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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 thermo-active foundation systems that use 

geothermal energy for heating and cooling of buildings. Ground source heat is a very attractive, 

economical, efficient and sustainable alternative to current heating practices. Unlike the air 

temperature, the temperature below the Earthôs surface remains relatively constant throughout 

the year, somewhere between 10
o
C to 15

o
C below a depth of 6 m to 9 m (Kelly, 2011). This 

provides an opportunity for construction of thermo-active foundation systems with embedded 

geothermal loops. The main purpose of such thermo-active system is to transfer deep ground 

heat to a building through the fluid circulating within the geothermal loop. It is because these 

thermo-active foundation systems enable heat exchange between the deep ground and the 

building that is called the heat exchanger pile (HEP). The thermal energy supplied by a HEP can 

then supplement air-pump-based heating/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 currently limited 

understanding of the associated soil-structure interaction, thus unfavorably affecting the design 

procedures. To this end, a study was undertaken to investigate the predictive capabilities of 

computational models and to gain a better understanding of the load-transfer mechanisms of 

energy piles. Thus, coupled thermo-hydro-mechanical computational modeling of a single actual 

end bearing HEP was carried out for different loading scenarios including thermal and 

mechanical loads by using the finite element code ABAQUS/Standard 6.13-2. The results of the 

analyses of the heat exchanger pile with two different types of layered soil profile are presented: 

isotropic and anisotropic. The computational model was validated and verified successfully 

against field test results for all considered loading scenarios. Additional analyses were performed 

to gain a deeper insight into the effects of soil layering and on the behavior of energy piles. It 

was found that changes in the soil stiffness affected primarily the head displacement 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 thermal energy generated by the Earth and stored in the Earth.  

Geothermal power is cost effective, reliable, sustainable, and environmentally friendly, but its 

use has been limited.  Recent scientific advances have dramatically expanded the range and size 

of practical resources, especially for applications such as home heating, thus opening a potential 

for widespread exploitation.  Geothermal wells release greenhouse gases trapped deep within the 

earth, but these emissions are much lower per energy unit than those of 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 use of geothermal energy 

worldwide, 1995-2010 (Lund et al. 2010) 

Capacity, MWt 

 2010 2005 2000 1995 

Geothermal Heat Pumps 35,236 15,384 5,275 1,854 

Space Heating 5,391 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 
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Utilization , TJ/yr  

 2010 2005 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 

Geothermal 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 Swimming 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 0.41 

 

The Earthôs geothermal resources are theoretically more than adequate to supply the 

energy needs of humanity, but currently only a very small 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, including 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.  Geothermal heat 

pumps (GHP) system is one of the technologies which were seemly introduced by using the 

shallow ground to heat and cool buildings. 

 

Figure 1.1   Geothermal direct applications worldwide in 2010, distributed by percentage of 

total installed capacity (a) and percentage of total energy use (b) (Lund et al. 2010) 

 

 

The shallow ground or upper 10 feet of the Earthôs surface is warmer than the air above it 

in the winter and cooler in the summer.  GHP can tap into this resource for heating and cooling 

the buildings.  At deeper depths the temperature of the ground is constant throughout the year. 

(a) 

(b) 
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For example, in Kansas the ground temperature is nearly constant and equal to 50
o
F to 60

o
F 

(10
o
C to 15

o
C) at depths larger than 30 ft (9.14 m) from the ground surface regardless the climate 

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

 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 components. Adapted from Clean Energy Project 

Analysis: RETScreen Engineering  Cases Textbook (Minister of Natural Resources Canada 

2001-2005) 

 

The heat exchanger is basically a system of pipes called a loop, which 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 ground. In the 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 moves heat from the indoor air to the 

heat exchanger.  The heat removed from the indoor air during the summer can also be used to 

heat water, providing a free source of hot water. 

1. Heat pump           

2. Earth connection    

3. Heating/Colling distribution system 

http://www.architectmagazine.com/technology/going-underground_o
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GHP uses much 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 pollution as well. All areas of the United States have nearly constant 

shallow-ground temperatures, which are suitable for geothermal heat pumps. 

 1.1.2 Type of Geothermal Heat Pump Systems 

Geothermal systems can be installed in an open loop or closed loop.  The type of 

geothermal systems installed depends on geological conditions, heating/cooling load, type of 

space to be heated/cooled, supply temperature 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 pumped and circulated directly through the polyethylene piping.  

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 system. Adapted from Geothermal Systems (Morris 

and Sheets, 2009) 
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Closed loop system 

A closed loop system consists of underground continuous piping loops that are filled with 

an anti-freeze solution that helps transfer the ground temperature to the geothermal heat pump.  

A closed ground loop system can be installed either vertically or horizontally depending on the 

site conditions. 

 

Figure 1.4   Closed loop geothermal system. Adapted from Geothermal Systems (Morris 

and Sheets, 2009) 

 

a.   Horizontal loop geothermal system 

 

b.   Vertical loop geothermal system 
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c.   Pond loop geothermal system 

 1.2 Research Objective 

 

Ground-source heat exchange (GSHE) systems have been used for many years.  They 

reduce the energy demand of heating and cooling systems compared with the traditional air-

source heat pump systems.  Thermo-active geotechnical systems such as energy foundations are 

a feasible approach to enhance implementation of GSHE systems by reducing installation costs 

through taking advantage of building foundation which is necessary for load transfer to the 

ground. Concrete has good thermal conductivity and thermal storage capacity, thus making it an 

ideal material for harvesting the heat from the ground.  Although energy foundations are gaining 

acceptance in Europe, including the United Kingdom, Switzerland and Austria, their usage in 

U.S remains infrequent.  One of the reasons for this might be currently limited understanding of 

the behavior of energy piles, and especially currently lacking knowledge about the pile-soil 

interaction of energy piles. In addition, the number of existing relevant case studies is extremely 

limited.  To this end, the present study addresses uncertainties in the soil structure interaction in 

energy piles through computational modeling of a single energy pile.  Specifically, the goals of 

the undertaken modelling efforts are: 
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1.   To investigate the mechanical behaviors of three types of heat exchanger piles: 

floating pile, semi-floating 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 soils on deformation, stresses and strains 

in energy piles.  

4.      To evaluate the displacement, stresses and strains of the pile during heating and 

cooling cycles. 

5.    To deduce overall implications for design of heat exchanger piles. 

 

 1.3 Thesis Organization 

 

The thesis contains organized in six chapters.  Chapter 1 presents the concept of the 

ground energy systems in general and it briefly explains the main research objectives. Chapter 2 

provides a literature review of a single energy pile subjected to thermal and mechanical loading. 

Chapter 3 is the introduction about the heat transfer in soils. Thermal properties of soils are 

discussed in this chapter, including thermal conductivity, coefficient of thermal expansion and 

heat capacity of the soils. Coupled thermo-hydro-mechanical computational modelling of a HEP 

is carried out in Chapter 4. Reinforced concrete pile and soils properties are presented in this 

chapter. Numerical modelling has been carried out on two different cases of pile heat 

exchangers: thermal loading only and mechanical and thermal loading when soils are responded 

as an isotropic elastic material and anisotropic elastic material. Chapter 5 presents the results of 

the computational modelling, which was performed to advance the knowledge about the soil 

structure interaction of energy piles. The overall conclusions and suggestions for future research 

are provided in Chapter 6. In addition, design recommendations are also presented in this 

chapter. 
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Chapter 2 - Literature Review 

 

Over last 20 years heat exchanger piles (HEP) have been studied by various researchers 

to improve understanding of their behavior, including the related soil structure interaction. The 

research efforts have been mainly focused at numerical modeling and field testing. Table 2.1 

shows most of the previous full scale field studies. They 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. (2006)  Lausanne / Switzerland 

2 Brandl, (2006)  Bad Schallerbach / Austria 

3 Bourne-Webb et al. (2009)  Lambet College / London 

4 McCartney and Murphy, (2012)  Denver / Colorado 

5 Murphy et al. (2014)  US Air Force Academy 

6 Sutman et al. (2014)  Richmond / Texas 

 2.1 Heat Exchanger Piles in the World 

 2.1.1 Laloui et al. (2006) 

Laloui et al. (2006) 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 Lausanne, Switzerland. The drilled HEP was 88 cm in 

diameter and 25.8 m in length. A coupled thermal-hydro-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 thermo elastic-plastic material while 

the HEP was assumed to behave as a thermo elastic material. The contact between the pile and 

soil was assumed to be perfectly rough. The HEP was embedded into a soil profile consisting of 

4 different layers, which are underlain by the bedrock (Figure 2.1)  
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Figure 2.1   The soil profile and the instrumentation of the EPFL pile test (Laloui et al. 

2006) 

 

 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 is assumed to be 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 pile head. 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 soil-pile interface and the normal stress at the pile tip. The relationships between the shaft 

friction and shaft displacement, and tip stress and tip displacement are known. Knellwolf et al. 

(2011) introduced a degree of freedom of pile (n), which was defined as 
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=
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th f
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e

e
           (2.1) 

where Ůth,f = ŬȹT is so called free thermal strain while  (Ůth,o) is the observed axial strain, Ŭ is the 

coefficient of thermal expansion, ȹT is the net change in temperature. The latter is smaller than 

the free thermal strain since the pile is prevented from freely moving by the shear stress acting at 

the pile-soil interface. The axial stress is induced by the difference between the observed and free 

strain, which is given by:  

, ,( 1)= -th d th fne e           (2.2) 

This in turn gives the following expression for the thermally induced axial stress:  

, ( 1)th th d pile pileE n TEs e a= = - D         (2.3) 

in which (Epile) is the Youngôs modulus of the reinforced concrete pile. Knellwolf at el. (2011) 

neglected the self-weight of the pile in their analysis. Furthermore, the coefficient of thermal 

expansion of the pile (Ŭ) and its Youngôs modulus (Epile) were not affected by the temperature 

and were constant along the pile length.  

 They concluded that the heating of the pile induced the additional compressive stresses in 

the pile 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 Laloui, (2013) conducted investigation the impact of temperature 

difference on the mobilized bearing capacities of the energy piles. Their research was based on 

the load-transfer approach proposed by Seed and Reese, (1957) and Coyle and Reese, (1966) to 

estimate the bearing capacities of piles. The EPFL and Lambeth College test piles are modelled 

and analyzed in order to compare the results with the in situ tests data. 

 From the Menard pressuremeter modulus EM, the slopes Ks and Kb of the first linear 

branch of the load-transfer curve shown in the Figure 2.2 are given by 

2
= M

s

E
K

D
           (2.4) 

and  
11
= M

b

E
K

D
           (2.5) 

where D is the pile diameter.  
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Figure 2.2   Load-transfer curves used for (Mi mouni and Laloui , 2013) 

(a) shaft friction (b) base compression 

 

 The ultimate bearing capacities consist of the ultimate shaft friction (Qs,ult) and ultimate 

end bearing (Qb,ult), which are given by 

,

0

= ñ
L

s ult sQ D q dzp           (2.6) 

2

,
4

=b ult b

D
Q q

p
          (2.7) 

 In the case of pile is subjected to a mechanical load (P), the head action (Qh) include of 

the mechanical load (P) and the head reaction. It is given by 

2

4
= +h h h

D
Q P K z

p
          (2.8) 

where Kh is the head stiffness and hz is the head displacement of the pile. Figure 2.3 is the 

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 geotechnical failure because the null point still exists 

during the thermal changes. Moreover, they found that increasing the factor safety of the HEP 

can raise the costs of the project, but it does not provide any advantages. 
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Figure 2.3   Schematic of forces acting on a pile foundation (Mimouni and Laloui, 2013) 

 

 2.1.2 Bourne-Webb et al. (2009) 

Bourne-Webb et al. (2009) presented the data collected during the field tests on the 

energy piles located at the Lambeth College in London. These field tests were designed to 

investigate the behavior of energy piles subjected to thermal, and combined thermal and 

mechanical loads. The pile head displacement, temperature and strain along the pile were 

recorded during the initial mechanical loading, at the end of first cooling period as well as at the 

end of the first heating period. The instruments used to record these data are optical fiber sensors, 

vibrating wire strain gauges and thermistors. Specifically, 18 vibrating wire strain gauges, six 

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 of ï6
o
C to 56

o
C. 

Bourne-Webb et al. (2009) concluded 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 directions. They concluded that the additional stresses in the pile that were 

induced due to the 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 energy piles. 



14 

 

Figure 2.4   Soil profile and instrumentation of the Lambeth College pile test (Bourne-

Webb et al. 2009) 

 

 

 Additionally, Bourne-Webb et al. (2009) developed a simple descriptive framework for 

understanding the load-transfer mechanism and the behavior of energy piles under thermal, and 

mechanical and thermal loading. 
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 2.1.3 Amatya et al. (2012) 

Amatya et al. (2012) synthesized the published pile test results that involve three different 

sites. They developed simplified load 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 friction, and effects of end restraints.  

One of the field tests took place at the Lambeth College in South London (Figure 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 cooled 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 section. The 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 2.5   Soil profile of the Bad Schallerbach pile test (Amatya et al. 2012 ) 

 

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 et al. (2012) 

Suryatriyastuti et al. (2012) used finite difference code FLAC
3D

 to simulate an energy 

pile under static loading. They used two different computational models: one with perfectly 

rough contact and the other with sliding contact along the soil-pile interface. The pile was 15 m 
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long and it has 0.6 m x 0.6 m square cross section. It was installed into the homogeneous soil.  

Both pile and soil were assumed to behave as the thermo-elastic materials. The domain was 15 m 

in wide and 30m in high. The pile was heated to 25
o
C and subsequently cooled to 5

o
C.   

 

Figure 2.6   Finite difference model for an energy pile (Suryatriyastuti  et al. 2012) 

(a)   Perfect contact  (b)   Sliding contact 

 

 Suryatriyastuti et al. (2012) concluded that: 

 1.   The stresses and displacement of the pile obtained from the model with the sliding 

contact are smaller than those obtained from the perfect contact. 

 2.   During the cooling cycle the surfaceôs settlement occurred and tensile forces 

developed in the pile.  Opposite responses of the pile were found during the heating cycle. 

 3.   Negative skin friction at the soil-pile interface was created for higher temperature 

differences. 

 4.   Null point was located in the middle of the pile. 
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 2.2 Geothermal 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. (2014) presented the results of the field tests on 

energy piles that were conducted in Richmond, Texas. The goal of this test was to investigate the 

long term thermal-mechanical behavior of the energy piles and evaluate the effects on the 

bearing capacity of the pile. Three 0.457 m diameter auger pressure grouted energy piles were 

installed in the soil profile that consisted of a top 9 m thick layer of stiff clay underlain by 9 m 

thick dense sand. Two of the piles (TP-1 and TP-3) were 15 m long and the third TP-2 was 9 m 

long. The fiber optic lines were installed in the center of the pile in order to measure both strain 

and temperature. Vibrating wire piezometers and thermistors were also installed in soil near each 

pile test.  Figure 2.7 depicted the schematic layout of the test. 

 

Figure 2.7   Schematic layout of the field test on energy pile (Sutman et al. 2014) 

 

TP-2 represents the floating pile while TP-1 and TP-3 represent for end bearing piles. In 

TP-1, the mechanical load of 287.5 tons or 2,558 kN was applied first in order to find the 

ultimate bearing capacity. The pile was subsequently unloaded before applying five heating and 
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cooling cycles. During thermal loading, the temperature of the heat exchange fluid was increased 

to a maximum of 43
o
C and decreased to a minimum temperature of 8

o
C. The pile was 

subsequently loaded to failure.  Figure 2.8 show the temperature cycles imposed on the piles. 

 

Figure 2.8   Temperature imposed on the energy piles (Sutman et al. 2014) 

(a)   TP-1  (b)   TP-3 

 

 For TP-2 and TP-3, a single thermal cycle was applied for two weeks. The maximum 

temperature was 45
o
C and the minimum temperature was 8

o
C. The design load of 287.5 tons 

(2,558 kN) was applied on these two piles before the thermal loading stage and it was kept 

during this stage.  Some of the first results of this research are presented in Figure 2.9. 

 In the TP-1 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 thermal cycles, the 

deflection of the pile was 26.67 mm. Thus, the thermal induced an increase of 6.35 mm in the 

displacement of the pile.   

 During the TP-3 test, the deflection of the pile after thermal loading was around 0.65 in 

(16.5 mm) at the maximum loading.  The computational modelling will need to be carried out in 

the future of the long-term thermal-mechanical behavior and performance of these energy piles. 

 

 

 

 

a. b. 
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Figure 2.9   Displacement and load of the pile before and after thermal cycles (Sutman et 

al. 2014) 

 

 2.2.2 Murphy et al. (2014) 

Murphy et al. (2014) performed the field tests on piles that supported the one story 

building at the US Air Force Academy.  Eight drilled shafts of 0.61 m in diameter and 15.2 m in 

length were constructed to support the building. Three of them (foundation 1, 3 and 4) were 

instrumented with the strain gauges and thermistors to measure the strain and the temperature 

distribution during the heating and cooling cycles. The soil profile consist of a 1 m thick sandy 

fill, follow ed by the 1 m thick dense sand, which is underlain by the sandstone layer extending to 

the maximum depth explored. The 0.91 m in depth and 0.61 m in wide grade beam was placed 

on the top of the drilled shaft and around the perimeter of the building. Figure 2.10 is presented 

the location of the foundation. 
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Figure 2.10   Locations of the energy foundations (Murphy et al. 2014) 

(a)   Plan view of the building  (b)   Grade beam (c)   Heat exchange system 
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The temperature distributions at different depths of foundations 1, 3 and 4 are shown in 

Figure 2.11. The lowest temperature was recorded at the bottom of the foundations. 

 

Figure 2.11   Foundations temperatures during the tests (Murphy et al. 2014) 

(a)   Foundation 1  (b)   Foundation 3 (c)   Foundation 4 

 

The axial strain, Ů measured by the vibrating wire strain gauge can be calculated from  

2Gfe=-            (2.4) 

where G = 3.304 x 10
-3

 is the gauge factor and f is the resonant frequency. Therefore, the strain 

induced by the thermal load, ( Te) was calculated as follows 
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T i o s[( )B T ]e e e a D= - +          (2.5) 

where B = 0.975 was the calibration factor; Ůi, Ůo were the axial strains measured at time i and at 

the initial stage, respectively. ȹT is the change in temperature and Ŭs = ï12.2 ɛŮ/
o
C is the 

coefficient of thermal expansion of the gauge. During the heating period, the thermal strain is 

negative, indicating that the foundation expanded, as in Figure 2.12.  

 

Figure 2.12   Thermal axial strain during heating and cooling cycles (Murphy et al. 2014) 

(a)   Foundation 1  (b)   Foundation 3 (c)   Foundation 4 
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Figure 2.13   Thermal axial strain versus depth at different temperature (Murphy et al. 

2014) 

(a)   Foundation 1  (b)   Foundation 3 (c)   Foundation 4 

 

The thermal axial strain was not constant with depth because of the mobilization of the 

skin friction (Figure 2.13). Similarly to the measurements recorded by Laloui et al. (2006) and 

Bourne-Webb et al. (2009). Moreover, the strains at the head and toe of the foundation were 

larger than at other locating, thus indicated that the sandstone at the toe may be soft.  If the 

foundations were fully restrained, the maximum stress in the pile due to the temperature 

difference of 18
o
C would be 6.58 MPa. However, thermal axial stress in the foundations 1, 3 and 
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4 were lower than this value, indicating that the piles were not completely restrained. The axial 

stresses increased with depth until around 11 m, after 11 m axial stresses decreased. The 

maximum stresses are about 33% of the compressive strength of the reinforced concrete used in 

this study ( '

cf 21= MPa).  Figure 2.14 shows the thermal axial stress versus depth in foundations 

1, 3 and 4 at different temperatures. 

 

Figure 2.14   Thermal axial stress versus depth at different temperature (Murphy et al. 

2014) 

(a)   Foundation 1  (b)   Foundation 3 (c)   Foundation 4 
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The shear stress resistance induced by the temperature can be calculated from the thermal 

axial stress, Ts as 

T , j T , j 1

s,mob, j

( )D
f

4 l

s s

D

--
=          (2.6) 

where D is the diameter of the pile and ȹl is the space between the gauges. In Figure 2.15, the 

mobilized shear stress is smaller than 150 kPa because of the weakness sandstone layer. The skin 

friction was negative in the upper part and positive in the lower part of the pile. 

 

Figure 2.15   Shear stress versus depth at ȹT = 18
o
C (Murphy et al. 2014) 

(a)   Foundation 1  (b)   Foundation 3 (c)   Foundation 4 

 

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

calculated as follows 

T ,i T ,i 1 T ,i 1 T ,i

1
( ) l

2
d d e e D- -= + +         (2.7) 

where dT,i is the thermal axial displacement at the midpoint between gauges, ŮT,i is the thermal 

axial strain at the location of gauge i.  The vertical head displacement of the foundation was from 

ï1.3 to ï1.7 mm for the maximum temperature imposed on the foundation as in Figure 2.16.  

This displacement was not affected the operation of the building. 
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Figure 2.16   Thermal axial displacement at different temperature (Murphy et al. 2014) 

(a)   Foundation 1  (b)   Foundation 3 (c)   Foundation 4 

 

 

The significant conclusions resulting from this study are: 

1.   The temperatures in the foundations 1, 3 and 4 were constant with depth, except on 

the top due to the effect of the surface temperature and at the bottom due to the present of the 

sandstone. 

2.   The thermal axial strains induced in piles by the temperature change were smaller 

than the predicted free expansion strain. 
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 3.   Maximum thermally induced compressive stress ranged from 4 to 5.1 MPa at the 

depth between 11 and 12 m. 

4.   The thermal axial displacement was not affected by the operation of the building. The 

vertical head displacement of the foundation ranged from ï1.3 to ï1.7 mm for the maximum 

temperature imposed on the foundation while the pile toe was assumed to be restrained.   

5.   The thermal-plastic deformations did not occur along the foundation-subsurface 

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 heat transfer in soils are conduction, 

convection and radiation. 

 Conduction is the transfer of heat that is accomplished by colliding of hotter molecules 

with cooler molecules. When heat is transferred through conduction, the substance itself does not 

flow. The heat is 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 electrons can easily transfer heat 

from one part of the metal to another. The 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 the Fourierôs law which states that the heat flux q 

(W/m
2
) is proportional to the temperature gradient T (

o
C/m, °K/m). It is described by the 

following equation 

 =-
dT

q
dz
l            (3.1)    

where ɚ is the thermal conductivity (W/m/°K). The minus sign indicates that the temperature 

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 caused by temperature 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 convection does 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 through 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 mechanism of 

heat transfer in soil is by conduction. 

 

Figure 3.1   The various mechanisms of heat transfer in the ground as related to soil grain 

size and degree of saturation (Farouki, 1981) 

1. Thermal redistribution of moisture  2. Vapor diffusion due to moisture gradients 

3. Free convection in water 4. Free convection in air 5. Heat radiation  

6. Heat conduction 

 

 

 In Figure 3.2, below a depth of 10 ï 15 m the ground temperature remains constant, 

which corresponds to the values between 10 ï 15
o
C in Europe and 20 ï 25

o
C in tropics. Both of 

these situations still permit economical heating and cooling of buildings by use of thermoïactive 

foundations. Moreover, radiation effects decrease with depth.  
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