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ABSTRACT

Energy pile efficiency has been tested and valdlaienumerous studies from environmental
and energy-related points of view until now. Nelieless, energy pile technology is still more
or less unknown and rarely applied in constructespecially in France compared to other
European countries. The chief reason for this t#ckttention might be the limited knowledge
of the impact of the coupled thermo-mechanical ilogdn the behaviour of the pile and that
of the surrounding soil. This thesis aims to sttty geotechnical aspects of energy piles
through physical modelling and some numerical itigations.

A physical model is developed in order to bettezntify the soil/pile interaction under
thermo-mechanical loading. The model is made u@ @mall pile equipped with a heat
exchanger loop embedded in compacted soil. Then@keonce installed in dry sand and then
in saturated clay; it was then loaded mechanicallg was subjected to thermal cycles. The
effect of mechanical load value, number of therayales and soil type is studied. The results
show the appearance of irreversible settlementsngluthermal cycles, whose quantity
increases as the pile head load increases. Tatabye in the soil close to the pile surface
does not change by cooling and heating, while tptalssure below the pile increases
gradually as thermal cycles proceed. This is inoed@nce with the permanent downward
movement of the pile within thermal cycles. Expents also show the evolution of axial
force profiles with temperature, axial force in thite increases by cooling and decreases by
heating.

In another part of the experimental work, focudtsetito the soil/pile interface. The shear
behaviour of the soil (the same as the soils ubested and that of the soil/concrete interface
was evaluated at different temperatures. To do, thisonventional shear apparatus was
equipped with a temperature control system. Soidl (soil/concrete interface) was subjected
to a rather low range of stress. Thermal consatidaivas performed according to a special
protocol. It was observed that the soil frictiorglnand cohesion do not change considerably
relative to temperature.

The numerical study was initiated by simulatingséirg tests in the literature on energy piles
through a finite element code well-known to engmseapplying a simplified method. The
thermal load was simulated by imposing volumettiaigs calculated from the coefficient of
thermal expansion of the material on the pile. Thethod successfully simulates the
behaviour of some full-scale energy piles in teohaxial strain and pile head displacement.
The results highlight the important role played thg pile thermal volume change on the
mechanical behaviour of the energy pile under warithermo-mechanical loadings. In the



second stage, another numerical code with the Ipbsof including temperature effects was
used for modelling the tests formerly performedtmnphysical model. Thus, compared to the
first numerical attempts, the soil thermal voluntearnge is also taken into account. The
numerical results were compared with the experialenines obtained from physical
modelling. It was deduced that the numerical mocelld simulate correctly the pile
behaviour under purely mechanical loading. Alsmuating thermo-mechanical tests, a good
estimation of heat conduction in the soil was agkdenumerically. Regarding the mechanical
behaviour of the pile under thermal cycles, the eucal model adequately predicts the
gradual ratcheting of the pile as observed in ttpeements. However in terms of axial force
distribution in the pile, the results from numeliozodelling are different from the physical

one.

Key words energy pile, thermo-mechanical loading, dry sasaturated clay, physical
modelling, shear behaviour, soil/concrete interfacemerical modelling, heating/cooling
cycle



RESUME

L'efficacité de pieux géothermiques (e.g. énergés) a été examinée et validée par de
nombreuses études a partir de points de vue emé@roental et energétique jusqu'a présent.
Néanmoins, la technologie des pieux géothermiqusercore peu connue et rarement
appliguée dans la construction, notamment en Fraemicparée a d'autres pays européens. La
raison principale du manque d'attention peut &reohnaissance limitée sur les impacts du
chargement thermomécanique sur le comportemepteduet celui du sol environnant. Cette
these vise a étudier les aspects géotechniques piesx géothermiques grace aux
modélisations physique et numérique.

Un modele physique est développé afin de mieux aitnenlinteraction sol/pieu sous
chargement thermomécanique. Le modéle est compas@idu énergétique équipé des tubes
d’échangeur de chaleur, installé dans un sol cotéphe pieu a d’abord été installé dans un
sable sec, puis dans une argile saturée ; il ater&é@ chargé mécaniqguement et soumis a des
cycles thermiques. L'effet de la charge mécaniqueyombre de cycles thermiques et du type
de sol a été étudié. Les résultats montrent largéoé de tassements irréversibles au cours
des cycles thermiques, dont la quantité augmerde augmentation de la charge en téte du
pieu. La pression totale dans le sol a proximitéladsurface du pieu ne change pas par
refroidissement et chauffage, tandis que la prassidale au-dessous du pieu augmente
progressivement a mesure que les cycles thermipo@suivent. Les expériences montrent
aussi I'évolution des profils de la force axiale@la température ; la force axiale dans le pieu
augmente pendant le refroidissement et diminueg@ngchauffement.

Les comportements au cisaillement du sol (mémesga ceux utilisés dans la premiere
partie) ainsi que de linterface sol/béton ont @télués a difféerentes températures. Pour ce
faire, un appareil de cisaillement conventionnedt@ équipé d'un systeme de contréle de
température. Le sol (et linterface sol/béton) @ ébumis a une gamme de contraintes
relativement faibles. La consolidation thermiqu&té effectuée selon un protocole particulier.
Il a été observé que I'angle de frottement et lésmn de matériaux utilisés ne changent pas
sensiblement avec température.

L'étude numérique a débuté par la simulation disssestants dans la littérature sur des
pieux énergétiques en appliqguant une méthode diédglvia un code de calcul basé sur la
méthode des éléments finis et assez répandu dapsolession. Le changement de la
température est simulé en imposant au pieu desndéfions volumétriques calculées a partir
du coefficient de dilatation thermique du matéridin méthode prédit correctement le
comportement de certains pieux énergétiques a gradelle en termes de contrainte axiale



et de déplacement en téte du pieu. Les résultatemben évidence le réle important joué par
le changement de volume du pieu induit par lesatians thermiques sur son comportement
mécanique. Dans un second temps, un autre codalald offrant la possibilité d'inclure les
effets thermique a été utilisé pour la modélisatitas essais effectués auparavant sur le
modeéle physique. Ainsi, en comparant aux modétieati numériques précédemment
expliquées, le changement de volume du sol indait lps variations de température est
€galement pris en compte. Les résultats numeériguespérimentaux sont ainsi comparés. On
en déduit que le modele numérique est capable @ldirprle comportement des pieux sous
chargement purement mécanique. En outre, en siindis essais thermomécaniques, une
bonne estimation du transfert thermique dans leesblobtenue. En ce qui concerne le
comportement mécanique du pieu au cours de cyugmiques, le modele numérique prédit
bien le tassement progressif du pieu. Cependanéreres de répartition de la force axiale, on
obtient des résultats contradictoires.

Mots-clés pieu énergétique, chargement thermomécaniquele sabc, argile saturée,
modélisation physique, cisaillement, interface ks&tldin, modélisation numérique, cycle de
chauffage/refroidissement
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a coefficient of linear thermal expansioh0® /°C™)

a, creep parameter (mm)

a, coefficient of volumetric thermal expansioh{® /°C™)

B gauge factor

Y unit weight kN / nt)
re stress vector
A displacement (mm)

AT temperature change (°C)

£ strain (L0°)
dA plastic multiplier
Y Poisson’s ration

Yo, density Mg/ n?)

s particle density fg/ n?)

ag stress tensor

g, normal stress (kPa)
T shear stress (kPa)
1) friction angle (°)

17/ dilation angle (°)
Roman letters

c cohesion (kPa)



c - -

<

max

volumetric heat capacity

fourth-order isotropic linear elastic stiffnessgen

median grain size of soil (mm)
maximum void ratio

minimum void ratio

elastic modulus (MPa)

sample height (mm)
gravitational acceleratiomg/ &)

thermal conductivity v/ nf C)

soil hydraulic conductivity (m/s)

coefficient of lateral earth pressure at rest
bulk modulus of water (MPa)
porosity

axial force (kPa)

heat flux
pile head displacement at time | (mm)

time (s)
temperature(°C)

displacement vector

shear rate (Lm/min)
coefficient of lateral earth pressure at rest

depth (mm)









GENERAL INTRODUCTION

GENERAL INTRODUCTION

Sustainable development implies reducing any rediaon the technical usage of current
energy resources and shifting to others which amwk to be clean, environmental friendly
and renewable, if properly explored. Geothermalrgynés a clean energy resource which
does not contribute to global warming emissionsatHmntained in shallow ground can be
used by means of a heat pump to cool or heat bgtgisince the temperature inside the
ground remains stable all year long (Brandl, 20118).most European countries, this
temperature varies between 10°C and 15°C and rengcaimstant below 10 m in depth (Adam
& Markiewicz, 2009). Therefore, in summer, the grdus cooler than ambient air and can act
as an air conditioner, whereas in winter, the gdoisnwvarmer than the air and can be used to
heat a building.

Many technologies have been developed to take &alyarof geothermal energy, among
which energy piles have gained particular attentionng the last three decades. Energy piles
are double-function piles working simultaneouslycaaventional deep foundations and heat
exchangers. Energy piles contain polyethylene loafthin which a heat carrier fluid
(generally a mixture of water and glycol) circuateéoops are connected to a heat pump by
means of which in winter, the heat transfer fluidwa temperature of about 4° C is fed into
the pile. It is warmed up and then injected bacth&building with a higher temperature. The
operation is inversed in summer: the fluid witheanperature close to 30° C is injected into
the pile and comes back to the building with a lownperature. Experiments highlight the
efficiency of energy piles especially for heatinfglarge industrial or office buildings. Also
during summer months, instead of using chillershshgildings can very economically be
cooled by running only a circulation pump in theteyn (Vuatazt al., 2003).

Although justified and accepted from energy andiremmental points of view (De Moel
et al., 2010), the application of this construction teagie is hindered particularly because of
the lack of a clear vision of the structural intggof the pile under heating and cooling cycles.

Subjecting the pile to coupled mechanical and tlaéycles could indeed have important
impact on the pile’s structural behaviour. It ispiontant to understand what effects heating
and cooling cycles have on the behaviour of thedations in order to determine their long-

term structural stability: a) expansion and coritosc of the pile subjected to heating and
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cooling cycles together with; b) thermal volume i@ in the surrounding soil; ¢) and
dependency of mechanical properties of the pile thedsoil to temperature. These effects
lead to changing the pile/soil interaction, whioksults in the variation of axial stress
distribution in the pile and reduction of adhesforces at the pile’s interface. The thermo-
mechanical response of the soil/pile interface néedbe understood for developing
appropriate design practices and standards, whagtope economically optimised methods.

The objective of this Ph.D. thesis is to improv@wkiedge of the geotechnical aspects of
heat exchanger piles through physical and numenalelling. Experimental work consists
in the development of a small-scale model in tH®idatory and in the implementation of
shear tests on soil and soil/pile interface in aifed shear box. The numerical study aims to
examine the ability of current commercial codesitoulate energy piles including real scale
and small scale ones.

Chapter 1 reviews the literature on different atpet energy piles with a focus on their
geotechnical aspects. The thermo-mechanical belmawb soils is included. The shear
behaviour of soil and soil/pile interface, with@utd with temperature changes, is highlighted.
Different types of tests conducted on energy gdil@s in situ to laboratory scale are reviewed
and major observations are discussed. Numericaliestuperformed on energy piles are
pointed out afterwards. A brief introduction to tlhmited number of standards and design
approaches on energy piles is also provided, whighlights the large deficit in current
knowledge of this technology.

The second chapter presents the experiments oralkeszale energy pile. The model pile
and its instrumentation are presented. Transducsed and soil materials are discussed in
detail. Experimental procedure is explained aftedsa

The experimental results obtained from the physiuadle! are presented in Chapter 3. The
response of the pile was investigated by measuhagpile head’s displacement, the pile’s
temperature and the pile’s axial strain. The effectiuced in the soil during mechanical and
thermo-mechanical loading were explored via the sueament of temperature and total
pressure.

The fourth chapter concerns shear tests on soilsailttoncrete interface at controlled
temperature. Shear box equipment, materials andoserused are presented. Thermo-
mechanical loading paths are discussed. The reatdtsanalysed in order to evaluate the
effect of temperature on the shear behaviour af selay and clay/concrete interface.

The last chapter discusses numerical modellingopagd on energy piles. Two finite

element codes (Plaxis and Cesar-LCPC) commonly bgeehgineers in foundation design
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are applied. As a first approach, a decoupling putivas proposed whose validity is
examined by modelling real scale and small-scad¢steia Plaxis. Thereafter, the other
commercial code in which temperature effects ase aicluded, is utilised for modelling the
pile in the small-scale model developed. The mampisconcludes by presenting general

conclusions and perspectives.
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CHAPTER 1
LITERATURE REVIEW

1.1 Introduction

The important environmental issue of reducing,@@issions and the fact that the energy
sources are limited have led to strengthening ldmsic idea of using renewable energies. One
generally accepted concept is paying attentiorh&geothermal energy and extracting the
energy stored below the earth’s surface for heagingposes in winter and injecting the
thermal energy back to the earth for cooling puegosn summer. Energy piles were
introduced to the industry in the 1980’s and cdoédconsidered as dual-purpose structural
elements, that transfer the building loads to treugd (as other classical deep foundations)
and exchange the ground/building heat as geothdsoreholes. Coupled effects of thermo-
mechanical loading could have questionable impacthe mechanical behaviour of the soil
and that of soil/pile interface, which could afféoe pile behaviour.

Within this chapter, thermo-active geo-structuregieneral, and energy piles in particular
are first presented. Energy piles are then discuf®sen energy-related and environmental
points of view, according to different studies dmstsubject. Focus was put afterwards on
geotechnical aspects of energy piles, which incltide mechanical effects of heating and
cooling on the soil/pile interface and on the sunding soil. The experiments performed
without and with temperature changes aiming at asttarising both soil behaviour under
thermo-mechanical loading and soil/pile interfaesponse were reviewed. This literature
review was extended to the study of soil/pile iatéion in energy piles via experiments and
numerical models. In experimental studies, the t@sicedure is explained and some
important results are presented. Regarding the noahestudies, the models adopted, the
numerical procedure and illustrative results amamsarised. Finally, the existing energy piles

design approaches and their limitations are distlss
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1.2 Thermo-active ground structures

More than 40% of the total energy consumed in Eeiigpused for heating, ventilation and
air conditioning in residential and commercial duigs (Katzenbaclet al., 2008). The main
sources of this energy are fossil fuels which haagor environmental impact on one hand and
are finite resources on the other. It seems therefital to shift from conventional energy
sources to low carbon renewable ones.

Geothermal energy could provide a clean and raiabkrgy source and help significantly in
reducing carbon dioxide (Gpand other greenhouse gases emissions. Thermajyestered at
depths of 3 to 4 km could be used for electricitpduction. However this technique is
relatively complicated and expensive. Shallowertldeprovide a good potential for energy
storage or extraction, considering that the unaengd temperature variations stabilise at a
depth of 10-20 m (Sanner, 2001), even if groundptmature at very shallow depths does not
exceed 30°C (BRGM, 2005). Implementation of geoti@renergy at these depths seems to be
efficient for space heating and cooling purposgseeslly in structures with low thermal
requirements.

Piles, diaphragm walls, boreholes, slabs, retainivajls and tunnel linings could be
transformed into thermo-active geo-structures @kanvantage of their structural concrete
elements, which are connected to the ground, amsgidering the relatively high thermal
conductivity of concrete. To make the heat exchgmgsible, concrete elements which are in
contact with the underground are equipped with @blylene pipes containing a heat carrier
fluid. Concrete elements are connected to a secmtdork of pipes integrated in other
structural elements (which could be walls and raofthe case of a building). Heat exchange,
between the structure and the ground during difteseasons, is carried out by the circulation
of the heat carrier fluid. As a consequence, hsadwered from the structure through the second
network of pipes is injected into the soil duringrener and inversely, heat is extracted from
the ground and transferred to the structure (agaough the mentioned network of pipes)
during winter (Brandl, 2006; Banks, 2008; Boénr2@)9; Adam & Markiewicz, 2009). The
technology could be applied in heating and coolafigconventional buildings, pavements,
bridge decks and metro stations. As well-known gutg, Laizer tunnel in Vienna (Austria),
Dock Madfield terminal at Zurich airport (Switzemd), Main Tower in Frankfurt (Germany),
One New Change building and Crossrail Project indan (UK) and more recently Shanghai
Tower in Shanghai (China) could be mentioned (Pahat, 1999; Di Donna & Laloui, 203
Brandl 2006; Brandl 2013).
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1.3 Energy piles

It is now more than 30 years that geothermal enesrgpging obtained from deep foundations
known as geothermal, heat exchanger or energy (Biesdl, 2006). Energy piles transfer the
building loads to the ground and exchange the gtaaimd building heat at the same time
(Figure 1.1). The technology was inaugurated intAasand spread first to other European
countries and more recently to USA and Asian coesitfAmis & Loveridge, 2014; Di Donna
& Laloui, 2013).

Y
av

U

— ,-;- ‘:p;i'll

Secondary
circuit

Cooling

Heating

Heat pump Heat pump

Primary
arcuit

Tin;:l:.rt fluid < Tso;l il—ir'||:|1.|:t fiuid = Tsm'l

[
B,

3

.

i\-ﬂl"'i"‘

; 2

Z5 a:;h -‘:r?{-:{ S

fns

g

oA s

The pile is gaining heat from the ground
The pile is losing heat to the ground

Winter operation Summer operation

Figure 1.1 Heat exchanger pile performance durold and hot periods of the year (Abuel Na&ya
al., 2014)



CHAPTER 1 LITERATURE REVIEW

Similar to conventional thermal boreholes, geotltarpipe loops filled with a heat carrier
fluid, are inserted into the pile at the same tithat the reinforcement cage is embedded.
Usually, the system is accompanied by a heat puhphahelps not only to circulate water, but
also to increase the fluid’s temperature from 10€l6p to 25°C-35°C (Brandl, 2013).

That way, 15% to 25% of thermal needs of a buildiogld be provided (Amis & Loveridge,
2014) while the electricity consumption of the hpatnps integrated with energy piles is only
25% to 30% of the building total electricity reqerments (Ebndther, 2008). The heat, which
could be extracted from the ground through a onenieng-energy pile, varies between 20 W
and 75 W (Ebnother, 2008). Heat transfer rateestgr in piles with larger diameters (Amis &
Loveridge, 2014) and in soils with higher thermahductivity (Ebnéther, 2008). The heat that
could be extracted from or injected into the grodlegpends on many parameters, mainly: the
viscosity, heat conductivity and specific heat ciyaof the heat carrier fluid; the dimension of
the internal pipes; flow velocity within the pipedifference between the inlet and outlet
temperature values; thermal properties, hydrauwieddions and density of the soil; and the
ground water level and its direction (Yari & JavaR007; Lee & Lam, 2007; Ma & Grabe,
2010; Duprayet al., 2014; Brandl, 2013; Stwart & McCartney, 2013jdbay et al., 2014).
There exist limited guidelines in terms of upped &mwer temperature of the heat carrier fluid.
It is highly recommended that the temperature iradds the pile should not fall below zero, in
order to prevent freezing at the soil/pile intefa(SIA, 2005; Brandl, 2006; Loveridge &
Powrie, 2013; Boénnec, 2009; GHSP, 2012). Regarthegupper temperature, it does not
exceed 40°C in practice (Brandl, 2006; SIA, 2005).

Until now, energy piles have been studied fromedéht points of view. A great part of the
work has been focusing on energy-related aspeetat transfer regimes, thermal properties of
soils, effect of pipes shape on system efficienog affect of ground water level have been
considered in the work of De Moet al. (2010), Eseret al. (2009), Yari & Javani (2007) and
Diao et al. (2004). Special care should be taken in ordetadisturb the energy balance of the
system (Arsoret al., 2013; Loveridge & Powrie, 2013): heating and lcwploads should be
similar enough. In other words, the same heat dyaextracted from the ground in winter
should be injected into it in summer. Otherwise, ¢éixcess heat extraction could lead to ground
freezing (Loveridge & Powrie, 2013; Boénnec, 20Q@&rvera, 2013). In cold regions where
heating requirements are dominant and risk of fngeis higher, other energy sources as solar
energy should be used to compensate the excesxtteattion (Cervera, 2013). Arsahal.
(2013) considered the particular case of an ihtiabn-saturated soil. In such a case, heating
and cooling loads applied to the pile could inddogng and wetting cycles to the surrounding

7
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soil. This could be risky especially in expansivayey soils, which undergo shrinkage by
drying and swell by wetting. The volume changesliago the soil in that way could lead to
‘debonding’ at pile interface. With respect to maaical effects of this loss of adhesion, pile
side friction decreases. In terms of energy ldss cteated gap could play an insulating role and
helps to break energy balance (Arseinal., 2013). Freeze-thaw cycles resulting from the
imbalanced energy consumption, would cause strictlamages to the pile and the soil
(Katzenbactlet al., 2013).

Although economic, eco-friendly and compatible wghbstainable development, energy
foundations have not gained the attention theyrdedean the construction world, which could
be directly related to lack of knowledge of theiechanical performance. Coupling effects of
thermo-mechanical loading have been less examirtédhwcould be related not only to the
complexity of the thermo-mechanical behaviour &f $loil/pile system, but also to the difficulty
of testing procedures.

Subjecting the pile to heating/cooling cycles cobltle important consequences, such as
reducing the adhesion forces at pile interfacerialg the axial stress distribution along the pile,
inducing thermal consolidation and thermal voluntfearge in the surrounding soil, etc.
(Fromentinet al., 1999; Amatyaet al., 2012; Arsoret al. 2013; Akrouchet al., 2014; Murphy
et al., 2014; Pasten & Santamarina, 2014; Yaetdl., 2014&b). Soil mechanical parameters
could also be affected by temperature changes (€eke, 2003) and should not be ignored.

1.4 Thermo-mechanical behaviour of soils

Thermo-mechanical behaviour of soils has been ammagearch topic during the past two
decades. Related researches apply to all undemgrstanctures which are subjected to thermal
changes, including radioactive waste disposals,ggngeo-structures, oil reservoirs, and high-
voltage cables buried in soils (Cekeravac 2003n&@r2006; Abuel-Nagat al., 2007; Hueckel
et al., 2009; Cuiet al., 2009). Geological radioactive waste disposalssuthe soil to high
temperatures for a long period of time. The sawperature varies from its initial state up to
around 80°C (Graham al., 2001; Tanget al., 2007). Thermal effects on the host geological
formations, which are mainly clayey soils, could ibgortant. In the case of energy geo-
structures, such as walls and foundation piles,stiietemperature can vary from 5°C up to
40°C (Brandl, 2006; Boénnec, 2009), while greatffieictnce between the upper and lower
temperatures was considered in some studies inr dodexamine the worst case scenario
(Bourne-Webl®t al., 2009; Vega & McCartney, 2014).
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Experimental studies on thermo-mechanical behawbésbils are mostly based on modified
oedometric or triaxial cells. The apparatus is galhe equipped with a temperature control
system and the soil temperature is changed intliredtcording to Cekerevac (2003), the
difference between the apparatus developed inrdiftestudies is the temperature control
method. Moritz (1995) used a triaxial apparatugedithe cell with water and placed heating
elements inside it. Clayey specimens were heatdérutirained and undrained conditions and
then they were loaded until failure under undrainedditions. Tests were carried out at 8°C,
40°C and 70°C, while no experimental results am@lable at 8°C because of disturbance due
to sampling problem. Cekerevac (2003) developediaxi@l apparatus based on the same
principles as Baldet al. (1985), Kuntiwattanakudt al. (1995) and Savvidou & Britto (1995).
Thermally resistant rings were placed around thexiaal cell to control the temperature.
Drained heating was performed between 22°C and .90f@he work of Abuel-Nagat al.
(2007) an electric heater was attached to the c#eometer ring. Water temperature was
changed between 25°C and 95°C and clay samples subjected to thermal cycles. Other
heating methods consist of placing electric heatiag) around a triaxial cell (Sultaet al.,
2002; Monfareckt al., 2011; Mohajerargt al., 2014) or immersing the cell in a thermostat bath
(Tanget al., 2007). The temperature range applied in thesbest was between 20°C and 80°C.
It is worth noting that few work has been donehia temperature range lower than 20°C.

Different tests show that the thermo-mechanicalabitur of the soil depends strongly on
the applied thermo-mechanical loading path. Heatinger undrained conditions leads to
increase in pore-water pressure and soil thermaédesion (Graharat al., 2001; Monfaredet
al., 2011; Mohajeraret al., 2014). Heating normally consolidated clay undi@ined condition
induces thermal consolidation (Catial., 2000; Cekerevac & Laloui, 2004; Abuel-Nagaal .,
2007). On the other hand, heating the soil at ltress induces thermal expansion. Subsequent
mechanical loading shows a lower pre-consolidasimess at higher temperature (Suléhal.,
2002; Cekerevac & Laloui, 2004). Various constite@tmodels have been developed to describe
the volumetric thermo-mechanical behaviour of clageils (Honget al., 2013).

In terms of temperature effect on shear strengihflicting results could be detected from
the literature review. Cut al. (2000) argued that the effects of temperatursh@ar strength of
clay are strongly dependent on the volume chandeced by heating. On one hand, thermal
expansion leads to a decrease of soil strengththenother hand, the thermal contraction
hardens the soil and makes the shear strengthas®réAccording to Hamidit al. (2014),

heating could make the friction angle decreaseease or remain unchanged. The soil shear
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behaviour is again found to be dependent on iteralogy and the loading history. The same

observation on friction angle was made by Ceker¢2803), as illustrated in Figure 1.2.
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Figure 1.2 Evolution of soil internal friction amglvith temperature (Cekerevac, 2003)

While various existing studies focus on the themmechanical behaviour of clay, few work
could be found on temperature effects on sand. ri@leconsolidation tests performed by
Recordon (1993) on fine sand in the range of 2°@ 40°C show that the compressibility
parameters (compression index, modulus and ovegetidation ratio) are independent of
temperature. The same observation was made byeGalix(2000) on clayey silty sand between
30°C and 70°C.

In the context of the energy piles, Franchonenal. (2013) developed a mini penetration
test which helps to rapidly determine temperatufects on cone tip resistance and shear
resistance of the soil. The soil used was a mixtdin€aolin clay and Hostun sand. Two cones
with a 60° apex, length of 250 mm and diameterd®fand 12 mm were penetrated in the
compacted sample with a rate of 30 mm/s. Tests firstgperformed on samples with an initial
temperature of 20°C. Samples were then thermaligdcat 1°C, 30°C and 50°C and tests were
repeated. The experimental results show that inrdnge between 1°C and 30°C, effect of
temperature on the penetration test parametersiegligible. At higher temperature values up
to 50°C, water content decreased and tip and slesmtances increased. Eslaghial. (2014)
performed pressuremeter tests on illitic soil at@@nd 40°C. Soil was compacted in a

container (600 mm in diameter and 800 mm in heighg water content of 31.3% and a target
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dry density of 1.29 Mg/m3. Steel tubes were welttethe outer surface of the soil container. A
mixture of water and ethylene-glycol at a contritemperature was circulated in the tubes. A
mini pressuremeter with length of 340 mm and di@met 22 mm was utilised. Pressure was
increased by increments of 25 kPa for at least dutai The results show low dependency of
pressuremeter modulus to temperature in the testede, while creep pressure and limit
pressure values decreased when soil was heated®fitdto 40°C. Also, pressuremeter curves
indicate elastic limit shrinkage by heating.

Vega & McCartney (2014) studied the behaviour afisded Bonny silt under heating and
cooling cycles induced by energy geo-structuresl §mecimens were loaded to normally
consolidated conditions in a modified thermal oedtan cell, then unloaded to different OCR
values. Four thermal cycles were then conducte@muadnaximum temperature change of 75°C,
during which soil was first heated then it undertveimassisted’ cooling (which could also be
known as the ‘recovery’ phase, see Kalantiguwal., 2012). Thermal axial strain versus
temperature change for different OCR values is shawFigure 1.3. The results show the
contraction of normally consolidated specimens tlwledexpansion of over-consolidated ones by
the initial heating. The subsequent cooling led elastic contraction of both normally
consolidated and over-consolidated specimens. RBythiermal phases that follow, all the
specimens showed increasing additional irreversgieime change while the effects were
more pronounced on the normally consolidated spatinfAccording to the authors, these
observations disaffirm the applicability of currethermo-elasto-plastic models on the
prediction of the long term behaviour of the saibdar cyclic thermal loading, as they predict
that the first heating produces plastic contractiona soil specimen close to normally
consolidated conditions, while subsequent heatmy @oling cycles result in elastic volume
change (Campanella & Mitchell, 1968; Laloui & Cekeaic, 2003; Cugt al., 2000).
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Figure 1.3 Axial strain versus temperature charigedifferent OCR values (Vega & McCartney,
2014)

1.5 Soil and soil/structureinter face shear behaviour

Shear tests have been widely used in order to ateabhe shear behavior of soil itself and
that of soil/structure interface. In the concerstdlies, in general, first the shear strength ef th
soil is evaluated, then the soil is sheared aganether surface and the two mechanisms are
compared. As Lemos & Vaughan (2000) deduced frderaiure, shear strength found on

sand/structure interfaces is always smaller that tf sand. When the roughness of the
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interface is similar to the grains size, the shategngth will approach to the values observed
during sand/sand shear tests. When sand is shélageshear behaviour depends on the density.
In dense sands, peak strength is generally obseResgghrding the volume change, there exists a
short contracting phase followed by a dilating olmeloose sands no peak could be identified
and volume change remains contracting (Figure 10%).the contrary, the residual shear
behaviour of clayey soils and clay/structure irdeels depends on their clay fraction. According
to Lupini et al. (1981), three shear modes exist in clayey ssliding, turbulent and transitional.
When clay fraction is dominant and the granulartipias are dispersed, reoriented platy
particles of clay could form a shear zone betwéenaggregates. Clay particles will slide on
each other and shear will happen. In this caserdldure is of brittle type. Reversely, when
granular particles are dominant, enough space leetwarger particles, which could help
creating the shear zone, does not exist. Thus shikdrappen by rotation of the rotund particles
and the shear mechanism is of turbulent mode.ithrttode shear is of non-brittle type. There
exist also a third mechanism, transitional typewimch the two mentioned modes could be
observed at the same time. Lemos & Vaughan (20686)stated that in high clay content clays,
the shear residual resistance at interface is ¢tos®at of clay and it does not depend on surface
roughness.

dense sand

loose sand

dense sand

u loose sand

L

Figure 1.4 Typical interface response (Said, 2006)

Direct shear apparatus, simple shear apparatusirgnéghear apparatus are usually used to

study the shear behaviour of soil or soil/strucinterface. Tsubakihara & Kishida (1993) used
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a direct shear type and a shear box type apparatwsier to investigate the shear behavior of
normally consolidated Kawasaki clay/steel interfatbe shear box type used is shown in
Figure 1.5. Steel plates with different roughnesisi@s were used. It was found that there exists
a critical roughness beyond which shear failureuosaevithin the clay layer. Below the critical
value, sliding at the interface occurs.

Displacement transducer Jl Normal load

! : B 8 Shear box
i L
Loading plate

777772777 ||

1 3 ay:
/ .\ Steel specimen
B | \
|

Steel bar for
uplift of shear box

qip
qip

100 mm

Filter paper
Porous stones /I[l[ I.L\ \ Cla)} — steel interface

e Tanpential loac_l

Figure 1.5 Direct shear box apparatus used by kéudra & Kishida (1993)

In Tsubakihareet al. (1993), the authors studied normally consolidatiegs with different
sand fractions. The same observation on the existeha critical roughness value was made.
The value was found to be larger for mixtures witigher sand fraction. Hammoud &
Boumekik (2006) in their work on a ring shear testmfirm the existence of a critical range of
roughness. Below the lower limit, shearing occuysshding at the interface and above the
upper limit shearing occurs within the soil. Foe troughness values within the two limits,
shearing is of an intermediate mode, which is apmmsition of internal shearing and sliding. It
has to be noted that they have worked on diffecytey soils and steel and concrete interfaces.
Shakir & Zhu (2009) performed simple and direct ashtests on unsaturated clay/concrete
interface. Concrete surfaces from smooth to roughewprepared in the lower box. Clay was
then compacted at different water contents in thpeu box. Shear deformation and shear
sliding displacements were evaluated. The reshtisrghe significant effect of water content on
different shear modes, which are depicted in Figuée According to them, a clay sample with

low water content might behave as a quasi-solicerretand failure occurs rather by sliding at
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the interface. While more water content makes theb®dy go under deformation when it is

sheared.

sliding region
clay sample X
. clay sample

asperitics of concrete

g

7 : T ; —— deformed region
sample standing on asperities fully contact =

wearing due to sliding
(a) (b)

Figure 1.6 Failure mechanism in (a) clay with=vM.0%, o, = 50 kPa, 100 kPa, 150 kPa,; (b) clay with
W, = 21%, 6,= 150 kPa (Shakir & Zhu, 2009)

Dove & Jarrett (2002), through direct shear testsand/structure interface investigated the
effect of asperity height and angle on strengthtdiicy behavior. They conclude that when the
asperity height approaches the median grain sideaaperity spacing is between one and three
times the median grain size, the interface hasrtheimum efficiency;efficiency is defined as
the ratio between the interface friction angle dhd soil friction angle. Rouaiguia (2010)
applied a modified shear box to evaluate the residhear strength of clay alone and that of
clay/structure interfaces. Six different clays wédirst sheared alone and then against two
surfaces with different roughness values: glasschviwas relatively smooth (with an average
roughness of 0.00pm) and sandstone rock which was rougher (with arame roughness of
10.0um). The samples underwent forward and backwardrstyedes. The results on the shear
stress versus horizontal displacement show thashiear strength of clay/structure interfaces
was smaller than that of clay (Figure 1.7, Figur®).1lt was also found that the shear mode

(whether it was sliding, turbulent or transitionallanged with the surface roughness.
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Figure 1.7 Stress-displacement relationship folikRé@olin interface (Rouaiguia, 2010)
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Figure 1.8 Stress-displacement relationship folikésandstone rock interface (Rouaiguia, 2010)

In general, smooth surface promoted sliding shearr.both interfaces, the strength dropped
quickly once the peak strength was reached. Smalwear strength was observed when
smoother surface was used. Taha & Fall (2013) aselirect shear apparatus to study the
behaviour of sensitive marine clay/concrete intefaConcrete samples were prepared with
three different roughness values which varied betw&5um and 20um. The results show an
increase in the friction angle as concrete roughmaseased (Figure 1.9). Also, interface shear

strength was higher than that of the utilised clay.
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Figure 1.9 Shear strength envelope of clay andabagrete interface with different roughness values
(Taha & Fall, 2013)

Di Donna & Laloui (2018) equipped the shear box with a heating systemirarebstigated
the shear behaviour of soil and soil/concrete fater at 20°C and 60°C. Tests were conducted
under three normal loads of 50 kPa, 100 kPa and KB The results of illite clay and
illite/concrete interface are shown in Figure 1.I@sts on illite clay were only performed at
20°C. By increasing the temperature to 60°C, shearstance at illite/concrete interface
increased (Figure 1.8D The authors argue that this increase might hgaemed by thermal
consolidation of clay. With respect to the failueavelope (Figure 1.1), illite clay and
illite/concrete interface had the same friction langf critical state at ambient temperature. The
illite/concrete interface friction angle at critictate decreased slightly with temperature, while
the peak value increased between 20°C and 60°CarBieg the cohesion value on
illite/concrete interface, a significant increasecritical state and peak values could be observed
as the temperature increased from 20°C to 60°(, Alisa constant temperature value, peak and

critical state values were close to each other.
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Figure 1.10 Experimental results on illite clay/cmate interface at different temperature values (Di
Donna and Laloui, 2013} (a) Shear stress versus horizontal displacenm@r8Hear strength envelope

1.6 Soil/pileinteraction in energy piles

The behaviour of a soil/pile system under thermaimaaical solicitation could be
investigated through experiments and/or numerigaiugtions. Experiments could be
conducted at different scales, from real scaledabmratory ones. Below, different tests
performed within the context of energy piles anestfisummarised. Then the numerical

methods which are mostly validated on the baslsrofed existing experiments are discussed.

1.6.1 Full-scaletesting

For studying the thermo-mechanical behaviour ofrgyneiles, one of the first methods
was performing in situ experiments. Lalatial. (1999) conducted full scale tests on one of
the piles of a four-story building under constrantion EPFL campus in Lausanne,
Switzerland. Pile toe lied on molasses, while tleadhwas topped by the weight of the
building that gradually increased by adding eadorfl Seven tests were conducted under a
constant load value, which varied between 0 kN E@D kN. The geological profile and the
pile instrumentation could be seen in Figure &.1Qne U-shaped polyethylene tube, which
was fixed in the pile during casting, let the heatrier fluid (water in this case) circulate
along the pile. The pile was equipped with vibrgtstrain gauges (VWSG) and optical fibre
sensors (FOS) as well as a load cell at pile t@enfeasuring vertical and radial strains,
temperature and load. At each stage of constructi®@mperature change was imposed to the
pile, which was equal to 22 °C in the first testldb °C in the six others. Pile was cooled
down naturally, by stopping the fluid circulatioh the elevated temperature. Observations

confirmed the evolution of axial strain along thike under thermo-mechanical loads. Results

18



CHAPTER 1 LITERATURE REVIEW

also show the elastic behaviour of the pile dutlmgrmal cycles. In another study, conducted
by Bourne-Weblet al. (2009) at Lambeth College in London (UK), onelad working piles,
which had been used for verifying the design arsh @ heat sink pile, were equipped as
energy piles. Piles toes lied on London clay wktieir heads were free. More detail on soill
profile could be observed in Figure 1blThe heat sink pile was not loaded mechanicdly; i
was uniquely subjected to thermal cycles. The nbesh pile was of diameter of 0.6 m and
length of 23 m (Figure 1.1) and was instrumented by vibrating-wire strainggsi(VWSG)
and optical fibre sensors (OFS). Pile was loaded880 kN of axial load at head, then it was
unloaded and reloaded this time by 1200 kN. Thepggature of the fluid circulating in the

pile was varied between -2.5°C and 36°C. Pile wasdooled and then heated.
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Figure 1.11 Geological formation and pile instrutagion at test locations: (a) Lausanne (Laleui
al., 2006) (b) London (Bourne-Welabal., 2009)
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In general, thermally induced stress in the pildus to restrained strains. If a free pile is
subjected to a temperature changeA®f, a total strain o AT will be observed inside it,
wherea is the coefficient of thermal expansion. Is it mbthat herein a free pile is a pile
only blocked at its toe, with no load at its head ao soil around. When the pile is placed in
the ground, owing to soil/pile interaction, it doest expand or contract freely. As a result, the
observed strains in the pile will be less thwkl . Under a thermo-mechanical loading, the
measured strain is composed of thermal and meddarumponents:

gmeasured = gmechanical + gthermal (11)

Thus, thermal strain could be estimated as below:
gthermal = gmeasured _gmechanical (12)
Any restrained strain induces thermal force inghe. The thermally induced axial force is

then calculated using the following equation:

B = EA(&pom — OAT) 1.3)

The mechanical force and strain are directly relaéssuming linear elasticity via Hooke’s
Law:

Pi = BAS eranica (1.4)

The total thermo-mechanical axial force is the siirmechanical and thermal forces:
I::otal = PM + I:?I' = EA(‘gmeaered —O'AT) (15)
In full scale tests, ¢, ., ' IS the strain value recorded by the strain gauhygsg the test.

In order to evaluate axial force in the pile, Eqguatl.5 was applied.

Analysis of the experimental data in the work ofdua et al. (1999) showed a significant
increase in compressive axial force in the pildbgting (Figure 1.12). Axial force at pile toe
was more influenced and was twice greater thahercase of purely mechanical loading. The
mobilised friction increased considerably when ke was heated. In the full scale test
performed by Bourne-Web& al. (2009) compressive axial force in the pile insezh by
heating and decreased by cooling, while pile tos Vess affected (Figure 1.13). During
heating, the mobilised shaft resistance increaseka upper part of the pile and decreased in
the lower part. The trend reversed by cooling. Casgion stress and force are respectively
accounted for negatively in Figure 1.12 and posiyivn Figure 1.13. It is recalled that OFS
stands for optical fibre sensors and VWSG for vibggwire strain gauges.
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Figure 1.12 Axial force distribution in the pile the last test in Lausanne test series (Lagbuail.,
2006)
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Figure 1.13 Axial force distribution in the mairigoin London test: (a) at the end of cooling (byhet
end of heating (Bourne-Welabal., 2009)

As a research project in Bad Schallerbach, Austna, energy pile of a large rehabilitation
center has been studied. The building foundatios eguipped with 143 energy piles in this

case. The piles were equipped with high-densityygiblylene tubes, which contained a
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mixture of water and antifreeze. The test pile whdiameter of 1.2 m and length of 9 m and
its toe was located on highly-fissured clayey, sasitl. Pile toe and head were equipped with
pressure cells. Test pile was put under controldoe year, starting from winter. Total
temperature change was about 22°C. According tonds report (2006), axial strain
distribution along the pile varied as temperata@eased. Higher strains could be detected at
pile toe. Analysis performed by Amatgaal. (2012) show that higher additional compressive
forces were produced in the upper part of the pileile pile toe was not very influenced,
indicating that the pile was little restrained by toe. Very limited data have been published
on this case.

The experimental results measured in the threeioret field trials were summarised and
compared by Amatyat al. (2012). According to them, the magnitude of thaliyninduced
axial forces depends on end restraint, soil comusitiand thermal load. Thermal loading
changes the mobilised side friction significantlgide friction is more dependent on
temperature changes in stiff clayey soils (than slafyey ones), as it was the case in London
pile.

McCartney & Murphy (2012) investigated the behawbtwo foundation piles (named as
A and B), planned for a residential building in Den Colorado, which have been converted
to energy piles. The two piles had the same diana#t@.91 m and their toe stood on clay
stone. Vibrating wire strain gauges and thermistoese attached to the piles at the levels

shown in Figure 1.14.
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Figure 1.14 Ground profile and foundation instrutaéion in the test conducted in Denver, Colorado
(McCartney & Murphy, 2012)
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During one year of typical operation, piles tempam® was changed between 1.7°C and
32.2°C, while it was not mechanically loaded. Thpezimental data show the uniformity of
temperature distribution in the pile. The inducedrinal stress was calculated using the same
derivation as shown before (Equations 1.1 to T.6grmal strains were corrected as follows:

gthermal = gmeasured - gmechanical + asAT (17)

whereay is the coefficient of thermal expansion of theekteire in strain gauges. Thermally
induced stress profiles in foundations A and B stiewn in Figure 1.15. It is noted that
compression is expressed by positive sign. Sintdgorevious in situ observations, heating
led to an increase in compressive forces whileingdhad an inverse effect. However the
authors conclude that the magnitude of the theaxial stresses was below axial design loads
and no major concern existed on structural damBggher investigations were needed on

tensile strains magnitude and development aroumngite toe.
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Figure 1.15 Thermal axial stress in (a) Foundafigr{b) Foundation B (McCartney & Murphy,
2012)

In a more recent full-scale test, Akrougtral. (2014) examined the behaviour of an energy
pile in high-plasticity stiff clay on an experimahtsite on the campus of Texas A&M
University, at College station, Texas. The pile wasiameter of 0.18 m and length of 5.5 m
(Figure 1.16). U-shaped pipe loops were insertéd the pile and water with a controlled
temperature circulated inside them. The pile wagrimented with 6 strain gauges and
thermocouples to track the developed strains angpeeature changes and dial gauges to
record pile head displacement. Strain gauges wérkilb Wheatstone bridge type with
temperature compensation. To follow temperaturengés in the soil, thermocouples were
installed in a borehole at 0.5 m from the pile.loAd cell showed the pile head load value at

each time. Air temperature and relative humiditpssgs were also used to monitor the
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ambient conditions. Five Tension tests under tensarces of 40 up to 256 kN were
conducted.

The pile was loaded mechanically for 1 hour, themas subjected to temperature changes
by starting hot water circulation in the internabeés. Pile’s temperature change was between
+10°C and +15°C. Heating period was set to 4 hoLins. pile was unloaded afterwards and
on the next day the next test started. The reshtisy that the thermal strains induced led to a
very slight variation in axial load distribution ithe pile (Figure 1.18). Temperature
distribution in the pile was not uniform which wasiributed to the shallow depth of the pile
that makes it more sensitive to air temperaturetdlations. More interesting results were
obtained in terms of creep. Pile displacement umdechanical loading seemed to stabilise
after 1 hour; while heating made the creep re-esmewith a greater viscous exponent
parameter (Figure 1.by. Assuming that the pile was subjected to heatingng its whole
life, it was estimated that in a horizon of 50 weaa typical energy pile in a clayey soil
undergoes an extreme displacement value which 36 Zmes the displacement of a

conventional pile.
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Figure 1.17 Experimental results of Texas testAfaal force distribution in the pile (b) Vertical
displacement in mechanical and thermal phasesstruteler 150 kN of tension load (Akrouehal.,
2014)

Murphy et al. (2014) conducted studies on energy foundaticespif a one-story building
at US Air Force Academy, Colorado. Regarding themofile, the first 3 meters were made
of fill and dense sand. From this depth on, samdsiwas extended to the maximum depth
explored via tests. All the eight piles were eqegpvith heat exchanger pipe loops. Piles
were of diameter of 0.61 m and length of 15.2 m thiey were different in the heat exchanger
pipe loops configuration. Three of eight piles werstrumented with vibrating wire strain
gauges (VWSG). Each VWSG contained a thermistamtémitor the temperature changes
inside the pile. Soil temperature was tracked Ieyrthistor strings, which were installed in the
boreholes drilled around two of the piles, with thdial distance of 1.2 m from each other. A
thermal loading procedure was defined in ordertadteat all the eight piles rapidly. Doing so,
a AT of 18°C was applied to the piles during a heatargl cooling (recovery) cycle.
According to the experimental results which arewaman Figure 1.18, heating induced
thermal expansion in the pile.

The behaviour of the pile remained thermo-eladtiee temperature change was uniform
along the pile. The effect of pile top restrainticbnot be neglected; the corner pile (denoted
by ‘Foundation 3’ in Figure 1.18), which was legstraint by its head, underwent lower
thermal stress than the pile located in the middi¢he wall (Foundation 1). Also, greater

displacement was detected during cooling in the@opile comparing to the middle one.
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Figure 1.18 Thermal axial strain and stress duhiegting (red) and cooling (open) measured in
Foundation 1 and Foundation 3 (Murpétyal., 2014)

In general, in situ tests are powerful tools as/ theovide an insight on real conditions

under real scales. However they are expensiveathdrrtime consuming.

1.6.2 Physical modelling

Physical modelling is one of the most usual apdreado investigate the behaviour of pile
foundations. Below, the most important categorias @heir application in studies concerning

energy piles are reviewed.

1.6.2.1 Centrifuge physical modelling

The centrifuge could be used in scale modellingrof large-scale nonlinear problem for
which gravity is a primary driving force. According Sakr & El Naggar (2003), the main
advantage of centrifuge modelling is that this rodtikan simulate the linear increase of the
effective stress with depth. Centrifuge modellires been widely used in investigation of
pile’s performance in different soils (Zhang et aB98; Horikoshket al., 2003; Thorekt al.,
2008.; Fioravante, 2011; Okyagt al., 2014). McCartney & Rosenberg (2011) used this
method to study the response of thermo-active fatiods. Four concrete piles with 379 mm
length and 76.1 mm diameter were pre-cast in andgital metal container with a height of

500 mm and a diameter of 381 mm. A U-shaped metz tvas installed in the piles to
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conduct the heat carrier fluid (which was a siliedluid). Two layers of silty soil were first

compacted in the container at a dry unit weight 2 kN/ni. The piles were placed inside
the container and the compaction was continuedoadlihg frame was made around the
container and loads between 0 kKN and 1000 kN weapéeal to the top of the foundations by
a horizontally-mounted electric motor. Tests wezefgrmed at an acceleration level of 249 to
represent 24 times larger piles (9.1 m length aBdni diameter). More detail on the model

set up could be seen in Figure 1.19.
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Figure 1.19 (a) Schematic of the centrifuge-sceging setup at the University of Colorado; (b)
Schematic of foundation and heat pump setup (Mo@wr& Rosenberg, 2011)

Loading was performed at a controlled displacemeaie of 0.2 mm/min until a
displacement of 5 mm. Three tests were performezbastant temperatures of 15°C, 44°C
and 56°C. The results show that by heating the, pite axial capacity has increased.
Experimental results on the model pile were tramséal to the identical values on a prototype

pile by applying associated scale factors. Thelt®swe shown in Figure 1.20.
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Figure 1.20 Load-settlement curves for model fotioda in prototype scale in the work of
McCartney & Rosenberg (2011)
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In a more recent work on centrifuge modelling (Stgw& McCartney, 2014), an energy
pile with a diameter of 50.8 mm and length of 53@ nmas pre-cast outside the silty soil. It
was then placed in the container by its toe fixaethe bottom of it. The pile was instrumented
with strain gauges and thermocouples. LVDTs weeegd on top of the pile and also at
different distances from the pile on soil surfathermal probes were installed in the soil at
radial distances of 140, 216 and 292 mm from tle goid thermocouples were put inside at
different soil levels. Figure 1.21 could be refdrfer more detail.

Three heat exchanger loops were inserted in tleegoitl connected to the heating/cooling
circulator. The pile was first loaded to the axgabss of 384 kPa which simulated the load of
the building, then heated by increments. Once tleet@mperature reached 40°C, the cooling
phase was applied, down to 10°C. Four thermal syalere applied to the pile. The results
were presented at model and prototype scale. Awredl distribution in the pile at the
prototype scale could be observed in Figure 1.Z22cduld be seen, heating induced thermal
stresses in the pile. The stress values reducethgdwooling while forces were still

compressive. A perfect thermo-elastic behaviour elaserved as a response to thermal cycles.
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Figure 1.21 Physical modelling of energy pile: {ag model pile; (b) and the corresponding
instrumentation (Stewart & McCartney, 2014
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Figure 1.22 Axial load distribution in prototypeage in the work of Stewart & McCartney (2014)

The centrifuges are useful equipments giving th& Bamulation of real scale conditions
but they are expensive. One major concern in dagation while energy piles are concerned
is heat diffusion in the soil. According to Krishala & Singh (2004) the time required for
obtaining the same temperature in the soil in tlelehis much less than the corresponding
time in the prototype, which means that during $hene period of time a greater volume of
the surrounding soil is affected by pile temperat{8tewart & McCartney, 2014) in a model

which is not representative of the prototype coods.

1.6.2.2 Calibration chambers

Calibration chambers have been widely used in fatiod studies. The possibility of
performing tests under known stress-strain hissosied also controlled boundary conditions,
make them interesting instruments in simulatingsita tests (Holden, 1991). On the other
hand, because of the limited size of the chamiber,nieasured bearing capacities may be
different from real ones. As a result, the diangtef the pile and the chamber should be
chosen in the way that the mutual effects of the @nd the chamber are minimised (Paik &
Salgado, 2004). According to Parkin & Lunne (1988)order to minimise the boundary
effects, the ratio between chamber diameter areddimeter should be at least 20 in loose
sands and 50 in dense sands. Calibration chambeld e rigid or flexible wall type (Chin
& Poulos 1996; Weinstein, 2008). It is not easyctmtrol lateral stress in rigid walled
chambers, so very large chambers are needed tanm@ithe effects of the wall type
(Weinstein, 2008). According to Holden (1991) betsémulation of stress and strain is
possible in smaller but flexible chambers. Relatietween the pile dimensions and the grain
size, known as scale effects, could also influagheepile response. Studies show that lateral

friction is independent of scale effect when thie piiameter is 100 times the median grain
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size (Weinstein, 2008). Even if calibration chansbare usually used in foundation studies,

this method has not yet been applied to study gnales.

1.6.2.3 Small-scaletests

Wanget al. (2011) developed a laboratory scale energy pivelehto study the effect of
temperature on the shaft resistance (see Figu®.IThe model pile was a steel tube with
external diameter of 25.4 mm. The soil containes @&asteel cylinder with diameter of 272
mm. Temperature changes were applied with a heaiegent fixed inside the pile. A
loading frame was designed to accommodate the mpiteland the loading machine.
Temperature transducers were distributed in varmasstions inside the soil specimen and
also on the pile surface. Loading/unloading cyelese conducted on the model pile before
and after heating. The results show the significafiect of temperature on the shaft
resistance: as the temperature increased from B28°C, shaft resistance decreased from
0.05 kN to 0.02 kN in the case when the pile wabeded in fine sand.
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Figure 1.23 Laboratory scale testing apparatus (/¢aal., 2011)

Kalantidouet al. (2012) developed a small-scale physical modeittioly the mechanical

behaviour of an energy pile. The pile, which wasetal tube with a length of 800 mm and a
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diameter of 20 mm, was equipped with a U-shape@ widntaining water. A temperature
transducer was put inside the pile to track itsperature. A displacement transducer was
fixed on the pile head (Figure 1.24). The modeé pilas first loaded axially and then its
temperature was varied between 25°C and 50°C (ssieecheating and cooling cycles). Pile
head displacement was monitored during the tedtaBeur of the pile was studied under
different axial loads. Displacement-temperaturevesrshow that under lighter loads pile
behaviour remained thermo-elastic, while under teedwads irreversible deformations were
observed. The experimental curves obtained und@rN@40% of the pile’s ultimate load)
and 500 N (95% of the pile’s ultimate load) of piead load are shown in Figure 1.25.
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Figure 1.24 Experimental set-up (Kalantidsal., 2012)
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Figure 1.25 Pile temperature versus pile tempezainder the pile head load of: (a) 200 N (b) 500
N (Kalantidouet al., 2012)

Comparing to other experimental methods, smallestedts are easier to handle, quicker
and cheaper and could be used for research purpbpesperly designed and performed. The
fact that they are also repeatable, which is esdentthese occasions, could not be neglected.
On the contrary, poor simulation of boundary candg and the workability of the model
only in low stress ranges could be considered saddantages of this type of tests (Maghe
al., 2009).

1.6.3 Numerical modelling

Developing numerical codes to simulate the behavaduenergy piles seems attractive
especially to engineers. However these kind ofistudre not numerous for many reasons,
particularly the complexity to extend existing gagtnical numerical codes to account for
coupled thermo-mechanical behaviour. The numepuoablem is composed of two principal
parts: modelling the heat propagation from the jite the soil and modelling the mechanical
behaviour of the pile. Different analytical solut® on the heat propagation around
geothermal boreholes have been developed (¥aal, 2014; Arsoret al., 2013; He, 2012;

Li & Lai, 2012; Bandoset al., 2009). Heat diffuses radially out from a sounsbjch is a
borehole, with time. The analytical heat diffusimodels are generally based on point source,
line source or cylindrical surface source soluti@ins& Lai, 2012). From this point of view,
geothermal piles could be modelled in the same agag geothermal borehole; the models are
based on the line source assumption (Arsbral., 2013). Li & Lai (2012) state that
application of a cylindrical surface or spiral lineodel is closer to the case of a geothermal
pile. On the contrary, the studies on the mechébelaaviour of geothermal piles stay limited.
Finite element approaches such as the ones sudgésteLaloui et al. (2006) and
Suryatriyastutiet al. (2012) are based on thermo-hydro-mechanical rsodéle evolutions of

pore water pressure and heat flow are governedobpled equations of mass and energy
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conservation and mechanical equilibrium. Finitevedat codes Gefdyn (Laloet al., 2006)

and Flac3D (Suryatriyastut al., 2012) are used to solve the complex systengadittons in

the mentioned studies. In the work of Lalatial. (2006), Druker-Prager thermo-elasto-
plastic model was used to simulate the behaviodh@fsoil. The concrete pile was modelled
as a thermo-elastic material. The soil/pile inteefavas considered to be perfectly rough. The
modelled pile was loaded thermally in one test #r@mo-mechanically in other ones and
results were compared to the experimental datar@ataduring an in situ test. The authors

observed an acceptable consistency between thsets®f results (Figure 1.26).
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Figure 1.26 (a) Pile displacement in test 1 indaaune test (b) Numerical axial force distribution
in the pile in Lausanne test (to be compared tar€id.12) (Lalouet al., 2006)

Suryatriastutet al. (2012) modelled a pile under thermal loading amthout mechanical
loading on pile head. Contrary to the previous wditth pile and soil were modelled as
thermo-elastic materials. In order to evaluate ¢fffect of soil/pile contact, two types of
interface were considered: a perfect contact anelastic perfectly plastic frictional interface
model. The results on thermal diffusion showed higgdrmal gradients at the interface in the
second model, which highlights the role of contaotles on thermal transfer. From the
mechanical point of view, pile contraction whileoting and its expansion while heating
induced soil surface settlement and heave in baitdets. Magnitude of thermally-induced
displacements along the pile was almost the samboth cases. Heating increased the
compressive stresses while cooling produced terstilesses in the pile. This trend was
observed in the results of both models while stegemtities were more important in the full

contact interface one. In another work, SuryatntagP013) applied a mechanical load to the
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pile head and subjected the pile to numerous thecytdes through a 3D model. This time,
pile and soil were modelled as linear elastic andlinear elastic materials, respectively.
Interface elements were added to the model. Astkeeface constitutive model, the Modjoin
law was chosen, which includes soil non-linearityclic degradation and the interface
dilatancy. The enhanced Modjoin law was used tdroboyclic degradation (including strain
accommodation and stress relaxation). The pile suigected to twelve cooling and heating
cycles byAT =+10°C. The simulations were run once on a free head aile then on a
restrained head one. It is noted that a free hdadwas subjected to a constant head load
during loading cycles while in a restrained pilee fpile head displacement did not change
with cycles. Pile head settlement versus thermalesyresulting from simulation of a free
head pile is shown in Figure 127Pile heaved when it was heated and settled wiheng
cooled. Pile head thermal settlement after twelyeles reached 30% of the mechanical
settlement. Head load variation of the simulatestragned pile is exhibited in Figure 1127
During each cycle pile head load decreased by mgaind increased by heating, while it
decreased progressively through the 12 cycles.|Aarae distribution in the free head pile
and the restrained head one are shown in FigurBaladd Figure 1.28 Axial force
decreased in both piles by the first cooling antsite forces were generated. It increased
afterwards during the subsequent heating. As thkcycles proceeded, compressive forces
continude to increase in the free head pile becatis®erface resistance degradation, while
in the restrained head one, a decreasing tendeswsriied the pile axial force distribution

evolution.
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Figure 1.27 Pile head reaction to thermal cyclay:settlement variation in the free head pile (b)
head force variation in the restrained head piley&sriastuti, 2013)

34



CHAPTER 1 LITERATURE REVIEW

(A\m 3 “"\‘mn’r ) / ‘N’m ec (J N ‘N'me() / ‘?\"mec
-5% 0% 5% 10% 15% 20% -30% -20% -10% 0% 10% 20%

L)

¢

=
¢
¢
b

(@)

S0-0-0-0-0-0-0-0-3

pile length (m)
pile length (m)

'O'_O“O"O-_O"O”O"o_O"O"O"O"O-O-o._o._o.

.
L]
3
'
!
i
!
?
!

o0
o O-O‘O.o
~O-o

_O-O-0-0._

b
==-O--- start of cooling ==-@-== start of heating ) ==eOm=== start of cooling ===@=== start of heating
=—O=—end of cooling =@ end of heating —O—c¢nd of cooling =@ end of heating

Figure 1.28 Axial force distribution in the (a) érdead pile (b) restrained head pile (Suryatrigstut
2013)

Saggu & Chakraborty (202), in their numerical studies on energy piles indsachose a
constitutive model for sand, known as CASM, whidnsiders the current state of the soil
and its evolution by means of a parameter whicleddp on the current and critical void ratio.
Pile behaviour was considered to be linear elastithe interface zone, frictional contact was
considered in tangential direction and hard contattt zero penetration in normal direction.
The model was implemented in the finite elementvgarfie Abaqus. No interface elements
were used; the mesh was refined close to the pifgarametric study was then conducted to
evaluate the effect of soil density, pile end @Estrcondition, coefficient of earth pressure at
rest, pile dimensions, thermal load magnitude ambtsermal parameters and friction angle
on the behaviour of a pile subjected to heating.nNechanical load was applied to the pile
head. Between the parameters tested, the pilgd®mes was observed to be more sensitive to
its length and to the density of the soil. Indeparity of the pile head and toe restraint, the
coefficient of lateral pressure of the soil incedy heating, which was known to be due to
thermal expansion of the pile and compaction of god. In another work, Saggu &
Chakraborty (2014) studied the behaviour of a pile under a constaethanical load and
several thermal cycles, through a nonlinear tramsimite element analysis. The soil was
modelled using the Mohr-Coulomb constitutive modglile a concrete damage plasticity
model (originally proposed by Lublinet al., 1989) was considered for the pile. The mesh
was refined at the soil/pile interface with the saoonsiderations as in their previous work.

Similar to their former study four cases were cdased: floating pile in loose sand, floating

35



CHAPTER 1 LITERATURE REVIEW

pile in dense sand, end restrained pile in loosd sad end restrained pile in dense sand. Pile
behaviour was modelled under different mechanicadl Ilvalues and considering 50 thermal
cycles between 21°C and 35°C, with each cyclerg<2B days. The duration of 28 days had
been chosen in order to be compatible with thegedbrmed by Lalouét al. (2003). At the
end of the first heating/cooling cycle, axial stres the floating pile was the same as that
under purely mechanical loading. The observationaiaed the same until the fiftieth cycle.
The authors deduce that in this case the mechdo@mdlgoverned the behaviour of the pile.
In dense sand, compressive axial stress increastkBirst thermal cycle, while as expected,
pile toe was more affected in the end-restrainel@. pAs thermal cycles proceeded,
compressive axial stress in the pile in dense gacdeased. The effect of cooling and heating
was less significant in loose sand. Regarding #al atress variation in the soil at soil/pile
interface, the authors deduce that in dense shrdexcess axial stress produced by heating
was transferred to the soil while this transfergeaped less efficiently in loose sand.

Knellwolf et al. (2011) proposed a less complex iterative routuhéch is based on load
transfer method. Using the t-z and g-z curves sstgdeby Frank & Zhao (1982), first they
analysed the pile under purely mechanical loadhzgand g-z curves express respectively the
evolution of the mobilised side friction and the bilised base reaction with pile
displacements. Pile was divided into segments adimtge to each other by springs. The
rigidity of the springs was a function of the sumding soil properties at that section,
especially Menard pressuremeter modulus. The asadyarted from the lowest segment by
assuming a displacement at pile toe. At each stepwing the value of displacement and
axial force at the bottom of the segment, one tteedstimate the displacement at the midst.
Once the mentioned displacement was found, thd kpad at the middle and on top of the
segment and also the displacement on the segmadtdoglld be evaluated. These data could
provide the essential input for starting the analgé the upper segment, as the displacement
and load on the head of the lower segment areofiie base of the upper one. At the end,
arriving to the last segment, which is the extrampper one, the value of axial load at its head
should be equal to the load applied to the piladlh#dahat was not the case the steps have to
be redone by assuming another initial load andl@igment. In the thermo-mechanical case,
first a pile under purely thermal loading was asaly. Knellwolfet al. (2011) took the benefit
of existence of a null point along the pile arowvidch pile contracts or expands while cooled
or heated. The displacement at this point was @etero, and the thermal deformation

(Epmema ) Was equal taxAT. Again the displacement and axial stress wergnastd at the
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segments around the null point. Knowing the axiedss, the blocked axial strain, which is
less than the free thermal deformation was caledlafThe difference of the two strains

(known as the ‘observed strain’) was set as the ey, and calculation was repeated until

the observed strain tends to zero. When a mecHaloiad was also added up, first the
mechanical analysis was conducted and the mechateéamation was obtained. Then, in
the thermal analysis, the deformation at the noihpwas set to be the calculated mechanical
deformation (instead of zero). The same steps exsndd analysis (as stated earlier) passed
afterwards. It has to be noted that the major apsions of this method are that the soil/pile
interaction properties do not change with tempeeattadial displacements of the pile are
ignored and pile properties including coefficieftlmermal expansion and elastic modulus of
the pile are temperature independent. So, the gameurves commonly used could be
applied in the thermo-mechanical analysis. The @sed numerical code was examined by
simulating the in situ tests performed previougl@sanne and London (Lalogtial., 2003,
Bourne-Webbet al., 2009). A good agreement between experimentalramderical results
was achieved. Pile axial strain measured in Lortdshat the end of mechanical, cooling and
heating phases are compared to the numerical orféigure 1.29.

Based on the load transfer method, Pasten & Sant@an@@014) presented a numerical
algorithm to investigate the long-term behaviouagfile under thermal cycles. The method is
similar to the method proposed by Knellwetfal. (2011) however instead of using current
bilinear t-z curves which are based on constanarskgffness value, they suggest a linear
elastic-perfectly plastic model which consider§frstiss increase with depth. Pile was divided
into sub-segments with equal lengths. The uppenai was analysed on the basis of the

lower one. At the bottom of thig element, first the displacement was estimatedtmsed
on that, axial force was computed. Change in thmeht length 4, ) was then evaluated and

the displacement on the element head was calculdtéidermal loads were also included,

assuming a uniform pile temperature chanfyewas modified astAT minus mechanical

contraction. Side friction at this element and bx@ad at its top were then estimated.
Calculation continued until the last element whbeeaxial force at the top should be equal to
the load at pile head. Unlike the formulation pregsd by Knellwolfet al. (2011), the null
point was produced as a result and its position m@ssearched by iteration. Numerical
results show that thermal cycles resulted in acdanon of plastic deformations, which could
affect the long-term performance of this kind oflepi Also, a great part of plastic

displacements appeared during the first thermdesyc
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Duprayet al. (2014) conducted a coupled multi-physical firstement modelling and used
a 2D approach in order to study the behaviour groaip of energy piles from mechanical and
energy point of view. The simulations were perfodmesing the finite element code
Lagamine (developed at the University of Liege)pd@rametric study was conducted during
which effect of heat injection rate and the tempee of the pile on thermal losses was
investigated. Effects of submitting only one pitea group of piles to thermo-mechanical
loading were also compared with the case wherethal piles were loaded thermo-

mechanically. Greater thermally induced stressasiuere observed in the former case.
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Figure 1.29 Modelled and measured strains atiikdeoé (a) the mechanical loading phase (b) the
cooling phase (c) the heating phase (KnellweodHl., 2011)
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1.7 Design approaches

With respect to energy piles, national, Europead emernational standards have been
proposed which focus mainly on the environmentlés of heat extraction/injection, energy-
related aspects of thermal energy consumption aatl fump systems problems (SIA, 2005;
Lapanjeet al., 2010). No codes were yet released concerningrteéehanical features of
energy piles, which could be related to the insighcy of experimental data on this type of
pile. The Ground Source Heat Pump Association enUK recommended a design approach
on energy pile in 2012 (GSHP, 2012). Some desig@rtshare addressed which have been
developed on the basis of back calculation of #sted pile at Lambeth College where the
pile lied on London clay (Bourne-Webdt al., 2009). Special care should be taken while
applying the mentioned charts in other geologioainations (GSHP, 2012). In the absence of
geotechnical standards, engineers might applyysé&etors, which could be up to twice the
values used for classical piles (Nuth, 2008) thaild impose extra construction costs to
contractors (Nuth, 2008; Abuel Naggal., 2014).

Some limited attempts have been made on producengtipal design tools (e.g. computer
programs) to analyse the behaviour of the pile utige coupled thermo-mechanical loading
and to propose a design strategy. The existing noalgools are based on load transfer
method applying t-z functions, which express theitsed side friction and pile tip reaction
as a function of pile displacements (Knellwetifal., 2011).

The algorithm presented by Knellwadf al. (2011), which is based on the mentioned load
transfer t-z functions and was discussed earlisention 1.6.3, was implemented in Thermo-
Pile program (Peroret al., 2010), a software for geotechnical design ofrgyepiles.
Assuming that pile and soil/pile interface propestiare not temperature dependent, the
classical t-z functions presented by Frank and Zi882) were used in this program, while
the mentioned assumptions might not be valid &ltilne (Abuel-Nagat al., 2014; Shoukry
et al., 2011) and the comprehensiveness of the propose@l may be questioned.

Suryatriastuti (2013) proposed a new nonlineaffurction to analyze the behaviour of a
pile under thermal loading. Two sets of t-z funei@re proposed; one for monotonic loading
and the other for cyclic loading. The formulatiakés into account the amplitude and the rate
of interface cyclic degradation and the cyclic istdaardening/softening of interface. The t-z
function was compared to the results of direct shests under cyclic loading to examine its
functionality. The t-z function was then implemeshiato a computer program and the results

were compared to their numerical results formerbtamed using a more complex 3D
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analysis with specific (Modjoin) interface elementble consistency of the two sets of results
confirms the workability of the proposed t-z fulcts via a simpler and less time consuming
calculation. However, the applicability of the posed model is not yet confirmed by

simulating full-scale tests on energy piles.

1.8 Conclusion

A literature review of energy piles with special @msis on geotechnical aspects was
conducted in order to provide a background for dherent study. The response of the soil
surrounding the pile and that of soil/pile intedato thermo-mechanical solicitations
determine the mechanical behaviour of the pile.lgvihnimerous studies could be found in the
literature on experimental investigation of therthe-mechanical behaviour of soil, very
limited data could be found on the effect of tenapere on soil/pile interface response. The
general behaviour of energy piles has been examihemigh in situ tests since 1998.
However much more experimental results are needentder to prepare a rich and reliable
database on the performance of energy piles irereifit geological formations and under
various thermal and mechanical loadings. The lichitesitu experiments on the subject show
explicitly the evolution of axial force distributioin the pile when thermal effects are added.
Generally, heating leads to an increase in compedsrces while cooling results in a
decrease. However, the quantity of axial force geatlepends on many parameters, such as
pile head and toe restraint conditions, soil propgerand magnitude of thermal loads.

Recently, the relevance of physical modelling aérgy piles has been considered through
centrifuge tests and small scale ones. The cegtrifests performed until now on energy piles,
show variation of pile bearing capacity and axaté distribution by thermal cycles. In spite
of some disadvantages, small-scale tests (knovmnaaslg model tests) are easier to control,
more economic and quicker than other experimentastwhich make them interesting tools
for conducting parametric studies. Energy pilesehiagen less examined at this scale. Limited
results available show that the model is able taiwe soil/pile interaction during thermal
cycles. Studies on a model pile in sand show tmatpile behaviour remains thermo-elastic
under rather light loads while irreversible defotimas appear under heavier loads. Also,

shaft resistance varies by applying thermal cycles.
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CHAPTER 2

DEVELOPMENT OF PHYSICAL MODEL FOR
ENERGY PILE

2.1 Introduction

A physical model for studying the mechanical bebawiof an energy pile is developed.
The model is composed of a temperature-controlledipstalled inside a large container of
compacted soil (similar to that used by Kalantiébal., 2012). Compared to the model used
by Kalantidouet al. (2012), more sensors were added, mechanical laewinal loading
systems were enhanced. The pile was equipped evithdrature sensors and strain gauges for
measuring its axial force profile. The surroundisgil was dry Fontainebleau sand or
saturated Kaolin clay. The pile was subjected trelyumechanical and thermo-mechanical
loading and the effects induced in the pile andthe soil were tracked via sensors
measurements. This chapter includes the detaihenrtodel development and the adopted

test procedures.

2.2 Experimental setup

The experimental setup is presented in Figure i2dltlae detail on dimensions and sensors
installation is shown in Figure 2.2. The pile wastalled in a container, which was gradually
filled with soil. A metal frame has been constrdctguch that it accommodates the soll
container, support the load of the water tank aadsfer it to the pile. A load cell was placed
on the pile head. Three displacement transducems attached to the pile head for measuring
the total displacement during loading. Five strgsuges were adhered to the pile for
measuring the axial stress in the pile. Three teatpee transducers were stuck to the surface
of the pile at various levels. Eleven temperatuamgsducers were embedded in the soil to
track temperature variation during the tests. Eigtdl pressure transducers were also used to
measure the stress in different directions at warievels of soll.

The experiments were conducted in dry Fontainebdead or in saturated Kaolin clay. As

the two mentioned soils, which are different inunatand also in hydraulic properties, are
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expected to show different responses to thermo-arecal loading, it would be interesting to
examine the behaviour of the pile embedded in eaeh

For loading the pile by head, a progressive loadvag adopted by flowing water into the
water tank, which was placed in the upper parhefftame. By letting more water enter into
the tank, the applied load on top of the pile viitrease. This gradual loading allows
avoiding shocks that might happen during abruptease of load on pile head. Below, the
main parts of the system are discussed in detail.

- Water tank
B = =
34 = -8
-~ Frame
—
L S s

=> inflow
<= outflow

,ﬁl
(]

water inlet => l

water outlet <=

Heating/cooling
circulator

Figure 2.1 Experimental setup
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Figure 2.2 Sensors distribution
2.2.1 Modd pile

2.2.1.1 Piledimension and instrumentation

The model pile (shown in Figure 2.3) was a closed-aluminium tube with outer and
inner diameters of 20 and 18 mm, respectively.f@ixoridge strain gauges (G1 to G6) were
attached to the outer surface of the pile at 100, 300, 400, 500 and 600 mm from the pile
toe, respectively. It should be noted that the gai3§ was broke down at the very beginning
of the experiments and was excluded. Three temperatansducers (T1, T2, and T3) were
stuck to the pile at 100, 300, and 500 mm frompilteetoe (Figure 2.4).
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Figure 2.3 The model pile
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Figure 2.4 Detail on strain gauges (G) and tempegdatansducers (T)

2.2.1.2 Full-bridgetype strain gauges

The detail of the full-bridge strain gauge (G) wn in Figure 2.&. At each level, four
strain gauges are arranged following the full-beidgpnfiguration: two gauges measure the
axial strain and two others measure the transvetsaih of the pile surface. The idea is to
measure resistance chang#R)(caused by an axial force along the pile and foaingng it to

strain. The resistanc®) and axial strain£,) are linked via equation (2.1):
AR
R Be, (2.1)

where S is the gauge factor, which is equal to 2.13 ferdkilised strain gauges.

To increase the accuracy of the measurements, abhgeg were arranged following the

Wheatstone bridge configuration (see FigurebR.9he bridge is powered by an electronic
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source along the diagonal AC with voltade . The output voltage is shown hky,. The
bridge is balanced (the output voltade = 0) when:

R_R (2.2)

R, R

At equilibrium, the voltage&J , is zero, but the variation of any of the resisealeads to a
change olU ,. After Rosquoet (2004), in a full-bridge configtioa, the sensibility of the
measured signal is maximal and the effects of teatpee are eliminated. A full bridge

unbalanced byR gives an output voltage &f , which could be calculated by the following

equation:
ﬁg(m _OR, AR -AR4J (2.3)
Usg 4R R R R
Substituting from equation (2.1):
U
U—::€(£1—£2+£3—£4) (2.4)

For the case of uniaxial tension (or compressiags)shown in Figure 2c5gauges 11 and
I3 are arranged along the axis of the uniaxiakstend measure the longitudinal deformation

(&) while gauges 12 and 14 are arranged in the odhag direction and measure the
transversal deformations(). & andeg, are related to each other by the Poisson’s rajio (
E=VE.

Equation (2.4) is simplified as follows:

Uy _B B
—A=(&-¢&)==@1+v)g 2.5
U, 2(| 0) 2( ), (2.5)
The axial force is then computed via equation (2a8suming that the metal pile has a

linear elastic behaviour:

P=gEA &p.

in which A is the pile section areaA (= 59.68mm?) and E is the elastic modulus of
aluminium € = 69 GPa).
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F
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I Hi_; 14
12 [
(@ (b) (c)

Figure 2.5 Detail of the full-bridge strain gauge) installation on the pile surface; (b) behaviour
under uniaxial compression of the pile; (c) fulidge configuration.

2.2.1.3 Pile surface roughness

In order to have the maximum roughness at pileaserfa layer of sand was coated on its
outside surface. To produce a homogeneous suttaeqile was first covered with Araldite
glue (Figure 2.6). It was then fixed by its toe on a sand layeeadty poured in a plastic tube.
The tube was filled gradually with sand afterwa(Bgure 2.®). At last, the pile was fully
surrounded by sand (Figure @6After 24 hours, when the glue was perfectly dirithe pile
was driven out gently. It has to be noted thatghed utilised was the Fontainebleau sand,

which was later used as one of the soils withinciwhihe pile is embedded.

(a) (b)

Figure 2.6 Pile surface coating by sand: (a) serfe@vering with glue; (b) pile installation and
pouring sand; (c) leaving the pile in the sandddily coated
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According to Fioravante (2002) the interface rouggscould be normalised and upper and
lower limits could be defined accordingly in order distinguish whether the surface is

smooth or rough. The normalised roughness is dgfase
R,= R / Dso (2.7)
where R is the maximum surface roughness in a length pfvhich varies between 0.8 and

2.5 mm (Figure 24).
In the case of the mentioned model pile, assuniiag the soil grains at the interface
(which is made up of the same soil when the pilendbedded in Fontainebleau sand) were

replaced by the median sized grairsqp it could be deduced th& is equal to or greater
than Dxo (Figure 2.1) . The R, value would be at least 1. According to Fioravg@@02) For
the R, values less than 0.02, the interface is consideyeoe smooth while for the values

great than 0.1 it is assumed to be rough. Morefsickeon and dilatancy are expected to occur

at rougher interfaces.

(a) (b)

rezpso | (COOXXO8

Figure 2.7 (a) Definition oRR, and R (Fioravante, 2002)(b) EstimatedR on the model pile

surface

In the case where the model pile was surroundeldamyjin clay, as the grains were much

finer (the grain size distribution of the soils Mae shown later)R, would be higher than in

the previous case, which means that in the twoscasd/pile interface was relatively rough.

2.2.1.4 Calibration of strain gauges

Before testing, strain gauges on the pile wereoratied under a relatively small load. Pile
toe was fixed and it was loaded by its head. Adl titansducers have to show the same value
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as the load cell, which was located at the piledhéial force recorded by the load cell and
the ones evaluated via the measurements of the gaages and using Equation 2.5 and 2.6
are depicted as a function of time in Figure 218 Ppile was subjected to a static load of 110
N at its head and it was heated from about 20°@5t€. The pile head load was selected
small enough in order not to subject the pile tokbng. It should be noted that the minimum
load which could be applied to the pile is equah®weight of the loading system which was
100 N. It was not loaded incrementally to highexdwalues for the same reason. As could be
detected in the figure, temperature did not afteet gauges measurements which confirms
that the utilised strain gauges are temperaturepeosated. There exists a maximum
difference of 20 N between the head load and theefealues measured by gauges.

To interpret the tests results, Equation 2.5 iglifred as follows:

(e (G Do = 5 6 - €)= 5 0+ 29

in which (%)test is the value measured during the test (9:3&\6;)““8J is the value recorded
E E

prior to the pile’s installation in each experiment

—<—— Pile head load (measured by load cell)
—&—— Axial force measured at G1
—72A—— Axial force measured at G2
——— Axial force measured at G3
—/— Axial force measured at G4
—>—— Axial force measured at G5
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Figure 2.8 Strain gauges calibration
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2.2.2 Temperature control

To control the pile temperature, a heating/cookngulating bath of type Cryostat MX
was used. The device allows the temperature coffitboh -20°C to 150°C. The internal
reservoir was filled with water and connected te trshaped tube that was inserted inside
the pile (Figure 2.1). The U-shaped tube which waak heat carrier fluid pipe in the model
energy pile is of aluminium and has an internahditer of 2 mm. The pile was filled with
water to ensure the temperature homogenisatiomgluhe tests. The soil container was
covered by expanded polystyrene sheets to limit &eeshange between the soil and ambient
air.

To monitor the temperature variations, other tham three temperature transducers that
were attached to the surface of the pile (T1, T@ &3), twelve temperature transducers of
type PT1000 with an accuracy a0.3°C were placed in the soil. The transducers are
composed of a steel stem with length of 50 mm aacheéter of 5 mm and a silicon cable
(Figure 2.9). One temperature transducer was plexsédie the pile (S1), at 300 mm from the
pile toe (Figure 2.2). The other temperature tranets (S2 to S12) were distributed at
different levels in the soil. S2 was attached ® Itlottom of the soil container, at the centre.
S3 was placed at 100 mm above S2 and 250 mm umelg@ile toe (Figure 2.10). At levels of
350 mm, 550 mm and 750 mm from bottom of the soihtainer, three temperature
transducers were installed with distances of 50 10, mm, and 250 mm from the axis of
the pile. Figure 2.11 depicts the installationrahsducers S10, S11 and S12.

Figure 2.9 Detail on the utilised temperature tdater

50



CHAPTER 2 DEVELOPMENT OF PHYSICAL MODEL FOR ENERGY PILE

Figure 2.10 Installation of temperature transdi8®pon the compacted soil layer

Figure 2.11 Installation of temperature transdu&dr@, S11 and S12 on the compacted soil layer

51



CHAPTER 2 DEVELOPMENT OF PHYSICAL MODEL FOR ENERGY PILE

2.2.3 Total pressure measurement

In order to measure the total stress in the saiinduthe tests, ten pressure transducers
(denoted by ‘P’ in Figure 2.2) were installed dfatent positions. The ultra-thin transducers
used were of Kyowa (PS series) type. They haveamelier of 6 mm and a thickness of 0.6
mm (Figure 2.12) and are capable to measure thmalostress applied on their sensing
surface in the range of 0 — 100 kPa with an acquadcl kPa. Because of their fragile
structure, the utilised pressure transducers werk $0 a solid plate which permits to protect
them and at the same time makes it easier to lirtkiin in considered directions (Figure
2.13). Measurements which are expressed in voltegéd be converted into pressure via
Equation 2.8:

U,(mVv) 9 capacity(kPa)
U, (V) ROV(MV/V)

TP(kPa) = (2.8)

whereROV is the ‘rated output voltage’ and changes betwkBrand 0.8 mV/V. The sensors
capacity is 100 kPa.

One pressure sensor was attached to the bottohre afantainer (P1) as shown in Figure
2.2. The sensor P2 was used to measure the vestieas 50 mm under the pile toe. Sensor
P3 measured the horizontal stress at the same W éhe level of 350 mm above the soll
container bottom, the sensors P4, P5, P6 werdledstround the pile at a distance of 50 mm
from the pile axis. The sensor P4 measured thdcaerstress. The sensors P5 and P6
measured the horizontal stresses along two directitowards the pile axis (P5), and
perpendicular to this direction (P6). At the leeél550 mm above the soil container bottom,
three sensors were installed around the pile &tarste of 50 mm from the pile axis and one
sensor was fixed at the container wall (P10). P§ wsed to measure the vertical stress at this
depth. The sensing face of the sensors P8 and B4@ixed towards the pile axis. The sensor
P9 measured also the horizontal stress but initketan that is perpendicular to that of P8.
The locations of the sensors were chosen to cafitarstress change around the pile and also

to verify the boundary effects in the model.
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6.0 mm

|

0.6 mm

f

Figure 2.12 Detail on the pressure transducer shagalimension

(@) (b)

Figure 2.13 (a) Detail on the structural protectafnthe pressure transducers (b) Installation of
pressure transducers P7, P8 and P9 at the pildtyicin the compacted soil layer

2.3 Experimental procedurefor experimentson dry sand

2.3.1 Physical propertiesof Fontainebleau sand

The physical properties of Fontainebleau sand aréoliows: particle densitys = 2.67
Mg/m®, maximal void ratioeme = 0.94; minimal void ratie., = 0.54 (De Gennaret al.,
2008); and median grain sif®, = 0.23 mm. Thermal conductivity and volumetric cpe
heat capacity, measured by ‘KD2 Pro thermal Pragsednalyzer’ device, were equal to 0.2
W/(mK) and 1.2 J/(rhK), respectively. The grain size distribution bétsand used is shown
in Figure 2.14.
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Figure 2.14 Grain size distribution of Fontaineblsand

2.3.2 Installation

Soil compaction was started by layers of 100 mn@, 1@ and 50 mm in the soil container.
A wooden tamper was used to compact dry sand ay ardt weight of 15.1 kN/ffy which
corresponds to a relative density of 46%. It shdaddhoted that the same value was used in
De Gennaraet al. (1999). Considering its relative density, theda&ould be classified as
relatively loose (Said, 2006). The density was al#d by the mass of sand to be compacted
and the thickness of each layer. The pile was fhd at its position in the centre of the
container with the help of a temporary support.sTimethod of pile installation represents
more closely that of non-displacement piles, whishmainly used in the technology of
geothermal foundations. The U-shaped tube wasitismnted into the pile, which was filled
with water. After that, compaction was continueduard the fixed pile in layers of 100 mm.
The temperature and pressure transducers weredpicthe pre-defined positions on the
compacted soil layer as compaction proceeded. @lixayers were compacted this way. The
temporary support was therefore removed and piles Wherated. Afterwards, the
displacement transducers and the force sensorfixeckat the pile head.

2.3.3 Test programme

2.3.3.1 Purely mechanical loading

The loading programme was adopted according té-thech standard (AFNOR, 1999) on
static axial pile loading. Based on the ultimatadoof the pile,Qmax, the loading path is
composed of three phases as illustrated in Figut®: 1) the preparation phase which

corresponds to a loading up to ®&wx for 15 min and unloading. The displacements
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observed at this stage are related to perturbabenarred during soil compaction and pile
installation and will be ignored; (2) the incremaribading up to 0.5Qmax by increments of
0.1xQmux Which are maintained for 1 hour and unloading; I(8ding up to failure with
increments of 04Qmax and unloading. It should be noted that in thissehthe increments are
kept for 30 min up to the axial load of 8@, and 60 min afterwards until failure. The
conventional failure corresponds to a pile headleseéent of 10% of the pile diameter
(AFNOR, 1999), which is 2 mm in this case.

a/q,,,
| Second loading phase

60
1] min
60
0,91 min,

08l First loading phase 60 5 min

60
0,71 min

60
0,61 ot min 5 min

30
mi

0‘5_ 60 min

30

0,4 60 min mi S min
30

03 60 n mi

, 30 :
0.2 60 min 5 min | mi 5 min

30
ni

011 60 min inf. T
1 min

A ming 15 minf | = 1 min = 15 min

Time

Preparation phase

Figure 2.15 Loading procedure for purely mechanieats (Test E1) on the pile in Fontainebleau
sand

The ultimate load of the model pile was estimate80® N following the tests performed
by Kalantidouet al. (2012) in similar conditions and also some prelemy tests on the
existing system. During the preparation phaseptleewas loaded up to 100 N. This value is
higher than 0.4Qmax, recommended by the procedure but it correspantisettotal weight of
the loading system (empty water tank, metallic supp which is the minimum load that
could be applied on the model pile. For the sequmase, the load was increased from O to
100, 150, 200, 250, 300, 350, 400, 450, 500 N.
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2.3.3.2 Thermo-mechanical loading under two thermal cycles

In the thermo-mechanical tests, it was intendeglitmect the pile to thermal cycles under a
constant axial load. The tests began by a mecHaloi@ding phase in accordance with the
loading procedure explained above. Once the dedoad value was achieved and the
corresponding time was over, it was kept unchangeill the end of the test. The mechanical
loading phase depends on the pile head load vdkfed in each test. In tests under 100,
150, 200 and 250 N, as the load values are leassaQ.x, mechanical loading was limited
to the preparation phase and first loading phaggi(€& 2.1®). On the contrary, in the tests
under loads greater than 250 N, the pile was stibdnid preparation, first and second loading
phases (Figure 2.th One test was also conducted under O N; the nmézdldoading phase
consisted of loading and unloading the pile ingheparation phase (Figure 2a)6

(a)

Pile head load

ﬂ Thermal cycles start to be applied

j Zero load

time

(b)

ﬂ Thermal cycles start to be applied

Load equal or less than 250K

_V :

time'

Pile head load

ﬂ Thermal cycles start to be applied

Load greater than 2500

(c)

Pile head load

-

time'

Figure 2.16 Loading procedure in thermo-mechartests on the pile embedded in sand under a
pile head load of (a) O N (b) less than (or eqopR50 N (c) More than 250 N
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Under the target mechanical load, the heating/ngotirculating bath was turned on
together with a peristaltic pump, which helpedricréase the flow rate in the pipes. That way
water at a certain temperature circulated at aakfel L/s. Two thermal cycles were applied
to the pile between 5°C and 35°C. Thermal loadirgs \also conducted incrementally, by
steps of 5°C. It was observed that after 1 h teatpez changes in the pile stabilises, thus
each step was maintained for 2 h. The durationim@sased during nights or weekends. Six
thermo-mechanical tests were conducted in thisestniTesting programme is shown in
Figure 2.17. In total, seven experiments have Ipegformed (E1 to E7).

It should be noted that at the end of each teststil, the pile and all the transducers were
removed. Soil was re-embedded according to theepsodescribed above before conducting

the next test.

————— Cooling phase
— Heating phase

E2 E3 E4 E5 E6 E7

35 1 L 1 1 1 L
%) I I I I I I
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I I I I I I I I |
0 100 150 200 250 300 350 400 450

Applied axial head load (N)

Figure 2.17 Test programme (pile in Fontaineblemd}

2.3.3.3 Thermo-mechanical loading under several thermal cycles

In order to evaluate the effect of the heatingfcmptycles number on the performance of
the model energy pile, one experiment was conduatelér 30 thermal cycles. Considering
each thermal cycle as the approximation of one pédhne energy pile operation, 30 cycles

could simulate the behaviour of the model pile wmitBO years of its service. The pile was
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subjected first to the mechanical load of 150 khlsir to test E4), which is 30% of the model
pile ultimate load and thus could be considerethasmodel pile service load. Two thermal
cycles were applied according to the loading pnogna performed in test E4. Thermal cycles
were continued between 5°C and 35°C but this tihee gile was subjected only to the
extreme temperature values and thermal loadingneagpplied incrementally. Each step of
thermal loading was maintained for 24 hours. Tis ¢enducted within this context will be

referred to as test E8.
2.4 Experimental procedurefor experimentson saturated clay

2.4.1 Physical propertiesof Kaolin clay

Kaolin clay commercially known as Speswhite Chinlaycwas selected for the
experiments. Kaolin clay is a non-expansive perneeelay (Cekerevac, 2003; Savage, 2007),
which makes it a suitable choice especially whatstare performed under a saturated state.
Also, according to Cekerevac (2003), thermal e#feon this type of clay could be
distinguished from creep induced effects. The mledi material is in the form of a refined
powder with high whiteness and brightness. Parside distribution of Kaolin clay, obtained
by laser diffraction method, is shown in Figure&.1

Kaolin clay has a liquid limitv. = 57%, a plastic limitve = 33%; and a particle densjy
= 2.60 Mg/ni (Frikha, 2010). Regarding its plasticity index2sf, the soil could be classified
as MH or OH according to the Unified Soil Classafion Scheme. Soil activity, which is
calculated as the ratio of plasticity index to ge¥centage of grains less thaprf, is then
equal to 0.3 that is relatively low. According t@ya & McCartney (2014), a soil with a low
activity ratio does not contain a large amount lafyaminerals that might be affected by
temperature. Thermal conductivity and volumetriedfic heat capacity, measured by ‘KD2
Pro thermal Properties analyzer device, were edoall.5 W/(mK) and 3.3 J/(fK)
respectively.
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Figure 2.18 Grain size distribution of Kaolin clay

2.4.2 Installation

The soil was mixed with tap water at a water contér83% in a large mixer in order to
facilitate the compaction process. The preparecenahtwas then maintained in hermetic
boxes to ensure humidity homogenisation.

Soil compaction started with three layers of 10@) and 50 mm. A vibratory hammer was
used to compact the soil at the dry density ofMg8m?® (the same value as the Fontainebleau
sand). The sensors were placed in the soil acaptdirFigure 2.2. The same locations were
considered as in the experiments on sand. Thewake installed afterwards by means of a
metallic fixation such that its toe touched the k@il layer. Soil compaction was continued
with 100 mm thick layers around the pile (Figurdd@®.and Figure 2.20). Once the
compaction was finished (Figure 2i)0saturation was started by injecting tap watemfthe
bottom. The water container (see Figure 2.1) winek intended to be utilised for mechanical
loading, was used to apply a sufficient hydraulradient at this stage via several tubes
connected to the bottom of the soil container. @migg a hydraulic conductivity of
10°m/s for Kaolin Speswhite clay (Youssef, 1994; Al-Tab#iaal., 1987) and under the
hydraulic gradient of 2 m, the saturation time vemsimated to be 32 days. During the
saturation period, soil surface was covered to garewater loss by evaporation. Since no
measurement was conducted on the pore water peessuensure the achievement of a
saturated state, soil was kept under the menti@oaditions for a long time of about 10
months which is widely longer than the calculatedle. During the last 5 months, the soill

was watered also from its top surface to enhantteagen and also to avoid any superficial
suction.
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(a) (b)

Figure 2.20 (a) Last stages of clayey soil compacib) Final soil surface
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2.4.3 Test programme

2.4.3.1 Purely mechanical loading

The pile was first subjected to purely mechanicalding. Axial loading was applied by
increments of 50 N, as for the experiments on s&adh increment was kept for 1 hour.
Loading was continued until failure, which is 10% the pile diameter (2 mm). The
mechanical loading programme is depicted in FiguBda. Two tests, referred to as F1 and
F2 were conducted by applying the mentioned prasedw check the repeatability and to
evaluate the ultimate load. As compaction and a#itr procedures are difficult and time
consuming, several tests were performed on the sgstem but within a 7 days interval. It is
assumed that the excess pore water pressures gehdéna loading during a test would
dissipate during this rest time and that the sulseigtest would be conducted under almost
the same conditions as the previous one. The seawltild be then comparable. Accordingly,
once one test was finished, the pile was unloadedtlze next test was performed one week

later on the same system.

2.4.3.2 Thermo-mechanical loading under two thermal cycles

The thermo-mechanical loading programme was adopimmbrding to the work of
Akrouch et al. (2014). Similar to the experiments on sand, dutimermo-mechanical tests,
first the pile was subjected to a mechanical Idhdn thermal cycles were applied under a
constant load value. Five tests, denoted by F3FB4F6 and F7, were performed under 100
N, 150 N, 200 N, 250 N and 300 N, respectivelyallnthe tests, the pile was mechanically
loaded for 2 h, then the heating/cooling circulat@s turned on to set the temperature at
35°C. After 2 h, the temperature was decreased O¥C 2which is equal to ambient
temperature. This step was also kept for 2 h. @gatontinued by changing the temperature
at the circulator to 5°C and keeping it at this penature for 2 h. In the last step of thermal
loading, temperature at the circulator was incréate 20°C. Water at this temperature
circulated for 2 h. Once one thermal cycle wassfied, the pile was unloaded. The circulator
continued to work at 20°C within 14 hours to avtgmnperature changes in the pile. The
subsequent test was started under another mechkr@davalue. Thermo-mechanical loading

programme is shown in Figure 2121
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Figure 2.21 Loading programme (pile in Kaolin ctagg) purely mechanical loading; (b) thermo-

mechanical loading

2.5 Discussion

When working on physical model, special cautionuthdve taken in order to minimise the
boundary effects. Generally, the dimensions ofdbié container should be large enough in
order not to affect the principal mechanism obsgiivethe pile. For the same reason enough
space should be considered between the pile tothartabttom of the container.

The dimensions of the soil container were 548 mndiameter and 880 mm in height.
Considering the dimensions of the pile, the raticdiameter of soil specimen to the pile
diameter is equal to 27.4. Thus the boundary effenegligible according to Parkin & Lunne
(1982) who suggest the minimum ratio of 20 for m@ands and 50 for dense sands. The
distance between the pile toe and the base ofah&ioer was 250 mm, which is 12.5 times
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greater than the pile diameter. In the work of LeuKy et al. (2004), this distance was equal
to 10 times the pile diameter.

Scale effects are more pronounced regarding the batween the pile diameter (20 mm)
and the median diameter of sand particg & 0.23 mm); this ratio is equal to 87 in the
developed model. Forag al. (1998) propose the lower limit of 200, while Garmand Koénig
(1998) reduce the ratio to 100 and Fioravante (R@@gests 50. The mentioned ratio is
much greater than the proposed limits in the caserevthe pile is embedded in Kaolin clay

(as soil grain size is much smaller).

2.6 Concluson

In this chapter, the development of a laboratogtesmodel on energy pile is shown. The
model is composed of a model energy pile, a saitaioer, a loading frame and a temperature
control system. The model pile is equipped witheathcarrier fluid pipe connected to the
temperature control system. Pile could be loadedtdbyead mechanically. By circulating
water at controlled temperature inside the pipgegemperature could be changed at any time.
That way a coupling thermo-mechanical loading cdwdachieved. The loading effects are
tracked by strain gauges and temperature transslucéne pile and temperature and pressure
transducers at various locations in the soil. kheorto evaluate the effect of surrounding soll
properties and hydraulic conditions on pile beharidhe pile was embedded first in dry
Fontainebleau sand and next in saturated Kaolyaa was submitted to purely mechanical

and thermo-mechanical loading. Experimental resultde presented in Chapter 3.
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CHAPTER 3
EXPERIMENTAL RESULTSON PHYSICAL MODEL

3.1 Introduction

Experimental results obtained on the physical modglof a single energy pile are
presented and discussed within this chapter. Acogrdo the experimental procedure
described in Chapter 2, the model pile was firsbedded in dry Fontainebleau sand and
subjected to purely mechanical and combined mechhand thermal loading. The response
of the pile was investigated through measured Ipdlad displacement, pile temperature and
pile axial strain. The effects induced in the shiring mechanical and thermo-mechanical
loading were explored via the measurement of teatpex and total pressure. During test E1,
the pile was subjected to incremental axial loadingl failure. In tests E2, E3, E4, E5, E6
and E7, the pile underwent two cooling/heating eyclinder a constant mechanical load,
while in test E8, the number of thermal cycles waseased to 30 in order to examine the
impact of thermal loading in the long term. The mlogile was then installed in Kaolin clay
which was saturated afterwards. Two tests (denoyeldl and F2) during which the pile was
loaded mechanically until failure were conducted described in Chapter 2, failure is
defined as 10% of the pile’s diameter which is é¢gqm& mm in this study. In tests F3, F4, F5,
F6 and F7, the pile was subjected to a constaat Eyad and one heating/cooling cycle.

3.2 Experimental results on the model pilein dry sand

As described in Chapter 2, the pile was loaded @m@chlly in test E1 and thermo-
mechanically in test E2 through test E7. Experimenesults consist of pile head
displacement, pile axial load, soil total pressanel pile and soil temperature. It should be
noted that some of the contents of this sectiore een published in Yavaetal., 2014.

3.2.1 Behaviour under axial mechanical loading (test E1)

The results of test E1 are shown in Figure 3.ligoile 3.7. The axial forces, measured at

the pile’s head and at various locations alongpilee(measured by strain gauges), are shown
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versus elapsed time in Figure 8.1t should be noted that the strain gauge G4 aibedf and
data from this gauge was not available. The piladh@isplacement measured is shown in
Figure 3.b. The test was stopped when the pile head dispkxcemached 2 mm, which
correspond to a pile head load of 450 N. It cambeed that the displacement transducer

reacted immediately to load changes (there arestayed effects).

Pile axial head load
500 — — — A— — Axial force at 100 mm depth (G5)

——+—— Axial force at 300 mm depth (G3)
———— Axial force at 400 mm depth (G2)
400 | ——&—— Axial force at 500 mm depth (G1) m—
[
i —_—
€ 300 - o
[¢D]
8 e
5 i
E ~
% 200 —
<
| .
100 = (a)
0 T ' \ \
0 200 400 600

Elapsed time (min)
\ !

05
0.0
05 (b)
10

1.5

2.0

Pile head settlement (mm)

2.5

Figure 3.1 Results of test E1 : (a) pile head alkiatl and the axial forces measured at different
levels along the pile (b) pile head displacement
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Figure 3.2 shows the pile head displacement vamesfor each loading increment in test
E1. According to recommendation of AFNOR (1999})lmis plot, time effect is evaluated in a
period of 60 minutes. Thus for the loads less h&RrQmax, the response of the pile in the first
loading phase (detail in section 2.3.3.1) is cosrg@d. For heavier loads, the second loading
phase is taken into account. The pile settled imately as the load increased; the settlement
continued during the following 60 minutes by a low&te and reached a final value. A linear
relationship between displacement and time in dgaic scale seems to exist. Parameter
could be defined as follows (AFNOR, 1999):

a, =(Ss ~ S30) /109 2 (3.1)
where S,, and S;, are displacement valuestat 30 min and = 60 min under a constant load.
The variation ofa, with axial load is plotted in Figure 3.3. A regulmend could not be
observed, however the value @f is small and does not exceed 0.05 mm. The maximum

is achieved under 400 N, which is almost 90% ofuitienate load.
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Figure 3.2 Pile settlement time dependency inEést
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Figure 3.3 Variation ofr,, by load in test E1

Figure 3.4 presents the curves of pile head disph@nt versus load obtained from test E1
and the mechanical part of the other tests. Irs t€3tto E6, pile was loaded to 100 N, 150 N,
200 N and 250 N, respectively. Considering themadte load of 450 N, 50 % of the
maximum load was 225 N, which is close to 250 Nusfhn test E6, the unloading/reloading
phase was neglected. On the contrary for test &Thea target value of 300 N is definitely
higher than 50 % of the maximum load, the pile wakaded after 200 N and the second
phase of loading, with exactly the same incremastsn the purely mechanical test was
performed. The results show that the experimentatqnlure leads to a good repeatability of

the pile head displacement/axial load curve.

67



CHAPTER 3 EXPERIMENTAL RESULTS ON PHYSICAL MODEL

Pile head axial load (N)

0 100 200 300 400 500
\ \ \ \ \ |
0.0
__ 04
&
E
% 0.8
2 o
Q
40—-;
(7]
T 12
@ —@— testEl
o 1 | —A— testE3
o e — —6)— — testE4
' ——&—— testE5
, —&@)—— testE6
— —]—- — testE7
2.0 —

Figure 3.4 Load-settlement curves obtained fronouartests in dry sand

In Figure 3.5 changes in soil pressure at diffeparsitions in the soil during test E1 could
be observed. Ten pressure transducers were uséthdbhe test, among which six have
operated. The pressure measured at the initiak pbirach curve is the value of stress just
after the compaction of the sand layers in the aioet. It can then be compared to the

conventional valueyz for vertical stress ang, y'z for horizontal stress at rest (wheres
the soil unit weighty = 15.1 kN/n; z is the depth:; ang  is the coefficient of lateral earth
pressure at rest, which could be assumed tg pe1-sing  about 0.44). For example, the

initial measured and calculated stress at P2 amestlthe same and equal to 10 kPa. The
measured value at P3, about 7 kPa, is comparabléhdocalculated value of 5 kPa
(considering that the accuracy of total pressweslucers is +1 kPa). During the mechanical
loading of test E1, only the soil pressures meakateé?2 and P3, that were situated 50 mm
below the pile toe, were significantly modified;epsure at P2 increased from 10 kPa to
45 kPa at the end of the test. The changes irpseslsure measured by other sensors were not

significant.
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Figure 3.5 Results of test E1: total pressure changrsus elapsed time at different locations

In Figure 3.6, axial force distributions along thiée obtained at the end of each loading
step in test E1 (Figure &)l are plotted. The axial force profile correspomgdin the initial
state (obtained after the soil compaction) is alsown. This profile could indicate the pre-
stress existing in the pile due to the effectaetallation. As a partially linear decrease of the
load with depth could be observed, the value ofl laa pile toe, where no gauges were
installed, could be estimated by extrapolation fritv@ two last measured forces at G1 (500
mm depth) and G2 (400 mm depth). The extrapolatetlip shown in dashed lines. Under
100 N, the same force value (of 100 N) could bespkexi throughout the pile. In other words,
no friction was yet mobilised at the soil/pile irftece. As the load increases, the effect of
mobilised friction becomes more significant; at 40@f axial head load, about 70 % of the
head load was transmitted to the pile toe. Fronureid.6, four zones A, B, C, D could be

defined to calculate the mobilised friction alohg pile.
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Figure 3.6 Results of test E1: axial force disttitau along the pile

Figure 3.7 shows the friction mobilised along tlie persus pile head settlement for zones
A, B, C and D (see Figure 3.6 for zones definitiavipbilised friction corresponds to the loss
of axial load divided by the total area of the &ulié interface at each zone. The results show
that mobilised friction increased progressivelyhatite pile head displacement during the first
loading phase. When the pile was unloaded, the Ireedifriction decreased and reached the
initial value. By the second loading phase, it @ased again. During the first loading steps
this increase was much more significant but asfailapproached, the slope of the curve
became smaller. A sudden change in the frictiome&lat higher depths (zones C and D)
could be observed as failure was approaching.
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3.2.2 Behaviour under thermal loading at constant axial load (tests E2 to
E7)

In Figure 3.8, the temperature measured at varocations in test E2 is shown. The
results obtained from the other tests were simiggure 3.& shows the measurements of
temperature along the pile. As mentioned abovepTl3 are the temperature sensors stuck to
the pile and S1 is the one placed inside the Pil thermal cycles were applied as follows:
a cooling phase down to 5°C was first conductednbgements of 5°C. Heating then started
by the same increments up to 35°C. The minimum &satpre recorded by S1 was 8°C and
the maximum was 30°C. The T1 to T3 measurementshwdre similar, varied from 12°C to
28°C. The temperature changes seemed to stabylifeelend of two hours during which the
temperature remains unchanged. The data recorddtther sensors distributed in the soill
are presented in Figure 8.8 Figure 3.8. S2 was fixed to the bottom of the container while
S3 was situated 100 mm below the pile toe. At tHesels temperature seemed not to be
influenced by the pile temperature changes. SernSdrsS7 and S10, which were placed
nearby the pile but at depths of 500 mm, 300 mm Hd@ mm, show a total temperature
change of about 5°C between the end of cooling taedend of the heating phases. The
changes of temperature measured by the othersrsemsece less significant. In addition, it
can be noted that the temperature changes measiutiecte depths and at the same distance
from the pile were quite similar; S4, S7, S10 releorthe same temperatures during the test.
This is also the case for the sets S5-S8-S11 ari8bSH12.
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Figure 3.8 Temperature changes in test E2: (aheaiptle surface and inside the pile; (b) at the
bottom of the container and 50 mm below the pit¢;at 500 mm depth; (d) at 300 mm depth; (e) at
100 mm depth
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Pile head displacement variations versus elapseg during the thermal cycles are shown
in Figure 3.94, ¢, e, g, i, k) for tests E2, E3, E4, E5, E6, E7, respectivalyorder to achieve
‘thermal settlements’ in the test, once the pilsptiicement stabilised under mechanical
loading and prior to thermal loading, displacemesmsducers were zeroed. In Figure(l3.4,

f, h, j, 1), the results of these tests are shown in termgilefhead settlement versus pile
temperature (measured by the temperature gauges atuthe pile surface). In these figures,
the pile thermal expansion curve, which expressedeformation of a pile restrained at toe,
but free in other directions under a temperaturangb, is also plotted for comparison

purposes. The slope of this curve is then equad thinear expansion coefficieny =

23x10°/°C for aluminium). For test E2 where the pile wad loaded axially, the results
show pile head heave during heating and settlembii¢ cooling. The relationship between
pile head settlement and pile temperature is réderand follows the pile thermal expansion
curve (Figure 3.8). In Figure 3.8 pile head displacement under a small value of (480 N,
almost 20 % of the ultimate resistance of the pgdeghown (test E3). During the first cooling
phase, the pile settled. It heaved as it was stdgeto heating but did not recover the
settlement due to the cooling phase. Exactly tineesend could be observed in the second
cycle. The cumulated settlement also could be okgan the temperature-settlement curve in
Figure 3.9. Larger displacements were encountered in the dysle (especially during the
first cooling). The magnitude of the settlementdme smaller in the following cycle, but the
trend remained similar. The slope of the first aogplphase was steeper than that of the
second cooling phase. The latter was similar tcstbpe of the pile thermal expansion curve.
The slopes of the two heating phases were simildrsanaller than that of the cooling phases.
The same observations could be made from the sesiulhe other tests (E4, E5, E6, and E7).

In Figure 3.10, the interval of the pile head dasgiment obtained during the thermal phase
(shown in Figure 3.8) is plotted together with tlead-settlement curve of test E1 as a
reference curve. Initial points are shown by cscknd pile head displacement variation
during thermal loading is shown by arrows. It igeabthat the initial points can be different
from the load-settlement curve due to the variatddrthe load-settlement curve between
various tests (see Figure 3.4). For the three t@stew axial load (E2, E3, and E4), the
interval of pile head settlement during thermallegaemained smaller than 0.3 mm. For the

tests at heavier axial load (E5, E6, and E7),nbervals were much larger (close to 0.6 mm).

74



EXPERIMENTAL RESULTS ON PHYSICAL MODEL

CHAPTER 3

Thermal cycles
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Figure 3.9 Pile thermal settlement versus elapsed during tests: E2(a), E3(c), E4(e), E5 (g),
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Figure 3.10 Interval of pile head settlement dutimgrmal phase

In Figure 3.14, soil pressure and pile temperature are plottedugeelapsed time for the
thermal phase of test E2. For P2 and P3, the peeslaecreased during the first cooling (this
decrease was about 5 kPa at P2 and 1.5 kPa alnPBg other positions (P4 to P9) which
measure the soil pressure around the pile, pregstneased by cooling, decreased by heating
and was slightly reduced during the period for white temperature was maintained constant.
In Figure 3.1b, soil pressure and pile temperature are plottadugeelapsed time in the
thermal phase of test E6. For P2 (situated belawpile toe), the results show that heating
increased the soil pressure and the effect of dwding phase was not significant. For the
other sensors, the effect of the heating/coolingsph was not clear but soil pressure at all
levels increased slightly while cooling and deceelsvith subsequent heating. The same
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observations can be noted from other tests wittadal load at the pile head during the

thermal cycles.
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Figure 3.11 Total pressure and temperature velspsed time during thermal phase: (a) test E2;
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The axial forces and pile temperature measuredgatbe pile for test E2 during the
thermal phase are shown in Figure .12 can be noted that cooling increased the darake
at all levels and the latter decreased during hgatn addition, significant changes in axial
force were observed during some phases where tiygetature was kept constant for a long
time (35 h — 45 h; 55 h — 75 h; 85 h — 95 h). Téwults of test E6 are plotted in Figure ®.12
By cooling the pile at =5 h, the axial forces at all levels increasedtwient = 10 h and
t =40 h the temperature was not changed but the &tices decreased. After this period,
when the pile was cooled again, the axial forcesemsed again. During the subsequent
heating, untit = 60 h, the axial forces decreased progressiVélg.results of other tests were
similar and two conclusions could be drawn: (i) leupincreases the axial force and heating
decreases the axial force; (ii) in some cases, evtier pile temperature was kept constant for
a long time, significant changes in axial forces ba observed (a strong time dependency can

be seen).

In Figure 3.13, the axial force profiles along thide are plotted for all the thermo-
mechanical tests. The profile mentioned as ‘medadnin the figures was obtained just
before that the thermal cycles started. There viare other profiles measured at the end of
the cooling and heating processes. According targi@.134, b, ¢), under lighter axial loads
(O N to 150 N, tests E2, E3, and E4), by the entheffirst cooling, the axial forces along the
pile were higher than those at the end of the machbphase. Subsequent heating decreased
the axial forces. The latter were smaller than ¢hoseasured initially on the mechanical
profile. The same trend was visible during the sdcihermal cycle. In addition, for the tests
E2 and E4, it seems that the pile lost all the tamltal axial force it has gained while cooling
during subsequent heating. For the tests at heaxial loads (200 N in test E5, 250 N in test
E6, 300 N in test E7), the first cooling phase tie@xial force increase along the pile, which
was followed by a decrease during subsequent ledtiavertheless, axial forces remained
higher than those of the initial mechanical profile other words, axial forces have been

accumulating progressively during the thermal cycle
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On the basis of obtained pile axial forces, thevesirof mobilised friction versus pile head
displacement during thermal phases were plottece fésults of tests E2 and E6 are
represented in Figure 3.14. As can be seen in &i§ut4 to Figure 3.1d (test E2), the
curves obtained in successive cooling and heativaggs form a loop, which is compatible
with the axial load profiles shown in Figure 3al3he same reversibility was observed in
Figure 3., where the thermal displacements were plottedugersle temperature. The
thermo-elastic behaviour of the pile under nil &t@ad could also be seen in mobilised
friction curves. Conversely, no visible regulanigs noted in the results of test E6, where the
axial head load was 250 N (Figure 34%. Only at zone B (Figure 3.14a clear tendency
could be observed: mobilised friction decreased cbypling and increased by heating.
Obviously mobilised friction was sensitive to théegemperature and changed with thermal

cycles.
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3.2.3 Behaviour under 30 thermal cycles (test E8)

In test E8, similar to test E4, the pile was loat®d 50 N and subjected to two thermal
cycles between 5°C and 35°C. The two first theroyales were performed by increments of
5°C. The pile was then subjected to 28 additionaling/heating cycles. During these cycles,
pile was subjected only to the extreme values @3i€ 35°C), with no intermediate steps. Pile
temperature measured at three positions (transsliderT2 and T3) is shown in Figure 3.15.
As could be seen, pile temperature varied betwe@ land 33°C. Temperature values

measured by the three transducers are almost sigserp

35 —

kAl e e
gzo—L

T P |

o I TR L A
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| | | | |

10 30 50 70 90
Elapsed time (day)

Figure 3.15 Temperature changes in test E8 atithesyrface and inside the pile

Pile thermal settlement versus time is plottedigufe 3.1@. The pile settled with a higher
rate during the first cycles while the rate relavadterwards. Figure 3.b6shows the pile
thermal settlement as a function of its temperatlire pile settled when it was cooled and
heaved during the subsequent heating. By the entheothirteenth cycle, pile settlement
reached 3 mm. In the same figure, the pile theewrphnsion curve is also plotted. The slope
of the pile settlement curve approached that ofpilethermal expansion curve, as thermal

cycles proceeded.
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Figure 3.16 Results of test E8: (a) pile thermdtlerment versus elapsed time; (b) pile head
settlement versus pile temperature

Figure 3.17 shows total pressure changes duringtileycles. Total pressure measured at
positions P4 to P9 at the vicinity of the pile skolslight variation with time. Initial pressure

values at P2 and P3 were about twice the predidee (yz andK yz respectively). The

pressure measured below the pile toe (at P2 anthB@gased during the first two cycles; the
increasing trend continued with a less significaé. By the end of the last thermal cycle, the
pressure measured at the aforementioned positiassalmost 1.5 times the initial pressure.
At other positions, there existed some small flatns in measured values when the pile
was heated or cooled, but as a general trend [t dmiconcluded that thermal cycles did not
impose significant changes to soil total pressttheconsidered positions.

Variation of axial force measured by each gaugendusuccessive cycles is plotted in
Figure 3.18. Strain gauges responded immediatelietgperature changes, however their
measurements did not stabilise once temperatuppestito change (for example betwéen
1300 h and = 1500 h, pile temperature was constant and equaBtC while axial force
changed). Cooling increased compressive forcesewielating led to axial force decrease.
Axial force distribution in the pile is depicted Figure 3.19. Similar to Figure 3.13, the
profile obtained at ambient temperature and un&érN of axial load was referred to as the
‘mechanical’ one. By the first cooling, compressigeces in the pile increased; the lower half
of the pile was more affected. The subsequentingétd to a decrease in compressive forces.
The profiles obtained at the end of the last cgpénd heating phases are shown in the same
plot. As could be observed, higher compressiveefomere generated in the pile at this stage

comparing to the first cycle, while the effect obting was more pronounced.
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3.3 Experimental results on the model pilein saturated clay

In the last part of the experiments, the pile wasraainded by clay and loaded
mechanically and thermo-mechanically. The pressaresducers and the strain gauges seem
to have been damaged during the compaction andasiatu procedures and no data was
obtained in terms of total stress in the soil axidldorce in the pile. The experimental results

consist in pile displacement and soil and pile terafure.

3.3.1 Behaviour under mechanical axial loading (tests F1 & F2)
Figure 3.20 through Figure 3.23 show the respoh#igeqile to purely mechanical loading.

Two tests were performed by loading the pile ayialp to failure. Load was increased by
increments of 50 N, while each increment was maisthfor 1 hour. Loading procedure in
test F1 could be detected in Figure &2Pile settlement in test F1 could be followed in
Figure 3.20. Pile settlement became sensible after 400 N reaached 2 mm (which is equal
to 10% of pile diameter and corresponds to the eotignal pile displacement at failure)
under 537 N. Ultimate load could be then estimatgahl to 537 N.

Effect of time on pile response to loading incretsetould be detected in Figure 3.21.
Under lighter load values, pile settlement stabdisvithin one hour. More visible creep effect
can be detected under heavier loads. Similar tacélse of sand (Figure 3.2), there exists an
exponential relationship between pile displacemamd time under a constant load value,
while time effects are more pronounced in the adssay, such that the value af, (defined
according to Equation 3.1) increases continuousty r@aches 0.3 under 500 N (93% of the
ultimate load) in Figure 3.22. According to AFNOE909) in order to compute the creep load
(Qc), the linear parts of the beginning and the enthefcurve are extended to an intersection,
the bisector of the angle between them interseetstirve at the poic, The creep load was
equal to 430 N.
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Pile load-settlement curves obtained in tests FA BR are depicted in Figure 3.23.
Because of some technical problems, test F2 wapeatbbefore that failure occurred. The
repeatability of the mechanical tests could be icor@d by the good coherence between the

two curves. The value of the ultimate load in the tests was the same and equal to 537 N.

Pile head axial load (N)

0 100 200 300 400 500 600
\ \ \ \ \ \ |

Pile head settlement (mm)

—@—— testF1
——— test F2

20 -
Figure 3.23 Load-settlement curves obtained vis €% & F2

3.3.2 Behaviour under thermal loading (tests F3 to F7)

According to the thermo-mechanical loading proceddescribed in section 2.4.3.2, five
tests were performed under a constant load valdeoae thermal cycle. The experimental
results of this family of tests could be observedrigure 3.24 to Figure 3.26. In each test, the
pile was loaded axially. After two hours the cimting bath started to work at 35°C and the
pile was heated for two hours. In order to coolhe, bath temperature was set first to 20°C
and then to 5°C during the next four hours. Theria cycle was completed by heating the
pile back to ambient temperature, which is abottC20he pile was unloaded at this stage

while pile temperature was kept constant by keefhiegoath working at 20°C during the next
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14 hours, before the following test could startle Piemperature change recorded by
transducers T1, T2 and T3 and temperature sensdui®ig the whole procedure mentioned
above is shown in Figure 3.24Temperature values detected by S1 varied betd@8d and
32°C. Maximum and minimum values recorded by thedducers on the pile’s surface were
14°C and 26°C. Temperature changes in the soiffateht positions could be seen in Figure
3.2%4-e. There existed some fluctuations in temperaturasmements at these positions,
however temperature values measured by S2 andek3\Ithe pile toe) did not seem to be
dependent on pile’s temperature and are almost B@fatighout the test. The same statement
could be made on temperature measurements at SS8S869 and S11, which were located at
distances higher than 100 mm from the pile’s sexf&ioser to the pile, at S4, S7 and S10,
the temperature was less stable and changed gsléhsetemperature varied, such that the

highest and lowest measured temperature valuesdeztavere 18.5°C and 23°C.
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Figure 3.24 Temperature changes in test F3: (#)eapile surface and inside the pile; (b) at the
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Pile head total settlement in tests F3 throughdtddcbe seen in Figure 3.26(, €, g, i).
As could be observed, the pile settled under thehamr@cal load in the first two hours (120
min) of the test. The settlement was greater imptleeunder a heavier load (comparing Figure
3.25 to Figure 3.28, for example). The pile began to heave while heftmd 20°C to 35°C.
It settled during the subsequent cooling down ©© &hd heaved again during the last heating
(back to 20°C). A distinct step could be detected=a600 min, when the pile was unloaded,;
except in test F4 (Figure 3.@5 Pile displacement continued at a smaller ratenafrds. In
tests F3, F4 and F5, pile final settlement was atrzero; which indicates that the pile had
returned to its initial position within the 14 heuafter having been unloaded. This value was
higher in tests F6 and F7 where pile was loaded hgavier mechanical load.

Pile head settlement versus temperature duringrplete thermal cycle (betweérr 120
min andt = 600 min in Figure 3.2% c, e, g andi) is exhibited in Figure 3.25 d, f, h, andj,

respectively. The pile thermal expansion curvels® plotted. Its slope is equal to The

pile reacted immediately to temperature changehmaded with the first heating; however its
displacement was naturally less than that of a ke It settled when it was cooled. The
slope of the cooling branch of the pile thermallsetent curve was steeper than that observed
during heating. Pile underwent a more significattleament when cooled under heavier loads
(comparing Figure 3.250 Figure 3.25, for example). The pile heaved in the next heating
phase; the slopes of the two heating branches alarest equal. Under 100 N, 150 N and
200N, the pile behaviour was almost thermo-ela$tigure 3.25, Figure 3.28 and Figure
3.25); the pile displacement at the end of the thercyales was not exactly zero but it was
very small. Under 250 N and 300 N (Figure ®12&nd Figure 3.3% more significant

irreversible deformation could be detected oncentlakcycles were stopped.
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Figure 3.25 Pile total settlement versus elapsad turing tests: F3(a), F4(c), F5(e), F6(q), F7(i);
pile head thermal settlement versus pile tempegatutests F3(b), F4(d), F5(f), F6(h), F7(j)

Maximum and minimum values of pile settlement untiher thermo-mechanical loading
could be detected in Figure 3.25. The evolutionhef load-settlement curve obtained under
purely mechanical loading, within the thermal cyctauld be plotted on the basis of these
values, as in Figure 3.26. The points obtainecherhechanical loading phase in each test
correspond to the pile head displacemertt=atLl20 min in Figure 3.2bi (shown as ‘initial
point’ in Figure 3.28) and are shown by circles in Figure 3.26. The @wah of each point is
shown by dashed lines. Pile displacement after cameplete cycle, which was referred as
‘final point’ in Figure 3.25 is shown by triangles in Figure 3.26. Once agdirtould be
observed that under rather light loads, the pildemwent more heave by heating. More
settlement was expected under heavier loads. Teeahthe final’ value to the maximum
absolute value observed during the test (extremité the dashed lines) at each load
increment is computed and the result is exhibiteBigure 3.27. A linear increase in the ratio
with the pile load could be detected. It could leeluted that under 100 N (0.19x%.), 37%
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of the pile displacement within one thermal cyclaswirreversible, while under 300 N

(0.56>Qux), only 37% of the pile displacement was reversible
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3.4 Discussion

In physical modelling and when sands are studhessbil specimen is usually prepared by
pluviation. This method is applied in calibratiohambers in order to achieve the best
homogeneity (Baudouin, 2010; Chatial., 2010; Dupleet al. 2008; Le Kouby, 2003). In the
present experimental work, considering the dimarssiof the frame (see Figure 2.1), which
accommodated the totality of the system componénigs not possible to use a pluviation
method to prepare the soil sample. By the way, gamatability of the load-settlement
curves was found (Figure 3.1) confirming that collitig dry density by layer was good
enough.

As mentioned in some previous studies (Jardira., 2009; Zhuet al., 2009; Talesnick,
2012), utilising pressure transducers in sand comtd always lead to satisfactory
measurements. The tiny fragile structure of thalt@ressure transducers makes set up
difficult while pouring sand on the existing layercompact the next layer. This explains why
in the present study among the ten pressure tragsslonly six have operated throughout the
test. In both the mechanical and thermo-mechapitases, P2 and P3 were the most affected
ones. Actually, considering the position of P2 &®&l (both 50 mm below the pile toe, one
oriented vertically and the other oriented horiatlg), one could conclude that a large part of
the head load was transmitted to its toe. Thigstant could be confirmed via the axial force
profiles of test E1 (Figure 3.5), where the ax@ke at pile toe represents more than 70 % of
the axial head load.

The thermo-mechanical tests on sand showed thgtwider nil axial load a perfectly
thermo-elastic behaviour could be noted (Figur. 3:Be heavier was the load applied at the
pile head, the more irreversible settlement wa®esl. That led to the accumulation of pile
settlement, which continued as thermal cycles poded as seen in test E8. When the pile was
subjected to numerous thermal cycles, it settled aither high rate during the first cycles.
The rate decreased during the following cycles tigt not stabilise within 30 cycles.
Although the cyclic loading in the performed testas of thermal nature, it could be
comparable to mechanical cyclic loading tests riggbin many studies on model piles (Tali,
2011; Benzariat al., 2013). According to Benzarat al. (2013), cyclic loading reduces the
side friction between the pile and the sand andhpaent displacements are observed at pile
head. In the present study, significant thermailyuiced displacement at pile toe led to
progressive compaction of the sand and as the <yobatinued, side friction loss was
compensated by end bearing mobilisation. It cowddthen concluded that settlement rate
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should decrease after some cycles, as it is the itashe results of test E8. Continuous
settlement is also compatible with the trend obsein soil pressure measurements at P2 and
P3 (50 mm below the pile toe) in Figure 3.10 arguFé 3.17. The vertical pressure increased
at these points, especially during heating, whia@nficms the restrained longitudinal
expansion of the pile at its toe. Other presswesulucers, installed close to the pile, showed
an increase of pressure during heating and a dexmehile cooling. The same governing
pattern could be seen in the measurements of #oieé along the pile under thermo-
mechanical loading (the axial force increased hgling and decreased by heating in Figure
3.13). As the temperature sensors showed (Figie tBe temperature of the soil around the
pile changed with the pile temperature. The soikspures measured at this region
(measurement of all the pressure transducers el@pnd P3) were therefore dependant on
the volume changes in the pile and in the soilnAsuniform stress was applied on top of the
soil specimen, the soil was free to expand atutfase. Reduction of soil pressure could be
explained by the fact that the soil column aroumel pile was free to expand at its surface.
Considering the pile, its radial expansion whilatireg would not therefore be restrained by
the expanding surrounding soil. In that way stiegke pile was released.

To summarise, it seems that until 150 N of head i@3>Qmax) the behaviour of the pile
embedded in sand remained thermo-elastic undecowbng/heating cycles. From O N up to
150 N of pile head load, a pseudo-thermo-elastitabieur could be observed in the axial
force profiles. Considering the mechanical (in)tiatofile as the reference curve, the profiles
obtained after thermal phases oscillate arounddinge. As a consequence, the variation of
axial forces induced by cooling was compensatedhdsting. The interval of the pile head
displacement during thermal cycles at an axial lbagher than 150 N was twice as high as
that at a lower axial head load (Figure 3.9). Thialaforce profiles changes also become
larger under more significant loads. The irrevdesgettlement at the pile head after thermal
cycles can be then attributed to irreversible sframn the soil surrounding the pile toe and the
soil/pile interface. At heavier axial loads, theess state in these zones is closer to the failure
state. Thermal cycles modify the stress stateestetzones and may induce plastic strain (due
to grains rearrangements). As a consequence, isiblesettlement can be observed.

As mentioned above, the effects of temperatureesyon the mechanical behaviour of
energy pile can be considered using two aspegtigimal expansion of the pile and the soil;
(ii) thermo-hydro-mechanical coupling in the sumding soil. In the present study where dry
sand was used, the thermo-hydro-mechanical couptiamy be ignored assuming that

temperature changes have no effect on the mechanmimgerties of sand. In this case, only
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the thermal expansion of the pile and that of thié can be used to explain the observed
phenomenon.

Considering the tests performed on the model milsaturated clay, good repeatability
between two identical tests could be observed imgeof the load-settlement curves. The
ultimate load was 537 N which is 1.2 times the egponding value for the pile in sand. Creep
increased with axial load (similar to the resultBond & Jardine, 1995 and Konrad & Roy,
1987). Especially under heavier axial loads (mbent50% of the ultimate load) significant
creep settlements could be observed (Figure &5 Edil & Mochartt (1988) deduce from
their tests on a floating model pile in saturatky cthe immediate settlement is almost elastic.
The time dependent component of the total displaceroould be attributed mainly to slip at
soil/pile interface and consolidation of the surrdimg soil. In a floating pile in clay, the slip
term plays the main role (Edil & Mochartt, 1988% Ao measurements on the pile axial force
distribution (and thus the load transfer) was adé in the present study, it could not be
stated clearly whether the pile was of floatingend-bearing type.

Regarding the pile thermal displacement versustpitgerature (Figure 3.25), pile heaved
when it is heated and settled when it was cooldédb&ly, pile settled continuously with the
applied thermal cycles. The amount of irreversibd&ormation increased with load. The
original pile load-settlement curve underwent imant evolution when thermal effects were
also included (Figure 3.26). In fact, it could kated that in this case, thermo-mechanical
effects on the surrounding clayey soil were no mmagligible. As it was discussed in detail
in section 1.4, volume change in soil is dependenits temperature and applying thermal
cycles leads to accumulated plastic strains (Veddc&artney, 2014). Especially in this case,
as the soil could be considered to be normally aliofested, both heating and cooling induce
contraction (Abuel-Nagat al., 2007, Tangt al., 2008), which might help in pile continuous
settlement. Unfortunately, strain gauges and pressansducers were damaged during the
preparation phase and the saturation procedurenvidicto loosing data in terms of stress in
the pile and in the soil.

3.5 Conclusion

The mechanical behaviour of energy pile was ingastid through a physical model. At
the first stage to simplify the problem, dry sandswsed as the surrounding soil. Different
thermo-mechanical tests were performed following #ame procedure: loading the pile
incrementally until a target value, keeping thedl@@nstant at this stage and applying two

thermal cycles to the pile. One test was also cotediuunder the calculated service load and
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thirty cooling/heating cycles. Different transduséscated in the soil and on the pile surface

monitored the induced thermal effects. The follaywronclusions can be drawn:

Under the conditions of the present work, more th@b of the axial head load was
transferred to the pile toe.

Soil pressures measured just below the pile toe wignificantly influenced by the
mechanical and thermal loadings. The changes alf poessure at other positions were
negligible.

Mobilised friction at the soil/pile interface graally increased with the initial
mechanical loading and was significantly modifiedridg the subsequent thermal
cycles.

During two thermal cycles under constant axial hiead, for a head load lighter than
30 % of the pile resistance, thermo-elastic behavid the pile could be observed. For
heavier head load, significant cumulative settlenoenild be observed and axial force
at pile toe gradually increased.

Pile continued to settle as thermal cycles procge@md more permanent
displacements were observed. More compressivedavege generated in the pile by
the subsequent cooling and heating cycles. Howearfor the two first thermal
cycles, cooling the pile led to higher compressoes (comparing to heating). Soil
pressure at pile toe increased with thermal cyol@sber, while at other positions
total pressure did not change with pile temperature

Under purely mechanical loading, pile response wmid show a significant time
dependency, while significant are observed onékpanse of the pile under combined
thermal and mechanical loading.

Next, the tests were conducted on the model pilbegiled in saturated clay. Total

pressure transducers and strain gauges were dardaged the saturation procedure and no

measurements were available in terms of pile anldssesses. Pile head displacement and

pile and soil temperature were monitored duringtdsts. In the two first tests, the pile was

subjected to incremental axial loading. Five experits were then conducted during which

the pile was subjected to a constant axial loadarelheating/cooling cycle. The analysis of

the experimental results shows that:

Pile ultimate load was equal to 537 N, which is tinZes the ultimate load in the case
of sand.
Pile heaved during heating and settled during thesequent cooling. The following

heating induced a heave while the pile did notrretw the initial position, where
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thermal displacement was equal to zero. Even utfdeilightest tested mechanical
load (100 N, or 0.2®m), irreversible displacement appeared whose qyantit
increased as the pile head load augmented.

- Time dependency of pile head displacement was lgisiimder purely mechanical
loading. Creep rate increased as the pile head dpadoached to its ultimate value.

Creep load was equal to 430 N.
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CHAPTER 4

EFFECT OF TEMPERATURE ON SHEAR STRENGTH
OF SOIL AND SOIL/STRUCTURE INTERFACE

4.1 Introduction

In this chapter, the shear behaviour of soils ahat tof soil/concrete interface is
investigated through direct shear tests at varieageratures. Conventional shear apparatus
is equipped with a temperature control system. dhemperature values were considered
(5°C, 20°C and 40°C). These values correspondeaahge of temperature near energy geo-
structures. Direct shear tests were performed ahalostress values ranging from 5 kPa to
100 kPa. The shear behaviour of Fontainebleau d€ealin clay, and Kaolin clay/concrete

interface was investigated.

4.2 Experimental setup

A direct shear apparatus (VJ Tech type) equipped avitemperature control system was
used to investigate the shear behaviour of soilsmildconcrete interface. A general view of
the system is shown in Figure 4.1. A copper tubs wecommodated in the shear box
container and connected to a heating/cooling atouy bath (Figure 4&8. Water with
controlled temperature circulated inside the copipkes via the circulator. These tubes were
plunged in water inside the shear box containens ®ystem allowed controlling the
temperature of soil specimen inside the cell. Twermocouples were installed in the
container: one below the shear box and the othéneatvater surface. The thermocouples
allow confirming that the target temperature of saenple is achieved and the temperature is
homogeneous inside the cell. The container wasmialgr insulated using expanded
polystyrene sheets (Figure B)2 The soil (or soil/concrete) was sandwiched betwévo

porous stones and two steel porous plates.
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Figure 4.1 Direct shear apparatus with temperatongrol system

() o (b)

Figure 4.2 (a) View of the shear box with coppdresiand water inside (b) Thermal insulation of
the shear box

4.3 Materials studied

In the present work, tests were performed on Foetdéau sand, Kaolin clay, and Kaolin
clay/concrete interface. The physical propertiesFohtainebleau sand are the same as
described in Chapter 2: particle density= 2.67 Mg/mi; maximal void ratiogmax = 0.94;
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minimal void ratioenin, = 0.54 (De Gennaret al, 2008); and median diamet@g, = 0.23 mm.
The grain size distribution of the sand used isnsh Figure 2.9. To perform direct shear
tests, sand was directly poured into the shearamakslightly compacted at a dry density of
1.51 Mg/ni. This value, corresponding to a relative densfty@%, is similar to that in the
work of De Gennaret al (1999) and Kalantidoat al (2012).

The Kaolin clay has a particle densjty= 2.60 Mg/, a liquid limitw, = 57% and a
plastic limitwp = 33% (Frikha, 2010). The grain size distribut@frKaolin clay, obtained by
laser diffraction method, is also shown in Figuré32 To prepare a soil sample, the clay
powder was mixed with deionised water at W,5and then consolidated in an oedometer
cylinder (with an internal diameter of 100 mm) undevertical stress of 100 kPa. At the end
of the consolidation phase, the soil sample wa®vexh from the cylinder and cut into blocks
of dimensions 60 x 60 x 20 mm and inserted intostinear box for testing the shear behaviour
of clay.

To test the clay/concrete interface, the thickridshe sample was reduced to 10 mm. A
piece of concrete with a thickness of 102 mm watsand firmly fixed to the lower half of
the shear box. The maximum roughness detectaldeghrphotos is in the order of 0.7 mm
(see Figure 4.3). It should be noted that the spieee of concrete was used in all interface
tests. In other words, roughness value has notggtafitom one test to another.

In any case, once the sample was placed in the sloea the shear box container was
filled with water and samples were saturated withioertain time which varied between 15
minutes (for sand) and 30 minutes (for clay). Sheats were intended to be performed on

saturated samples.

bbbl

~ W - vy

Figure 4.3 Concrete plate used for studying clayéoete interface
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4.4 Thermo-mechanical loading paths

The choice of the thermo-mechanical loading patbfigreat importance in the case of
clay, as it is a generally accepted idea thaieponse depends highly on the loading history.
The loading paths applied are shown in Figure Bof.each test, after the installation of the
system, a normal stress of 100 kPa was applidteteample (path A-B); this value is equal to
the pre-consolidation pressure of clayey samplediimy was applied by steps of 20 kPa.
Load was increased once the vertical displacemiegmges stabilised. The soil temperature
was then increased from the initial value (20°CY@5C by increments of 5°C (path B-C).
Each increment was kept for 15 minutes. Once teatpex reached 40°C, it was kept
constant for two hours in order to permit the giaibn of the excess pore water pressure
induced by heating. Test results in this part shioat vertical displacement stabilises within
this time. In total, it could be stated that sodsasheated +20°C in 3 hours (or approximately
7°C in 1 hour). This value of 40°C correspondshi® maximal value of temperature tested in
the present work. For shearing tests at 40°C (Eiguf), the normal stress was decreased to
the desired value (path D-E). After 30 minutes wiretume changes after unloading was
stabilised, the sample was sheared. For shearstg) a 20°C (Figure 43 and 5°C (Figure
4.4c), the soil temperature was first incrementallyrdased to the desired temperature (path
C-D). Each increment, of 5°C, took approximately rfBthutes. Cooling was performed at
almost the same rate as heating (7°C/hr). Findlg, normal stress was decreased to the
desired value (path D-E) prior to shearing. In ortteensure that appropriate heating and
cooling rates are considered, the work of Suktéral (2002) on thermal consolidation of

Boom clay was taken into account. In their study) samples with height of 76 mm,

diameter of 38 mm and hydraulic conductivity 1f**m/s were utilised. Heating and
cooling rates were equal to 0.1°C/15 min (almost°©/hr). According to the one-
dimensional consolidation theory, consolidationdif) is proportional toH?/K , where H’

is the sample height (or drainage path, more pebgisand K’ is the soil hydraulic

conductivity. Thus;

2 2 12
1:BoomCIay _ H BoomCla) K BoomClay__ 76 /10— -

2 - 2 8
1:KaolinCIay H KaolinCIay/K KaolinClay 20 /10—

It could be then concluded that thermal consolaain the case of this study could be

performed atl®® times faster rates. The rate of 7°C/hr consideredhis work seems

therefore to be acceptable.
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The interest of the adopted thermo-mechanical t@agirotocol could be clarified in
Figure 4.5. It is noteworthy that the notation loY” for the loading yield surface comes from
the work of Cuiet al. (2000). Laloui & Francgois (2009) used the bougdnrface theory and
took the yield surface as the bounding surface @drahged also the notation tBS’. The
initial loading yield surface is shown &%, . According to the proposed thermo-mechanical
path, soil is first loaded to its preconsolidatgmessure which is equal to 100 kPa (path A-B).
Heating the soil (in this case from 20°C to 40°&thpB-C) moves the yield surface towards

LY, . The elastic domain is thus enlarged. Coolingh(gaD), unloading to a lower normal

load (path D-E) and shear will then take placénariew elastic zone.
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Figure 4.4 Thermo-mechanical loading paths: (d5t@s40°C; (b) tests at 20°C; (c) tests at 5°C
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T(°C)

Figure 4.5 Evolution of the loading yield surfat&)in T-p' plan

For the tests on clay or clay/concrete interfabeasng rate was chosen small enough in
order to ensure that no excess pore pressure wasaged during the test and the sample was
sheared under drained conditions. The maximum gsia¢arcould be defined on the basis of
the consolidation curve and the valuet@p (in minutes). According to the French standard
code on direct shear testing (AFNOR, 1994), theesponding equation, which gives the
shear rate, is as follows:

:£5[um/min] 4.1)

100

\Y/

max

From the consolidation phase (path A-B), the valligoo can be estimated at 9 min. The
shear rate was thus set topdm/min (following Equation 4.1).

For granular soils the shear rate could be higheéha consolidation is faster. In the tests
on sand the shear displacement was applied aateef 0.2 mm/min (according to AFNOR,
1994). The maximal shear displacement at whichrsigatops is set to 6 mm. This value is

10% of the soil specimen dimension in the shearction.

45 Thermal calibration

Calibration procedure was performed prior to tegiim order to eliminate the unwanted
temperature effects. Instead of the soil speciraesteel cylinder with an external diameter of
60 mm and a thickness of 20 mm was installed ingideshear box. A normal stress of 100
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kPa was applied. A complete thermal cycle accordmdghe procedure explained in the
previous part (Figure 4ck between 20°C, 40°C and 5°C was conducted. Theoserwas to

evaluate the effect of temperature on the horizoatal vertical load and displacement
transducers measurements (as depicted in Figureddésubtracting them from the results of
the main tests on soil and soil/concrete interfadewever according to Figure 4.6
temperature does not affect significantly the cpomding values (1 kPa in stress

measurements and £0.04 mm in displacement measaotgme
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Figure 4.6 Transducers measurements versus temperahange in thermal calibration test,
measurement of: (a) horizontal stress; (b) vertstatss; (c) horizontal displacement; (d) vertical
displacement

4.6 Experimental results

46.1 Testson sand

Results of shear tests on sand at different teryresaare shown in Figure 4.7 to Figure
4.9. Under each normal stress and each temperatoréests were conducted in order to
check the repeatability of the experiments. Expental results at 5°C are exhibited in Figure
4.7. As could be seen in Figure d4.7/no peak value could be detected on the shear

strength/horizontal displacement curves and thargais of ductile type, except for one test
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under 80 kPa, where a softening behaviour coulddserved. Figure 4b/shows the vertical
displacement during the shear process. Under higtrenal stresses there exists a contracting
phase followed by a dilating one. When load wasliemaoil at the interface tended to dilate
from the beginning to the end of the shear proddssvever quantitatively, the repeatability
of the tests in terms of vertical displacement \Vess than for the shear stress. Maximum
shear strength observed as a function of normasstis shown in Figure 4&.7Failure is of

Mohr-Coulomb type with no cohesion and with a faotangle of 35.8°.
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Figure 4.7 Experimental results on Fontainebleand st 5°C: (a) shear stress versus horizontal
displacement; (b) vertical displacement versuszoottal displacement; (c) shear strength envelope

Experimental results on sand at 20°C are shownguar€é 4.8. As in the case of 5°C, under
5 kPa up to 40 kPa of normal stress, the behawi@s of ductile type and no peak shear
strength could be spotted (Figure &.8The peak behaviour was observed on one the two
tests at 80 kPa of normal stress. The verticallaigment behaviour (Figure #)3is similar
to that at 5°C; under normal stress values of 8 & 40 kPa, soil tended to contract at first,
then it began to dilate. The peak strength envelsepghown in Figure 4@ A very good
agreement between tests under the same normad sale® could be detected at 5, 10 and 40
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kPa. Failure is again of Mohr-Coulomb type. Frintiangle equals 34.8° and soil is almost
cohesionless.
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Figure 4.8 Experimental results on Fontainebleaud s& 20°C: (a) shear stress versus horizontal
displacement; (b) vertical displacement versuszoottial displacement; (c) shear strength envelope

The results of tests at 40°C are exhibited in Fegu®. Similar observations to that at 5°C
and 20°C can be noted: discrepancy on the vertlsgdlacement/horizontal displacement
curves (Figure 419; good repeatability on the peak strength/norrtralss plot (Figure 4¢);

a Mohr-Coulomb type failure which results a frictiangle of 35.1° and a null cohesion.
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Figure 4.9 Experimental results on Fontainebleaud s&t 40°C: (a) shear stress versus horizontal
displacement; (b) vertical displacement versuszootal displacement; (c) shear strength envelope

4.6.2 Testson clay and clay/concrete interface

Results on clay and clay/concrete interface at &€ shown in Figure 4.10. In Figure
4.10a, clay/concrete interface shows peak strength uddésrent values of normal stress,
while no peak value could be detected on clay. Resan vertical displacement versus
horizontal one are shown in Figure 4160r both clay and clay/concrete interface, urider
80 and 100 kPa, vertical deformation was contrgctnder smaller normal stresses (5, 10
and 20 kPa), a dilating phase could be detectedicdbdeformation of clay was almost twice
higher than that observed on clay/concrete interfander the same normal stress. Peak and
residual shear strength of clay and that of claytocete interface are shown in Figure 4.10

The strength envelope of clay locates above thalagfconcrete interface.
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Figure 4.10 Experimental results on Kaolin clay aablin clay/concrete interface at 5°C: (a)
shear stress versus horizontal displacement; (icakdisplacement versus horizontal displacement;
(c) shear strength envelope

Results at 20°C are shown in Figure 4.11. The szeervation as at 5°C (Figure 4a)0s
valid for Figure 4.1a. In addition, the softening behaviour of clay/cate interface is more
pronounced under normal stress values of 40, 8018AdkPa. Figure 4.blshows that the
vertical displacement of clay/clay was about twhogher than that of clay/concrete interface.
At 40, 80 and 100 kPa of normal stress the sotleédnto contract while it dilated at lower
normal stresses. Peak and residual shear strengghopes are shown in Figure 4cl1As at

5°C (Figure 4.16), smaller shear strength values correspond tdadagrete interface.
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Figure 4.11 Experimental results on Kaolin clay &mablin clay/concrete interface at 20°C: (a)
shear stress versus horizontal displacement; (iicakdisplacement versus horizontal displacement;
(c) shear strength envelope

Results on shear stress versus horizontal dispkewenf clay and that of clay/concrete
interface at 40°C are exhibited in Figure 412s in the cases at 5°C and 20°C, a softening
behaviour is observed for clay/concrete interfadgleva ductile type is observed for clay.
Results on vertical displacement versus horizoonal at 40°C are shown in Figure 41t
both clay/concrete interface and clay/clay testslen 40, 80 and 100 kPa, sample tended to
contract during the shear process while dilatiors whserved at smaller normal stress. The
difference between the shear envelope of clay dmel peak-strength envelope on
clay/concrete interface is quite small at 40°C (iFeg4.12).
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Figure 4.12 Experimental results on Kaolin clay &mablin clay/concrete interface at 40°C: (a)
shear stress versus horizontal displacement; (icakdisplacement versus horizontal displacement;
(c) shear strength envelope

In order to evaluate the effect of temperature logas strength parameters (friction angle
and cohesion), all the results are shown in Figut8. It could be concluded that the effect of
temperature on the friction angle was quite smadl the trend was not clear (Figure 43
For sand, the friction angle decreased slightlynffe’C to 20°C, while in the range of 20°C
and 40°C it did not change. Effect of temperatunetlte angle of friction of clay and the
residual friction angle of clay/concrete interfacas similar; it slightly increased from 5°C to
20°C and decreased from 20°C to 40°C. The frictingle of clay was higher than the peak-
strength friction angle of clay/concrete (excep#@tC). The cohesion measured on clay and
clay/concrete interface was quite small, of theeoraf a few kPa (Figure 4.bBwith small
variation between 5°C and 40°C. The residual camesf clay/concrete interface and that of
clay showed a small decrease between 5°C and 2€¢@ alight increase between 20°C and
40°C. The cohesion of clay was generally highen ttine residual cohesion of clay/concrete
interface (except at 40°C). With respect to pealtesion value on clay/concrete interface,
the cohesion value decreased in the range betwéearkl 40°C (from 4 kPa to 2 kPa).
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4.7 Discussion

For the tests on sand, all the tests have beenicdtgd. The results show good
repeatability in terms of shear stress versus boté displacement. That allows obtaining
reliable results in terms of shear strength. Néwdess, the repeatability in terms of vertical
displacement versus horizontal one was less obvidawially, this result is related to the
volume change in the sheared zone, but the thickokethe sheared zone can vary from one
test to the other. For the tests on clay and aewiete interface that are more time
consuming, only one test has been conducted at temsperature and normal stress. The
relationship between the shear strength and th@alastress could be well correlated with a
linear function, which allowed determining the from angle and the cohesion. These
observations show equally the reliability of theaobed results.

The thermo-mechanical loading procedure in testslay and clay/concrete interface was
applied by considering the thermo-mechanical behavof clay. Actually, prior to shearing,
the sample was heated to 40°C under its precordgmidpressure (100 kPa). Heating leads to
the mobilisation of the loading yield surface te tight inT-p’ plan. The samples were cooled
afterwards to the target temperature (5°C or 20t@)paded and sheared. That way, one
could state that all the samples where shearetingtdrom the elastic domain and thus the
results will be comparable to each other. Heatind eooling were applied under drained
conditions.

In order to better analyse the effect of tempeeatur soils friction angle, the results of the
present study are plotted together with that obthiftom others in the same figure (Figure
4.14). The results from the existing studies shbet the effect of temperature on soils
friction angle was quite small. In addition, at lnég temperature, the friction angle could be
higher in some cases and lower in others. Theseredtsons were similar to that obtained in
the present work. On the other hand, the ranggplied temperature in the previous studies
varied between 20°C and 100°C, which is the randeerwconsidering the geological
radioactive waste disposal. In the present worksehconclusions were extended to lower

temperature (5°C), which corresponds to the proldéenergy geo-structures.
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Figure 4.14 Effect of temperature on friction angle

The results on clay/concrete interface show a siite behaviour during shearing. In
addition, the results show that the peak-strengtttidn angle of the clay/interface was
slightly lower than that of clay (except at 40°8% shown by previous studies (Tsubakihara
& Kishida, 1993; Rouaiguia, 2010; Taha & Fall, 2D13he interface behaviour was
dependent on the surface roughness. By increaBmgaughness, the corresponding shear
stress curve would approach to the shear stresstewoin clay itself. After Rouaiguia (2010),
the relatively plane surface of concrete makes phkayicles reorient easily once reaching the
maximum shear strength. The particles would thealiggmed in the developed sheared zone
and the shear stress decreases. This might exglairsoftening behaviour observed on
clay/concrete interface. In the present work, eaftsettlement of the clay sample was about
twice of that of clay/concrete. That can be ex@diby the fact that the thickness of the clay
sample used in clay/clay tests was twice that@fcthy utilised in clay/concrete interface.

In the work of Di Donna & Laloui (2018 on illite clay/concrete interface, the peak
friction angle increased between 20°C and 60°Cleathe residual value decreased slightly in
the same temperature range. That is also the tleserved in the present work between 20°C
and 40°C. Regarding the cohesion value on illisy/doncrete interface in the work of Di
Donna & Laloui (201B), a significant increase in residual and peak esiwas observed as
the temperature increased from 20°C to 60°C. Ateak and residual values were close to
each other at a constant temperature value; threspmnding values were about 8 kPa at
20°C and 19 kPa at 60°C. No regular tendency dduakcohesion variation, neither on clay
nor on clay/concrete interface, was observed irdhge of 5°C and 40°C in the present work.

The peak cohesion of clay/concrete interface dsekas the temperature increased.
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4.8 Conclusions

Shear behaviour of sand, clayey soil and that afy/cbncrete interface at various
temperatures was investigated through direct shests. The shear box apparatus was
equipped with a temperature control system. Theptesnwere consolidated under 100 kPa
and sheared under a controlled temperature. Sam@es then sheared at 5°C, 20°C and
40°C. The results show that friction angle (and #hear strength) of sand was almost
independent of temperature in the range of 20°C40%€C. The friction angle was slightly
higher at 5°C comparing to 20°C. The effect of temagpure on clay was not significant; at
20°C the friction angle was slightly higher and t@hesion was slightly lower than that at
5°C and 40°C.

The shearing behavior of clay/concrete interfacangd a softening behaviour. The peak
friction angle of clay/concrete interface was lowkean that of clay. This value increased
slightly when temperature increased from 20°C t6CGA®ut it remained constant when
temperature decreased from 20°C to 5°C. Regardhgg residual friction angle of
clay/concrete interface, the values at 5°C and 20&& similar and higher than that at 40°C.
Small cohesion values were observed on clay angcdacrete interface. higher residual
values were measured on clay than on clay/conanéteface. Minimum residual cohesion
was obtained at 20°C while higher values were oleskat lower and upper temperatures.
Peak cohesion of clay/concrete interface was gréss the residual one (except at 40°C)

and decreased between 5°C and 40°C.
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CHAPTER 5
FINITE ELEMENT ANALYSISOF ENERGY PILES

5.1 Introduction

In the first part of this chapter dedicated to nuoa# studies, a commercial numerical
code (Plaxis 8.2) was used to simulate the mechhtiehaviour of energy piles under
thermo-mechanical loading. The thermal load wagbirmimulated by imposing volumetric
strains calculated from the coefficient of thernexipansion of the material on the pile.
Simulation was performed for two existing in-sittperiments and one experiment performed
using physical modelling in laboratory.

In the following part, another commercial code (ARSLCPC) in which temperature
effects are also included was selected. The bebawvitthe energy pile in the physical model
under thermo-mechanical solicitation (as discusee@hapter 2) is examined numerically.
Purely mechanical loading was performed by applyigl increments to the pile’s head until
failure. In thermo-mechanical tests, pile was ficgtded incrementally and then subjected to
two thermal cycles between 10°C and 30°C. The themachanical effects induced in the
pile and in the soil were obtained in terms of $othl pressure and temperature, pile axial
load and pile head displacement. The numericalltsestere compared to the experimental

ones.

5.2 Mathematical formulation of a thermo-mechanical problem

Herein, a thermo-mechanical model which is onlypted in terms of thermally induced
volume changes is chosen. It is assumed that $tremgd stiffness parameters of the
considered material are constant and do not chaitbeemperature. In general, the solution
of such a thermo-mechanical problem is achievetivim parts: the first part is based on
solving the heat equation, valid at any point &f structure:

oT .
CVE—dlv (k(gradT))= C (5.1)
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with C, the volumetric heat capacity, k the thermal conditgt T the temperature andthe
time.

During the second part, the mechanical respongbeo$tructure is calculated which should
satisfy the following well-known equations:

- the balance of momentum:

diva+pg=0 (5.2)
With o stress tensorp soil density andy gravitational acceleration vector.

- and the constitutive equation:

g=Ci(e-gl-e)+o’ (5.3)
where C is the fourth-order isotropic linear elastic stéts tensorgO is the initial stress

tensor,&, £° and£=th are total deformation, plastic deformation andrrtied deformation

tensors and are defined as follows:
- Strain-displacement equation:

1
2

u is the displacement vector.

£==(grads+ grad’ (5.4)

- Associated flow rule:

e =t (5.5)

with f the yield function, which must satisfy the cotemey conditionf (o) =0and df = O,

dA >0 is the plastic multiplier.

- Thermal expansion in an isotropic material:

" = anT1 (5.6)

a is the coefficient of thermal expansion.

Boundary conditions are formulated as follows:

(gn), =I" onoQ. (5.7)
u =u’ onadQ, (5.8)
T=TY o0noQ, (5.9)
g=g® ondQ, (5.10)
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with ¢ andu the imposed stress and displacement vectors caenggnandr® and g

the imposed temperature and heat flux, at givendistohct space regions.
Once the parameters are known, a finite element codld be used to solve the system of

eguations.

5.3 Afirst and smple strategy to model energy piles

The numerical results presented in this sectior le@en published in Yavaet al., 201b.

5.3.1 Considered case studies

A commercial finite element code well-suited footerhnical analyses was used to model
the mechanical behaviour of energy piles underntbemechanical loadings. Temperature
effects are not included in Plaxis 8.2. Thermaldlng was therefore simply simulated by
imposing on the pile volumetric strains correspagdio temperature changes. The numerical
simulations were compared to the existing datanesitu and physical model tests.

Three existing experimental studies have been dereil. The first one corresponds to the
in-situ tests reported by Laloa al. (2003) and is referred to as ‘Lausanne test’.ild p
situated below a building under construction wasgigeed with a heating system, load cells,
strain gauges, and thermometers. The drilled pamdter was 0.88 m and its length was 25.8
m. The geological profile is summarised in Table. &t various stages of the construction of
the building, the temperature of the pile was iasesl by approximately 15°C and then the
system was let cool down to the initial temperatditee first test (T1) was performed before
starting the construction when the pile head was to move. The other tests (T2 to T7)
correspond to the heating/recovery test at the afndach construction stage. The results
obtained show pile head displacement and variatibmaxial strain along the pile under
different head loads during heating/recovery tests.

The second study considered is that presented bynBeNebb et al. (2009) and Amatya
et al. (2012) and will be referred to as ‘London tesithin this chapter. A loading-test pile,
0.55 m in diameter and 23 m in length, includingepioops for temperature control was
installed in London Clay. After applying a constanechanical load at the pile head, a
cooling/heating cycle was applied to the pile; tteperature of the fluid circulating in the
pile was varied between -2.5°C and 36°C. Tempezadnd strains were measured at various
locations along the pile during the thermo-mecharmading. The movement at the pile head

was also recorded.
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In the third work, Kalantidowt al. (2012) studied the soil/pile interaction whileadlging
the temperature of the pile through a small-scabeleh A model pile, which was a closed-
end aluminium tube of 20 mm in external diametet &0 mm in length, having its surface
coated with sand, was embedded in compacted dd; gdter applying the axial load on the
pile’s head, the pile was heated from 25°C to 58A@ the system was let cool down to 25°C.
The pile temperature and the pile head displacemerdg monitored.

More detail on the mentioned experiments coulddoad in Chapter 1.

5.3.2 Introduction of the numerical mode

The models are considered to be axisymmetric. Timermkions are exactly the same as
those of experiments. In the case of in situ tdbkis,extension of the simulated domain is
chosen large enough to avoid boundary effecteéet |30 times the pile diameter). In the case
of the physical model (Kalantidoet al., 2012), the dimensions of the soil container are
precisely known and the same sizes are chosereinumerical simulation. As an example,

the mesh used for simulating Lausanne test is shiowigure 5.1.

Figure 5.1 Utilised mesh and boundary conditiorthéncase of Lausanne test
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The pile was modelled as an isotropic linear atastin-porous material. For the soil, an
isotropic linear elastic material with a failureterion of Mohr-Coulomb type is chosen. The
constitutive drained parameters and the drainagditons are summarised in Tables 5.1 and
5.2. To analyse undrained behaviour, one of theiplessmethods which could be applied by
Plaxis is the one based on effective parameterfadmn the total (undrained) stiffness matrix
(C) is defined as follows:

&
n

C=C+—21 (5.11)

Where C' is the effective stiffness matrik,, is the bulk modulus of water andis the
porosity.

Instead of specifying the components®f one could specifff' andK,,. Total stress
will be then calculated as follows:

Ao =C(As-As” -As")

Table 5.1. Constitutive parameters of the soihim ¢ase studies

Physical
Case study] London test Lausanne test
model
Made
ground _ ) Sandy )
] London Alluvial | Alluvial Bottom Fontainebleau
Material (sand . ) gravelly ) Molasse
clay soll soll ] moraine sand
and moraine
gravel)
21.7-
Depth (m) | 0-4 >4 0-5.5 5.5-12 12-21.725 . 25.1-31 0-0.85
Drainage ] ) ) ] ) _ _
N Drained | Undrained| Drained Drained Drained Drainedndfdined| -
condition
Y
3 19 20 20 19.5 20 22 25.5 15.1
(kN/m?)
c' (kPa) 0 20 5 3 6 20 4 0
¢ 35° 25° 30° 27° 23° 27° 25° 36.5°
Y 0° 0° 0° 0° 0° 0° 0° 0°
E
13 70 260 260 450 630 3000 340
(MPa)
v 0.3 0.3 0.3 0.3 0.35 0.35 0.22 0.30

v, C, @, ¢, Eandv are unit weight, cohesion, friction angle, dilat@mgle, elastic modulus and Poisson’s ratio
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Table 5.2. Constitutive parameters of the pilehm ¢ase studies

Case study London test Lausanne tgst  Physical model
Pile diameter (m) | 0.550 1.000 0.020

E (GPa) 40.0 29.2 13.0

Y 0.20 0.20 0.33

a, (10 °°C) 25.5 30.0 69.0

a, is the volumetric coefficient of thermal expansion

The parameters and the drainage conditions forcHs® of Lausanne test are chosen
according to numerical studies of Lalatial. (2006). For the case of London test, parameters
and drainage conditions are chosen following Amatya. (2012), Reevest al. (2006) and
Karakus & Fowell (2005). For the case of the ptglsmodel, the soil parameters are chosen
according to the ones proposed by De Genrdral. (2008) for Fontainebleau sand.
Regarding the dilatancy angle)(as the manual compaction method used in the wbrk
Kalantidou et al. (2012) was different than thevidtion method applied by De Gennaataal.
(2008), dilatancy angle was deduced from the marammhpaction test performed by
Combarieu (1999) on the same sand.

To evaluate the pile stiffness, considering that todel pile was an empty cylinder of
aluminium, the modulus of elasticity is calculated the equivalent section. According to

Figure 5.2, the value dt,, should be calculated such that Equation 5.1 1tisfea:
AE, = A E, (5.11)
with A =59.69mm*, A, =314.16mm’and E,=69 GPa.

E,, is thus equal to 13 GPa.

2mm

140 2 E 0 Aeq > Eeq

Figure 5.2 Original and equivalent pile sectionthi@ case of an empty tube pile
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For the three cases, the soil/pile interface wassicered perfectly rough; in other words,
no interface element was added. This assumptios doeseem unrealistic considering the
concrete surface of the in-situ piles and the saated surface of the small scale model pile
(see section 2.2.1.3). It should be noted thatinterface elements are usually used when
studying soil/pile interaction under complex medhahloading, including cyclic and lateral
ones (Yang & Jeremic, 2005; Nogaehial., 1992; Said et al., 2009). In the present study, t
mesh is refined in this zone, where significaresdrgradients are expected.

To simulate thermal effects on the mechanical biel@y the volumetric thermal

deformationa, AT corresponding to temperature chadgewas imposed to the pile, where
a, is the volumetric coefficient of thermal expansi@amd is equal to three times the lineal

coefficient of thermal expansion. For simplicitypasial variation of temperature along the
pile was neglected in simulations and a mean velag considered in each step. In a first
approach, the thermal expansion of the soil wascoosidered. This decoupling between
thermal and mechanical effects permits to useiegistumerical codes and to perform simple
computations.

Initial stresses are calculated on the basis ottlileand pile unit weight and the depth of

the soil layer and pile length. The coefficieneafth pressure at re() is taken as 1-sip’.

Applied boundary conditions could be observed iguFe 5.1. At lateral boundaries,
horizontal displacements are blocked. Lateral batied are stress free in the perpendicular
direction. Vertical fixities are applied at the twwvh of the mesh.

To model the boundary conditions at the pile heathe experiments of Bourne-Webb
al. (2009) and Kalantidoet al. (2012), only the axial force (equal to that immbse the
experiments) was applied. In the case of Lakhual. (2003), as the pile head was restrained
by the building, axial force equal to that measua¢dhe pile head during each step was

imposed.

5.3.3 Numerical ssimulation

The results obtained from test presented by Ladbal. (2003) and the simulation results
are shown in Figure 5.3 and Figure 5.4. Seven mg/agicovering cycles were applied; each
cycle corresponds to a stage of the constructiothefbuilding. Figure 58 presents the
change of mean temperature along the pile for daating/recovering cycle. In Figure b,3
the pile head displacement during these cyclesesemted. Pile axial strains measured at
various depths are shown in Figure ¢5f3 Comparison between the simulation and the
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experimental results shows that the mechanical \beda of the pile can be predicted
correctly not only in terms of pile head displacetbut also in terms of axial strain at
various depths.

For further comparison, the axial strain profilese@sured and modelled) along the pile at
the end of each heating (or recovering) step a@wshfor the first test (T1) where
construction was not started yet (Figureasa#d Figure 5H). In Figure 5.4 and Figure 54,
temperature values measured and modelled alongiltheare shown. Strain profiles show
generally good agreement between the simulationthedneasured ones, although in the
actual test the behaviour seems rather reversiltleei recovery phase. Discrepancies between

simulation and experimental data can be explairagtlypby the difference in the temperature
profiles.
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Figure 5.3 Results of Lausanne test: (a) Pile teatpee; (b) Pile head displacement; (c) Pile axial
strain at 2.5 m depth; (d) Pile axial strain att1f. depth; (e) Pile axial strain at 16.5 m dephP{le
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Axial strain (10"-6) Temperature (T)

)

Figure 5.4 Results of Lausanne test: (a) Pile astrain distribution during heating; (b) Pile axial
strain distribution during recovering; (c) Temperat evolution of pile during heating; (d)
Temperature evolution of pile during recovery
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The results obtained from the tests presented hyrigeWebbet al. (2009) are shown in
Figure 5.5 and Figure 5.6. During the test, tHe pias first loaded to 1800 kN and then
unloaded. Reloading was performed up to 1200 kNmFthe initial temperature (20°C), the
pile was cooled with a circulating fluid at a termgdere of about -2.5°C kept constant for
about one month. Then the fluid was heated to aB6UE (Figure 5.8). In Figure 5.6.a, the
temperature changes measured along the pile (a8edein Bourne-Weblet al., 2009) are
shown for the end of the cooling phase and the cdnithe subsequent heating phase. It is
observed that the cooling phase decreased thegavpii@ temperature by 18°C and that the
pile temperature is 9°C higher than the initial @me¢he end of the heating phase. In Figure
5.9, pile head displacement during different stageshiswn. A good agreement between
numerical and experimental results could be obsediging mechanical and cooling steps
while simulations overestimate pile head heavenduhieating. In Figure 56 the axial strain

profiles along the pile are plotted for three stagmd of the mechanical loading, end of the
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cooling, and end of the heating phases. The siioalas in good agreement with results
recorded by strain gauges (after Amadyal., 2012) during the distinct phases.

end of heating
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Figure 5.5 Results of London test: (a) temperatafethe circulating fluid; (b) pile head
displacement
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The load-settlement curve obtained from the worKalantidouet al. (2012) is shown in

Figure 5.7. Experimental and numerical curves ar@dceptable consistency. The results

obtained during the heating/recovering tests umdestant load are shown in Figure 5.8. It

should be noted that ‘thermal settlement’ in eash is obtained by removing the mechanical

130



CHAPTER 5 FINITE ELEMENT ANALYSIS OF ENERGY PILES

settlement of the pile under the corresponding ,ledtich was obtained at the end of the
mechanical loading step and just before that thelmading begins to be applied. As could be
observed, without the pile head load (Figureap.8he simulation is similar to the
experimental results. Under 200 N of pile head Ifedure 5.8), a large disparity between
the two sets of curves could be observed. Durirgfitist heating, pile heave is about twice
higher in the test. Besides, the pile behaviourmseenore reversible compared to the
numerical results. On the contrary, at 400 N an@ IS®f pile head load (Figure ®)8 a good
compatibility could be found. It should be statedttin 1g-physical models, geostatic stress
levels are relatively low; this increases experitaemaccuracies and modelling difficulties

and could explain some of the discrepancies obdealieve.

Pile head axial load (N)
0 200 400 600

Pile head settlement (mm)

L 4 experiments

7 simulation

12 —

Figure 5.7 Results of the small-scale test: lodatlessent curve
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Figure 5.8 Results of the small-scale test: Tentpezssettiement curves under different head
loads: (a) 0 N; (b) 200 N; (c) 400 N; (d) 500 N

5.3.4 Discussion

Mechanical behaviour of an energy pile is affedigcthe thermal volume change in the
pile and in the soil, soil and pile parameters ¢gesndue to temperature changes, and
sensitivity of soil/pile interface characteristicsthermal loading (Lalougt al., 2006). In the
first part of the numerical studies, for the sakeimplicity, only the pile’s thermal volume
change is taken into account. A commercial codeclwis used by thousands of consulting
engineers worldwide and is renowned for its simgliand accurate soil constitutive models
is chosen. Another decoupling procedure was alsd before by Knellwolet al. (2011).
The present study shows generally good agreeméntbe experimental data and numerical
simulation. This means that the mechanical behawbuhe pile is mainly governed by its
thermal volume change and the thermal volume chamgdke soil has less influence. The
disparity between experimental results and simmfatcould be explained first by the
assumption that the temperature of the pile is lganous. The second reason can be related
to the lack of interface element in the numerigawation. The results obtained in this study
could encourage the geotechnical engineers to luwsesame software in modelling the

behaviour of an energy pile.

132



CHAPTER 5 FINITE ELEMENT ANALYSIS OF ENERGY PILES

It is important to distinguish ‘cooling’ and ‘recery’ notions. In the experiments of Laloui
et al. (2003) and also the mentioned small-scale thstpile temperature decreased freely
with time and not by imposing low temperatures ctise In other words the speed of thermal
loading was smaller in the recovery method, whishcomparable to drained mechanical
loadings in general. Time effects related to logdphases are not accounted for in our
approach. That might be one source of the overatibm of irreversible deformations by the
model in the recovery phase of Lausanne test. A&angboint is that application of thermal
volume changes to the pile while no thermal voluolenges are considered for the
surrounding soil might induce a more abrupt resparfghe pile. In practice, in the presence
of heat diffusion from the pile to the soil, themigerature field (and the consequent
volumetric expansions or contractions) would be enoniform, which could lead to more
uniform axial deformation distribution, as obsenmnedhe experiments presented by Laleti
al. (2003).

In the second part of the numerical studies, it intended to simulate the tests performed on
the small scale model within this research (asepriesl in Chapters 2 and 3) and compare the
mechanisms observed in the experiments and in dheenical model. The numerical work
aims to provide a better understanding on the mopiteebehaviour; as discussed in Chapter 3,
the experimental results contradict somehow the ob¢ained on real scale energy piles until
now, chiefly in terms of pile axial force variatitny heating and cooling. The finite element
code was changed for multiple reasons. By simudatite performed tests it was not only
planned to evaluate the mechanical behaviour optlieebut also to model the heat diffusion
in the soil and compare the temperature value&drhby transducers to the computed ones.
Thus a numerical code with the ability of considgrthermal effects was needed. Besides, as
the experiments were performed at a small scagental volume change in the soil may also
play a more significant role. In order to take imiccount these effects, the same method as
the one used in Plaxis could not be applied beceostary to the pile, the soil temperature
change (and thus the corresponding volumetric themtrains) is not constant and is a

function of time and distance from the pile.
5.4 Numerical modelling by CESAR-LCPC

5.4.1 Introduction of the numerical mode

As a computational tool, CESAR-LCPC program, whisha general finite element

calculation code dedicated primarily to civil enggning problems, was used. The mentioned
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code was utilised in order to simulate the expent®ieshown in Chapters 2 and 3. As the
problem is of an axisymmetric nature, the problemld be reduced to a two-dimensional one.
The dimension of the pile and the soil containerensgopted according to the real conditions
(as shown in Figure 2.1). The mesh consisted 09 ZAode triangular elements (5098 nodes
in total). The generated mesh is shown in Figuée At the vicinity of the pile, where shear

strain localisation is susceptible to happen (Sa§gGhakraborty, 2014b), the mesh was
refined.
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Figure 5.9 (a) Thermal boundary conditions andnflerhanical boundary conditions for the small
scale tests analysed with CESAR-LCPC code.

The mechanical and thermal parameters of soil aled gve shown in Table 5.3. The

parameters of the pile are the ones previouslyarhdsr modelling the tests performed by
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Kalantidouet al. (2012) as a pile with the same dimension andadtaristics was utilised in
the present experiments. The pile was modelled ragsatropic linear elastic material.
Concerning the soil, thermal parameters were medsam dry Fontainebleau sand during the
experiments using the ‘KD2 Pro thermal Propertiralyer. A standard Mohr-Coulomb
type failure criterion was assigned to the soileThechanical parameters were basically
chosen according to the work of De Gennetral. (2008), with the same considerations as in
the case of modelling the experiments of Kalantigbwal. (2012), in section 5.3.2. No
interface elements were added, which correspondgptafect at the soil/pile interface.

Table 5.3. Constitutive parameters of soil and faitehe physical model

Mechanical and thermal parameters  Saoll Pile
Y (kN/m®) 151 | 11.7

E (MPa) 340 | 13000
v 0.30 0.33
c' (kPa) 0.10 | -

¢ 34°

7/ 0.5°

k (W/(m°C)) 0.2 237

C, (10°Wsec/ m °C)) 12 |24

a (10" rC) 1 23

In the calculation code used, the DTLI calculatmoodule of CESAR-LCPC allows to
calculate the evolution of the temperature fielcaddtructure subjected to a thermal loading,
which is applied in terms of thermal boundary ctinds. The heat transfer problem could be
solved under transient or permanent regimes.

The calculation module MCNL allows modelling ma#dsi whose behaviour is elasto-
plastic (with or without hardening) or non-linedaic. In general, the solution of a problem
addressed by MCNL is independent of time. The dalmn module MCNL allows, in a
single calculation, to decompose the applied laadyell as non zero imposed displacements,
in increments which could be equal or not.

With respect to thermal boundary conditions, thes asf symmetry is an adiabatic
boundary. The elements which are submitted to ataohtemperature are shown in Figure
5.%. A constant temperature of 21°C was applied tosthietop surface which is equal to

ambient temperature during the experiments. Thepeéeature applied to the pile wall was
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constant at each phase and was defined accordintheonal steps applied in the
corresponding experiment. Heat exchange at the highd side and the bottom of the mesh
was cancelled; a zero heat flux was imposed teethegions. As it was aimed to perform the
calculations under a transient regime, an initeahperature was also needed. The initial
temperature of the overall structure was set t&€21°

Concerning the mechanical initial conditions, wmlitstresses were defined by soil unit

weight (which is 15.1 kN/f) and the depth of the soil layer. The coefficiehearth pressure

at rest K,) was set to 0.44, which is equalle sing ' (Jaky's equation). As the soil in the

experiment was not an overconsolidated one, thautation utilised should be representative
of the at rest coefficient (Bobi&t al., 2013). In terms of mechanical boundary condgjdhe
horizontal displacements were restricted on thetrand left hand side of the mesh. Lateral
boundaries were also stress free in the perperadidirection. At the bottom, vertical fixities
were applied. Thermal and mechanical boundary tomdi are shown in Figure 5.9.a and
Figure 5.9.b, respectively.

Simulation of each thermal test started by gemayaemperature fields according to the
experimental thermal loading programme. Thermatlitogi programme applied in test E2 is
shown as an example in Figure 5.10. Temperatureesabre the ones recorded by the
temperature transducer on the pile surface, shgwhlbin Figure 5.10. In order to simulate
these thermal steps, 19 phases were created, atectienotedth’. A transient regime was
chosen for the thermal analysis, which consideestiime during which the corresponding

temperature increment was applied to the pile. ifilt&al temperature field at each stage is
actually the final temperature field in the presane.
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Figure 5.10 Thermal loading programme in test E2
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Mechanical loading was composed of five successigpendent stages. Each phase
initiated on the basis of the results of the last.detailed description of the stages is shown
in Table 5.4. In the purely mechanical loading stéghich is represented by ‘M’ in Table
5.4), load was applied to the pile head incremént&he increments are the same as the ones
applied during the concerning experiment. The syleset stage aimed to calculate the
response of the structure subjected to the firstimg phase. Generally speaking, in order to
add up thermal effects, thermal dilation coeffitieri the pile and the soil, a reference
temperature according to which temperature chaagesalculated and a temperature field
were entered as inputs. The reference temperatutage THM1, which calculates the
response of the structure at the end of first ogglwas equal to ambient temperature (21°C)

and the temperature field provided as input was dhe created inh,. To perform the

calculation in the subsequent heating stage, wiscllenoted by THM2 in Table 5.4,
reference temperature could be no more equal tG;24S the pile and the soil at its vicinity
were already cooled, a uniform temperature couldbeoattributed to the total structure. In
order to get rid of this temperature non-uniformeynew temperature field was first created
which is equal to the difference between the teatpee field at the end of heating and that at
the end of coolingtfy-th,). Doing so, the reference temperature could bertas zero. The
same procedure was applied on stages THM3 and THM4hould be noted that in the
mechanical analysis, the response of the struetae evaluated only at the end of cooling
and heating procedures and the intermediate thesteas were ignored. In simulating test E8,

60 thermo-mechanical stages were introduced tesept 30 thermal cycles.

Table 5.4. Loading path applied in simulating &2t

Loading stage Reference temperature Initial temperdield Final temperature field
M 21°C - -
THM1 (end of first

] 21°C - th,
cooling)
THM2 (end of first

) 0°C th, thy
heating)
THM3 (end of second

. 0°C thy thy,
cooling)
THM4 (end of second

. 0°C thy, thy
heating)
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5.4.2 Numerical smulation of testsE1to E7

Figure 5.11 through Figure 5.13 show the resultstest E1, which was a purely
mechanical test. Load-settlement curve observeithénexperiment is compared to the one
obtained via the simulation in Figure 5.11. A gamampatibility between the two curves
could be observed, while generally, the pile settlet is greater in the experiments than in
the simulation, under the same load value. Consiger mm (which is equal to 10% of the
pile diameter) as the pile head displacement aar&i(AFNOR, 1999), the ultimate load

value is the same in the simulation and the expartrand equal to 450 N.

Pile head axial load (N)
0 100 200 300 400 500

Pile head settlement (mm)

— — - - Experiments
1 | =——&— Simulation A\

2 - 2
Figure 5.11 Measured and calculated load-settlemeant (test E1)

Total pressure values at different positions ingbg are shown in Figure 5.12. Pile head
load at each increment is shown in Figure & IPhe initial stress point, which shows the

pressure value at time 0, is the value of the presat rest. The initial values of vertical stress

should be equal (or comparable) to the predictédevaf yz (wherey=15.1 kN/nt), while
the horizontal stress is abokj, Jz. From this point of view, experimental initisnical and

horizontal stress values below the pile (at pas#i®2 and P3, shown in Figure fJalanhd
Figure 5.1p) are slightly greater than the ones obtained wmauktion. Numerical and
experimental vertical stress increase as the head Value increases (Figure 5al2The

corresponding values are also close to each oMeeonrding to Figure 5.12horizontal stress
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tends to increase by loading steps both in nunleand experimental results, while the
guantitative difference between the results is n@anounced than in the case of vertical
stress (Figure 5.H). Vertical stress measurements in different depththe vicinity of the
pile could be observed in Figure 5cl&2nd Figure 5.1@ Initial stress values are superposed
and good compatibility continues during the subsetjdoading increments. Either in the
simulation and in the experiments, the stress vatuendependent of pile head load.
Horizontal stress variation near the pile at degtB00 mm (position P8) is shown in Figure
5.12. It seems that there was a problem in the measmsnas the values, from the initial
one to the last one, are almost zero. With resgmetihe numerical results, horizontal stress
does not change with the pile head load level. rHukal stress evolution at the same depth
during the test could be observed in Figure 6.A2good consistency between experimental
and numerical values could be detected. In genstralss level in the soil is more sensitive to
the pile head load at the pile toe than in the garear the pile skin.
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Figure 5.12 Measured and calculated curves: Togsspire changes in test E1 at: (a) P2; (b) P3; (c)
P4; (d) P7; (e) P8; (f) P9

Axial load distribution along the pile under difésit head load values is presented in
Figure 5.13. The slope of the load distributionveugives an idea on the mobilised lateral
friction. A gentler slope indicates that more fiact has been mobilised. According to the
numerical results, until 100 N of head load, alni®3@% of the head load is transferred to the
pile toe. As the head load increases, lateralidnctmobilises and under 400 N, the pile toe
supports 50% of the load. While in the experimelaat! distribution profiles, even under 200
N, 90% of the head load is sent to the pile toe4@d N of load, only 25% of the head load is
carried by lateral friction and the rest is transfd to the pile toe.
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Figure 5.13 Axial force distribution along the pitest E1)

The results of the thermo-mechanical experimergst (E2 to test E7) are exhibited in
Figure 5.14 to Figure 5.20. The temperature fielbtined at the end of first cooling (stage
th,) and the one calculated at the end of first hgatstageth,) in test E2 are exhibited in

Figure 5.14 and Figure 5.14 respectively. Temperature distribution in the stithe depth

of 300 mm is plotted in Figure 5.15. The experimaéurves are the ones measured during
test E2 under the thermal loading programme showhRigure 5.10. In the simulation, the
same thermal loading programme was applied toitee4s expected, soil temperature is less
stable and more sensitive to the pile temperatnaages at 50 mm from the pile wall, where
transducer S7 is located. This could be investijated=igure 5.1& both in experimental and
numerical results. At greater lateral distanceser@htransducers S8 and S9 are located
(Figure 5.1b and Figure 5.1, soil temperature does not change significantlyiray
thermal cycles. Experimental and numerical resatts in a good quantitative agreement.
Numerical values at S2 and S3 are slightly highantthe experimental ones. There exists a
difference of 0.5°C at the start which indicateatttine initial temperature field has not been

uniform in the soil in the experiment while a umifoone was considered in the numerical
model.
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Pile settlement during thermal cycles under d#ifer head load values is analysed
subsequently. In the experiments, in order to gaptuermal displacements, the displacement
transducers were zeroed just before the applicabiothermal cycles and therefore the
displacement values resulting from the mechanibalsp were neglected. Before comparing
experimental and numerical results, some correstioere made on the experimental data. In
Figure 5.16, pile head displacement versus temperabeasured during test E2 through test
E7 is shown in dashed lines. Pile head settles diwrimg the first cooling phase. It tends to
heave during the succeeding heating phase, whalalitplacement does not return to zero.
The same observation remains valid on the secoolthgoand heating cycle. That means pile
continues to settle as thermal cycles proceed. Whanusual in these curves is that the
settlement during the first cooling is almost lin@ad has a certain slope, but it does not go
on continuously on the same line; some steps doelldbserved in the curves during which
the temperature change is constant but the pildesent continues. This phenomenon is
more visible in Figure 5.X6which plots the pile settlement under 300 N. Dgrthe first
cooling, once the temperature change reaches th&Cpile settlement is equal to 0.1 mm.
Temperature remains unchanged but the pile corgitmusettle down to 0.3 mm. The curve
resumes its regular trend afterwards and pileesettlith the same slope as before. Time
effects could explain this observation. As statethe experimental loading programme, each
thermal loading step was maintained for at least iwurs. As the tests continued during the
night (or sometimes weekend), it was not possiblkeep the rhythm and continue with the
same timing steps (see Figure 5.10). As a consegquehe pile was subjected to some
constant temperature during a long time, whilesélement does not stabilise. In numerical
simulations time effects are not considered. Ineprthat the experimental results be
comparable to numerical ones, time effects shoaldemoved. The thick lines in Figure 5.16
are plotted using the initial and final temperatahange values and the governing slopes in
the cooling and heating phases which was obtaiegdrding the raw data (dashed lined

curves).
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Figure 5.16 Pile thermal settlement versus pileptenature; raw and corrected data obtained from
tests: E2(a), E3(b), E4(c), E5(d), E6(e), E7(f)
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Pile settlement versus temperature obtained viaulaton is then compared to the
corrected experimental one in Figure 5.17. Othemtlthese two curves, pile thermal
expansion curve is also plotted. The latter exg®#se expansion or contraction of a pile that
is restricted by its toe and is free to move indtieer direction. It is noted that this pile wik b
called the ‘free pile’ within this chapter. The g&of the curve is then equal do(thermal
expansion coefficient of the pile which is equal810°°C). This slope could be compared
to the slope of the first cooling in simulation aexperiments. As could be seen in Figure
5.17a, that pile behaviour under 0 N is thermo-elastithbim numerical and experimental
models. Quantitatively, pile settlement and heake greater in the experiment. During
cooling, pile experimental settlement is also gred#ltan the case of the free pile, while the
pile head settles less in simulation. As plottedrigure 5.1B-d, numerical pile settlement
during the first cooling is compatible with thegthermal expansion curve. Pile settles more
in this phase in the experiments (test E3 to t&3t By successive heating, pile heaves. Under
100 N of load (Figure 5.1§ until 200 N (Figure 5.1d), pile head returns to its initial state
according to numerical results, while in the expemts even under 100 N, the pile heave
during the first heating does not compensate ittesgent during the first cooling. Under 250
N (Figure 5.18) and 300 N (Figure 5.1 both in the simulation and the experiments, pile
displacement remains positive during the first imgaind pile does not return to its initial
position. As could be observed in Figure % iarough Figure 5.17pile settles by the second
cooling phase, both in the simulation and in thpeexnent. The slope of the second cooling
is the same as the first one in the experimenteathié slope of the first cooling is steeper than
the second one in the numerical curves. Slopebkeofitst and second heating are steeper in
the simulation than in the experiments. Both nuoadly and experimentally, pile continues
to settle during thermal cycles and as the head haue increases more irreversible

deformations are produced.
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Figure 5.17 Pile thermal settlement versus pilepenature during test&€2(a), E3(b), E4(c), E5(d),

E6(e), E7(f)
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Total pressure evolution during thermal cyclesitieent positions in test E2 is shown in
Figure 5.18. As in Figure 5.12, the initial poihiosild be comparable §oz for vertical stress

and K, y'z for horizontal one. From this point of view, texists some sort of error in the

measurements of transducers P2 and P3, referrifkggtoe 5.1& and Figure 5.18 Apart
from that, considering Figure 5.438vertical pressure decreases by the first codboth in
simulation and experiments. The reduction valuféssame and about 5 kPa (which is about
50% of the initial stress value considering the atioal results and 25% of the initial stress
value considering the experimental results) in bcélses. Vertical pressure continues to
decrease by thermal cycles. By heating, numeriegtloal pressure increases and approaches
the initial value. The same trend as observed erfitht cooling and heating could be made
also on the second cycle. Horizontal pressure medsat P3, shown in Figure 514,8eems

to be insensitive to temperature. This is alsodfge in the simulation results. Referring to
Figure 5.18-f, numerical and experimental curves are in goodiifaéive correspondence.
As a general conclusion, pressure in the soil afpile vicinity does not change significantly

as the pile temperature changes neither in thelation nor in the experiments.
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Figure 5.18 Total pressure variation by thermaleydin test E2 at: (a) P2; (b) P3; (c) P4; (d) P7;
(e) P8; (f) P9

Total pressure variation by thermal cycles in t€gtis exhibited in Figure 5.19. As a
general conclusion, temperature effects are nddgigin the total pressure value at positions
P3 through P9, as could be seen in Figurel®flJhis is also the case at the simulated
pressure values at P2; until the first heatingsguee value does not change. By the second
cooling it decreases a little and increases toptle®ious value by the next heating phase.
While in the experimental results at the same msita governing increasing trend by

thermal cycles could be detected.
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Figure 5.19 Total pressure variation by thermaleydin test E7 at: (a) P2; (b) P3; (c) P4; (d) P7;
(e) P8; (f) P9

Axial load distribution along the pile in test H&dugh test E7 is plotted in Figure 5.20.
Two sets of curves could be detected: experimgmthich is shown by dashed lines) and
numerical (which is represented by thick lines)cltaet is composed of five curves: the first
one is the reference one, which is obtained dftatr the pile mechanical incremental loading
is finished and it is ready to be subjected to rttadrcycles. The curve is denoted by
‘mechanical’. The other four curves plot the ax@ad distribution obtained at the end of first
cooling, first heating, second cooling and secoedting. Figure 5.20shows the results of
thermal loading on the pile with no head load. Tiba-zero axial load values along the pile
on the experimental ‘mechanical’ profile could Ixplained by the presence of pre-stresses in

the pile due to installation. The numerical valaes naturally equal tgr,z A wherey, is the

pile unit weight, z changes between 0 dn{the pile length), and A is the pile section

(3.1x10™m?). Regarding numerical curves, tensile forces (tiegavalues) are generated in
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the pile as it is cooled. When it is heated aftedsacompressive forces are produced which
are greater than the initial values detected on ‘thechanical’ profile. The same load
distribution as under first cooling is observedsatond cooling. This is also the case on the
first and second heating while compressive foraesstghtly greater in the second heating.
Regarding experimental results, exactly an inveesed is observed; heating produces tensile
forces while cooling generates compressive foraes, the absolute values of the axial force
decrease as thermal cycles proceed. As a consexjuitiec profiles obtained at the end of
second cooling and second heating are closer tonthal profile. Under a non-zero load
value (Figure 5.20f) the trends observed on numerical profiles und=o Zoad stays
unchanged; as the pile is cooled compressive farceke pile decrease comparing to the
concerning ‘mechanical’ profile and as it is heatedhpressive forces increase. The effect of
heating is more pronounced on the load distributarves. Except in the case of 200 N
(Figure 5.2d), the two profiles obtained at the end of firsaecond cooling are almost
superposed while the additional compressive foatesmore important at the end of second
heating than after the first one. The axial fortéha pile toe is affected by thermal loading,
especially under relatively lower loads (Figure 0b,2Figure 5.268 and Figure 5.26).
According to Figure 5.28f, there exists a point on the profiles obtainethatend of heating
phases, where the slope changes. This point iseldct depth of 280 mm and its position
does not change with the head load value. Whemoiites to experimental axial load
distribution profiles, it is not easy to find a tdgr tendency. But globally, the same
observation as the case of zero load (Figured).@0uld be made: cooling leads to axial force
increase while heating leads to axial force deeeAtso, when applying thermal cycles on
the pile under rather heavy loads (300 N, Figu2€fh.the axial forces along the pile increase
as thermal cycles go on. Pile toe is also morectdteby thermal cycles when it is subjected
to rather heavy mechanical loads.

Evolution of the plastic zone around the pile un@ed and 300 N and for the first two
thermal cycles is shown in Figure 5.21 and FiguB25Under no mechanical load, the plastic
zone spreads at the contact zone and even at ilhsugiace by the initial cooling (Figure
5.21b). The plastic zone propagates in the soil whenpihe is heated afterwards (Figure
5.21c) while the soil around the upper half of the pdenore affected. The plastic zone does
not change significantly by the following thermalcke (Figure 5.2d and Figure 5.24),
except that a larger area close to the soil suitaaéfected. Under 300 N of mechanical load,
the plastic zone is spread at the pile vicinity andhe pile toe (Figure 5.3p First cooling
affects particularly lower depths of the soil néze pile (Figure 5.28 and the soil surface.
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Subsequent heating leads to spread the plastitspatinhe contact zone (Figure c2Same
as the previous case, the plastic zone extensies dot change sensibly during the next

cooling/heating cycle (Figure 5.@and Figure 5.29).
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(d)

Figure 5.21 Plastic zone evolution under O N atehd of : (a) purely mechanical phase (b) first
cooling phase (c) first heating phase (d) secondirmp phase (e) second heating phase. In all

subfigures, the mesh is deformed according to aigphents (amplification factor = 500).

Figure 5.22 Plastic zone evolution under 300 Nhatdnd of: (a) purely mechanical phase (b) first
cooling phase (c) first heating phase (d) secondirmp phase (e) second heating phase. In all

subfigures, the mesh is deformed according to @igphents (amplification factor = 500).
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5.4.3 Simulation of test E8

Figure 5.23 depicts the pile thermal settlemensweipile temperature change. Pile head
thermal settlement measured during 30 thermal synléest E8 was first corrected in order to
eliminate the time effects, as explained beforé-igure 5.16. Both the original and corrected

curves are exhibited.

Pile temperature change (C)

————— Thermal cycles (original experimental data)
f — Thermal cycles (corrected experimental data)

Pile head thermal settlement (mm)
(=Y
|

37

Figure 5.23 Pile thermal settlement versus pileptenatture: raw and corrected data obtained from
test E8

The corrected curve is then compared to the pigentlal settlement curve obtained via
simulation and the expansion curve of a free pil&igure 5.24. As could be seen, the pile
continues to settle with thermal cycles in the @i in the simulation. However the pile
settlement is much higher in the experiment. Fighrg5 spots clearly the quantitative
difference between the two sets of thermal settigsmad he pile settlement at the end of each
cycle in the simulation and in the test is plotgdempty and filled symbols, respectively. As
could be observed, both the model pile and the temlene undergo the highest settlement

during the first ten cycles. After that the settrcontinues more slowly and it seems that
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the modelled pile will reach an accommodation stathin some further cycles. In contrast,
the pile in the test settles down more abruptlyigrmal cycles and it seems that stabilisation

procedure is further long.
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Figure 5.24 Pile thermal settlement versus pilepenature during test E8
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Axial load distribution in the pile is depicted iRigure 5.26. The numerical and
experimental curves obtained at the purely mechamést, the first and the last cooling and
heating cycles are compared. In the simulatedqutepressive forces decrease as the pile is
cooled for the first time and increase by the sgbeat heating phase. As thermal cycles
follow, the initial mechanical axial force profile more affected such that important tensile
loads are generated in the pile by the last cooliigo, more compressive forces are
generated by the last heating phase. Howeverntbadt of cooling in the long term is more
pronounced than heating. Similar to the case ofpilee under two thermal cycles (Figure
5.20), an inverse trend is detected on the expeataheesults: compressive loads decrease by
initial heating and increase by initial cooling. &g according to the experimental results,

compressive forces increase in the pile as thecycés proceed.
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Figure 5.26 Axial load distribution along the pitetest E8

The plastic zone developed in the soil at the dridawling phases is shown in Figure 5.27.
Plastic zone propagates near the pile by the entieoinechanical loading (Figure 587
Cooling the pile leads to extension of plastic zeseecially in the upper half of the pile
(Figure 5.21B). Soil surface is also affected in this phasehBgting, plastic zone continues to
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develop while there exists a point in the pile ne&ich the plastic zone remains the same
(Figure 5.2¢€). Extension of the plastic zone at final coolimgldeating phases (Figure 527
and Figure 5.28) is almost the same. Comparing to the first thérgele (Figure 5.2 and
Figure 5.2¢€), plastic zone propagates deeper in the soil theasoil surface. Also, a larger

area at the pile toe is affected.

| (@)

Figure 5.27 Plastic zone evolution under 150 Matdnd of : (a) purely mechanical phase (b) first
cooling phase (c) first heating phase (d) lastioggbhase (e) last heating phase. In all subfiguhes
mesh is deformed according to displacements (aitgaibn factor = 500).

5.4.4 Discussion

In order to have a better understanding of theadisps between the results of the physical
and the numerical model under purely mechanicalif@g load-settlement curves and axial
load distribution profiles should be taken into @aat at the same time (Figure 5.athd
Figure 5.13). According to Figure 5.1bile behaviour in unloading from 200 N to O N and
reloading to 200 N is reversible in the numericaldel while the two branches of unloading
and reloading are not superposed in the experitheggalts. Also, the pile settles more in the
experiment than in the simulation which means tiat finite element model is stiffer.
Looking at Figure 5.13, lateral friction plays a mmomportant role in the numerical curves,
which implies that less proportion of the head lemattansmitted to the pile toe. It could be

157



CHAPTER 5 FINITE ELEMENT ANALYSIS OF ENERGY PILES

then concluded that the considered perfect cortiatween the soil and the pile was not
representative of the contact situation in the #lsio on the experimental axial load profiles,
until 200 N (about 45% of the ultimate load), itisly the pile toe that is affected by loading.
In other words, lateral friction was not mobilisedlow 45% of the ultimate load. From this
point of view, it seems that the physical model weggmesentative of an end bearing pile while
the behaviour of the simulated pile resemblesderai-floating pile.

With respect to thermo-mechanical tests, Figur® SHows that the numerical model was
able to simulate the temperature fields in thertfttemechanical test. This shows that thermal
parameters and boundary conditions were compatilite the test conditions. Besides, heat
transfer occurred by conduction only, which wasested as soil had been dry sand and other
mechanisms such as convection or advection wersigiificant.

In terms of mechanical behaviour under two therpyalles, some major discrepancies
between experimental and numerical results werectel. Regarding Figure 5.16 which
illustrates pile thermal settlement versus pile gemature, the physical model shows
significant creep during thermal cycles. This cremptime effect in a broader sense- that may
be enhanced by temperature increases, manifeste aontinuous variation with time of a
mechanical quantity (which could be soil total greg, pile displacement and pile axial force
in the case of this study) under a constant tenwperaThis time dependency could be also
detected in experimental results on total pressufgégure 5.18 and Figure 5.19; there exists
some periods were temperature had been constartbtalitpressures continued to change
(stress relaxation). By removing the apparent creem thermal settlement curves, more
guantitative resemblance is achieved between theerical and experimental results in
Figure 5.17, while the thermal settlement of tHe pi the simulation is always smaller than
in the tests, which was also the case in mechasilement (Figure 5.1L Considering
Figure 5.173, pile behaviour remained elastic in both casesupdrely thermal loading. The
slope of the simulated curve is less than thathef ftee pile, which indicated that in the
numerical model, not only the pile head but als® e toe moves. Consequently, when the
pile is cooled, it contracts and when it is hedteskpands from both ends in the numerical
model. On the contrary, the slope of the experiaenrve is smaller than that of a free pile.
In other words it undergoes more important thergeformation comparing to a free pile
restrained by its end, which seems difficult tolakp Under 100, 150 and 200 N of head load
(Figure 5.11, Figure 5.1¢ and Figure 5.1d respectively) slope of the numerical curve
during the first cooling is the same as that afe fpile, while more settlement is observed on
the experimental curve. The observation could lséfied only in one case: in the numerical
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model, pile acts like a free pile during the ficsioling; it contracts from its head, so that the
side friction is mobilised along the pile espegiadn the upper part while pile toe is not

particularly affected. In the experiments, pile waots by its head and at the same time it
continues to settle under the existing mechanlead) load.

Better clarification could be provided by Figur@®. The response of a free pile during a
thermal cycle is shown in Figure 5&8-igure 5.28 and Figure 5.28show the observed pile
behaviour under the first thermal cycle in the datians and in the experimenk, and A,
denote respectively the pile displacement at tiieadrcooling and at the end of heating. The
initial state, shown byAT =0, is defined as follows: pile settlement has sisdéd under the
last increment of mechanical loading in a certast and the pile is ready to be subjected to
thermal cycles. Considering that pile head settl@gsander mechanical loading were similar
in numerical and experimental results (Figure 5,%he same initial states could be imagined
in both cases, as it is the case in Figure b28 Figure 5.28at AT =0. The pile has a
length of I, in both cases. It is aimed to compare the pile enical and experimental
displacements with that of a free pile with the sdangth ofl; which is only fixed by its toe
and is free to move in other directions (FigureB8)2A,, A, and A,denote respectively head
displacement of the free pile, the model pile mdation and the model pile in the test at the

end of first cooling. According to Figure 5.17, .gp200 N of mechanical load, is equal to
A, and smaller thaf,. Logically, pile head in the test could not contrenore than a free

pile, thus there should exist some movement apileetoe, while in the simulation pile toe
does not move. This is also compatible with Figtr20 where cooling has not a serious

effect on axial force at pile toe. By the subsequwating, pile head expansion is more
significant in the simulations than in the expenitse(, is very small and is smaller thaxy
according to Figure 5.17) which might indicate thale downward movement in the
experiment is even facilitated by its expansiomfrits toe @\, is greater tham,, A, is very
small). Thus, vertical stress measured during #st &t P1 (Figure 5.8 continues to
increase. When the mechanical load increases tdN2&0d 300 N (Figure 5.&7and Figure
5.17) pile settlement in the simulations during thestfircooling approaches to the
experimental one/, is almost equal té\, and is greater thaf,); mechanical load is large
enough to make the pile toe move downward. Durhlrgy heating phase that follows, pile

heave in the experiment is smaller than that in dimulations @\, is smaller tham\;).
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However A, is no more equal to zero, as the axial force psfilFigure 5.20) show a load

transfer in the pile which must result in somelsetents at pile toe.
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Figure 5.28 Prospective mechanisms for pile behmwioder a load less than 200N and a thermal
cycle: (a) a free pile (b) pile in the simulatiqie} pile in the experiment

160



CHAPTER 5 FINITE ELEMENT ANALYSIS OF ENERGY PILES

The difference between numerical and experimenxial éad distribution profiles (Figure
5.20) is more complicated to be explained. The gesgive stresses in the simulated pile
decrease when it is cooled and increase wherh#ased. The same trend was observed in the
previous studies on simulation of in-situ (reallst@iles (Lalouiet al., 2006, Suryatriyastuti,
2013), however the profile obtained at the mecladmbase seems to be more sensitive to
heating than to cooling. The additional compresstresses seem to increase as thermal
cycles proceed. On the contrary, the profiles oletdiat the end of first and second cooling
are not very distant. On the other hand, no spe&atiency could be deduced from
experimental axial load profiles. Under rather tiggads (up to 150 N), compressive loads
decrease by heating and increase by cooling. Uhdawvier loads, compressive stresses
increase by thermal cycles; cooling induces congivesstresses to.

Considering the results of the thermo-mechanicadilog test under 30 cooling and heating
cycles, the simulated pile settlement is much tkas that of the tested pile (Figure 5.24). It
seems that pile settlement stabilises within th& fiycles in the numerical model, while the
pile in the experiment continues to settle with @mportant rate (Figure 5.25). The
mechanisms could be compared on the basis of Fig#®: pile toe continues to push
through the soil as thermal cycles proceed in #pEement while the modelled pile deforms
mainly by its head. This could also be detecteBigure 5.27 which depicts the plastic zone
development in the soil. The plastic zone is lamdower depths, soil surface is also highly
affected. With respect to axial force distributionthe pile (Figure 5.26), it seems that the
trend observed in numerical results within two egc(Figure 5.20) remains the same as the
number of cycles increases: cooling leads to aedser in compressive forces while heating
leads to an increase. Heating has more visiblectsffen the axial force profiles within the
first cycles (Figure 5.20), but in the long terne thffect of cooling is more pronounced; the
decrease in compressive forces is so importantsigatficant tensile forces are produced in
the pile. Quantitatively, the compressive forca@ase at the end of the last heating is not that
important (Figure 5.26).

To summarise, it could be stated that the simulgitxlis more dependent on the lateral
friction than on the pile tip. The perfect contassumed between the pile and soil elements
makes the finite element model stiffer and moréstast. While the pile in the experiment is
submitted to a lower frictional resistance, alsdtatoe the tip resistance is not high enough
so that even under a very low mechanical load (400hich is about 20% of the ultimate
load) pile settlement continues during thermal egciMore attention should be paid to the
definition of an appropriate interface model. Glibpahe small-scale test pile was subjected
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to low lateral stresses. Besides, with no mechahiealing on the soil surface, the thermal
volumetric changes in the pile were not preventedhie soil body. It seems that the purely
mechanical test could be well simulated by addipgnierface elements, while the thermal
tests seem more complicated and may require theitt@i of a more appropriate numerical
model.

5.5 Conclusion

A commercial finite element code for geotechnicasign was first used for simulating a
pile under thermo-mechanical loadings. Temperagifects are not included in the code.
Instead, an equivalent thermal volumetric defororatvas applied to the pile. This simplified
method was examined by simulating two in-situ testsenergy piles and one laboratory
physical model test. The numerical results were pamed to the ones measured during the
experiments. The observations show that the simuatare in good agreement with the
experiments.

At the observed scale, the proposed method seenmmottuce satisfactory results in
simulating the mechanical behaviour under coupheninio-mechanical loadings. It could be
used as a simple method in design procedures whncbupled analyses methods are not
envisioned.

Secondly, a series of thermo-mechanical tests ave purely mechanical experiment
conducted on the pile in the physical model weneutated using a finite element numerical
code which considers also thermal effects (conttaryhe first code). In terms of purely
mechanical tests, the code was able to predicfaatorily the pile behaviour.

Thermal diffusion in the soil was simulated suctéls which indicates that on the one
hand, the governing mechanism of heat transfelnensbil mass has been conduction and on
the other hand, the assumptions made on thermaldaoy conditions, such as existing no
heat transfer via soil container’s wall, were cofitga with the test conditions.

Pile settlement by cooling and its heave by heatwege observed in both calculated and
measured settlement-temperature curves. The pilbeirexperiments showed serious creep,
which could not be taken into account in the simiafes. By removing these time effects,
more quantitative similarity was achieved betwea&peeimental and numerical pile head
displacement values. The pile continued to settevrd by thermal cycles both in the
simulations and in the tests. More plastic deforomatvas generated under larger pile head
load. However the pile settlement value was laigethe experiment. It seems that in the

numerical model, the pile toe was less affectedhgymal loading (especially under a non-
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zero head load value) which could be due to théepeadherence attributed to the pile/soil
contact zone. While the pile in the experimentsrse® be less restricted by the surrounding
soil and continued to settle during thermal cycResgarding pile force distribution in the
numerical model, heating led to an increase in agesgive loads and cooling led to a
decrease. No regular trend could be deduced frenesdiresponding experimental curves.
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The primary aim of this PhD project was to investegthe soil/energy pile interaction
mechanism through a small-scale model. A model @dagth of 800 mm and external
diameter of 20 mm) was equipped with strain andpenature gauges. Strain gauges are of
full bridge type in order to be compensated by terapure. The main interest of this strain
gauge type is that they provide a relatively dimaeiasurement of axial stress in the pile. The
pile was first embedded in dry Fontainebleau sarmimpacted manually) and then in
saturated Kaolin clay (compacted by means of aattioy hammer). Temperature transducers
were spread into the soil at different levels anditierent distances parallel to the pile axis.
Pressure transducers were installed mainly in tlenity of the pile. The pile was
mechanically loaded at its head first and subjettazhe, two or more thermal cycles.

The main conclusions which could be drawn from fhke’s behaviour when it is
embedded in dry sand are:

= Under purely mechanical loading, more than 70% h& pile head load was
carried by its toe. The participation of side foct in load transfer was rather
weak.

= Subjecting the pile to thermal cycles changed thal &orce distribution. The first
cooling led to an increase in compressive forcdsjenthe subsequent heating
decreased them. The next cooling/heating cycleaszd compressive forces. The
observed trend is in contrast with that observefiilinscale energy piles found in
the literature review.

= Under rather light loads (up to 30% of the pilerndte load), the behaviour of the
pile remained thermo-elastic in terms of axial @rdistribution. A sort of
symmetry between cooling and heating could be tkdan these plots.

= In terms of pile settlement induced by temperatareatcheting behaviour could
be observed as thermal cycles proceeded. The ambumgversible deformation
increased with the mechanical load to which the pids subjected during thermal
cycles. In the test where 30 thermal cycles wemiegh an accommodation state

could be observed from the"1@ycle.
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= The physical model presented significant creep utitmo-mechanical loading.
Time effects could be detected in axial force, ltgbeessure and thermal
displacement measurements, where no stabilisatahd cbe detected under a
constant temperature value.

Coming to the pile behaviour in saturated clay,fdll®ewing conclusions could be drawn:

= Time effects (creep) were visible in the mechaniocalling stage, the creep rate
increased with the pile head load.

= As it was the case in sand, thermal cycle led t appearance of permanent
settlements of the pile, with a magnitude incregswith the pile head load.

Shear behaviour of soils and that of soil/conciaterface was investigated through a
modified direct shear apparatus at various tempegatalues. Three temperature values were
considered (5°C, 20°C and 40°C). These values spporel to the range of temperature near
energy piles. Direct shear tests were performetanal stress values ranging from 5 kPa to
100 kPa. The results show that:

= The effect of temperature on the shear strengtlnpeters of sand, clay and
clay/concrete interface was negligible.

= Softening was observed during shearing of clay/asiecinterface, while the
behaviour of sand and clay was of ductile type.

= The (peak) shear strength of clay/concrete interfaas generally smaller than
that of clay.

A commercial finite-element code (Plaxis) was usedsimulate a pile under thermo-
mechanical loading. Thermo-mechanical loading wasilated by imposing an equivalent
thermal volumetric deformation on the pile. Basedtloe experimental results on the shear
box, it was also assumed that mechanical paramefefse soil and those of the soil/pile
interface are temperature independent. Thermatlygad volume changes in the soil were
ignored. The simplified method was examined by &mg two in situ tests on energy piles
and one laboratory physical model (found from tkerdture review). The numerical results
were compared to experimental measurements. Theoged method seems to provide
satisfactory results in simulating mechanical bétavof real scale energy piles; axial strains
in the pile and pile head displacement were satisfdy predicted. Then it could be
concluded that at the full scale, the dominant maim resulting from thermo-mechanical
loading is the volume change in the pile. Considgthe physical model, the experimental

results were limited to pile head settlement. Fitbis point of view, the numerical results
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were close to the experimental ones. However ritoisevident that the good agreement also
exists in terms of axial force distribution.

Another finite element code (CESAR-LCPC) with thieilisy to consider temperature
effects was used to simulate the tests performethemmodel pile in sand during this PhD
project. Numerical results were compared with terajpge sensors measurements. Good
predictions were achieved in terms of heat transféne soil. On the contrary, the model was
not able to reproduce the thermo-mechanical bebawbthe pile in terms of load transfer,
which implies that a more complete model includimgrface elements should be used. Also,
the model used may have to be revised in ordee adaptable to the pile subjected to a rather

low range of stress, as it is the case in the physnodel.

Considering the limitations of small-scale tests deneral and also in this special case),
some modifications in the model and in the expeni@eprocedure could be proposed for
further researches:

= Applying a uniform load to the soil surface in orde increase the pressure level
in the soil. Running a parametric study by chandiregsurface load value in order
to quantify its effect on the pile’s mechanicalpesse.

= Revising the compaction method to ensure a homagenompaction especially
at the vicinity of the pile.

= Utilising another type of pressure sensors (morkcieft one). Measuring
pressure in the soil at more locations with speaitntion to the soil container
wall. That way boundary effects previously checkedpurely mechanical loading
of the pile might be modified in order to be addpte the case of thermo-
mechanical loading.

= Supplying the model pile with an appropriate disptaent transducer at its toe. In
the present study the pile displacement was madtonly at its head.

= Using a new model pile with other type of strairuges but exactly the same
dimension and surface coating, submitting it to Hzme thermo-mechanical
loading paths. Analysing the results and compatiegoad transfer mechanism to
the one observed in this study in order to confime observed mechanism
(increase in axial force by cooling and decreashdating).

= Studying in more detail the effect of time on thke’p behaviour under thermo-
mechanical solicitation.

Regarding the performed shear tests, the followergpectives can be suggested:
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= Evaluating the shear behaviour of the soil and@mikcrete interface under thermal
cycles.

= Adding local measurement of pore pressure.

» Repeating the tests on rougher surfaces.

The numerical model could be explored more in tetay:

= Simulating the tests performed on the pile in clay.

= Adding interface elements to the present modeldeeany other attempts in order
to improve the comparison between the experimemdinumerical results.

= Working on a constitutive model for the interfacender thermo-mechanical

solicitation).
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