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Abstract 
 

Energy foundations represent an innovative technology, which is considered a renewable energy 

source. They provide a cost-effective way of ground heat extraction and are applicable to a wide range 

of geothermal conditions. However, their basic- structural function should always remain unbalanced 

and be considered as the most important criteria, under which the thermal function is subsequently 

subordinated. The thesis explains operating principle of a thermal pile and reviews factors affecting the 

energy pile system. By means of finite element software Plaxis, numerical 2D analysis were conducted 

under both steady and transient thermal conditions, where a single energy pile was subjected to 

thermal cycles lasting in total eight-years. In the parametric study, two types of head axial fixities were 

taken into the consideration 

Key words: energy pile, axisymmetric model, thermo-mechanical loading, soil-pile interaction, pile 

head restraint 

1. Introduction 

Research institutes all over the world  have been continuously working on improved methods 

of energy and heat generation from renewable resources. Thus, it is worthwhile considering 

the problem, enriching the actual state of knowledge with additional confirming analysis, 

thereby disseminating gained information. Due to the fact, that the thermal changes 

provoked in an energy pile can result in enlarged stress profile within the structure, the 

energy foundation technology was not so eagerly adopted in all countries, as it was 

expected, even though the hydro-geo-thermal conditions there- are favourable. Thus, among 

the main aims of the thesis, one can distinguish: acquaintance with a mode of operation of a 

single energy pile as well as the way of numerical measurements of the thermal impact on 

the response of the structure. In case of the goals closely related to numerical modelling, the 

influence of the cyclic thermal loading on the pile base and shaft resistances mobilization 

was investigated, as well as its impact on axial thermal stress changes along the entire 

length of the pile.  
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2. Methodology 

For the better understanding of the obtained results, the pile foundation applicability was the 

first to be explained, followed by the operational principals and the factors affecting 

performance of the system. 

Energy pile system consists of primary and secondary circuits, which can be found 

respectively under the foundation slab and within walls and floors of a building. The item 

combining the two circuits is a heat pump, where the heat exchange between a refrigerant 

and water-antifreeze mix takes place. The water and antifreeze mix circulate in absorber 

pipes fixed within the pile. The problem of thermal cycles was discussed with a support of an 

illustration (Figure 1) [18]. 

 

Figure 1: Energy pile heat exchanger performance during the winter and summer [18] 

In the scheme, it is visible that heating and cooling mode subjected to the energy pile are 

dependent on the atmospheric conditions. When a geothermal heat extraction is demanded, 

the input of the absorber pipes is charged with a lower temperature, exchanged with a low 

pressure and low temperature refrigerant within a heat exchanger. Subsequently the water 

and antifreeze mixture is heated within the concrete pile, where the geothermal heat is 

cumulated. The reverse heat exchange mechanism is observed in summer- for cooling 

process, where the absorber pipes input is of higher temperature than the surrounding soil.  
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Subsequently a typical hydro-thermal soil conditions were discussed, stressing the 

importance of soil permeability and ground water pressure for a different target purposes of 

the device. Within the same chapter the potential of the system application in Portugal has 

been outlined. It appears, that the low enthalpy soil environment within the mainland creates 

very good conditions for the implementation of the system.  

In order to be able to analyze an impact of the thermal factor on a concrete pile, it is 

necessary  to be fully acquainted with a response of a pile being subjected to mechanical 

load only. Mechanics of materials always relies on striving to achieve a state of equilibrium, 

which in case of pile foundation comes down to pile shaft and pile base forces mobilisation. 

When a pile is axially loaded, the load is gradually transmitted to the adjacent soil by shaft 

resistance, and as a result the pile base response is accordingly reduced. The generated pile 

forces achieve equilibrium with the external load at a certain depth of the pile, which is called 

the neutral plane. The location of the plane depends strictly form the parameters of the 

medium surrounding the pile (within water there is no shear strength generation) and a 

degree of the pile ends fixities. When the thermal factor is added, the forces find  a new 

equilibrium which place of occurrence moves upwards or downwards relatively to the first 

placement, depending on whether the pile is heated or cooled respectively. It is important to 

note, that due to the thermal changes any structure placed in a ground cannot expand or 

contract freely. Therefore, the additional stresses are generated, induced by the restrained 

strain. The following equation perfectly reflects the phenomenon described above: 

σth, fixed =  αc · ΔT · Ec 

The formula extracted from an article [16], describes a maximal stress increase for a 

perfectly restrained pile. Thus, the formula was found useful in numerical analysis, for a 

comparison of the degree of pile tip and pile toe restraint with the perfect end fixation. The 

stress increase is observed in case of pile heating, whereas an axial stress decrease within a 

pile occurs during pile cooling due to tensile instead compressive forces generation.  

Formulation of the basic thermodynamic energy pile rules allowed for thorough analysis of 

chosen case studies. Basing on the given examples of analysis, the parameters of the 

greatest importance for the thermo-mechanical numerical studies were determined. It 

appears, that the thermally-induced pile head movement and the maximum thermally-

induced stress change are the parameters of the biggest importance for the thermo-

mechanical analysis of the pile foundation [16]. 
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3. Results and discussion 

The numerical analysis was at first conducted for steady state thermal flow conditions. Within 

this analysis, a case study [7] was recreated in order to verify the methodology, thereby 

enabling correct implementation of the parametric study described in a following chapter. The 

numerical study recreation was successful, resulting in reliable thermally-induced pile 

reaction, however since the source study was conducted in Abaqus and the new analysis 

was carried out by means of Plaxis, some discrepancies between the software were outlined. 

The major difference was noticed for the thermal function placement in a pile. It occurred, 

that due to numerical errors, the thermal function cannot be assigned inside a pile (0.75R 

form the pile vertical axis), reflecting a real position of absorber pipes, but it ought to be 

placed at the very edge of the pile instead. It is worth noting, that the pile head should also 

remain adiabatic (Figure 2). 

 

Figure 2: The first attempt of the temperature function assignment at 0.75R 

The parametric study was conducted for the same model dimensions, where only input 

thermal parameters have been changed, time dependency of the thermal load including. The 

schematic drawing of the model can be visible in Figure 3. 
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Figure 3: The model 

As it was already mentioned, the parametric study was carried out under transient thermal 

conditions for a period of 8 years, where one thermal cycle was lasting 1 year. The 

simulation was varied by 2 types of pile head fixation, namely free-head pile and vertically 

fixed-head pile .  

The results were divided into the pile response under heating and separately- cooling 

process. The investigated parameters included maximal thermal stress change as well as the 

pile base and pile shaft resistance ratio. The ratio was obtained for each cycle by comparing 

the new value of shaft or base resistance to the total resistance obtained after mechanical 

loading only, according to the formulas: 
𝑅𝑏

𝑅𝑏 ;𝑚𝑒𝑐 ℎ𝑎𝑛𝑖𝑐𝑎𝑙 +𝑅𝑠;𝑚𝑒𝑐 ℎ𝑎𝑛𝑖𝑐𝑎𝑙
 and 

𝑅𝑠

𝑅𝑏 ;𝑚𝑒𝑐 ℎ𝑎𝑛𝑖𝑐𝑎𝑙 +𝑅𝑠;𝑚𝑒𝑐 ℎ𝑎𝑛𝑖𝑐𝑎𝑙
.  

The obtained results were consistent with the previously analyzed case studies, indicating a 

change in pile total resistance in case of axially fixed pile head. Thus, in Figure 3, it is visible, 

that after subjecting the pile to a thermal load, in case of both heating and cooling, the sum of 

base resistance and shaft resistance share is not equal to 100%. Whereas for the free-head 

pile, only the share of the mobilized resistance constituents was changed, maintaining the 

total pile resistance unchanged. Nevertheless, in both cases, the pile base resistance 
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decrease was observed after cooling and the opposite was happening after each cycle of 

heating, which has to do with pile contraction and expansion of the pile respectively.  

 
Figure 3: Mobilized resistance ratio for pile with top restrained 

As it is visible in the Figure 3, the first cooling cycle reduced the total pile resistance by 8.7%, whereas 

the 8th heating cycle resulted in the biggest total pile resistance increase.  

When analysing the axial stresses along the pile, the stress peak appeared at a lower elevation in 

case of cooling, than for the heating process, regardless of the pile head fixation type. Thus, the 

results were certainly in accordance with the generally known rules described in the previous 

chapters. In Figure 4 the thermally-induced stress change in free-head pile has been shown. It is 

visible, that the stress changes within the pile have not exceeded 11% of the stresses imposed by 

mechanical loading. An interesting phenomenon that occurred was a decrease in compressive forces 

with increasing number of heating cycles. It is related to a gradual decrease in pile-soil interface 

resistance due to stress reversals  [6]. 
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Figure 4: Thermally-induced axial stress along the free-head pile 

 

Another graph, representing thermally-induced stress change in fixed-head pile in shown in Figure 5. 

The observations were as follows: The stress peak along the pile length occurred higher than for the 

free-head pile for both heating and cooling processes. That can be explained with generation of 

positive friction on the longer length of the pile due to the immobilized pile head. The maximal stress 

changes were significantly bigger than for the free-head pile and reached -16.9% of the initial 

stresses evoked by mechanical loading  in case of cooling. The stress peak in case of pile heating on 

the other hand reached  8.6% of the mechanical stresses. 
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Figure 5: Thermally-induced axial stress along the fixed-head pile 

4. Conclusions 

The thermal analysis has proven the repeatability of a single energy pile behaviour, which can be 

analysed by means of  2D and 3D finite element software, proving the same dependencies. As it was 

discussed, energy pile system can be really easily adopted to many soil and structural conditions, 

which can be justified with adequate laboratory-, or in case of long-term period –numerical analysis.  

Is was concluded, that, while analysing a steady state thermal load, the pile base remains virtually 

not deformed due to immediately achieved equilibrium, whereas during the time-dependant analysis 

the pile base settlement is significant.  Due to an imposed cyclic thermal loading, the pile expands 

and contracts alternately, and the displacement of the pile base is observed due to a reduction of the 

soil-pile resistance. Thus, it can be stated, that the assumption of steady state conditions does not 

supply with thorough information about the pile response.   

Additionally, the pile head fixity has a strong impact not only on the profile of thermally-induced axial 

stresses in an energy pile, but also on the contribution of base and shaft resistances in the total 

mobilized pile resistance. It was not necessary to examine pile base displacement, since it could be 

deduced that: when the pile toe resistance was increasing and decreasing during heating and cooling 

processes respectively, that was due to the pile base forced movements recognised as expansion and 

contraction of the pile.  
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