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ABSTRACT: An experimental precast concrete thermo-pile was fabricated and driven in Valencia, Spain, prepared to operate as a 
heat exchanger foundation element under the simultaneous action of mechanical and thermal loads. Vertical mechanical loads were 
applied with the aid of a reaction frame and anchors, and thermal loads were introduced by injecting heat through a primary circuit 
installed in the pile and by the use of mobile thermal installation provided with a reversible heat pump. Several in situ static vertical 
load tests were carried out on the pile, in order to analyze its mechanical behavior. Subsequently, maintaining the vertical mechanical 
service load, a first test of thermal characterization of the pile-ground system was performed by applying different steps of heat power 
injection. Finally, the pile was subjected to a test consisting of the application of 14 daily cycles of thermal loads, as if the pile were 
integrated in an actual geothermal installation of an office building, under constant mechanical load, simulating the conditions of 
operation in cooling mode. The results of these tests are presented and analyzed, showing the influence of the thermal loads on the 
mechanical behavior of the pile as well as on its margin of safety regarding bearing resistance and structural failure limit states. 

RÉSUMÉ : Un pieu thermoactif expérimentale, en béton préfabriqué, a été fabriqué et enfoncé à Valencia, Espagne, prête à fonctionner 
comme un élément de fondation et échangeur de chaleur sous l'action simultanée des charges mécaniques et thermiques. Les charges 
mécaniques verticales ont été appliquées à l'aide d'un cadre de réaction et de points d'ancrage, et les charges thermiques ont été introduits 
par l'injection de chaleur à travers un circuit primaire installé dans le pieu et par l'utilisation d'une installation thermique mobile équipée 
d'une pompe à chaleur réversible. Après plusieurs tests de charge verticale statique e avec la charge de service mécanique vertical, un 
essai de caractérisation thermique du système sol-pieu a été réalisé en appliquant des différentes étapes d’injection de puissance de 
chaleur. Enfin, le pieu a été soumis à une épreuve consistant en l'application de 14 cycles journaliers des charges thermiques, comme en 
faisant partie d’une installation géothermique réelle d'un immeuble de bureaux, simulant les conditions de fonctionnement en mode 
refroidissement. Les résultats de ces tests sont présentés et analysés, montrant l'influence de la charge thermique sur le comportement 
mécanique du pieu ainsi que sur sa marge de sécurité concernant la défaillance structurelle et la capacité portante. 
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1  INTRODUCTION 

A geothermal precast concrete pile was specifically designed, 
constructed, and tested for this research project to study its 
thermo-mechanical behaviour when used as geothermal 
foundation element.   

The reinforced concrete pile, fabricated at Rodio-Kronsa 
factory in Madrid, with a square cross section of 35 cm side and 
a total length of 17.4 m, was made of two pieces, each of them 
8.7 m long, connected by a joint. A steel pipe, with a diameter 
of 11.3 cm, was used to create a vertical circular hole at the 
center of the pile, in order to install, after driving, two 
polyethylene tubes with a double U-shaped configuration to 
permit the passage of the heat carrying fluid for thermal 
activation of the pile. The pile was driven in the city of 
Valencia, at a place with the following ground conditions: A 
superficial fill layer of sandy gravel (1m thick); a second layer 
of stiff clay (1 m thick); a 6 m thick layer of soft and black 
organic clays; a 3 m thick layer of loose sands; and below depth 
11 m, layers of sandy gravels extended up to a depth of at least 
27 m, interlayered with some stiff clays levels. The ground 
water table is located at a depth of 2.0 m. Under these 
lithological conditions, the pile should work transferring loads 
to the soil levels located at more than 11 m of depth. 

An ultimate compression resistance of the pile of 2571 kN 
(of shaft and base resistances of 611 kN and 1960 kN, 

respectively) was calculated from ground test results by the 
methods established in the Spanish Building Code (M. 
Vivienda, 2006). Subsequently, a service compression load of 
1000 kN was decided at the pile head. 

The pile was instrumented internally to monitor the 
distributions of temperature and axial strain with depth during 
the tests (Figure 1).  

 
Figure 1. Soil profile and pile instrumentation. 
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 Pairs of vibrating wire concrete-embedment strain gauges 
(VWSG) were oriented longitudinally and attached to the 
lateral reinforcing bars at seven different depths along the pile, 
then cast in concrete during construction. Each VWSG 
contained a thermistor to monitor temperature in the concrete at 
each sensor location. Redundantly, Optical Fibre Sensors (OFS) 
were also installed to measure temperature and vertical strain 
each 2 m along the length of the pile.  

2  TEST SET UP 

The pile was driven in the ground on June 27th 2012. Driving 
tests were carried out to assess the ultimate vertical 
compressive resistance, resulting in a base resistance of 1800 
kN and a shaft resistance of 711 kN. Two types of load 
application systems were needed for the tests: mechanical and 
thermal. The mechanical load was applied by means of a 
hydraulic jack and an anchored metallic frame, as element of 
reaction, fixed to the ground by means of three 25 m long, 5º 
inclined anchors. A calibrated load cell measured the real load 
throughout the test.  

 

 
Figure 2. Scheme of the mechanical loading system on top of pile. 

The thermal load was provided by a thermal installation, 
formed by a reversible heat pump, a tank, a three-way valve for 
regulating the temperature of the injected water, a flowmeter 
and temperature probes with a data logger to record the inflow 
and outflow temperatures during the test. 

Once the pile was driven into the soil, the heat exchanger 
tubes were placed in the central hole of the pile, and this was 
subsequently filled with high thermal conductivity mortar. 
Finally, additional sensors were installed outside the pile to 
monitor the pile behavior during the tests (Table 1). 

 
Table 1. Monitoring system  

Test element Monitoring devices 

Pile (external) 

4 analog dial gauges for vertical pile head 
displacements. 
4 electronic transducers (LVDT) for vertical pile 
head displacements. 
2 analog dial gauges for horizontal pile head 
displacements. 
2 electronic transducers (LVDT) for horizontal 
pile head displacements. 
1 LVDT to loading frame. 
Load cell. 

Pile (internal) 

VWSG at seven levels in rebars diametrically 
opposed over 17 m length of pile. 
OFS cables, 2 loops for strain and temperature 
measurement at the same time placed each loop 
diametrically opposed. 

Anchors 
VWSG in each anchor to measure strain and 
temperature. 

 
 

3  STATIC VERTICAL LOAD TESTS  

Two static vertical load tests, A and B, were carried out 
according to the load-time scheme shown in Figure 3. As 
optical fiber sensor readings were not properly taken during test 
A, a second test (B) had to be done. Five load cycles (1C to 5C) 
were applied during test A, which was performed on 01/15/13 
and lasted 24 hours. Test B was carried out on 03/29/13 and 
lasted 5 hours; at the end of this test a constant vertical load of 
1000 kN was constantly kept at the pile head for the following 
stages of the study. Detailed analysis of the mechanical 
behavior of the pile during these two static load tests can be 
consulted in Pardo de Santayana (2016). 

 

 
Figure 3. Load-time schemes for tests A (a) and B (b). 

Figure 4 shows the load vs settlement plot registered by the 
external monitoring devices at pile head during test A. A 
permanent settlement of about 2 mm was observed after 
unloading at the end of the test. In Table 3 the comparison 
between head and base settlements and shortening of the pile 
during tests A and B is shown.  

Through the internal VWSG and OFS devices, the vertical 
strain distribution along the pile was measured at every step of 
the tests, and, hence, the vertical stress and axial load 
distributions were determined. Figure 5 shows the axial load 
distributions for optical fiber sensors during test B. Similar 
results were obtained with VWSG and OFS devices. 

 
Figure 4. Load at pile head vs. load settlement during test A. 
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Figure 5. Evolution of axial load vs. depth curves during test B, from 
OFS devices; (notation example: 1 CC-250 kN = cycle 1; CC/CD, 
loading/unloading curves; 250 kN load step).  

Test A and B results showed that along the upper 10 to 12 
meters (soft soils) the pile hardly transfers load to the 
surrounding ground. The pile is transmitting about 600 kN of 
load through the base and about 400 kN of load through the 
shaft, particularly along the lower meters of the pile. This 
means that the pile is working with a base safety factor of the 
order of 3.1 and with a shaft safety factor of about 1.7, whereas 
the global factor of safety for compressive resistance of the pile 
was 2.5 under the applied 1000 kN service vertical load.  

4  THERMAL LOAD TESTS 

Test C was performed to analyze the thermo-mechanical 
behavior of the pile under a constant vertical load of 1000 kN 
and a wide range of thermal actions, applied by means of the 
heat exchange internal tubes, simulating its use on summer 
mode (cooling the building and heating up the foundation). The 
test was performed between 26th of June and 10th of July of 
2013, following the stages shown in Figure 6. As shown, three 
different heat injection rates, relatively high, were used, and a 
series of monitoring moments (C0, Ca, Cb, Cc, Cd and Ce) were 
used for the analysis (see Table 2). Figure 7 shows the 
temperature/depth curves measured at those moments inside the 
pile. Figure 8 shows the upwards vertical movements registered 
at the head of the pile during the test, which reflected the 
evolution of temperatures. A maximum vertical ascending 
movement of 1.23 mm was measured in moment Cb, 
representing 0.0073 % of the pile length and approximately 1/3 
of the free dilation that the pile would have experienced if there 
were no restrictions by the surrounding ground.  
 

 
Figure 6. Scheme of test C and identification of monitoring moments: 
C0, Ca, Cb, Cc, Cd and Ce. 

The application of heat during test C induced the pile to 
dilate, and tension vertical strains were registered with the 

internal devices. By integrating the vertical strains measured 
along the pile length, a maximum pile extension of 1.6 mm was 
obtained in moment Cb; by taking into account this value, 
together with the 1.23 mm vertical movement measured at the 
pile head, a maximum vertical movement (downwards) of -0.37 
mm was determined for the pile base (see Table 3).  

As the pile tends to dilate during heating, the surrounding 
soil restricts this tendency and new shear stresses appear at the 
pile shaft/soil interface opposing dilation. Consequently, 
compression stresses of thermal origin are generated along the 
pile, and additional axial loads appear, relatively to the axial 
load distribution generated by the 1000 kN mechanical load 
applied to the pile head.  
 
Table 2 Time schedule and monitoring moments selected during test C. 
Moment Date and 

hour 
Observations Surface 

temperature (ºC) 
C0 26/06/2013 

10:57 
Prior to test C 22.9 

Ca 01/07/2013 
12:27 

After thermal 
equilibrium at stage 1 

30.4 

Cb 05/07/2013 
12:27 

After thermal 
equilibrium at stage 2 

32.3 

Cc 10/07/2013 
14:30 

After thermal 
equilibrium at stage 3 

26.2 

Cd 11/07/2013 
11:54 

End of test C 23.1 

Ce 30/07/2013 
10:07 

19 days after end of 
test C 

29.8 

 
Figure 7. Temperature profile evolution during test C. 

In Figure 9 total (mechanical + thermal) axial load profiles 
along the pile during test C are shown. As shown in the figure, 
the axial loads tend to a value of 1000 kN at the top of the pile, 
where no additional stresses were generated, as restriction to 
dilation does not exist. The results show a maximum increase 
of about 400 kN in axial load in the pile, corresponding to 
moment Cb, which means a considerable value, if compared to 
the 1000 kN of mechanical load. This increase is maximum and 
homogeneous along a pile section between 4 to 12 m of depth, 
revealing that the ground is not taking any load form the pile in 
that section. Due to the characteristics of the soil profile, 
resistance to dilation is only efficient at both ends of the pile: at 
the upper 3 to 4 meters (artificial fills and stiff clay layer); and 
at the base, where the gravel layers are located. Of the 
additional 400 kN of axial load due to the thermal action, about 
340 kN are supported by the pile base. This means that the base 
load increased from 600 kN, due to the mechanical action, to 
about 940 kN, due to the combined effect of the mechanical and 
thermal actions, implying that a considerable reduction of the 
pile base resistance factor of safety actually happens (from a 
value of 3.1 to a value of about 1.9). Clearly, this increase in 
axial load also affects the factor of safety for structural failure.  
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Figure 8. Pile head vertical movements measured by the 4 electronic 
transducers located at the 4 sides of the pile cross-section during test C. 

 
Figure 9. Evolution of total (mechanical + thermal) axial load profiles 
during test C (OFS monitoring devices); curve C0F corresponds only to 
the mechanical load. 

Test E consisted of 14 daily cycles of thermal loads, in 
cooling mode, applied at a lower power rate than in test C. 
Maximum thermal injected power ratio was 80 W/m, therefore, 
simulating in a more realistic way a real geothermal pile of an 
office building installation. The test was also performed under 
constant mechanical load of 1000 kN. Figure 10 shows a 
scheme of the test.  

 
Figure 10. Scheme of thermal daily cycles applied during test E.  

Results obtained in test E regarding vertical movements (see 
Table 3), vertical strains, stresses and axial loads were similar 
to those of test C, though of lesser extent as a consequence of 
the lower injected power. As to the evolution of these 
magnitudes with the number of cycles, a trend to stabilization 
was observed towards the end of the test. The evolution of of 
vertical movements at pile head is shown in Figure 11; 
maximum value was about 0.4 mm; lower peaks correspond to 
Sundays, when no heat injection was applied. The maximum 

axial load at the base of the pile was about 720 kN, 
corresponding to a pile base resistance factor of safety of 2.5. 

 
Table 3. Comparison between maximum values of vertical movement 
(neg. sign = settlement) at head and toe of pile and pile 
shortening/extension during tests A, B, C and E. 

 Test A 
(cycle 3) 

Test B 
(cycle 2)

Test C 
(Cb) 

Test E 
(cycle 2, E2a) 

Max. head movement (mm) -7,2 -5,3 +1,23 +0.18 

Max. pile shortening (-)/ 
extension (+) (mm) 

-4,1 -4,1 +1.6 +0.23 

Max. base movement (mm) -3,1 -1,2 -0.37 -0.05 
 

 
Figure 11. Vertical movements at head of pile during test E.  

5  CONCLUSION 

When thermal actions were applied to the precast driven 
experimental energy pile, the manner the pile resisted the 
mechanical loads was modified. It was verified that as the pile 
is heated or cooled, changes appear in the amount and sign of 
the shear stresses between pile shaft and surrounding soil, as 
the soil opposes free thermal dilation or contraction of the pile. 
As a consequence, the distribution of vertical stresses and axial 
loads along the pile is altered. The way in which these changes 
take place is strongly influenced, on the one hand, by the soil 
profile and, on the other, by the working mode of the pile and 
the distribution between skin-friction and end-bearing 
resistances. In this study, when the pile was heated, a 
significant increase in axial load along the pile was verified, as 
well as in end-bearing load, which caused an important 
reduction of the factor of safety for base resistance, especially 
in test C. The increase of axial load in the pile was in the order 
of 40% during test C and about 12% during test E. These facts 
should be taken into account not only in relation to the 
compressive ground resistance design, but also for the design of 
the structural resistance of the pile. Further research is needed 
to improve the understanding of the thermo-mechanical 
behavior of geothermal piles and to formalize design guidelines 
and safety factors for assuring the ultimate and serviceability 
limit states of this kind of energy foundations.  
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