC 13,75 0,4 34,4 87
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W-shaped 30,00 72 13,00 13,25 0,4 33,1 C 3 months 40
1 8h on-16h off for 3
W-shaped 30,00 72 13,00 13,25 0,4 33,1 76
months
Triple U-tube - C 3 days 107
(Zarrella, De
Carli, and 75 mm C 3 days 123
Helical (Coil 30,00 54 17,00 Concrete 12 0,5 24,0
Galgaro 150 mm C 3 days 120
2013) Type)
300 mm C 3 days 113
1 8h on-16h off for 3
W-shaped 13,27 0,4 332 74,8
(Yoon et al. Concrete months
30,00 11,4 17,00
2015) Helical (Coil PHC 1 8h on-16h off for 3
50 mm 12,8 0.4 32,0 94
Type) months
500 mm 143,9
(S. Park et Helical (Coil 350 mm Concrete 1 8h on-16h off for 1 184,9
30,00 20 17 14 1.5 9.3
al. 2016) Type) 200 mm CIS months 235,9
100 mm 2924
(H. Zhang
and Chen Triple U-tube 35,00 11,3 - 17 Concrete 28 0,6 46,7 C for 1 month 60
2017)

2.3.4 Small scale test
In this section the main results obtained by TPT on small-scale energy pile are described. Wang et al.

(2017) through a comparative analysis investigated different thermo-mechanical performances of
small-scale concrete energy piles equipped with U-shaped, W-shaped and spiral coil configuration of
piles. The tests were carried out considering a cycle of 72 hours where the piles were before heated
and after cooled.

Yang et al. (2016) carried out small scale test to study the different conditions that could affect the
thermal performance of a PVC hollow pile filled with concrete equipped with a spiral coil pipe. The
authors investigated on the effects of spiral pitch, temperature of inlet fluid, operation mode and pile
materials.

In the small-scale test carried out by Kramer at al. (2015) a concrete pile equipped with a U pipe
configuration was heated for 7 days in continuous operation mode. The effects of temperature
difference in temperature between carrier fluid and surrounding soil and of the fluid circulation
velocity on heat transfer performance were investigated by authors.

Elzeiny et al. (2020) investigated on thermo-mechanical performances of a small-scale concrete
energy pile equipped with a double U pipes configuration. During the test, the pile was subjected to
5 heating cycles and 100 cooling cycles. The maximum heat exchange rate for both tests was
developed at the beginning of the first cycle and decreased towards the end of heating of the first 15
cycle.

In Table 2-5 the small-scale tests results are summarized.
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Table 2-5 - Energy piles thermal performances - Small-scale test (C=continuous operation mode; I=intermittent operation mode)

Pitch
Water
[mm] Pile Pile Aspect Thermal
Pipe Tin flow AT
Reference (only Pile type lenght diameter ratio Operation time flow rate
configuration [°C] rate [°C]
for [m] [m] L/D [W/m]
[/min]
elical)
U tube 55 3,27 44,00
W-shaped 55 2,68 44,00
Helical (Coil
55 2,33 44,00 5 h heat - 8h rest -
Wang et al. Type)
- Concrete 1,6 0,104 15,4 5h cooling for ND
(2017) U tube 4 3,27 -7,00
72h
W-shaped 4 2,68 -7,00
Helical (Coil
4 2,33 -7,00
Type)
Helical (Coil
37 0,67 20 25,8 C 10h 4044
Type)
Helical (Coil
32 0,67 20 20,8 C 10h 339,3
Type)
Helical (Coil
27 0,67 20 15,8 C 10h 275,1
Type)
Helical (Coil I 1h on - 1h off
37 0,67 20 25,8 570,25
Type) for 10h
Helical (Coil 180min on -
37 0,67 20 25,8 496,6
Type) 40min off for 10h
Helical (Coil
37 0,67 20 25,8 PVC C 10h 429.4
Yang et al. Type)
cement 0,8 0,2 4
(2016) Helical (Coil
37 0,67 60 25,8 filled C 10h 250
Type)
Helical (Coil
37 0,67 40 25,8 C 10h 312,5
Type)
Helical (Coil
37 0,67 20 25,8 C 10h 337,5
Type)
Helical (Coil
37 0,67 20 25,8 C 10h 225,6
Type)
Helical (Coil
37 0,67 20 24,8 C 10h 2859
Type)
Helical (Coil
37 0,67 20 23,8 C 10h 326,6
Type)
0,8 13,04
Kramer et al.
U tube 39 2,39 - 20 Concrete 1,38 0,1 13,8 C for 7 days 39,09
(2014)
4,78 76,08
I1hon - 15 min
125
Elzeiny et al. off for 5 times
Double U-tube 36 0,8 - 20 Concrete 1,383 0,102 13,6
(2020) I1hon - 15 min
148
off for 100 times

2.3.5 The main design elements that affect thermal performances of energy piles
There are some design parameters that affect the energy piles thermal performances in terms of heat

flow rate. They are detailed described in next sections.
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2.3.5.1 The pipes configuration
The heat exchangers surface affects the short-term specific heat extraction/rejection rate. Because

there is a substantial difference in lengths between energy piles and traditional VBHE:s, it could
subsist a clear difference in terms of energy performances between the two technologies.

To solve this problem it is necessary to enhance the heat transfer of energy piles by increasing the
total length of heat exchangers (S. Park et al. 2015).

Larger dimeters of EPs than the VBHEs allow installing a larger number of heat exchangers inside
the structure with different possible shapes and configurations of pipes.

The configuration pipes design leads to different thermal performances but could leads also to
different mechanical behaviours of the pile. A not balanced area of heat exchangers in the section of
pile could cause non-uniform heating/cooling and consequently bending strains in the pile (Singh,
Bouazza, and Wang 2015). On the other hand it was demonstrate that the reduction of the pile cross-
sectional area due to the presence of the pipe is negligible in terms of bearing capacity of the pile
(You et al. 2016).

The types and the shapes of pipes inside the EPs can also affect the Coefficient of Performance (COP)
of a GSHP system (Christopher J. Wood, Liu, and Riffat 2012).

The velocity and the pressure loss of carrier fluid depend on pipes shapes and sections and affect the
heat exchange flow rate that can achieve the pile.

Single U-shape, W-shape, double U-shape, triple U-shape, spiral or helical shape, direct double-pipe
type and indirect double-pipe type are some of the most common configurations of pipes for concrete
EPs (Gao et al. 2008a; Hamada et al. 2007; Nagano et al. 2005; H. Park et al. 2013; S. Park et al.
2015; You et al. 2016).

Due to simplicity of mounting to reinforcements bars and for ease of pouring concrete especially for
bored piles, the most common configurations of pipes in EPs are U-shaped arrangements that in large
diameter energy piles may commonly exceed two (Faizal, Bouazza, and Singh 2016b).

The single U-tube configuration is used both in VBHEs and in concrete energy piles. The U-tube
configuration results the most economic feasibility and workability solution. In addition, the
differences in terms of thermal performances respect other solution such as double U-shaped and
indirect double pipe types are negligible (Hamada et al. 2007). Anyway, energy piles are not so depth
than the VBHEs it does not result the best solution in terms of energy performances because it would
result a too little heat exchanger surface.

An upgrade of the U-tube configuration can be represented by the double-U or triple-U (if the U-
shaped pipes are parallel connected) or W-shaped configuration (if the U-shaped pipes are serially

connected). It should be noticed that when these configurations are compared in terms of energy
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performances, also the amount of carrier fluid flow rate should be considered. In fact, because of the
parallel connection, in double or triple U the total flow is the sum of each U configuration. On the
other hand, the flow rate for W-shaped configuration is the inlet flow rate. In fact, in absolute terms
triple and double-U configuration had higher performances than W-shaped and single U, but,
considering the effective flow rate the in term of thermal performances, W-shaped configuration
should be more preferred (Gao et al. 2008a, 2008b). Anyway, this type of configuration is affected
by higher installation costs and the risk of air accumulation on the top of the circuit (Wenke Zhang et
al. 2017). The better thermal performances of the triple-U than the W-shaped in the short-time was
also confirmed by Park et al. (2013), but for long-term operation the differences between triple-U and
the W-shaped configurations were negligible. Moreover, also the numerical analysis carried out by
Batini et al. (2015) (Batini et al. 2015) this trend comparing double-U configuration with the W-
shaped and single U. The Double-U resulted the best in terms of thermal performances also because
the double flow rate during the simulated 15 days of operation. On the other hand, a W-shaped-all
round configuration had the best thermal performance in terms of in heat transfer than other
configurations compared to U-shaped and 1-W-shaped types (Mehrizi et al. 2016).

As regarding the spiral or helical coil configuration, a lot of studies and comparisons with the previous
configurations were carried out in literature.

A comparison on thermal performances between double-U, triple-U, double-W and spiral
configurations in energy piles was carried out by Luo et al. (2016). From the analysis resulted that
triple U tube was the best configuration both for thermal performances both in cooling mode and
heating mode and from an economical point of view. Anyway, also the double U-configuration was
the cheapest configurations after triple U but in terms of thermal performances it was only 67%-69%
than spiral or double W-shaped configuration. The spiral type with 0,4 m pitch, with 123,0645 W/m
of heat exchange rate was, the best pipes configuration compare with 1-W-shaped and 1-U-shaped
(Bezyan, Porkhial, and Mehrizi 2015).

In terms of specific heat flow values, an energy pile equipped with helical pipe reached values of 120
W/m while a pile equipped with the triple U-tube configuration reached values of 107 W/m (Zarrella,
De Carli, and Galgaro 2013). According to authors a helical-pipe configuration in pile also reduce
the installing costs because needs a shorter total borehole length for the same thermal performances
of a U configuration. The latter aspect is confirmed also by Christopher et al. 2012. According to Park
et al. (2013) spiral coil-type enhanced the heat efficiency because had largest heat exchange area
compared to U-type. Consequently, for the same heat power to extract/inject from/into soil, pile

equipped with coil type pipes could be shorter than others.
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When the pitch decreased from 0,15 m to 0,075 m, the peak load increased by about 13% and when
it increased from 0,15 m to 0,3 m, the peak load decreased by about 14% (Zarrella, De Carli, and
Galgaro 2013). From the numerical analysis carried out by Carotenuto et al. (2017) resulted that in
terms of temperature distribution along the pipes the spiral coil ensured the largest temperature
difference between inlet and outlet than double and triple U configurations and found that the heat
transfer rate per unit of length of pile and the outlet water temperature increase as the pitch decreases.
Anyway, too small pitch was not a good solution because there was not a linear proportionality
between the pitch size and the heat transfer rate because the thermal interference between each loop
of pipe increase.

An improvement of the energy efficiency and the applicability of a GSHP system could be obtained
by a decrease of the spiral pitch (Zhao et al. 2017). Indeed, the authors found that increasing the spiral
pitch from 0,25 m to 2,0 m resulted a reduction of the mean COPs from 0,77 to 16,49%. Increasing
the coil pitch the heat exchange improved (S. Park et al. 2015). Anyway, it was a not-linear
relationship between pith and thermal performances. Indeed, for a coil pitch of 500 mm was obtained
a heat exchange rate of 248,19 W/m, while, with a coil pitch of 200 mm resulted 285,36 W/m.

The relationship between the coil pith and the thermal performances were evident also in the small-
scale test carried out by Yang et al. (2016). The heat exchange increased from 200 W to 270 W when
the coil pith passed from 6 cm to 20 cm respectively.

With coil-type heat exchangers it was possible to achieve highest heat rejection rates. Anyway,
because the potential ground extracted energy amount depends on ground initial temperature and
ground source system application, for long time operation mode high heat extraction/rejection
potential may not be optimal solution because excessive heating/cooling of the soil (Fadejev et al.
2017).

Anyway, not only concrete piles were tested in literature. As regarding the steel pile and the
comparison between direct use and indirect use (inside pipes) of carrier fluid, Nagano et al. (2005)
carried out a field test where direct circulating heat exchange, U-tube and double U-tube
configurations were compared. Two different diameters of 400 mm and 165 mm were adopted for
steel piles. It was observed that for long time operation, single U-tube configuration had the 83% of
the heat exchange rate of direct circulation type for pile of 400 mm in diameter while for piles with
smaller diameter, direct circulation type was still better than U-tube configuration but the difference
in heat exchange rate was only 96%. On the other hand, from the comparison between direct
configuration and double U type resulted that for large diameter the heat exchange rate of double U
configuration was 96% of the direct configuration but, considering the smaller diameter double U

configuration was had a heat exchange rate 127% than direct configuration.

73



Chapter 2: Literature review

In TPT carried out by Jalaluddin et al. (2011), for a flow rate of 4 I/min, the heat exchange rate were
49,6 W/m, 34,8 W/m, and 30,4 W/m respectively for the double-tube, for the for the multi-tube and
for the U-tube in steel piles and filled. The results indicated that the most important factor for the heat
exchange rate was the heat exchange surface. As a matter of fact, the double-tube had the larger
contact surface area with the ground (8,73 m?) compared to that of the other GHEs (6,28 m? for multi-
tube and 4,15 m? for U-tube). Moreover, for high water flow rate the heat exchange rates of the

double-tube and multi-tube GHEs tended to increase while the U-tube tends to be constant.

2.3.5.2 Aspect ratio and distance of pipes
The aspect ratio (AR), is the ratio between length and diameter of the EP. Because of the double

nature of EP, generally length and diameter are chosen based on the structural and geotechnical design
of piles. From an energy point of view, EPs length should be enough to overcome the most superficial
area of the soil affected by ambient temperatures (Suryatriyastuti, Mroueh, and Burlon 2012). On the
other hand, Brandl (2006) proposed a minimum length of the pile of 6 m because, from an economical
point of view, to obtain 1 kW of energy occur 20 m? for EPs in saturated soil and 50 m? for dry soil,
respectively.

Anyway, with diameters that are at least 300 mm (Loveridge and Powrie 2013), EPs result larger than
traditional VBEHs. Even if the greater space allows the possibility to install more pipes in the pile
section, the thermal performance does not improve linearly with the number of pipes used.

In numerical analysis carried out by Batini et al. (2015) it was observed that an increment of the
aspect ratio corresponded to an increase of the difference in temperature between inlet and outlet
fluid. An increase of heat exchange surface resulted and a consequently increase of energy exchange.
Moreover, according to the authors, depending on the pipes configurations, doubling AR from 10 to
20 the heat exchange rate increased between 152% and 170% while an increase between 87% and
100% was found doubling of AR from 20 to 40. The last result was attributed to the tendency to
saturation of the heat exchangers with the increase of heat transfer surface.

While Batini et al. (2015) carried out their analysis varying the AR with a constant dimeter length,
Carotenuto et al. (2017) in their numerical model analysed the effects of different AR with a constant
length of piles and varying diameter dimensions using a double U configuration of pipes. From the
simulation resulted that increasing the diameter (i.e. decreasing the AR) the heat exchange rate
increased but not linearly. An increase of 7% of thermal performance resulted passing from a pile
diameter 0,5 m to a pile diameter of 0,7 m while an increase only of 9% of the thermal performances
was found passing from a pile 0,5 m in diameter to a pile 1,0 m diameter. According to the authors,
the reason of the increase of thermal performances was the smaller thermal interferences between in

and out pipes.
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In the parametric simulation carried out by Mehrizi et al. (2016) a pile 0,6 m in diameter was equipped
with different pipes configurations and three different lengths for the piles were considered. From the
analysis resulted that in terms of absolute power [W], longest piles (i.e., with a larger AR) resulted
the best for every configuration of pipes because of the larger difference in temperature of carrier
fluid between inlet and outlet.

A study about the effects of the distances between pipes legs was, instead, carried out with a numerical
simulation by Hu et al. (2014). According to the authors, even if triple U pipes configuration resulted
the best solution compared to the double U and W-shaped configuration, it was found that the larger
distances between pipes that are typical of U configurations provided fewer thermal interferences
between pipes and so higher thermal performances.

The effects of different volumes of pipes installed in a large diameter concrete EP were investigated
by Park S. et al. (2017). After a TPT in field on a concrete pile 1,5 m in diameter and 60 m in length
equipped with a W-shaped pipe for half section and for 30 m in length, the authors carried out a
numerical parametric simulation validated based on the field test, to compare other possible
configurations. It was found that the improving of thermal performances is not only proportional to
pipes length but also the pipes proximity should be considered because of thermal interferences.
From data collected both for field and small-scale tests (Figure 2-8 and Figure 2-9), it is possible to
notice that spiral pipes configuration and low AR values given the best performances both for field
scale and small-scale tests. Comparable results in field tests can be obtained by W-shaped
configuration installed in concrete bored pile with an A/R approximately 2,5 time greater or by W-
shaped configuration installed in cement fly-ash gravel (CFG) pile with an A/R approximately 4 time
greater that spiral configuration. The result more evident in the small-scale tests is that also with a
low flow rate of heat carried fluid a small AR combined with the spiral configuration results the better

solution in terms of heat flow rate exchanged between pile and soil.
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Figure 2-8 - Field test results: heat exchange vs pile aspect ratio for different pipes configurations and pile types
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Figure 2-9 — Small-scale results: Heat exchange vs pile aspect ratio for different pipes configurations and pile types. The values of
the carrier fluid flow rate during the test are also reported

2.3.5.3 Concrete cover
For concrete piles, the concrete cover between pipes and soil could play a role in the heat exchange

rate.
For an EP 600 mm diameter equipped with heat exchangers pipe 25 mm in diameter, the thermal

resistance decreased with the number of pipes and increased with the concrete cover decrease
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(Loveridge and Powrie 2014). It was observed that the concrete cover was a factor much more
important than the number of pipes. In fact, a configuration with many pipes and large cover of
concrete had a high thermal resistance. The authors also investigated on the effects of not symmetrical
installation of pipes in a 600 mm diameter CFA pile attached to a 40 mm steel bar for installation
with a concrete cover of 255 mm. As for the previous case cover of concrete was yet the most
important parameter to consider also than the symmetry of pipes. Another parametric analysis was
carried out considering the effect of different size of diameters of pile and pipes considering a constant
value of concrete cover depth. From the study resulted that smaller pile diameters typically gave
lower thermal resistance shape factors but, however, larger piles with a lot of pipes and mall cover
had a low thermal resistance.

The pile length and number of pipes was the most important parameter combination to energy
efficiency of an energy pile. Number of pipes could be chosen independently from structural and
geotechnical design but, it was limited by geometrical restraints like pile dimeter, concrete cover, the
space needed for accommodate several pipes in the pile section and by thermal interaction between
the pipes. In fact, reducing the interaction potential is maximized the energy output (Cecinato and
Loveridge 2015). Anyway, because thermal performances are non-directly proportional to number of

piles as resulted by the numerical analysis of Cecinato et al. (2015), an optimum should be found.

2.3.5.4 The effect of flow rate carrier fluid
An analysis about the best design approach on fluid velocity and pipes diameter considering also

economic aspects were carried out in this section.

The heat exchange between carrier fluid and pipes wall is a complex thermal problem that could be
simplified considering as an only thing the pipes walls of heat exchangers and surrounding soil, in
the case of VBHE, or surrounding concrete, in the case of EPs. In this case, the only factor that could
affect the heat exchange is the flow behaviour of the fluid. In fact, it can be laminar or turbulent.

For higher flow rate results an intense turbulent flow and consequently the heat convection between
the carrier fluid and pipe wall is enhanced.

Laminar or turbulent flow depends on Reynolds number. If Reynolds number is less than 2300 flow
is laminar, from 2300 to 4000 flow is transient while over 4000 flow is turbulent. Reynolds number

is the ratio between inertial forces and viscous forces within a fluid (Brandl 2006).

pvD
u
Equation 2-15

Re

Where:
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v is the velocity [m/s];
p is the fluid density [kg/m?]
D is the diameter of pipe [m]
n dynamic viscosity of the fluid [Kg/ms]
From the formula it is possible to notice that considering the same fluid, a turbulent flow is achieved
increasing dimeter of pipes, velocity of fluid or both.
Diffusive transfer energy, impulse and mass are increased by turbulence (Brandl 2006).
According to Abdelaziz et al. (2011) laminar or turbulent flow of the carrier fluid in pipes have
different effects on temperature distribution in the ground. For laminar flow, the effects can be
considered negligible. On the other hand, they result significantly pronounced when the flow becomes
turbulent.
From an analytic point of view, in fact, the thermal resistance of the heat carrier fluid that flow inside
the pipes is:

1
2T iner LR 1yia

Reiia =
Equation 2-16
Where:
Tinner 1S the internal radius of the pipe [m];

L is the EP length [m];

hia 1 the convective heat transfer of the heat carrier fluid [W/m°C] that is calculated as:

_ Nu-Arpia
hepia = ————

2 Tinner

Equation 2-17

Where Asuiq 1s the thermal resistance of the heat carrier fluid [W/m°C] and Nu is the Nusselt number

explained as:

(f/8) - (Re—1000) - Pr
Nu =

1+12,7- (%) - (Pr2/3 —1)
Equation 2-18
f is the Darcy friction factor:

f =1[0,790 - In(Re) — 1,64] 2
Equation 2-19

Pr is Prandt]l number:
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pr— Cfluid " Mfiuid
Aftuia

Equation 2-20
Where cpuid is the specific heat of the fluid [J/kg°C] and p is the dynamic viscosity [Ns/m?]. Re,
finally, is the Reynolds number explained before.

From the formula it is possible to notice that the fluid thermal conductivity (the inverse of the
resistance) is directly proportional to the convective heat transfer of the heat carrier fluid that depends
on Reynolds number.

Flow rate can be changed both by variation of the carrier fluid velocity and by variation of pipe
diameter (Batini et al. 2015). A reasonable circulating carrier fluid flow velocity is needed to find to
achieve both the thermal performance and economic feasibility. As a matter of fact, the amount of
heat exchange is not directly proportional to the flow rate (S. Park et al. 2018). Moreover, a too large
velocity brings to an insufficient heat exchange between heat exchangers and the surrounding soil
and a waste of electrical energy. Vice versa, a too small velocity bring to a too long time despite
sufficient heat transfer without that the total heat exchange will meet the requirements for use (You
et al. 2014).

By literature results, it is evident that the increase of heat flow rate is not proportional linearly with
the carrier fluid flow rate increase.

You et al. (2014) heating a CFG pile with a constant temperature of 35 °C and three different carrier
fluid flow velocities (0,26 m/s, 0,51 m/s, and 1,02 m/s) found final heat exchange flow rate of 84
W/m 116 W/m and 94 W/m respectively. Similar results were obtained by Gao et al. (2008a, 2008b).
The authors found that the increased relative heat rejection rate of the W-shaped from half to the
reference rate and from the reference to double were 49% and 11%. According to Li et al. (2006)
under the same condition of flow rate and inlet temperature, the heat exchange rate of double U-pipes
was about 50% higher than that of single U-pipe. A doubled flow rate increased by about 10% thermal
flow rate both types of U-pipes. In experiment carried out by Jalaluddin et al. (2011) the increase of
carrier fluid flow rate led to an increase of the heat exchange rate of the GHEs. Significantly the heat
exchange rate increased from 2 I/min to 4 I/min, but not so much from 4 I/min to 8 I/min.

Batini et al. (2015) (Batini et al. 2015) investigated the effects of different carrier fluid flow rates
analysing the variation of the tube diameter and the change of the fluid velocity for different pipes
configurations. In the first case, considering a constant velocity of carrier fluid, diameters 25 mm and
40 mm were compared to a reference diameter of 32 mm. In the second case, considering a constant
diameter, velocities of the carrier of 0,5 m/s and 1 m/s were compared with a reference velocity of

0,2 m/s. According to the authors, only for the W-shaped pipes configuration was obtained
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appreciable results. In fact, thermal power extracted from the soil was gained up to 10% of the heat
transfer rate when the diameter of the pipes was increased from 25 to 40 mm. When the velocity
increased from 0,2 to 0,5 m/s and from 0,2 to 1 m/s an increase of the heat transfer efficiency of 7%
and 11% respectively was observed.

Abdelaziz et al. (2011) observed that while a flow gain from 3 gpm to 15 gpm (laminar flow) led to
an increase in power output of 21% (from 1166 W to 1416 W). On the other hand, a flow rate of 40
gpm (turbulent flow) led to an increase of power of 154% (from 1166 W to 2963 W). In addition,
according to the authors, for the same flow, the diameter of pipes did not affect the temperature
distribution but, after a week of operation, the power output increased by 10-19% considering a pipe
diameter of 2,54 cm than 1,90 cm.

Carotenuto et al. (2017) investigated on the influence of the variation of the pipes diameter and the
variation of volumetric carrier fluid flow rate on thermal performance of energy piles. As regarding
the first case the energy performance increased proportionally to the diameter increase (an increase
of 11% of heat transfer passing from a diameter of 20 mm to 40 mm). According to the authors, this
phenomenon was due to a larger contact time between fluid and solid domains because the slower
velocity of the same fluid flow rate in a larger diameter. In the second case, it was found that an
increase of the heat transfer rate was sprung by an increase of the fluid flow rate and a reduction of
temperature difference between inlet and outlet fluid was observed. Anyway, benefits in terms of
improved thermal performances were not directly proportional to volumetric flow rate and were
evident until a value of about 1 m*/h. Indeed, considering a flow rate of 1,0 m*/h than 0,3 m>/h, heat
transfer rate increase of about 15% while considering a flow rate of 2,0 m*/h only 3% more was
appreciated than 1 m*/h (18%).

Larger diameter of the pipes involved a bigger area of heat exchange, larger diameter had important
effects on flow rate and costs aspects should be always considered (Luo et al. 2016).

In the numerical analysis of Cecinato and Loveridge (2015), the fluid velocity and the volumetric
flow rate had a negligible effect on thermal performances of the energy piles. The reason was due to
the velocities chosen by authors for the parametrical analysis that always gave a Reynolds numbers
greater than 8000 and so carrying out the analysis always in turbulent flow. Sensible changes of
thermal performances were obtained, instead, for a passage from laminar to turbulent flow.

The effects of flow rate also characterized the results of field tests for steel pile and large diameter
concrete piles (Nagano et al. 2005; S. Park et al. 2017). From the comparison between direct
circulating heat exchange, U-tube and double U-tube configurations in steel energy piles, Nagano et
al (2005) found that, in terms of heat exchange rate, for smaller diameter piles, the double U

configuration was better than direct circulating because the presence of the turbulent flow in the U-
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tube. In the field test carried out on large-diameter cast-in-place pile by Park et al. (2017)., instead,
the authors found that in a thermal test two weeks long, increasing the flow rate in the second week
from 1,68 /m to 2,46 1/m, an increase of 264 W in heat exchange rate was obtained.

In Figure 2-10 and Figure 2-11 the results of heat exchange rate obtained by different authors by field
and small-scale tests in function of the carrier fluid flow rate are represented. For same cases also the
difference of temperature from pile and soil is represented for small-scale tests. It is observed that for
field scale tests, concrete piles equipped with a spiral configuration and a flow rate of about 20 1/min
present the better energy performances also for tests in which the initial temperature difference
between the surrounding soil and the inlet fluid was not so high. Moreover, it is evident that concrete
piles have better performances if compared to steel EP because the same energy performances of
concrete energy piles are obtained with the steel piles for values of flow rate 4 or more times greater.
More evident is the influence of the flow rate carrier fluid for the small-scale tests. In fact, as can be
observed from the trend of the tests on piles equipped with U-shaped configuration, it is possible to
notice a linear increasing trend with the increase of the flow rate. Anyway, also in this case, the spiral
configuration of the pipes seems to be the better energy solution for the same flow rate if compared

to other solutions.
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Figure 2-10 — Field test results: Heat exchange vs carrier fluid flow rate for different pipes configurations and pile types.
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Figure 2-11 - Small-scale results: Heat exchange vs carrier fluid flow rate for different pipes configurations and pile types. The
values of the difference of temperature between the pile and soil during the test are also reported

In conclusion, the heat carrier fluid flow rare in heat exchangers is a critical factor for the EPs thermal
performances. Anyway, it is a design factor function of other parameters such as thermal loads,
characteristic of heat pumps operation costs and so on. Moreover, this analysis evidenced that thermal
performances are not proportional to carrier fluid flow rate, but an optimum point is needed to find

between performances and operation costs.

2.3.5.5 Thermal conductivity of the pile materials
Increasing foundation thermal conductivity reduces the heating and cooling energy demands of a

building (Kwag and Krarti 2013) as shown in Figure 2-12.
The thermal conductivity of the pile materials components also play an important role in the global
thermal performances of the EPs.

By the thermal resistance equation, it is possible to calculate the total heat transfer coefficient:
1

Rtot
Equation 2-21

U =

Rior = Rfluid + Rpipe + Rpile + Rsoi1
Equation 2-22

The thermal resistances of fluid and soil were already explained in previous sections.
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Figure 2-12 - Energy reduction with the increase of concrete thermal conductivity a)in cooling mode b) in heating mode [image
replotted from (Kwag and Krarti 2013)]

The thermal resistance of the pipes, can be calculated with the well-known equation of the radial

conduction in a cylindrical wall (thermal resistance of a hollow cylinder):

T,
n

Rpipe m
Equation 2-23

With rou and rin the outer and inner radius of the pipe respectively [m], L is the pipe length [m] and
Apipe 18 the thermal conductivity of the pipe [W/m°C]. Regarding the latter aspect, usually pipes are
made of high-density polyethylene (HDPE) (Brandl 2006). From the literature review of thermal field
test carried out during the years, it was observed that pipes the thermal conductivity was a value
between 0,35 W/m°C and 0,51 W/m°C.

For the pile, on the other hand, the thermal resistance can be estimated as:

1 Tgp
R ile In
p ZNLApile rout\/ﬁ

Equation 2-24

With rou the outer radius of the pipe [m], rep the radius of the pile [m] L is the pile length [m] and
Apile 1s the thermal conductivity of the pipe [W/m°C] and n the number of the pipes.

Usually, assuming a turbulent flow, Rauia and Rpipe tend to be small, in total around 0,01 m°C/W for
four pipes in parallel and the greater part of the pile thermal resistance is due to pile construction
material (Loveridge and Powrie 2013).

EPs can be built in concrete or steel. Regarding the steel, it is generally an industrial product with
well-known and easily available thermal and mechanical properties. The concrete thermal resistance,

instead, is strongly affected by its mix design and may change from case to case.
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The main factors that influence concrete thermal conductivity are moisture, the specimen’s condition,
and aggregate volume fraction (Asadi et al. 2018). Anyway, the water/cement ratio and type of
admixture result the most effective factors on the concrete thermal conductivity playing a key role in
terms of the overall compactness and density of the concrete. It was observed that an increase of
density and compactness increase not only the concrete thermal conductivity, but also its mechanical
resistance and durability, two aspects very important for deep foundation elements such as EPs.
Because the most important mechanism of heat transfer for concrete is the conduction, the porosity
of the mix affects its thermal (and mechanical) properties (Chung et al. 2016).

As a matter of fact, the water, that is present into mix, is responsible for the formation of the voids
created after its natural evaporation. Therefore, a lower w/c ratio corresponds to a lower porosity of
the concrete.

Considering that steel thermal conductivity and steel density are approximately 50 and 3 times
respectively greater than that of concrete, the use of steel fibers may be another aspect to consider
into EPs concrete mix design.

The Fiber Reinforced Concrete (FRC) with steel fibers reaches high levels of thermal conductivity,
of about 2,0-2,5 W/m°C compared to 1,0-1,3 W/m°C of a concrete without fibers, with increases well
above 100%, increasing, moreover the mix density (Adeyanju and Manohar 2011).

Comparing various steel fibers FRCs, Nagy, Nehme and Szagri (2015) found that thermal
conductivity values ranged from 2,0 to W/m°C 3,2 W/m°C. These values were gained by the tests
carried out by Khaliq and Kodur (2011) on Self Compacting Concrete (SCC) reinforced with steel
fiber where the thermal conductivity values ranged from 3,0 W/m°C to 3,5 W/m°C.

The formation of the voids in concrete is also affected by the quantity and size of steel fibers. A large
quantity of fibres, indeed, bring to the formation of voids. Too much steel fibers start to decrease the
thermal conductivity (Nagy, Nehme, and Szagri 2015).

Anyway, the concrete thermal conductivity increases when voids are filled with water instead than
air. Under saturated conditions thermal conductivity increases by at least 50% (Weiping Zhang et al.
2015). Another study (Abdou 2004) provides reports to parameterize the increases in the A value as a
function of the humidity and of the weight of the concrete both due to the absorption of water.
Therefore, the same mix design could have two different values of thermal conductivity because of
different boundary conditions of the installation. In this case, for example, pile foundations made by
concrete directly cast in place in soils below the groundwater table can boast greater thermal
performance.

Regarding the relationships between the components of the mix larger the amount of coarse aggregate

in a concrete mix the higher the thermal conductivity of the mixture because of the well-known higher
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thermal conductivity value of aggregate than other constituents of the concrete mix (Xiao, Song, and
Zhang 2010). In addition, also the nature of component plays role in thermal performances (Lie, T.T.
Kodur 1996). The more regular molecular structure (crystallinity) of the siliceous aggregate, bring to
a higher thermal conductivity if compared to the carbonate aggregate. Even with an increase in the
fine aggregate, an increase in thermal conductivity is obtained (Xiao, Song, and Zhang 2010).
Relating the thermal conductivity of SCC concrete with the increase in temperature, for large
temperature ranges, thermal conductivity decreases linearly with temperature (Asadi et al. 2018).
Anyway, EPs works always in temperature range very lower that compared to those considered in the
literature and so the dependence of the conductivity from the temperature may be considered nearly
negligible.

By the FE numerical analysis carried out by Di Girolamo et al. (2021) it was observed that the enhance
of the pile concrete thermal conductivity, for a short time analysis, do not determine significant axial
thermal load variation along the pile shaft. So, the structural performance is not affected by the change

of the pile concrete thermal conductivity for short periods of operation.

2.3.5.6 Effect of the operation mode on the heat exchange rate
The operation mode of a GSHP plant depends on the type of building that must be cooled or heated

and/or to environmental boundary conditions of the geographical area. For example, for residential
building operation mode, generally, is intermittent and the plant work for only some hours for day.
Vice versa, if hospitals industrial buildings or commercial buildings are considered, the operation
mode of the plant may be continuous for all 24 hours of a day (Faizal, Bouazza, and Singh 2016a).
In literature intermittent and continuous operation mode were compared through field tests, small-
scale tests, and numerical model all over the world.

From the review of the different tests carried out it was observed that for continuous operation mode
there was a decrease of thermal performances because the heat exchange system tends to steady state
with a difference in temperatures between heat carrier fluid of pile and surrounding soil which
consequently tends to zero. On the other hand, for intermittent operation mode it was found that it
performs better the longer the recovery time between uses.

At the beginning of the operation the heat exchange rates are higher because the constant undisturbed
temperature of surrounding soil (Jalaluddin et al. 2011). Over time, the heat exchange from the carrier
fluid and soil tends to create a thermal equilibrium between the two media decreasing, consequently
the heat exchange.

Vice versa, according to You et al. (2014) the better performances of intermittent mode are to research
after that pump stop to working. In fact, the heat exchange between the pile and surrounding soil

continue and consequently, the pile tends to return to undisturbed temperature condition. According
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to the authors, intermittent operation mode should be considered during the TPT to simulate the real
operation of GSHP over the time of their life.

Moreover, considering a long-term view of plant operation, it results that system that works only in
one way of heat extraction/injection (only cooling or only heating of the pile and surrounding soil),
tends to decrease thermal performances during their life cycle because of the change in temperature
of surrounding soil tant the undisturbed condition (Sutman et al. 2020).

It is an important aspect which should be considered when designing energy piles for buildings

working with continuous operation mode.

2.3.5.7 The inlet temperature: the temperature difference between pile and soil
The thermal resistance and the temperature difference between the pile and the soil are the two main

factors affect the heat transfer from the heat carrier fluid inside pipes and the pile edge. Thermal
resistance of the soil and of the various components of the pile were already explained in previous
sections.

The main mechanism of heat transfer because the pile and the surrounding soil is the conduction (S.
Park et al. 2018). Therefore, the heat exchange rate is proportional to the contact area and temperature

difference between pile and ground.

Ty — Ty

Rpile

q:

Equation 2-25
Where:
Ryile 1s the thermal resistance of an energy pile system (m°C/W);
Ty is the mean temperature of fluid (°C);
Ts is the initial ground temperature (°C);
q is the heat exchange rate per unit pile length (W/m).
Generally, in field TPT, to obtain the heat exchange capacity rate of the geothermal heat exchanger,
the operation mode in summer is simulated and heating tests for the pile are carried out.
Operation mode in winter, and so cooling mode for the piles, is not conducted very often because the
temperature cannot be controlled easily. As resulted from literature, tests carried out with winter
operation mode led to smaller geothermal heat exchanger than in a summer operation mode. If energy
pile design is relied solely on heat exchange rate results calculated with a heating test for the pile,
may led to a length of the geothermal heat exchanger not long enough for the winter mode. In fact,
generally, the difference in temperature between soil and carrier fluid are smaller in winter season

(cooling mode for pile) and so, longer heat exchangers or larger area of them could be required to
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satisfy the energy needs of upper building because the heat exchange depends on the difference in
temperature between soil and carrier fluid (You et al. 2014).

The heat exchange linearly increases with temperature difference increase but, anyway, the heat
exchange tends to decrease with time (S. Park et al. 2018). Moreover, while heat rejection rate was
strongly influenced to the inlet temperature, the heat resistance was not so sensitive and heat rejection
rate increased almost linearly with the increase of inlet temperature (Gao et al. 2008a, 2008b). The
same result was found by Li et al. (2006). The authors, in fact, that maintaining a constant carrier
fluid flow rate, increasing the inlet temperature from 30 °C to 35 °C increased the heat flow rate of
about 20 % for single U-pipes and almost 100% for double U-pipes.

In test carried out by Park S. et al. (2017) it was evident the almost linear dependency of difference
in temperature with heat rate for same boundary conditions. As a matter of fact, in a large diameter
concrete energy pile, after two weeks of intermittent operation mode, from a difference of 7 °C in
heating mode resulted a heat rate injection of 25,5 W/m. On the other hand, in cooling mode, with a
difference in temperature of 13,5 °C resulted a heat rate extraction of -55,7 W/m for the same
boundary conditions. Some investigations were carried out also in small scale tests. Yang et al. (2016)
compared the heat transfer performance of a small-scale pile equipped whit a spiral coil pipe under
different inlet temperatures. The authors demonstrated that an increase of inlet temperature, in heating
mode, led to improve heat transfer performance of spiral coil energy pile. Indeed, the performances
were better than 49,9% when the inlet temperature passed from 27 °C to 37 °C. An approximately
linearly increases with the inlet temperature was observed for the heat release rate. It should be noted
that, the changes in temperature in pile and surrounding soil lead to additional concrete stresses and
displacements within the pile-soil system. As a matter of fact, it is one of the most important design
parameters for the structural safety to control and verify that do not led to stresses over design safety
factors and/or additional displacements that may affects the buildings serviceability (Loveridge and
Powrie 2013). Moreover, severe temperature can affect soil properties. In fact, thermal variation on
soil inducted by the heat exchange with energy pile, induce a migration of water inside the ground
from warmer to colder zones. This process can bring in fine-grained sensitive soils to a gradually
shrinkage of the warmer zones and an expansion of the colder. The water pressure is increased by the
pore water thermal expansion with a consequent soil effective stress decreasing. The shear resistance
is reduced by an increase of temperature because of the reduction of the internal viscosity. As
regarding silt and sand it was observed from oedometric tests that for higher temperatures resulted
larger settlements. On the other hand, the temperature seems to do not affected affect the load bearing
of energy system embedded in clay, even if its organic constituents increase the temperature

sensitivity of this kind of soils (Brandl 2006).
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Comparing the results of heat exchange obtained in literature with the difference of temperature, both

for field scale and small tests, it is possible to notice a certain linear dependence between the

difference temperature increase and the thermal flow increase as observed in field scale tests (Figure

2-13 and Figure 2-14). Anyway, both from field and the small-scale tests, it is evident that the pipe

configurations play a fundamental role also in this case. In fact, especially for the small-scale tests,

were also the value of the flow rate carrier fluid was provided, for the same temperature difference,

the U-shaped pipes had the lower energy performance while the spiral configuration the higher. This

is more evident in the field scale tests where for a difference of temperature of about 15 °C the large

part of the tests record an energy performance under 100 W/m. On the other hand, the spiral

configuration has an energy performance over 250 W/m.
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Figure 2-13 - Field test results: Heat exchange vs At for different pipes configurations and pile types
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Figure 2-14 - Small-scale results: Heat exchange vs At for different pipes configurations and pile types. Heat carrier fluid flow rate
values are also reported in the graph.

2.4 Conclusion
In this chapter a literature review of the mechanical and energy behavior of single energy piles was

carried out. Literature results obtained from field tests, small-scale tests and numerical analysis were
compared. The chapter was subdivided in two main parts. In the first one the mechanical aspects were
reported while in the second one the main aspects about the energy performances were investigated.
Regarding the mechanical aspects it was observed that the impact of the additional thermal loads on
the pile behavior was very variable both in terms of stress/strain and in terms of displacements and
depended above all on the degree of restraint of the pile and by the magnitude of the applied loads.
Generally, it was observed that piles with a lower degree of restraint allowed larger displacements
and were subjected to lower stress. On the other hand, the opposite happened for pile strongly
restrained by the surrounding soil and/or external restrains. In the first case, with low degree of
freedom for the pile, the design should be based on admissible displacements of the foundation.
Conversely, for the second case, the pile design should be focused on the range of stresses and forced
at which the energy pile could be subjected in its life.

It was observed that the energy performances of energy piles depend on the design of some aspects.

In this chapter the correlation between the impact of the pipes shapes and the energy performances
was crossing with a lot of other parameters such as the pile aspect ratio, the carrier fluid flow rate,
the inlet water temperature, the operation mode, the thermal conductivity of the material of the pile

and so on. The results highlighted that the Eps energy is strongly influenced by the heat exchangers
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surface employed inside the pile. In fact, in any case, the spiral shaped configuration resulted the
solution with the best energy performances.

In conclusion, from this literature review it was observed that the design of energy piles is closely
linked to the context in which they are to be built, both from a climatic and structural/geotechnical
point of view, taking into account also the economic variable. Therefore, a specific design for each

individual case is necessary to obtain the maximum yield from this technology.
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Chapter 3

3 Applications of EP in Neapolitan context

3.1 Introduction
In this chapter, an overview on the soils and climate main characteristic of the Neapolitan context

were presented. The aim was to introduce the issue of geotechnical and energy design of energy piles
within the well-defined context of the city of Naples. In this regard, an initial analysis of the
geological and geotechnical aspects of the Neapolitan subsoil was carried out, summarizing the main
mechanical and thermal characteristics of the main geological formations in the examined area. Then,
a brief analysis about the Mediterranean and Neapolitan climate context was introduced. These
aspects were fundamental to analyze the energy demand and the energy design of geothermal energy
pumps and energy piles for a sample building in Neapolitan context. As a matter of fact, in the
literature review chapter it was outlined that many researches on the energy piles do not take into

account realistic energy demand and temperature conditions

3.2 The geological context of the city of Naples
Naples is a city of the Campania Region located on the western coast of the south of Italy facing the

Tyrrhenian Sea. It is a zone characterized by the presence of three volcanos. Ischia Island, Campi
Flegrei and the Somma-Vesuvius are the most important volcanic structures surrounding the study
area. The volcanic activity that has taken place over the millennia has in fact characterized the
Neapolitan geological context and the stratigraphic succession is the result of the superimposition of

different eruptive events.
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Figure 3-1 - Location of the city of Naples and surrounding volcanic structures

The most ancient geological formations are the Campanian Ignimbrite (35000 years b.p.) that cover

an area of approximately 10000 km? with thickness often exceeding 50 m, Ancient Neapolitan Yellow
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Tuff (35000-12000 years b.p.), Neapolitan Yellow Tuff (12000 years b.p.) that cover an area
approximately of 300 km? and finally the pyroclastic sandy soils from the last Phlegrean activity
(<12000 years b.p.) that can have variable thickness from a few meters to a few tens of meters (Aversa
et al. 2013).

In the urban area of Naples, it is possible to find both lithified and unlithified facies of pyroclastic
deposits, the unlithified Neapolitan Yellow Tuff, also called Pozzolana (NYP), and the Intracaldera
Phlegrean pyroclastic Deposits (IPD) i.e. Campi Flegrei pyroclastic products younger than 15 ky. The
Neapolitan Yellow Tuff present different degree of cementation also depending on the distance of the
pyroclastic deposit from the Campi Flegrei volcano. On the other hand, the thickness reached by the
IPD can vary from 20 m for the areas closest to the Campi Flegrei to only a few meters for the furthest
areas (Picarelli et al. 2006).

It should be noted that the pyroclastic deposits of the Neapolitan subsoil do not exclusively
characterize the geotechnical behavior of the city. In fact, over the centuries, they Yellow Tuff has
been largely quarried and used as construction material in squared blocks.

On the other hand, also Pozzolana had a wide use already in the Roman era. In fact, Roman opus
caementicium structures were originally made with mortars of aerial lime and sand. This type of
mixture did not guarantee great mechanical performance and, above all, could not be used for works
in which curing had to take place in anaerobic conditions, as for example in constructions in contact
with water or underwater. The ancient Romans solved this problem by using Pulvis Puteolana
(Pozzolana). Although pozzolana is a sand, it does not behave like a simple inert material. It is, in
fact, capable of reacting with the lime present in the mixture and producing chemical reactions for
which the presence of COz is no longer necessary for the setting and hardening phases. Finally, the
resulting compound had a porous binder matrix that was more compact compared to binders with
only hydraulic lime. This resulted in a much stronger and more durable mixture.

In next sections the mechanical and thermal properties of the three main pyroclastic deposit of the

city of Naples are discussed.

3.2.1 Lithified facies: the Neapolitan Yellow Tuff.
In this section just some information on the Neapolitan Yellow Tuff features and behaviors as

deduced by some major research paper on the topic. Both mechanical and thermal properties are
briefly described.

An ashy matrix, pumices and/or scoriae inclusions (highly porous) and lithic inclusions are the main
components of the lithified Neapolitan Yellow Tuff. As shown from various tests carried out on this
material, it was observed that dry density strongly affected the uniaxial compressive strength (Figure

3-2). Higher mechanical capacities were achieved for higher dry densities. However, as different
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values of mechanical capacity were recorded for the same density, the structure of the material also
seemed to play a key role (Evangelista 2000).

Two different stress domains characterized the behavior of this soft rock. In fact, as shown the results
obtained from triaxial test the NYT exhibited a so called “rock-like behavior” and a “soil-like
behavior” (Picarelli et al. 2006). The former was typical for tests at small stress states while the latter
was shown for tests with high confining stress state. The so called destructuration phenomenon
(Leroueil and Vaughan 1990), i.e. the progressive transformation of the rock into fragments assembly
because of the bonds breaking, is associated to the transition between the two kind of behaviors. The
friction angle for this material is between 22° and 30°.

The soaking of the soft rock in the water provided material volumetric strain inversely proportional
to the initial degree of saturation of the tuff specimen (Evangelista 1980). It was also observed that
the saturation provided a reduction of the peak strength and a contraction of the elastic domain.

According to the author it was attributed to suction decrease and to interaction of water and zeolitic

minerals.
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The thermal characteristics of Neapolitan Yellow Tuff have been extrapolated from the literature.
From the study carried out by Colombo (Colombo 2010) the minimum and the maximum values of

main thermal characteristics were obtained for this material. The values are summarized in Table 3-1.

Table 3-1 — Yellow Neapolitan Tuff thermal conductivity after (Colombo 2010)

min Max

Thermal conductivity of soil particles [W/m°C] 4,500 4,500
Thermal conductivity of dry soil [W/m°C] 0,160 0,160
Thermal conductivity saturated soil not frozen [W/m°C] 1,470 1,500
Thermal conductivity saturated soil frozen [W/m°C] 3,060 3,080

Aversa and Evangelista (Aversa and Evangelista 1993) carried out a study on the thermal expansion
of the Neapolitan yellow tuff. Some different tests were carried out by the authors. The thermal
expansion coefficient was determined for drained conditions when the material was saturated with

water. From the analysis resulted an average thermal expansion coefficient of 5x107 °C!.

3.2.2 Unlithified facies: Neapolitan Pozzolana and Intracaldera Phlegrean pyroclastic
Deposits
In this section as for the Yellow tuff a short description of the main features of the volcanic

uncemented material as Pozzolana and IPD are summarized starting from some major research paper
on the topic. Both mechanical and thermal properties are briefly described.

Pozzolana deposits are intended as an uncemented deposit. Typical grain size distribution for
Pozzolana and IPD deposits are reported in figure 5 and 6 respectively. In Figure 3-7 and Figure 3-8
the main physical property of the Pozzolana and of IPD are summarized for a typical subsoil in the
city area (Picarelli et al. 2006). In any case, except than for the sandy silt, the clay fraction is usually
less than 10%. On the other hand, except than for the sandy gravel the sandy friction is usually less
than 40% (Figure 3-6). According to authors the way the material was originated was the cause of
this variability. A collection of standard oedometer tests on unsaturated specimens for Pozzolana is
reported in Figure 3-9. In Figure 3-10results of 125 standard triaxial compression tests on natural
samples are summarized. The tests were subdivided in four categories depending on the initial dry
unit weight. It can be noticed that after a certain initial dry unit weight the linear regression show a
significant cohesive intercept of the strength linear envelope. Because it was assumed the absence of
cementation bonds it could depend on the combined effect of expansion and matric suction.

Some direct shear tests (Nicotera 1998; 2000) to study the mechanical behavior of Pozzolana upon
wetting are also reported. Two different tests were performed. In a kind test the natural specimen

wetted during the test at the peak strength, in the other kind the natural specimen saturated in the
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consolidation stage. Three different vertical stresses were used for the tests. The results of the test are
reported in Figure 3-11. It was observed that the specimens with a natural content of water showed a
brittle behavior for lower and medium vertical stress levels while a hardening behavior was noticed
for higher vertical stress or for saturated specimens. Moreover, wetting the sample at the peak strength
caused a sudden and relevant decrease of it and a volumetric compression.

Regarding the IPD the shear strength was determined from the results of 175 triaxial tests (CID) both
on specimens with natural water content (132) and on saturated specimens (43). The test carried out
on saturated specimens showed a brittle and dilative behavior in case of dense specimens and ductile
and contractive behavior for loose specimens. Anyway, the initial degree of saturation affected the
behavior of specimens. In fact, as shown in Figure 3-12 for a same specimen subjected to the same
test only the unsaturated showed the peak strength. As for the case of the Pozzolana, also for the IPD
triaxial tests were carried out subdividing the specimens in four categories depending on the dry unit
weight. Also, for this case was noticed that the peck friction increased the density increased. It was
noticed that the value of the critical angle was approximately 35° (Figure 3-13).

Moreover, direct shear tests were carried out on IPD specimens. Four types of test were considered.
One was carried out on specimens wetted at the peak strength during the shear test, another was
carried out on specimens saturated in the consolidation stage, the third carried out on specimens at
their natural content and finally tests carried out on specimens dried in the pressure plate apparatus at
different matric suction values (Scotto di Santolo, 2000). In Figure 3-14 the results of the shear test
for different saturation condition are shown. It was noticed that increasing the degree of saturation
the behavior of the specimen tends to pass from brittle to ductile and that wetting the specimen at the
peak caused a relevant strength to decrease and a volume compression. Continuing with the test a

progressive recovery of the shear strength until a steady state value was observed.
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A study about the thermal properties of pozzolana was carried out by McCombie 2017 et al.
(McCombie et al. 2017). The authors carried out tests on the thermal conductivity of the Pozzolana
sand considering two different porosities and six different degree of saturation. It was observed that
the conductivity increased with the saturation increase as it could be expected and the experimental

results obtained by these authors are summarized in the plot of Figure 3-15.
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Figure 3-15 - Pozzolana thermal conductivity vs the degree of saturation for different porosity. Replotted from (McCombie et al.
2017)

From the results the authors obtained a thermal conductivity for the solid part (sandy grain) of

approximately 2,14 +£0,09 W/m°C.

3.3 Thermal loads for building and for Geothermal Pumps
To simulate realistic conditions for the temperature boundaries conditions in the soil-energy piles

interaction problem, an analysis about the building energy demand is opportune. The building
geographic location, its urbanistic usage and the human activities carried out in the indoor spaces,
affect the thermal loads for the GSHP and consequently, also the heat carried fluid of the ground heat
exchangers present into energy piles. But, also the choice of the heat pump, the design of ground heat
exchangers affects the energy piles thermal loads and consequently their energetic and/or structural
performances.

It is very important the analysis of the building energy demand also to verify that the peak of thermal
loads is into reasonable limits both for the cooling phase (risk of water freezing) and for the heating
phase (risk of too high stress/strain into pile).

Some software allows to design the components both of GSHP and of the energy distribution system
and to simulate the behaviour of these system integrated into a building.

To establish a thermal loads range in terms of magnitude of temperatures for energy piles in the

Neapolitan area, a dynamic energy simulation was carried out with Design Builder software to
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analyse the energy behaviour of a plant operating over a period of one year under the thermal

boundary conditions of the Neapolitan context.

3.3.1 Neapolitan climate zone
The city of Naples is placed in the centre of the Mediterranean area on the western coast in the South

of Italy.
The Mediterranean climate is intermediate between warm and hot and substantially dry during the
summer and mild, wet during the winter because it is a zone included between the rainy climate of

central Europe and arid climate of North Africa (Giorgi and Lionello 2008).
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Figure 3-16 - Naples in the Mediterranean region. Replotted from (Castro-jiménez et al. 2013)

Very often in Mediterranean coastal regions the real challenge is especially in the summer season
when it is necessary to ensure thermo-hygrometric comfort inside the buildings with the rather high
temperatures that the air can reach in the warmer months.

The climate in Italy can differ very much passing from the north to the south of the country. The
energy design approach of the building and consequently of the energy piles depend on the Italian
region. These differences were already observed by Morrone et al. (2014) who compared the energy
results for the same residential building equipped with a geothermal heat pump and energy piles for
the heating and the cooling of the indoor spaces. The building was numerically simulated in a cold
climate (area of Milan) and in mild climate (area of Naples) for 20 years of operations. The aim was
to evaluate the technical and economic feasibility of the design. The authors observed that the
knowledge of the magnitude of injected and extracted heat was a fundamental component for the
analysis of the global energy performances of the system in the long term. In fact, it was found that

for buildings in mild climates, where the heat pump is mainly used to cool the indoor spaces, the
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temperature of the subsoil increased 10 °C after many operational years. On the other hand, the
change was negligible for buildings in cold climates.

Italy is subdivided in six climate zones (Figure 3-17) introduced by the Italian Law n. 412 26/08/1993.
The difference between a zone and another zone is due to the evaluation of the Daily Degrees (DD)
defined as the sum extended every day of a conventional annual heating period, of only the daily
positive differences between the indoor temperature, conventionally set at Ti= 20 °C and the daily

average outdoor temperature T, (Equation 3-1).

n
DD =) (T;-T,)
i=1

Equation 3-1

Climate zones are used for the energy design of the buildings. Naples with 1034 DD is in the climate
zone C. Based on the climate zone, the Italian Law establishes, for the building heating mode, the
time limit to set up for the thermal plan. For Naples, the period is from the 15 of November to the 31
of March. On the other hand, the Italian Law does not establish nothing about the buildings cooling
and so it is the designer's task to analyse the energy requirements needed to ensure proper indoor
thermohydrometric comfort. A way, also used in this research, to evaluate the period of building
cooling, is to analyse in which part of the year the indoor temperature is over the prefixed setpoint
temperature of design to ensure the comfort.

The following Figure 3-18 shows the daily average, maximum and minimum temperatures recorded
for the city of Naples from the year 2017 to the year 2020. In Figure 3-19 are compared the
temperature from 2017 to 2020 obtained from network archive (“Che Tempo Faceva a Napoli -
Archivio Meteo Napoli » ILMETEO.It” n.d.) and the simulated temperature by the software Design
Builder according to the ASHRAE 2013 (Design Builder Templates)..
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Figure 3-17 - Italian climate zones with the indication of the city of Naples in the Zone C
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Figure 3-18 - Average, Maximum and minimum air temperature from the 01/01/2017 to 31/12/2020 (data from (“Che Tempo Faceva
a Napoli - Archivio Meteo Napoli » ILMETEO.It” n.d.)
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Figure 3-19 - Comparison from different annual air temperature recorded in Naples and simulated temperature according to
ASHRAE 2013

3.3.2 Dynamic energy simulation: Design Builder
To evaluate a realistic magnitude of thermal loads to apply to the energy pile in Neapolitan climate

context, a dynamic energy simulation was carried out by the software Design Builder. This software
includes the “Energy-Plus tool” capable to model and analyse the overall building energy exchange
taking into account cooling, heating, lighting, ventilation, and other energy flow (DesignBuilder
intro). The aim of the simulation was to determine the inlet water temperature in the primary circuit
of the energy pile induced by the heat pump for a plant operating over a period of one year. Design
Builder is the user-friendly graphical interface of the thermal simulation engine Energy-Plus. With
Design Builder it was possible to model in a three-dimensional environment the geometry of the
building, modelling the external envelope and the internal partitions and taking into account the
difference between the opaque elements and the transparent one. It was possible also to assign a
specific geographical location and the connected weather data choosing from the internal software
database. Moreover, it was possible to consider in the model either simple or detailed HVAC (Heating
Ventilation and Air Conditioning) system. Further independent HVAC model options were available
such as Natural Ventilation, Earth Tubes Domestic Hot Water and Air Temperature Distribution. As
regarding the output, it was possible to choose from General outputs, Heating Design, Cooling
Design, or energy Dynamic simulation.

In the next section will be better explained how these options were used for the energy model.

3.3.3 The building envelope
To determinate the thermal loads to use for energy pile thermo-mechanical design, a dynamic energy

analyses was carried out on a hypothesized building. It was a four-storey building with a rectangular
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plan 9,00 m x 16,25 m for a total area of around 146 m? per floor. Office destination was selected for
a total of four storeys. The choice of a building office instead of a more generic residential usage was
due to the possibility of a simpler determination of the hours and days office usage.

About the architectural/plant engineering part, the model was created assuming a new construction
intervention and therefore taking into consideration the regulatory aspects and the limit parameters in
terms of transmittance of the parts of the building envelope such as walls, slabs, windows and so on.
The design strata of vertical and horizontal envelope, in fact, was affected by the transmittance limits
provided by the Table 3-2 replotted from Appendix A, Annex 1 of the Italian Law D.M. 26/06/2015
for “reference” or “target” building. In Table 3-2 the limit transmittance parameters for the envelope

and for the Neapolitan climate zone values are summarized.

Table 3-2 —Thermal transmittance limit values according to the Appendix A of the Italian Law D.M. 26/06/2015

Type of structure Transmittance [W/m2°C]
Vertical opaques — separation from indoor and outdoor 0,34
Top horizontal or inclined opaques - separation from
indoor and outdoor 033
Floor horizontal opaques - separation from indoor and
outdoor 038
Windows and glasses door (both transparent and opaque 50

parts)

It was assumed that each floor consists of a single “Thermal Zone”, i.e. a thermally homogeneous
zone both for the activities carried out and for the minimum and maximum set point temperatures to

be considered during the summer and winter seasons (Figure 3-21).
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b)

Figure 3-21 - Design Builder model. a) the thermal zone; b) three-dimensional view of the building

3.3.4 Indoor activities and design setpoint temperature
Once the architectural modelling and assignment of the thermal properties of the building envelope

was done, it was necessary to define the indoor activities of the building, the urban usage, the
occupancy people rate for the thermal zone and above all the setpoint temperatures to define the limits
for which thermal systems must work.

The use of the building as a private office was established to be able to outline a hypothetical operation
of the air conditioning system during the day, during the week and during the year. In fact, it was
established that the thermal plant worked in a daily “on/off” mode from 8:00 a.m. to 18:00 p.m., from
Monday to Friday. Furthermore, during the year was established that in April, May and October the
plant did not work. The activities in the building were set to “Generic Office Area” with a density of
occupation scenario of 0,111 person/m?. The indoor setpoint temperatures of the building were
assumed equal to 20 °C for heating in the wintertime and 26 °C for cooling in the summertime
according to the provisions of UNI/ TS 113000.

The on/off operation mode was established because from literature review (see chapter 2) it was
observed that this option provides typically the best energy performance of the system but also the
bigger initial thermal loads for the heat exchangers. As regards the annual switching system on and
off, this derives from regulatory considerations, as seen in the previous paragraph, and from design
considerations. The heating mode was established from the criteria of Italian law. On the other hand,
the period for the cooling mode was established based on the analysis of the difference in temperature
between the indoor side and the outdoor. As a matter of fact, a first simulation of a building model
without thermal plant was carried out, in Figure 3-22 the indoor and outdoor temperature were shown.

It was observed that in cold season the respect of the transmittance limits for the building envelope
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imposed by the Law allows for internal temperatures that are certainly not sufficient for thermal
comfort but are nevertheless acceptable. Moreover, in cold season the greenhouse effect provided by
the transparent elements (windows) allow an internal heat gain during the day. On the other hand, in
warm season the problems affecting Mediterranean areas are fully manifested. As shown, indoor
temperatures were well above the limit of 26 °C set as the warm season set point temperature. This
phenomenon starts right around the beginning of June and ends towards the end of September. So,

from this analysis it was designed that the air-conditioning system would operate during this period.
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Figure 3-22 - Indoor and outdoor temperature simulated by Design Builder
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Figure 3-23 - Input parameter provided to the software
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3.3.5 The building thermal plant design
The last step for the input data phase was the model of the HVAC system. Obviously for the aim of

this research, a system with a geothermal heat pump and underground heat exchangers was selected
and designed.

The first step to design the plant was to size the geothermal heat pump according to the energy peaks
of the building in both cold and warm seasons.

To obtain the energy peaks in the winter season, an indoor heating design calculation was carried out.
On the other hand, the summer energy peaks were obtained by an indoor cooling design calculation.

These calculation methods were described in detail in the following subsections.

3.3.5.1 Indoor heating design calculation
To determine the size of heating equipment and heating design calculations were carried out by

Design Builder. The software, through the Energy Plus dynamic thermal simulation engine, carried
out a transient analysis to meet even the coldest winter design weather conditions likely to be
encountered at the site location (Naples). The winter design weather is based on a worst-case design
day in which the software considers the minimum outside dry-bulb temperature and a corresponding
wind speed. The latter factor is needed to calculate external convective heat transfer. The Energy Plus
dynamic thermal simulation engine was used to carry out heating design simulations. To maximise
the heating power demand, the software did not consider the solar gain and other internal gain such
as lighting, equipment or occupancy. The zones were heated constantly to achieve the heating
temperature set point. Moreover, the software considered the heat exchange of the indoor zones not
only with the outdoor but with all the zones with a lower temperature.

The simulation continued until the engine converged towards a stable solution in terms of
temperatures and heat flows in each zone and towards any component of the system.

The total heat loss in each zone is multiplied by a Safety factor that is assumed with a default value
of 1,5 to give a recommended heating Design Capacity.

From the analyses a peak heating load of 30,5 kW was obtained (Figure 3-24).
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Figure 3-24 - Indoor heating design calculation results

3.3.5.2 Indoor cooling design calculation
The cooling design was needed to determine the capacity of cooling equipment required to meet the

hottest summer design wheatear conditions likely to be encountered at the site location. In this case
for the summer design wheatear conditions in the software was considered the maximum dry bulb air
temperature over the day, the minimum dry bulb air temperature (in the night-time) and the wet-bulb
temperature at the time of the maximum dry-bulb temperature. The default parameters for the daily
temperature profile used in the cooling design calculations were calculated from the maximum and
minimum values using a modified sinusoidal curve and assuming that the maximum temperature
occurs at 15:00 p.m. and the minimum at 5:00 a.m.

Generally, the indoor cooling design calculation are carried out using periodic steady-state methods
such as the admittance and response factor methods. With the use of Design Builder, it was possible
to use for the same purpose the Energy Plus dynamic thermal simulation engine.

Energy Plus for the indoor cooling design has different features compared to the case for the indoor
heating design. The periodic steady-state external temperatures were calculated using maximum and
minimum values obtained by the design summer weather. Moreover, to maximize the cooling thermal
loads, no wind was considered. On the other hand, for the same previous purpose, the solar gains
through windows and scheduled natural ventilation, were included as well as internal gains from
occupants, lighting and other equipment. The conduction and convection between zones of different
temperatures were always considered. The simulation continued until temperatures and heat flows in
each zone converged to stable values. For each zone the simulation calculated half-hourly

temperatures and heat flows and determined the cooling capacities required to maintain any cooling
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temperature set points. The maximum cooling load in each zone was multiplied by a safety factor
with a default value of 1,3 to give the design cooling capacity.

From the analyses a peak cooling load of -51,25 kW was obtained (Figure 3-25)
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Figure 3-25 - Indoor cooling design calculation results

3.3.5.3 The geothermal plant
In Design Builder software to create a system with a geothermal pump it was necessary to active the

HVAC detailed option to define the system components in detail. It was possible to choose if a single
water to water heat pump provided either heating only, cooling only or both heating and cooling.
These configurations were represented in Design Builder using so called “heat pump — heating” and
“heat pump — cooling” components connected to hot and chilled water plant loops, respectively. The
aim of the plant designed for the case study building was to satisfy with the same heat pump both the
summer and winter needs. For this reason, both heating and cooling heat pumps were included in the
HVAC layout and the data entry for the heat pumps were coordinated. The primary circuit analysed
consisted of U-shaped heat exchanger composed by 16 wells 76 m in length. It was connected to the
heat pump system to supply the thermal energy from the ground. As regarding the secondary circuit,
it consisted of radiant panel floors for the heating mode and cold beams for cooling mode. The size

of the heat pump was chosen to satisfy the heating and cooling peaks loads calculated previously.
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Figure 3-27 - Detailed scheme of the GSHP plant from the indoor spaces to ground heat exchangers

Based on the peak loads, a simplified method proposed by the software guide was adopted to choose
the number of boreholes and the length of the ground heat exchangers. It consisted of a matrix in
which crossing heating and cooling peak loads the number of boreholes was obtained.

It should be clear that the number of boreholes and the length of U-shaped GHEs were used only to

know the required approximate length of GHE:s. In fact, in energy piles, as said in previous sections,
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an equivalent length of GHEs can be obtained even using other shapes than U and other depth of

excavation.
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Figure 3-28 - Simplified matrix method to design the boreholes number

After this preliminary sizing to complete the input data for the model important parameters for the
heat exchangers such as the thermal parameters of both grout and soil were fixed. The heat carrier
fluid flow rate also was imposed according to the heat pump chosen. To simulate an energy pile as a

GHE the concrete thermal properties were inserted in the grout field.
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Figure 3-29 - Input parameters for the ground heat exchangers
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3.3.5.4 Energy simulation
From the above analyses it was possible to obtain the final energy model of the building provided

with the geothermal plant. On this model an annual dynamic simulation was carried out and the inlet
temperature in the ground heat exchangers was obtained. It represented a realistic thermal load to

apply to an energy pile with the above assumptions related to the climate conditions of the Neapolitan

area, for a typical building occupied by offices.
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Figure 3-30 - a) Hourly and b) daily values of temperature of the water entering (inlet) the underground collector; outdoor and indoor
temperatures.

The inlet temperature trend is described for the whole year in the above figures. In terms of daily
cycles, the winter and the summer working temperatures show different features. In fact, it is clearly
shown that in winter generally the most severe temperatures (colder) supplied to ground heat
exchangers are recorded from the start to the middle of the daily system operation. On the other hand,
in summer season generally the most severe temperatures (warmer) are recorded from the middle to

the end of the daily operation. In Figure 3-31 a zoom view of the trend of the inlet temperatures for
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10 hours of work of a plant with an on-off operation mode is plotted. The system starts at 8:00 a.m.
and finishes at 18:00 p.m. both for a winter’s day and a summer’s day.

The reason of this different behaviour could depend on the outdoor temperature. As a matter of fact,
the plant works at the same hours of the day for the whole year. In winter when the plant starts to
work it must heat the cold temperatures accumulated during the night when the plant was off.
Moreover, until the middle of the operation, the plant is working with the morning outdoor
temperatures that resulted generally colder than those recorded in the middle of day. The opposite
occurred in summer season. In fact, at the start of the operation the plant must work to cool the
building starting from the indoor temperatures accumulated during the night that are obviously colder
than those experienced during the daytime. In this way the system supplies higher inlet temperature
to the heat exchanger from the middle to the end of the work.

It is possible to observe by Figure 3-31, as it could be expected in a Mediterranean city like Naples,
that the higher thermal loads are provided to heat exchangers in the indoor spaces cooling mode. In
this mode, in fact, the inlet temperature for the energy pile can overcome the 40 °C. In the simulation
of pile-soil interaction under thermal loads the cyclic nature of the load is important. The thermal
analysis carried in the building provides a realistic estimate of the thermal loads moving from a
detailed hourly variation up to the scale of a whole year. On this aspect and on the importance of the

cyclic nature of the thermal loads a detailed discussion can be found in the paper by Marone et al.

(2020).
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Figure 3-31 - An example of inlet temperature trend for the operation time of the GSPH in summer and winter season

3.4 Conclusion
The aim of this brief chapter was to describe the main features of the energy piles applications in the

city of Naples and its surroundings. For such a reason the context of the area was first described by a
geological point of view outlining the main volcanic formations likely to find in the subsoil. For these

formations a brief and obviously not exhaustive discussion of the main geotechnical and thermal
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properties is carried out. Typical climate conditions are presented and a simplified thermal analysis
of a schematic office building in the city of Naples is carried out.

Using this partially coupled approach a magnitude of the thermal loads to apply to the energy piles is
obtained. It was observed that for the Mediterranean Neapolitan climate the cooling demand of the
building during a year was slightly higher than the heating one. In terms of thermal loads for energy
piles it means that more attention in the design should be paid for the heating case even because the
differences in temperature resulted higher and kept constant for a longer time compared to the cooling
ones.
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Chapter 4

4 Numerical analysis on energy piles

4.1 Introduction
The numerical methods are powerful tools to analyse the behaviour of a soil-pile interaction model

under thermal and mechanical loadings. By numerical analysis it is certainly possible to analyse the
impact of different design elements of an energy pile such as geometry, thermal and mechanical
material properties, thermal boundary conditions.

Two different software have been used with different aims.

The first part of the chapter is dedicated to the numerical analysis carried out with the finite element
software Plaxis 2D. An axisymmetric 2D model is used with the final aim to establish the effects of
different assumptions on the boundary conditions at ground surface on the thermomechanical
behaviour of a single energy pile embedded in Neapolitan pyroclastic soils. The importance of this
aspect is generally underestimated

In the second part a parametric study is presented carried out by the commercial software FLAC3D
and using a 3D model. The aim is to investigate the behaviour of energy pile groups via the interaction
factors method (Poulos, 1968), (Poulos et al., 1971), (Russo, 1998). For this reason, a couple of
energy piles was modelled considering them embedded in different soil layering and at different
spacing. One of the piles was subjected to mechanical loads only and the effects on the adjacent
unloaded pile were evaluated. The same analysis was repeated applying a thermal load on one of the
two piles. By the analysis a coefficient of interaction between the pile was determined for the different
parameters chosen both for the mechanical case and the thermal one. Moreover, it was compared with
literature results.

4.2 The effects of the boundary conditions on the energy pile behaviour embedded in

pyroclastic soil
This chapter summarizes the results presented in 2nd International Conference on Energy

Geotechnics ICEGT 2020 (Marone et al., 2020).

An investigation about energy piles mechanical behaviour contextualized in Neapolitan area was
carried out by a FE thermomechanical axisymmetric numerical analysis using the commercial
software Plaxis 2D.

A Continuous Flight Auger (CFA) energy pile 13 m in length and 0,60 m in diameter embedded in a
typical Neapolitan pyroclastic soil deposit subjected to thermomechanical loads was simulated. The
material properties and the mechanical load was determinate by a field test. On the other hand, the

thermal loads and the climatic context were determinate by an energy dynamic simulation of a
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prototype building, as already detailed described in chapter 3. In this way the annual energy pile
thermal loads corresponded to a realistic heating and cooling demand of the designed building for
Neapolitan context.

In addition, to the thermal loads provided by the designed GSHP to the energy pile by the energy
simulation it was also possible to evaluate the indoor and outdoor annual temperature trends.

The aim was to establish the effects of the different surface thermal boundary conditions, i.e.
considering the indoor or outdoor annual temperature trend on the mechanical pile behaviour and to

investigate the differences in results obtained with an hourly or daily simulation.

4.2.1 The 2D model
The soil and pile mechanical property adopted in the model were determinate by a trial and error

procedure based on experimental data of a site investigation and conventional design pile load test
reported by Russo (2013).

The site was in the plain east on Naples. In this zone, Vesuvius and Phlegrean volcanos deposits
constituted the subsoil and the groundwater was close to the ground surface.

5 load tests to failure and 12 proof load tests were carried out in the framework of the foundation
design of a new big trade centre. Three conventional top-down maintained stage load tests on piles
with different length and diameters and two Ostemberg’s cell load tests on pile with similar geometry
and length were carried out (Russo et al., 2018a).

To investigate the site stratigraphy, moreover, 6 CPT and 11 boreholes were carried out. From
boreholes the stratigraphy was detected. Made ground with a thickness ranged between 1 m and 3 m
was the first layer. The second layer was made by pyroclastic sandy soil with a thickness ranged
between 8 m and 11 m. Finally, the bedrock of volcanic grey tuff was detected for depth from the
ground surface ranged between 10 m and 12 m. The tuff layer was 20 m in thickness. In Figure 4-1
the CPT and SPT results and the variation of the specific weight and friction angle with the depth are
reported (Russo, 2013).

The friction angle was obtained by Schmertmann (1975) deriving the soil densities form the CPTs
and SPTs results (Kulhawy amd Mayne 1990). By the obtained results the friction angle ranged
between 31° and 37° for the pyroclastic sandy soil upper the tuff bedrock. The upper bound of the
angle friction values were reached in the upper and in the lower part of the soil profile. On the other
hand, in the middle part of the soil profile, the lower bound of the friction angle values were detected.
Even if the tuff layer was not directly investigated it, it was well-known deposit of the Neapolitan
area, as said in previous chapter 3. A Mohr-Coulomb (M-C) envelope characterize the tuff strength
with ¢’ (effective cohesion) ranged between 400 kPa and 800 kPa and a friction angle of 28° (Russo,
2013).
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By obtained site results, the stratigraphy was modelled. The geotechnical model used in the numerical
simulation was made by three different layers of pyroclastic sand for the first 10 m and a grey tuff
layer from 10 m to 30 m. The ground water was 1 m below the ground surface. The first three layers
were called Upper sand, middle sand and lower sand and had thickness of 4 m, 3 m and 3 m,
respectively.

From the back analysis of the site load test on a continuous flight auger (CFA) pile 13 m in length
and 0,6 m in diameter, the mechanical parameters of soil were calibrated using an Hardening-Soil
(H-S) constitutive model for the pyroclastic sands and a Mohr-Coulomb model (M-C) constitutive
model for the tuff. Between the pile and the surrounding soil and interface was included with a M-C
constitutive model.

In Figure 4-2 the comparison between the experimental and simulated load settlements curve obtained
with the calibrated parameters is shown. It can be observed a sudden settlement for a load value of
approximately 6000 kN, reaching a maximum settlement value of almost 0,03 m. The failure can be
considered representative of the mobilisation of both the lateral and the tip resistance of the tuff pile.
The pile and the soil thermal properties were assigned on the basis of the literature values as explained
in previous chapters 2 and 3 considering the presence of the water table and its effects on the thermal
conductivity of soil.

The mechanical and thermal parameters assigned in the model are reported in Table 4-1.

Table 4-1 - Pile and soil mechanical and thermal parameters

Pile Upper | Intermediate | Lower Tuff
sand sand sand
Unit weight (y) [kN/m?] 24 19 18 19 17
Young’s modulus (Eso) [MPa] 30000 | 31.85 9.10 53.30 | 5000
Young’s modulus (Euwr) [MPa] - 95.55 27.30 159.90 -
Thermal expansion coefficient (o(s) [10-5 °C1] 1.2 4 4 4 4
Thermal conductivity (A) [W m1°C1] 2.4 2.4 2.4 2.4 1.4
Specific heat capacity (cs) [J kg! °C] 100 1000 1000 1000 | 1300
Cohesion (¢’) [kPa] - 1 - i
Friction angle (¢’) [°] - 37 32 37 28
Dilatancy angle (y) [°] - 7 2 7 -
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To analyse the energy pile mechanical behaviour an axisymmetric model 30 m in length and 26 m in
width with a triangular fine mesh of 15 nodes elements was setup.

Different thermal boundary conditions were adopted around the model box. A closed thermal flow
boundary was inserted in correspondence of the pile axis edge to take into account the axial symmetry
of the model. On the other vertical boundary, constant temperature boundary was adopted. The
temperature chosen for this boundary was 17 °C, temperature assumed for the initial and undisturbed
condition of the soil in Neapolitan context. It should be noted that assuming a constant temperature
for the lateral edge of the model was a simplification because of the previously discussed natural soil
temperature variation with the depth. However, the distance between the boundary and the pile
(approximately 43 times the pile diameter) was large enough to not influence the soil/pile
thermomechanical interaction.

On the top of the model the effects of two boundary conditions were explored: the “indoor” or the
“outdoor” constant temperatures were assigned. An imposed constant temperature vertical line was
imposed at 0,25 m from the pile axis to simulate the location of the heat exchanger pipes inside the
pile. The temperature assigned to this boundary depended on the results obtained from the energy
simulation and was variable over the time.

A fully coupled thermo-hydro-mechanical analysis, for the same pile and the same subsoil conditions,
was carried out. A constant service load of 2400 kN equal to the 40% of the ultimate pile’s capacity
was applied on the pile head and coupled with the variable thermal loads provided by the building

energetical simulation.

4.2.2 The 2D simulation
The numerical analysis was carried out considering one year of the GSHP operation. For the system

it was hypothesised a daily “on-off”” operation mode from the 8:00 a.m to 18:00 p.m., from Monday
to Friday. Moreover, it was also assumed that the plant did not work continuously for all the year. In
fact, in April, May and October it was considered turned off. The reasons of these choices were
already described in chapter 3.

The thermal loads cycle was subdivided in 5 steps according to the following list: (Figure 4-4):

First cooling cycle. Duration 90 days;

First recovery phase. Duration 61 days;

Heating cycle. Duration 122 days;

Second recovery phase. Duration 31 days;

A S

Second cooling cycle. Duration 61 days.
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Figure 4-4 — Outdoor, indoor and inlet carrier fluid temperature values a) hourly; b) daily

First a simulation comparing different kinds of thermal loading was carried out. Cycles with hourly
or daily thermal variation, HTV and DTV, respectively, were considered.

The comparison was carried out comparing both the pile head displacements and the axial forces of
the two condition.

In Figure 4-5 the pile head displacements are reported. First of all, an obvious trend of the pile head
to settle for cooling load phases and to heave for the heating phase should be noticed. During the first
recovery, the tendency of the temperature is to increase because of the surface temperature. Moreover,
also the pile/surrounding soil system, when the cooling phase is finished, tends to return to the
undisturbed soil temperature. It corresponds to a heating for the pile. Vice versa, the opposite can be
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observed in the second recovery where from the warm season the simulation is continuing to the cold
one. In this case, the heated system (pile and the surrounding soil) tend to return to the undisturbed
temperature.

Two analyses are compared: one is based on an inlet temperature defined on an hourly basis and the
other on a daily basis. The maximum incremental displacement obtained for the hourly simulation is
4,86 mm while for the daily simulation is 4,40 mm. Because the settlements due to mechanical effects
are equal to 3,21 the impact on the settlements increase of the thermal loads are 37% and 51% for the
hourly and daily variation, respectively (Figure 4-5).

However, comparing the maximum displacements obtained with the two simulations, the difference
results less than 0,5 mm, which is a magnitude that can be considered nearly negligible for
engineering purposes.

At some predetermined time along the thermal cycle, the axial forces were evaluated both for daily
and hourly temperature variation. The thermomechanical axial force trends are compared with the
axial forces provided by the mechanical case (Figure 4-6 a). In the heating phase, as expected, the
compressive axial loads increased than the mechanical phase and the effects are more evident in the
hourly simulation. On the other hand, the cooling phase decrease the compressive stress. In this case
the axial force values of the daily and hourly simulation are not so far. In Figure 4-6 a) the second
recovery rest is also reported. In fact, it is interesting to notice that, also without the application of
thermal loads to the pile, the axial force trend do not correspond to purely mechanical one as expected
because of a thermal variation into the pile linked to the previous phase. Finally, it can be observed
that at the end of the yearly cycle, both for the case of daily and the hourly thermal variation
simulation the axial forces are smaller than the mechanical case. This occurs since at the end of the
cycle temperatures lower than the initial ones are recorded.

The results confirm also for the axial forces that a great difference between the hourly and daily
simulation is not found. It can be concluded that the greater computational efforts to carry out an
hourly simulation on a whole year is not needed. A simpler and less demanding daily simulation on
a whole year period is a good compromise.

After, considering the obtained results, a comparison between daily variation simulations was carried
out by comparing indoor and outdoor temperatures on the top surface boundary.

The aim was to investigate the different energy pile behaviour under different boundary conditions.
The effects on the pile head displacements versus the time have already investigated before. Now,
the effects on the axial forces are described.

As the previous case, the axial forces were evaluated in different phases of the yearly cycle. In Figure

4-6 b) the axial force trends for the different cycle phase and the mechanical trend is plotted.
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It is possible to notice that by applying the outdoor temperature, axial forces in the heating phase are
more compressive than the indoor case. On the other hand, in the cooling phases, the indoor
temperature boundary condition seems to produce smaller axial force values if compared to the
outdoor boundary but anyway comparable. A large difference, instead, is noted in the second rest

where both the outdoor and indoor boundary trend show smaller values if compared to the mechanical

case.
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4.3 Interaction coefficient determination for a couple of energy piles
The interaction factor is a simplified method introduced by (Poulos, 1968) and (Poulos et al., 1971).

Based on hypothesis of linearly elastic soil behaviour, this method allows the displacement analysis
of a pile group on the basis of the knowledge of the interaction factor between a couple of two
identical piles at different spacings. The linearly elastic assumption allows to make use of the
superposition effect.

Numerical analysis was carried out to study the behaviour of a group of energy piles. The numerical
model was developed using the finite difference software FLAC3D. The aim was to analyse the
interaction in a couple of energy piles in dry pyroclastic soils by a parametric analysis.

The analysis was carried out considering two concrete piles 15 m in length and 0,60 m in diameter
not mechanically loaded and with no head restraint.

Four different spacings were analysed, i.e. 2d, 3d, 4d and 5d. Both a loose sand and a dense sand
subsoil profile were considered in the analyses. In both cases two different subsoil profiles were
considered. In one case a stiffness constant with depth was assumed while in the other a linearly
variable with depth soil stiffness was considered.

The analysis was subdivided in two main parts. In the first part, the piles were only subjected to
mechanical loads. Subsequently load-settlements curves were determined for the different parameters
considered. The results were also compared with the literature results obtained by Poulos. In the
second part of the analysis, the same procedure implemented for mechanical case were carried out
considering only thermal loads on piles.

The analysis was carried out considering a linear-elastic constitutive model both for the concrete piles

and for the surrounding soil.

4.3.1 Background
When energy piles are sufficiently close each other, a “group effects” could occur both for thermal

and for thermomechanical loads. Due to the interaction the pile group settlement is larger than the
settlement of a single pile subjected to a load equal to the average load per pile of the group.

In the last years, some studies by numerical analysis were carried out about the behaviour of groups
of energy piles.

FEM analyses were carried out by Tsetoulidis et al. (2016) with model validated on the field test
carried out in Lambeth College (Bourne-Webb et al., 2009). A 3x3 pile group embedded in clay was
analysed. The authors found a significant compressive force of the piles both in the cooling and in
the heating phase in the case of all piles thermoactivated in the same time. Moreover, the compressive

force gained in cooling phase could be attributed to the lower thermal expansion coefficient of the
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concrete pile compared to the clay one. Vice versa, when only the central pile was thermo-activated,
in cooling and heating phase very large axial force decrease or increase were found, respectively.

Rotta Loria el al (Rotta Loria et al., 2018; Rotta Loria and Laloui, 2018, 2017a, 2017b, 2016) carried
out a series of studies about energy piles group. In this studies Finite element analyses were carried
out to investigate the behaviour of a group of energy pile for different number of thermo-activated

piles, the interaction factor method, and the equivalent pier method.

4.3.2 The 3D model
The numerical box was taken large enough in order to have the behaviour of the pile or of the pile

couple not affected by the rigid model boundaries. The minimum distance between the piles axis and
the lateral surfaces was greater than 10 diameters (6 m) and the distance between the piles toe and the
bottom of the model was greater than 8 diameters (4,8 m). Consequently, the model adopted was a
parallelepiped with a square plan of 20 m x 20 m and a total height of 30 m.

As said before, 4 spacings in function of the piles diameters where chosen to study the behaviour of
the pile group. In Figure 4-7 plan views of the four analysed models are sketched.

The subdivision and the size of the zones of the model in plan were carried out to obtain the maximum
of the discretization in the pile and in the areas immediately surrounding the group. For areas further
away from the above, the zones were left wider. The motivation was due to the search for the right
balance between the accuracy of the final results and the onerousness of the calculation. In this way
it was possible to use a lean but precise model for the intended purpose. In the vertical side, on the
other hand, for the same reasons explained before, the high of the zones were 0,50 m (Figure 4-8).
About the boundary conditions imposed on the model, in addition to geometric conditions,
constraining conditions were imposed. To apply a given displacement to a boundary, it was necessary
to prescribe the boundary's velocity. It was imposed that the boundary faces of the model, except for
the upper face, had zero velocity in direction of the normal exiting their plane. In this way a condition

equivalent to a system of constraints was imposed around the model (Figure 4-9).
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20m

c) d)

Figure 4-7 — Plan view of the geometries of the adopted model for distances between the piles of a) 2 diameters; b) 3 diameters; c) 4
diameters; d) 5 diameters
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Figure 4-8 - Geometry and discretisation of zones of the adopted model a) with homogeneous soil properties with depth; b) with soil
properties varying with depth

Figure 4-9 - Schematisation of the boundary conditions of the adopted model

137



Chapter 4: Numerical analysis on energy piles

4.3.3 The mathematical approach to the thermomechanical problem in FLAC3d
In FLAC3D a thermomechanical analysis was carried out using the thermal option of conduction

models. This kind of model, in fact, allow simulation of transient heat conduction in materials, and
the development of thermally induced displacements and stresses.
The relation between the heat-flux vector and the temperature gradient is linked by the Fourier's law.
In the case of stationary, homogeneous, isotropic solid, the law is:

q; = —AT;

Equation 4-1
Where T is the temperature [°C] and A is the thermal conductivity [W/m°C].

An isotropic conduction material model was adopted both for pile and surrounding soil.

For isotropic conduction the thermal conductivity matrix is:

1 0 0
/lzl-[o 1 O]
0 0 1

Equation 4-2
For this model one conductivity scalar parameter is sufficient.
Anyway, in isotropic model in addition to the thermal conductivity, it will also be necessary to provide
the scaled value of the thermal expansion coefficient and the specific heat for each material of the
model.
The temperature and the three components of the heat flux are the variables involved in FLAC3D in
heat conduction related through the energy-balance equation and transport laws derived from

Fourier's law of heat conduction. The differential expression of the energy balance is:

a¢

Qi t Qv = 5

Equation 4-3

Where:

qi is the heat flux vector [W/m?];

gv is the volumetric heat-source intensity [W/m?];
and T is the heat stored per unit volume [J/m?];

t is the time [s].

Generally, a change in temperature could be caused by changes both in volumetric strain € and energy

storage. Relating those parameters, the thermal constitutive law can be expressed as:
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a_T = My, (% - :Bth%>
Jt at at

Equation 4-4
Where M and B are material constants and T is the temperature. FLAC3D consider the particular
case in which Mu=1/(Cyp) and Bun=0 where p is the mass density of the medium [kg/m?] and Cy is the
specific heat at constant volume [J/kg°C]. The basic assumption is that strain changes play a
negligible role in influencing the temperature, a valid assumption for quasi-static mechanical

problems involving solids and liquids. So:

¢ T

C,—
ot Piv e
Equation 4-5

By substituting Equation 4-5 in Equation 4-3 the energy-balance equation became

oT

—ij t 4 = ply 57

Equation 4-6
A reformulation of the incremental stress-strain relations is required for the solution of thermal-stress
problems, which is accomplished by subtracting the portion due to temperature change from the total
strain increment. Since free thermal expansion does not cause any angular distortion in an isotropic
material, the shearing-strain increments are unaffected. The thermal-strain increments associated with

the free expansion corresponding to temperature increment is:
Agi’]’ = atAT(Si]-

Equation 4-7
Where ais the coefficient of linear thermal expansion, and 6;jis the Knonecker delta.
On the other hand, during a transient simulation, the heat transfer can be coupled to thermal-stress
calculations at any time. As said before, the relationship between stress and temperature is only in
one way i.e. the temperature can affect the stress change, but it is no possible the contrary. The stress
change in a triangular zone, assuming a constant temperature in each triangular zone that is
interpolated from the surrounding grid points is:

Ao-i,j = —3K0{tAT5U

Equation 4-8
where K is the bulk modulus [Pa]. This stress is added to the zone stress state prior to application of

the constitutive law.
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4.3.4 The material properties
One of the aims of this section is to determine the coefficient of interaction between piles. Both the

piles and the surrounding sand were modelled with a linear elastic model. Bulk and shear modulus

were the only two properties to fix.

In Figure 4-10 the trend of the bulk and the shear moduli were reported both for dense and loose soil

considering both homogeneous soil and not homogeneous one.
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Figure 4-10 - Soil properties for the different model used in the numerical analysis a) shear moduli b) bulk

In Table 4-2 the mechanical parameters are summarized both for the dense soil and for the loose one.

On the other hand. In Table 4-3 the concrete mechanical parameters used for the piles were

summarized.

Table 4-2 — Soil parameters for dense and loose soils

p v
SOIL [kg/m3] [-]
dense 2200 0,27
loose 2000 0,3
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Table 4-3 — Concrete parameters for the piles

Concrete
K G v
[kPa] [kPa] [-]

1,67E+07 1,25E407 | 0,2

4.3.5 The mechanical analysis
During the mechanical analysis for the interaction factor determination, only one pile of the couple

was mechanically loaded and the head displacements of both the active and the passive piles were
determined. Conventionally, for these analyses the loaded pile was named pile A while the unloaded
pile was named “pile B”.

The coefficient of interaction between the two piles was calculated as:

Wp
a=—
Wy

Equation 4-9

where wg was the pile B head displacements while wa was the pile A head displacements.

The pile A was loaded by a velocity applied on pile head of 1x10°® m/s. It was established that the
analyses carried out in 60000 steps (every step corresponded to 1 second). In this way, the analysis
was carried out imposing a final pile settlement of 0,06 m. This value corresponded to a displacement
equal to the 10% of the pile diameter. Of course, it is evident that being the analyses limited to the
elastic model the fixed final settlement has no particular meaning.

In Figure 4-11 the linear load settlement relationships are plotted. The aim of the plot is obviously
only to compare the different inclination of the lines. From the plots on the side A it is possible to
outline the stiffening effect due to the presence of the passive pile. This effect tends to keep nearly
constant independently from the spacing increase. Anyway, the differences in behaviour between the
couple of piles and the single pile is more evident in not-homogeneous soils. In dense homogeneous

soil this difference is the minimum.
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Figure 4-11 — Load/Settlements curves comparing for different distances between the piles a) Pile A in loose homogeneous soil; b)
Pile A in dense homogeneous soil; ¢) Pile A in loose not-homogeneous soil; d) Pile A in dense not-homogeneous soil;

From these data should be noticed a significant difference between model with homogeneous
properties and not-homogeneous one even if the values of mechanical properties for the homogeneous
model were chosen as the property of the soil at the middle of the depth (as shown in Figure 4-10).
The data collected from these analyses were sufficient to obtain the coefficient of interaction between
the couple of the piles for the different scenarios considered in the numerical analyses.

According to Poulos the coefficient of interaction varied in function of the s/d ratio i.e. the ratio
between the piles distances and the piles diameter, in function of the aspect ratio of the pile, i.e. the

ratio between the pile length and tits diameter, and finally, in function of the K coefficient. It is a
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parameter defined as the ratio between the elastic modulus of the pile and the elastic modulus of the
soil. In Figure 4-12 the Poulos abacus is replotted and the coefficient of interaction found from the
numerical analysis are reported. In the legend of the graph, in addition to the type of soil, the K
coefficients, determined by the properties of the materials considered in the analysis, are also
indicated in brackets. It is possible to notice that a great accord is found above all when homogeneous
soil was considered into the numerical analysis. On the other hand, when the soil parameters were
function of the depth, lower coefficients values were found. This result is in line with Poulos' theory.
According to the author, in fact, when interaction coefficients are calculated for soils with stiffnesses

increasing with depth, values of interaction coefficients 20-25% lower were obtained.

1

Loose hom sand (k=129)
Loose no hom sand (k=91-500)
Dense hom sand (k=52)

Dense no hom sand (k=37-203)

H D> e 0

s/d

Figure 4-12 - Coefficient of interaction for the different scenarios considered in the numerical analysis. Black lines are replotted from
the Poulos abacus

Finally, pile A axial forces with the depth are plotted. To compare the different scenarios of the
parametric analysis, the axial force N calculated at the end of the steps was normalized with the

maximum axial force at the same time instant found for a depth of 0,5 m.
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Figure 4-14 — Axial forces at depth 0,5 m for all cases of the numerical analysis

144



Chapter 4: Numerical analysis on energy piles

In Figure 4-13 the normalized axial forces of the pile A are compared considering different s/d ratios
for loose and dense soil in homogeneous and not-homogeneous case.

By the graphs of the Figure 4-13 it is possible to notice that piles embedded in loose homogeneous
soil had the maximum axial forces if compared with the same piles distances. Moreover, there is a
clear difference in curves trend for the same pile and the same soil concept (homogeneous or not
homogeneous) between the dense and the loose sand. In fact, in both two cases the loose sands have
always higher values of normalized axial forces.

In Figure 4-14 the values of the axial forces at a depth of 0,5 m obtained at the end of any case of the

numerical analysis were reported.

4.3.6 The thermal analysis
A procedure like that applied for the mechanical case was then implemented for the evaluation of the

interaction coefficients of the couple of piles subjected to thermal loads. In this case the pile A was
subjected to a constant heating thermal load with the time and the effects in terms of displacements
and stresses were evaluated both on pile A and on pile B. Compared to the mechanical case, in thermal
model the piles were equipped with a new annular zone inside the concrete section. It was placed 0,5
m from the pile external edge and had a thickness of 0,025 m. These zones simulate the insertion of

spiral shaped heat exchangers inside the pile (Figure 4-15).

a) b)

Figure 4-15 - Insertion of the heat exchangers inside the model a) plan view b) section view

The numerical analysis was carried out considering an initial soil and pile temperature of 17 °C. Then
a constant temperature of 35 °C for one week was applied on the heat exchanger of the pile A.

The pile and the soil thermal properties were assigned on the basis of the literature values as explained
in previous chapters 2 and 3 and are shown in Table 4-4. The values of soil thermal conductivity have

been assigned considering the different soil state (loose or dense) and dry state.
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Table 4-4 — Thermal properties for the materials of the model

Thermal conductivity Specific heat Linear expansion coefficient
Element
[W/m°C] [J/kg°C] [1/°C]
Concrete 2,00 850 1x107
Heat exchangers 0,42 600 1x10°
Dry dense sand 0,266 800 4x107
Dry loose sand 0,226 800 4x10°7

Heating the pile, A, a heave of the pile B was observed. For the thermal case, also, an increase of
displacement was observed in unload pile. The displacement magnitude varied, as the mechanical
case, in function of a coefficient of interaction. The coefficient values depended on the different
parameters considered in the numerical analysis.

Despite the mechanical case, in thermal case the coefficient of interaction a was calculated as the
ratio between the thermal displacements of the pile B due to the interaction of the pile A and the

displacement of a single pile in the same soil

Wp
fI=—
Wsingle pile

Equation 4-10

In Figure 4-16 the trend of the coefficient of interaction for the thermal case was plotted and compared
both with the mechanical case and with the Poulos abacus for a couple of pile with an aspect ratio of
25.

It could be observed that, as for the mechanical case, increasing the distance from piles the coefficient
decreased. Anyway, despite the mechanical case the trend of the interaction factor for the thermal
case is opposite considering the K coefficient. Not homogeneous sands make exception. In this case
seemed that also for the thermal case the non-uniformity of the soil modulus with the depth played a
role in the coefficient of interaction. As observed for the mechanical case and in agreement with
literature (Poulos et al., 1971) when the modulus varied with the depth lower values were found. This

result was also observed by (Rotta Loria and Laloui, 2016).
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Figure 4-16 - Coefficient of interaction for the different scenarios considered in the numerical analysis. Full symbols represent the
mechanical case while empty symbol thermal case for the same K parameter. Black lines are replotted from the Poulos abacus

The shaft resistance, the shaft stress, and the axial forces of the pile A are also analysed for the
different parameters considered in the numerical analysis.

The pile was loaded only by thermal loads and no mechanical loads were applied on pile heads both
for A and B. Consequently, the axial forces provided into pile are due only by the lateral and pile toe
soil restrain.

First the lateral forces and lateral stress trend were analysed over the time, with the depth and in
different location of the pile circumference.

Comparing the axial forces for different pile distance and different soils it is observed that the couple
of pile in dense homogeneous soil with s/d ratio of 3 had the maximum compressive values for a
depth approximately in the middle of the pile. Anyway, the couple with 3 s/d ratio is the only one that
showed exclusively compressive axial forces. The other pile couples in the higher zones shows axial
forces nearly to null or very small tensile values. Only the pile couple with 2 s/d ratio shows higher
tensile axial forces values in the upper part of the pile.

Figure 4-18 shows the shaft resistance distribution with the pile depth comparing for the same soil
different s/d ratio. A difference in curve shapes is observed between the homogeneous and not-
homogeneous soils with greater values for the former than the latter. Moreover, it should be noticed
that while for homogeneous soil the upper and lower shaft resistance values are approximately
opposite values with similar magnitude, in the other cases shaft resistance at the pile toe results greater

that the values obtained at the pile hand. It is due to the stiffness soil increase with the depth.
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In Figure 4-19 and Figure 4-20 the case of the couple of pile with a s/d ratio 2 embedded in dense
homogeneous soil was chosen to show the evolution of the shaft stress along the pile circumference
for different depth and the shaft resistance overt the time for different depth.

From Figure 4-19 it is possible to notice that tx, and ty, for the same angle at centre of the pile
circumference had always an opposite phase of the trend. Moreover, the greater value and most
definite trend were found in extreme zones of the pile. Towards the central pile zones, the values
became smaller and the trend was less defined.

The same considerations could be appreciated with Figure 4-20. Considering the shaft resistance over
the time, it could be observed how the extreme zones, the upper and the lower, had the greater values
while toward the pile middle the values tend to zero. Moreover, after 7 days for the extreme zones
the values tended to decrease with the time. So, the same analysis was carried out considering a longer
time of thermal load application of 28 days. From Figure 4-20 b) a strong shaft resistance values

decrease, especially of the upper zone, is appreciate.
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Figure 4-17 — Thermal axial forces grouped according to different criteria
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Figure 4-18 — Comparison of the shaft resistance along the pile for a) homogeneous dense soil; b) not-homogeneous dense soil; c)
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150



Chapter 4: Numerical analysis on energy piles

Txz (-1 m) Tyz (-1 m
200 150 y ( )
0 = Kgae A i oty
o % 100 C
100 -
I ° ° _ 307 ° °
[ [ ) [ ) ] 4
- a o o
% ’ oﬁ .o % 07. at °
= . - 50 @ °
-100-| @8 |
st o 200 %o e
n i @ o
-200 T T T -150 T I I
0 100 200 300 