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ABSTRACT

The thermal and thermo-mechanical behavior of gneuites is investigated by various
approaches: laboratory measurement on small soples, physical modeling on small-scale
pile, experiments on real-scale pile, and analihoanerical calculations. First, the thermal
conductivity of unsaturated loess is measured $anabusly with moisture content and
suction. The results show a unique relationshipveen thermal conductivity and moisture
content during a wetting/drying cycle while a cléeysteresis loop can be observed on the
relationship between thermal conductivity and surctiSecond, thermal tests are performed
on a full-scale experimental energy pile to obsdrgat transfer at the real scale. Third, an
analytical solution is proposed to simulate conmhecheat transfer from an energy pile to the
surrounding soil during heating. The above-mentibtesks related to the thermal behavior
are then completed by studies on the thermo-mechlahehavior of energy piles. On one
hand, experiments are performed on a small-scadée ipstalled either in dry sand or in
saturated clay. Thirty thermal cycles, representinigy annual cycles, are applied to the pile
under various constant pile head loads. The reshtiw irreversible pile head settlement with
thermal cycles; the settlement is higher at highlker head load. In addition, the irreversible
thermal settlement is the most significant during first cycles; it becomes negligible at high
number of cycles. On the other hand, the experiahewobrk with small-scale pile is
completed with numerical calculations by using finée element method. This approach is
first validated with the results on small-scaleepptior to be used to predict the results of full-

scale experiments.

Keywords energy pile, physical model, full-scale experimeobnductive heat transfer,

thermo-mechanical behavior, finite element metladlytical method, thermal conductivity.



RESUME

Le comportement thermique et thermo-mécanique desx pénergétiques est étudié par
plusieurs approches : mesures au laboratoire ssrégeouvettes de sol, modélisation
physique en modeéle réduit, expérimentations sumu pe@ vraie grandeur, et calculs
numeériques/analytiques. D’abord, la conductivitérmhique d’'un loess a I'état non saturé est
mesurée en fonction de la teneur en eau et declaos. Les résultats montrent une relation
univoque entre la conductivité thermique et la tenen eau pendant un cycle
d’humidification/séchage alors qu’une boucle d’léyésis est observée pour la relation entre
la conductivité thermique et la succion. Deuxiémeindes essais thermiques sont realisés
sur un pieu énergétique expérimental en vraie gnangdour étudier le transfert thermique a
I'échelle réelle. Troisiemement, une solution atiglle est proposée pour simuler la
conduction thermique d'un pieu énergétique versdeenvironnant pendant un chauffage.
Les tadches mentionnées ci-dessus concernant le octamp thermique sont ensuite
complétées par des études sur le comportement ah@égoanique des pieux énergétiques.
D’un c6té, des expérimentations sont réaliséesisunodele réduit de pieu installé dans un
sable sec ou dans une argile saturée. Trente ctludesiiques, représentant trente cycles
annuels, sont appliqués au pieu sous différentaggel axiales en téte. Les résultats montrent
un tassement irréversible avec les cycles thermiguee tassement est plus important sous
une charge axiale plus grande. De plus, le tasdeestrplus marqué pendant les premiers
cycles thermiques et devient négligeable pour yetes suivants. De l'autre c6té, les travaux
expérimentaux sur le modeéle réduit de pieu sontpbétds par les calculs numérigques
utilisant la méthode des éléments finis. Cette @gpr est d’abord validée avec les résultats
obtenus sur le pieu modéle avant d’étre utilisaa poédire les résultats des expérimentations

en vraie grandeur.

Mots-clés : pieu énergétique, modele physique, expérimentaiowraie grandeur, transfert
thermique conductif, comportement thermo-mécaniqéthode des éléments finis, méthode

analytique, conductivité thermique.
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GENERAL INTRODUCTION

GENERAL INTRODUCTION

Energy piles, or heat exchanger piles, have afdaation: (i) providing support for overhead
structures as conventional foundati@i; exchanging heat with the ground for the purpose of
heating and/or cooling the building. Energy pilesd been used in some European countries
during the last two decades. This technique hasedgagncouraging efficiencies in the use of
renewable energy in modern cities and contributedthie reduction of C@ emission.
However, the implementation of this technique i$ Im@mogeneous across countries due to

the lack of design standards.

Many studies have been performed in the recentsyéarinvestigate on the thermo-
mechanical behavior of energy piles. The resulidemced the effects of temperature change
on the pile-solil interaction and the mobilized sé&snce of piles.

Besides, the energetic efficiency of energy pikalepends on the heat exchange condition
between pile and surrounding soil. Heat exchange ahenergy pile is strongly affected by
the saturation conditions of the surrounding sbikat transfer models between pile and
surrounding soil have been developed and these Im@mis on the most relevant process:

heat conduction.

Although the large amount of research work donehedyged shed light on the problem, more
questions have been raised. In the present woekihtermo-mechanical behavior of energy
pile in the long-term performance is investigatedaddition, identification of heat transfer
problems in heterogeneous media is also considiaretis work. Studying the effect of
saturated conditions of soil on the thermal paransewill help to better assess the heat

transfer between pile and surrounding soil.

The thesis is organized in two parts. The first pacuses on heat transfer in the context of

energy pile and includes four chapters.

The Chapter 1 focuses on the literature review. fihetioning of thermo-active geostructure
is first presented. Secondly, heat conduction nedekd for heat exchanger borehole and

energy pile are analyzed.
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The Chapter 2 presents an experimental study am#ieconductivity of unsaturated soil.
Suction, volumetric moisture content and thermahduativity of a loess sample were
measured simultaneously during the application efting/drying cycles to the sample. The
results show a one-to-one approximately lineatiaiahip between thermal conductivity and

volumetric moisture content during the wetting/diyipaths.

The Chapter 3 presents a full-scale experimenbpeadd with an experimental energy pile.
The pile was subjected to heating, cooling andvegophases respectively. The results show
that, with a heat flow rate of 60 W/m, temperatof@ile increased from 12°C to 3& after

23 days of heating and decreased € after one week of cooling.

In the Chapter 4, an analytical solution of thetheansfer in surrounding soil is proposed
based on the approach of Laplace transform methdéiso the contour integral method. The
analytical solution is then validated by numericaldel and the field test data. This solution
allows the determination of heat transfer of englgy in the very short time scales (minutes

or less).

The second part of the thesis focuses on the themeuhanical behavior of energy pile and

includes three chapters (chapters 5 — 7).

A review on the thermo-mechanical behavior of epepde is shown in the Chapter 5.
Existing studies on energy piles are first analyZetiowing the approaches used:
experimental or numerical. Afterward, the behawdrsoil and soil-pile interface under
thermo-mechanical loading is presented. Finallg lkbng-term behavior of energy pile is

shown.

The Chapter 6 presents an investigation into thg-term behavior of energy pile by using
physical modeling. A small-scale model was usestudy the thermo-mechanical behavior of
energy pile. Experiments have been done in dry samd then in saturated clay. Thirty
heating/cooling cycles (representing thirty years@asonal temperature changes of energy
piles) were applied to the model pile under varioosstant pile head loads ranging from 0 to
60 % of pile resistance. The results show thaintlaécycles under constant head load induce
irreversible settlement of the pile head and thatitreversible settlement of the pile head is

higher at a higher pile head load.
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The Chapter 7 presents the numerical modelingerhitb-mechanical behavior of energy pile
in clay. The finite element method (Plaxis 2D) wased with coupled thermo-hydro-
mechanical analysis. The experiments performed witfall-scale pile in clay were first
simulated, allowing to better interpreting the expents and validating the numerical
method. Secondly, a full-scale thermo-mechanicpearment was simulated. The results will
be used as a scoping calculation for future expantmthat will be performed on the full-

scale experimental energy piles.
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CHAPTER 1: LITERATURE REVIEW

1.1 Introduction

A thermo-active geostructure is a system that sbssif conventional geostructuresd. pile
foundation, tunnel lining, diaphragm waditc) and individual or several pipe circuits (high-
density polyethylene pipes, HDPE) in order to eediat exchange with the surrounding
ground (Fig. 1.1). This system is a part of theuBiSource Heat Pump (GSHP) System that
is usually used for heating and/or cooling purp@sebuildings (Fig. 1.2). Generally, the
GSHP system includes a heat pump and two circants,operates like a reverse refrigerator.
A heat pump is a machine or device that transfeet from one location to another using
mechanical work. The two circuits, the first onebeaided in the geostructures and the second

one embedded in structures on the surface, areectathvia a heat pump.

Fig. 1.1 Energy piles - dual purpose elements(&tgun & Mccartney, 2014)
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Fig. 1.2 Scheme of a Ground Source Heat Pump wighgy piles and method of energy
delivery (after Brandl, 2006)

Thermo-active geostructures have been used sirc&980s in Europe as pile foundations
and then as diaphragm walls in Austria. This tetbgw provides a clean energy source
contributing to reduce the conventional energy sesirconsumption and reduce £O
emissions. Currently, this system has been widppfti@ed in developed countries.§. USA,
Austria, Switzerland, England, Australetc) in the forms of energy pile foundations, energy
tunnels, heat exchanger anchors for thermo-aatinedis, energy wallgtc. Table 1.1 shows
that numerous thermo-active geostructures have beéhsince 2000. Most of them are
located in Europe and other developed countriesctwhre characterized by a temperate
climate. Among these structuresjergy pile is the most used. Besides, energy tsnheat
exchanger anchors and other geostructures tenel tisdxl more widely in the exploitation of
ground source heat, as some leading energy prajcddaistria, the UK, Switzerland and
Germany (Franzius & Pralle, 2011; Mimoutial, 2013; Nicholsoret al, 2013; Paynet al,
2010). As shown in Table 1.1, energy obtained ftbermo-active geostructures contributes
significantly to the total energy for air conditing of buildings. The GSHP system
associated to thermo-active geostructures canlthwsed to supply energy independently for

buildings, and/or combined with other conventioeraérgy sources.
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Table 1.1Examples of thermo-active geostructures application

Project Country Year | Energy (MWh/year) Type of Climate References
structure
Dock Midfield Switzerland | 2003 | 1170 ( cooling) 306 energy piles Temperate | (Adam & Markiewicz, 2009;
Zurich Terminal Pahud & Hubbuch, 2007)
Airport
Condominium Great| Switzerland | 2011 | 262 (heating) 270 energy piles| Temperate | Data from www.enercret.com
morning, Einsiedeln
Lainzer Tunnel Austria 2004 | - Heat exchanger | Temperate | (Adam & Markiewicz, 2009;
anchors, Tunnel Pahud & Hubbuch, 2007;)
lining
Uniga Tower, Austria 2003 | 468 (heating) 7800 nt Temperate | Data from www.enercret.com
Vienna diaphragm wall
530 (cooling)
Vienna Metro line Austria - - Energy lining Temperate | (Franzius & Pralle, 2011)
elements, floor
slabs
Hotel Sofitel, Viena Austria 2010 | 960 (heating) 100 energy piles| Temperate | Datafrom www.enercret.com
and 253 m
600 (cooling) diaphragm wall
STRABAG Austria 2003 | 840 (heating) 245 energy piles| Temperate | Data from www.enercret.com
Headquarters, and 6000 rhof
Vienna 1450 (cooling) floor plate
layout
Omega-Computers | Austria 2012 | 104 (heating) 3100 i of floor | Temperate | Adapted from
and Peripherals, plate layout Www.enercret.com
Vienna 84 (cooling)
Dalham Hall Stud, Great 2008 | 288 (heating) 147 energy piles| Temperate | Data from www.enercret.com
Newmarket Britain
80 (cooling)
The Keble College, | Great 2002 | 133 (heating) 83 energy piles | Temperate | Data from www.enercret.com
Oxford Britain
Hospital Valle Italia 2010 | 341 (heating) 450 energy piles| Temperate | Data from www.enercret.com
Belbo,
NizzaMonferrato 318 (cooling)
European Central Germany 2009 | 290 (heating) 72 energy piles | Temperate | Data from www.enercret.com
Bank, Frankfurt
176 (cooling)
Office Building Germany 2011 | 1170 (heating) 770 energy piles| Temperate | Data from www.enercret.com
Timber Port,
Hamburg 967 (cooling)
Financial Building, | China 2011 | 4140 (heating) 513 energy piles| Tropical Data from www.enercret.com
Wuxi monsoon
5600 (cooling)
People’s hospital, China 2014 | 8260 (heating) 434 energy piles| Tropical Data from www.enercret.com
Yangzhou monsoon
6740 (cooling)
Korea 1997 | - 11150 n of Temperate | Data from www.enercret.com
Samsung floor plate
Electronics, Seoul layout
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Whereas, in tropical climate countries and speciall the emerging economies - BRICS
(Brazil, Russia, India, China and South Africa)ergy geostructures use is still limited and
does not exploit its huge potential (Zhastgal, 2011). According to the International Energy
Agency (IEA) in 2005, the world’s top five GQemitting countries (USA, China, Russia,
Japan and India) accounted for 55% of global eneztpted CQ emissions (Rescht al,
2008). Note that three out of the top five carbaoxide emitters are emerging economies
(Sadorsky, 2009; Bodas Freitatsal, 2012). Among several environmental pollutantshoa
dioxide represents about 58.8% of the greenhousesgthat cause climate change (The
World Bank, 2007; Pao & Tsai, 2010). Although Charad India are ranked in the top five
countries to develop renewable energy, so fardéwelopment of thermo-active geostructures

in these countries is still limited.

Actually, in temperate and cold climates the theiantive geostructures can be used for both
cooling and heating demands. The seasonal groungetature remains relatively constant
below a depth of 1015 m and values between°@and 18C to a depth of about 50 m
(Brandl, 2006; Yasukawet al, 2009). In tropical and also hot dry climate zqgrike thermo-
active geostructures systems may play a leadirgtooprovide cooling dominated energy for
the building. But this ground heat exchanger systemot easy to achieve in some regions.
Actually, the ground temperature may increase duiheé GSHP system operation, which in
turn affects the long-term performance of the GSi$ftem. However, literature review in the
recent years show that there is still a possibibtyise GSHP systems in tropical and hot dry
climate regions (Yasukawet al, 2009; Uchideaet al, 2011; De Moekt al, 2010; Bourne-
Webb et al, 2009; He & Lam, 2006; Nicholsoet al, 2013). The main reasons are the
following: (i) the thermo-active geostructures have better traasfer characteristics than
conventional borehole systems) there is no need for additional land; and) ¢here is no

need for drilling of holes to install heat excharsge

Moreover, this system can be combined with outdystems such as solar panel on the roof
(plate heat exchanger) or nocturnal cooling radjatooling tower or domestic hot water
production device to reduce the heat rejectedtimoground, namely a hybrid GSHP system
(Man et al, 2009; Maret al, 2011; Sagiat al, 2012). This makes sense if wasted heat can
be used to keep ground thermal balance in therapddiad operation period and to increase

the coefficient of performance of the GSHP system.

In this chapter, heat transfer aspects relateth@éonto-active geostructure are first reviewed

(section 1.2). Secondly, an overview on the heatlaotion analysis related to energy pile is

8
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presented (section 2.2.). That provides a gena@itdround for the works done in the Part |

of this thesis that focuses on the heat transférarcontext of energy pile.

1.2 Thermo-active geostructure

1.2.1 GSHP system operation

GSHP system is one of the fastest growing apptinatiof renewable energy in the world,
with annual increases of 10 % in about 30 couniniethe last decades (Curgs al, 2005).
Some of the main advantages of GSHP system caistbd ks follows (Curtigt al, 2005;
Omer, 2008; Permchart & Tanatvanit, 2009; Ozgenétegbasli, 2007; Brandl, 2006):

Saves fossil fuel energy and reduce,@dissions,

Highly reliable (few moving parts, no exposure teather),
Not noisy and no unsightly outdoor unit is needed,
More efficient than air source heat pumps,

Uses electricity only to transfer heat, and doesgemerate it by the burning fuel or

using electric resistance elements.

To evaluate the performance of the GSHP systenmenheating mode, the Coefficient of
PerformanceQOP) is used COP is the heating capacity of the unit divided byatsctrical
input (Brandl, 2006):

_ Energy output after heat punjp K\
Energy input for operatiof k\V (1.1)

COP

The ISO 13256-1 standard recommends @@P must be higher than 3.3, and should be
greater than or equal to 4 for economic reasonsnfMni et al, 2013). To ensure this
condition for heating mode, ground temperature khowt be lower than &°C and the

output temperature in the secondary circuit shooldexceed 345°C.

In the cooling mode, to evaluate the performancit@fGSHP system, the Energy Efficiency
Ratio EER) is usedEERIis defined as cooling capacity of the unit dividedits electrical
input (AHRI, 1998).

R= Output cooling energiBtu]
Input electrical energy W]r 1.2)
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As recommended by the American Refrigerant In&i{@&RI), EERshould be in the range of
10 to 18.6 (Inalli & Esen, 2005), and after the 138R56-1 standar@ER value must be

greater than or equal to 14.1.

In the areas where both heating and cooling ardatken winter the GSHP system provides
heat for buildings and cools down the ground, am@& versain summer. However, at the
beginning of cold season, heating demand is nobrtapt while the ground temperature is
high. Reversely, at the beginning of hot seasonlimp demand is low while the ground
temperature is low. Th€OP and EER values change then constantly depending on the
ground temperature and the buildings’ demand. Atiogty, the ratio of the usable energy
output of the system to the energy input to theesyss known as the seasonal performance
factor SPH (Brandl, 2006).

Usable energy output of energy system k'
Energy input of the energy syst¢m KWt (1.3)

SPF=

This important factor is necessary to evaluatestesonal variations of tHeOP andEER
SPFis dependent on the heat pump, local climatic tmmd, and also on the other energy

consuming elements (Brandl, 2006; Mimoenal, 2013).

1.2.2 Ground temperature and soil thermal propegie

The knowledge of the ground temperature plays goitant role for the design of thermo-
active geostructures. Low-temperature soil candselwo cool down the building in summer,
while high-temperature solil is suitable to heat aéding in winter. But in the regions with
year-round high atmospheric temperature, if thé teonperature is high the application of
GSHP system is not suitable (Pouloupatisl, 2011). The ground temperature distribution is
affected by the following factors (Farouki, 198Bopielet al, 2001; Florides & Kalogirou,
2005; Omer, 2008; Singtt al, 2011; Pouloupatist al, 2011; Akrouctet al, 2013):

Climatic factors (air temperature, wind, solar edin, air humidity, rainfalletc)
Structure and physical properties of the ground

Ground surface cover (snow, treek;)

These properties have strong effects on the cgpalihe ground to transfer heat and of the
geostructure to exchange heat. Besides, the greemgerature-depth relationship can be
separated into three different zones around themihv@ctive geostructure as follows (Popiel

et al, 2001; Wang & Qi, 2008; Nguyeset al, 2017):
10
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Surface zone(0 , 1 m depth), subsurface mostly absorbs heat frdar sadiation

throughout the year. In most regions, poorly shddadscapes may contribute to high

temperatures in soils.

Shallow zone (1 , 10 m depth), where soil temperature is almost teoisand

approximately equals to the average air temperahutestill affected by the seasonal

temperature fluctuation.

Deep zone(> 10 m depth), ground temperature is constaoutfhout the year.
The three main forms of heat transfer process its sre conduction, convection and
radiation. Among them, convection and radiationegelty have relatively small or negligible
effects, however they may have a noticeable infleein certain situations(g. in regions
with high groundwater flow) (Reext al, 2000). Heat conduction due to temperature gradien
is the most relevant process associated with hraasfer in soils (Farouki, 1986; GSHP
Association, 2012). The most important thermal praps of soil are thermal conductivity
and volumetric heat capacity, which are key for tlesign of thermo-active geostructure
systems (GSHP Association, 2012). The thermal cotindty of soils and rocks is in the
range of 0.2 W/(m.K) to 5 W/(m.K). This value isntmlled by the structure and physical
properties of soil and rock with the solid particleeing the most conductive, followed by
water and then air. As the thermal conductivityhighly dependent on soil’'s density and
water content, wet or saturated soils have higaleo\t five times) thermal conductivity than
dry soil (Riedereet al, 2007). In addition, volumetric heat capacitysoil also depends on
the water and air contents. When soil temperataages over time, assessment of the ability
to diffuse heat as well as to store thermal en@nghe ground is done by using the thermal
diffusivity, which is defined as the ratio of thieetmal conductivity to the volumetric heat
capacity of the ground. Thus, soil thermal propgsrthave an important role in the design of
heat exchanger geostructures (Brandl, 2006; De Mobehl, 2010; Omer, 2008; GSHP
Association, 2012; Suryatriyastetial., 2012; Mattssoet al, 2008):

The thermal conductivity of soil acts as a standede to design the number of heat
exchanger piles as required to provide energy tidding;

Dry or unsaturated soil with smaller thermal corttiity may require deeper energy

piles foundation and larger area of the heat exgpéan

Depending on soil properties and depth of borehdlds/V heating in saturated soill

needs from 2035nf (and in dry soil from 3550nT) of surface of concrete structures

in contact with soil or groundwater.

11
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In addition, in areas with existence of groundwét@w, the effect of thermal conduction and
also advection in the soil contributes to accetethe process of heat extracted from/rejected

to the soil around heat exchangers and it affbetstistainable operation of GSHP system.

Studies on heat exchange between energy pileshengrbund in unsaturated state showed
that the heat exchange rate of energy pile is glyoaffected by the saturation conditions of
the surrounding soil (Yun & Santamarina, 2008; Then& Rees, 2009; Chait al, 2011;

Donget al, 2015; Akrouchet al, 2015). Chokt al, (2011) indicated that the heat exchange
rate of energy pile in unsaturated soil (waterdadilthe pile’s toe) is 40% smaller than that in
fully saturated soil (water table at the groundfaze). Thomas & Rees (2009) showed that
that heat exchange rate of a raft foundation lacdf® m above the water table was 35%

smaller than the case where it was located belewvtiter table.

1.3 Heat conduction analysis

In the range of vertical heat exchanger boreholté emergy pile, heat is diffused from the
pipes into the concrete and then to the surrounsiailg As mentioned above, heat conduction
is the most relevant process associated with neasfer in soil and pile. Therefore, various
analytical and numerical solutions have been pregpo® simulate the conductive heat

transfer of heat exchanger pile.

Analytical models (Jaeger, 1944; Carslaw, 1947;gzstral, 2002; Lamarche & Beauchamp,
2007; Bando®t al, 2009; Manret al, 2010; Boziset al, 2011; Li & Lai, 2012a and 2012b;
Akrouch et al, 2015), for simplicity, have been developed witie following general
assumptions: heat transfer is purely conductive stitrounding medium is homogeneous and
infinite or semi-infinite; the initial temperaturs homogenous; the influence of ground
surface temperature is ignored; a constant heatiapplied at the pipe boundaries and the
vertical heat transfer can be neglected. Most efahalytical heat transfer models have been

developed mainly for borehole ground heat exchasgatem (GHE).

The existing analytical models of heat transfer bardivided into two groups: the first one is
applicable for homogeneous media and the secondosrmmposite media. Most of these
models are only valid after a certain time of opieraand they are generally suitable for long-
term heat exchanger performance. It means thatdeatyye of borehole reaches a steady state
as soon as the heat exchanger system is activAtslis acceptable when the diameter of

heat exchanger borehole is much smaller than rigtie as well as the instantaneous heat

12
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transfer is not much of interest. However, enerilgy Ipas larger diameter and smaller length
than those of a borehole. As a result, heat trams$&de the pile takes a longer time to reach

the steady state, and pile often has differenttléproperties from the surrounding soil.

Based on the theory of infinite line source mo@ayrslaw & Jaeger (1959) developed a 1-D
solution of heat transfer in homogeneous media gggu 1.4), under constant heat flow
condition. This model is relatively simple and @ncbe used to estimate the soil temperature

around a heat exchanger borehole quickly.

U 2
DT :i Tze—dU:-—q : _r_ (1.4)
4o/ - U b/ 4at .
¥ u

with: § (x) = %du

X

For a small value of;

E (- x) =g+In(x) - x+;11x2+ a %) (L15)

This exponential integraE; is expressed as a logarithmic function that wdsdated by
Abramowitz & Stegun (1972). In this solutioDTJ is the change of temperaturejs the soil
thermal conductivity (W/mK)a is the soil thermal diffusivity (Afs), r is the distance from
heat sourcej is the heat flow rate (W/my= 0.5772 is Euler’s constarttis the elapsed time

of heating operation and Ojxs the infinitesimal function.

Eskilson (1987) developed a 2-D analytical solufmma finite line source model. This model
is applied for the case a borehole having a lireitgth, in which temperature of the
surrounding soil depends on those of the line sard on the surface. This latter considers
only the heat transfer from the borehole’s wallthie surrounding soil. Temperature at the
borehole’s wall is assumed to be constant overddygh and depends only on time. The
solution of Carslaw & Jaeger (1959) on temperatifrdoreholeT, can be expressed in

another way as follows:

T, = aR(1) (1.6)
The thermal resistance of s&i(t) can be taken approximately as follows:

dat

r—bz -9 (1.7)

_i
R,(1) PRy
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To apply the model to the borehole/pile with a deééenr, and a finite lengtiH, the author
suggested thatmust satisfy the inequality:— —. Where the lower limit is necessary
for the use of a line source mt= 0. In case of conventional borehole/pile, tlugér limit

corresponds to a few hours. And — is the time in which the heat exchange reaches its

steady state that varies between several daysats.yi@ a larger time, 3D problems should be
considered. The results show that, when the hedtagge does not reach the steady state,

temperature response function depends only onithensionless variables- and —. The

thermal resistance is then expressed in G-funetsofollows:

_ 1t
F{)(t)—ﬁG Eﬁ (1.8)

Here, G-function is also called temperature respdumsction of the borehole’s wall.

In general:
H t 2
n - +3n L% cpoq (1.9)
c b o 2r, 2ty a
L H —I A t>t 1.10
n — , 1> .
ar : (1.10)

The G-function, shown in equation (1.9), is useddéermine the wall's temperature of a
single borehole. For example, by using this G-fiomctmeasured with a conventional
borehole (0.11 m in diameter, and 110 m long; W/(m.K) and m?/s)
Eskilson (1987) found that the steady state ished@fter 26 years. That is why this solution
(equation 1.9) is often used in practice. Howeugrthe case of energy pile, with a larger
diameter and much smaller length than heat exchamgehole, the steady state is obtained
after several days to one year (Boetsal, 2011). It can be seen that, these G-functions are
only suitable with long-term heat transfer problearsl with a borehole having a small

diameter.

Practically, the heat exchange rate of the growst bxchanger system changes hourly and
depends on the energy requirements of the buildihgs change directly affects ti@OP of
the system. Study of Yavuzturk & Spitler (1999) wikathat the temperature fluctuation in
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short term typically varies up to 5,610°C over a given day. Therefore, prediction of short-

term temperature exchange allows determining ex#uot! building’s energy consumption.

Yavuzturk & Spitler (1999) have extended the amlen of Eskilson’s G-functions to
simulate the short-time response of heat conduatiwrhanger borehole by using a 2-D
numerical model. This is the first solution, rethti® the problem of transient heat of heat
exchanger borehole, which considers different tla¢nonoperties between the borehole and
surrounding soil. Later, Zengt al. (2002) proposed a 2-D model of a finite line heatrce
that represents the effect of heat transfers atbegaxis of the vertical borehole and the
temperature at the ground surface. This model esl i8 determine the temperature outside

the finite length of heat exchanger borehole, iorstime operation (equation 1.11a).

H o erfe \r? +(z z7)’? erfc VPt(z- 2)°

DT (r,z,t) =9 2/at o dz' (1.11a)

4pl -
P Jri+(z- 2)° Jri+(z 2)°?

with erfc is the complementary error function, commonly dederfc(z) is an entire function
defined by:

2% .
erfc(z) == €' dt (1.11b)

z

At longer time, the transient solution becomes:

;2
OT (r,2,4) =L p N(H-2+/" +H -2 27+ 2 /2+ 2y (1.12)
a0l J(H- 2)*+/j % +H +z /

where,H is the depth of the boreholeis the depth, and is the radial coordinate.

Base on the 1-D solution of Carslaw & Jaeger (19B@ris et al. (2011) analyzed heat
transfer of an energy pile witmzheat pipes and a constant injection heat flowpgee. The
authors have proven that the temperature at teecpitter is dependent neither on the number
of pipes nor on the pipes’ diameter. Actually, épends on the total injection heat flow at a
given time, the distance with the pipes and alsgoile thermal properties.

In contrast to the line source model with the Iseatrce located in the center of borehole/pile,
when the heat sources are close to the pile edijdiatnibuted as a hollow cylinder shape, the

temperature response model behaves as a cylindigliftog. 1.3).
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Fig. 1.3 The arrangement of pipes close to thequllge

Therefore, a heat transfer model with cylindricabgetry is necessary to simulate more
accurately the heat transfer in this case. Basétl@nomplex variable theory and the Laplace
transform method, Carslaw & Jaeger (194di8p developed an exasmlution for the problem

of the infinite hollow cylinder heat source (eqoatil.13).

q ;. Jo(ur) Y, (up)- I ( up) Yy(ur) du
(e aut_ 1) iy

DT =
lp 2, JZ (ury) +Y (ur) u?

(1.13)

Here,J; andy; are Bessel functions of the first and second kofdsderi.

Recently, Maret al. (2010) have developed new cylinder surface somnaéels by assuming
that the material inside and outside the surfacéasiogeneous. By using the Green’s

function method, they found the expression of waniperature in 1-D model as follows:

g "1 r2+rf I,

DT(r,f) —WJTGXD -—4a([_r ') 1o —23([_[ ')

dr ’ (1.14)

The 2-D model that represents the simultaneouséntie of a finite cylindrical heat source

and the boundary ground surface is showed in emuéti.15).
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DT(I’ Zl‘) q' Mo exp _ﬂ -
fcoo&/pa(r tn 0 2a(t-t) da(t-t")
(1.15)
Z4ri+(z2
exp - P4y +H(z'+ 2 dz'd '
da(t-t )
where -1 "#$% &'( ) is the modified Bessel function of the first kinfl zero
order.

For heat transfer models that consider differestrtfal properties between the pile and the
surrounding soil, Lamarche & Beauchamp (2007) priesk a closed-form solution of
transient heat inside a heat exchanger boreholeeqiiivalent pipe is placed in the center of
borehole and this equivalent pipe is considere@ragfinite cylindrical heat source. Heat
mass capacity of fluid inside the pipe is ignored ¢he pipe’s temperature is supposed to be

uniform. Equation (1.16) shows the transient heatfion of the borehole.

or =94 4 ¥(1_e ) Yo Y, (ur) J (u) - J(ur)Y(u)du

sonpblz 0 f2y 0 (1.16)

where

7=Y.(b) Yo (bdg) 3,( ba)- X( bad I( bylg - 3.(b) ¥( bdpX( B¢ X bogX ey
y =3,(b) 3 (bdg)Y,( ba)- L( bagX( bylg -Yi(b) I( bagd( bF I bgd( ey

=l gl e v =rirg =r Ir,

soil pile?

wherer is the distance from the heat souncethe pipe radius, ang, the pile radius. The
advantage of this model is that it allows analyzwegt transfer inside borehole in a very short

time.

Li & Lai (2012a) has also developed a solution for a continuonoe Bource model in

composite media (equations 1.17 & 1.18). This swhuis developed from the solution of an
instantaneous line source in composite media ofefagl944). This new model uses the
superposition method to solve the problem with iinét sources inside the pile. The
temperature response function is then expressed @sfunction; this concept was first
proposed by Eskilson (1987).
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cosnlg- g9 1 expever,) 2R \‘jz;;/f(lz')gy f)

Pz/zn: cosn(g- q®+¥ L expé-VzFo) Jn(VRCD[y\;]Zn(i'aZ\;I?'Z/)' Y,(a vR] dv (1.18)

where Fq is the Fourier numberR and g are the coordinates of the line source in the

1
G (F,Rg)= 201 dv (1.17)

Gz(Fo’ R,C/) =

cylindrical coordinates, and and - are thermal conductivities of pile and soil, regpely.

j =l 3,(v)I%av)- &) (@ v
y =al J,(v)Y®av)- J¢tv) Y.(a v
f=alY,(v) 3av)- Y,(V) d(av (1.19)
g=alY,(v) Yav)- Y6 Y@V

where+ and- are Bessel functions of the first and second kisfdsrdern; Y A

where and . are thermal diffusivities of pile and soil, resjpeely; «l

In case of pile with a U-pipe source, the G-funttiaside the borehole is:

_1om 2y Jzm (VR * don(VR) L (VR g f)
Gl(FO’RP’RG)_Zp/lm:_¥ . 1 exp(-v Fo) 2 V(/'Z-B/ 2) dv
(1.20)
In case of double U-tubes:
_ 1o ) 2 Jy (VRA)+J4|(V%) J, (VRO gy f)
Gl(l:O,Rp,Rﬁ)_zplll:_¥ 0 1- exp(- V*F,) > Gy ) dv
(1.21)

where,Ra and Rs are dimensionless radial coordinates, values of definitions equation
(1.19) equal th and 4,

It can be seen that this model refers to the presenn thermal properties of two materials.
However, the solution is relatively complex andhleggpe of U-tubes configuration requires a
different G-function. This solution is only applida for the short-term performance of the

ground heat exchanger system.

Besides, Li & Lai (201B) have developed cylindrical-surface and spirad-lisources
solutions for the thermal pile with finite lengtleguation 1.22). The model considers
anisotropic medium around the heat source. The aasgn between the cylindrical-surface
and spiral-line sources shows that the temperaiftitoth models has similar values at the
pile wall. The effect of anisotropic medium arouhe pile is found negligible in the short-
term period of pile heating or cooling.
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gb "
410 /lyO

DT = L erfc d erfc b
= d (1.22)

with

d :\/kzx(rcos/ -r'col ) +k,(r sin-r 'éin)+@z b )

d':\/kzx(r cog -1 'cas ) +k,(r sin-r 'éin)+@ b )

In the majority of the existing models, the solagoare usually represented in symbolic
functions form and therefore solving them must beedby numerical integration methods, by
using programs like Matlab, Maple, Maximetc These models are called semi-analytical
solutions. Practically, the results obtained frame &nalytical solution have an excellent
accuracy but the existing heat transfer solutiarsgd for transient heat in heterogeneous
medium, are usually represented in complex fornos.tRese reasons, empirical models are
also considered. Actually, empirical models aremfxpressed as simple mathematical forms

and give approximate results when compared withytioal models.

Loveridge & Powrie (201 have developed empirical solutions that were dhasethe 2-D
finite element analyses of Loveridge & Powrie (28)12nd the analytical solution of Maat

al. (2010). The ground temperature response func{i@rginctions) were obtained by fitting
the numerical simulations. Advantages of these Gefunctions are that they consider typical
geometries of heat exchanger pilesg( pile sizing, pipes arrangement and the relative
thermal properties of pile and soil). In additidiney allow estimating heat storage inside the
pile and soil in both short- and long-term openagioFor the short-term behavior of ground
temperature response, the G-function is based ogir2Dlation and it can only be validated
within the timescale oF, = 0.1, 10. In whichF; /0  is the Fourier number. Equation
(1.23) is the proposed ground temperature respfumsxtion that is based on the simplified

line source model. Equation (1.24) is based on iHiegh solid cylinder model.

1
G=3 In(4F,)- g (1.23)
and
2346 7 8 9 23 57 <9 235 7 =23:; >78
9 23:; >@8 A< 23%:; > (1.24)
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It can be said that this model is simpler thanahalytical model of Li & Lai (201&). For the
long-term behavior, the ground temperature respamd®msed on the 3D simulation. That
means the model mentioned the influence of tempexain the ground surface when the pile
has short length. The G-function for this casehisweed in the Fig. 1.4, where the empirical
G-function is fitted with eight curves that are megented for four aspect ratigsR) of 15, 25,

33 and 50; and each aspect ratio has been simulatednly the upper and lower bound
scenarios. After Loveridge & Powrie (20d3he upper bound solution corresponds to piles
with pipes situated near the pile edge of crossise@nd thermal conductivity of pile is
larger than that of soil. The lower bound solutemiresponds to piles with pipes situated in
the center and thermal conductivity of pile is devathan that of soil. The authors have also
indicated that, in case of the lower bound the aasp tends to get closer to the line source
model, and inversely the response of the upper dowill moves closer to the solid

cylindrical model.

Equation (1.25) shows the G-functions for the ugpmind solution withy > 0.1, and lower

bound solution withFg > 0.25.

B C=3: >P8E=3: > 8F=23: > 8) 23: >@3G=23: >’8H=23: >'8

| 23: >J (1.25)

The result in the Fig 1.4 is a combination of 2-Bda3-D model, in which the ground
temperature response is shown in both short- amgtterms. It can be seen that, whth< 10
there is only two distinguished curves that relatethe lower and upper bound, the response
is only governed by the pile’'s parameters (sizenlmer of pipes and its arrangement) but not
by the aspect ratio. However, in the long tef®,> 10, the response depends on the aspect
ratio but the two bounds are close to each othgeéially, the ground temperature responses
in four aspect ratios are equivalent and they akfitted with the finite line source model.
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Fig. 1.4 Ground heat exchanger G-function for léeign operation, (after Loveridge &
Powrie, 2018)

Besides, finite element method (FEM) have been adgal to analyze heat transfer problem of
borehole and pile in composite media (Baeéral, 2011; Ghasemi-Fare & Basu, 2013;
Ozudogruet al, 2015). In general, this method is capable of atmg complex problems of
heat exchanger piles in which the temperature resptunction is affected by a large number
of parameters such as different thermal propenis,sizes, number and distribution of heat
pipes, timescalegtc Meanwhile this is not possible with the analytiozethod. Although
FEM is a powerful tool to solve different probleniscan be used to study the impact of
various parameters on heat transfer. However, ithte felement method is predominately
used for research instead of being used as a désayn Therefore, a simple analytical

solution is always useful.

1.4 Conclusions

Thermo-active geostructure has been applied irouardeveloped countries since the 1980s
for heating and also cooling building. In genethk operation principles of thermo-active
geostructure are similar to that of the GSHP systém addition, the thermo-active
geostructure can be used to supply energy indepégas combined with other conventional
energy sources for the buildings. However, unbadreating and/or cooling loads in the long
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term causes heat or cold accumulation in the grotmg theCOP of the system gradually

reduces.

Practically, the heat exchange rate of energyipilafluenced by thermal conductivity of the
surrounding soils. Soil density and water contaet generally known as the major factors
that influence the thermal conductivity. Therefdresrmal conductivity of soils is considered
as an important parameter for the design of enpilgy

Among the existing analytical heat conduction medéhe conventional models of heat
conduction in pile and surrounding soil are apiieaafter a certain period of time when the
process reaches its steady state. Recently, sordelsnbave been proposed to address the
problem of transient heat but most of them areeqo@mplex for the use as a simple design
tool. Therefore, a simpler analytical heat transgmiution would be useful for the

optimization of the energy pile design process.
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CHAPTER 2: THERMAL CO NDUCTIVITY OF UNSATURATED SOIL

2.1 Introduction

A geological review of natural loess in Northern France shows that the thickness of loess
deposits rangelsetween 3 to 8 m and is usually composed of less th&a ¢@nd and 125

% of clay particlegAntoine et al.2003) The main features are characterized bya (elative
homogeneity, a high porosity and a low plasticity; ainpg natural unsaturated state even
during winter periods (Antoinet al 2003; Cuiet al. 2004; Delagest al 2005; Yanget al

2008; Karanet al 2009; MufiozCastelblancet al. 2011, 2012a, 2012b). These authors have
demonstrated that the mechanical pmes of unsaturated loess are strengthened by suction,

but that its open structure collapses upon wetting.

Several geotechnical applications require a good knowledge of the thermal properties of soils,
including the thermal conductivity. One can citey, fiastance, the energetic performance of
thermoactive geostructures or the determination of the zone of thermal influence of buried
underground cables and pipelines. In general, loess around the world has thermal conductivity
values ranging between 0.16 2 W/(m.K) (Bidarmaghzt al 2016). This quantity strongly
depends on the soil moisture state: the higher the water content, the higher the thermal
conductivity. The loess from Northern France has a high porosity and therefore the thermal
conductivity ca be significantly affected by seasonal wetting/drying cycleshiichapter
moisture content, suction and thermal conductivity on an intact block of loess from Northern
France are simultaneously measured to quantify the effect of moisture content and suction on

the soil thermal conductivity.

2.2 Material and experimental method

A block soil sample was obtained from a depth eflin Northern France (Mufiez
Castelblancet al. 2011,2012a, 2012b). The geotechnical properties of the sanspiedre
showed in th@able2.1.
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Table2.1. Geotechnical properties of sampled loges Northern Franc@ufioz
Castelblancet al.2011)

Natural water contemn (%) 144
Natural void ratice 0.84
Dry unit mass &(Mg/m3) 1.45
Soil particledensity &/(Mg/m?3) 2.67
Natural degree of saturati&@ (%) 46
Natural suction (kPa) 40
Clay fraction (%< 2Rn) 16
Plastic limitwp 19
Liquid limit w 28
Plasticity indexp 9

Fig. 2.1 Experimental setup

A rectangular prism (approximately 150 mm x 90 mm x 90 mm) is cut from an undisturbed
block by using a hand saw. The weight of the soil sample and its water content are first
measured. The soil sample is then coated with a thin layer of paraffin ontashlzotd lateral
surfaces to avoid moisture exchange with the atmosphere. A thin plastic wrap lid is used to

cover the top surface. For wetting steps, the wrap lid on the top surface is removed and water
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is sprayed onto the soil surface. For drying steps wrap lid is removed and the sample is
dried by allowing water evaporation from the top surface. Moisture equilibrium within the
sample is achieved by waiting for a few hours after each wetting or drying step, by covering
the soil surface by the lid tovaid moisture exchange with the atmosphdree moisture
equilibrium is assumed to be reached when suction and moisture content do not change during

a 1 hour period (1 kPa for suction and 1% for moisture content).

Three sensors arearefully insertedinside the sampleprior to wetting/drying (i) a
tensiometer (23 mm in diametexccuracy equals 1 kP8 measure the soil suction (Duong et

al. 2013); (i) a timedomain eflectometry(TDR) probe including three rods (80 mm length,

3 mm in diameteraccuacy equals 1%to measure the soil volumetric moisture contaiif; (

and a KD2Pro probe (60 mm length and 1 mm in diamesecuracy equals 0.1 W/(m Ko
measure the soil thermal conductivity. Holes having dimensions similar to those of the
sensors & drilled prior to the insertion of the sensors. That allows good contact between the
sensors and the soil while minimizing the disturbance of its initial state. The tensiometer and
the TDR probe are connected to the data logger system for automatiayrehdirthermal

conductivity is recorded manually.

2.3 Results and discussion

Fig. 2.2 shows the restd obtained during the first kfays where the sample was subjected to
various wetting steps from its initial state. Actually, from itsiahistate withs = 40 kPa and7

= 18.7%, adding water rapidly ireases the moisture content = 23%, but this value
decreases progressively andtslizes at 7= 22% after a few hours. At the same time, wetting
induces a rapid decrease of the suction1l8 kPa, but suction increases progressively
thereafter to 20 kPa. Such noronotonic variations of moisture content and suction can also
be observed in the subsequent wetting steps. That can be explained by the homogenization
process of moisture insidiee soil block that takes a few houtshagh suction but more than 1

day at low suction (see Fig.2a). From these results, equilibrated points were chosen at the
end of each wettmstep (vertical lines in Fig@.2a). As the thermal conductivity wascorded
manually, such evolution during each wetting stepld not be observed (see Fig2b).
However, the thermal conductivity corresponding to the end of each wetting step was

determined.
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Fig. 2.2Suction, moisture content and thermal condugtiwvitthe wetting phase

Fig. 2.3 shows the results obtained during the subsequent drying path (from day 10 to 65).
When the wrap lid is removed, water evaporation takes place and the moisturst cont
decreases slowly (see Fig3a). Note that thenon-monotonic variations in moisture content

and suction are more obvious during the wetting than during the drying because water was
sprayed onto the soil surface at the beginning of the wetting, while the drying took place
progressively As expected, digg inducesa suction increase. The time to reach equilibrium

is about one day at low suction but may take several days at high suction. The results obtained
during this drying path allow for determining nine equilibrated points at the end of the drying
steps(vertical lines shown in Fig2.3a). The soil thermal conductivity corresponding to these

pointswas then determined from Fig.3b.
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Fig. 2.3Suction, moisture content and thermal conductivity in the drying phase

After the drying phase, the soil block was rewetted by steps. The result of this rewetting path
(from day 65 to 90) is shown in Fig@.4. The rate of suction and moisture content variations
versus elapsed time during this path is very similar to that wddeturing the initial wetting

path. Eleven equilibrated points were determined along this path anhthef the wetting

steps (Fig.2.4a). The noamonotonic variations in moisture content and suction are more
obvious during the wetting than during thevedting because the quantity of water added to
each step is generally more important in the wettiipe corresponding thermal
conductivties were determined from Fig.4b.
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Fig. 2.4Suction, moisture content and thermal conductivity in th@ettingphase

The values of suction, moisture content and thermal conductivity corresponding to the end of
drying or wetting steps (shown in Figur2®y2.4) are plotted in Figur@.5. Figure2.5a

shows the soil suction versus volumetric moisture content and degree of saturation. From the
initial state, when the degree of saturation is increased to 0.8, soil suction is decreased to 1
kPa. The subsequent drying path decreases the degree of satirdli8 and increases the

soil suction to 70 kPa. The drying curve is located above the wetting curve. Finally, the
rewetting curve is located below the drying path and approaches the wetting curve at suctions
lower than 10 kPa.
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Fig. 2.5Relationships btween thermal conductivityystion and degree of saturation

When plotting the thermal conductivigs a function of suction (Fi@.5c), a hysteresis loop

is observed, quite similar to the water retention curve. However, when the thermal
conductivity is plotted versus the degree of saturation, an almost lineato-one
relationship is obtained (Fi@.5b). Thermal conductivity increasé&om 1.0 W/(m.K), &S =

0.3,to 1.6 W/(m.K) a& = 0.8.

For further analyses, the model proposed by Johansen (1975) was used to calculate the
thermal conductivity of soil from the degree of saturation. According to Farouki (1986), the
method developkby Johansen (1975) is applicable fafrazen finegrained soils ag > 0.2.

The thermal conductivity § is expressed as: sat £ ary)(1 + 10010 S dry, Where sat

and qry are the thermal conductivities in saturated and dry states, respectively.

- For saturated unfrozen soilssac ™ ", wheren is the porosity andy is the
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thermal conductivity of water,, = 0.57 W/(m.K). The thermal conductity of the
solids s is calculated using the equations ¢ oY% where 4 is the thermal
conductivity of quartz (4 = 7.7 W/(m.K)), o is the thermal aoductivity of other

minerals (o = 2.0 W/(m.K)) andy is the quartz content.

- For dry soils: ary d NE- d), where the dry unit masdg, and

the unit mass of the solidg, are expressed in kgAand 4y is expressed in W/(m.K).

- It can be seen in the Figu&bb that the model can predict correctly the relation
between the thermal conductivity and the degree of saturation by using a quartz
content of 60%. This value is in the same range as that mentioned previously by
Antoineet al.(2003).

It can be seen in thieig. 2.5b that the model can predict correctly the relation between the
thermal conductivity and the degree of saturation by using quartz content of 68%allie

is in the same rangesthat mentioned previously by Antoirt al (2003).

The experimentasetup used in this study is quite similar to that used by Setitd (2013)

to investigate the thermal properties of sand. In the present work, wetting and drying were
applied in steps in order to ensure moisture equilibrium at each step. This procedure was
necessary because the hydraulic conductivity of loess is mudr khan sand. The seil
waterretention curves obtained are similar to those obtaineMijozCastelblanccet al

(2012b) on the same soil (for suction smaller than 100 kPa) but using other techniques (filter

paper and higltapacity tensiometer).

In this work, the wetting/drying paths do not correspond to the main wetting/drying paths,
which start from a dry state of fully saturated state, respectively. For this reason, analysis on
air-entry value or degree of hysteresis (as that performed bgtldl, 2016) could not be

done. Following the conceptual model proposed by Lu & Dong (2015), thevaisk
retention curves obtained in the present work correspond to two regimes: capillary and
funicular. The hysteresis observed in the-sa@terretentioncurve in these regimes can be
explained by the combined effects of ib&ttle, contactngle and entrapped gPhamet al.,

2005 Nget al, 20189.

Besides, ti is well known that the soil thermal conductivity depends on various parameters
such as degree of saturation, microstructure, water distribution, density, etc. (see Farouki,
1986; Tanget al 2008; Guaret al. 2009; Donget al 2015; Usowiczet al 2016).In this

study, it was assumed that wetting/drying cycles change neither the density nor the
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microstructure of the loesét a given degree of saturation, soil suction on a drying path is
higher than that on a wetting path. That means the water distnbuigtween the two states
are different. Howevera unique relationshigvas found between thermal conductivity and
water degree of saturatiormhese results suggest that the effect of water distribution on soll

thermal conductivity is less significant théhose of the other factors.

2.4. Conclusions

The relationship between moisture content, suction and thermal conductivity under
wetting/drying paths has been investigated for loess from Northern France. The following

conclusions can be drawn:

™ Waterretention curve and thermal conductivity of intact loess can be obtained by
simultaneous measurement of moisture content, suction and thermal conductivity on a

single soil sample.

™ The thermal conductivity varies between 1.0 and 1.6 W/(m.K) wherddigece of
saturation increases from 0.3 to 0.8. In this rangsique relationship between these
two quantities is observed during tetting/drying paths.

™ The relationship between suction ahérmal conductivity is characterized by a clear

hysteresidoop.

™ At a given degree of saturation, soil suction corresponding to a drying path is higher
than that of wetting path. That means the water distribution is different from one path
to the other path. As a result, at first order, the thermal conductiivipess in this
study depends on the amount of water but not on its distribution within the soil

microstructure in the suction range studied.
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CHAPTER 3: FULL-SCALE EXPERIMENT ON ENERGY PILE

3.1 Introduction

Two experimental full-scale energy piles were ilstain 2010 (Fig. 3.1). The initial goal is
to have two piles arranged side by side to ensha¢ they are in the same geological
condition and have a similar bearing capacity. fitst tests focus on the thermal behavior of
the piles. The piles are heated and/or cooleduesitigate the thermal response inside the pile

as well as in the surrounding soil.

Fig. 3.1 Site location from Google Earth

3.2 Site description

The experiment piles were installed next to theidlisr building at Ecode des Ponts
ParisTech, and the piles were built at the same tith the foundation of this building. The
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soil investigation for the construction of the @bs building can be found in Fondasol
(2010). Four pressuremeter tests (PMT), following Erench standard (NF P 94-110), have
been done on the site and up to 20-m depth. Traitocof these test are shown in Fig. 3.2
(SP1-4).

The results obtained from the test SP1 are showigin3.3 as an example. The profile of soil
and the mechanical parameters of soil are repregeht which,Em (MPa) is pressuremeter
modulus;pf (MPa) is creep pressurpl (MPa) is limited pressurg0 (MPa) is horizontal
stress of soil at the initial state, (MPa) is the net limit pressure of sdit’(= pl — p0Q and
P: (MPa) is the net limit pressure of soit/( = pf — pQ. The fill and silty layer is observed
with 1.0-m thickness from the surface, the greay distribute from 1.0-m to 8.0-m depth,
the final is beige marl and white marl distributerh 8.0-m to 20.0-m depth. The silty layer
hasEw = 15.6 MPaP,” = 0.74 MPaPs = 0.4 MPa; the green clay hBg = 9.6, 16.3 MPa,
P’ =0.59, 0.89 MPaP; =0.33, 0.52 MPa; the beige marl hBg = 18.5, 32.4 MPaP;," =
1.31, 2.35 MPaP; = 0.7, 1.49 MPa and the white marl hig = 30.7, 32.7 MPaP;, =
1.89, 2.25 MPaP; = 1.10, 1.12 MPa. It can be said that, the pile with 12lepth mainly
works within the green clay and partly in the benggrl.

Fig. 3.2 Locations of pressuremeter tests.
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Fig. 3.3 Results of the pressuremeter test SP1

In Fig 3.4, the results of all the tests are pihtieis observed that the valuestbhandP,” by
depth of all tests are relatively similar. The paegers increase with depth and depend on the

type of soil. The values at lower part (from28-m depth) are twice larger than the one at the

upper part (from 08-m depth).
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Fig 3.4. Pressuremeter test results, (a) pressteemedulus and (b) net limit pressure of soil

Based on the pressuremeter tests and boreholerppedoaround the piles, the geological
profile of the site is shown in Table 3.1. The pikre embedded in various soil layers: Fill,
Silty clay, Green clay, Beige Marl, White Marl, sessively. The pile toes touch the top of
the White Marl layer situated at 12 m depth. Swérsgth parameters (cohesiah,and angle
of internal friction /') are measured from Consolidated Undrained (Cldxitl tests and
Direct shear tests (Fondasol, 2010). The thermapgaties of soil (thermal conductivity,

and specific heat capacitgs) are measured in laboratofyhe soil hydraulic conductivityk,
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was obtained bin situinfiltration test. The tip resistancgqf of soil is measured by Dynamic
Cone Penetration Test (DCPT) up to 9.0-m depthiten Bhe water table is at 4.0-m depth. It

is to note that the parameters of fill layer araado the values of silty layer.

In the results of pressuremeter tests, the net lpréssure R) is defined as the failure
pressure of soil at which the increase in volumenembrane equals to the initial volume of
membrane in the borehole, the pressuremeter modgjy)sis defined by the ratio of the

increase in pressure by the increase in volumeearhibnane in the elastic phase.
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Table 3.1 Geological profile and soil parameters

: g PI* C i N Ol . Cs k
AL kNim?d)  (vpa) B (MPa) oy 77 C) Mpa) T WIMPC)  yarec)  (mis)
Fill
0.0-m, 0.7-m 17 0.741.14 11.518.2 5 25 033 7,15 1.0 1200 3E-5
Silty clay
0.7-m, 2.0-m 18 0.741.14 115 18.2 5 25 033 7,15 1.1 1150 1E-7
Green clay
2.0-m, 8.0-m 18 0514 8.0, 18.8 30 22 033 3 20 1.1 1150 4E-8
Beige marl
8.0-m, 12.0-m 20 1.3 24 18.0 36.0 32 35 0.33 - 1.2 1000 1E-9
While/bleu/beige marl
12.0-m, 20.0-m 20 1.3 28 12.068.0 32 35 0.33 - 1.2 1000 1E-9
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3.3 Description of the experimental setup

3.3.1 Pile installation

The cross-section of experimental piles is shownttenfigure 3.7. The two piles have a
diameter of 0.42 m and a length of 12 m. The de#tdyetween the piles’ axis is 4.40 m. The
reinforcement cage includes 5 longitudinal relads and 60 rings of spiral b&8. The
piles were equipped with a heat exchanger W-tuld@RE) that allows the circulation of a
temperature-controlled fluid along the pile. Thare three additional pipes embedded inside
the pile to host temperature sensors at three dgefdthm, 6 m and 11 m. That allows
measuring the temperature at the pile’s centeg/gall interface and the middle point next to
the steel cage.

The two experimental piles were installed by Cambuns Flight Auger method (CFA). The
pile installation consists of four main stepd:drilling a full length auger with a temporary
plugged using a constant penetration rate anduberdeing rotated so as to remove the soil;
(i) injecting concrete through the plugged systemeumdessure while extracting the auger;
(i) installing the reinforcement cage. The constarciphases of pile are shown in figure
3.8.

Fig. 3.7 Reinforcement cage of energy pile model
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Fig. 3.8 Pile installation by Continuous Flight Aarg CFA) method: drilling & concrete

casting (a); installing the reinforcement cage xrk completed (c).

Fig. 3.9 shows the data recorded during the pitestallation. The diameter of the pile No. 1
at its top and bottom is slightly higher that ataenter while the diameter of the pile No. 2 is
quite uniform. Note that the pile diameter is estied from the volume of concrete injected
at each depth. The auger torque varies in ran@@@f400 bar during drilling. Its variation is
related to the geological profile of the soils.alkhdition, the auger torque profiles obtained on
the two piles are not similar. On the first pileglF3.9), the torque in the green clay (from
2, 8 m) slightly changes while the torque in the masglers (from 812 m) is relatively
uniform and equals to 200 bar. On the second pilg. 3.D), the torque in the green clay
changes considerably while it slightly changeshie tharl layers and equals to 400 bar. As a
result, the torque in marl layers of the second m@lhigher than that in the first pile and the
torgue in the green clay of the second pile is En#han that in the first pile. The torque in
the fill and silty clay layer (from 2.0 m) is relatively high (400 bar) for both piléhis
may be due to the presence of pebbles embeddéése toil layers. The pumping pressure
of concrete is relatively uniform on the pile leimgThese results evidence that the ground is
slightly heterogeneous; the geological profilesagen the two piles can be slightly different
from each other even if the distance between themuite small (4.40 m). It is also in

agreement with the result of pressuremeter teggs3(B.).
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Fig. 3.9 Data recorded during the piles’ instatlati(a) Pile No. 1; (b) Pile No. 2.
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3.3.2 System for controlling pile temperature andmtoring soil/pile temperatures

An overview of the experimental setup is shown iig. F3.10. To control the piles
temperature, the W-tube is connected to a temperatintrolled bath. The flow rate of the
fluid circulating in this tube is measured by awflaneter. Two temperature transducers
(PT100) are used to measure the inlet and outlet femperatures. The circulating fluid is a
mixture of 80% water and 20% glycol to avoid freggwhen temperature is negative.

The temperatures at different locations inside epibd are measured by 9 temperature
transducers, which are embedded at three deptlssdd®e two temperature transducers are
installed in the surrounding soil at 6-m depth mley to measure temperature of soil at
distances of 0.5 m and 1.0 m from the pile’s a¥isdata logger is used to record

automatically data of all the sensors.

Note: 1 h
$1+52: Y
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|* — bath \ , Y
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+ 0.0m I T / Eil +0.0m
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Fig. 3.10 Overview of the experimental setup
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3.4 Experimental results

Heating/cooling tests have been firstly performadfee pile No. 1 in order to investigate the
thermal behavior of the pile. In the first phases temperature of the temperature-controlled
bath is fixed at 5 °C in order to cool down theepiThe results are shown in Fig. 3.11.
Unfortunately, the soil and the fluid inlet/outtemperatures are not available for this phase.
Only the pile temperatures were recorded. Befoeectioling phase, the average temperature
of pile at 1-m depth equals to & while it equals to 12 °C at 6-m and 11-m depths.
Actually, this phase has been performed during semf@uly 2014) and the ground was
being heated by the atmosphere. That can explai tiv soil temperature close to the
surface is higher than that at higher depths. Engperature recorded in the air during this
period varies from 17 °C to 32 °C. In addition¢cdn be seen that the daily fluctuation of air

temperature has a slight influence on the pile exatpre.

In the cooling phase, temperatures of pile at 6rch BL-m rapidly drop in the first day and
reaches 9C after 4 days. Meanwhile, temperatures of pild-at depth measured at the
pile/soil interface and the midpoint drop from 4B to 12°C, while that at the pile’s center
decreases until 10C. Note that, the sensor at pile-soil interfacelkim depth is missing
during the test due to a problem of electrical aigAt t = 13 days, the pump was stopped
and data was recorded for the recovery phase. Tratope of pile returns to the value equal

to the initial temperature after 3 days in the vy phase (Fig. 3.11).
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Fig. 3.11 Temperature of pile at different locai@uring the cooling phase

After the recovery phase, the pile was heated du2ihdays by imposing the temperature of
the bath at 40 °C. During this phase, temperatoirgde, soil and also inlet/outlet fluid were
recorded (see Figs. 3.12, 3.13 and 3.14).

Fig. 3.12 shows that temperatures in the pile reap@lly during the first 5 days of heating.
After 5 days, these values increase with a lowser ed reach 30 34 °C after 23 days.

Temperature of pile is relatively uniform, with affedrence of about 4£C. This slight
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heterogeneity in temperature can be explained enhamd by the initial temperature (12 °C
at 6 and 11-m depths; 18 °C at 1-m depth) and thedi8tribution of heating pipes and

temperature sensors (see the cross section i3 Figon the other hand.

Fig. 3.12 Temperature of pile at different locai@uring the heating phase

The result related to the pile inlet and outlet penatures are shown in Fig. 3.13. Note that
even if the temperature of the bath was set atCGlQtHfe inlet temperature took 23 days to
reach this target. The results show that the fheithperature decreases about 3 °C after
circulating through the pile. With the flow rate aseired by the flow meter and the thermal
parameters of the fluid, the heat flow injectedtie pile during this phase can be then

estimated by the following equation:
Q=r.c.. OT.v (3.1)

where:r is density of the liquid (kg/f), Cp is the specific heat capacity of liquid (J/K0),
Or is different temperature between inlet and outkétd (°C) andv is water flow rate

measured by flow meter (s).
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The specific heat capacity of water-ethylene glyuedt transfer fluid is calculated from the
specific heat capacities of watets{ = 4185 J/(kgC)) and ethylene glycolc{; = 2460
JI(kg°C)). In the same way, the density of heat trarféfied is determined from the densities

of ethylene glycol £, = 1097 kg/n?) and water £, = 1000kg/n’).

The heat flow injected to the pile during this ph&splotted versus elapsed time in Fig. 3.13.
The average value equals to 740 W. Heat excharfijgercy between pile and surrounding

soil may be affected by the actual capacity ofghep during thermal loading. The average
of heat exchange rate per unit length of pile i3\8@n. This result is in accordance with the

feasibility studies of energy foundations mentiobgdBrandl ( 2006).

Fig. 3.13 Temperature of inlet and outlet fluididgrheating phase

Results in Fig. 3.13 show that, in the naturalesttgmperature of pile between 6 and 11-m
depth is similar and stable, it is unaffected bg temperature on the ground surface.
Moreover, soil profile shows a homogeneous layegreen clay from -3.Q -10.0 m. Thus

temperature of pile and soil at 6.0-m depth isatlé to analyze temperature of the in-situ
experiment during thermal loading. Fig. 3.14 shdiws average pile temperature at 6-m

depth and the temperatures measured in soil. Tamg® temperature at 6-m depth of the
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pile No. 2 is also plotted. The results show thattemperature of the pile No. 1 increases
quickly during the first days and reaches 34 °@ra2B days. The soil temperatures measured
at 0.5 and 1 m from the pile axis increase fronb 2€. to 22°C and 21°C after this period,
respectively. The temperature of the pile No. 2os influenced by the heating of the pile
No. 1.

Fig. 3.15 shows temperature profile (temperatunesuge distance from the pile’s axis) at
different periods. It can be seen that the tentpezaof soil close to the pile No. 1 is strongly
influenced by the pile temperature while that meaguat 4.4 m (in the pile No. 2) is
unchanged. That means the heating of the pile wmildence the soil temperature at few

meters around the pile.

Fig. 3.14 Temperature of pile and soil at -6.0 mtdeluring the heating phase
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Fig. 3.15 Profile of temperature of soil around fiile at -6.0 m depth

3.5 Conclusions

Thermal tests have been performed on one full-sogberimental energy pile. The following

conclusions can be drawn:

Natural temperature of the ground from -6.0 m depth constant (12C) and

independent of air temperature.
During a heating period, the heat flux injectedh® pile per meter length is 60 W/m.

It takes about 10 days to heat the pile up td@Gnd in contrast it takes 5 days to
cool down the pile down to 7C. This result is useful to program future testst th
would be applied to these two piles to investigégemechanical behavior under

thermo-mechanical loads.
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CHAPTER 4: CONDUCTIVE HEAT TRANSFER ANALYSIS

4.1 Introduction

The literature review on analytical models for coctive heat transfer of vertical heat
exchanger borehole (Chapter 1) shows thgt:it{e majority of the models are firstly
developed for calculating heat transfer in the loegn, (i) the conventional models often
neglect heat capacity of the concrete pile by hana@ing environment of pile and
surrounding soil, andi() temperature response inside the pile is congidatesteady state
thus the temperature of the system is only valtlaféer a certain period of time. In contrast
to the borehole, as energy piles have a higheratiennit may take a considerable period of
time to achieve thermal steady state. Furthermasethe energy demand of the building

changes within hours, the problem of heat transféne short time is really needed.

Besides, some advanced models have taken into m@ictbe effect of different thermal
properties between pile and soil. These modelsidered also heat transfer in a short-term
period. One of them is the analytical model of LL& ( 201D) where the authors developed
the solution based on Jaeger’s instantaneous dines solution for a cylindrical composite
medium. The solution is solved by Laplace transformethod and expressed in form of
Bessel functiongJaeger, 1944). It can be said that this is aivelgt general solution of
transient heat model applied for energy pile. Aa ba, the solution requires a new G-
function for any different configuration of fluidiges. Meanwhile, study of Bozist al (
2011) indicates that, if the pile and surrounding are assumed homogeneous and the total
inlet heat flow is constant, the temperature atpite center does not depend on the number
of fluid pipes. By using the principle of superdasi, temperature at any point M is

expressed as follows (see Fig 4.1):

Ty (r t)=T, + 9 g
With is the exponential integradj is the heat flow imposed into the

pile (W/m), ry is the distance from the point M to the heat sesiy¢ is the thermal

conductivity (W/m.K) anda is the thermal diffusivity (is).
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Fig. 4.1 Distribution of fluid pipes on the pilecsoss section (Bozist al, 2011)

Although the solution is simple, this model does$ cansider the effect of different thermal
properties between pile and soil. In additionaih e applied only after a certain period since
the beginning of heating,> 5r,%a, with a is soil thermal diffusivity and,’ is diameter of

heat source. That period typically take hours.

The solution of Lamarche & Beauchamp (2007) referan infinite line source located at the
pile center. Two different cases have been mentiotiee first one corresponds to a given
heat flow and the second one corresponds to a diwieintemperature. Heat transfer equation
of pile and soil were determined independently Basethe initial and boundary conditions,
in which the temperature at the pile-soil interfee&eontinuous and the temperature functions
refer to thermal properties of both pile and sbibwever, only the heat transfer function
inside the pile has been identified (see equati@6 Ih Chapter 1). This solution is found by
using the Laplace transform method and also thdoconintegration analysis which is

mentioned in the study of Carslaw & Jaeger (1940).

To sum up, with the constant inlet heat flow asstmnp temperature of pile does not depend
on the number of fluid pipes (after Bozs$ al 2011) and therefore the use of equivalent
diameter pipe placed at the pile center as mengidnim the works of Lamarche &
Beauchamp (2007) can represent satisfactorilyghgeérature of pile. The solution of &i

Lai ( 2012) is expressed in a more complex form than the imotlan equivalent infinite
line source that locates in the pile center (Latmar& Beauchamp, 2007). Moreover, it

depends on the configuration of fluid pipes.
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In the present work, a new simplified function, ahniallows determining heat transfer in
surrounding soil in short-term periods, is presént€his solution is based on simple
hypothesis and using the technique proposed by tadre& Beauchamp (2007). In fact,
fluid pipe diameter is often much smaller than plile diameter so the thermal properties of
the pipes can be ignored. Instead of using thel sgfiindrical heat source as showed in the
solution of Lamarch& Beauchamp (2007), in the present work, an infiaigource model

located at the pile center is considered.

4.2 Proposed analytical model

The heat source is supposed to be located at lineeaiter (Fig. 4.2). The pile temperature is
considered uniform and it only depends on time. sTthee problem is solved with the

following assumptions:

The heat source is an infinite line source;

The heat transfer mechanism in pile and surrounsiiiigs purely conductive;

The surrounding soil is a homogeneous and senmifafmedium;

Initial soil and pile temperatures is homogenodi; (

A constant inlet mass flow rate is imposed to thattsourceind heat transfer in the
vertical direction is negligible;

The pile has a very high thermal conductivity.

It is worth noting that the assumption that thetiahitemperature in soil and pile are
homogeneous restricts the use of any analyticaltisol to monotonic temperature changes

(either cooling or heating) making them unusablmtalel thermal cycles.

The initial temperature conditions are written @li$ofvs:

O<r£r,, T =T,
rp£r <¥,T=T_, 4.2)
t= 0’ Tpile :Tsoil =-IE)

and the boundary conditions are written as follows:
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r=r, T (r’t) :Tpile(r ’t)
r=+%,Tg, (r,t): Ty
dT.

_ (4.3)
- /soil Ad_sroﬂ = Wsoil 1 [W]

r=r,

whererp is the radius of pile/sq is the thermal conductivity of soif is the heat transfer

area (M) and Q,,; is the inlet or outlet heat flow.

LQ

Qpile Qsoil

vy

Pile Soil

Fig. 4.2. Conductive heat transfer model

The heat transfer from the heat source to the sodiog soil can be solved by combining the
heat energy balance and the heat conduction egsatio

dQ= const(J) (4.4)

lﬂ = ﬂZT +l‘ﬂ (4.5)
amt ¥ r ¢ '

where,a is the thermal diffusivity (ifis).
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By applying a constant heat flow along the entregth of the heat source, the energy

balance can be expressed as follows:

Q = const [W]

dQ=dQ,. + dQ, [J] (4.6)

Combining the equations (4.8.6) allows determining the temperature of the @urding
soil. For simplicity, denotd@ (r,t) = Tsoi - To, WhereT(r,t) is the soil temperature in excess to

the initial temperature; it varies with time ancse.

The initial and boundary conditions for temperatoirgoil can be re-written as follows:

t=0 T(rt=0)=0

r=r, T(r, )\ =T(r )]

r=¥ T( ¥t)=0 (4.7)
dT(r,
dr

t)

-/ A——~ son’ [W]

soil

I’:I'p

The equation (4.6) can be represented as follows:

Q ‘ / Adeon

soil

deon ‘J

mp|IeCpIe dt ’g (48)

Considering conduction only, the heat transfer ggoan soil can be written as follows:

L T(rt) _FT(rt), 197(r 1)

4.9
4, T T rof 9
whereas, is the soil thermal diffusivity, is the distance from pile’ surface.
Rewriting the heat transfer equation in Laplaceace:
d’T ,1dT_ .=
——-qT=0 (4.10)
dr? r dr

whereq® = sa* ands is a complex variable. A general solution of smimperature is

expressed as follows:

T(r,s)=aK,(ar)+a,ly(ar) (4.11)
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where |, and K, are the modified Bessel functions of the first ahe second kinds,
respectivelya;, & are constants. From the temperature conditioheabbundarya, equals

to zero. The equation thus simplifies to:

T(r,s)=aK,(ar) (4.12)

By using the boundary conditions, the constardf the equation can be found:

1
= s SK(T) o AT @19
Thus
_ K,(qgr
T(r,s) :% m.c. S%(qrz)(?./)son Agk(ar,) (4.14)
The inverse Laplace transform of the solution iitam as follows:
a+i¥ .
T(r,t) :2—,0ia_¥ e'T(r,s) ds (4.15)

This equation can be solved by the contour integratmethod. By using the Cauchy
theorem, the inverse Laplace integration equatlobs) can be expressed by the sum of the
integral over a closed contour (Fig. 4.3), moraiettan be seen in the studies of Carslaw &
Jaeger (1940) and Lamarche & Beauchamp (2007).

Fig. 4.3 Contour of integration
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Thus, the equation (4.15) is then expressed iclteed contour form:

1 —
T(r,t)=— e'T(r,s) ds
(r.t) 201 661 16 16 i (r.s) (4.16)
The limits of the function under the integral irethontourG and G are infinite when the
variables tends to zero. This makes the integral on theed@®ntour divergent. The problem
is then solved by examining the convergence ofdéwevative of the integral in equation
(4.16):

Mm(rt) 1 .= <
Mt 2pi 6=G+G +G +6 s sT(r,s) d (4.17)

Based on the studies of Carslaw & Jaeger ( 1940@nvthe radii of contou and & tend to
infinity the integral in these contours should leeaz By applying the Cauchy’s integral for
holomorphic function, the integral on the cont@grequals zero. It can be easily deduced that

the integral on the contou® and G should be convergent.
GQ_eStsT(r,s) ds=0 whenR® ¥
(4.18)

St T . H : —
o€ sT(r,s)ds=0; due talim (f)s>|gr3)[s|n(s)]—0 (4.19)

Therefore, expression of equation (4.17) becomes:

() g . Ko (ar) ds
dt=—- (et-1) =
0 ﬂt 2/0| G, +G prp rpr piIeC piIeSKO (qrp)+2/ soinK1(qu0) S

(4.20)

T(rt)=

The integration is now solved by change of variabéthod.

By using expression of Hankel function of the fkstd for integral on the contour :
HP(X) =3, (0 +iY (3 (4.21)

with - o< arg(x ) % K, (X)=£2ia+1H§” ix)
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-ip
puts=auwe” qr=ure?; qr= uge2 andd— 2

1 , J,(ur) +iY,(ur du
T(r,t)= 2q = (1_ e—aut) o (Ur) . o(un) au
P il g Aud(up)+ Ad(up) + AuY u)+ AY W u

(5.28)

Similarly for the integral on the contour:
HZ()=3,(9- Y% (3 (4.22)

with %< argX)Ep K, (x):ﬁ2 CiY H® (x)

| i ip
puts=au'e’  qr= uré; or= ur € anad—szzﬂJ
S

We obtain the conjugate of equation in contour

7 1° o J (ur)—-iY (ur) du

T(r,0) = ——2L—= [[1-e™" 0 0 =

0 nzrpxmﬂz{ ( ‘ )[AluJO(urp)+Ale(urp)]—i[AluK)(urp)+A2Y1(urp)]u
(4.23)

The final solution for soil temperature is then:

] f —au’t ¥ ¢_J Y
T ’t)=T0+in§,,p {(1_6 ) O(WLH;Z(W) % (4.24)

soil

Temperature response function (G-function) of sumthng soil can be drawn:

2 7 Y, (ur)f- J,(ury du
Gy (1 1) =——— (1- g2t)-2 ° — 4.25
I( ) ,0 r.p soil 0 ) ny ’ U2 ( )

where

f=Aul(ur)+AJ(ur)y = Auy(ur,)+ AYur), A=- g c A2

r=r pile/r soil? C:Cplle/ Cooil
(4.26)

The final solution of soil temperature shows thagrinal property of pile (specific heat

capacity) is mentioned in the solution. Thus thaltmlet heat flow is used partially to heat

the pile and the remaining part to heat up theosunding soil. It can be seen that the
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proposed solution (equation 4.25) is expressed singpler form when compared to the
model of Li & Lai (2012) (equation 1.18 in Chapter 1). In general, thegrdl of a function
that is expressed under Bessel functions are ma¢ddirectly but rather through the support
of numerical softwares such as Matlab, Maple, ...

4.3 Validation of the proposed solution

In this section, the analytical results (using MANR) are compared with the numerical
calculation using the finite element method (Plak3 Thermal, version 2016). A two
dimensions axisymmetric model of unit length okpind surrounding soil is used. Boundary
of the semi-infinite surrounding soil is chosengmrenough to neglect its impact on
temperature changes. The finite element mesh iseskfsmall enough until no variation is
obtained for the results, in which the minimum sifehe refined mesh is modeled for the
soil and pile elements located near the heat sdiftige 4.4). The initial temperature of pile
and soil is constant and homogeneous. The heat ilonull at the surface, bottom and
vertical sides. To avoid the effect of thermal exgian coefficient on the temperature (which
IS not accounted for in the proposed analyticautsmh), a very small thermal expansion
coefficient is used in the numerical model. In &ddi, only conductive heat transfer is
considered in the numerical model. The parametsey] for the numerical and the analytical
calculations, are presented in the Table 4.1. Matkall the parameters of the model and also
the thermal load program are similar with the &dkle experimental pile which is mentioned
in the Chapter 3. To heat the pile, a constantaateeat (60 W/m) is imposed along the pile
on a cylindrical-surface with 0.32 m diameter (Mg4). Note that this rate of heat flow is

similar to that measured from the full-scale expemt during heating.

Table 4.1. Parameters used for the calculations

Parameters Pile Soll
Dimensions: radius x length (m x m) 0.21x1.0 0.0
Thermal conductivity (W/(m.K)) 15 1.0
Specific heat capacity (kJ/kg/K) 1.1 1.0
Densityr (kg/m’) 2500.0 1800.0
Initial temperaturd, (°C) 12.5 125
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Fig. 4.4 Boundary and initial conditions

Fig. 4.5 Temperature at pile’s wall versus elaps®aé during the first hour of heating phase

Fig. 4.5 shows the pile temperature versus elapsedduring the first hour of heating phase.
The analytical result (Ana.) is similar to the nuioal (Num.) one when the thermal
conductivity of the pile is set at 10 W/(m.K) (whics much higher than the real value, 1.5
W/(m.K)). When the real value of thermal condudtivs used for the numerical simulation,
the rate of temperature increase is smaller thah dhtained by the analytical calculation.
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Note that, in the analytical model, the thermaldwmtivity of the pile is assumed to be very
high.

Temperature of pile’s surface in the experimenisha smaller value compared to the model
but closes to the numerical result. This can béagx@d by the effect of heat transfer between
concrete and high density polyethylene (HDPE) twh&h contains the water and transducer
PT100 inside, in which the HDPE material has a Emalhermal conductivity compared to
that of concrete.

Fig. 4.6 shows the temperature values obtainedeasail/pile interface (0.21 m from the pile
axis) and at two distances from the pile axis @.and 1.0 m) versus elapsed time for the
whole heating phase. In spite of the assumptioreof high thermal conductivity of the pile
in the analytical model, it can be seen that tlsellte obtained by the numerical simulation
and those by the analytical calculation are in gagceement for the whole heating phase
(even if the thermal conductivity of the pile istsa 1.5 W/(m’C) in the numerical
simulation). In addition, the temperatures at thke’p wall and at distance 0.5 m in
surrounding soil are relatively similar with thepeximent results. The discrepancies between

experiment and models are negligible.

Fig. 4.7 shows the temperature versus the distinoe the pile’s axis at 23 days. Again, a
good agreement between the analytical calculatimh the numerical simulation can be
observed. The experimental results are taken fioenttansducers (PT100) at position of
pile’s wall, 0.5 m and 1.0 m in surrounding soitda4.0 m at the wall of pile number 2. The
experimental values are similar with those of thaglals, except for the value at 1.0 m.

Fig. 4.6 Soil temperature at different distancesfithe pile axis during heating phase
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Fig. 4.7 Heat transfer in surrounding soil at thd ef heating phase

4.4 Conclusions

This paper presented a simple solution of heat wctimh applied to energy pile. The

different thermal properties of pile and surroumdisoil are taken into account, and a
unsteady state of heat conduction of energy pikss considered in this solution. By using
this solution, temperature change of pile and sumding soil can be estimated during short-
and long-term periods of heating or cooling of @®HP system. Therefore, this solution can
be considered as a useful tool to analyze energguroption of GSHP system for the

building.

In this work, based on the approach of Laplacesttam method and also the contour
integral method, an analytical solution of the heatsfer in soil surrounding a pile subjected
to heating/cooling is proposed. Some hypotheseg h@en used in order to simplify the
problem, among which the heat pipe is assumed amfamte line source, heat flow is
assumed to be constant throughout the heatingadinggperiod, heat transfer in pile and soill
is purely conductive and especially the thermabhpeaters of pile and surrounding soil are
considered different. Moreover, this solution iscalised for short-term period.

This solution is expressed in a simpler form thia@ available solutions mentioned in the
literature. In addition, this solution can replaite heat transfer solution inside the pile
proposed by Lamarche & Beauchamp (2007) if the lpale a very high thermal conductivity.
Thus, the temperature of pile and soil can be detexd simultaneously by only one
equation. The solution is then validated by commato numerical results obtained using the
finite element method. Besides, the solution i dblpredict with a good agreement the heat
transfer of the experimental energy pile.
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CHAPTER 5: REVIEW OF THE THERMO-MECHANICAL BEHAVIOR
OF ENERGY PILE

5.1 Introduction

Variation of temperature of pile foundation careaffits mechanical response. Because of the
lack of standards related to the energy pile designcurrent design work is still based on the
thermal free expansion condition of the pile. Amstapproach uses the thermal stress values
obtained in the case of fully-restrained conditiBsennec, 2009; Knellwolf & Laloui, 2011,
GSHP Association, 2012). This conservative appro#uérefore, over estimates the safety

factor.

A quick review on the geothermal pile studies (Feotm et al, 1998; Bourne-Weblet al,
2009; Laloui, 2011; Amatyat al, 2012; Mccartney & Murphy, 2012; Murplet al, 2013;
Ng et al, 2014; Wanget al, 2014; Yavariet al, 2014 and 2016; Akrouchet al, 2014; Di
Donna & Laloui, 2015; Nguyeet al, 2017) gives the following general conclusionse th
pile’s stress/strain behaviour is mainly reversibiemperature changes affect the pile’s
mobilized friction capacity due its thermal dilatioontraction. For more details, the existing
studies on energy pile are presented and discusgkd following sections. The main aims of
the review focus on the effect of thermal cycledlmthermo-mechanical behavior of energy

pile.

5.2 Experimental studies on the thermo-mechanicaldhavior of energy pile

Many studies have been carried out to investigajgermentally the thermo-mechanical
behavior of energy piles These studies includeitun faill-scale experiments (Lalowt al,
2006; Bourne-Webkt al, 2009; Murphyet al, 2013; Murphy & McCartney, 2014; Waed
al., 2014; Akrouchet al, 2014;) or laboratory small-scale experimentslgKadou et al,
2012; Nget al, 2014; Stewaret al, 2014; Stewart & McCartney, 2013; Yavatial, 2014a
and 2016a; Nguyeet al, 2017). The results evidence the effect of laperature variation
on the soil/pile interaction. Actually, the tempeira of energy piles can vary in the range of

5 °C to 40 °C and can thus induce stress changeg dhe pile and pile head movement.
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These phenomena are the consequences of thermagéibmfitontraction of pile and the
soil/pile interface behavior.

Laloui et al. (2006) focuses on the behavior of in-situ enelitgy gubjected to heating/cooling
under various weights of building stories. The heallows determining additional pile head
load caused by heat load. The pile (25.8 m in leragtd 0.88 m in external diameter) was
installed in the ground composed of four differgypes of soil. Mechanical load of about
0, 1300 kN by the dead weight of a building under tatsion was measured at the pile head
and the pile’s temperature was varied between°@5and 22°C. Pile head heave was
observed during heating period. In addition, trexrial stress and friction mobilization of the
pile increase with the temperature. For examplenathe pile works under a vertical stress of
1.3 MPa, an increase of temperature of F&4esults in a thermal stress of 1.2 MPa at pile
top and 2 MPa at pile toe (Fig. 5.1). The experimesults also show that for °C of
temperature rise, the additional axial thermal dors approximately 0.1 MPa. Thus the
authors recommended that the additional value restonsidered in the design of energy

piles.

Fig. 5.1 Thermo-mechanical axial stress in an gnpilg (after Lalouiet al, 2006)

Amatya et al. (2012) have summarized the in-situ experimentcrde=d by Lalouiet al
(2006) and Bourne-Webébt al (2009), and given a deeper understanding on fileet eof
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temperature changes to the behavior of energy pilstly, to estimate the axial force of pile
under thermal and thermo-mechanical loading, atyaca formulation can be derived from
the total axial strain of the pile. This formuldoals calculating separately the axial forces of
pile due to the mechanical load and the thermal &safollows:

eT_Free = ac DT (5_1)

eTotaI = eM + Q'_Obs (5-2)

where €; .is the free axial thermal strain of pile withoutyamestraint;&_ is the coefficient
of thermal expansion/contraction of pile afflis the temperature change of pilg;,is the

total axial strain of pile under thermo-mechanit@dding; &,is the strain due to the

mechanical load; ané; osis the thermal strain observed from the test.

eT_Rstr = eT_Free_ eT_Ob: (5.3)

€ rsiS the restrained strain of the pile.

The axial thermal force of the pile without mecltahioad can be then calculated:

P, =-EAg .,=- EAaD T- e; o] (5.4)

The total force of pile under thermo-mechanicatliog thus equals:

P

TotaI:PM+PT = EA[E’ _acDT]

Total

(5.5)
whereE is the Young’s modulus of the material, @ the cross-sectional area of the pile.

In the case of no end restraint pile, as mentiondtie study of Bourne-Web&t al (2009),
the pile load is sustained mainly by the shaftifit. For the cooling phase, the pile contracts
and both ends are free to move. The mobilized dnafton prevents this movement and
causes the restrained thermal strain. The shatidini is considered to be positive over the
upper half of the pile. This positive shaft frictibas the same direction with that induced by
the compressive head load. A negative shaft ficteodistributed on the lower half of the
pile. Conversely, when pile is heated, it is freeekpand towards both ends. The mobilized
shatft friction in the upper part is negative ani ipositive in the lower part (Fig. 5.2). In the
case of end restraint pile, the axial expansiorifagtion of pile during heating/cooling is

restrained at the pile head and toe, leading tatiaddl axial stress. As a result, the axial
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stress-strain state of pile is modified and depeowisthe relative stiffness of both ends

restraints of the pile (Fig. 5.3).

Fig. 5.2 Load transfer mechanisms for the pile ectiejd to thermo-mechanical loading; (a)
heating and (b) cooling with no end restraint (aedr after Bourn Webbt al, 2009)
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Fig. 5.3 Load transfer mechanisms for the pile ettied to thermo-mechanical loading;
heating and cooling with end restraint (redraweralBourne Weblet al.,2009): (a) both ends
partially restrained; (b) top restrained and toeestrained; (redrawn after Bourn Wedibal,
2009).

McCartney & Murphy (2012) tested two energy pilesler a residential building in Denver,
Colorado (USA). The two piles (0.91 m in diamet&4.8 m and 13.4 m in length) were
equipped with a conventional ground source heatgpsystem. The axial thermal strain due
to the contraction/expansion of pile during cooliveating period, respectively, shows a
much smaller value than the acceptable limit ohfeeced concrete (reference to the ACI

318-08 code). In another field test of energy pileone-storey building, eight end-bearing
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piles (0.61 m in diameter and 15.2 m in length)emastalled in stiff sandstone (Murpley
al., 2013). The results again confirm that the belrawb pile is thermo-elastic and the
additional thermal stress and strain of pile (edlato heating/cooling) are within the

acceptable limits.

All the above experiments show that temperaturengbs induce adjustment of pile shaft
resistance. Soil-pile interaction can be seen nubgarly in the full-scale experiments of
Wanget al. (2014) and Akrouclet al. (2014). In the test of Wangt al. (2014) the pile load
was controlled by Osterberg cell which is instalkesheath the pile tip. This device makes it
easier to study the shaft resistance of pile wahks to the ability to push upward the pile. A
pile (16.1 m in length and 0.6 m in diameter) wastalled by solid auger bored drilling into
very dense sand clay soil layers. The results ghawthe ultimate shaft resistance at 38 °C is
higher than that at the initial state (17 °C); giehavior is thermo-elastic. Akroudt al
(2014) conducted an experiment on an in-situ lé§ m in diameter and 5.50 m in length)
under tension loading. The pile was embedded iry vegh plasticity clay. During the
experiment, pile is initially loaded with a seriglsaxial tension load, from 0 to 256 kN, with
an increment of 50 kN. After 1 hour of each loadstgp the pile head load is maintained, and
the pile is heated over a period of four hours veittemperature increase of, 16°C. The
results show that the influence of increasing tenatjpee on the soil-pile friction is negligible.
However, the creep rate ratio between the thermcharecal load and the mechanical load is

relatively large, of about 4.7 times.

Kalantidouet al. (2012) and Yavaret al, (2014) used physical model to study the effect of
temperature change on the mechanical behavior af &echanger pile in dry sand. The
results show that the response of pile head dispiaat is thermo-elastic when the pile works
at low mechanical load (smaller than 30% of the p#sistance). During the thermal loading,
displacement of pile is similar to the thermal engian curve. At higher head load, the pile
settles after thermal cycles. The same pile modsd wqually tested with saturated clay
(Yavari et al, 201&). The results show that the pile head heaves gureating phase and

settles in the following cooling phase. The thetynahduced irreversible settlement was
observed even at low head load (20% the ultimatgadty of pile). The irreversible

settlement is larger under higher axial load (sge3:4).
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Fig. 5.4 Pile load - settlement curve obtained uldermo-mechanical load tests, (after
Yavariet al, 2016G)

5.3 Numerical studies on the thermo-mechanical bekar of pile

Besides the experimental studies, numerical mepigoahits to optimize the design works, as
well as to develop standard design tools. It id wabwn that, when pile works under thermo-
mechanical load, the combination between the mhrdHoad, the shaft resistance and the pile
base resistance produces additional thermal stréiss the pile. The thermal strains are the
result of the balance between the thermal streskthe mobilized bearing resistances.
Numerical methods can be used to predict this cexfdatures. There are two methods that

are usually used: load-transfer and finite elennesithods.

The load-transfer method was first developed byl€&yReese (1966). It is used to analyze

the interaction between soil and pile, commonlyiechlthe t-z method. This method is

probably the most widely used technique to stuayltehavior of pile. This method refers to

the modeling of the pile as a series of elemempaiied by discrete nonlinear springs, which

represent the resistance of the soil in skin tiic{iFig. 5.% and 5.5). The spring between the
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elements represents pile axial stiffness, andphieag at the pile tip represents the end bearing

resistance.

In the case of heat exchanger pile, modified logadsfer methods have been used to estimate
axial load-settlement behavior of pile (Knellwaf al, 2011; Mimouni & Laloui, 2014;
Pasten & Santamarina, 2014; Suryatriyastti@al, 2014). In these models, the pile’s thermal
expansion/contraction is taken into account. Aniteafthl spring located at the head was
added to simulate the boundary conditions that ni¢pa the building foundation (Fig. )5
Thermal hardening and/or softening behavior of sail be taken into account to investigate
the cyclic degradation effects on pile shaft resise. As well as mechanical model, an
iterative approach has been used in order to ensuece equilibrium and compatibility

between displacements of the elements.

Fig. 5.5 Load transfer mechanisms in an axialldézhpile; (a) structure loading, (b) spring
mass model under mechanical loading, (c) springsmmaedel under thermo-mechanical

loading

Based on the load transfer method, Knellvatlfal, (2011) presented a numerical study that

allows determining the effect of temperature change the behavior of heat exchanger pile.

The model was validated with the experiment resaftén-situ energy pile at the I'Ecole
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Polytechnique Fédérale de Lausanne (EPFL) (Ladbail, 2006) and another undertaken at
Lambeth College in London (Bourne-Welgh al, 2009). The authors indicated that this
method is adequate to analyze the thermo-mechamtelvior of energy pile. However they
also recommended a careful analysis on the salgiiucture interaction due to the

temperature changes.

The finite element method has been also used wigbrihe thermo-mechanical behavior of
energy pile (Lalouet al, 2006; Jeon@t al, 2014; Yavariet al, 2014b; Olguret al, 2015;

Di Donna & Laloui, 2015; Saggu & Chakraborty, 20Ny et al, 2016; Di Donna et al.,
2016; Rotta Loria & Laloui, 2016; Vieira & Maranh2016). In general, the model is set up in
three main stepsi)(initial geostatic equilibrium,ii) application of the overlying structures
load at the pile headii() and application of thermal loading. A 2D axisymrieemodel is
usually used to model the behavior of a single, pileile a 3D symmetric model is used for

pile group.

In the study of Lalouket al, (2006), a thermo-hydro-mechanical model was lopesl to
predict the response of soil and pile under therrhgdraulic and mechanical loading
simultaneously. For the solid matrix (concrete m@led surrounding soil), a thermo-elasto-
plastic behavior was used. The results showed tttetmodel could predict correctly the
behavior of energy pile observed from the in sitpeximents. The heat transfer is mainly
horizontal. When the pile works under only heathogling cycle, the pile head moves
upward in the heating phase and moves downwartidrcooling phase. However, the pile
head displacement is not completely thermo-eladttually, the soil-pile interface resistance
restricts the dilation of the pile. The thermalest inside the pile is then the result of the
restricted displacement. When the pile works uridermo-mechanical loading, mechanical
stress of pile decreases with the depth and théi@ual stress due to thermal loading
distributed rather uniform along the pile lengthheTradial strain of pile under thermo-
mechanical loading is negligible and thereforefgbee water pressure and the effective stress

of the surrounding soil remain almost constant.

In the study of Yavaret al, (2014), the thermal load of energy pile is modeled bpasing
the volumetric thermal dilatation of pile concreiée pile and soil are considered as isotropic
linear elastic non-porous and isotropic linear tetaporous material, respectively. This
decoupling method is then validated with the expernital results (see Figs. 5.6, 5.7 and 5.8).
The results of pile head displacement and axialrstf pile show a good agreement between

numerical and experimental results, the dispargy explained by the hypothesis of
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homogeneous temperature profile of pile. The asthaghlight that the mechanical behavior
of pile is mainly influenced by the volumetric thaal dilation of pile, so that the thermal
dilation of soil is less affected. It can be salthtf this simple computation can allow
simulating the mechanical behavior of energy pitdar thermo-mechanical loading in terms

of pile head displacement and axial strain at veridepths.
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Fig. 5.6 Comparison between numerical results ofaiaet al. (2014b) with experimental
results by Lalouet al, (2003): (a) pile temperature; (b) pile head ldispment; (c) axial
strain at 2.5 m depth; (d) axial strain at 10.5eptd; (e) axial strain at 16.5 m depth; (f) axial
strain at 24.5 m depth
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5.4 Behavior of soil and soil-pile interface undethermal loading

Soil-pile interface behavior plays an importanterot the pile ultimate bearing capacity and
also the pile load transfer characteristics. Dutimgrmal loading of energy pile, temperature
exchange between energy pile and the surroundiidead to soil heating or cooling. This

can induce significant change of mechanical angighYybehavior of soil and pile, especially

the soil-pile interface.

The issues related to thermo-mechanical behaviatags were summarized in the study of
Modaressi & Laloui (1997), Lalouet al, (2014) and Honget al, (2015). The thermo-
mechanical response of clays mainly relates tor thleysical and chemical characteristics.
Temperature change causes reversible dilationibasd the magnitude of volumetric strains
depends on the loading history of soil. Thermalsobidation induces irreversible strains.
This phenomenon is usually obtained in normallysotidated soil whereas reversible strains
are observed in highly over-consolidated soil (Batal, 1988; Hueckel & Baldi, 1990;
Grahamet al, 2001; Sultanet al, 2002; Abuel-Nagaet al, 2005; Cuiet al, 2000).In
addition, experimental data on the drained heatilaged soil showed thahe void ratio
changes are related to rearrangement of particldsdapend on thermal, stress history and
recent stress history (Burghigneli al, 2000, Cekerevac & Laloui, 2004, Abuel-Nagjaal.,
2007).

It can be concluded that there are two main feataféhermal volumetric strain of clay soil:
() the irreversible strain is related to the reageanent of soil particlesiif and the reversible
strain is related to the expansion of pore wated elay mineral particles and also the

repulsive forces between particles of clay minerals

Besides, temperature change can modify the shessngsih of clay soil. The study of Hicher,
(1974) on the Francisco clay shows that temperatarease reduces the soil friction angle,
and so it reduces the soil shear strength. Thexpéained by the decrease of the viscosity of
water. Similarly, studies of Baldit al, (1988) and Hueckadt al, (2009) also mentioned an
alteration of the physical properties such as augor forces in clay water. Study of
Cekerevac & Laloui (2004) showed that the sheangth increased with an increase of
temperature loading. The increase of shear stremgthormally consolidated soils was
observed slightly higher than in over-consolidaspgcimen. However, thigiction angle at

critical state is independent of the temperaturatians.
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Recently, in the experiment work of Yavati al, (201®), shear behavior of soils and soil-
concrete interface under various temperatures wasstigated. Sandy soil, clay and clay-
concrete interface were tested. The results shahgide effect of temperature on the shear
strength parameters (friction angle and cohesiéspid and soil-concrete interface. Besides,
under shearing, sand and clay show a hardeningvimehahile the clay-concrete interface
show a softening one. In addition, the peak sheangth of clay-concrete interface is smaller
than that of clay soil. A similar experiment can foend in the study of Di Donnat al.,
(2016) where direct shear tests were conductedruhfierent temperatures (at 2C and 50
°C). The results show that the behavior of sand+&tacinterface is not affected by the
temperature variations. However, the shear streofythay-concrete interface increases with
heating while the friction angle of the interfadelstly reduces at high temperaturéhis

phenomenon can be explained by the thermal coraimidobserved during drained heating.

Campanella & Mitchell (1968) has conducted expentsen clayed soil to investigate the
behavior of soil under thermal cycles. Thermal egditemperature varying from 18 to 60
°C) were applied to the soil under constant stresaliions. The results show irreversible
volumetric strain under this thermo-mechanical ingd After several thermal cycles, the
medium becomes insensitive to the thermal loadBigce the soil structure achieves steady
state, the temperature changes cause only revershime change of soil. A similar result
can be found in the studies of Burghigneti al, (2000) on ltalian clays and studies of
Cekerevac & Laloui (2010) on saturated Kaolin clay.

5.5 Long term behavior of geothermal pile

Commonly, energy pile foundation is often desigtnede used along the lifetime of the
building. The thermal exchange between the pile amdounding soil depends on the annual
energy needs of the building, heating mode in wiatel cooling mode in summer. Therefore,
energy pile foundation must undergo in general logating-cooling cycle per year. During
the long-term operation of the system, the streste $n the soil/pile system can be modified
and the allowable displacement limit of pile canedeeeded. This will lead to damage to the
overlying structures. In spite of various studiestloe thermo-mechanical behavior of energy
piles, few works have investigated their long-tdr@mavior. Actually, to deal with this aspect,
some studies investigated the mechanical behavienergy piles under numerous thermal

cycles, which represent the seasonal pile temperatriations.
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Suryatriyastutiet al, (2014) studied the behavior of a free- and agstthead pile in very

loose sand using the pile-soil load transfer apgrodhe proposed t-z function comprises a
cyclic hardening/softening mechanism, which allomgestigating the degradation of the
soil/pile interface behavior during cyclic loadinghis approach is then compared with a
numerical simulation using the finite element methehere the degradation of the soil-pile
interface behavior under cyclic loading is consdierA simulation accounting for 12 thermal
cycles shows a ratcheting of pile head settlemerwtet a constant working load and a

decrease in pile head load for the restraint-hdadfpig. 5.9).

Fig. 5.9 Ratio of head displacement during thercyales: U, is the displacement of pile in n
cycles and Wlecais the displacement of pile due to mechanical (@&dyatriyastutet al,
2014)
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Fig. 5.10 Pile axial displacement versus time foating and end bearing piles under thermo-
mechanical load at vertical loading of 500 kN (SaggChakraborty, 2015)

Saggu & Chakraborty (2015) investigated the behavia floating pile and an end-bearing
pile in loose and dense sands under various thexyeds by using the finite element method
and nonlinear transient analyses (Figure 5.10).tbaemal load applied to the pile was in the
same temperature range as in the experiments otiLat al, (2006), with a temperature
amplitude of 21°C. The result shows an important settlement opileeafter the first thermal
cycle. The subsequent thermal cycles induced plgvé. This phenomenon can be seen
clearly in the case of dense sand where the pilesail go upward together after 50 cycles
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(Fig. 5.1@). This is understandable because the pile andvesik progressively heated
during 50 cycles. The pile shaft resistance in desend increased with the thermal cycles
while this value did not change in case of looselséctually in the dense sand, soil thermal
expansion induced a larger horizontal stress afedtafl the mobilized shaft resistance of the
pile. However, a parametric study showed a deargasend of the pile axial stress with

thermal cycles.

A similar result can be found in the numerical stad Olgunet al., (2015) where pile head
displacement and axial stress were investigateerutidee different climatic conditions for
30 years. The model pile with 0.6 m diameter andnd@ngth is embedded in a homogeneous
and isotropic soil. The pile capacity is derivedimhafrom the mobilized shaft friction. As
the demand for heating and cooling of each reg®mribalanced, the long-term thermal
performance will lead to an increase or a decréagele temperature over time. After 30
annual thermal cycles, even if the pile was progvesdy cooled, the axial stress of pile tended
to increase. A decrease in axial stress was olidetueng heating process. This can be
explained by the difference in the thermal dilatimnthe pile and soil during the thermal
loading process. Figure 5.11 shows a higher disptant of pile head in Chicago comparing
with the others in Charlotte and in Austin. Thisiplained by the progress of cooling down
in the soil surrounding pile in Chicago while theogress of heating up occurs in soll

surrounding the pile in Charlotte and in Austin.

Fig. 5.11 Evolution of the pile head displacemamder different temperature conditions (the
pile tends to settle in Chicago climate, and heavaustin and Charlotte climates), (after
Olgunet al, 2015)
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Ng et al, (2016) studied the horizontal stress chang®ibetement close to the pile when the
pile is subjected to 50 heating-cooling cycles. Tdmults show that the horizontal stress along
the pile depth decreased with thermal cycles. lditexh, the irreversible settlement of pile
due to the decrease of the shaft resistance leaith tdensification of soil below the pile toe

and thus the decrease of the rate of pile’s setthem

Pasten & Santamarina (2014) also used a modifieddanensional load transfer model to
predict the long-term response of shaft- and eradibg piles subjected to thermal cycles.
The numerical modeling represented an energy pita i+m diameter and 20-m length
subjected to 50 thermal cycles under constantcsi@did. The temperature change along the
pile length is considered uniform. The results shbat, after one cycle, axial force of pile
increases in the heating phase and decreases todtiiag phase. The axial force changes
mainly occur in the middle of the pile, while ite®not change at the two pile ends. Actually
the displacement is free at both pile ends. Thelteesn the irreversible settlement of floating
pile during 50 thermal cycles indicated that, wiles pile works under small head load, the
accumulated settlement of pile is negligible. Hoerewthe irreversible settlement of pile
increases under higher vertical load. The resshswn in Fig. 5.12) were then fitted with a

simple exponential function that is representethenequation (5.6).

Fig. 5.12 Evolution of the normalized pile headlsatent under various shaft-to-ultimate

ult,

resistance ratios,"§/Q"™; (after Pasten & Santamarina, 2014)
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(5.6)

where, is the head displacement for the static load, is the asymptotic head

displacement, is the exponent of convergence rdejs number of cycles.

Di Donna & Laloui (2015) modeled thermo-mechanioalhavior of an energy pile during ten
years. The study focuses on the estimation of tiuktianal displacement of pile head and
stress state of soil-pile interface. In additione tevolution of volumetric total strain for
different points of the surrounding soil was ald¢odged. During the thermal loading, the
temperature on the soil-pile interface changeshe range of °C to 25°C. The result
indicates that heating-cooling cycles affect thé golumetric strain. The majority of the
plastic strain was obtained after the first cydteg(5.13&). A greater soil plastic strain was
obtained at points located closer to the soil-piterface, and only the point close to the pile
shows a cyclic behavior with temperature changeotslarge enough to cause any variation.
The results also showed displacement upwards dheagjing and downwards during cooling
for the upper part of the pile, while the opposateeurs with the lower part (Fig. 543
Analysis of vertical displacement at different depshowed that the significant displacement
of pile occurs within the first cycle. After thadt cycle, the displacement response of pile is
thermo-elastic. Besides, the displacement alongpileés shaft also confirms the reversible
response obtained at long term. The thermal cyibesot affect the pore water pressure. In
addition the horizontal effective stress at pild-sonterface depends on the
expansion/contraction of the pile during heatinglcw phase, respectively. Besides, thermal
loading induced significant additional shear strassund the pile ends. But in the point
located near the null point the influence of terapae is negligible. The axial stress obtained
along the pile is consistent with the vertical thsgement results as noted above; it increases
in heating phase and decreases in cooling phase silidy emphasizes that the additional
axial stress does not cause mechanical damage fouhdation structure.

Vieira & Maranha (2016) investigated the behaviba dloating pile model in clay soil under
different constant static loads and seasonal testyrer variation during five years using finite
element method. The soil is saturated and nornahysolidated. The results indicate that
when the pile works with a high factor of safetig displacement is reversible during the
thermal cycles. However, a low factor of safetyuoels an increase in axial stresses while the

rate of irreversible settlement reduces with theaber of cycles (Fig. 5.14).
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Fig. 5.13 Vertical displacement of pile (a) witm& and (b) along the pile’s length (Di Donna
& Laloui, 2015)

Fig. 5.14 Vertical displacement of pile versus érthal cycles (Vieira & Maranha, 2016)
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Beside the numerical studies mentioned above, ig@granental studies have been performed
to investigate the long-term behavior of energyesilNget al, (2014) used centrifuge
modeling to study the thermo-mechanical behaviceradrgy piles constructed in lightly and
heavily over-consolidated clay under five thermgtles. The results show that the most
irreversible settlement of pile was observed in tinst thermal cycle, and then in the
following cycles the settlement increases with wdp rate. After 5 cycles the cumulative
settlement was about 3.8% D (pile diameter) foil@ ip the lightly over-consolidated clay,

and 2.1% D in the case of heavily over-consolidateyg (Fig. 5.15).

Another centrifuge modeling of energy pile to invgste the long-term behavior under four
thermal cycles can be found in the study of StewaNcCartney (2013). An end bearing
pile, installed in unsaturated silt worked underoastant head load and four thermal cycles.
The thermal axial stress-strain behavior of pilswhserved in consistency with the results of
in-situ experiments performed by Laloat al, (2006), Bourne-Weblet al, (2009) and
Mccartney & Murphy (2012). During four thermal cgs| the profiles of axial stress,

displacement and strain of pile did not changeiaamtly.

Fig. 5.15 Normalized displacement of pile (a) ighty overconsolidated clay and (b) in

heavily over-consolidated clay (Mg al,, 2014)

80



CHAPTER 5 REVIEW ON THE THERMO-MECHANICAL BEHAVIOR

5.6 Conclusions

Energy pile is increasingly applied in the buildnhgspecially in European countries where
the temperature conditions of the shallow grourdnaost suitable for this system. Studies on
the behavior of energy pile show that temperaturanges can modify its mechanical

behavior.

The ultimate bearing capacity of pile increasesmwiheated. In addition, heating can increase
the axial stress along the pile and vice versaimgalauses the decrease of this axial stress.
The additional thermal axial stress of pile candadculated by decoupling the thermo-
mechanical behavior. Actually, heating induces thermal expansion of the pile and
modifies the stress distribution along the pile.affltan induce afterward irreversible
settlement of the pile under low factor of safelfis has been clearly pointed out in the

studies on the behavior of pile in short term.

Studies on the long term behavior of energy pilehghown that the irreversible settlement of
pile is mainly obtained in the first thermal cyclda the subsequent thermal cycles, the
displacement of pile can be characterized by eithemmo-elastic, shakedown or ratcheting
behavior. That means, the displacement of pilebmareversible, irreversible with settlement
decreasing and reaching stability or irreversibiéghva constant cyclic displacement rate,
respectively. The cyclic displacement rate of @laighly dependent on the load level of pile
head as well as the behavior of pile-soil interface

To sum up, the selection of an appropriate workmed of pile as well as amplitude of
temperature cycle plays an important role for the of energy pile during the lifetime of the
building. The above results are mainly derived fraomerical simulation studies, while
studies based on experimental works are limitedisTlxperimental studies on a small-scale
energy pile will be presented in the following ctaap Its results are then interpreted in the
last chapter by numerical simulation to furtherritjathe behavior of energy pile under

thermal cycles.
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CHAPTER 6: INVESTIGATION ON THE LONG-TERM BEHAVIOR  BY
PHYSICAL MODELING

6.1 Introduction

In this chapter, a small-scale model was used udysthe thermo-mechanical behavior of
energy pile. This method allows to easily evalugptihe effect of different variables in soill
conditions and loading. Experiments have been domkry sand and then in saturated clay.
The model pile and the installation procedurensilair to those used by Yavaet al, (2014)
with the model pile installed in dry sand; and Y al, (201&) in saturated clay. When
compared with these previous works, the presenk Yomuses on the long-term behavior. The
long-term performance refers to the actual worldaagditions of energy pile under the impact
of seasonal temperature change. It means pileatetien summer for cooling the building
and vice versa it is cooled in winter for the hegtidemand. One heating/cooling cycle
corresponds then to one year of operation. In ghigly, the long-term performance of pile
was modeled for a period of 30 years and the themachanical behavior of pile during this

period was observed.

6.2 Description of the pile model

The pile model is made of an aluminum tube witkeinaél and external diameters equal to 18
mm and 20 mm, respectively. The length of the i8b®800 mm and the tube is sealed at the
bottom. The tube head is open in order to introdinee heating-cooling system inside the
tube. The tube is equipped with five axial straauges distributed on its surface (Fig. 6.1).
The external surface of the tube was coated witkl $a imitate the roughness of a full-scale
bored pile (Fig. 6.2). More details about the piledel can be seen in Yavari (2014).

82



CHAPTER 6 PHYSICAL MODELING

Fig. 6.1 The model pile before coating with sandlesurface (after Yavari, 2014)

Fig. 6.2 Pile model after coating with sand ongsbdace

To calibrate the axial strain gauges, the pile Wa$ kept upright and fixed. A series of
constant load with an increment of 50 N was thepliag on the pile head (from O N to 200
N). Results show in Fig. 6.3 evidence that all bgigains increase linearly with axial load. In
addition, the axial strain gauges were also testighl pile temperature variation of about 1
°C. The results indicated that the increase of f@taperature induced small change in the
signal even if the axial load was maintained camtstdhis data allow correcting the

calibration curve during thermo-mechanical loadimghe experiments.
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Fig. 6.3 Linear evolution of strain gauges

6.3 Experiments in dry sand

6.3.1 Experiment setup

The pile model was installed in a dry sand sampl&48 mm inner diameter and 900 mm
height (Figs. 6.4 & 6.5). The sand used in thislgt(Fontainebleau sand) has the following
physical properties: particle density= 2.67 Mg/ni; maximal void raticenax= 0.94; minimal

void ratioemi, = 0.54; and median grain sibgo = 0.23 mm.

The installation process began with the compaatiathe first two 100-mme-thick layers, then
two layers of 50 mm in thickness. The pile was tirestalled at its position inside the soill
container and fixed by a steel bar attached totdpesurface of the soil container. Finally,
other sand layers of 100 mm in thickness were categaaround the pile. The soil was

compacted manually, by using a wooden tamperpaitaveight of 15.1 kN/rh
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Fig. 6.4 Profile of pile model and sensors disttitou

Fig. 6.5 View of the experimental setup

During the compaction, three temperature sensots tad total pressure gauges were
installed as showed in Fig. 6.4. The two total pues gaugesP(l andP2) were located at 50
mm below the pile toeP1 measures the horizontal pressure, B2dmeasures the vertical
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pressure in the soil. The three soil temperatuns@s §2, S3 & Spare placed at 300 mm
below the soil surface and at three distances ftben pile axis, 20, 40 and 80 mm,
respectively. Three displacement transducers (LVRi#® used to measure the pile head
displacement, and a load cell records the pile head, which is controlled by water level in
a tank placed above the pile. A metallic U tubeymarted to a temperature-controlled bath, is
placed inside the pile for heating and cooling pile. The thermal conductivity of this latter
is improved by filling the pile tube with water. gensor §1) is placed inside the pile to
measure its temperature. The soil container igrthkly isolated to avoid the heat exchange

with the ambient air.

6.3.2 Short-term behavior

6.3.2.1 Test program

Three experiments have been performed. After eagbergment, the pile model was
reinstalled according to the process described eb®wo experimentd’l and T2 were
performed to investigate the load-displacement €wfthe pile under mechanical loading.
The test procedure follows The French standard N$#4R50-1 (1999) (Fig. 6.6). In the
preparation step, the pile was firstly loadedg,,/10 for 15 minutes and then unloaded to
remove the disturbed settlement component due ilocempaction related to the pile
installation procesmax is the ultimate load which induc&d10 settlement of pile head
being the external diameter of pile). In the expemnt, the pile was loaded in steps and
subjected to two loading cycles to obtain a loapldicement relationship.

The loading paths of the thermo-mechanical experiniE3) are shown in Fig. 6.7. For this
test, the pile was first heated from 22 to 23 °€120 min and then cooled to 2C for 120
min without head load. Afterward a recovery pera@d240 min allows reaching the initial
temperature. The total duration of one cycle egt@B hours. Once the temperature reached
the initial value (22 °C), the pile was loaded t601N, when the settlement reached
stabilization (after 120 min), one thermal cyclenisar to the previous ones was applied.
Then, at the end of thermal cycle, the pile waaaéd overnight. The following day, the
pile was loaded again to 150 N for 120 min thermerral cycle was applied to the pile.

Similar loading processes were applied until tregllng step of 300 N.
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Fig. 6.6 Mechanical loading experiments (TEst& T2)

Fig. 6.7 Thermo-mechanical loading of té8t
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6.3.2.2 Mechanical behavior

In this section, the effects of mechanical loadigise on the pile behavior are shown. Fig.
6.8 shows the time evolution of pile head settlenmetogarithmic scale over a 60 min period

for testT1. In each loading step, the pile settles immedyadald then the settlement continues
over time but with a lower rate. Creep rate of pileeach loading step can be evaluated from
these curves. Following the French standard NF-P5841 (1999), under each loading, creep

of pile settlement can be measured by the follovimaigx:

— (6.1)

wherea, = creep raten = step numberSso = settlement of pile head at time 60 min;Sp =

settlement of pile head at tinhe 10 min.

Creep rate results of the three tests are repexs@nthe Fig. 6.9. The creep rate was higher at
a higher pile head load and therefore a linearasgjon line was used to represent the average

value of creep rate of all tests.

The settlement obtained in the three tests istilitsd by the load-settlement curve in Fig.
6.10. The pile head settlement value of each Igpsdiap inT3 was measured after 1 hour of
each mechanical load step and plus the irreversitidement of the previous loading steps.
From the load-settlement curve, the ultimate bgacapacity of pile (corresponding to 10%
of pile diameter) can be approximately estimateB0& N. In addition, the results of the three
tests show a good repeatability of the applied gulace.

Although the tesT3 comprises coupled thermo-mechanical load, thdteesuFig. 6.10 show
a similar load-settlement curve for all three te$tsis result implies that the contribution of
thermal cycle in each step of loading to cumulatiigplacement of pile is negligible when
compared to that of mechanical loading.

The axial strains recorded from the strains gawgge used to estimate the axial force along
the pile. Fig. 6.11 shows a result of axial foregtrtbution along the pile length obtained at
the end of each loading step. Axial load of pildeatls of 100, 200, 300, 400 and 500 mm
from the surface were derived from the gauges G5,G3, G2 and G1 respectively.

88



CHAPTER 6 PHYSICAL MODELING

Fig. 6.8 Settlement under constant mechanical Veasus logarithm of time in test T1

Fig. 6.9 Creep behavior of pile

Axial load value on the surface is used directhynirthe load cell. This result indicates that
most of pile head load is transmitted to the s@ilmobilized friction on the pile shaft, while a
small amount of head load is transmitted through pile toe. This latter value could be

estimated by extrapolation from the last two meadtdiorces at G1 and G2.
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Fig. 6.10 Load-displacement curve

Fig. 6.11Axial force profile for test T3
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6.3.2.3 Thermo-mechanical behavior

Fig. 6.12 shows temperature as measured at valomasions in the soil and pile for one
thermal cycle. Settlement of pile in cooling phassignificant, but in the heating phase the

pile head heave is almost negligible.

Fig. 6.13 represents the settlement of pile verslestemperature during various heating-
cooling cycles. Accordingly, the initial point cesponding to the start of each thermal cycle

is set at zero. The final point corresponds toeting of the thermal cycle.

The results show that the pile behavior during tiermal cycle phase depends on the
mechanical load applied to the pile. When the meiciad loading was null (0 N), the
displacement of the pile head curve was almosti@irno the pile’s thermal expansion curve,
which expresses the deformation of a pile restthatats toe but free in other direction under
a temperature change (Fig. Gal3The small difference between the free expanaiuh the
observed curve is due to the effect of shaft fiictbetween pile and soil. During the
following loading steps, the pile settlement durcapling phase was not compensated by
heave during heating so that permanent and cumglaéttlement was observed. The slope of
the settlement curve under the first cooling phas&milar to the slope of the pile thermal
expansion curve. Pile uplift in the second heatihgse was observed only in the case of Fig.

6.1, but it was very small.
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Fig. 6.12 Temperature and settlement versus tim&@iN loading step (test T3)

Axial force measured during test T3 is shown in. Big.4. In the first step, in which pile was
heated and cooled without axial loading, the eftégdthermal cycle on the axial force along
the pile length is not clear. During the followistgps the effect of thermal cycles was similar
with a small increase of axial force during heatamgl a decrease during cooling. This result
can be seen as reasonable for this floating pile¢lwtransmits most of head load to the soil
through skin friction. Actually, this phenomenonsisilar to the experimental results on the
full-scale energy pile of Bourne-Web&t al (2009), Lalouiet al. (2011). Besides, the
numerical results of Pasten & Santamarina (201dyveld the same tendency (Figure ®)14
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Fig. 6.13 Pile head settlement in T3. Axial loadaggals to (a) O N; (b) 100 N; (c) 150 N; (d)
200 N; (e) 250 N and (f) 300 N

The irreversible settlement measured at the ereholi thermal cycle is plotted versus axial
pile head load (Fig. 6.15). Besides, the settlententesponding to the creep phenomenon
was estimated during these cycles by using thepcrae shown in Fig. 6.9. The different

between these two settlements (the measured vatli¢ha creep-related value) corresponds
to the irreversible settlement directly induced ttwe thermal cycles. The results show
generally a higher irreversible settlement, obtdibg a thermal cycle, for a higher pile head

axial load.
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Fig. 6.14 Axial force along the pile length; (a3tt&3, (b) results after Pasten & Santamarina
(2014)

Fig. 6.15 Decoupling thermal and mechanical effeatpile head displacement
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6.3.3 Long-term behavior

In order to investigate the long-term behavior oérgy pile in dry sand, an experiment (test
T4) was performed with 30 thermal cycles (reprasgnB0 years of operation) at each pile

head load level.

6.3.3.1 Test program

For test T4, after the preparation step as detailéke section 6.3.1, the pile temperature was
fixed at 20 °C (similar to the room temperature) tiwo days to ensure the homogeneity of
the soil and pile temperature at the initial statiéer this phase, the pile was first heated from
20 °C to 21 °C for 4 h and then cooled to°@for 4 h. Finally, the initial temperature of 20
°C was imposed to the pile for at least 16 h. Thins,total duration of one thermal cycle
equals to 24 h. Thirty thermal cycles were apptiedng this first stage. In the subsequent
stage, an axial head load of 100 N (20% of the gépacity) was applied. Thirty thermal
cycles were then applied under this pile head |G&d&. same procedure was repeated at pile
head loads of 200 and 300 N (40 and 60%, respégtioethe pile resistance). The thermo-

mechanical loading path of the test T4 is summdriad-ig. 6.16.

Fig. 6.16 Thermo-mechanical loading path of thé Tds
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6.3.3.2 Results

During the mechanical loading period of test T4 slettlement results of pile head showed a
good repeatability of the experimental proceduned Ahe creep rate was observed similar to
the first three tests. In addition, other resutinaerning the mechanical behavior of the pile
under mechanical loading are quite similar to ti@tined by Yavaret al, (2014) by using
the same experimental setup and by testing the sant For this reason, these results (pile
head settlement versus pile head load, pile akiess profile,etc) are not presented in this

chapter.

Pile and ambient temperature is presented in tge@17 for the first 30 cycles. The result
showed that the room temperature was relativelylestdroughout the experiment. Besides,
the temperature of pile does not seem to be affdntehe external temperature changes.

Pile head displacement under thermal cycles is sdom the Fig. 6.18, when the pile works

under vertical load equal to 20% pile’s capacity.

In Fig. 6.19, the irreversible pile head settlemsamd its ratio to the pile diameter (normalized
settlement) are plotted versus the number of thleayaes for all the four axial pile head
loads. When pile is free of load, the irreversix¢tiement is negligible. In the other cases, the
higher is the pile head load, the more importarthésobserved settlement. In addition, for a
given pile head load, the irreversible settlemantaases with the number of thermal cycles,
while tending to stabilize for a high number of leg:

Fig. 6.17 Pile and ambient temperature under 3(esyc
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Fig. 6.18 Pile head displacement during 30 theryeles under a head load equal 20% pile’s
capacity

97



CHAPTER 6 PHYSICAL MODELING

Fig. 6.19 Irreversible pile head settlement versusber of thermal cycles

In addition, while the irreversible pile head sattkent tends to stabilize after around 20 cycles
for low pile head load (up to 40% of pile resist@nainder higher pile head load (60% of pile

resistance), it continues to increase at a consa#mbver the 30 applied thermal cycles.

For a deeper analysis of the pile head settlemghttivermal cycles, the irreversible pile head

settlement was calculated using the following eigmaiPasten & Santamarina, 2014)
(6.2)

Here, d is the irreversible pile head displacemé\;is the number of cyclesy is a model
parameter obtained by fitting the experimental datee value per pile head load). The result
in Fig. 6.19 shows that this equation can fit cotfgeall the experimental data.
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Fig. 6.20 Irreversible pile head settlement nore&lito its value after the first thermal cycle
versus number of cycles

Besides, irreversible settlement was also normalizgh respect to the settlement obtained
during the first cycle as suggested by Suryatrifastt al, (2014). This ratio of pile

settlement is plotted versus the number of cycidsig. 6.20 for all the four axial loads. The
results show that this ratio increases quickly myrihe first ten cycles and then tends to
stabilize at a high number of cycles. Note thahm study of Suryatriyastugit al, (2014), at

a pile head load of 33% of the pile resistancehéating/cooling cycles induces a ratio of
approximately 1.2. This value is similar to the daend in the present work for the case of

40% of the pile resistance.

The results on axial force at different depthshad pile, measured by the strain gages are
shown in Fig. 6.21. That evidences that the axaadd at depths increases in heating phase
and decreases in cooling phase.

The profiles of axial forces along the pile arenthpdotted in Fig. 6.22, where the axial force
values at pile head are measured by the pile logmbldensor. The axial for€eis normalized
with respect to the pile resistanQg: = 500 N, and the depthis normalized with respect to
the pile lengthH = 600 mm. At the initial state, when no pile headd is applied, the axial
force along the pile remains smaller than 5%Qqf. The subsequent thermal cycles do not
significantly modify the axial force. When a loatl20% of Q is applied to the pile head,
the axial force along the pile also increases. méed, the first heating phase leads to a slight

increase in the axial force and the subsequenirgpphase leads to a slight decrease. After
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30 cycles of heating/cooling, the axial force igh®r than the initial one (under mechanical
load). Note that the axial force after thé"3@eating phase is also higher than that after the
30" cooling phase. The cases of loads correspondirtf tand 60% of),; lead to similar

observations.

Fig. 6.21 Axial force along the pile length ver@@sthermal cycles with vertical load of 20%

pile’s capacity (Calculated from five strain gauges

Fig. 6.23 shows the pile head load, the horizoatal vertical pressures in soil at 50 mm
under the pile toe as a function of the numbehefrhal cycles. The initial stress (10 kPa and
5 kPa for vertical and horizontal ones, respecfivebrresponds to the weight of the soil
specimen. The coefficient of horizontal pressureeat of 0.5 is in the usual range for dry
sand (Mayne & Kulhawy, 1982; Saggu & Chakraborty12, Yavariet al, 2014). These
pressures increased significantly when the pilelhead was increased but the thermal cycles

did not influence these values.
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Fig. 6.22 Axial force profile of the pile duringetmal cycles

In Fig. 6.24, the irreversible settlement of thke iead measured after 30 thermal cycles is
plotted versus the pile head load. In this figuhe pile head settlement, estimated from the
creep rate (shown in Fig. 6.9) and the duratiorthef thermal phase, is also plotted. The
difference between these two values can be atéribiat the settlement related uniquely to the
thermal cycles. It can be seen that the settlemedated to thermal cycles is larger than that
related to creep, especially when pile works urgl#o and 60% of the pile resistance. The

higher is the pile head load, the higher is theviersible settlement.
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Fig. 6.23 Pile head load and total pressures inveosus elapsed time

Fig. 6.24 Pile head settlement of pile after 3deywersus pile head load
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6.3.4 Discussion

In the present work, the temperature variation wasosed at +1 °C. This range is much
smaller than the temperature variation of the engifes which can reach up to 20 °C
(Bourne-Weblet al, 2009; Lalouiet al, 2006; Murphy & McCartney, 2014; Ng al, 2014;

Wanget al, 2014; Yavarkt al, 2014). Actually, in this small-scale model, the dimemsof

the pile is 20 times smaller than a full-scale feD.4 m in diameter and 12 m length. As a
consequence, the strain related to the mechawiadlit 20 times smaller than that at the full-
scale (Lalouiet al, 2006; Murphyet al, 2014; Nget al, 2015; Wanget al, 2014). For this

reason, the temperature variation was reducedn2€stin order to have a thermal dilation of
the pile 20 times smaller than that at the fulllsc&@he thermo-mechanical behavior of the
pile observed in the small-scale can then be us@dedict the behavior of energy piles at the

full-scale.

The irreversible evolution of the pile head setdégatnwith thermal cycles observed in the
present work (Fig. 6.19) is similar to that obtairy Nget al, (2014) on saturated clay using
centrifuge modeling. These authors applied fivertiad cycles and observed a ratcheting of
pile head settlement. A similar behavior can bentbin the numerical study of Vieira &
Maranha (2016). In the present work, with 30 théroyales (which can represent 30 years of
seasonal temperature changes of energy piles)rethdts confirm that the increment of
irreversible settlement per cycle is higher during first cycles but becomes negligible after
20 cycles for the cases of axial loads lower th&%b4of the pile resistance (which
corresponds to the service load of piles in reaéspa The irreversible settlement continues to

increase after 20 cycles only when the pile head Is high (60% of the pile resistance).

When comparing the results obtained in the presenk to those obtained in the numerical
work of Pasten & Santamarina (2014), common trexassbe found, as shown in Fig. 6.19.
The parameteb represents the shape of the curve. The resulésnalot does not show a clear
trend in the relationship between this parameterthe pile head load. A similar conclusion
can be drawn from the Fig. 6.20 where the irrebéegpile head settlement is normalized with
respect to its value after the first thermal cydlee mechanisms considered in the work of
Suryatriyastutiet al, (2014) can be used to explain the results pbthin the present work.

These authors embedded a strain hardening/softem@aganism at the pile-soil interface into

the proposedtz function to consider cyclic degradation effectsimiy the thermal cycles. The
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numerical investigation of Ngt al, (2016) also confirmed the decrease in resistahpae-
soil interface versus number of thermal cyclesaddition, Vargas & McCarthy (2007) show
that thermal cycles induce thermal volume changgrains, which can lead to compaction
under constant tress. These authors explain thiststal rearrangement by the thermal effect
generating an increase in the average contactddresveen soil particles. In addition, Fityus
(2003) studied the behavior of a model footing mpamsive clay under wetting/drying cycles

and found a similar trend as far as the accumyatreversible settlement is concerned.

The study of Saggu & Chakraborty (2015) shows gosjte trend compared with the present
experiment. Actually, the axial stress decreasts &fty cycles and the pile settlement was
observed only in the first thermal cycle. This pbv@non was explained by the stress transfer
into the surrounding soil and the progressive heatif pile with thermal cycles. Fig. 6.22
shows an increase in the axial force along the witen the number of thermal cycles
increases. This behavior is similar to that predicby numerical approaches (Pas&n
Santamarina, 2014; Suryatriyastatial, 2014; Vieira& Maranha, 2016). Actually, in these
studies, this behavior can be explained by theatkdion of the pile-soil interface resistance
with the accumulating cycles. In a different cadBaster& Santamarina (2014) show the axial
force profile of pile during fifty cycles. The axiforce along the pile was larger in the heating
phase than in the cooling phase. However, the &xieé in the cooling phase was similar to
that at the initial state.

The result in figure 6.24 shows that the thermélesaent response of pile head show a trend
similar to the result from the study of Yavatial, (201&) and Vieira& Maranha (2016). In

particular, all these studies have investigatedhiemal response of pile when it works under
different constant head loads. The results showatithe long-term performance of energy
piles induced significant irreversible settlement dhat the thermal settlement is greater at

higher constant head loads.
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6.4 Experiments in saturated clay

6.4.1 Experiment setup

Kaolin clay known as Speswhite China clay was useithis study. The soil parameters are

shown in Table 6.1.

Table 6.1 Parameters of Speswhite clay (Yastal. 2016a)

Soil properties Quantity Unit
Liquid limit, wy 57 %
Plastic limit,w, 33 %
Particle densityrs 2.60 Mg/n?
Plasticity index 24 -

Prior to the compaction, clay powder was mixed wititer by soil mixer to achieve a water
content of 29%. It is then stored in sealed boxdiee month for moisture homogenization.
Compaction was performed, by layer of 50-mm thicking an electrical vibratory hammer
(see Fig. 6.25). Soil mass used for the compactia@ach layer was controlled to obtain a dry
density of 1.45 Mg/rh(degree of saturation equals 95%; and void raficats 0.79). After the
compaction of the first six layers, the model pilas installed in place, and upper soil layers
were completed. For the position close to the mitalel, a small metal hammer was used to
avoid damaging the pile. Three temperature gauges imserted into the soil at depth of 300

mm from the surface to measure the soil temperature

To control the quality of the compaction procedwg®ei] samples (20 mm in diameter) was
cored from the compacted soil massive for the detetion of dry density and water content
(see Fig 6.28). Results show that the dry density and the wadatent are relatively uniform
with depth and they are close to the target valbigs 6.2®).
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Fig. 6.25 Soil compaction by electrical vibratoantmer
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Fig. 6.26 (a) Soil samples after compaction anthgp(b) measured dry density and water
content

In the work of Yavarket al. (2016), re-saturating a similar soil massive took severanths.

In the present work, to speed up this phase, auggptastic plate was installed at the bottom
of the soil container and a thin geotextile layersvinstalled between the container internal
surface and the soil massif (see Fig. 6.27). Tineger from the container can easily go
through the small holes at the bottom of soil co@iaand diffuse into the soil massive via the
porous plastic plate and the surrounding geotexiibe water level in the water container was
kept 100-mm below the soil surface to avoid watertlow on the soil surface. During the

saturation, a tensiometer T8 (T8-UMS, 2008) waglusemeasure soil suction at 300-mm

depth and 110-mm far from the pile’s axis.

Result in the Fig. 6.28 shows that after 18 daysaifiration the soil at the tensiometer
position is almost close to zero. The saturatedgs® was then kept for 45 days to ensure the
full saturation of the soil massif. The tensiometa&is removed after the saturation process to

avoid its influence on the thermo-mechanical betraof the pile.
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In should be noted that, during the saturationsthiecontainer was covered by a plastic sheet
on its surface to avoid water evaporation. Moreptee saturation system was maintained
during the subsequent thermo-mechanical experin@nénsure that the soil is always

saturated.

Fig. 6.27 Experiment setup

Fig. 6.28 Evolution of soil suction to verify thataration process (measured by tensiometer)
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6.4.2 Test program

The experiment is initially subjected to mechanilkad (test Al) to determine the pile’s

ultimate bearing capacity. A series of load stepsapplied to the pile head with an increment
of 50 N, and each loading step is maintained duomg hour, following the French Standard
(NF P 94-150-1, 1999). The results, shown in Fig96are similar to that obtained by Yavari

et al, (201&). That confirms the repeatability of the appliegh@imental procedure.

In the test Al, the pile was loaded up to 500 Nictvltorresponds also to the pile’s bearing
capacity. After this test, the pile head load wesiaved. In the test A2, 30 cycles were
performed while no load was applied to the pileche&sterward, the pile head was loaded up
to 20% of the pile’s capacity prior to the applioatof 30 thermal cycles (test A3 shown in

Fig. 6.29). At the end of these cycles, the pilachéoad was removed and then a load
corresponding to 40% of the pile’s capacity wasliadp 30 thermal cycles were then

performed under this load (test A4). Similar pragedwas applied for test A5 corresponding
to 60% of pile’s capacity.

Fig. 6.29 Test programme
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For each thermal cycle, the pile temperature isceed and then decreased with a variation
of +1 °C around the initial value. Each thermal cycle asnpleted within 24 hours, which
started with a heating period of 4 hours, and fe#d by a cooling period of 4 hours, finally

the remaining time of active heating to returnhte initial value.

6.4.3 Creep behavior (test A1)

Following the French standard (Afnor, 1999), theegr behavior of pile under mechanical
loading steps is measured for each step (see Big.aG.he creep rate is then plotted versus the
pile head load in Fig 6.30. This function will beedl later to estimate the pile settlement

related to thermal cycles.

Fig. 6.30 Results under mechanical load test A&¥t (a) pile head settlement versus elapsed
time for each loading step, (b) creep rate verdaeshpad load

6.4.4 Thermo-mechanical behavior

In this section, experimental results of the tésts1 A2 to A5 are presented. In Fig 6.31, the
temperature measured in soil and in the pile istgdioversus elapsed time for one thermal

cycle. The results of the other cycles are similar.
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Fig. 6.31 Temperature of pile and soil during dmermal cycle

Fig. 6.32 Temperature and displacement of pile eifipsed time

Fig. 6.32 shows temperature and pile head displanemmver 30 thermal cycles for all the
tests. Note that the pile head displacement waet teszero at the beginning of the thermal
cycles. In the test A2, the pile is progressivelgving upward during 30 cycles. This can be
explained by the compaction procedure where treevpdls fixed during soil compaction. That

111



CHAPTER 6 PHYSICAL MODELING

would induce high stress at the pile toe, whicldseto heave the pile when the fixing system
was removed. The thermal cycles, which induce thémiiation/contraction cycles of the

pile, would re-equilibrate the stress state aldmgpile.

For the other tests (A3, A4, and Ab5) the first that cycle induces an important settlement of
the pile head. The subsequent thermal cycles indgaally irreversible settlement but with
smaller magnitude.

The displacement of the pile head is plotted vetsogerature change in Fig. 6.33. To better
show the results, only those corresponding to itisé dnd the last cycles are presented. The
free expansion curve, obtained base on the assumibtat the pile is restrained at its toe, is
also plotted. In each thermal cycles, heating iedytle head heave and cooling induces pile
head settlement. However, the slope of pile heaglaltement versus temperature change is
slightly smaller than that of the free expansiorveuThat is true for both heating and cooling
paths. This phenomenon could be explained by tfectebf the cohesion of clay to the

dilation/contraction of pile during heating/cooljmgspectively.
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Fig. 6.33 Pile head settlement versus temperahaege during the first and the 30th cycle

Fig. 6.34 shows the normalized irreversible settietrof pile head during 30 thermal cycles
for all the four tests. The results show that thestmmportant settlement is observed with the

highest pile head load (test AS5). The two testsaA8 A4 show similar behavior.

Fig. 6.35 presents the irreversible pile headesmttht after 30 thermal cycles. The settlement
is plotted versus the pile head load for the fastd. Beside the measured settlement, that
related to creep is also estimated. That allowsrdehing the pile head settlement that is
purely related to the thermal cycles. This valusmithe range of 0.1% of the pile’s diameter

at pile head load of 20% and 40% of pile’s capacity
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Fig. 6.34 Irreversible normalized displacementitd persus number of thermal cycles

Fig. 6.34 Thermal effect on the normalized settlenué pile after 30 cycles
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6.4.5 Discussion

In the mechanical test paths (test Al), the sldptae unloading path is nearly parallel with
the loading path when the vertical load is smdhan 60% of the ultimate bearing capacity of
the pile. In practice, the working load of a piteusually below this limit. In addition, the
creep rate corresponding to this range is very Is(sak Fig. 6.30). For this reason, the
maximum head load value in the subsequent thernuhramecal tests is selected up to 60% of
ultimate bearing capacity in order to avoid largenalative settlement of the pile.

In the test A2, the upward displacement of pileglaswn in Fig. 6.32) can be explained by
the effect of temperature on the thermal behavigile and soil. On one hand, temperature
of pile tends to rise and results in thermal dilatof pile. On the other hand, temperature
change can affect the adhesion force on the pilargerface. This means, heating induces
increase in excess pore water pressure, then decireaffective pressure of the soil and also
the cohesion force. And vice versa, cooling indudesrease in pore water pressure and
increase in cohesion forc8tudies of (Ba& Su, 2012; Burghignokt al, 2000; Campanella
& Mitchell, 1968; Fuenteswt al, 2016; Hueckel& Pellegrini, 1992) on the effect of
temperature change to the behavior of clay soiwslbthat, under undrained condition
testing, heating increased the average pore watssmre of about, B kPa?C. The pressure
change of pore-water, according to these authsmelated not only to the difference of the
expansion coefficient between the water and saoil atso depends on the volumetric stiffness
of soil skeleton. In addition, the study of Camgknand Mitchell (1968) pointed out that, the
thermal cycles caused accumulation of excess paterygressure.

In the test A3 and A4, the main irreversible sati@at of pile head was observed in the first
thermal cycles and then the settlement of pile gandstabilize. However, in the test A5, the
irreversible settlement of pile head tends to $itabiin the first ten thermal cycles but it

continues to increase with the thermal cycles.

It should be noted that for model pile in saturat&y, unlike for dry sand, the strain gauges
distributed along the pile length did not work. Akiforce along the pile could not be
therefore analyzed. Thus, in the last chapter, memical simulation work is presented to
interpret the thermo-mechanical behavior of thisisiscale pile in saturated clay.

6.5 Conclusions

The long-term behavior of energy piles was investd by using physical modeling. Thirty
heating/cooling cycles (which represent thirty ye@f seasonal temperature changes of
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energy piles) were applied to the model pile undeious constant pile head loads varying
from 0 to 60% of pile resistance. Temperature VWiamaof pile was reduced 20 times in

comparison to the reality in order to simulate thermo-mechanical behavior of full-scale

pile. In the first, the tests were conducted in slapd. The response of pile is monitored by
using temperature, strain and displacement sengafs the response of surrounding soil is
monitored by temperature and pressure sensordollb@ing conclusions can be drawn:

Thermal cycles under constant head load inducedrsible settlement of the pile
head.

The irreversible settlement of the pile head ihbigat a higher pile head load.

The first thermal cycle induces the highest irrelde pile head settlement. The
incremental irreversible settlement, accumulatifigraeach thermal cycle, decreases
when the number of cycles increases. It becomeitgg at high number of thermal
cycles and/or low pile head load. The evolutioniroéversible pile head settlement
versus the number of cycles can be reasonablyqgteeldby an asymptotic equation.

The axial force measured along the pile increasegressively with the increase of
number of thermal cycles. The axial force at the eha heating phase is higher than
that at the end of the subsequent cooling phase.

In a second stage, the pile was tested in satuckgdKaolin clay soil). In this case, the pile
behavior was only monitored by temperature and latgment sensors while the soil is
monitored by temperature sensors. The followingctumions are drawn:

Under the working load, cyclic displacement of pgaches stability after a number of
thermal cycles.

The thermal effect on the pile head displacemehigker than that induced by creep
behavior.

After 30 thermal cycles, the largest normalizedvarsible settlement of pile reaches
1.02% thus the pile is still working within the sgf.

The results obtained in the present work could dépftl to predict the long-term settlement
of a building having all the foundation piles ecpegd with a heat exchanger system. A similar
test program should be conducted on full-scalespifer further researches, in order to
confirm quantitatively these observations. In gahdhe results suggest that the stress/strain
behavior of energy piles would continue to evolvereseveral years after their installation.
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CHAPTER 7: NUMERICAL MODELING OF ENERGY PILE

7.1 Introduction

In this chapter, fully coupled thermo-hydro-meclahi(THM) modeling of energy piles is

carried out using the finite element software Fa8ince its 2015 version, this software
supports fully THM analyses for geotechnical apgtliens. It thus appears well suited to
model the experimental piles investigated in thogky

Plaxis provides four possibilities to simulate pilem a 2D model: volume elements, plate
elements, node to node anchors and embedded pildrrdhis study, the pile is modeled by
volume elements whose properties correspond tpitbenaterial. This method is suitable for
simulating a single pile with circular cross segtiprovided that the problem can be modeled

using axisymmetric conditions.

The small-scale energy pile in saturated clay twas mentioned in Chapter 6 is first
investigated by using the aforementioned finite maet code. A two dimensional
axisymmetric model subjected to thermal cyclesxen@ned. Afterwards, this numerical tool

is used to analyze the thermo-mechanical behavifulescale energy piles.

7.2 Fully coupled analysis of Thermo-Hydro-Mechanial behavior

In this study, the finite element method with dyfdoupled thermo-hydro-mechanical (THM)
analysis is used. The effects of temperature changensaturated water flow, deformation,
and mechanisms of heat transfer in porous mediayatbesized and described in the study of
Haxaire & Galavi (2009). In that work, the gas pressuressumed to be constant in the
media and therefore the air flow is neglected. baknce equations required to describe the
THM problem thus are the water mass balance, thenentum balance and the energy
balance in the porous medium. The problem is cldsedonsidering constitutive relations,
which include coupled thermal and water flows ahd tonstitutive law describing the
mechanical behavior of the materials.
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7.2.1 Water mass balance

The mass flux of water in liquid phase is goverhgdDarcy’s law as:

_ — B (7.1)
The mass flux of water in vapour phase is given by
" $ %
_ — # - 2 (7.2)
where , and . are water, vapour and saturated densities, régelc (-, is the

relative permeability/mis the dynamic viscosity of the fluid, is tensor of the intrinsic
permeability of the porous medium,s a vector containing the gravity acceleration,is

water pressurel is local temperature and and are hydraulic and thermal diffusion
coefficients, respectively. is the vapour diffusion coefficient in a porousdiugn which
depends on temperaturR, is the universal gas constant, and is the thermal diffusion
enhancement factor which is introduced to contha éffect of temperature on the non-

advective water masse flux (Phillip & De Vries, I95

The equation of mass balance of water is obtailyegkpanding the form given utqvist et
al., (2001):

$ $ $
)< $_ . /01 '2 . _|3$_ )< $_ . / 1 '2
$ % $ $ $7
# —3% 4 2 2 - /s 6% 2 L
8 9 (7.3)

where 5 and are the solid, the water and the vapour denstiésporosity;Sis water
saturation and is volumetric strain/ 3; and/ ; are the reference compressibility and
volumetric expansion of water, respectively is the volumetric thermal expansion
coefficient of soil grains. In case of quasi-sateda states, the tern2 . can be

insignificant in comparison with
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7.2.2 Mechanical behaviour

The linear momentum balance of a representativaeziéal volume is given by:

8, _ 9 (7.4)
In case of multiphase medium,
2 - ¢ - -9 . (7.5)
= >? (7.6)

< Is the gas density, is the total stress tensgQrsis the effective stress tensd?,is the

average pore water pressure &nd the identity tensor.

(7.7)

|

N

A
|1

is an experimental factor that depends on degresatfration, porosity and the matric

suction.

(7.8)

@:;A BC@@. B_C@D 2@

B is stress-strain tensaorjs the total strain tensor of skeleton ands thermal strain tensor

andD s the tensor of the drained linear thermal exjpemesoefficient of soikeleton.

The governing equation of non-isothermal defornmatibthe media is then:

(7.9)

8,B:C@:D ?:@ @ ’?:3 @ 9
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7.2.3 Energy balance

The balance equation of heat energy in porous neeshide written as follows:
$
E re 8 £ ¢ H (7.10)

where and ¢ are tensors of conductive heat flux in the ponmeslium and the advective

internal heat flux in water, respectively. is a heat source terrg, is the heat capacity of

the porous media.

The heat flux advected by the liquid water is:

c E E ,— 3 (7.11)

The heat equation in the porous medium, with casid air temperature at the ground

surface as boundary condition, can be written as:

EX 8 E ,— 38 E 18] —_

KLH E. < 9 (7.12)

whereTy is the air temperature ai@ is the convective heat transfer coefficient atdhdace

in contact with air.

7.3 Two dimensions finite element model

7.3.1 Modeling of small-scale energy pile in satted clay

In this section, a two dimensions finite elemenprapch was used to model the thermo-
mechanical behavior of the small-scale pile by gigdaxis program (version 2015, thermal

and coupled THM analysis). This numerical modell wé validated with the experimental

works on physical pile model in saturated clay thatresented in Chapter 6.
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In the first step of modeling, an axisymmetric piiedel is built with dimensions similar to a
half of the actual pile model. The empty cylindénnainium pile is then modeled by an
equivalent material with a solid cross sectifg,); The elastic modulus of solid cross section

pile is determined from the following equation:

AE = AJE, (7.13)
whereA, is annular area of pipy = 59.69 mrf; E; = 69 GPa anée,= 314.16 mm

The soil is fully saturated and pore water presssirbydrostatic. The pile behaves as an
elastic non-porous material and the behavior dfisenodeled using a linear elastic-perfectly
plastic model, with a Mohr-Coulomb failure critemioSuch a model has been chosen, on the
one hand, for its simplicity and small number ofgmaeters, and on the other hand to estimate
its applicability in practice to model energy pikshjected to thermal cycles. In the numerical
model, the soil parameters are selected from tilegaon similar compacted clay (Cokea

al., 2004; Muhammed, 2016; Gdt al, 2008; Yavarket al, 201&). All the model parameters

used in the numerical model are summarized in Tadle

Table 7.1 Parameters of pile and soil used in theearical model

Parameters Unit Pile Saturated clay
Dimension (radius x length) m 0.01x0.6 0.274% 0.
Volumetric weight KN/ 13.2 15.1

Young modulus MPa 13,000 4

Poisson ratio - 0.33 0.3
(ca,:)(()peatf:;iiirr]lt of thermal oC 2310° 110°
Hydraulic conductivity m/min - 6 10
Specific heat capacity J/kgrC 900 1269
Thermal conductivity W/(m °C) 237 1.5
Cohesion kN/rh - 8.23

Friction angle °C . 25

Material model - Non-porous Drained
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In the second step, the numerical model is spgptdificretized and the convergence of the
mesh is investigated: the finite element mesh fimed until no significant variation in the

obtained results is observed. The mesh consistS-obdded triangular elements for pile and
soil. The minimum size of the refined mesh is agplio the soil elements located near the

soil-pile interface.

The initial conditions for the model are similartte physical model shown in Chapter 6: the
temperature of pile and soil is assumed homogenands equal to 20C. Mechanical
boundary conditions are fully fixed on the bottoorface, horizontally fixed on the two
vertical sides, while the top surface is free toven@Fig. 7.1). The behavior of soil-pile

interface is modeled by an interface element.

Regarding the hydraulic boundary conditions, thes axf symmetry is by definition
impervious. As mentioned in the section 6.4.1 (G&aP), a porous plastic plate was installed
at the bottom of the soil container and a thin ggtile was placed at the sides between the
container internal surface and the soil massiv&pt®ed up the saturation of soil, therefore the
water flow is opened at the bottom and the two remg sides. The pore water pressure in
the soil massive increases linear with the deptd,iais not changed during the tests.

The thermal boundary conditions correspond to adialsurfaces (no heat flow), either for

symmetry reasons or to render the effects of itisuaf the physical model.

In the third step, the pile is loaded with the sdoagling program of the experiment model as
shown in the Fig. 6.29 (Chapter 6). Thermal loadsgimply simulated by imposing along
the pile center the temperature profile considetedng the experiment (Table 7.2). In this
numerical modeling, only the first two thermal @&lare simulated for each maintained
loading step. Each thermal cycle includes threpssteéhich are heating, cooling and heating
back to the initial temperature. A fully coupledabysis is used for the mechanical test (test
Al), and also for the thermo-mechanical tests @2stA3, A4 and A5).
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Fig. 7.1Geometry and boundary conditions of the model

Table 7.2Temperature of pile during the first two thermgtles ¢C)

Initial ~ First First ~ Heating Second Second Heating
fest phase heating cooling back heating cooling back
Test A2 20 20.8 19.5 20.1 211 19.1 19.9
Test A3 19.9 20.8 19.0 19.8 20.8 19.0 19.8
Test A4 19.8 21.0 19.1 20.2 21.0 19.1 20.3
Test A5 20.3 21.0 18.8 20.1 211 18.9 20.1
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7.3.1.1 Results

a) Mechanical behavior of pile

The ultimate bearing capacity predicted numericalgimilar to the one obtained with the
experimental pile. The settlement of the experiralepile head equals 1.74 mm under a head
load of 500 N while the numerical pile model settle72 mm (see Figure 7.2). This value
approximately corresponds to a settlement of the @qual to 10% of its diameter, D =
20 mm. It is worth noting that the downward moveibrthe pile and the compression stress

are considered positive.

Fig. 7.3 shows the axial stress distribution altimg pile length obtained at the end of each
load step. These results indicate that most of Ipdad load is transmitted to the solil via
mobilized friction along the pile shaft, while a alinamount of head load is transmitted into
the soil through the pile toe. It can be said tiet mobilized friction on the pile shatft is
significant, and the mobilized resistance of tHe gepends mainly on skin friction.

Fig. 7.2Pile head load displacement curve: experimentalecand numerical prediction
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Fig. 7.3Vertical stress of pile length in the mechanicat #1 (numerical results)

b) Thermo-mechanical behavior of pile

In this section, numerical results for the thermeehmanical tests A2 to A5 are presented and
compared with the experimental data. The distihetrhal phases applied to the pile are

modeled as shown in Fig. 7.4.

Fig. 7.5 shows the experimental and numerical tesiltemperature and displacement of the
pile over the first two thermal cycles. It can Weserved that the temperatures imposed to the
pile precisely correspond to the ones measuredgluhie experiment over the two cycles.
Hereafter, we only consider the displacement iner@nexperienced by the pile head during
the thermo-mechanical loading phase: this mearsthieadisplacement of pile prior to the
thermal load is taken as a reference and reseg¢rtm Physical and numerical results agree
relatively well for tests A2 and A3. However, diféait displacements between the two models

are observed for tests A4 and A5.
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Fig. 7.4Axisymetric finite element model

Fig. 7.5Temperature and displacement of pile
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Fig. 7.6 shows the pile head displacement versupéeature changes. It can be said that both
numerical and experimental results show the samedirAs mentioned in the previous
chapter, the slope of the experimental cyclic cusvemaller than the value corresponding to

the free thermal expansion.
It can be seen that the numerical model under-pt®the irreversible settlement of the pile.

In the following parts, numerical simulations ased to analyze the stress-strain behavior of
piles subjected to thermal cycles in order to gaibetter understanding of the behavior of

energy piles. This understanding will also benibit design work of energy piles in practice.

Fig. 7.6Temperature and displacement of pile
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Fig. 7.7 shows the distribution of vertical dis@atent along the pile length. The displayed
profiles correspond to the end of the heating (ldsef and cooling (C phase) phases during
the first thermal cycle, respectively. The largesttical displacement is observed at the pile

head, and the point of zero axial displacement @riht) is found near the pile toe.

Fig. 7.7Distributions of the vertical displacement of diéegth at the end of heating and

cooling phases (numerical modeling)

Numerical results in Fig. 7.8 show the effect ahperature changes on the total axial stress
in the pile during the first thermal cycle. The astress profiles corresponding to the initial
phase (mechanical loading), the heating phase @3dg)hand the cooling phase (C phase) are
compared. A larger loading stress obviously leadarger axial stresses along the pile. In the
initial phase (mechanical loading), the axial nsdarger at the pile head and decreases with
depth for tests A3, A4 and Ab. It is increased gltime pile depth for test A2. In the thermal
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phases, the axial stress increases slightly ddv@aging and decreases during the subsequent

cooling phase.

Fig. 7.8Total axial stress profiles (numerical modeling)

7.3.1.2 Discussion

During the test Al, the pile head settlement ptedicnumerically is larger than the
experimental one. The applied load for this testais within the elastic range, with a load
above which irreversible settlement are inducednased to 300 N. Results in the Fig. 7.2
show that the slope of the unloading curve is atrpasallel to the loading curve within the
elastic range for both physical and numerical mad#l is worth noting that the elastic

properties adopted for the soil model come fromitng process that is a compromise
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between the slopes of the elastic parts and traeqbeel elastic limit. Indeed, choosing a larger
elastic modulus would lead to predicted ultimatpacdties that strongly underestimate the
value observed experimentally. The discrepancieemied between numerical simulations
and experimental data could certainly be reduceddmpting more sophisticated constitutive

models, including non-linear elasticity and plastazdening.

Regarding the cyclic behavior, it can be said that displacement curve for the numerical
pile model during the first two cycles is essehtiabversible (see Fig. 7.6). Instead, the
experimental pile shows irreversible settlement tigagccurring during the first cycles. This

is clearly reflected by tests A4 and A5, while fests A2 and A3, the displacements of the
experimental pile are rather elastic during thstfiwo cycles. This is simply due to the fact
that the pile worked under small head loads foseh®vo tests. As a result, the numerical and

experimental displacement curves match togethethfse tests.

The analysis of the pile displacement shown in Fig. indicates that heating causes an
upward movement in the upper part of the pile abanward movement in the lower one.
Reversely, cooling induces a downward (respectjvaty upward) movement in the upper
(respectively, lower) part of pile. It is also obs=l that the null point, which corresponds to
the equilibrium position where the displacementaso during a thermal loading, is located
close to the pile toe (at depth of 460 mm) while fitee thermal expansion curve of the pile is
obtained when the null point is hypothesized lodaie the pile toe. This explains why the
slope of the experimental cycle curve is smallentthe one of the free thermal expansion
curve The results in Fig. 7.7 also show that the pasitbthe null point is unlikely to change

significantly with the applied head load.

The axial stress increased along the pile dept). (F8, test A2) can be explained by the
effect of residual stress from previous phase$éoalxial stress state of the subsequent tests.
This can be also used to explain the displacemanard of pile head during the first thermal

cycles of the test A2 (Fig. 6.34).
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7.3.2 Modeling of full-scale energy piles: a casedy

This section focuses on the modelling of the themaezhanical behavior of the full-scale
experimental energy piles mentioned in chapter@@hnapter 4, where the thermal behavior
of the piles has been investigated experimentaillly & heating/cooling load cycle. Hereatfter,
the thermo-mechanical behavior of an energy pileingestigated numerically. An
axisymmetric pile model is built with dimensions@sponding to the half of the actual full-
scale pile. This work is done to support the desifjan experimental program for two full-

scale energy piles being prepared.

The geometry and boundary conditions of the pieesdrown in the Fig. 7.9, where the pile-

soil interaction is simulated by an interface elatme

Fig. 7.9 Geometry and boundary conditions of alsiegergy pile

In a first stage, the pile bearing capacity is édstin a second stage, head load and
temperature are applied simultaneously to thetpikenalyze its thermo-mechanical behavior.
During this stage, the pile is heated and cooledhigosing a constant inflow/outflow heat
rate on a cylindrical surface with a 0.32 m diamate&d the pile length. It is worth noting that

this diameter corresponds approximately to theatadistance of the fluid circulating pipes
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from the pile axis. The constant heat flow rgtes derived from the field test data that was
mentioned in the Chapter = 60 W/m.

The soil parameters are summarized in the Chapté€h@ parameters of the pile are similar

and shown in the table 7.3. The initial temperatfrgile and surrounding soil is 12°6.

Two series of numerical simulations were conduateépendently of each other to model the
thermo-mechanical behavior of the two full-scalergy piles tested in the experimental area
of ENPC. Tests corresponding to the pile numbearldanoted with &, while aQ is used to
denote the tests corresponding to the pile numb@&he first pile is tested to investigate its
thermo-mechanical behavior under thermal cycleg. Sdtond pile is tested to investigate the

effects of temperature changes on the pile beaapgcity.

Table 7.3 Parameters of pile

Parameters Pile
Dimensions: diameter x length (m x m) 0.42x12.0
Thermal conductivity (W/(m.K)) 1.5
Specific heat capacity ¢ (kJ/kg/K) 1.1
Density (kg/r) 2500.0
Initial temperature J (°C) 12.5

Table 7.4 Tests profile for pile number 1

Test P1 Test P2 Test P3 Test P4

Pile head load to 200 Pile head load to 400 Pile head load to 600 Pile head load to 800

Step 1
kN and keep constant kN and keep constant kN and keep constant kN and keep constant
Imposed a thermal  Imposed a thermal Imposed a thermal Imposed a thermal
Step 2
cycle: 1°C to 27°C cycle: 1°C to 27°C cycle: 1°C to 27°C cycle: 1°C to 27°C
Recovery to initial Recovery to initial Recovery to initial Recovery to initial
Step 3
temperature of pile  temperature of pile temperature of pile temperature of pile
Step 4 Unloading Unloading Unloading Unloading
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For the first pile, five tests are performed withanstant pile head load of 200, 400, 600 and
800 kN, respectively. Under each constant head, |tea pile is subjected to one thermal
cycle with temperatures ranging froni@ to 27°C. To do that, an inflow/outflow heat rate is
imposed to the pile during 7 days. Afterwards, phle temperature is allowed to recover
naturally during 40 days to return to the initi@aiiiperature. After the thermal cycle, the pile
temperature returns to the initial temperature thedpile is then mechanically unloaded (see
Table 7.4).

The second pile is first loaded up to 600 kN (eglaat to 50% of its ultimate bearing
capacity) by steps of 200 kN, then unloaded (tdst @ the subsequent test (test Q2), the pile
is firstly heated to 27C. The pile is then loaded up to 600 kN by step208f KN and finally,
unloaded. In test Q3, the pile is firstly cooledltt’C, and then loaded up to 600 kN by steps
of 200 kN and finally, unloaded (see Table 7.5).

Table 7.5 Tests profile of pile number 2

Steps Test Q1 Test Q2 Test Q3

Pile head load to 200 kN and
Step 1 Pile is heated to 2T Pile is cooled to’C
keep constant

Pile head load to 400 kN and Pile head load to 200 kN and Pile head load to 200 kN and

Step 2
keep constant keep constant keep constant
Pile head load to 600 kN and Pile head load to 400 kN and Pile head load to 400 kN and
Step 3
keep constant keep constant keep constant
Pile head load to 600 kN and Pile head load to 600 kN and
Step 4 Unloading
keep constant keep constant
Step 5 - Unloading Unloading

7.3.2.1 Results
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Results in Fig. 7.10 show that the pile head getl® lies within the range of elastic
deformation when the head load is lower than 600(&8I tons). Furthermore, it can be
observed that the ultimate bearing capacity of pile is about 1050 kN. This value is
estimated conventionally at the moment when the péad settlement reaches 10% of its
diameter. This value is close to the one obtaimeth fthe pressiometric method following

Eurocode 7.

Fig. 7.10Bearing capacity of pile
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Figure 7.11 Temperature of pile and soil duringexinal cycle

For the first pile, the temperature of pile andsunding soil during a thermal cycle is shown
in Fig. 7.11. Temperature of pile increased t¢@7fter 7 days of heating, and decreased to 1
°C during the next 7 days of cooling. Temperatursaifalso changed due to the effect of the
thermal cycle, but in a less pronounced mannertdimperature at pile-soil interface reached
25 °C in heating phase and°® in cooling phase, while the soil temperaturehatdistances

of 2 and 3 m from the pile center is not affectgdte thermal cycle.

The Fig. 7.12 shows temperature change and dispaeof the pile ends during four tests
(from P1 to P4). The temperature is measured apilbecenter, and the displacements are
measured at the pile head and toe. It is obsefvadtthermal cycles induce an irreversible
settlement of the pile, and that this irreversim¢tlement is larger for higher pile head loads.
Actually, the irreversible settlement of pile aftere thermal cycle is negligible when the pile
head load is lower than or equal to 600 kN. Rewersesignificant irreversible settlement

occurs when the load is 800 kN.

Fig. 7.13 shows the distribution of the verticabplacement along the pile length during
thermal cycles. The figure shows the pile vertidaplacement in the mechanical phase
(initial phase), and after the heating and coopihgses, each subplot corresponding to a given
load. The pile head moves upward in the heating@l@d moves downward in the cooling
phase, and vice versa for the pile toe as it molegnward in the heating phase and moves
upward in the cooling phase. The null point is tedan the lower part of the pile.
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Figure 7.12 Pile head/toe displacement and pilgogzature during the four tests P1 to P4
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Figure 7.13 Vertical displacement of pile

The results in Fig. 7.14 show that, during a thertyale, the axial stress increases during the
heating phase and decreases during the coolingpfie axial stress distribution along the
pile length is non-linear, and the axial stressngeaat the toe of pile is insignificant during

the heating/cooling phase comparing with the meicaaphase. In addition, the greatest axial

stress is observed near the location of null point.
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Figure 7.14 Total axial stress of pile

For the second pile, the pile head displacementmgluhe initial phase, the heating and
cooling phases are represented in Fig. 7.15. Thectebf temperature on the pile head

settlement curve is found negligible.
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Figure 7.15 Displacement-pile head load curve (it 2)

7.3.2.2 Discussion

In the practice of pile design, the service loadgsmated between 30 to 50% of the ultimate
bearing capacity. This value usually lies withie ttange of elastic deformation of the pile.
The results in the Fig. 7.10 show that a servieal lmwer than or equal to 600 kN can be
used.

Indeed, it can be seen that the pile behaves thetastically when the pile head load is lower
than or equal to 600 kN. The thermally inducedviersible settlement is negligible (Fig.

7.12). Under greater pile head load (head loadd6fIN), irreversible settlements during the
thermal cycle becomes significant. This settlemisntelated to the degradation of the
resistance at the soil-pile interface due to thegrtal cycle. As showed in the Fig. 7.16, the
plastic points on the pile-soil surface extend dbpin the heating and cooling phase in
comparing with the initial phase. In the mechanase, plastic points are mainly observed
on the interface near the pile toe. In the heapihgse, the pile is deformed towards the two
pile ends (Fig. 7.13; 800 kN) and so the plastimfsodeveloped mainly on the interface
towards the two pile ends. In addition, in the ooyl phase, the deformation occurs

predominantly in the upper half of the pile lengttcomparing with the mechanical phase, as

139



CHAPTER 7 NUMERICAL MODELING OF ENERGY PE

a consequence the plastic points developed stramigiyn this range. Meanwhile, the plastic
points in the previous phases are negligible @astP2 and P3).

Fig. 7.16 Plastic points on the pile-soil surfaiesi P4)

The thermo-elastic behavior of the pile is alsoepbable with the distribution of the vertical

displacement. It was observed that the null pogmains almost unchanged when the pile
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works under a small head loa&I§00 kN; Fig. 7.13). Under a greater head load (89)) the
displacement of the pile toe is not fully recovenadthe cooling phase and results in
irreversible settlement of pile toe. Therefore, thell point moves downward: this is

consistent with the case of a floating pile.

During the thermal cycle, a greater axial stressnge along the pile is observed under a
smaller pile head load. Axial stress increasesédsas mainly in the middle of the pile
because the bearing capacity of the pile is maielsted to the pile shaft resistance (Fig.
7.14). In addition, the change in axial stressmpteating-cooling phases decreases as the
pile head load increases. This can be explainedhbyfact that, as the pile head load
increases, the ability of the pile to transmit laadhe surrounding soil decreases; this can be
related to the degradation of the resistance gpiteesoil surface. Similar results can be found
in the studies of Di Donna & Laloui (2015); Olget al, (2015) and Vieira& Maranha
(2016);

7.4 Conclusion

Small-scale energy pile in saturated clay has beemined using two-dimensional finite
element method with Plaxis software. This numerical allows a fully coupled thermo-

hydro-mechanical analysis of energy piles.

In a first stage, the mechanical behavior of expent small-scale pile is modeled
numerically. In a second stage, two thermal cyalesimposed to the pile. These mechanical
and thermal loading is similar to the one appliedhe experimental pile. The temperature,
displacement and also axial stress of the pile @veined and validated using the

experimental data.

The pile head displacement in the numerical modsiales thermo-elastically and the
irreversible settlement in the numerical modelnsber than in the experimental model. This
is due to the effect of the material model adoptethe modeling. However, the slope of
displacement versus temperature change curve fr@mamerical model is parallel to the

experimental curve.

In the second section, this numerical method isd usesimulate the thermo-mechanical
behavior of full-scale energy piles. Two energegpiére studied. The mechanical and thermal
parameters of the full-scale piles are used imtbdel.
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The results indicate that during thermal loading pile behaves thermo-elastically when the
pile works under small head loads. Accordingly, pile head displacement can be recovered
after a thermal cycle. In addition, axial stresspd increases during a heating phase and
decreases during a cooling phase. The maximum/maminmcrement of axial stress is

observed near the position of null point on the phgth. The same observation can be found

in the previous experimental and numerical studresnergy piles.
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GENERAL CONCLUSIONS AND PERSPECTIVES

Conclusions

In the present work, the thermal and thermo-medariehavior of energy piles has been
investigated by various approaches: laboratory oreagent on small soil samples, physical
modeling on small-scale pile, experiments on reales pile, and analytical/numerical

calculations. The main conclusions are summairiztolv.

The water retention curve and thermal conductiatyintact silty soil can be obtained by
simultaneous measurement of moisture content,®ueind thermal conductivity on a single
soil sample. During wetting/drying of loess, a wmqgrelationship between the thermal
conductivity and the moisture content is observédenthe relationship between the suction

and the thermal conductivity is characterized lajear hysteresis loop.

Thermal tests performed on full-scale experimeetedrgy pile show that, within the cryostat
used, three weeks are required to heat the pita ft® initial temperature (12C) to 32°C.
This result is important to better define the fet@xperimental program to investigate the

behavior of these experimental piles under couffiedno-mechanical loadings.

An analytical solution is proposed to investigtite heat transfer from the energy pile to the
surrounding soil during heating. This solution &séd on the approach of Laplace transform
and the contour integral methods. The proposedtisnlus then validated by the finite

element method and by the results taken from thsdale experiments.

The long-term behavior of energy pile is investghby performing experiments with small-
scale pile under thermo-mechanical loading. Testsewperformed with dry sand and

saturated clay. The most important conclusionsisfppart can be summarized below:

Irreversible settlement of the pile after thermadles is observed.
This settlement is the most important after thet foycle and become smaller with the
subsequent cycles.

A higher irreversible settlement is observed ahbigile head load.
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Irreversible settlement of pile tends to stabibifer a high number of thermal cycles.
The relationship between the irreversible settlenaeil the number of cycles can be
predicted by an asymptotic equation.

Axial force on the pile length increases progressiwith the thermal cycles.

The experimental work with small-scale pile is céetgd with numerical modeling using the
finite element method. The results of numerical eliod) are relatively consistent with the
experimental results. That allows better interpigethe experimental results. Afterward, the
numerical simulation is also performed to predie thermo-mechanical behavior of full-
scale energy pile. These results will be used apisg calculation for future experimental

experiments that will be performed on these piles.

Perspectives

Various futures studies can be expected to invastithe thermal and thermo-mechanical

behavior of energy geostructures.

First, heat exchange between different elementat (lkansfer fluid, geostructure, and
surrounding soil) should be investigated in mordaile Actually, various spatial and
temporal scales should be considered. That witivalbptimizing the design of the energy

geostructure and also ensuring its long-term peréorce.

Secondly, the main findings on the long-term betiawwf energy pile under thermo-

mechanical loading obtained from experiments onlissgale tests need to be confirmed by
full-scale tests. The preliminary thermal tests #relnumerical simulations performed in the
present study will be used in the design of theé peegram including thermo-mechanical
loadings on the two experimental energy piles atsite of ENPC.

Finally, similar studies can be applied to othepety of energy geostructure, such as

diaphragm wall or tunnel.
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