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Abstract

This study investigates the thermo-mechanical behavior of energy piles equipped with a spiral pipe 

configuration. The analysis is based on the results of a full-scale energy pile as well as 3-D thermo-

mechanical finite element analyses. The thermo-mechanical behavior of two energy piles with five U-

shaped pipes connected in series and parallel, characterized by the same total length of the piping network, 

is also analyzed numerically for comparison purposes. The results of this work highlight that energy piles 

equipped with a spiral pipe configuration are characterized by the lowest trends of average temperature 

variation and thermally induced vertical stress within their volume, as compared to energy piles equipped 

with five U-shaped pipe configurations connected in series or parallel. Considerable variations in 

temperature and thermally induced vertical stress arise in the vicinity of the piping network embedded 

in all of the considered energy piles. Nevertheless, energy piles equipped with a spiral pipe configuration 

appear the best solution for practical applications in comparison with U-shaped pipe configurations of 

the same total length, because they maximize the heat exchange that is achieved with the ground and 

minimize the associated thermally induced variations of their mechanical response.
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Introduction

Ground source heat pump (GSHP) systems are widely used for the heating and cooling of structures 

and infrastructures because of their environmentally friendly character (Laloui and Rotta Loria 2019). 

Historically, geothermal boreholes have served as ground heat exchangers (GHEs) in GSHP systems. 

More recently, piles constituting the structural foundations of buildings have been increasingly used as 

GHEs to serve GSHP systems in the form of energy piles. In fact, by embedding within a pile shaft any 

configuration of pipes with a heat carrier fluid circulating into them, energy piles provide combined 

energy supply and structural support.

Over the past twenty years, an increasing number of studies have been performed to investigate the 

thermo-hydro-mechanical behavior of energy piles in an attempt to comprehensively address the energy, 

geotechnical and structural performance of such foundations. Various reviews on this subject are 

available (Bourne-Webb et al. 2016; Bourne-Webb and Freitas 2020; Fadejev et al. 2017; Loveridge et 

al. 2020). Examples of aspects governing the thermo-hydraulic behavior and the energy performance of 

energy piles include the conditions and properties of the ground (e.g., Ghasemi-Fare and Basu 2018), the 

geometry of the energy piles (e.g., Gao et al. 2008; Batini et al. 2015), the interference with the surface 

conditions (e.g., Bidarmaghz et al. 2016), as well as the significance and trend of thermal loads applied 

to such heat exchangers (e.g., Gawecka et al. 2017). Examples of features governing the thermo-

mechanical behavior and the geotechnical and structural performance of energy piles include the restraint 

conditions (e.g., Goode and McCartney 2015; Zhou et al. 2018; Sutman et al. 2019; Wu et al. 2020), the 

significance and application sequence of mechanical and thermal loads (e.g., Laloui et al. 2003; Bourne-

Webb et al. 2009; Rotta Loria et al. 2015), and the interaction between the piles (e.g., Salciarini et al. 

2015; Rotta Loria and Laloui 2017a, b). In addition to the previous aspects, the pipe configuration 

installed in energy piles crucially characterizes their thermo-hydro-mechanical behavior and the related 

performance (e.g., Batini et al. 2015; Sani et al. 2019; Cecinato and Loveridge 2015).

Various investigations have addressed the thermo-hydro-mechanical behavior and the performance of 

energy piles equipped with single U-, double U- and W-shaped pipe configurations. Studies primarily 

focusing on the energy performance of such foundations have been achieved through full-scale 

experimental tests (e.g., Faizal et al. 2016; Gao et al. 2008), small-scale experimental tests (e.g., Kramer 

et al. 2015; Ghasemi-Fare and Basu 2018), numerical simulations (e.g., Gashti et al. 2014; Gao et al. 

2008; Cecinato and Loveridge 2015) and analytical investigations (e.g., Zhang et al. 2013). Investigations 

primarily focusing on the geotechnical and structural performance of energy piles equipped with single 

U-, double U- and W-shaped pipe configurations have also been presented through full-scale 

experimental tests (e.g., Laloui et al. 2003; Bourne-Webb et al. 2009; Murphy et al. 2015), small-scale 

experimental tests (e.g., Wang et al. 2017), numerical simulations (e.g., Batini et al. 2015; Salciarini et 

al. 2015; Abdelaziz and Ozudogru 2016a) and analytical analyses (e.g., Rotta Loria and Laloui 2017b; 

Zhou et al. 2018).

In addition to the previous pipe configurations, the spiral-shaped arrangement is increasingly 

considered for energy piles, yielding to so-called spiral type energy piles. Investigations resorting to full-

scale experimental tests (e.g., Zarrella et al. 2013; Yoon et al. 2015; Park et al. 2015), small-scale 

Page 2 of 31

© The Author(s) or their Institution(s)

Canadian Geotechnical Journal



D
raft

experimental tests (e.g., Yang et al. 2016; Wang et al. 2017), numerical simulations (e.g., Bezyan et al. 

2015; Zhao et al. 2017) and analytical analyses (e.g., Cui et al. 2011; Go et al. 2014; Xiang et al. 2015) 

have highlighted a remarkable energy performance of spiral type energy piles. Such a performance is 

typically more significant compared to that of energy piles equipped with single U-, double U- and W-

shaped pipe configurations in comparable conditions. This is because of the typically greater total piping 

length per meter of energy pile on the ability of such heat exchangers to extract or inject thermal energy. 

Therefore, energy piles equipped with a spiral-shaped pipe configuration represent a particularly 

effective solution for the sake of geothermal energy exploitations, although the installation of the pipes 

along these foundations is less straightforward compared to other pipe configurations. Despite the 

available studies, scarce knowledge has been developed before this work about the geotechnical and 

structural performance of spiral type energy piles. As a consequence, the understanding of the influence 

of thermal loads (applied alone or in conjunction with mechanical loads) on the mechanical response of 

spiral type energy piles has been limited.

Looking at the previous challenge, this study presents an experimental and numerical investigation of 

the thermo-mechanical behavior of a spiral type energy pile to expand the knowledge about the 

geotechnical and structural performance of such foundations. The analysis is based on the results of a 

thermal response test performed on a full-scale spiral type energy pile as well as on 3-D finite element 

analyses. The study compares the obtained experimental and numerical results and investigates the 

temperature and thermally induced stress distributions caused within and along the tested energy pile by 

thermal loading. To expand this analysis, this paper further develops a comparison between the response 

of the investigated spiral type energy pile and another two energy piles, theoretically operating under the 

same conditions, with five U-shaped pipes connected in series and in parallel (involving the same total 

pipe length as the spiral pipe).

Field testing

Details of the test site 

The full-scale field test presented in this study was carried out at Jiangyin city, China. A ground 

investigation was conducted before the construction of the energy pile. Four layers of stiff fine-grained 

soil were recognized along the energy pile depth. Noteworthy features and properties of these layers are 

reported in Table 1. The groundwater table level was found 0.5 m below the ground surface. The 

properties of the soil layers were determined through a series of laboratory tests on soil samples of each 

soil layer, including conventional physical parameters tests, oedometer tests, and thermal needle tests. 

The Young’s modulus of the soil was assumed equal to 8.2 times of the modulus of compressibility 

determined by oedometer tests according to the empirical method proposed by Jia et al. (2008). The 

linear thermal expansion coefficient of the soil layers was not determined as a part of the experiments 

performed in this study. Di Donna and Laloui (2015) indicated that the linear thermal expansion 

coefficient of a heavily overconsolidated silty clay (OCR = 16) was αT = 6×10-6 oC-1. Abuel-Naga et al. 

(2007) and Liu et al. (2018) reported that the thermal expansion coefficient of fine-grained soils decreases 

with the OCR. Considering that the OCR at this site ranges between 5 and 5.5, a value of αT = 1×10-6 oC-1 
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was assumed to characterize all the soil layers (hypothesizing the correlation between αT and OCR 

reported by Liu et al. (2018) to be valid for reducing the value of αT reported by Di Donna and Laloui 

(2015) for OCR = 16 to a value for OCR = 5.25).

The schematic diagram of the spiral type energy pile is presented in Fig. 1. The energy pile was bored 

and made of reinforced concrete. The length and diameter of the pile are of L = 20 and D = 1 m, 

respectively. A reinforcing cage of 0.8 m in diameter was embedded in the pile shaft. A 190 m-long 

spiral-shaped polyethylene pipe was attached to the inner side of the reinforcing cage. The diameter Ds 

and pitches s of the pipe turns are 750 and 260 mm, respectively. The inner diameter and thickness of 

the pipe are 21 and 2 mm, respectively. The bottom of the spiral pipe was placed at 1 m above the energy 

pile toe to prevent potential pipe damage when pouring concrete. After the concrete of the pile shaft was 

cured, a 1.1-m-thick reinforced concrete slab connected to the head of the test pile was constructed. This 

slab connected the tested pile to the other four unheated piles in a row, which were located at a respective 

center-to-center spacing of 5.4 m. Further details about these piles are presented by Wu et al. (2020). No 

mechanical load was applied to the pile head at the time the test was conducted (before the construction 

of the superstructure). Ten vibrating wire strain gauges were installed along the test pile. Ten thermistors 

were also installed next to these strain gauges to measure the temperature variation in the pile shaft. Two 

thermistors were inserted into the inlet and outlet of the spiral pipe by using two caecal tubes (i.e., 

stainless-steel tubes with one end plugged) to monitor the temperature variation of circulating fluid.

Testing scheme

To assess the thermo-mechanical behavior of the spiral type energy pile, a thermal response test was 

performed. This test lasted a time of t = 240 hours and involved the application of a constant heating 

power of 4.8 kW. Such a thermal power was imposed through the circulation of a heat carrier fluid in the 

spiral-shaped pipe at a volumetric flow rate of 0.85 m3/h (corresponding to a flow velocity of 0.72 m/s 

and a Reynolds number of Re = 18327 at a temperature of 30 °C) and was controlled using an electric 

heater. This significant flow rate was considered to decrease the testing time while being representative 

of fully turbulent conditions for the circulation of the heat carrier fluid in the pipes, which are preferable 

compared to laminar conditions for the sake of energy exploitations. Purified water was used as the heat 

carrier fluid. The temperature of the heat carrier fluid at the inlet and outlet of the pipe and the variations 

of temperature and strain along the energy pile were measured during the test. 

Finite element modeling

Numerical modeling approach

Thermo-mechanical finite element analyses were conducted with the software COMSOL Multiphysics 

(COMSOL 2014) to get complementary information on the behavior and performance of the tested spiral 

type energy pile that may have been impossible to achieve otherwise. To serve the considered analyses, 

nine numerical models were built: three 3-D models of the spiral type energy pile with three linear 

thermal expansion coefficient of the soil layers, three 3-D models of an energy pile with five U-shaped 

pipes connected in series with three linear thermal expansion coefficient of the soil layers and three 3-D 
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models of an energy pile with five U-shaped pipes connected in parallel with three linear thermal 

expansion coefficient of the soil layers (Fig. 2).

The geometry of the 3-D model of the spiral type energy pile closely corresponds to the real conditions 

characterizing the field test (Fig. 2(a)). In this model, the tested spiral type energy pile and the four 

neighboring piles are simulated in the considered soil deposit, together with the beam connecting the 

head of such foundations. Linear entities are used to simulate the pipes. The spiral pipe, characterized by 

a total length of 190 m, is identical in the 3-D model and the field test (at least theoretically). The 

minimum distance in plan view of 10D from the external boundary of the model to the pile axis is 

considered to avoid boundary effects. A model depth of 2L is considered for the same aforementioned 

purpose.

The geometry of the 3-D models of the energy piles equipped with five U-shaped pipes connected in 

series and parallel is the same as the one characterizing the spiral type energy pile. Specifically, the pipe 

length is in all cases of 190 m (Fig. 2(b)), although the geometry of such a hydraulic circuit differs in 

different cases.

Assumptions and mathematical formulation

The following assumptions characterize the numerical simulations performed: (i) the displacements 

and deformations of all of the materials can be representatively described through a linear kinematic 

approach under quasi-static conditions (i.e., negligible inertial effects); (ii) the materials that constitute 

the energy pile foundation and soil are considered to be isotropic and are assumed to be purely conductive 

domains; (iii) the loads that are associated with this problem have a negligible impact on the variation of 

the hydraulic field in the soil; and (iv) all the materials are considered to be representatively described 

by a linear thermo-elastic behavior. In this study, 1-D pipe elements were used to model the fluid flow 

in the heat exchange pipes, and due account was made of turbulent flow conditions (COMSOL 2014). 

Based on the previous hypotheses, time-dependent, thermo-mechanical finite element analyses are 

carried out with the consideration of the circulation of the heat carrier fluid in the pipes. Previous 

numerical analyses employing the aforementioned mathematical approach have shown close agreement 

with experimental results (e.g., Rotta Loria and Laloui 2017a).

Boundary and initial conditions

The mechanical and thermal boundary conditions employed for the simulations performed in this study 

are presented in Fig. 2. Restrictions are applied to both the vertical and horizontal displacements on the 

base of the models (i.e., pinned boundary) and to the horizontal displacements on the sides (i.e., roller 

boundaries). No restrictions and mechanical loads are applied on top of the models, which reproduce the 

slab present at the head of the piles.

A constant temperature boundary condition is applied on top of the models and reproduces the ambient 

temperature that was recorded during the test. An adiabatic boundary condition characterizes all of the 

other external surfaces of the models. 

To simulate the heat carrier fluid circulating in the pipes of the energy pile in the 3-D numerical models, 
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the experimentally recorded values of inlet temperature and velocity of the fluid are imposed throughout 

the simulations. The initial temperature considered for 3-D models is presented in Fig. 3. This variable 

temperature distribution with depth is applied to all of the modeled domains according to the profile 

measured experimentally just before the development of the test. The initial temperature gradually 

increases from 12 to 20 oC from the ground surface down to approximately z = 7 m of depth. Numerical 

extrapolation of this temperature suggests an approximately constant evolution with depth.

Tetrahedral and triangular elements characterize the 3-D models. Simulations are run in 60 steps, with 

results saved every 4 hours. The material properties of numerical models are presented in Table 1. 

Sensitivity analyses not presented herein show that a variation by 17% in the assumed thermal 

expansion coefficient for the soil layers results in up to 1.1% different variations in the stresses reported 

in this study.

Comparison between experimental and numerical results for the spiral type energy pile

Trends of temperature and thermally induced vertical stress

The temperature variations in correspondence with the top (i.e., z = 5.5 m), middle (i.e., z = 11.5 m) 

and bottom (i.e., z = 17.5 m) portions of the spiral type energy pile are presented in Fig. 4(a) by 

comparing the experimental data with the results of the 3-D numerical analyses. The temperature at the 

considered locations gradually increases over time due to the heating of the energy pile with constant 

thermal power. The temperature of the spiral type energy pile was about 34 oC at the end of the heating 

phase of the test. Different temperature trends characterize the three selected locations along the energy 

pile based on the results of the experimental tests and the 3-D numerical simulations. This result is due 

to the progressive heat exchange occurring in the pipe embedded in the energy pile, which induces a 

variation of both the heat carrier fluid and pile temperatures with depth.

Thermal loading of energy piles causes thermally induced stresses in such foundations because a 

portion of thermally induced pile deformation is restrained by the presence of the surrounding ground 

and the overlying superstructure. In the context of the analysis of experimental test results, thermally 

induced stresses can be calculated from the monitored thermally induced strains. Specifically, reference 

to one-dimensional and thermo-elastic conditions allows calculating the thermally induced vertical stress 

characterizing energy piles as follows (Laloui and Rotta Loria 2019):

                                 (1)= ( )T T TE T   

where E is the Young’s modulus of the pile; εT is the observed vertical strain (calculated experimentally 

starting from the application of the thermal load to the energy pile and thus only accounting for a 

thermally induced contribution); αT is the linear thermal expansion coefficient of the pile; and ΔT is the 

measured temperature variation. Thermally induced stresses derived in this way are compared with the 

obtained numerical results. The adopted sign convention assumes that compressive stresses are negative.

The trends of thermally induced vertical stress in correspondence with the top (i.e., z = 5.5 m), middle 

(i.e., z = 11.5 m) and bottom (i.e., z = 17.5 m) portions of the spiral type energy pile are presented in Fig. 

4(b) by comparing the experimental data with the results of the 3-D numerical analyses. The heating of 
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the energy pile causes additional compressive vertical stresses along the pile shaft. The increase of 

compressive stress over time caused by thermal loading follows the temperature trend discussed in Fig. 

4(a), with a reduced rate of variation over time. At the end of the test, experimentally determined values 

of thermally induced vertical stress of -1.66, -1.73 and -1.11 MPa characterize pile depths of z = 5.5, 

11.5 and 17.5 m, respectively. Similar considerations can be highlighted with reference to the results 

obtained from the 3-D model, although a pronounced variation in thermally induced stress can be 

observed at the beginning of the test. The difference between the experimental and numerical results at 

the beginning of the test may be attributed to differences in the modeled and actual temperature 

distributions within and around the energy pile, as well as in the interplay between the thermally induced 

pile deformation and the restraint conditions.

The relationship between the thermally induced vertical stress and the associated temperature variation 

that characterize the spiral type energy pile at z = 5.5, 11.5 and 17.5 m is presented in Fig. 5 with reference 

to the experimental data and the results of the 3-D numerical analyses. Data obtained from EPFL test 2 

to test 7 on an energy pile equipped with U-shaped pipes are plotted for reference (Amatya et al. 2012). 

Similar to previous evidence, an approximately linear increase in thermally induced vertical stress with 

temperature can be observed in the tested spiral type energy pile, although the considered pipe 

configurations are different. The observed variations of thermally induced vertical stress per unit 

temperature change vary with the location along the pile, although similar temperature variations 

characterize these locations (see Fig. 4(a)). This phenomenon can be associated with the different 

restraining influence of the soil layers surrounding the energy pile at different depths. In both the field 

test and numerical models, the largest thermally induced vertical stress is mobilized approximately at the 

mid-depth of the pile (i.e., z = 11.5 m), while the lowest thermally induced vertical stress is observed 

close to the toe of the energy pile as a consequence of the absence of the pipe in that location. Thermally 

induced vertical stress variations per unit temperature change in the spiral type energy pile range from -

79 to -133 kPa/oC, which are lower than the maximum thermally induced stress variations within the 

energy pile measured in EPFL tests 2 to 7, which was 153 kPa/°C (Amatya et al. 2012). This result is 

due to the fact that the thermally induced expansion of the investigated energy pile is markedly restrained 

by the presence of the slab only, while in the EPFL case both a slab and a stiff soil layer around the pile 

toe were present. The average degree of freedom along the pile tested in this study, defined as the ratio 

between the observed thermally induced strain and the strain under free thermal expansion conditions, 

ranges between DOF = 68 and 81% (at the end of the test), while the average values of this variable for 

EPFL tests 2 to 7 ranged between DOF = 47% and 60%, respectively (Laloui et al. 2003).

Variations of temperature and thermally induced vertical stress with depth

Fig. 6(a) presents a comparison between the temperature variation along the spiral type energy pile in 

correspondence with different longitudinal profiles at the end of the test using the experimental data and 

the results of the 3-D numerical analyses. An increase of temperature from the pile head to the toe can 

be observed. This phenomenon can be associated with the decrease of the heat carrier fluid temperature 

along the flow direction (from the bottom to the top of the spiral pipe) (Gao et al. 2008). A sudden 
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decrease in temperature at pile toe can be remarked because no pipes were installed in the bottom 1 m of 

the energy pile. The temperature profile predicted by the 3-D numerical analysis next to the spiral pipe 

shows remarkable fluctuations, with a maximum temperature difference with depth of about 2.5 oC. The 

considered changes decrease for an increase in the distance from the spiral pipe (e.g., toward the energy 

pile axis), leading to a smoother temperature profile along the pile. The observed temperature fluctuations 

in correspondence with the selected profile can be associated with the heat transfer associated with the 

spiral pipe. Similar observations were obtained in a previous investigation on a spiral type energy pile 

(Cui et al. 2011).

The thermally induced vertical stress along the spiral type energy pile in correspondence with different 

longitudinal profiles at the end of the test is presented in Fig. 6(b) using the experimental results and the 

data obtained from the 3-D numerical analyses. The maximum value of the thermally induced vertical 

stress is observed in correspondence with the middle portion of the spiral type energy pile. A considerable 

compressive vertical stress characterizes the head of the spiral type energy pile, which is associated with 

a significant head restraint played by the slab present at the ground surface. A relatively pronounced 

vertical stress is also observed at the pile toe and may be attributed to the stiffness of the end-bearing 

layer. These considerations agree with both the experimentally and theoretically informed schemes 

available in the literature to describe the thermo-mechanical behavior of energy piles (Bourne-Webb et 

al. 2013; Rotta Loria and Laloui 2018). Similar to the temperature profile next to the spiral pipe, the 

correspondent thermally induced vertical stress profile shows remarkable fluctuations. The considered 

fluctuations decrease for an increase in the distance from the pipe (e.g., toward the energy pile axis), 

leading to a smoother temperature profile along the pile, and highlight the coupling between the thermal 

and mechanical behavior of the energy pile. It should be noted that the heat transfer between the fluid, 

the pipes and the concrete constituting energy piles may be reproduced only approximately when 1-D 

pipe elements are used (Gawecka et al. 2020). This fact influences the interplay between the thermal and 

mechanical behaviors of energy piles. In this study, the coupling between the heat transfer taking place 

within the boundaires of the pipe and the surrounding concrete was achived by considering a heat 

source/sink in the global energy conservation equation to account for the contribution of the pipe 

(COMSOL 2014), providing consistent results with the experimental observations. This outcome may 

be considered representative of the accuracy of the numerical method employed.

Variations of temperature and thermally induced vertical stress with horizontal distance

The temperature along different horizontal lines crossing the spiral type energy pile axis at varying 

depths (i.e., L1-L5 corresponding to z = 11.86 m, 11.915 m, 11.98 m, 12.045 m and 12.11 m, respectively) 

across a single revolution of the coils is shown in Fig. 7(a) for the end of the test with reference to the 

results of the 3-D numerical analysis only. A relatively uniform temperature distribution characterizes 

the region of cut lines enclosed in the projection of the spiral pipe in the axial pile direction, except for 

some remarkable yet localized temperature variations (of about 2 oC) occurring at locations next to the 

pipe (see cut lines L1, L3 and L5). No abrupt temperature changes are highlighted for cut lines that do 

not cross the spiral pipe (see cut lines L2 and L4), presenting an almost symmetric temperature variation 
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with reference to the pile axis. The thermally induced vertical stress along different horizontal cut lines 

in the spiral type energy pile at the end of the test is shown in Fig. 7(b) with reference to the results of 

the 3-D numerical analysis. Similar to the temperature characterizing the cross-section of the spiral type 

energy pile, the thermally induced vertical stress more pronouncedly varies in correspondence with closer 

locations to the pipe compared to farther locations.

Thermally induced shear stress at the pile-soil interface

The thermally induced shear stress mobilized at the pile shaft of the spiral type energy pile at the end 

of the test is presented in Fig. 8 using the experimental results and the data obtained from the 3-D 

numerical analyses. The experimental mobilized shear stress is calculated from the difference in 

thermally induced axial stress within the energy pile at different depths as follows (Murphy et al. 2015): 

                                (2)
, =

4

T
s mob

D
f

L




where ΔσT is the difference in thermally induced axial stress determined by two adjacent strain gauges, 

and ΔL is the distance between strain gauges. The thermally induced shear stress determined through the 

3-D numerical model represents an average of the shear stress mobilized along the circumference of the 

pile shaft. The adopted sign convention for the mobilized shear stress implies that positive shear stresses 

are associated with an upward pile displacement and negative shear stresses are associated with a 

downward pile displacement. Negative shear stress is mobilized in the upper portion of the spiral type 

energy pile shaft while positive shear stress is mobilized in the lower portion of the pile shaft during 

heating. Higher shear stress is mobilized near the pile toe compared to the pile head due to the presence 

of the head restraint. At 7.5 and 9.5 m depth, two reversals of the experimentally determined thermally 

induced shear stress were observed. These results can be attributed to the lower thermally induced 

vertical stress variations determined experimentally at these depths compared to those determined 

numerically (see Fig. 6(b)), which can be associated with (1) a lower restraint provided by the soil layer 

at these depths; (2) a farther location of the strain gauges from the pipes at these depths compared to the 

other strain gauges placed along the pile.

Comparison between the responses of energy piles equipped with spiral and U-shaped pipes

Inlet and outlet temperature trends of the heat carrier fluid

The trends of the inlet and outlet temperatures characterizing the heat carrier fluid circulating in the 

pipe of the three considered types of energy piles are presented in Fig. 9 by comparing the experimental 

data and the results of the 3-D numerical analyses. A relatively rapid increase of the inlet temperature is 

observed during the first 3 hours of the test (i.e., from 17 to 25 oC), with a less pronounced increase over 

time. The value of 38.8 oC is achieved in 240 hours from an initial temperature of 17 °C.

The experimental and numerical values of the outlet temperature of the spiral type energy pile are 

lower than the inlet fluid temperature according to the heating of the energy pile. A constant difference 

of 4.8 oC between the inlet and outlet fluid temperatures is observed after approximately 100 hours. The 
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values of outlet fluid temperature predicted by the 3-D numerical model of the spiral type energy pile are 

closely comparable with the experimental data.

A similar outlet temperature characterizes the spiral type energy pile and the energy pile with five U-

shaped pipes connected in series, although the pipe configurations in these two piles are quite different. 

In contrast, a markedly different outlet temperature characterizes the energy pile with five U-shaped 

pipes connected in parallel. Specifically, a much greater outlet temperature (38 °C) is observed for the 

energy pile with the five U-shaped pipes connected in parallel as compared to the spiral type energy pile 

(34 °C) and the energy pile equipped with five U-shaped pipes connected in series (34 °C). The reason 

for this phenomenon is because a shorter pipe length from inlet to outlet characterizes the energy pile 

equipped with five U-shaped pipes in parallel. Therefore, the heat carrier fluid has less time to exchange 

heat with the (cooler) ground for the same inlet velocity and decrease in value.

The maximum temperature difference between the inlet and outlet of energy piles equipped with a 

spiral-shaped pipe and five U-shaped pipes connected in series is 4.8 oC, which is higher than the 

corresponding 0.8 oC of the energy pile with five U-shaped pipes connected in parallel. Based on this 

result, it might be considered that the heat exchange of energy piles equipped with a spiral-shaped pipe 

and five U-shaped pipes connected in series is more favourable than that associated with five U-shaped 

pipes connected in parallel. Not only the latter pipe configuration would yield a lower thermal power for 

the same inlet temperature and flow rate (negative from the standpoint of the lifecycle), but also a 

significantly greater number of pipes exiting the pile as compared to the other pipe configurations 

(negative from a construction perspective).

Temperature distributions in horizontal and vertical cross-sections of the energy pile

The temperature contours characterizing one vertical cross-section and one horizontal cross-section of 

energy piles equipped with a spiral pipe, five U-shaped pipes connected in series and five U-shaped pipes 

connected in parallel are presented in Fig. 10 with reference to the 3-D numerical results and the end of 

the reference heating phase. According to the observations presented in Fig. 7(a) for the spiral type 

energy pile, a more pronounced temperature variation can be observed for closer locations to the spiral 

pipe. This phenomenon can be highlighted from both the vertical (Fig. 10(a)) and horizontal (Fig. 10(b)) 

cross-sections. Considering the vertical cross-section, the average temperature within the region 

described by the projection of the pipe in the axial pile direction is 33.2 °C, while the maximum 

temperature is 36.2 °C, thus highlighting an 8.3% difference. Considering the horizontal cross-section, 

the average temperature within the region described by the projection of the pipe in the axial pile direction 

is 33.0 °C, while the maximum temperature is 35.8 °C, thus highlighting a 7.8% difference. 

Similar to the considerations highlighted for the spiral type energy pile, a more pronounced 

temperature variation can be observed for closer locations to the pipes embedded in the two energy piles 

with U-shaped pipes connected in series and parallel. This phenomenon can be highlighted from both 

vertical (Fig. 10(c,e)) and horizontal (Fig. 10(d,f)) cross-sections. For example, considering the vertical 

cross-section of the energy pile equipped five U-shaped pipes connected in series, the average 

temperature within the region described by the projection of the pipe in the axial pile direction is 33.4 °C, 
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while the maximum temperature is 35.8 °C, thus highlighting a 6.7% difference. Considering the 

horizontal cross-section of this pile, the average temperature within the region described by the projection 

of the pipe in the axial pile direction is 33.2 °C, while the maximum temperature is 35.8 °C, thus 

highlighting a 7.3% difference. The corresponding numbers for the vertical and horizontal cross-sections 

selected for the energy pile equipped five U-shaped pipes connected in parallel are as follows: 35.1 °C, 

37.0 °C, 5.1%, and 35.0 °C, 36.7 °C, 4.6%.

Based on these results, it can be appreciated that a more uniform temperature field characterizes the 

energy pile equipped with five U-shaped pipes connected in parallel for the same applied thermal power 

to the considered energy piles. Meanwhile, this is also the pile characterized by the most significant 

temperature level.

Thermally induced stress distributions in horizontal and vertical cross-sections of the energy pile 

The contours of the thermally induced vertical stress characterizing one vertical cross-section and one 

horizontal cross-section of energy piles equipped with a spiral pipe, five U-shaped pipes connected in 

series and five U-shaped pipes connected in parallel are presented in Fig. 11 with reference to the 3-D 

numerical results and the end of the reference heating phase. According to the characteristics of the 

temperature field characterizing the considered energy piles that have been presented in Fig. 10, 

thermally induced stress concentrations can be observed next to the pipes. 

Considering the vertical cross-section of the spiral type energy pile, the average thermally induced 

stress within the region described by the projection of the pipe in the axial pile direction is of -1.78 MPa, 

while the maximum thermally induced stress is of -3.29 MPa, thus highlighting a 45.9% difference. 

Considering the horizontal cross-section of the spiral type energy pile, the average thermally induced 

stress variation within the region described by the projection of the pipe in the axial pile direction is of -

1.72 MPa while the maximum thermally induced stress is of -3.15 MPa, thus highlighting a 45.4% 

difference.

For two energy piles with five U-shaped pipes connected in series and parallel, stress concentrations 

for closer locations to the pipes can also be highlighted from both the vertical (Fig. 11(c,e)) and horizontal 

(Fig. 11(d,f)) cross-sections. Considering the vertical cross-section of the energy pile equipped five U-

shaped pipes connected in series, the average thermally induced stress variation within the region 

described by the projection of the pipe in the axial pile direction is of -1.81 MPa, while the maximum 

thermally induced stress is of -3.13 MPa, thus highlighting a 42.1% difference. Considering the 

horizontal cross-section of this pile, the average thermally induced stress variation within the region 

described by the projection of the pipe in the axial pile direction is of -1.73 MPa while the maximum 

thermally induced stress is of -3.13 MPa, thus highlighting a 44.7% difference. The corresponding 

numbers for the vertical and horizontal cross-sections selected for the energy pile equipped five U-shaped 

pipes connected in parallel are as follows: -2.00 MPa, -3.07 MPa, 34.9%, and -1.95 MPa, -2.99 MPa, 

34.8%.

Irrespective of the chosen pipe configuration, the aforementioned values of thermally induced vertical 

stresses should be considered in the performance-based design of energy piles at serviceability limit 
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states. More information about this subject has been reported by Rotta Loria et al. (2020). 

Complementary considerations about the role of creep in the design of energy piles, whose significance 

is tighly interconnected with stress level and stress fluctuations (e.g., thermally induced) within the 

constituting concrete, have been reported by Bourne-Webb (2020).

Trends of average temperature and thermally induced vertical stress 

The trend of average temperature and average thermally induced vertical stress variations calculated 

over the entire volume of the energy piles in 3-D models are presented in Fig. 12(a) and Fig. 12(b), 

respectively. The energy pile equipped with five U-shaped pipes in parallel is the one characterized by 

the greatest average temperature variation and thermally induced stress. Lower temperature variations 

and thermally induced vertical stress variations are observed, in order, for the energy pile equipped with 

five U-shaped pipes in series and a spiral pipe. The maximum difference in the values of temperature 

and thermally induced vertical stress characterizing energy piles equipped with the spiral pipe and five 

U-shaped pipes in series is of less than 0.4 oC and 0.03 MPa, respectively. Due to the higher fluid 

temperature in each U-shaped pipe of the energy pile characterized by a parallel U-shaped pipe 

configuration, the maximum average temperature and thermally induced stress within this energy pile 

are about 1.9 oC and 0.16 MPa higher than those observed in the spiral type energy pile, respectively, for 

all of the three levels of soil linear thermal expansion coefficient.

The relationship between the average thermally induced vertical stress and the associated average 

temperature variation calculated over the entire volume of three modeled energy piles is presented in Fig. 

12(c). The relationship between the considered variables is approximately the same and linear in all cases 

(i.e., 88 kPa/°C), irrespective of the fact that the pipe configurations of the modeled energy piles are 

different, significant local variations in temperature and thermally induced vertical stress can be observed 

next to the pipes of these energy piles, and different trends characterize pile temperature and thermally 

induced stress over time. This result is particularly significant for two reasons.

On the one hand, in accordance with the considerations of Caulk et al. (2016), the obtained result 

highlights that the average temperature variations characterizing energy piles, instead of the local and 

non-uniform temperature fluctuations that can be encountered within their cross-sections, govern their 

overall thermo-mechanical behavior. This result further suggests that the modeling of the global thermo-

mechanical behavior of energy piles mostly depends on the restraint conditions and the material 

properties, making simplified analysis and design approaches that neglect specific pipe configurations 

appropriate, at least for preliminary estimates of the stresses involved. Localized temperature fluctuations, 

which can result in markedly non-uniform thermally induced stress distributions (also involving tensile 

stresses for piles subjected to heating thermal loads (Abdelaziz and Ozudogru 2016a) are indeed present. 

Appropriate selection of design temperature variations, through due account of the non-uniformity of the 

temperature field within energy piles (Abdelaziz and Ozudogru 2016b), is necessary for verification 

purposes of these and other energy geostructures (Rotta Loria 2019; Rotta Loria et al. 2020).

On the other hand, the obtained result suggests that there are indeed pipe configurations that are 

preferable than others. In fact, while the same relationship characterizes the temperature variation and 
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thermally induced vertical stress characterizing energy piles equipped with different pipe configurations, 

there are specific pipe configurations that maximize the heat exchange and minimize the associated 

thermally induced vertical stresses and are consequently preferable from a practical perspective. With 

reference to energy piles equipped with a spiral pipe or five U-shaped pipes connected in series or in 

parallel (involving the same total pipe length), the best solution appears to be the spiral type configuration. 

The reason for this is that, for the same total piping length and inlet velocity of the heat carrier fluid that 

circulates in the piping network, a spiral type configuration maximizes the heat exchange with the ground 

and minimizes the average thermally induced stress within energy piles. This statement appears to hold 

as long as pile diameters that can allow a relatively straightforward installation of spiral pipes are 

considered. Otherwise, pipes equipped with multiple U-shaped pipes connected in series could be a 

satisfactory alternative for satisfactory energy, geotechnical and structural performance of energy piles.

Conclusions

In this study, the thermo-mechanical behavior of a spiral type energy pile was investigated through a 

full-scale field test and 3-D finite element simulations. The thermo-mechanical behavior of two distinct 

energy piles with five U-shaped pipes connected in series and parallel (characterized by the same total 

length of the spiral pipe) was also analyzed for comparison purposes. Based on the results presented in 

this work, the following conclusions can be drawn:

1) Energy piles equipped with a spiral pipe configuration share the typical response observed to 

date upon thermal loading for energy piles with other pipe configurations (i.e. the most common 

pipe configuration of the energy pile used before is U-shaped), involving thermally induced 

expansive strains and compressive stresses upon heating as well as the mobilization of shear 

stresses at the pile-soil interface around the so-called null point.

2) Energy piles equipped with a spiral pipe configuration are characterized by the lowest trends of 

average temperature variation and thermally induced vertical stress within their volume, as 

compared to energy piles equipped with five U-shaped pipe configurations connected in series 

or parallel (with the same total pipe length). The highest trend of temperature variation and 

thermally induced vertical stress are observed for energy piles equipped with five U-shaped 

pipe configurations connected in parallel because of the lower temperature differential that 

characterizes the inlet and outlet of the individual pipes.

3) Although the trends of average temperature and average thermally induced stress variations 

vary for energy piles characterized by different pipe configurations, the relationship between 

these variables appears to be linear and indistinguishable as long as reversible conditions 

characterize the mechanics of the considered problem. That is, for a given average temperature 

variation, the overall mechanical response of energy piles predominantly depends on the 

restraint conditions and material properties of the considered problem rather than the pipe 

configuration. Nevertheless, there are indeed specific pipe configurations that maximize the 

heat exchange and minimize the associated thermally induced vertical stresses and are 
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consequently preferable from a practical perspective.

4) With reference to energy piles equipped with a spiral pipe or U-shaped pipes connected in series 

or in parallel (involving the same total pipe length), the best solution appears to be the spiral 

type configuration from energy, geotechnical and structural perspectives.
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Table 1 Soil, energy pile and pipe material parameters

Material Soil type
Depth

(m)

ρ 

(g/cm3)

λ 

(W/(m.K))

cp

(J/(kg.K))

E 

(MPa)

v

(-)

αT 

(×10-6 oC-1)

Sr

(%)

Ip

(-)

Soil

Layer 1 Silty clay 0~6.2 1.88 1.66 2900 120 0.3 1 93.3 10.3

Layer 2 Gravel clay 6.2~10.3 2.03 1.76 2600 100 0.32 1 98.5 13.3

Layer 3 Silty clay 10.3~19.1 2.02 1.85 2500 130 0.3 1 97.6 11.5

Layer 4 Sandy clay Below 19.1 2.07 1.85 2500 200 0.25 1 100 8.6

Concrete — — 2.50 1.90 1000 40000 0.2 10 — —

Pipe — — — 0.46 — — — — — —

Notes: γ is the unit weight, λ is the thermal conductivity, cp is the specific heat, E is the Young's modulus, v is the Poisson’s ratio, and αT is 

the linear thermal expansion coefficient, Sr is the saturation, Ip is the plasticity index.
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Figure Captions:

Fig. 1. Schematic diagram of the energy pile: (a) vertical cross-section of the spiral type energy pile; (b) 

plan view of the spiral type energy pile; (c) plan view of the energy pile with five U-shaped pipes 

in series; and (d) plan view of the energy pile with five U-shaped pipes in parallel.

Fig. 2. Details of the numerical models: (a) mesh and boundary conditions of the 3-D models; and (b) 

geometry of the three types of heat exchanger pipes.

Fig. 3. Initial ground temperature distribution.

Fig. 4. Trends of (a) temperature and (b) thermally induced stress within the spiral type energy pile at 

different depths.

Fig. 5. Variations of thermally induced vertical stress of the spiral type energy pile for a given (localized) 

pile temperature increment.

Fig. 6. Profiles of (a) temperature and (b) thermally induced stress along the spiral type energy pile at 

the end of the test for different positions within the pile.

Fig. 7. Variations of (a) temperature and (b) thermally induced stress along different horizontal cut lines 

in the spiral type energy pile at the end of the numerical simulations.

Fig. 8. Profiles of thermally induced shear stress at the pile-soil interface for the end of the test. 

Fig. 9. Inlet and outlet temperature trends of the heat carrier fluid circulating in the pipe of the energy 

pile.

Fig. 10. Temperature contours within energy piles equipped with a spiral pipe configuration, five U-

shaped pipes connected in series and five U-shaped pipes connected in parallel at the end of the 

reference heating period: (a) elevation and (b) plan views of the spiral type energy pile; (c) 

elevation and (d) plan view of the energy pile with five U-shaped pipes in series. (e) elevation and 

(f) plan views of the energy pile with five U-shaped pipes in parallel.

Fig. 11. Thermally induced vertical stress contours within energy piles equipped with a spiral pipe 

configuration, five U-shaped pipes connected in series and five U-shaped pipes connected in 

parallel at the end of the reference heating period: (a) elevation and (b) plan views of the spiral 

type energy pile; (c) elevation and (d) plan view of the energy pile with five U-shaped pipes in 

series. (e) elevation and (f) plan views of the energy pile with five U-shaped pipes in parallel.

Fig. 12. Comparison between the average response of energy piles equipped with a spiral pipe 

configuration, five U-shaped pipes connected in series and five U-shaped pipes connected in 

parallel at the end of the numerical simulations: (a) average pile temperature trend; (b) average 

thermally induced vertical stress trend; and (c) relationship between the average thermally 

induced vertical stress and the associated average temperature variation.

Page 19 of 31

© The Author(s) or their Institution(s)

Canadian Geotechnical Journal



D
raft

Fig. 1. Schematic diagram of the energy pile: (a) vertical cross-section of the spiral type energy pile; (b) 

plan view of the spiral type energy pile; (c) plan view of the energy pile with five U-shaped pipes 

in series; and (d) plan view of the energy pile with five U-shaped pipes in parallel.
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geometry of the three types of heat exchanger pipes.
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Fig. 3. Initial ground temperature distribution.
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Fig. 4. Trends of (a) temperature and (b) thermally induced stress within the spiral type energy pile at 

different depths.
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Fig. 5. Variations of thermally induced vertical stress of the spiral type energy pile for a given (localized) 

pile temperature increment.
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Fig. 6. Profiles of (a) temperature and (b) thermally induced stress along the spiral type energy pile at 

the end of the test for different positions within the pile.
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Fig. 7. Variations of (a) temperature and (b) thermally induced stress along different horizontal cut lines 

in the spiral type energy pile at the end of the numerical simulations.
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Fig. 8. Profiles of thermally induced shear stress at the pile-soil interface for the end of the test.
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Fig. 9. Inlet and outlet temperature trends of the heat carrier fluid circulating in the pipe of the energy 

pile.
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Fig. 10. Temperature contours within energy piles equipped with a spiral pipe configuration, five U-

shaped pipes connected in series and five U-shaped pipes connected in parallel at the end of the 

reference heating period: (a) elevation and (b) plan views of the spiral type energy pile; (c) 

elevation and (d) plan view of the energy pile with five U-shaped pipes in series. (e) elevation and 

(f) plan views of the energy pile with five U-shaped pipes in parallel.
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Fig. 11. Thermally induced vertical stress contours within energy piles equipped with a spiral pipe 

configuration, five U-shaped pipes connected in series and five U-shaped pipes connected in 

parallel at the end of the reference heating period: (a) elevation and (b) plan views of the spiral 

type energy pile; (c) elevation and (d) plan view of the energy pile with five U-shaped pipes in 

series. (e) elevation and (f) plan views of the energy pile with five U-shaped pipes in parallel.
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Fig. 12. Comparison between the average response of energy piles equipped with a spiral pipe 

configuration, five U-shaped pipes connected in series and five U-shaped pipes connected in 

parallel at the end of the numerical simulations: (a) average pile temperature trend; (b) average 

thermally induced vertical stress trend; and (c) relationship between the average thermally 

induced vertical stress and the associated average temperature variation.
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