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Abstract

Piles have been used for many years in civil infrastructure as foundations for buildings,
bridges, and retaining walls. Energy piles are theactove foundation systems that use
geothermal energy for heating acaboling of buildings. Ground source heatawvery attractive,
economial, efficient and sustainable alternative to current heating practices. Unlike the air
temperaturethe temperaturd e |l ow t h e Eramaindrélaivelg constart ¢heoughout
the year, somewhere betweel0°C to 15°C below a depth of6 mto 9 m (Kelly, 2011). This
providesan opportunity for construction of thermaxtive foundation systems wigmbeded
geothermal loog@ The main purpose of such theractive system is toransfer éep ground
heatto a building through the fluid circulating within the geothermal loop. It is becalese th
thermoactive foundation systesnenable heat exchange between the deep ground and the
building that is called the heat exchanger pile (HEP). Theniddeenergy supplied by HEP can
then supplemerdir-pumpbasedcheating/cooling system

Although heat exchanger piles have been successfully implemented in Europe and Asia,
their usage in U.S. remains uncommon. One reason for this might be currentlsd limi
understanding of the associated -stilicture interaction, thus unfavorably affecting the design
procedures. To this end, study was undertaken tinvestigate the predictive capabilities of
computational modsland to gaina better understanding ohé loadtransfer mechanissnof
energy pilesThus, oupled therméhydromechanical computational modeling of a singbtual
end bearingHEP was carried out fordifferent loading scenarios including thermal and
mechanical loads by using the finite elemestile ABAQUS/Standard 6.1-2. The resultof the
analyss of the heat exchanger pile with two differgyges of layered soil profile are presented:
isotropic and anisotropic. Theomputational model was validated and verified successfully
against field tesresults forall consideredoading scenariosidditional analyses were performed
to gain a deeper insight into the effectssoil layering and on the behavior of energy piles. It
was found that changes time soil stiffness affected primarilthe head dsplacement and vertical

stresses and strains in the pile.
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Chapter 1 - Introduction

1.1 Geothermal Energy

1.1.1 Background

Geothermal energy is theainenergy generatebdy the Earth and stored in the Earth
Geothermal power is cost effective, reliable, sustainable, and environmentally frienditys but
usehas beedimited Recent scientific advances have dramatically expanded the range and size
of practical resources, especially for applications such as home hehtisgpening a potential
for widespread exploitationGeothermal wells release greenhouse gases trapped deep within the
earth, but these emissions are much lower per energy unit s ah fossil fuels. As a result,
geothermal power has the potential to help mitigate global warming if widely deployed in place

of fossil fuels.

Table 1.1 Summary of the various categories of direct usef geothermal energy

worldwide, 19952010 (Lundet al. 2010)
Capacity, MWt

2010 2005 | 2000 | 1995
Geothermal Heat Pumps | 35,236 | 15,384 | 5,275 | 1,854
Space Heating 5391 | 4,366 | 3,263 | 2,579
Greenhouse Heating 1,544 | 1,404 | 1,246 | 1,085
Aquaculture Pond Heating 653 616 605 | 1,097
Agricultural Drying 127 157 74 67
Industrial Uses 533 484 474 544
Bathing and Swimming 6,689 | 5,401 | 3,957 | 1,085
Cooling / Snow Melting 368 371 114 115
Others 41 86 137 238
Total 50,583 | 28,269 | 15,145| 8,664




Utilization, TJ/yr

2010 2006 2000 1995
Geothermal Heat Pumps | 214,782| 87,503 | 23,275 | 14,617
Space Heating 62,984 | 55,256 | 42,926 | 38,230
Greenhouse Heating 23,264 | 20,661 | 17,864 | 15,742
Aquaculture Pond Heating 11,521 | 10,976 | 11,733 | 13,493
Agricultural Drying 1,662 | 2,013 | 1,038 | 1,124
Industrial Uses 11,746 | 10,868 | 10,220 | 10,120
Bathing and Swimming 109,032| 83,018 | 79,546 | 15,742
Cooling / Snow Melting 2,126 | 2,032 | 1,063 | 1,124
Others 956 1,045 | 3,034 | 2,249
Total 438,071| 273,372| 190,699| 112,441
Capacity Factor
2010 2005 | 2000 | 1995
Geotlermal Heat Pumps 0.19 0.18 0.14 | 0.25
Space Heating 0.37 0.40 0.42 0.47
Greenhouse Heating 0.48 0.47 0.45 | 0.46
Aquaculture Pond Heating 0.56 0.57 0.61 | 0.39
Agricultural Drying 0.42 0.41 0.44 | 0.53
Industrial Uses 0.70 0.71 0.68 | 0.59
Bathing and Swimmig 0.52 0.49 0.64 | 0.46
Cooling / Snow Melting 0.18 0.18 0.30 | 0.31
Others 0.73 0.39 0.70 | 0.30
Total 0.27 0.31 0.40 | 041
The Earthdéds geother mal resources are theo

energy needs of humanity, but currently only ayv@mall fraction may be profitably exploited.
Drilling and exploration for deep resources is very expensive and it depends on technology,
energy prices, and subsidies. Geothermal energy can be used for the generation of electricity or

for direct use, inluding building heating, growing plants in greenhouses, drying crops, heating
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water at fish farms, and for several industrial processes such as pasteurizing milk. Many
technologies have been developed to take advantage of geothermal energy. Geotarmal h
pumps (GHP) system is one of the technologies which were seemly introoyaesing the
shallow ground to heat and cool buildings.

Figure 1.1 Geothermal direct applications worldwide in 2010, distribued by percentage of
total installed capacity (a) and percentage of total energy use (b) (Luret al. 2010)
Cooling § snow

melting
0.7%

Bathing and Others
swimming
13.2%

Geothermal heat

Industrial uses
1.1%

Agricultural drying
0.3%

(a) Agquaculture pond
heating
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Geothermal heat

(b) Agricultural drying pumps 49.0%
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The shall ow ground or up msevarmettbanthearabowweft t he
in the winter and cooler in the summeaHP can tapinto this resourcéor heatng and coaing
the buildings At deeper depths the temperature of the ground is constant throughout the year.
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For example, in Kansas the ground temperatunee&ly constantand equal t&60°F to 6C0F
(10°C to 18C) at depthdarger tharB0 ft (9.14m) from the ground surface regardless the climate
(http://www.architectmagazine.com/technology/geurglerground

GHP systems consist of three parts
1. The heat pump unit
2. The ground heat exchanger

3. The air delivery system

Figure 1.2 The three GHP system major componentsAdapted from Clean Energy Project
Analysis: RETScreen Engineering Cass Textbook (Minister of Natural Resources Canada
2001-2005)

1. Heat pump
2. Earth connection

3. Heaing/Colling distribution systen

The heat exchanger is basically a syst#mpipes called a logpwhich is buried in the
shallow ground near the building. A fluid (usually water or a mixture of water and antifreeze)
circulates through the pipes to absorb or relinquish heat within the grbutite winter, the heat
pump removes heat from the heat exchanger and pumps it into the indoor air delivery system. In
the summer, the process is reversed, and the heat pump moveoimetief indoor air to the
heat exchangerThe heat remowkfrom the indoor air duringhe summercan also be used to

heat water, providing a free source of hot water.


http://www.architectmagazine.com/technology/going-underground_o

GHP usesmuch less energy than conventional heating systems, since they draw heat
from the ground. They are also more efficient when cooling. Not only does this save energy and
money, it reduces air pollutioas well All areas of the UnitecStates have nearly constant
shallowground temperatures, which are suitable for geothermal heat pumps

1.1.2 Type ofGeothermal Heat Pumdystens

Geothermal systems can be ingdlin an open loop or closed loopThe type of
geothermal systems installe@pmend on geological conditions, heating/cooling load, type of
space to be heated/cooled, supply gerature from underground, and availability of ground
water.
Open loop system

Open loop systems are used where an abundant supply of water from a well, pond, lake,
or river is available. Water is pumgand circulated directly through the polyethyleneinuip
Once it has circulated through the system, the water returns to the ground through the well, a

recharge well, or surface discharge.

Figure 1.3 An open loop geothermal systemAdapted from Geothermal Systems(Morris
and Sheets, 2009)




Closed loop system

A closed loop system consists of underground continuous piping loops that are filled with
an antifreezesolutionthat helps transfer the ground temperature to the geothermal heat pump.
A closed grand loop system can be installed either vertically or horizontally depending on the

site conditions

Figure 1.4 Closed loop geothermal systemAdapted from Geothermal SystemgMorris
and Sheets, 2009)

e

r

e y

b. Verticalloop geothermal system
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c. Pondloop geothermal system

1.2 Research Objective

Groundsource heat exchange (GSHE) systems have been used for many Feays.
reduce the energy demand of heating aodlicg systems compared with the traditional air
source heat pump systemshermaactive geotechnical systems such asrgy foundations are
a feasible approado enhance implementation of GSHE systems by reducing installation costs
through taking advaage ofbuilding foundation which isrecessaryfor load transferto the
ground Concretehasgood thermal conductivity and thermal storage capattitys making it an
ideal material for harvesting the heat from the grouAtthough energy foundations areaning
acceptance ifcurope, includinghe United Kingdom Switzerlandand Austriag, their usage in
U.S remains infrequent. One oktfeasons for this might be currently limited understanding
the behavior ofenergy pils, and especially currentiiacking knowledgeabout the pile-soil
interactionof energy piles. In addition, the numberexistingrelevantcase studies extremely
limited. To this end,he presenstudy addresssuncertaintiesn the soil structure interaction in
energy pileshroughcomputational modeling d singleenergypile. Specifically, thegoals of
the undertakemodellingefforts are



1. To investigate the mechanical behasiaf three types oheat exchanger pie
floating pile, semifloating pile,and end bearing pile.

2. To investigate the effects of soil layering and stiffness on the behavior of energy
piles.

3. To study the effects of thermal properties of sofigleformation, stresses and stgin
in energy piles

4, To evaluatethe displacementtreses and stragof the pile during heating and
cooling cycles.

5. Todeduceoverall implicationgor designof heat exchanger piles.

1.3 Thesis Organization

The thesiscontainsorganized in ix chapters. Chapter firesents the concept die
ground @ergy systems generaland it briefly explains the mairesearch objective€hapter 2
provides a literaturereview of a singleenergy pilesubjectedo thermal and mechanical loading.
Chapter 3 is the introduction about the heat transfer in. Stlernal properties of soilare
discussed in this chapter, including thermal conductivity, coefficient of thermal expansion and
heat capacity of the soilS€oupled thermdydro-mechanical computational modelling of a HEP
is carried out inChapter4. Reinforcedconcrete pile and soils propertiase presented in this
chapter Numerical modellinghas been carried oubn two different casesof pile heat
exchangersthermal loading only and mechani@idthermal loading when soils are responded
as anisotropic elasc material and anisotropic elastic materf@hapter Spresentghe results of
the computationalmodelling which was performed tadvance the knowledge about theil
structure interactionf energy pilesThe overall conclusionand suggestions for furte research
are provided inChapter 6.In addition, design recommendations are also presented in this

chapter.



Chapter 2 - Literature Review

Over last 20 years heat exchanger piles (HEP) have been studied by various researchers
to improve understandingf their bénavior, including the related soil structure interaction. The
research efforts have been mainly focused at numarmocaklingand field testingTable 2.1

shows most of the previous full scale field studidgey are discussed next.

Table 2.1 Previous studies on full scale field experiments on HEP

No. of case | Author/ Year Location of the project
1 Laloui et al.(2009 Lausanne / Switzerland
2 Brandl, 009 Bad Schallerbach / Austrig
3 BourneWebb et & (2009 Lambet College / London
4 McCartney and Murphy2012 Denver / Colorado
5 Murphy et al. 2014 US Air Force Academy
6 Sutman et al.20149 Richmond / Texas

2.1 Heat Exchanger Piles in the World

2.1.1 Laloui et al.(2006

Laloui et al. 006) conducted a study of an end bearing HEP by comparing in situ tests
and results of numerical modelling. The field tests were carried out at the Swiss Federal Institute
of technology (four story building) in Lausanrgwitzerland. The drilled HEP was &8n in
diameter and 25.8 m in length. A coupled thermalro-mechanical finite element model was
developed and a single pile subjected to thermal loading, and thermal and mechanical loadings
was analyzed. The soil was modelled as a Drucker Prager thé&stic-glastic material while
the HEP was assumed to behave as a thermo elastic material. The contact between the pile and
soil was assumed toe perfectly rough. The HEP was embedded into a soil profile consisting of

4 different layers, which are underaiy the bedrock (Figure 2.1)



Figure 2.1 The soil profile and the instrumentation of theEPFL pile test(Laloui et al.

2006)
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The results indicated that a large axial stress was generated at the end of a heating cycle
at the pile tip. On the contrary, the mechanical load affected mostly the pile head. The axial
stress induced by the thermal and mechanical load was larger than the one due to only
mechanical load. If the stress induced by thermal and mechanical load ieddsupe a linear
superposition of the stresses induced only by thermal and only by mechanical loads it turns out
that the axial stress in the pile at the end of heating cycle is larger than stress induced by the axial
compressive force applied at the gilead. The axial displacement, axial strain and stress in the
pile depend on the soil layering and the types of soil present at the site. The heating and cooling

cycles did not affect the pore pressure and effective stress in the surrounding soil.

Knellwolf et al. (2011) presented a new method of geotechnical analysis of HEP. This
method is based on a one dimensional finite difference model that considers the shear stress at
the soitpile interface and the normal stress at the pile tip. The relationsatpgeen the shaft
friction and shaft displacement, and tip stress and tip displacement are known. Knellwolf et al.
(2011) introduced a degree of freedom of pilg (vhich was defined as

10



eth,o
Ein, 1

= (2.1)

whereth;= UipJo called free thermal strain whil& () is the observed axial straidis the
coefficient of thermal expansiom Tis the net change in temperatufidne latter is smaller than
the free thermal strain since the pile is prevented frelyfrmoving by the shear stress acting at
the pilesoil interface. The axial stress is induced by the difference between the observed and free
strain, which is given by:

€.q =(n 1) g; (2.2)
This in turn gives the following expressifor the thermally induced axial stress:

Sin = GdE pie n ) 4B

) e (2.3)
in which Egiee) is the Youn@ snodulusof the reinforced concrete pile. Knellwolf at el. (2011)
neglected the selleight of the pile in their analysis. Furthermore, tloefticient of thermal
expansion of the pilely and i ts Y cEpeveete ot affected by dhe teroperature
and were constant along the pile length.

They concluded that the heating of the pile induced the additional compressive stresses in
the ple and increased the mobilized shear stress. Furthermore, the cooling can release the shear
stress mobilized during heating, thus possibly reversing the direction of the shear stress and

perhaps even to a tensile stress in the pile.

Mimouni and Lalouji (2013) conducted investigaton the impact of temperature
difference on the mobilized bearing capacities of the energy. pitesr researchvasbased on
the loadtransfer approach proposed by Seed and R€E3®7) and Coyle and Regg&966) to
estimate e bearing capacities of piles. The EPFL and Lambeth College test piles are modelled
and analyzed in order to compare the results with the in sisdist

From the Menard pressuremeter moduliys the slope Ks and K, of the first linear
branch of théoadtransfer curveshownin the Figure 2.2 are given by
_2E,

K 2.4
== (2.4)
and K, :“EfM (2.5)

whereD is the pile diameter.

11



Figure 2.2 Load-transfer curves used for Mi mouni and Laloui, 2013

(a) shatft friction (b) base compression

(a) t (b) T

The ultimate bearing capacitiesnsist of the ultimatshaft friction(Qs ) andultimate

end bearing@y ui), Whichare given by

L

Q. ui :pDﬁquz (2.6)
0
_pDb?
Qi =% (2.7)

In the case of pile isubjected to anechanical loadP), the head actiofQy) include of

the mechanical loafP) and the head reactioh is given by
D2
Q=P K3 (2.8)

where Ky, is the head stiffnesand z is the head displacement of the pile. Figure i8.8he

schematic of forces acting on a pile foundation.

They concluded that the mobilized bearing capacities of energy piles vary with
temperature. This does not cause any eggdutical failure because the null point still exists
during the thermal changes. Moreover, they found itl@atasing the factor safety of the HEP

can raise the costs of the project, but it does not provide any advantages.

12



Figure 2.3 Schematic of forces acting on a pile foundatiorMimouni and Laloui, 2013
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2.1.2 Bourne-Webb et al. (2009)

BourneWebb et al. (2009) presented the data collected during the field tests on the
energy pils located at the Lambeth College iroridon. These field tests were designed to
investigate the behavior of energy pilsubjected to thermal, and combined thermal and
mechanical loads. The pile healisplacementtemperature and straialong the pilewere
recorded during the initial mechanidaading, at the end of first cooling period as well as at the
end of the first heating period. The instruments used to receseldhta are optical fiber sensors,
vibrating wire strain gauges and thermistors. Specifically, 18 vibrating wire strainsgasige
thermistors and five LVDTs and a load cell were recording continuously. The measurements
provided basis for determination of the axial stresses in the pile.

The upper part of the test pile has the diameter of 0.61 m, while the diameter of the lower
part is 0.55 m. The total length of the test pile is equal to 23 m. It was designed to carry the
vertical force of 1200 kN as the working load. The temperature applied to the pile varied from
the extreme values ®6°C to 56C.

BourneWebb et al. (2009) ewluded that in the thermodynamic design of the ground
source heat pump system the pile acts as an infinitely long line source. It will emit the
temperature in all direction¥hey concluded that the additional stresses in the pile that were
induced due tdhe mechanical loading while the pile is heated could exceed the limiting value
imposed by the design codes. They also found that the shear stresses mobilized at the pile/soil

interface will significantly affect to the overall bearing capacity of eneilgg.p

13



Figure 24 Soil profile and instrumentation of the Lambeth College pile test (Bourne
Webb et al. 2M@9)
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Additionally, BourneWebb et al (2009 developed a simple descriptive framework for
understanding thlbadtransfer mechanism and ttehavior of energy pikunder thermaland
mechanicabnd thermaloading
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2.13 Amatyaet al. (2012)

Amatya et al. (2012) synthesized the published pile test results that involve three different
sites. Thg developed simplified lad transfer mechanisms for thermal, and combined thermal
and mechanical loads for a single pile. Specifically, they focused on the change in axial stress
mobilized shaft frictionand effects of end restraints.

One of the field tests took place at tharikseth College in South Londdfigure 2.4)

Two piles were constructed at the site, a 23 m long test pile and 30 m long heat sink pile. The
mechanical load was applied to the test pile first. It was maintained for 46 days. The test pile was
subsequently aded for 31 days, which was followed by heating for 12 days. Finally, the pile
was heated and cooled in daily cycles lasting three days.

The second test site was located in Lausanne (Switzerland). This is the field test
described in the previous sectiofhe location of the third filed test was Bad Schallerbach,

Austria. The pile has a diameter of 1.2 m and the length of 9 m.

Figure 25 Soil profile of the Bad Schallerbach pile test (Amatya et al. 2012 )
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Amatya et al. 2012) concluded that heating and cooling of the piles induced the axial
stress inside the pile, which was between about 50% and 100% of the theoretically fully
restrained values. Although they found that stiffer soils seem to exhibit larger mobilization of
shaft resistance they also indicated that methods for estimation of these effects needed to be
developed. Finally, they stated that the heating and cooling of energy piles are not likely to have

detrimental effects on buildings.

2.1.4 Suryatriyastuti efal. (2012)
Suryatriyastuti et al. (2012) used finite differermmele FLACP to simulatean energy
pile under static loadingThey usediwo different computationamodek. one with perfectly
roughcontact ad the othemith sliding contactlongthe soitpile interface. The pile was 15 m

15



long and it has 0.6 m x 0.6 m square cross sectiomadtinstalled into the homogeneous soil.
Both pile and soil were assumedhishaveasthethermaoelastic materia The domain wags5m

in wide and 30m in highThe pile was heated to 26 andsubsequently coolet 5°C.

Figure 2.6 Finite difference model for an energy pilgSuryatriyastuti et al. 2012)

(a) Perfect contact (b) Sliding contact

Pl oy o, T D S
T W e P T

Block Group

le;.“a: Intesface Lecations
(a) (b)

Suryatriyastuti et al. (2012pnclwedthat

1. The stresses and displacement of theghtained from the model witthe sliding
contact are smaller thahoseobtained fronthe perfectcontact.

2. Duringt he cooling <cycl e dcdureedandutenkila ¢orcdss
developed in the pile.Oppositeresponsesf the pilewere foundduringthe heating cycle.

3. Negative skin friction at thsoil-pile interface was createfr highertemperature
differences

4. Null point wadocatedin the middle of the pile.
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2.2 Geothemal Energy In The United States

2.2.1 Brettmann et al. (2013) and Sutman et al. (2014)

Brettmann et al(2013)and Sutman et al. (201gjesentedheresults of thdield tests on
energy pilegshat were conducteid Richmond Texas The goal of this testasto investigate the
long term thermaimechanicalbehavior of the energy piles and evaluate the effentthe
bearing capacityf the pile Three 0.457 ndiameter auger pressure grouted energy piles were
installed inthe soil profile that consisted oftap 9 m thick layer ofstiff clay underlain by9 m
thick dense sandlwo of the piles (TPL and TP3) were 15m long and thethird TP-2 was 9m
long. The fiber optic lines were installed in the center of the pile in order to measure both strain
and tempertaire Vibrating wire piezometers and thermistors were also installed insaieach

pile test. Figure 27 depictedthe schematic layout of the test.

Figure 2.7 Schematic layout of the field test on energy pilé&Sutman & al. 2014)
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TP-2 represerstthe floating pilewhile TP-1 and TP3 represent for end bearing pilés.
TP-1, the mechanical loadf 287.5 tons or 2,558 kNvas applied firstin order to find the

ultimate bearing capacitylhe pile was subsequently unloadedoreapplying five heatingnd
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cooling cyclesDuring thermal loadingthetemperature of the heakchangdluid wasincreasd
to a maximumof 43C and decreaseto a minimum temperature of °8. The pile was

subsequently loaded failure. Figure B show the temperature cycles imposed on the piles.

Figure 28 Temperature imposed on the energy piles (Sutman et al. 2014)
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For TP-2 and TP3, a single thermatycle was appliedfor two weeks The maximum
temperaturevas 45°C andthe minimum temperaturevas 8°C. The design loadf 287.5 tons
(2,558 kN)was applied on these two piles before the thermal loading stage waad kept
during this stageSomeof thefirst results of this research areepented in Figure 2.

In the TR1 test, before thermal cycles, the deflection of the pile of 20.3 mm was
recorded at the maximum load before thermal cycles were applied. After the thermalthgcles,
deflection of the pilevas 26.67 mm. Thus, the thermatlucedan increase 06.35 mmin the
displacement of the pile.

During the TR3 test, the deflection of the pitdter thermal loadingvas around 0.65 in
(16.5 mm) at the maximum loading. The computational nioadelill need to be carried out in

thefutureof the longterm thermaimechanical behavior and performanceéhafseenergy piles.
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Figure 29 Displacement and load of the pile before and after thermal cycles (Sutman et

al. 2014)
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2.2.2 Murphy et al. (2014)

Murphy et al. (2014)performedthe field testson piles that supportethe one story
building at the US Air Force Academ¥ight drilledshafs of 0.61 m in diameter and 15.2 m in
length were constucted to support the buildinghree of them(foundation 1,3 and 4)were
instrumented with the strain gauges and thermistors to measure the strain and the temperature
distributionduring he heating and cooling cycleBhe soil profileconsist of al m thick sandy
fill, follow ed by the 1 mthick dense sandvhichis underlain bythe sandstone layer extending to
the maximum depth explored. TB91 m in depth and 0.61 m in wigeade beam was placed

on the top of the drilled shaft and around the perimeter of the buildiggre 2.0 is presented
the location othe foundation
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Figure 2.10 Locations of the energy foundations (Murphy et al. 2014)
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The temperature distributisrat different depths of fowdatiors 1, 3 and 4 are shown in

Figure 2.1.. The lowesttemperaturavas recordedat the bottom of the foundations.

Figure 211 Foundations temperatures during the tests (Murphy et al. 2014)

(@) Foundation 1 (b) Founddon 3 (c) Foundation 4

35 1

30 £ : Depth below 08m
g F = grade beam: 1.8m
& 25 F F —44m
T —73m
g 20 —11.0m
E 15 T —14.6m
L] e — T
)
s 10 + :
= E .k

5 1 Heating : Foundation 1

1
(a) 0 500 1000 1500 2000

Elapsed time (hours)
35
Depth below —0.8 m

—~ 30 + srade beam: —3.0m
iy = —59m
= 25 1 —9.1m
g o \n\ ~122m
£ " —l46m
2 15 4 : i
e —
g
A TUE S

5 & Heating : Foundation 3

0 Fm
(b) 0 500 1000 1500 2000

Elapsed time (hours)
33

‘Depth below —0.8m  —2.6m

30 + rade beamy: —4-4m —3.9m

grade beam =76m —91m

25 =109m 128 m
—14.6m

Temperature (°C)
(o]
=

10 £ :
5 | Heating Foundation 4
0+ f i i
0 500 1000 1500 2000
(c) Elapsed time (hours)

The axi al s tbythe vibratingdvirerseraangjaugeecah be calculéteoh
e= Gf? (2.4)
whereG = 3.304 x 10 is the gauge factor arfds the resonant frequency. Therefore, the strai

induced by the thermédad (& ) was calculated as follows
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&=[( e-.)8 + HE (2.5)
whereB = 0.975was the calibration factoky, , Werethe axial straia measured at timeand at
the initial stage, respeutly. qpTis the change in temperatuemd (4 = i1 2 . 2C is thie
coefficient of thermal expansion of the gauBeiring the heating period, the thermal strain is

negative, indicatinghatthe foundation expanded, as in Figure22.1

Figure 212 Thermal axial strain during heating and cooling cycles (Murphy et al. 2014)
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Figure 213 Thermal axial strain versus depth at different temperdaure (Murphy et al.

2014)
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The thermalaxial strainwas not constanwith depthbecauseof the mobilization of the

Depth (m)

skin friction (Figure 2.13).Similarly to themeasurements recordég Laloui et & (2006) and
BourneWebb et al. (2009) Moreover, the sains at the head and toe of the foundatioeres
larger thanat otherlocating thus indicatedhat the sandstone at theve may be soft If the
foundations werefully restrained, the maximum stress the pile due to the temperature

difference ofL8C would be 6.58 MPa. However, thermal axial stress in the foundatio® and
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4 werelower than this value, indicating that the pilgerenot completely restrained. €haxial
streses increasd with depth until around 11m, after 11 m axial stressedecreasg The

maximumstresgs areabout33% of the compressive strength thie reinforced concrete edin

this study €, =21MPa). Figure 2.1 shows the thermal axial stress versustid& foundatiors

1, 3 and 4 at different temperatsire

Figure 214 Thermal axial stress versus depth at different temperature (Murphy et al.
2014)
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The shear stes resistance induced by the temperature can be calculated from the thermal
axial stresss; as

_ (ST,j - ‘$,j-1)D
s,mob,j 40

whereD is the diameter of the pilendplis the space betweehe gaugesin Figure 2.5, the

f (2.6)

mobilized shear stress is smaller than 150 kPa because of the weakness sandstdhe skyer.

friction was negativen the upper part and positive the lower part of the pile.

Figure 215 Shearstress versus depth atpT  =C (M@phy et al. 2014)

(&) Foundation 1 (b) Foundation 3 (c) Foundation 4
Mohilized side shear stress (kPa)
=200 =100 [ LR 2000
{ T } 1 ——
2 L AT=18°C JIXL +Foundation 1
B y &Foundation 3
g 47 . & Foundation 4
o, el
s 0T
g8t
10§ )
R .
21 N
14 .

Assuming the pile toe was not moved, the relative thermal axial displacement due to thermal

calculated as follows
1
df,i: gli—l -lz( T.e—l -hl'l)el (27)

where ¢ is the thermal axial displacement at the midpoint between galigés,the thermal
axial strain at the location of gaugeTihe vertical head displacement of the foundation was from
11.3 to11.7 mm for the maximum temperature imposed on the foundasan Figure 2.8

This displacement was not affected the operation of the building.
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Figure 216 Thermal axial displacementat different temperature (Murphy et al. 2014)
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The significant conclusiongsulting from this study are

1. The temperatusen the foundatioa 1, 3 and 4 wreconstant with depth, except on
the top due to the effect of the surface temperatureattict bottom due to the present oéth
sandstone.

2. The thermal axial straminducedin piles by the temperaturehangewere smaller

than the predicted free expansion strain.
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3. Maximumthermally induceccompressive stress ranged from 4 to 5.1 MPa at the
depth between 11 and 12 m.

4. The thermal axial displacement was not affedtgthe operation of the building. The
vertical head displacement of the foundatrangedfrom i 1.3 to11.7 mm for the maximum
temperature imposed on the foundationlethe pile toe was assumed to be @Estd.

5. The thermablastic deformations did natccur along the foundatiorsubsurface

interface.
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Chapter 3 - Heat transfer in soils

3.1 Introduction

In general, heat transfer occurs when the temperature differences exist between two
locations. The heat flows from warmer to cooler region. Heat transfer in soils plays a significant
role in many engineering problems. Thus, understanding the thermal behavior of soils is helpful
for solving these problems. The three mechanisms of heafdranssoils are conduction,
convection and radiation.

Conduction is the transfaf heatthat is accomplished by colliding of liet molecules
with cooler moleculesVhen heat is transferred through conduction, the substance itself does not
flow. The heais rather transferred internally by vibrations of atoms and molecules. Electrons
can also carry heat, which is the reason metals are generally very good heat conductors. Metals
have many free electrons, which move around randomly. These electronsilgaimazeser heat
from one part of the metal to anoth&he amount of heat transfer by true conduction increases
with increases in both, a dry density and degree of saturation of a soil.

The basic law of thermal conduction is @ u r i ewhi@hsstagés shat the heat flug
(W/m?) is proportional to the temperature gradi@ht(°’C/m, °K/m). It is described by the
following equation

daT
dz

wherea-is the thermal conductivity (W/m/°K)The minus sign indicates that the temperature

q= 4 (3.1)

decreases in the direction of heat transport and, hence, the temperature gradient is a negative
quantity.

Convection is the movement of heat in the fluid that is cabgeemperature differences.
Hotter fluid moves away from the source due to a decrease of density and it is replaced by the
cooler denser fluid. While free convection is due to the fact that hotter fluids are less dense than
cooler fluids, forced convectiodoes not depend on density differences. In this case the fluid

motion is forced an external source such like a pump or other mechanical devices.
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Radiation is the heat transfer by electromagnetic waves. Heat is transferred from one
particle to another tbugh waves that are generated by the hotter particle through its vibration.

Figure 3.1 shows the various mechanisms of heat transfer in soils as they relate to the
grain size and degree of saturation. Thus, according to the Figure 3.1 the main medfanism

heat transfer in soil is by conduction.

Figure 31 The various mechanisms of heat transfer in the ground as related to soil grain
size ard degree of saturation (Faroukj 1981)
1. Thermal redistribution of moisture 2. Vapor diffusion due to moisture gradients
3. Free convection in water4. Free convection in air 5. Heat radiation

6. Heat conduction

In Figure 3.2, below a depth of 1015 m the ground temperature remains constant,
which corresponds to the valuesveeén 10i 15°C in Europe and 2D 25°C in tropics. Both of
these situations still permit economical heating and cooling of buildings by use of ithetive
foundations. Moreover, radiation effects decrease with depth.
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