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Abstract Energy piles make use of constant and mod-

erate ground temperature for efficient thermal control of

buildings. However, this use introduces new engineering

challenges because the changes of temperature in the

foundation pile and ground induce additional deformations

and forces in the foundation element and coupled thermo-

hydro-mechanical phenomena in the soil. Several pub-

lished full-scale tests investigated this aspect of energy

piles and showed thermally induced deformation and for-

ces in the foundation element. In parallel, significant pro-

gress has been made in the understanding of thermal

properties of soils and on the effect of cyclic thermal load

on ground and foundation behavior. However, the effect of

temperature on the creep rate of energy piles has received

practically no attention in the past. This paper reports the

experimental results of an in situ tension thermo-mechan-

ical test on an energy pile performed in a very stiff high

plasticity clay. During the in situ test, the pile was sub-

jected to thermal loading by circulating hot water in fitted

pipes, simulating a thermal load in a cooling-dominated

climate, at different levels of mechanical loading. The axial

strain and temperature in the pile, and the load–displace-

ment of the pile were monitored during the tension test at

different locations along the center of the pile and at the

pile head, respectively. The data showed that as the

temperature increases, the observed creep rate of the

energy pile in this high plasticity clay also increases, which

will lead to additional time-dependent displacement of the

foundation over the life time of the structure. It was also

found that the use of geothermal piles causes practically

insignificant thermally induced deformation and loads in

the pile itself.
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1 Introduction

Air pollution is one of the main environmental problems

mankind faces in the twenty-first century due to the

extensive use of fossil fuels. One of the opportunities to

overcome this problem is to develop new technologies and

methods to profit from the energy stored in the ground. A

promising high-efficiency technology is the shallow geo-

thermal energy system (SGES) [19, 22]. The use of SGES

is growing rapidly because it consumes less conventional

energy for operation, which in turn results in fewer CO2

emissions [4, 22]. This technology harnesses constant and

moderate ground temperature for thermal control of a

building. Outside air temperature changes with the season,

while ground temperature remains relatively constant. In

summer, ground temperature is lower than air temperature,

and so the ground may be used as a heat sink. The opposite

is true in winter; the ground becomes a heat source. The

system works by circulating a heat-carrying fluid through

fitted high-density polyethylene pipes in the piles. The

heat-carrying fluid is circulated at low temperatures when

building heating is needed and at high temperature when

cooling is required.
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Because the engineering properties of the pile and soil

materials are temperature dependent [17, 20, 33], this

thermal loading results in volumetric expansion and con-

traction in the pile and complex coupled thermo-hydro-

mechanical phenomena in the soil.

The knowledge on the thermo-mechanical behavior of

energy piles is progressively growing thanks to the

increasing number of thermo-mechanical full-scale load

tests that have being performed and reported in the litera-

ture. All the reported tests [2, 5, 6, 13, 24, 26–28, 31, 34]

concluded that the use of energy piles as ground heat

exchangers for SGES induces an increase or decrease in

stress and strain (when operating in cooling or heating

mode, respectively) and load redistributions in the pile.

From the information gathered in those tests, it was pos-

sible to relate the change in the mechanical response of the

tested piles to the increased temperature level, soil strength,

and boundary conditions.

All the thermo-mechanical tests on energy piles reported

in the literature correspond to load (compression) tests. In

those tests, both vertical side shear and point-tip pile

resistance are engaged during loading. In this paper, the

interest focuses on the impact of temperature on shear

resistance only; for this reason, tension (pull-out) tests (i.e.,

no effect of point-tip pile resistance) have been performed.

The thermo-mechanical tension tests were performed in the

field on an energy pile installed in very stiff high plasticity

(CH) clays. The tested pile was installed and instrumented

at the National Geotechnical Experimentation Site (NGES)

at the Riverside campus of Texas A&M University.

A tension load test was performed on the pile, and it was

subjected to thermal cyclic loading for 5 days under dif-

ferent mechanical load levels. Additional information

gathered during the test included the temperature and rel-

ative humidity of the air, and the temperature of the water

circulating in the pile.

One of the aims of this test was to investigate the time-

dependent performance of energy piles in high plasticity

clayey soils where soil creep might be an important factor

to consider. In addition, this paper evaluates the load

redistribution in the energy pile subjected to a thermo-

mechanical load.

2 Conceptual background

The thermo-mechanical behavior of energy piles was

described by Bourne-Webb et al. [13] and Amatya et al. [2]

using a simple approach based on a review of thermo-

mechanical load tests on energy piles. When analyzing an

energy pile, the load distribution and strain profile are both

of great importance. Under mechanical load only, the

stresses in the pile are directly related to strains. When the

vertical pile is subjected to thermal load, it experiences

additional thermal strains, referred as eT�Obs which is the

measured strain resulting from the thermal load, around a

neutral point (NP). The NP is defined as the point where

there is no change in strain due to the thermal load in the

pile. When the pile is heated, it experiences expansion and

it moves upward above the NP and downward below it,

while the opposite is correct when the pile is cooled, it

experiences contraction and it moves downward above the

NP and upward below the NP. Another part of the vertical

strain is restrained due to soil resistance eT�restrainedð Þ. The

sum of eT�observed and eT�Rest is the free strain eT�freeð Þ,
which is the strain that the pile would experience if it was

not inhibited by the soil and the structure. The thermal

stresses (rT) resulting from the difference between the free

and observed strain and the thermally induced load, PT, can

be calculated using Eq. 1. In this equation, the negative

sign means that the restrained thermal strains result in a

force in the opposite direction of the pile movement.

PT ¼ �EAeT�restrained ¼ �EA efree � eT�observedð Þ
¼ �EA aDT � eT�observedð Þ ¼ rTA ð1Þ

where a is the linear coefficient of thermal expansion, E is

the Young’s modulus of the pile material, and A is the

cross-sectional area of the pile. In energy piles, the total

load in the pile is the sum of the mechanical and thermal

load. More details about this approach are presented in

Bourne-Webb et al. [13] and Amatya et al. [2]..

Understanding the long-term behavior of energy piles

and in particular their displacements is very important to

limit their impact on the structural integrity of the building.

This may be accomplished by limiting the additional

deformation to within-tolerable limits. During their life-

time, piles exhibit creep, related to the time-dependent

movements under a constant mechanical load applied by

the superstructure. The creep rate is dependent on soil type,

soil texture, applied stress level, and temperature. This last

factor is more significant in clayey soils [10, 15, 29, 30]. As

an example, Fig. 1 presents the experimental results of a

triaxial creep test performed by Mitchell et al. [30] on

undisturbed San Francisco Bay mud samples. The strain

rate and strain increased after raising the soil sample

temperature by 16.7 �C, which is close to the typical

temperature increase in geothermal applications. The strain

rate of the samples increased by a factor of approximately

10, after the start of the temperature change. In addition,

Fig. 1b shows that the strain rate decreased with an

increase in strain, but more slowly for higher temperatures.

There are some additional experimental studies looking

at the effect of temperature on the time-dependent response

of clays; they are mainly focused on the behavior of the

Boom clay, a material studied in the context of the design

of nuclear waste disposal (e.g., [14, 16, 18, 35, 37]).
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Romero et al. [35] found that the effect of temperature on

normally consolidated samples of Boom clay is quite

noticeable, while the impact of temperature on creep rate

for over-consolidated samples is practically negligible.

Based on extensive in situ creep tests on grouted anchors

at the National Geotechnical Experimental Site (Texas

A&M University), Briaud [9] proposed the following

model (2) to evaluate the time-dependent displacement of

anchors and piles:

St

S1

¼ t

t1

� �n

ð2Þ

where n is the viscous exponent; t (min), t1, St (m), and S1

(m) are the time, reference time, the displacement at time t,

and the displacement at time t1, respectively. The viscous

exponent can be evaluated from field creep test or from the

pressuremeter test [10]. The value of n is obtained as the

slope of the plot of log St/St1 versus log t/t1 from field creep

test and as the slope of the plot of log Et/Et1 versus log t/t1
from pressuremeter test [10, 11]. Et and Et1 are the secant

modulus measured during a pressure holding step from a

pressuremeter test corresponding to t and t1, respectively.

3 Test location materials properties

The in situ test was performed at the NGES at Texas A&M

University, Riverside campus, which is located 12 km west

of the main University campus (Fig. 2). Two main sites are

located at the NGES: clay and sand sites. The soil prop-

erties of the two sites were reported in previous studies

[7, 12, 21, 23, 32, 36, 38]. The experiment reported in this

paper was conducted on a pile installed at the clay site.

The clay site covers an area of approximately 5,500 m2.

Briaud [8] summarized many of the laboratory and in situ

tests performed at the site since 1980, and concluded that

the stratigraphy of this site is composed of four layers. The

top layer is red and gray very stiff high plasticity clay of a

uniform thickness (about 5.5 m). The second layer is a

sand layer with variable thickness averaging 1 m. Below

this layer is dark gray clay-shale with interbedded fine-

grained sand layers with an average thickness of 6.5 m.

The fourth layer is a very hard dark clay (shale) layer that

extends to a depth of 50 m. The soil stratigraphy, labora-

tory tests results, in situ tests results, and average soil

properties of each layer are summarized in Fig. 3.

The compressive strength of the grout used for the tested

pile was measured in the laboratory by unconfined com-

pression on 0.05 m diameter samples. The measured

compressive strength at 28 days ranged from 22.5 to

27.6 MPa, with an average of 25.7 MPa. The unit weight

of the grout was 18.4 (kN/m3), and the elasticity modulus

was estimated from the compressive strength to be

17,400 MPa. The PEX pipes used to circulate the water in

Fig. 1 Axial strain versus time a and strain rate versus axial strain b of an undisturbed San Francisco Bay mud sample subjected to temperature

change (modified from Mitchell et al. [30])

Fig. 2 NGES clay site location from Google Earth
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Fig. 3 Summary of soil properties and stratigraphy from laboratory tests a, field tests b, soil profile c at NGES-TAMU clay site (From Briaud [8])
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the piles conform to ASTM F876/F877 standards as per the

manufacturer.

4 Test layout and setup details

The tension test layout and details are shown in Fig. 4. The

tested pile was one of the groups of eight piles installed at

the NGES clay site labeled N1 to N8. Two of the eight

piles were energy piles; the remaining six were used to

study the creep of piles under mechanical loading only.

The piles were drilled on July 17, 2013, and were grouted

up to the ground level on the same day. The instrumented

steel rebar and pipes were inserted in the drilled holes

immediately after finishing the drilling process and before

grouting. All the piles were 0.18 m in diameter and 5.5 m

long. The hole in the slab is 30 cm in diameter, so slab and

the pile are not connected. Each of the piles was reinforced

with a 25-mm-diameter steel bar placed at the center of the

drilled hole; the steel was of grade 75 with a yield stress fy

equal to 517 MPa and an elasticity modulus ESteel equal to

204,000 MPa. The two energy piles were each fitted with

19-mm inner diameter and 23-mm outer diameter PEX

pipes U-shaped loops. The pipe legs of the U were 0.1 m

apart center to center and were bent at a distance of

0.4 m from the bottom of the pile. A concrete slab

(9 9 6 9 0.3 m3) was used as a platform to drill the piles

and to perform the load test. The slab was reinforced with

#6 bars in a mesh of 0.3 m 9 0.3 m. When the slab was

poured, eight circular openings of 0.3 m diameter and two

circular opening of 0.15 m diameter were kept in the slab

at the location of the eight nails and the two boreholes,

respectively. This ensured an easy drilling and pile instal-

lation process. The boreholes are located at 0.5 m c/c from

Fig. 4 a Pile layout with slab dimensions; b picture of mat; c cross section and plan view of the pile
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the energy piles. A benchmark (6 m deep) was installed

near the slab to account for slab settlements.

To avoid a power disconnection, a 3-kW Honda portable

power generator was used as the power source for the

instruments and tools at the site. A central hole hydraulic

jack of 500 kN capacity was used to apply the load on the

nail. The circulated water in the pipes was stored in a small

tank. The water was circulated from the tank to the energy

pile using a � HP portable cast iron water pump at a flow

rate of 1.08 L/s.

5 Instrumentation

The energy pile was instrumented to monitor the main tests

variables: displacement, strains, temperature, and relative

humidity. Table 1 summarizes the instruments used.

The central steel bar was instrumented with six strain

gages at different level to track the strains that developed in

the pile under thermo-mechanical loading. The strain

gauges used for the test were model UFCA-5-11 from

Tokyo Sokki Kenkyujo Co. Ltd. Full Wheatstone bridge

strain gauges with temperature and bending compensation

were used. At the same level as the strain gauges, six

thermocouples type T from OMEGA were installed in both

the pile and adjacent borehole. The thermocouples in the

pile tracked the temperature changes at the center of the

energy pile in order to relate the changes in strain with the

changes in temperature. The thermocouples in the adjacent

borehole tracked the temperature in the soil due to the

thermal use of the pile. A load cell model 3000 from

GEOKON was used to measure the applied load at the pile.

In addition, and for a double check, the load on the pile was

measured from the pressure gauges installed on the

hydraulic jack. Dial gauges were placed at the top of the

energy pile to measure the vertical pile displacement. Part

of the instruments were connected to read out boxes and

data loggers in order to electronically store the measured

data, and the other part was read manually. The air tem-

perature and relative humidity during the test were recor-

ded using a temperature and relative humidity USB data

logger from Extech.

6 In situ test plan

Five tension load tests were performed on the energy pile

referred to as Test 1, Test 2, Test 3, Test 4, and Test 5 with

a tension force T of 40, 100, 150, 200, and 256 kN,

respectively, applied at the top of the pile. In each test, the

pile was mechanically loaded for 1 h (60 min). After 1 h of

applying the load, the water pump was turned on to cir-

culate the water into the pile. The water was heated by the

high temperature weather and the work done by the water

pump, resulting in an increase in circulating water tem-

perature of 10–15 �C. The water pump was run for 4 h

after finishing the mechanical loading step. The total time

of the test was 5 h (300 min). During this time, the pile and

soil temperature, axial strain in the pile, air temperature

and relative humidity, and circulating water temperature

was monitored using the instrumentation described in the

previous section. The full-scale test sequence is visualized

in Fig. 5 with the time on the horizontal axis and the

applied tension load on the vertical axis. The shaded area

under each test represents the time frame when thermal

load was applied.

The loading setup showing the hydraulic jack and pump,

water pump, power generator, water tank, readout boxes

and data logger, and load cell is shown in Fig. 6. The pile

load tests were performed from August 2 to 6, 2013,

starting with Test 1 and ending with Test 5. Each day, one

load step was applied; by the end of the test, the pile was

unloaded and the water pump was turned off. Prior to the

beginning of the testing, the strain gauge readings were

Table 1 Instrumentation summary

Instrument Measurement Number

used

Mechanical measurement Strain gauge model UFCA-5-11 installed along the pile at depth

z = 1, 1.2, 1.4, 2.4, 3.4, and 4.4 m

Strain in the pile 6

Dial gauge Pile head displacement 2

Pressure gauge Pressure applied on the loading frame 2

Load cell model 3000 from Geokon Load applied on the pile 1

Thermal measurements Thermocouple type T from Omega, installed along the pile and

borehole

at depth z = 1, 1.2, 1.4, 2.4, 3.4, and 4.4 m.

Temperature along the pile and the

borehole adjacent to the pile

12

Thermocouple type T from Omega Temperature in the water tank 1

Air temperature and relative humidity sensor from Extech Weather conditions during the test 1
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zeroed, and therefore, any strains resulting from the con-

struction process was neglected and only strains due to

mechanical and thermal load were measured. The test

reported in this paper was performed on pile N7 (Fig. 4).

7 Test results

In this section, the main results obtained during the tests

are presented for the different stages considered in the field

experiments. First the variation of temperature in the pile

and soil is presented alongside of the air temperature and

relative humidity fluctuations during the tests. Then the

movements of the pile during the loading tests are intro-

duced. Finally, the distribution of loads along the pile

during the tests is presented.
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Fig. 6 a Tested pile, b test setup

Fig. 7 Circulating water temperature during each test
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Fig. 8 a Pile and b soil temperature during the test at different times and load steps
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7.1 Pile, soil, water, and air temperature

During each test, the pile, soil, circulating water, and

ambient-air temperature were monitored using the instru-

mentation described in the previous section. The circulat-

ing water temperature (Fig. 7) increased during the five

tests to an average value of 44 �C.

During the five tests, the temperature gradient between

the circulating water and the soil generated a heat flux from

the pipes toward the concrete and the soil resulting in an

increase in the pile and soil temperature. The initial soil

and pile temperatures were not uniform, since the pile was

located in the shallow soil layer where the soil temperature

is variable and highly affected by climatic conditions. As a

result, the temperature gradient between the circulating

water and soil was not uniform, which caused a non-uni-

form increase in pile temperature. Figure 8 shows the pile

and soil (BH) temperature for the five tests at time t = 60,

120, 180, 240, and 300 min where time t = 60 min cor-

responds to the beginning of thermal load application and

t = 300 min corresponds to the end of the test. The

position BH corresponds to borehole 1 (Fig. 4, identified as

BH1). The overall average pile temperature by the end of

the test was 38.5 �C. There was a very small fluctuation in

soil temperature at the borehole location that can be due to

instruments and thermocouples; however, this fluctuation

can be neglected and the average temperature profile in

BH1 can be used as a reference temperature to the tem-

perature in the pile during the test. The air temperature and

relative humidity during the period when the test was

performed were recorded and are presented in Fig. 9. Air

temperature ranged from 24 to 39 �C with an average of

30 �C while the relative humidity ranged from 22 to 96 %

with an average of 63 %.

8 Pile head load movement

The load–settlement behavior of foundation piles directly

impacts on the serviceability and safety of the structure

above it. To determine the amount of pile displacement

associated with cyclic thermal loading of energy piles, dial

Fig. 9 a Air temperature and b air relative humidity

Fig. 10 a Pile head displacement on a natural; b log–log scale
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gages were used during each of the five load steps (Fig. 6).

The load on the pile was kept constant during each test, and

the displacement versus time was measured. Figure 10a

shows the pile displacement on a natural scale, while

Fig. 10b shows the pile displacement on a log–log scale for

creep analysis. At the application of the tension load

(t = 0 min), the pile exhibited a rapid increase in dis-

placements for the first few minutes. This increase then

Fig. 11 Measured temperature, strain, and pile top displacement

Fig. 12 Load distribution in energy piles due to mechanical, thermal, and thermo-mechanical load

408 Acta Geotechnica (2014) 9:399–412

123



slowed with time and became a nearly constant rate before

applying the thermal load. After applying the thermal load

(t = 60 min), the displacement rate began to increase with

the increasing temperature of the pile and the soil.

8.1 Strain gauge reading and load distribution

in the pile

The strain and temperature distribution changes during the

test were monitored at different positions to learn about the

pile deformation and the load distribution in the pile. The

most relevant data of strain distribution is presented in

Fig. 11. These data correspond to the temperature, total

strain, and thermal strain change in the pile at depths of 1.4

and 2.4 m during Tests 4 and 5, where the applied tension

was 200 and 256 kN, respectively. In addition, the asso-

ciated pile top displacement for these tests is presented on

the same plot (Fig. 11).

Based on the approach proposed by Bourne-Webb et al.

[13], the expected load distribution in the pile due to the

thermo-mechanical load is illustrated in Fig. 12. Due to the

mechanical load, the load PM decreases linearly with depth

with the maximum located at the top of the pile and equal

to the applied tension, T. Due to the heating process, a

tension force PT resulting from the restrained strains

develops along the pile with a maximum at the NP loca-

tion, PT,max, and with a value of PBearing at the bottom of the

pile. The thermo-mechanical load in the pile is the sum of

the mechanical and thermal load. Negative sign represents

compression load, while positive sign represents tension

load.

The load distribution (Fig. 13) along the pile was cal-

culated according to the method described in Sect. 2

(Conceptual Background) starting with the application of

the load at t = 0 min (Mechanical load only). On the

same Figure, the load distribution during Test 4 and 5 at

depths 1.4 and 2.4 m resulting from the thermal load is

plotted. The sum of the mechanical and thermal load is

presented on the same figure (thermo-mechanical load).

The concrete tensile strain capacity is 150 le or less [1].

Since the strains in the concrete were all larger than

150 le (Fig. 11), it is possible that the concrete was

cracked and the steel bar took all the force in the pile

element. An inspection of Fig. 13 indicates that the

measured load distribution conforms to the approach

described conceptually in Fig. 12.

The central reinforcing rebar yielded before reaching

the ultimate tension capacity of the pile; therefore, the

ultimate pile–soil friction fu (kPa) could not be deter-

mined from the in situ test. However, data from previous

static pile load test [3, 25] at the site location were used to

determine fu. Kubena and Briaud [25] back-calculated fu,

and the results ranged from 113 to 143 kPa with an

average of 132 kPa in the first layer where the energy pile

is embedded. Ballouz et al. [3] measured an overall

average fu along 9.5 m long, 0.92 m diameter pile of

110 kPa, but the load distribution in the pile shows a fu of

164 kPa in the first layer. Based on these measurements,

the ultimate tension capacity of the tested energy pile was

calculated as 460 kN.

9 Analysis and discussion

The measurements show that the load distribution in piles

is affected when the pile is used as a ground heat exchanger

for SGES. It is known that the friction angle is practically

independent of temperature (e.g., [16]). The thermal

expansion of the pile due to an increase in temperature

resulted in a change in pile–soil friction. This change in the

friction profile causes a change in the load distribution;

thermally induced tension load is generated in the pile.

However, this change is insignificant when comparing the

Fig. 13 Measured load distribution in the pile

Fig. 14 Creep exponent (n) versus tension load
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measured change in pile load to the ultimate tension

capacity.

The viscous exponent n (2) was evaluated for the five

tests from the displacement–time curve on the log–log

scale before and after applying the thermal load (Fig. 10).

The measured data were used to back calculate n using

Eq. 2 together with the data from t = 0 to 60 min for the

mechanical load only, and from t = 60 to 300 min for the

thermo-mechanical load. The average exponent values for

the mechanical and thermo-mechanical loading were 0.013

and 0.061, respectively (Fig. 14). It was therefore found

that in this case when the soil is subjected to thermal

loading (in addition to mechanical loading), the creep

exponent increases on the average by a factor of 4.7.

The measured results from the load tests were compared

to the results reported by Mitchell et al. [30] in terms of

viscous exponent ratio of thermo-mechanical load (n2) to

the mechanical load (n1), n2/n1. This was done by plotting

the strain versus time measurement from Fig. 1 in a log–

log scale and compared it with the displacement–time

results from Test 3 (Fig. 15). The viscous exponents of the

two tests are different by a ratio of 10 which is not sur-

prising as the clay tested by Mitchell et al. [30] is much

softer than the clay tested in this study, but the ratio n2/n1

of the two tests is close. Note that the ratio of the viscous

exponents in Fig. 15b is for Test 3.

The long-term performance of energy piles in terms of

displacement (i.e., instantaneous plus creep) was evaluated

based on the measurements of the viscous exponent from the

in situ test. This analysis was done by extrapolating the load–

settlement curve measured at time t = 0 min using (2) and

the measured viscous exponent. The extrapolation was

performed for a structure life time of 50 years without and

with geothermal use of energy piles by using ‘n’ from the

mechanical load and from the thermo-mechanical load

results, respectively. Figure 16 presents the measured load–

settlement curve at the time of load application (t = 0 min),

at 60 min, and at the end of the thermo-mechanical load

(t = 300 min). The extrapolated load–settlement curves are

plotted on the same graph in Fig. 16. The extrapolation

shows that long-term displacement increases by a factor of

approximately 2.35 due to creep when piles are used for

geothermal energy application. However, this calculation

was done assuming that the soil–pile will be subjected to

heating during its life time. In reality, especially in cooling-

dominated climates, the pile-heating process will only take

place for 6–8 months of the year. During the rest of the year,

the pile will be under cooling or idle mode. Therefore, the

creep rate will slow down due to the decrease in soil tem-

perature, and the values predicted in this paper correspond to

an extreme case. The actual values should be between the

extrapolated curves with and without geothermal piles. It is

also worth mentioning that this analysis considers the effect

of the friction (i.e., vertical/side) resistance only.

10 Conclusion

A thermo-mechanical tension load test on an energy pile in

high plasticity stiff clays was presented. The strain and

Fig. 15 Comparison of creep exponents to data from the literature
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temperature distribution, load–displacement behavior, and

climatic conditions were monitored during the test. Based

on the soil type, soil profile, soil properties, and the testing

conditions, the following conclusion could be made:

1. The use of foundation piles for geothermal energy

application induces thermal strains and stresses in the

pile element due the volume expansion/contraction of

the pile and the soil–pile friction generated from this

thermally induced volume change. However, the

thermally induced pile load is practically insignificant

(\1 % per �C of temperature increase) compared to

the ultimate values.

2. The increase in soil temperature caused an increase in

the creep rate. Mathematically, this is translated by an

increase in the viscous exponent n by a factor of 4.7.

The measured results were compared to data from the

literature and showed good consistency.

3. The time-dependent behavior of energy piles in high

plasticity clays for cooling-dominated climates is an

important factor to consider. The increase in the soil

viscous component results in an increase in long-term

displacement.

4. The distribution of energy piles should be as symmet-

ric as possible under structures to avoid differential

settlement and distortion resulting from the thermally

induced deformation of the piles.

5. The extrapolated load–displacement curve of an energy

piles under the tested conditions for the extreme case

considered (i.e., Building cooling mode only) shows

that the long-term displacement (50 years) for the

energy pile is 2.35 times the displacement for the

regular pile.

6. The design of energy piles in conditions similar to the

ones presented in this paper should minimize the long-

term displacement to tolerable limits by minimizing

the initial settlement.

7. Further investigation on the time-dependent behavior

of energy piles should be made through more load tests

considering different soil types and in both heating and

cooling conditions.
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