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Abstract 

The paper reviews unconventional way of ground heat extraction, based on the use of subterranean 

structural elements. The method has been utilized since relatively recently, comparing to the other 

renewable heat generation methods and therefore, it still needs to be propagated. The thesis seeks to 

review significant earlier findings of the dependencies between a single energy pile and the adjacent 

soil for a bonded mechanical and thermal loads. The first sections of the text aims at explaining  the 

mode of operation of the system,  completed with a detailed description of its components. Numerous 

factors influencing the efficiency of the system were investigated, including soil and groundwater 

conditions as well as the selection of structural materials. Additionally, the potential of energy pile 

system utilization in Portugal has also been presented, which indicates a very good possibilities of its 

implementation. 

Subsequently, numerical verification of a chosen case study was carried out by means of finite 

element method software Plaxis, resulting with satisfactory results of the pile response parameters. 

After the analysis of steady state thermal changes, a parametric study of a single pile assigned to 

thermal cycles  was conducted, paying a special attention to the influence of the degree of the pile 

head fixation  on the energy pile response especially in terms of its generated forces. The results were 

in accordance with the expected, described in preceding chapters thermo-mechanical rules. 

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

head restraint 
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1. Introduction 

 

Nowadays, especially in Europe, a big attention has been paid to the broadly understood renewable 

energy sources. The main reason for this are environmental threats directly related to burning of coal 

and gas. Geothermal resources meet the needs of both heat energy and electric current supply, 

however in a context of homely energy foundations, only heat extraction is rational and cost-effective. 

 Most frequently piles are associated with deep foundation enforcements, used when the soil under a 

building is not suitable to prevent any excessive settlement. However, at the beginning of the XI 

century, an increased attention was paid to its heating and cooling opportunities. The relatively new 

standards for the system design, installation and the choice of materials, were for the first time 

produced only in 2012 (UK, Ground Source Heat Pump Association). Hence, investigating or justifying 

common dependencies and reaction tendencies of the heat exchanger piles, and especially 

subsequent dissemination of the obtained results, are still very actual.  

The long vertical ground heat exchangers, among which energy piles are included, are not solvable by 

means of analytical methods. Regardless of the boundary conditions, the complexity of the differential 

equations, describing energy pile heat exchanges, makes numerical approach the only support for 

tests. During heating and cooling cycles, both the energy pile and the surrounding soil change their 

specific volumes, thereby affecting the pile–soil interaction. Effects of the changes cannot be in any 

case neglected, since additional building settlement, tensile and compressive axial stresses will 

undoubtedly occur. Every energy pile model consists of the pile, adjacent soil and prevailing 

atmospheric conditions, and this thesis aims at bringing the dependencies between the elements of 

the modelled system closer.  

 

1.1 Objectives and methodology 

Despite the increasingly well-known advantages of the energy piles, the problem of load transfer 

mechanism to the geothermal devices under thermo-mechanical loading  is apparently new and is 

being under continuous additional investigations . Many countries are reluctant to implement  this 

technique mainly due to the concerns regarding the potential impact of temperature cycles on the 

structural performance of the pile. Fundamentally, the concerns are motivation of the paper, perceiving 

the problem worthy of additional attention. 

So far, three most popular methodologies for analysing the behaviour of heat exchanger pile have 

been developed. They include: full scale in-situ tests, laboratory scale and centrifuge modelling, and 

also numerical analysis and simulations. The scope of this work includes the latter of the above 

mentioned methods. Therefore, the research was conducted by means of finite element method 



2 
 

program, Plaxis 2D. The method, that the software is based on, consists of solving differential systems 

of equations, based on division of the domain (known as discretization) into finite elements for which 

the solution is approximated by specific functions. It is worth noting, that the actual calculations are 

performed only for nodes of this division. 

The following work is aimed at 3 main purposes: 

1) Determination of bearing capacity of a single pile; 

2) Study of a settlement of a single energy pile depending on different head axial fixities; 

3) Study on the contribution of base and shaft resistances in the single energy pile in response to the 

cyclic thermal loading.  
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2. Presentation of energy pile mechanism, its types and 

implementation techniques. 

 

Subsurface geothermal systems present very simple, low cost and time saving solution to compare 

with the other, conventional thermal energy utilisation options. Namely, the method never intends to 

increase the size of foundations in order to increase performance of the system. It rather uses pre-

determined structural conditions, in order to calculate the amount of heating and cooling that the 

foundation could provide. A separate issue is the structural, thermally-based deformation, that indeed 

needs to be taken into the consideration in a pile design. Discussed below geothermal loops can be 

attached to the structural cages, being an reinforcement of the foundation, thus additional cost and 

steelwork is minimal. The steel work is concerned only in particular cases, namely when the cages are 

not installed along the entire length of the pile, and also for continuous flight auger type piles. One of 

the really important advantages of the energy pile method is the time of its installation, which is usually 

really important aspect from the executive side. Notably, it requires little to no additional time being 

added. 

 It is worth adding, that there are many geothermal heat systems, using various load-bearing 

underground constructions, such as: piles, diaphragm walls, barrettes, basement slabs and walls, or 

even tunnel linings. Nevertheless, in this work, the focus was exclusively on the energy piles.  

 

2.1 Energy pile mechanism 

The energy piles can only be talked about, when the depth of foundation is at least five times greater 

than its breadth. In great majority of its usage, it is intended for heating and cooling of: roads and 

pavements, buildings of all sizes, as well as bridge decks [1]. The structures are expected to carry 

highly concentrated loads, that are subsequently transferred from a superstructure, through water or 

weak, compressible soil layer into more compact and stiffer soil or bed rock, thereby having higher 

bearing capacity characteristics, and being able to carry the highly concentrated loads. Thus, the pile 

structures increase the effective size of a foundation also resisting horizontal loads. As it will be later 

explained, the presence of the deeper, stiff layer is not an indelible requirement.  

The reinforced concrete being the most commonly used material for these structures, is characterized 

by a high factor of thermal conductivity and thermal storage capacity. It is often favoured over steel, 

due to its higher thermal storage capacity, good heat transfer capability, and consequently- cost 

efficiency factor. Timber has not found any use in this method, due to its low heat transfer efficiency. 

The geothermal system is usually considered for buildings with a heating and cooling demand of more 

than 50 kW. For buildings requiring constant cooling, the recommended value can decrease to about 

20 kW.  
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Energy piles represent closed geothermal systems. This type of arrangement consists of closed coils 

of plastic piping through which heat carrier fluid is pumped, exchanging the energy from a building with 

an underlying ground, not charging or being charged by any aquifer. In other words, the water carried 

by the absorber pipes is recirculated. The schematic visualisation of the system is shown in Figure 1. 

 

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

As it is visible, the pile heating mode is activated for the usable surface cooling. The heat is rejected 

within the soil resulting in the lowered temperature returning to the building. The reverse heat 

exchange takes place in winter, when the heat transfer medium has a lower temperature than the 

adjacent soil. It extracts the geothermal heat cumulated in the concrete pile, and returns to the 

secondary circuit being able to heat the building. 

The system can be split into two circuits, the primary and secondary circuit. The primary part is 

supposed to work under pressure, carrying a fluid, that exchanges heat energy from the building with 

the ground under it, via pile. It consists of concrete piles, absorber pipes, connecting lines and header 

block. Within the concrete piles, and more specifically within the reinforcement cages, the absorber 

high-density polyethylene plastic piping is fixed. Diameter of the pipes measures most commonly 20 

mm or 25 mm and their wall thickness is 2.0 mm or 2.3 mm respectively to the diameter size. The 

pipes are usually arranged in several individual coils or loops, in which heat carrier fluid circulates. It is 

worth mentioning, that within the formed shapes, bending radius of the absorber pipes in the bottom 

zone is relatively big, and therefore the flow resistance is smaller than in the conventional geothermal 

methods. The heat transfer medium can be either water, saline solution or a water-antifreeze mix.  
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The latter is considered to be the best solution, as it contains additives, preventing exposed to 

corrosion parts of the system from premature depletion. The water and antifreeze mixture is forced by 

a pump being fixed around the pipes. In order to maintain the fluid pressure of 8 bars, at the start and 

return of the piping, for each pile the locking valve and a manometer are installed. This enables a 

performance of the integrity check and prevents head of the wet concrete from collapsing. This 

pressure is sustained in piping for a few days after concrete pouring, and is applied again before the 

entire primary circuit is launched. 

The other element contributing to the primary circuit is the header and manifold block. The manifold 

block composes of assorted hydraulic valves connected to each other. The valves allow for a complex 

control of the system behaviour and determine how much fluid flows between the components of a 

hydraulic entity. Thus, the absorber pipes, that are fixed together within connecting pipes, are 

individually joined to a header and manifold block. The connecting pipes on the other hand are usually 

laid within the blinding, beneath the foundation slab.  

As far as the secondary circuit is concerned, it comprises a closed system of pipes, placed in floors 

and walls of a building, operating as core heating or core cooling. Additionally, it can be ended with an 

air conditioning device instead. Typically, the primary and secondary circuits are connected in a heat 

pump of a mechanical type. A compressor, as an integral part of the device, requires an external 

source of energy. However, the amount of energy consumed shall not exceed one quarter of the 

produced energy, which may be expressed by means of coefficient of performance. The coefficient is 

obtained by dividing the energy output by the energy input, both measured in kW.  

 

Figure 2: Scheme of geothermal energy plant [1] 

The dual operating principle of the heat pump is based on the transformations of temperature and 

state of matter of the within circulating refrigerant. A more detailed, appendant drawing of the system 



6 
 

is shown is figure 2. During the heating mode, low temperature refrigerant encounters an expansion 

valve behind which, both its temperature and pressure reach their lowest value. The latter feature 

makes its boiling point really low, so as the refrigerant absorbs the geothermal heat within plate heat 

exchanger, it boils and carries the heat away- to the building. The second device, that the refrigerant 

encounters on its way back is compressor, where its pressure and its temperature reach the highest 

value. Subsequently the heat is released within internal heat exchanger. Reversing valve enables 

switching between working modes of heating and cooling. During the cooling mode, refrigerant at the 

return from compressor is a high temperature and high pressured superheated vapour, transferring 

the heat in a heat exchanger and releasing it via the underground coil. The operational temperatures 

should not fall below 0-5  °C for the primary circuit and exceed 35-45  °C for the inner part.  

 

2.2 Variations of the piles and other components of the system 

2.2.1 Piles 

First of all, when considering an energy pile design, it is really important to realize, that the question of 

efficiency of the heating circuit should not have any influence on the construction dimensions, i.e. pile 

length and diameter. The method consists of adapting a relevant heating and/or cooling system to the 

pre-designed foundation. Secondly, installation of the geothermal system is reasonable only for piles 

of a diameter greater or equal to 300 mm. This constraint is created due to the lower surface area, and 

thereby smaller number of loops which can be fitted, and consequently limited geothermal 

effectiveness of the system. One should bear in mind that, the heat energy potential increases with 

depth, hence the deeper the foundation is, the more advantageous the whole undertaking is. The 

economical minimum depth of the structure is about 6 m and usually the length of the energy pile does 

not exceed 45 m [1]. 

2.2.1.1 Function-based division 

Fundamentally, piles can be classified according to their structural behaviour, including the type of the 

domineering generated resistance. This classification makes it possible to distinguish between end-

bearing piles, friction piles, settlement reducing piles, tension piles, laterally loaded piles, sheet piles 

and sand compaction piles. The names of the first two of them suggest which part of a pile mobilizes 

the most of the total friction, which is a toe and shaft of the pile respectively. In the chapter number 5, 

a case study investigating both types of them is described. The end bearing piles are always 

submerged in a hard layer, rock or very dense sand and gravel. This way, the bulb of an attached 

pressure is decreased, deriving most of their carrying capacity from the resistance of the material at 

the base of the pile. Friction piles on the other hand, can be applied when an impenetrable stratum or 

a bed rock is too deep, to reach it, maintaining economic rationality at the same time. Friction-, also 

known as floating piles, generate a preponderant part of their load resistance by side friction 

or adhesion. It is worth noting, that carrying capacity of piles is always derived partly from end bearing 

(in case of friction piles it is rather negligible value), and partly from skin friction with a surrounding 

javascript:glossary('gloss_A.htm#ADHESION')
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soil. One should bear in mind, that the proportion of bearing capacity generated by either base 

resistance or shaft friction depends mainly on the soil conditions and the depth of the stiff layer in 

particular.  

Another kind of pile is tension pile, also known as uplift- or anchor pile. The principle of their operation 

is to counteract uplift forces, that might otherwise drag the foundation from the ground. Probability of 

the occurrence of this situation increases with a presence of seismic activity, high hydrostatic pressure 

and overturning moments. The overturning moments are most frequent for above the average height 

structures, that are exposed to the strong effects of wind. The tension pile resists uplift 

forces developing friction all along the pile length. For this purpose, their stem is enlarged (under-

reaming of a pile), or the other solution is implemented, which is anchoring the pile into a rock. 

A different task, in turn has a settlement reducing pile. This kind of pile is usually used in order to 

reduce settlement discrepancies of shaft or basement slab, down to an acceptable level. Longer 

settlement reducing piles are usually attached to the central part of a raft foundation. Around the circuit 

of the raft, usually shorter, ductile piles are placed. Doing so, the risk of differential uplift of supported 

foundation is minimised. The same results can be obtained, when the perimeter piles, are of the same 

size like the piles at the centre of a footing and changing the geometry of the outer piles to short 

expanded base pile. The soft toes of these piles can be also considered in order to obtain bigger 

settlements along the circuit region. It is important to note, that the biggest benefits of the settlement 

reducing piles are obtained, when the underlying soil is stiff and compressible. 

Laterally loaded piles represent another type of a pile, distinguished by its behaviour. Lateral loading 

of piled foundations and bending moments, that occur are sustained due to many environmental 

factors. The most common of them are: wind or wave action, lateral pressures behind a retaining wall, 

earthquakes, ground movements within a slope or traffic loading on a bridge. Generally, considering a 

case of onshore structures, lateral loads are in the order of 10–15% of the vertical loads. This value 

may however increase by 20% and more, in case of offshore constructions [3]. The deformation of a 

pile under later loading and  the soil reaction depend on each other, which makes the issue 

complicated  interaction problem. 

As far as sheet piles are concerned, they resemble in no way an ordinary pile foundation. The 

piles form the sections of sheet materials with interlocking edges that are driven into the soil in order to 

prevent a certain volume of soil from failure, and provide a support of an excavation. Troughs are the 

main elements of the structure, which increase resistance against bending. The segments are typically 

made of steel or another metal. Although most commonly they are made of steel, 

timber and reinforced concrete can also be used. Sheet piles are commonly used for retaining 

walls, land reclamation, underground structures such as car parks and basements, and in 

hydrotechnics.  

The sand compaction pile is a method that uses well-compacted sand piles in order to improve the 

parameters of a soft ground. To achieve this, the processes of densification and drainage are used. 

The method can be applied to all types of soil, from sandy to clayey soils. The first step of SCP 

https://www.designingbuildings.co.uk/wiki/Uplift_force
https://www.designingbuildings.co.uk/wiki/Uplift_force
https://www.sciencedirect.com/topics/engineering/offshore-structures
https://www.sciencedirect.com/science/article/pii/S1110016812000427#b0110
https://www.sciencedirect.com/topics/engineering/soil-structure-interactions
https://www.designingbuildings.co.uk/wiki/Section
https://www.designingbuildings.co.uk/wiki/Materials
https://www.designingbuildings.co.uk/wiki/Ground
https://www.designingbuildings.co.uk/wiki/Steel
https://www.designingbuildings.co.uk/wiki/Timber
https://www.designingbuildings.co.uk/wiki/Reinforced_concrete
https://www.designingbuildings.co.uk/wiki/Retaining_walls
https://www.designingbuildings.co.uk/wiki/Retaining_walls
https://www.designingbuildings.co.uk/wiki/Land_reclamation
https://www.designingbuildings.co.uk/wiki/Structure
https://www.designingbuildings.co.uk/wiki/Car_park
https://www.designingbuildings.co.uk/wiki/Basement
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implementation is driving a steel pipe into the ground using a vibro hammer. When it reaches a 

required depth, the casing pipe is filled with a specified volume of sand. As the pipe is withdrawn, the 

sand is discharged into the ground using compressed air. Then the sand pile is compacted and 

widened by driving the pipe back, into the sand. The procedure is repeated several times, according to 

the required amount. In sandy ground, the sand compaction pile method is often used as prevention 

from the soil liquefaction. 

2.2.1.2 Pile implementation-based division 

Piles can be also divided according to the method of their installation. In this case, two types of piles 

can be distinguished: displacement and non-displacement piles.   

Displacement piles comprise solid-section and hollow-section piles with an open end. This type of pile 

includes all categories of driven and cast-in-place piles. They are to be driven or jacked into the 

ground and thus displace the soil [4]. Large diameter screw and rotary auger piles are broadly used in 

contaminated land and weak soils. It is worth mentioning about the hollow piles of a smaller cross-

section area, which include: rolled steel H- or I-sections piles, and pipe or box sections piles, which 

are driven, such that the soil enters inside the section. Naturally it is characteristic for these piles to 

cause relatively smaller displacements. There are three different application methods of driving, i.e. 

impact driving, vibrodriving and pressing.  

Impact driving, otherwise known as hammering, uses a falling weight, which is most commonly a 

hydraulic hammer, successively driving the pile into the soil. The method, compacts the soil around 

the pile and thereby densifies it, increasing its bearing capacity. One should bear in mind that, outside 

of granular soils, which means cohesive, saturated, and silty soils, the water in the soil does not allow 

for the same results, which in consequence decreases the overall carrying capacity. Dealing with this 

conditions, occasionally enforces pre-drilling in order to enable the pile to reach the design depth. The 

driven piles can be the most cost-effective way of completing deep penetration into hard soils. 

However, they can be noisy and usually not suitable for areas of residence. 

As for the vibratory techniques, it is mostly used for steel elements to be placed in a grained soil. An 

oscillating driver is fixed to the top of the pile, to induce vibrations in the pile and subsequently reduce 

friction along the sides of the pile, thus applying only little extra amount of force. The pile, which is to 

be placed, is gripped with a chain to the vibrator. The vibrations are accelerated to an ideal working 

frequency and thereby the friction in the soil is reduced. Namely, the soil beneath the pile tip reaches 

much looser state, enabling the pile insertion. Naturally, the deeper the pile penetrates the soil, the 

higher are opposing forces it encounters. When the desired depth is reached, the pitching chain and 

clamps are removed. 

Pressing is a low noise and low vibration method, therefore it is applicable for sensitive sites. The 

method consists of jacking the piles into the ground, whereas reaction force for the jacking machine is 

obtained from adjacent, previously installed piles. Generally they are feasible mainly for heavy clays 

[4]. In order to implement the method, typically beneath the foundation, a creation of a pit excavation is 

required. There should be a hole in the floor of the pit, that is supposed to receive the pile. A hydraulic 

https://www.designingbuildings.co.uk/wiki/Soil
https://www.designingbuildings.co.uk/wiki/Bearing_capacity
https://www.designingbuildings.co.uk/wiki/Densification
https://www.designingbuildings.co.uk/wiki/Piles
https://www.designingbuildings.co.uk/wiki/Design
https://www.designingbuildings.co.uk/wiki/Cost
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jack is placed on top of a pile unit, which is subsequently wedged down into the ground. In other 

words, piles are subjected to a static load generated from hydraulic rams. As it was mentioned, the 

reaction against the press-in force is generated by resistance of previously driven piles. The silent 

piler, in order to press-in the next pile foundation, is located on previously installed piles, embracing 

them tightly with the hydraulic clamps, hence integrating with the soil. The next pile is then gripped by 

the chuck jaws at the press-in point and jacked into the ground with the static load generated by the 

hydraulic rams. The resistance forces appearing while piling are: skin friction, toe resistance and 

interlock resistance. There is also the forth component of the resultant force, which occurs form 

conversion of a press-in force to a reactive lifting force. However it is not a threat, taking into account 

the resistance generated by the already-jacked piles. When inserting the foundation, a so called 

“pressure bulb ” is formed. It comprises compressed soil area around the pile base, where the vertical 

pressure is the same. Also called the stress isobar, the pressure bulb provides both vertical and lateral 

strengths to the pile structure.  

Pre-auguring and jetting are the main methods assisting driving techniques. Pre-auguring involves 

using a continuous flight auger in order to disturb the soil in which a pile is to be driven, and thus 

reduce the encountered driving resistance. It is important to mark, that the augured soil should only be 

loosened along the line of the to be driven pile and not removed. Jetting on the other hand, utilizes 

pressurised water targeted at the toe of a sheet pile, during pile placement.  The water jet disturbs the 

soils directly beneath the driven pile.  The method liquefies the soil, decreasing the bearing capacity of 

the soil below the pile base, thereby significantly reducing soil resistance during pile placement. 

In order to install a non-displacement pile, the soil needs to be removed first. That is achieved by 

using wide range of drilling techniques. Subsequently a foundation of timber, concrete or steel can be 

placed into the previously prepared, bore hole. There are two main types of non-displacement piles: 

bored and cast-in-situ piles and drilled-in tubular piles [4]. The drilled-in tubular piling technique uses a 

casing tube, being rotated into the ground and left there for structural reasons. The tube foundation 

can be subsequently filled up with concrete. The drilling is performed by means of either rotary table  

or casing oscillator. As the hole is being dug, simultaneously the soil is removed from the inside of the 

tube. For this purpose, two different methods can be distinguished, namely: reverse circulation and 

augering. The most specific for the continuous flight auger drilling method, is continuous pilling, 

without leaving an open excavation. It happens, because the concrete is injected under pressure to 

the created hole, at the same time as the auger is extracted. As for the reinforcement, it is inserted 

after the auger is removed. The method also works very well for difficult soil conditions, as hard 

formations and numerous (including stones) obstacles. The drilled-in tubular piling provides the 

resistance against great loads, inter alia, due to an injection of a cement grout filling the void between 

the outside of the tube and a rock material. Reverse circulation augers, on the other hand, operate on 

the principal of the airlift pump. The method uses dual wall drill rods that consist of an outer drill rod 

and a return, inner tube. When the compressed air is blown down the excavation, it creates a reverse 

circulation of the air and water, lifting the soil, which has been loosened by rotating cutters or rotating 
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crushers. Using the hydraulic rotary table or a power swivel, the casing tubes and airlift riser pipe are 

rotated separately or together. 

Both displacement and non-displacement piles can be further subdivided into precast and cast-in-

place piles. Precast concrete piles can be defined as a reinforced pile, of a circular, square, 

rectangular or octagonal form. These kind of piles are cast and cured in a casting yard and 

subsequently, transported to a construction site. The diameter of precast piles normally varies 

between 35 cm and 65 cm and their length, in turn achieves a length of 45 to 30 m. Jacked-down 

concrete tubes are used for underpinning work.  Cast-in-place piles on the other hand, are constructed 

by driving (or placing in already created bore hole) closed-ended hollow casing into the ground and 

subsequently filling it with concrete. In case of cast-in situ driven piles the casing can be either left in 

the ground or withdrawn so it can be reused, whereas for the cast-in situ bored piles it forms a 

permanent casing increasing strength parameters of the pile. The latter type of pile most commonly 

measures up to 25 m of length and from 50 cm to 150 cm of diameter. To increase the carrying 

capacity, the piles can be widened at their bottom part. Bored and cast-in-place piles are not 

applicable for any water constructions, unless composite form of construction is used. Neither they are 

resistant to aggressive substances [4]. As it was indicated, cast-in-place piles can however be 

produced in very large diameters, and thus the bored piles are able to withstand high mechanical 

loads. Driven and cast-in-place piles in turn are the best, economical solution for land structures, when 

assigned to light or moderate working loads. However they can be applied neither to ground 

containing massive obstructions, nor to soils, where a ground heave is present [4]. It is worth noting, 

that tubular driven and cast-in-place piles cannot be used for very deep placements due to the 

limitations of jointing.  

The choice of a piling method depends on many factors, inter alia, the location, type of structure, 

the ground conditions, durability of the materials and costs. Most piles use both end bearing and shaft 

friction, obviously in varied proportions. Driven piles, useful in offshore applications, maintain stability 

in soft soils and are applicable to loose soils, being able to densify them. Bored piles however, are 

more popular in urban areas due to minimal vibration generation. This piling method must produce a 

stable hole for the careful insertion of the cage and absorber pipelines. Bored piles are acceptable for 

most schemes. For some construction sites, ground conditions, particularly layered ground where 

granular deposits covers clay layer, a combination of the methods is the best practise. As for energy 

piles application, both cast-in-place and driven ones are possible, but being more common 

cast-in-place piles.  

2.2.2 Heat exchanger pipes 

There are three main materials used for energy piles construction, i.e. cast-in-situ concrete pile, 

prestressed high strength concrete, and steel. As it was previously mentioned, concrete piles due to 

the higher thermal conductivity and thermal capacity of the material are the preferable choice. In case 

of absorber pipes, they can be fixed in six possible combinations, which are: single U-tube, double U-

tube cross or parallel, multi U-tube, indirect double tube or spiral. A research described in [2] position 

indicates, that the highest heat rejection rates while cooling have been obtained with coil-type piping. 

https://www.designingbuildings.co.uk/wiki/Location
https://www.designingbuildings.co.uk/wiki/Structure
https://www.designingbuildings.co.uk/wiki/Ground_conditions
https://www.designingbuildings.co.uk/wiki/Durability
https://www.designingbuildings.co.uk/wiki/Materials
https://www.designingbuildings.co.uk/wiki/Cost
https://www.designingbuildings.co.uk/wiki/Piles
https://www.designingbuildings.co.uk/wiki/Driven_piles
https://www.designingbuildings.co.uk/wiki/Soil
https://www.designingbuildings.co.uk/wiki/Urban_area
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The authors stress however, that it is not a definitely optimal method applicable to any case, because 

of the importance of the ground initial temperature and the useful purpose of the system. For instance, 

when a low temperature refrigerant extracts an immoderate heat, via excessive number of absorber 

loops, temperature around the pile can drop to almost freezing. In other words, it is not proper to put in 

favour one of the systems over the other, since its performance depends on a large extend on the 

environmental conditions.  

2.2.3 Heat pumps 

The electric heat pumps are most broadly used in the energy piles systems. Less often heat pumps 

with internal combustion are used, fuelled by natural gas, and occasionally absorption heat pumps 

powered by steam or by combustion of natural gas. The latter type is useful in situations where both 

heating and cooling is required. As far as refrigerants are concerned, only substances characterized 

by none ozone depletion potential, and with a minimum greenhouse potential are allowed for heat 

pumps. Thus the use of natural refrigerants, such as air, HC, ammonia, CO2, H2O and R290 

(propane) and other environment friendly hydro fluorocarbon, like R32, R407C increases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.linde-gas.com/en/products_and_supply/refrigerants/natural_refrigerants/
https://www.linde-gas.com/en/products_and_supply/refrigerants/natural_refrigerants/R290_propane/
https://www.linde-gas.com/en/products_and_supply/refrigerants/HFC_refrigerants/R32/
https://www.linde-gas.com/en/products_and_supply/refrigerants/HFC_refrigerants/R407C/


12 
 

3. Ideal soil and groundwater condition; Portugal potential 

 

Geothermal heat, derived from the interior of the earth, is one of many kinds of renewable energy 

sources, which following human growing and more particular needs for clean energy, tends to grow. 

The feature, that grows this heat source out of the other undepletable heat sources is much higher 

load factor, which is a consequence of its continuous rather than intermittent energy generation 

nature. The attribute of producing significantly more kW of heating capacity, does not however change 

the fact, that the required geothermal conditions are precisely defined. Fortunately the occurrence of 

theirs is not limited.  

3.1 Thermal parameters 

In most regions of Europe, seasonal temperature of the top layer of terrain remains relatively constant. 

Namely, within the first 50 m of depth, values between 10°C and 15 °C are maintained [1]. On the 

other hand, within the first 10 – 15 m, the soil temperature changes seasonally, which is a 

consequence of solar energy reaching and impacting the Earth‟s crust within these first meters of its 

depth. These temperatures permit energy and heat production from geothermal sources, having 

regard to the particular attention of heat pumps. However, one should bear in mind, that that in order 

to carry out the thermal numerical analysis for energy piles, assumption of the average annual 

temperature for the adjacent soil is a correct, sufficient approach. As far as the thermal piles are 

concerned, due to the increasing energy potential with the growing depth, the deeper they are, the 

more effectively the heat extraction is conducted. Although the economical minimum of the foundation 

length is about 6 m, the optimal solution depends on many other local factors. 

Temperature fluctuations during the year influence both heat pumps‟ and absorber systems‟ 

performance negatively. The variations of soil states and parameters characterizing it, significantly 

impact the efficiency of absorption and release of heat energy. The soil conditions can be categorised 

into: groundwater and soil matrix conditions. However the state of each of the soil properties affects 

the same physical feature of the soil, which is thermal conductivity rate and therefore all of them have 

an impact on the feasibility of using the energy piles. Practically the rate of heat transfer between the 

energy pile and the surrounding soil is the most important factor to the successful operation of the 

system. Thermal conductivity of a material is a measure of its ability to conduct heat and more 

precisely it is defined as the amount of heat transferred in a unit of time through a unit of area. The 

magnitude of the thermal conductivity determines the length and the amount of required absorber 

pipes, and consequently a cost of the installation. The larger soil thermal conductivity is, the faster it 

exchanges heat with an installed piping. Thermal conductivity can be measured by means of 

microwave remote sensing, or it can be calculated from thermal diffusivity and volumetric heat 

capacity, measured using dual heat probes method. A soil matrix consists of many components, such 

as:  minerals, air, organic matter, water and ice. Among the most important contraindications to the 

piling, soils with a high proportion of organic matter, classified as histosols; broadly understood 
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uncultivated lands; and submersible soils should be indicated in particular. Therefore it can be 

deduced, that the thermal conductivity of a soil depends on its individual structure and composition. 

Thermal resistivity is the ability of a material to resist flow of heat and its value increases as the share 

of the air and organic matter in the soil composition grows. On the other hand, soils with a high water 

content and high bulk density are the most suitable for geothermal heat extraction. All significant for 

the system performance, temperature-dependent parameters can be represented in the following 

equation: 

𝑎 =  
𝜆

𝜌𝑐
  (Equation 3-1) 

where: 

λ – thermal conductivity [W/m K] 

ρ – density of the soil [kg/m
3
] 

a – thermal diffusivity [m
2
/s] 

c – heat capacity [J/kg K] 

 

It should be noted, that all parameters forming the equation 3-1 are assumed as constants regardless 

of the depth. Thermal diffusivity is a parameter measuring the depth and velocity of penetration of a 

temperature change in a ground. Its range of values is likely to be really wide, even within the same 

soil. It happens when the density of the soil or its moisture degree are also varied, which means that 

the diffusivity depends even on a rainfall. That is why commonly the average values of the parameter 

is taken into account. The heat capacity can be estimated as a sum of products of specific volumes 

and corresponding specific heat capacity of the soil components. However due to volume ratio 

change, the parameter is also dependent on consolidation or shrinkage processes of soil. The latter 

can take place in the event of excessive heat extraction. 

It is commonly known, that the surface of the Earth continuously absorbs the energy from solar 

radiation and other atmospheric factors. The effects of this energy transfer affect significantly the 

temperature of the Earth surface. The annual thermal cycles of monthly average temperatures 

influence soil temperatures at its surface in accordance with a harmonic function [13]. Therefore, the 

temperature in a proximity to the soil surface can be described by the following function: 

𝑇𝑠𝑜𝑖𝑙  𝑠𝑢𝑟𝑓𝑎𝑐𝑒  𝑡 = 𝑇𝑚 − 𝑇𝑝𝑐𝑜𝑠 𝜔𝑡 − 𝜑  (Equation 3-2) 

   

Where: 

Tm – annual average temperature of soil (usually set to the average air temperature) [°C] 
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Tp – amplitude with regard to 0 °C [°C] 

t – time [s] 

ω – angular frequency, where ω= 2π/T and T represents 1 year in seconds  [rad/s] 

φ – phase [rad] 

 

Usually when considering model of an energy pile, the soil temperature is considered as uniform 

value, represented by an average of yearly air temperature [17], given the fact that under the depth of 

10-15m the climate changes do not influence the state of the soil. However, in order to obtain precise 

subsurface temperatures at any desired depth z, the following formula shall be used: 

𝑇𝑠𝑜𝑖𝑙  𝑧, 𝑡 = 𝑇𝑚 − 𝑇𝑝𝑒
−𝑧 

𝜔

2𝛼𝑐𝑜𝑠  𝜔𝑡 − 𝜑 − 𝑧 
𝜔

2𝛼
  (Equation 3-3) 

Subsequently, the vertical average can be extracted from the results of the estimation. When using the 

formula 3-3, a tendency in soil‟s behaviour can be observed. Most importantly, as the depth within a 

soil increases, the soil temperature approaches the value of the annual average air temperature. In 

other words, the values of the temperature amplitudes decrease exponentially with depth [13]. 

3.2 Groundwater conditions 

Presence of the groundwater in the soil is of a great importance for the energy foundation system. The 

most economical and environmental friendly solution is continuous work of the installation throughout 

the year, meaning heat extraction in winter and heat disposal in summer. In this operating mode, low-

permeability ground and groundwater of low groundwater pressure are desirable. However, in case of 

partial use of the system, which is cooling or heating only, high permeability and groundwater of a high 

hydraulic gradient are more favourable conditions. For a dry soil conditions, larger area of the heat 

exchanger is demanded.  In order to produce 1 kW of heat, approximately 20 m
2
, or 50 m

2
 of the 

surface of subsurface concrete structures is needed for saturated soil and for dry soil respectively [1]. 

As it was already mentioned in the previous subchapter, thermal conductivity is strongly influenced by 

not only the water content and its chemical properties, but also density and mineralogical components 

of the soil. Presence of the frozen matter increases the thermal conductivity of soil significantly, 

however it decreases its thermal capacity, because specific heat capacity of water is 4186 J/kgK, 

whereas heat capacity of ice is only 1884 J/kgK. There are some special diagrams of thermal 

conductivity against water content, saturation density and texture of the soil from which one can 

extract values of the parameters with the intention of the preliminary design of absorber piping. In 

further steps the thermal conductivity of soil should be determined by carrying out laboratory or field 

tests. During the tests a soil body should be undergoing temperature gradients. However, it should be 
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borne in mind, that heating is likely to cause a significant moisture transfer in unsaturated soils. That 

should be included in the interpretation of the measured results. 

3.3 Geothermal potential of Portugal 

By definition, geothermal resources are fluids and geological subsoil formations, which temperature 

can be used for heating. The increased temperature has its origin in convection of the initial heat of 

the Earth‟s formation or is derived from decay of radioactive elements in its core. Apparently, 

geothermal piles can be associated with geothermal heat extraction. It is important to stress however, 

that in terms of this type of structures, “geothermal” adjective is only related to the place of the heat 

exchange occurrence, rather than the origin of the heat generation. The system is thought to take an 

advantage of the temperature differences between a building and the underlying soil. In Portugal, the 

average annual temperature is 19.1°C, which guarantee high cooling capacity of the system, because 

of a low risk, that the operating temperatures fall below a safety level. To compare with Poland for 

instance, where the average annual temperature for the entire county reaches 9.4°C, the cooling 

capabilities of the system are definitely lower.  

As for the geothermal potential of Portugal, presence of high temperature geothermal resources is 

limited to the volcanic islands of Azores Archipelago. The location of the high geothermal energy 

potential is associated with the junction of the North American, Eurasian and African plates. As it can 

be deduced from the attached map (Figure 3), the conditions of thermal occurrences on the mainland 

enable mainly a direct use of geothermal heat from the very low to low enthalpy soil environment, 

depending on the season of the year. The very low and low enthalpy states are characterized by the 

temperatures: T< 30 °C and 30 °C < T < 90 °C respectively. It is assumed, that the optimal working 

temperatures for a heat pump are in a range of 20 °C – 60 °C . It is also worth noticing, that the 

thermal occurrences are closely related with the fault system. Shallow mine workings can be 

hazardous when unexpectedly encountered while drilling. However, at greater depths, they can be 

used for instance as an environment for an open loop system or standing water column systems. In 

Portuguese territory, both shallow and deep geothermal systems can be used. The shallow system 

are usually applied, where the undisturbed ground temperature, forming the source of heat extraction 

or its rejection, reaches form 2 °C up to 20 °C. Energy piles are classified into this group of systems. 

The conventional division according to the depth of system‟s installation indicates, that deep 

geothermal systems begin from 400 m underground. Such large depths are not taken into account, 

when considering energy pile applications.  
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Figure 3: Thermal occurrences of Portugal; source [14] 

 

The important parameters for geothermal installations are not only related with geology, thermal 

conductivity, heat flow density, or radiogenic heat production, but also with hydrogeological 

parameters that must be studied in situ. Another factor determining feasibility of energy piles utilisation 

is groundwater composition. Waters containing more than 0.2 % sulphur oxide (VI) cause pitting within 

a few months. For the protection of the structural material, it is recommended to apply a concrete 

impregnation with an ingredient of linseed oil and bituminous substances. The geothermal ground 

waters are distributed over the mainland of Portugal unevenly. Mainland Portugal Geothermal Atlas 

depicts the main geothermal characteristics of the country, completed with information about the areas 

out of the mainland. It is a useful tool for both preliminary evaluation of the geothermal potential and 

also for an assessment of future investments in geothermal heat extraction. Soil temperatures are 

influenced by both daily and seasonal cycles, of which the former fades out within first tens 

centimetres of depth, and the latter at greater depths. This heat transfer is performed with a rate 

dependent on thermal diffusivity. About 15 m underground the air temperature amplitudes do not 

reach soil layers and the temperature is approximately constant and equal to the mean annual air 

temperature [15]. Below this depth, the temperature begins to be affected by the heat from the interior 
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of the Earth. This component is known as heat flux. The map of the values of heat flow density all 

around Portugal is shown in Figure 4. All over the south of the country an increased heat flux is noted, 

forming so called the 4
th
 zone. Its mean heat flux factor reaches 85 mW/m

2
, which means that the 

heating efficiency by means of energy pile can be higher in these regions. The second area of the 

highest thermal flux is the  3
rd

 zone of a mean 78 mW/m
2
, and it occupies an area of northern and 

central-eastern Portugal. The increased rate within this zone is closely related with a high exposure 

rate to natural gamma radiation all over this area. 

 

Figure 4: Heat flux density map; source [14] 

 

The geology of the Portugal is complex and varied and that is why for any individual energy pile 

system design, site specific information is required, site investigation including. The investigation is 

required in order to design the structure itself, so it is not any additional prerequisite. Also a thermal 

response test is likely to be performed, in order to obtain the thermal properties of the soil. As it was 

previously stressed fluvial organic soils are big contraindications, however this types of soils can be 

only found at riversides or in central Portugal. As it was mentioned above, the geological 

characteristics of Portugal creates very good possibilities for shallow, low enthalpy systems.  
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4. Factors affecting system performance 

 

The energy pile differs from the conventional pile foundation as it is subjected both to mechanical and 

thermal loading. During heating and cooling cycles, the material which the energy pile is made of, 

changes its volume, consequently resulting in changes within pile–soil interactions. In order to conduct 

a flawless prediction and what follows- more refined design of the structure, one needs to understand 

the energy pile response mechanisms. Thus, in order to arrive at a reliable design, all the particulars 

of the pile, including the method of construction, must be considered together with the available soil 

data and desired function of the pile.  

Design of a piled foundation subjected to an axial load should begin with an analysis of the load 

transfer to the soil, which is not only limited to the pile capacity determination. The load-transfer 

analysis is an introduction to the settlement analysis, as it is never separated from load-transfer 

calculations. In the great majority of methods of pile-settlement analysis, the soil is assumed to be 

initially stress-free, which results in neglecting the residual stresses. The effect of the pile installation, 

and thus residual force can be estimated in an effective stress analysis, assuming distribution of pore 

pressure along the pile within adopted time. Within this work, the installation effects has not been 

taken into account.   

4.1 Mechanical loading 

The total and effective stress approaches refer to undrained and drained conditions respectively. 

However, it is important to note, that the total stress method has rather limited application, because 

pile-soil interactions occur in accordance with the effective stress [10]. Both types of resistances 

develop due to movement. As it will be outlined below, energy pile design should be based on 

deformation and settlement analysis. 

4.1.1 Shaft resistance 

The side resistance distribution is a function of the soil strength, stiffness and the applied load on the 

top of the pile. It dominates over toe resistance most significantly for friction pile cases. The 

accumulated shaft resistance over the whole length of the pile for drained conditions is: 

𝑅𝑠 =  𝐴𝑠(𝑐′ +  𝛽𝜎′)𝑑𝑧  (Equation 4-1) 

where: 

As – area of the pile shaft [m
2
] 

c‟ – effective cohesion [Pa] (not included for driven piles analysis) 

β – effective stress proportionality coefficient [-] 

σ‟ – effective stress [Pa] 
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The direction of the applied mechanical load has no effect on the magnitude of the shear stress. 

Cohesive soils possess resistance to shearing. This feature results in reduced horizontal pressure. It 

is interesting to note, that the movement necessary for the mobilization of shaft resistance is 

independent of the diameter of the pile either, and it often requires only a few millimetres to be 

developed. In soils, other than soft clays, the shaft resistance response usually shows no sudden peak 

or change which could indicate an ultimate resistance, and it increases approximately linearly with 

depth. The beta-coefficient, also known as the coefficient of earth pressure defines a relation between 

vertical and horizontal stresses in soil. It is dependent on numerous factors, such as: soil gradation, 

mineralogical composition, density, the origin of soil, soil friction angle, overconsolidation ratio and 

installation effects.   

4.1.2 Base resistance 

Base resistance is of the biggest importance for the end bearing energy piles, which means- piles 

terminating in hard, impenetrable material such as rock or very dense sand and gravel. The pile base 

load movement depends mostly on the stiffness of the soil layer beneath the pile toe, and the effective 

overburden stress section. The total toe resistance can be represented by the following formula: 

 

𝑅𝑏 =  𝐴𝑏𝑁𝑞𝜎’ (Equation 4-2) 

Where: 

Ab – base area [m
2
] 

Nq – toe bearing capacity coefficient [-] 

σ‟ – effective overburden stress at the pile toe [Pa] 

 

The value of the toe bearing capacity coefficient is dependent on the resistance induced by the pile 

movement. It is very characteristic for the toe resistance, that in numerical analysis, although its value 

increases with growing, even very significant toe movement, it does not reach an ultimate value. 

 

4.1.3 Force balance 

Mechanical load can be divided into live and dead load, which mean respectively: permanent and 

temporary load [10]. The applied forces induce soil settlements, which even when unnoticeably small, 

evoke load transfer to a pile by negative skin friction, known also under the name of shaft resistance, 

used to refer directly to the effects of the outside forces. Cumulative negative skin friction is a 

synonym for directed downwards drag force and thus reduction of the bearing capacity of the pile. The 

prerequisite for negative skin friction occurrence is, that the settlement rate of surrounding soil must be 

greater than the magnitude of the pile displacement. Positive skin friction, on the other hand, occurs in 

the lower part of the pile, below the neutral plane- the place along the pile, where no relative 
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movement between the pile and adjacent soil develops. The equilibrium state results from the balance 

of downward and upward forces. On the one side of the plane, one can indicate- dead and drag force, 

whereas on the other- positive skin friction and toe resistance. By generalizing the above mentioned 

dependencies, both of the constituents of total pile resistance are a function of a pile movement.  

The location of the neutral plane is obviously not random, and depends mainly on the environmental 

conditions, namely the stiffness of the soil layers. The most basic dependency to formulate sounds: 

the smaller the soil settlement is, the higher the zone appears. Secondly, for a pile designed with a 

standard safety factor against failure, the neutral plane can be indicated beneath the mid-length of a 

pile. For the end-bearing pile however, the transition zone lies at the very bottom of the pile toe. For 

the frictional pile, undergoing relatively light loadings, in turn, the neutral plane is most likely to occur 

at the lower third part of the pile length. Large toe resistance results in deeply located neutral plane, 

whereas large load attribution has a consequence in the shallower neutral plane [10]. 

It is important to mark the various behaviour of the system along the pile length. First of all, as it was 

although indirectly explained above, the adjacent soil does not settle uniformly, decreasing its 

displacements  as the depth increases. The same dependency occurs for the penetration of the entire 

pile. Pile top is expected to move the most, whereas the pile tip settles significantly less. It can be 

explained by the fact, that the total movement of the top of the pile is composed of the vertical pile 

movement and the elastic shortening (as the prestressing being transferred to concrete) that occurs 

only in the upper section of pile, above the neutral plane. 

4.2 Thermal loading  

The main thermally-induced parameters being analysed are stress changes along the pile and the pile 

head vertical movements [2]. When an energy pile undergoes cyclic thermal loading, a various 

structure behaviours are observed, depending on the adjacent ground conditions and different 

degrees of its ends restraint. However, the general explanation of the thermally-induced pile state 

changes sounds: during heating the kinetic energy of any material increases, causing greater 

movements of the constituent molecules. In other words, the molecules require more space to move, 

forcing expansion of the material. The opposite reaction of molecules is observed, while material is 

being cooled- the molecules move less, which follows smaller space needed, causing pile contraction. 

To explain the phenomenon numerically, it is the best to begin with the simplest example which is an 

isolated, restraint-free column. In such a case, the thermal deformations are unconfined and change 

linearly with a temperature increase or decrease, which occurs according to the following formula: 

𝜀𝑇−𝐹𝑟𝑒𝑒 =  α𝑐  𝛥𝑇 𝐿 (Equation 4-3) 

where: 

εT-Free – free axial thermal strain [-] 

αc – coefficient of thermal expansion [μm/m °C] 
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ΔT – change in the temperature of the pile [°C] 

L – pile length [m] 

Since the adjacent soil generates side restraint, and also due to an existence of any other pile end 

restraint, in reality the free expansion does not occur. However, it can be a good benchmark for a 

comparison of the degree of pile ends restriction. It is assumed, that when the ratio of thermal 

expansion of pile material and soil is smaller than unity, the piles behaviour is predictable [16]. This 

means, that stress imposed on pile during heating is compressive, reversals of direction to the active 

expansion. The same dependency can be noticed in the confined material strains. During heating the 

thermal strain is balanced by mechanical strain of the same value and reverse turn. Thus, the 

measured strain change evoked by temperature cycles is always decreased by a value of the so-

called restrained axial strain, not allowing the pile to expand or contract freely. As the restrained axial 

strain generates thermal stress in the pile, it should be considered in structural design [11].  The 

thermal load dependency of the restrained strain can be described as: 

𝑃𝑇 =  − 𝐸𝐴 𝜀T−R   (Equation 4-4) 

where: 

E - Young‟s modulus of the pile material [Pa] 

A - cross-sectional area of the pile [m
2
] 

εT-R - restrained axial strain [-]  

The thermal impact on a pile can also be expressed as a change in axial stresses, following the 

formula: 

σth =  𝛼c 𝛥𝑇 𝐸                 (Equation 4-5) 

 

In other terms, the maximum value of the restrained strain is generated at the same depth of the pile 

as the axial thermal load peak. It is worth noting, that a magnitude of the restrained strain depends not 

only on the pile properties, but also increases due to decreased soil thermal conductivity. On the other 

hand, the value of minimal thermal strain decreases with increasing side interface resistance. Its 

magnitude also depends on the other factors, such as type of a ground and its stiffness, or the 

magnitudes of thermal variables. In an unrealistic case, when both ends of a pile are free to move, and 

the pile shaft resistance is uniform all along the pile, and minimum thermal strain will occur at the mid-

depth, whereas the extreme values- at the ends of the pile . During the heating cycles, the expansive 

deformations create both negative and positive shaft friction along the pile, at the upper and lower part 

of the pile respectively. When a friction pile is subjected to external mechanical load and temperature 

increase, the explained in a previous section- neutral plane will move into the upper part of the pile. It 

happens for the reason, that a greater part of the pile shaft needs to contribute to the upward turned 
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positive friction, aiming at achieving force equilibrium. When the pile is cooled, the positive shaft 

friction occurs in turn above the neutral plane, and the negative shaft- beneath it, resulting from 

contraction . Thus, when an energy pile under mechanical load is cooled, the peak of thermally-

induced stress descends.  One should bear in mind, that the opposite takes place, in a case of an 

end-bearing energy piles. The neutral point and thus the biggest stresses develop then at the pile 

base, maintaining the biggest displacements at the pile head. In a case, when both of the pile ends 

are restrained, generated additional axial load induced by heating is much bigger, whereas due to 

restricted movement of the pile-soil interface, the tensile load is likely to decrease. When the both 

ends restrained pile is cooled, it is shaft tensile load being increased [11]. Equation 4-4 is useful for a 

comparison of the thermally induced stress change, giving the highest possible value of a stress 

increase along the perfectly restrained pile. 

It should be noted, that although some simplifications in the numerical models are allowed, such as 

uniform stiffness and strength parameters or negligence of the temperature gradient within soil, the 

thermally-induced response of a pile requires complex analysis, where different combinations of axial 

fixities influence the behaviour of pile in various ways. Available numerical thermally-induced energy 

pile analysis were conducted under either transient or steady thermal flow conditions, where the 

temperature function is dependent on time, or not dependant respectively. According to the software 

used, the time-dependency follows the requirement of adequate, additional parameters introduced to 

the program such as heat capacity or thermal diffusivity.  
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5. Numerical studies available from literature 

5.1 Introduction 

In this chapter, two case studies derived from the available literature are presented. The purpose of it, 

is to articulate common dependencies of thermally loaded piles, as well as get familiar with the way of 

geothermal piles analysis and parameters of their response that are particularly important and worth 

attention further- in parametric study. 

5.2 Numerical study of a single pile under different head axial fixities 

In this subchapter the case study, derived from On the understanding of cyclic interaction mechanisms 

in an energy pile group (Suryatriyastuti & Burlon & Moroueh, 2015) will be analyzed. The aim of the 

3D analysis is determination of cyclic thermal effects on pile capacity under different restraint 

conditions. It was assumed that both the pile and the soil were initially stress-free, and there was no 

residual stress, i.e. effects of installation are not taken into consideration. 

5.2.1 Single-free head pile 

The analysed pile was of cuboidal shape and is subjected to a thermo-mechanical loading. The 

structure was isolated, which means, that the horizontal coefficient of subgrade reaction equals 0.  

5.2.2 Geometry 

The three-dimensional model comprised two components: a layer of a homogenous sandy soil and the 

pile, made of reinforced concrete. The energy pile was modelled in a square section. The length of its 

base and the entire structure length were assigned to the values of 0,6 m and 15 m respectively. The 

pile shaft was recessed in a one type of soil, along its entire length.  

Due to the symmetric condition, only quarter of the problem was modelled. The total dimensions of the 

model were 15×30m
2
. Dimensions of transverse width and vertical  length of a mesh were 15 m and 

30 m respectively (Figure 5).  
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Figure 5: Geometry of model and mesh [6] 

 

5.2.3 Loading 

In the calculations procedure the installation effects were not taken into the consideration. Only gravity 

forces were assumed to generate the initial stress state. Therefore the earth pressure coefficient K0 

was equal to 0.5. Essentially the thermo-mechanical stress simulation came down to: assignation of 

gravity pressure to the model; implementation of mechanical stress at the pile head and finally 

application of cyclic thermal load maintaining the mechanical stress „on‟.  

5.2.3.1 Mechanical loading 

After an activation of the initial gravity loading, the single pile was subjected to an incremental-

mechanical loading in order to check its bearing capacity. An ultimate load, bringing the pile up to its 

failure point, was defined as a load causing a pile head settlement equal to 10% of the pile diameter, 

which was 6 cm in that case. Consequently the pile was loaded with about 2400 kN, which caused a 

failure of the construction. Figure 6 shows the load-settlement curve of the modelled pile. Wh/B ratio, 

creating y-axis represents a fractional percentage of the pile settlement to the pile diameter during a 

calculation phase. Eventually, following conventional practices, the pile was subjected only to a 

fraction of the ultimate load, which is represented in this case by 33% of the ultimate load. The load 

applied to the pile was equal to 792 kN. 
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Figure 6: Load-settlement curve under mechanical loading [6] 

 

5.2.3.2 Cyclic thermal loading 

Apart from mechanical loading, the energy pile was also subjected to cyclic thermal loading. The 

temperatures differ from +10 °C to -10 °C from the annual mean ground temperature. 12 cycles were 

determined, each of them comprising cooling and heating phase. The operational phases, together 

with their temperature peaks represent winter and summer modes within one year. The pile was 

expected to contract and expand within cooling and heating phase respectively. In order to have a 

reference to a bearing capacity of the pile, while performing the thermal loading,  the linear, 

mechanical load generating elastic deformation, needed to be on. 

5.2.4 Materials and interfaces 

Two materials were used in this analysis: reinforced concrete in case of the energy pile, modelled in 

as a Linear Elastic item, and one layer of granular, sandy soil, described as an elastic perfectly-plastic 

continuum mass, designed by means of the Mohr-Coulomb criterion. As the pore water can easily 

drain out from the sandy soil matrix, the simulation was performed under a drained conditions.   

Within the soil adjacent to the pile shaft, stress and strain variations are the greatest. Therefore, the 

pile-soil interaction was modelled by an interface, assuming  thereby a nonlinearity of the element. 

The interface element was subjected to large shear stresses and since it was supposed to generate 

very little elastic deformations, it was required to reduce the virtual thickness factor to 0.01 [9]. The soil 

Young‟s modulus increment was also taken into the consideration, and it was equal to 1MPa/m. The 

properties of interface element were related to the model parameters of the surrounding soil.  In 

Tables 1 and 2, the properties of materials and interfaces introduced into the program are listed.  
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Table 1: Materials properties 

Material Unit weight Young's modulus 
Poisson's 

ratio 
Thermal expansion coefficient 

ρc E  𝛼𝑡  

Soil 19.5 kN/m
3
 10 MPa + 1MPa/m 0.33 5.00 * 10

-6
 °C

-1
 

Pile 25 kN/m
3
 20 GPa 0.2 1.25 * 10

-5
 °C

-1
 

Pile cap 25 kN/m
3
 20 GPa 0.2 1.25 * 10

-5
 °C

-1
 

 

Table 2: Parameters of the constitutive model for interfaces 

Elastoplastic parameters Hardening Parameters 

Normal stiffness kn 22 MN/m DR -0.05 

Shear stiffness kt 8.33 MN/m ADR -0.05 

Friction angle 30° γc +10 

Dilatancy angle 1° βc +1 

  

αc -0.03 

 

5.2.5 Single restrained head pile 

The fixed-head pile and the prevailing soil conditions were modelled in the exact way the unrestrained 

pile described above. The only significant difference was the presence of the pile cap. In this study, 

the cap thickness was set to 30 cm, and its length and width were 4.8 m. The properties of the pile cap 

are included in the Table 1 and 2, together with the other material properties.  

5.2.6 Calculation and results 

As the 792 kN of the axial mechanical load was applied, the adjacent soil restrained the movement of 

the concrete element, mobilizing the reaction forces. Due to the lack of restrictions on the pile head, 

the structure generated only skin and toe resistances. By means of the program output, a shear and 

base stresses (acting at a pile shaft and pile base respectively) were determined. Subsequently, the 

mobilized shaft and base resistance of 613.8 kN and 178.2 kN were obtained. Thus the total mobilized 

resistance remained equal to the applied mechanical load.  The settlement of a pile subjected to the 

frictional ultimate load reached  1.14 cm. Regarding thermal loading effects, the pile head settlement 

reached 30% of mechanical settlement and -5% of heave. The heave occurred only at the first five 

heating phases, due to softening of the soil.  
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Eventually, the thermally induced axial forces for both piles of different head axial fixities were 

determined. Figure 7 presents a compilation of graphs for these two cases. As it is shown there, the 

thermal loading does not exceed fifteen percent of the impact, that the mechanical force evoked. For 

the unrestrained pile, the biggest impact on the axial force had a heating phase, on the contrary to the 

fixed-headed pile, for which it was the cooling phase. For both of the piles, the greatest axial force was 

induced between the ninth and the twelfth meter of the pile length. For the axially fixed pile, the 

induced axial forces were more uniformly distributed along the pile and the occurrence of the maximal 

restrained strain was observed at the smaller depth of the pile. 

  

                                                                       b) 

Figure 7: Shape profile of thermally induced axial force, a) numerical result for the single-free head pile 
and b) numerical result for the single-restrained head pile [6] 

 

The last of the single energy pile analysis was concerning the proportion and behaviour of activated 

resistances. The obtained results are presented in the graphs (Figure 8).The biggest difference 

between the two differently fixed piles was, that the sum of the mobilized resistances at the base and 

along the shaft of the pile. It was equal to the mechanical load applied on the unrestrained pile, 

however in case of the pile attached to a raft foundation, the values of the forces were diverse. 

Although, as the thermal load was increasing, both of the mobilized resistance curves were 

decreasing, indicating shaft resistance reduction. The slope of the curve of the restrained pile is visibly 

biggerr, which means that the reduction is faster and is not associated with significant base resistance 

increase.  
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a)                                                           b) 

Figure 8: Mobilized resistance ratio induced by  geothermal cycles for a pile: a) with its top unrestrained 
b) with its top restrained [6] 

 

5.2.7 Conclusions 

For the unrestrained pile the reaction of the pile shaft and base was observed as follows: during the 

cooling phase, because of the pile contraction, that releases pile base restraint the pile shaft was able 

to withstand more forces. At the heating phase however, the pile base resisted greater forces, which is 

explained by the pile expansion. The thermal loading influences the proportion of the shaft and base 

resistance mobilised, but not the total resistance value itself. With every cycle that followed, the shaft 

resistance was getting weaker, in favour of growing base resistance, of which the share in total 

resistance has risen by 3.5%.  

When comparing the results to the thermally induced pile with a cap, the bearing capacity of the pile in 

turn, was decreasing gradually with each cycle. In particular phases, the shaft and the base 

resistances also decreased with cooling and increased while heating, but the sum of these forces was 

not equal to the mechanical load applied, due to the occurrence of the third reaction force generated 

by the cap. Also the shaft resistance depletion achieved grater values than at the event, when the pile 

head was free. 
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5.3 Numerical study on a vertical displacement of a single pile  

5.3.1 Introduction 

The research [8] was aimed at an indication of pile mechanical response during heating and cooling in 

individual cycle. The numerical two-dimensional simulation of thermo-mechanical behaviour was 

performed by means of FEA software- ABAQUS V6.16, thereby taking into the consideration coupling 

effects of thermal expansion of the structure in soil.  Pile displacement was the main parameter, which 

a special attention was paid to. 

5.3.2 Geometry 

The foundation was modelled a small-scale aluminium energy pile, of 20 mm round base diameter and 

of 600 mm of the total length. Because of its symmetric shape, the simulation was performed in 

axsisymmetry. The area of a model mesh had the dimensions of 270 mm and 900 mm of width and 

length respectively. The mesh was gradually refined towards the pile proximity.  

5.3.3 Loading 

As previously mentioned, the research was focused on coupled mechanical and thermal loading in 

order to estimate the settlement of the energy pile. Additionally, one of the conducted mechanical 

loading tests was intended to determinate the ultimate bearing capacity of the thermal pile.  

5.3.3.1 Mechanical loading 

The pile was subjected to 0 N, 100 N, 200 N and 300 N axial loads, corresponding to 0%, 20%, 40% 

and 60% of the pile carrying capacity respectively.  

5.3.3.2 Thermal loading 

As far as the thermal loading cycles were concerned, it was decided to subject the energy pile to 30 of 

them. The pile temperature was changing in order of ±1°C, whereas the reference temperature was 

set to 20°C. Each thermal cycle comprised heating and cooling phase, where one cycle was lasting 

24h. 

5.3.4 Materials and interfaces  

The model comprised two materials, i.e. CHS aluminium assigned to the foundation structure and 

Speswhite China Clay forming the target soil layer of the pile placement. The two-dimensional 

axisymmetric simulation was carried out by means of fully coupled 4-node temperature-pore pressure-

displacement element (CAX4PT) describing the soil behaviour and 4-node bilinear displacement-

temperature element (CAX4T), used for the pile model. The list of the properties of these materials is 

presented in the Table 3. The compacted soil was assigned to the modified cam-clay model, whereas 

the energy pile was designed as a linear-elastic model. The other assumed material parameters are 

listed in the Table 4. The pore pressure was assumed as zero at the top of the soil surface and the 

initial geostatic displacement tolerance was set to 0.6 mm. 
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Table 3: Parameters of the materials 

Parameters Pile Soil 

Material 
CHS 

aluminium 
Speswhite China 

Clay 

Constitutive model Linear-elastic Modified Cam-clay 

Density [ton/m3] 0.32 
1.45 (dry unit 

weight) 

sat [kN/m3 ] N/A 18.53 

Young‟s modulus E [kPa] 1.30E+07 N/A 

ѵ* 0.33 0.25 

M* N/A 0.98 

λ* N/A 0.14 

κ* N/A 0.012 

e0* N/A 1.6 

e1 N/A 0.79 

ϕ* N/A 25° 

Ѱ N/A 0° 

k* [m/s] N/A 1.00E-08 

Thermal expansion [1/°C] 2.30E-05 1.00E-06 

Thermal conductivity [W/m°C] 237 1.5 

Specific heat capacity [J/ton/°C] 9.00E+05 1.27E+06 

 

Table 4: Relevant parameters in numerical modelling 

Specific weight of water [kN/m
3
 ] 9.81 

Friction coefficient 0.47 

Thermal conductance [W/°C*m
2
] 500 

Lateral earth coefficient, 𝐾0 8 

 

The soil was compacted and the lateral stress coefficient was estimated considering K0=(1-sin‟)
OCR

 

(with ‟=25º and OCR160). 

5.3.5 Results 

The results obtained from the numerous simulations confirmed the correlation between mechanical 

load and thermally-induced pile displacement. As it is visible on the graph below (Figure 9), the bigger 

the mechanical load subjected to the pile was, the more significant was the impact of the subsequently 

applied thermal load. In other words, the higher the mechanical axial loading is, the greater irreversible 

thermal settlement occurs. Regardless the mechanical load, for each simulation, the first thermal cycle 

met the largest displacement reaction. The end of each simulation was determined by an inhibition of 

further settlements, which was indicating on the linear elastic behaviour of the pile. Another energy 

pile feature that was determined was its ultimate bearing capacity, corresponding to the pile settlement  
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equal to the value of 10% of the pile diameter. The value was estimated as 550 N. Due to the 

intensifying soil compaction, in each thermal cycle, the resulting settlement was progressively 

becoming stable.  For zero mechanical load the stability was achieved during the 1
st
 thermal cycle. 

Before achieving it, the pile was continually moving upwards. In case of the other, non-zero 

mechanical loads, the pile was settling instead of heaving and it stopped moving downwards during 

the 3
rd

 thermal cycle.  

 

Figure 9: Pile head settlement within 30 thermal cycles for: 0 N(A2), 100 N (A3), 200 N (A4) and 300 N (A5) 
[8] 

 

5.3.6 Conclusions 

The investigation has shown, most importantly, that the pile settlement reaches stability after several 

thermal cycles which is the feature indicating linear elastic behaviour of the pile. Although the 

settlement induced by thermal load is smaller comparing with  the displacement caused by the 

mechanical load, its extend is closely related to the magnitude of the mechanical load. 
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6. Numerical analysis and simulation of a selected case study 

 

6.1 Introduction 

The analysis conducted by Assunção [7] was aimed at investigating an impact of dual ways of energy 

pile utilization, meaning influence of heating and cooling of usable floor area on the mechanical 

behaviour of the thermo-active foundation. Three main variables were closely analyzed, considering 

their impact on the energy pile behaviour. Among them one can find: ground surface temperature, pile 

length to pile diameter ratio and thermal conductivity of materials used in the model. The response of 

the structure to coupled mechanical and thermal loading is presented in generated axial and shear 

stresses, and also obtained vertical displacements along the pile. Of the 27 possible cases, the basic 

set of parameters was chosen for  recreation purposes. Reproduction of this research seeks to 

confirm the applied methodology and obtained results, before implementing an independent 

parametric study. Thus, out of two combinations of applied mechanical load that can be found in the 

original study, only one of them was considered. Within the following subchapters, the verification of 

the study is described including all necessary details of the model. The original analysis was 

conducted by means of finite element software Abaqus, whereas the study presented below was 

carried out by means of Plaxis finite element software. 

6.2 Geometry 

The total dimensions of the model are 60×90m
2
, which ensures no significant influence of their 

presence on the calculation results. The mesh, shown in Figure 10 is created by 15-node triangular 

nodes, and its elements are generated with minimum size of 0.0030 m
2
 covering the pile and its 

nearest regions. The element areas are gradually increasing, when getting closer to the most distinct 

spaces of the model, all together creating 3583 elements, which ensures exact results. The modelled 

pile has been assigned to the length of 30 m and 1 m of the pile base diameter. In this study the 

geothermal pile is simulated as an axis-symmetrical model, thus only half of the problem is 

considered.  
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Figure 10: The FE mesh 

6.3 Loading 

As it was mentioned in the introductory subchapter, the pile is subjected to the two types of combined 

thermo-mechanical loading, the purpose of which is to verify the impact of the thermal changes on the 

pile resistance generation as well as to illustrate the basic principles of the pile behaviour. 

6.3.1 Mechanical loading 

The pile is subjected to the axial mechanical load of 5315.6 kN, which was determined by the author 

by first obtaining an ultimate pile shaft resistance and ultimate pile base resistance and subsequently -

pile design compression resistance. In consideration of pile head ability of moving freely, it was 

decided to apply a uniform distributed load at its top to avoid any pile head fixity.  

6.3.2 Thermal loading 

The temperature of the adjacent soil is presumed to be 15 °C, whereas the ground surface is set as 

18°C. The isolated pile was separately subjected to heating and cooling under steady state conditions, 

by applying +30°C and -15°C respectively. In the original [7] applied “full body heating”, whereas in 

order to reproduce the analysis, edge heating was applied parallel to the pile shaft. The temperature 

function was assigned to a vertical line at a distance of 0.375m from the symmetry axis, representing 

the actual offset of the absorber pipes from the centre of the  pile of about 0.75 of the pile radius.  As 

the author proves in preceding chapters, edge and full body heating  create comparable thermal 

conditions, resulting in almost the same pile response. In order to accelerate the computational 

process, the thermal linear transition boundary condition of a length of 0.5 m was created along the 
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ground surface to the point of contact with the pile. Temperature at the beginning of the line had a 

value of the target 45°C for heating and 0°C for cooling, and was gradually decreasing or increasing 

until it reached the temperature of the soil surface (18°C). For simplicity, in the simulations the 

temperature variation within the soil was neglected and a mean value of 15°C was considered in each 

step. The dimensions of the model are shown together with the boundary conditions in a Figure 11. 

 

Figure 11: Model conditions 

 

6.4 Materials and interfaces 

The frictional pile is placed in a single layer of homogenous stiff clay. The modelled pile is considered 

to be thermo-elastic in its nature, whereas the soil is considered as Mohr-Coulomb elastio-plastic 

material. In the simulation, thermo-mechanical finite element analysis of a 30 m long pile with 1 m 

diameter is performed by applying the steady state temperature step in Plaxis (originally in Abaqus 

Simulia 6.16). The strength and thermal properties of the structure and the soil layer are reported in 

Table 5 and 6. It was presumed that when there is no distance between the pile and the soil, the heat 

conductance between these elements is still not perfect. The reason for the hindered adhesion forces 

between the two surfaces is the porosity of the soil material. Lower heat transfer coefficient of the air 

molecules decreases the heat flux between the elements. Due to this fact, a heat resistance of a 

magnitude of 40 m
2
K/kW was assigned to the interface. The interfaces between the concrete structure 
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and the soil have been simulated as frictional contact without any reduction in its strength with respect 

of the surrounding soil properties. In order to maintain the interface properties compatibility with the 

parameters entered in the source analysis, the elastic interface shear stiffness was assumed as 

Ks=75 / (1.5 * 10
-3

)= 50 * 10
3
 [kN/m

3
]. The elastic interface normal stiffness on the other hand was 

assumed as default, which is an equivalence of the oedometric modulus determined by the program. 

Table 5: Constitutive mechanical and Mohr–Coulomb Plasticity material properties 

Material 

Unit 
weight 

Young's 
modulus 

Poisson's 
ratio 

Undrained 
shear 

strength 

γ [kN/m
3
] E [Mpa]  [-] cu [Pa] 

Clay 16 30 0.3 75000 

Concrete 24.5 30000 0.3 - 

 

Table 6: Thermal constitutive material properties 

Material 

Thermal 
conductivity 

Coefficient 
of thermal 
expansion 

λs [W/m°C] αs [1/°C] 

Clay 1 0.00002 

Concrete 2 0.00001 

 

6.5 Initial conditions  

In this study, no ground water pressure was taken into account. The lateral soil pressure coefficient is 

assumed as 1, which means, that the vertical and horizontal initial stresses within soil are equal. The 

temperature is uniform for the whole matrix. This effect was obtained by setting the temperature earth 

gradient coefficient as 0 K/m. 

6.6 Pile introduction 

The pile introduction was performed as a material change of a pile cluster. In addition to this, an 

interface structural element was utilized, maintaining its strength reduction coefficient as 0.01, in order 

to eliminate energy pile implementation effects. 
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6.7 Pile loading 

After the line (distributed) load was applied, the thermal steady state load was assigned to the pile in a 

subsequent phase by means of temperature function. The thermal boundary conditions were activated 

only at this phase. It is important to mark, that no parameters are required in the symmetric boundary 

condition. During the pile loading, the pile-soil interface was extended by half a meter in order to avoid 

high peaks in stresses and strains evoked by an abrupt change in linear conditions at the corner of the 

pile [9]. No strength reduction should be imposed on the additional interface element and the interface 

undrained shear strength is assumed to be equal to that of the soil. 

6.8 Results and discussion 

6.8.1 Model validation 

Before analysing the influence of the temperature on the energy pile, it was important to compare the 

results with the previous work under mechanical loading only. The evaluation of a bearing capacity of 

the pile indicated, that the stress corresponding to the “”yield” load reached a value of 9.169 MPa, for 

18.13 mm of pile head displacement. Initially, in the original study, the undrained shear strength was 

assigned to a specific value of maximal elastic slip for the interface element. Since Plaxis settings do 

not enable this kind of setup, measured displacement on the interface differs from assumed by the 

author 1.5 mm (dashed line in Figure 12), achieving 0.93 mm (continuous line Figure 10). The 

magnitude of the relative total displacement was counted as an average of pile shaft displacement 

along the pile subtracted from the total pile head displacement applied, according to: 18.13 – 17.20= 

0.93 [mm].  

 

 

Figure 12: Interface total nodal slip versus maximum shear stress 
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Following the equations 6-1 and 6-2 describing constituents of the bearing capacity of a pile in 

undrained soil conditions,  the ultimate base and shaft resistances were determined, achieving 483 kN 

and 7069 kN respectively. It is important to note, that the undrained shear strength of the soil was 

assumed as constant along the entire depth of the soil and the bearing capacity factor Nc was 

adopted as 8.2. As a result the analytically obtained ultimate baring capacity of the pile determined 

form ground parameters was 9.6 MPa. 

𝑅𝑏 =  π ∗  𝑅2 ∗ 𝑁𝑐 ∗ 𝐶𝑢  (Equation 6-1) 

𝑅𝑠 =  π ∗ D ∗ 𝐶𝑢 ∗ 𝐿  (Equation 6-2) 

Subsequently the pile was subjected to an incremental prescribed displacement in order to determine 

the yield stress and ultimate bearing capacity numerically. As it was already mentioned, the stress 

corresponding to the yield load reached 9.17MPa, which can be indicated in the Figure 11 as a 

moment, where the pile displacement starts decreasing sharply with an disproportionately small 

increment of the axial stress. It is also important to realize, that at this point maximum shear stress 

along the entire pile shaft is mobilized. The conventional ultimate bearing capacity obtained under the 

stress imposing pile displacement equal to 40% of piles diameter (s= 400 mm) was 9.6 MPa. In the 

source study the ultimate load capacity was 9.8 MPa.  The load displacement curve is shown in the 

Figure 13. 

 

Figure 13: Applied prescribed displacement versus obtained stress 
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6.8.2 Thermal function adjustment 

Following author‟s remarks, resulting from his comprehensive analysis, the thermal function was at 

first assigned to the line at a distance of 0.375m (0.75R) from the pile centre. Analysing the axial 

response of the pile, it was found, that an unexpected axial overloads occurred particularly at the 

depth of 1 m from the pile head. The effect was escalated when the pile head was assigned to the 

temperature of the soil surface (18°C). The problem might have been evoked due to the linkage of 2 

elements with different thermal conditions assigned to them. The attempts of the temperature function 

assignment and obtained results of axial stresses along the pile are presented in Figure 14 and 15 

respectively. 

 

Figure 14: Temperature functions assignment 



39 
 

 

Figure 15: The first attempt of the temperature function assignment 

 

Therefore, it was decided to assign the thermal function to the pile edge itself and to maintain the pile 

head without any temperature function assigned. It is worth noting, that for the separate analysis of the 

steady state soil surface heating, the pile head assignment to the soil surface temperature did not 

influence the results anyhow, apart from void numerical digits.  

6.8.3 Thermal impact on vertical displacement 

It was decided to compare the results of vertical pile displacement along the energy pile for both 

heating and cooling. The results obtained in both analysis are compared in the Figure 16. The pile 

head settlement obtained after mechanical phase only, reached the value of 10.2 mm, whereas in the 

source analysis the presented value was 10.5 mm. Pile heating imposed pile head heave of 9.3 mm. 

The pile base displacement on the other hand was almost imperceptible which was in accordance with 

the original analysis. The cooling process evoked the settlement of the element of 2.8 mm due to pile 

contraction. The pile base was heaved 1.52 mm as well. In the source analysis the pile head 

displacements reached 9.1 mm for heating, however for cooling the pile displacement was not 

specified. The final head settlement imposed by thermo-mechanical load acting on pile was 0.9 mm in 

case of heating, and 13.0 mm  for cooling. Comparing the free expansion of the pile 𝜀𝑇−𝐹𝑟𝑒𝑒 =  9 with 

the obtained 9.3 – 0.4= 8.9 [mm], it can be deduced, the base restraint is very low. 
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Figure 16: Thermally induced pile vertical displacements [mm] 

 

6.8.4 Thermal impact on axial load of the pile  

The next parameter, that the attention was paid to was axial stress. The obtained magnitudes for the 

heating mode, are presented on the graph below (Figure 17). Due to heating, the restrained strain 

imposed an increase in the pile axial stress in this case achieving its maximum value at the depth of 

18.8 m, with a value of 175 kPa. In the original analysis the stress peak was present at the depth of 

18.7 m and its magnitude was about 182.2 kPa. One more time, comparing with the perfectly 

restrained stress change, following the Equation 4-4, the pile base restrain imposed only 175 / (10
-5

 * 

30000000 * 30)= 2% of the possible value. The obtained axial stresses along the pile length after the 

heating process are shown in Appendix A. 
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Figure 17: Axial stress along the pile length compared with source analysis [kPa] 

 

The same axial stress comparison was conducted for the pile cooling process (ΔT=-15°C). The pile 

cooling should be analyzed when the energy pile is thought to heat the use-surfaces. The response of 

the energy pile was reverse to the one recorded for the heating process. Due to pile contraction the 

shear stresses were mobilized not allowing the pile to contract freely. Thus the restrained strain 

imposed the stress change of the highest value of 341.4 kPa at the depth of 16 m. The lower depth of 

the occurrence of the maximum restrained strain can be explained by the reduction of the pile base 

resistance. The author attributes the cause of the phenomenon to the contracting soil, which is 

reducing the pile base restraint. Due to the pile being more symmetrically restrained, the neutral plane 

moved upwards, in a direction of the middle of the pile. In the source analysis the exact results were 

not given, thus they are presented and compared with the above mentioned results graphically in the 

Figure 18.  

 It was important to conduct a separate analysis determining an influence of the heated soil surface on 

the piles performance. As it is visible in the Figure 15, the surface assigned to 18°C has a significant 

impact on the generation of tensile stresses. The maximal stress imposed on pile due to surface  

heating only was about 169 kPa and in source analysis 180 kPa. This effect can be explained with the 
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bigger expansion coefficient of soil than the material of the structure. Thus, although the first 

impression indicates on the bigger influence of cooling, after all the heating mode imposes bigger 

stress change on the pile. The obtained values discussed in this subchapter are shown in Appendix B. 

 

Figure 18: Axial stress change in pile- heating and cooling 

6.9 Conclusions 

Verification of the case study has been successful, however the adjustment of the initial interface 

conditions and the choice of thermal load application occurred to be quite challenging. Abaqus finite 

element software allows for more precise input parameters as well as a bigger variety of thermal 

functions, that can be applied under steady state conditions. In the original study, determination of the 

load-displacement pile response was a result of an adjustment of the tangential interface behaviour 

simulated by applying pile static incremental loading.  As a result, linearly increasing with interface 

nodes displacement- shearing resistance was modelled to reach maximum of 75 kPa at 1,5 mm of 

relative displacement. The assumed in calculations toe bearing capacity coefficient does not correctly 
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represent the behaviour of the pile base for the imposed load, since the pile base load-displacement is 

a function of compressibility of the soil below the pile and effective overburden stress [10].  It was also 

found out, that the pile head should remain adiabatic during thermal analysis, since when applied, it 

tends to inflate the results significantly. Since the interface material differ in its properties, namely in its 

shear stiffness, the pile behaves slightly different, which is visible mainly in the displacement of the 

pile performing plastic deformation. Thus the minimal slip between nodes at the interface in smaller 

than the one introduced to the program in the source analysis. The compressive monotonic head axial 

loading have shown progressive mobilisation of the pile resistance constituents. The typical pile 

response was observed, manifested by the fact, that the maximum skin friction of 75 kPa was 

mobilized before the base resistance significant increase. Although the recreation of the model was 

conducted with a support of a different software than the original analysis, the model gave quite 

satisfactory results, especially in terms of thermally-induced pile response. 
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7. Parametric study 

 

7.1 Introduction 

In this chapter an attempt has been made to present the impact of coupled thermo- mechanical loads 

on the energy pile behaviour. The study was carried out basing on the model created and described in 

the 6
th
 chapter, however it was varied by a time variable, thereby assigning the structure to the 

transient thermal conditions. As opposed to the short- term thermal effects, numerical studies on the 

analysis of the long-term impact of thermal changes are often the only available solution, due to the 

high costs of the long-term field tests. 

The analysis was carried out for a longer, eight-years period. The temperature of the adjacent soil was 

changed so that is represents maritime temperate climate and the thermal function was adjusted in 

order to enable uninterrupted operation of the unit. The attention was paid mainly to the base and 

shear resistances share in the total generated pile response, as well as to the thermally-induced axial 

forces. Within the study, two types of head axial fixities were taken into the consideration. 

7.2 Project properties 

7.2.1 Model dimensions 

As it was already mentioned, dimensions of the model were maintained unchanged. However,  the 

operational temperatures of the model were modified, namely the nature of the thermal function 

assigned to the pile and the temperatures of the boundary conditions. The soil surface was assumed 

as 15°C, which can represent an approximate, expected soil condition below a ground slab (basement 

or garage) throughout a year. The likelihood of such temperature conditions occurring is greater if the 

occupied zone is separated from the soil by a garage, or other unheated space. As the soil surface of 

the model extends to a length of 60 m, for simplicity, a large area building was assumed. As in almost 

all inhabited regions of the world, below a depth of about 15 m the ground temperature is not affected 

by daily changes of atmospheric conditions, the temperature of the soil was assumed as a constant 

value of 8.7°C, which corresponds to the average air temperature measured for a period of 19 years in 

the meteorological station in Gdansk. The model scheme with newly assigned temperature values for 

the boundary conditions is shown in the Figure 19.  
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Figure 19: The model 

 

7.2.2 Thermal parameters 

As the analysis was conducted under transient thermal conditions, it was necessary to complete the 

input data with time dependant parameters. Thermal diffusivity was estimated following the Equation 

3-1, resulting in the value of α= 0.075 m
2
/day for concrete and α= 0.044 m

2
/day for clay.  Also heat 

capacity was adopted as 940 J/kgK for the pile material and 1220 J/kgK for clay. The coefficient of 

thermal expansion of clay  was also changed  to a value of 5.9 * 10
-6

  [K
-1

] as it was suggested by 

Tadeusz Pieczonka [20].  

The temperature function assigned to the model is shown in the Figure 20. Pile heating period was 

lasting 60 days and the assumed cooling phase was lasting the remaining 305 days. Thus 1 cycle was 

representing a single year. The maximal temperature change was +5°C and -6.7°C respectively. The 

lower limit of the temperature function was determined preventing a decrease of the operational 

temperatures below 0°C. This means, that when the outside temperature drops below the level, the 

other heating system, for instance gas heater should be launched instead. Summer period lasts in 

Poland approximately 2 months, thus the pile heating period last significantly shorter. It is also worth 

noting that the temperatures within one month were a result of interpolation. The pile edge was 

selected for a placement of the thermal function.  
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Figure 20: Thermal cycle 

 

7.3 Model phases 

In order to conduct free head pile analysis, the initial conditions, pile placement and mechanical 

loading phases have been decided to be left unchanged basing on the previously made model. Thus, 

after the concrete pile placement, it was subjected to the distributed load of 5315.6kPa. However, 

considering the second variation of the pile tip condition, due to pile head fixity change, the 

mechanical loading phase was followed by adding an item of prescribed displacement with restricted 

deformations in vertical direction. The newly assigned structural item was present for each phase of 

cyclic thermal loading preventing the pile head from rotary movements. In reality, pile head is neither 

fixed nor free, having an undermined fixity in a range created by the limits of free and utterly fixed pile 

head. 

7.4. Results and discussion 

After subjecting the structure to the 8 years of cyclic thermal loading, the equilibrium of forces 

generated by the energy pile was expected to compromise. Before analysing an impact of the 8 

thermal cycles, it was important to visualise continuous changes within the pile during one full cycle. 

Therefore, a supporting graph was created (Figure 21) basing on 37 calculation steps generated by 

Plaxis. The figure shows pile base response for both fixed-head and free-head single pile, within the 

first thermal cycle. It can be immediately noticed, that the pile head fixation induces stronger base 

reaction to the thermal changes. The peaks of both functions can be observed for the imposed 

temperature maxima, showing base resistance increase for pile heating and the opposite base 

reaction in case of pile cooling. The reason for these changes is intensified pile-soil contact evoked by 

pile expansion, and softening of this contact in case of pile contraction. The highest recorded base 

response reached -534.5 kN and -528.64 kN, whereas, due to weakening of the pile base reaction 
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during cooling, the lowest values were –481.85 kN and -496.56 kN for fixed-head pile and free-head 

pile respectively.  

 

Figure 21: The first thermal cycle 

 

The main analysis was focused on the imposed effect of cyclic heating and cooling on axial stresses 

and subsequently, the contribution of the pile base and the pile shaft in the total pile resistance was 

closely analysed. The response of the foundation was measured for a maximal thermally-imposed 

internal stresses increase in case of pile heating or decrease- for cooling for the 30
th
 and 211

th
 days of 

the cycles. Therefore, the results were divided into the impact of cooling and separately- heating, both 

compared to the pile forces induced by mechanical load only.  

7.4.1 Surface heating 

Just as before, a separate analysis of surface heating was performed. The difference between soil 

surface temperature (15 °C) and the temperature of deeper sections of the soil (8.7 °C) imposes heat 

transfer and what follows an additional load on the pile. In Figure 22, axial stresses in pile generated 

by isolated ground surface factor are presented. As it is visible, with increasing number of cycles the 

axial stresses within the pile, change form compressive to tensile. This effect occurs due to gradual 

clay expansion. 
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Figure 22: Isolated effect of ground surface temperature 

 

7.4.2 Free-head single pile 

As it was expected, the thermal load imposed repetitive changes in axial forces, as shown in Figure 

23. When analysing the temperature function (Figure 20) it is apparent, that the tensile forces evoked 

during the cooling process will be greater in their magnitudes than the range of an impact of heating. 

The pile cooling period is extensively longer than the heating period and the extreme values of 

rejected “heat” of -6.7°C are greater than only +5°C. And also the constant temperature of 15ºC at soil 

surface can also contribute to a lower impact for the heating cycles.  

The first heating cycle imposed a maximal axial stress increase of 3.8% comparing to the stress 

evoked by mechanical load at the depth of 21.5 m. The gain in the compressive axial forces is a result 

of the restrained strain generated due to the occurrence of positive pile shaft resistance. The pile 

resistance (also present at the pile base) restrains free expansion of the pile, causing the additional 

stress occurrence. Opposite pile response was observed at the beginning of the cooling phases. The 

maximal stress change was induced at the depth of 23.9 m and achieved around -8.9% of the initial 

mechanical stress at the same point of the pile. The occurrence of the restrained strain deeper along 

the pile for cooling and shallower for the heating phase is not random as it was explained in chapter 4. 

Due to heating, the energy pile expands, evoking positive skin friction (turned upwards) beneath 

neutral plane, thus the bigger part of the pile contributes in counterbalancing the pile base downward 

movement. The axial tensile forces during the 8
th
 cooling cycle reached a magnitude of -10.57% of the 

mechanical load and the stress peak descended slightly to a vertical coordinate of 66.3 m. In case of 

the 8
th
 heating cycle, the opposite cyclic reaction has occurred. The compressive axial strength 
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decreased to a value of 2.1%, which is due to the impact of surface heating, repetitive thermal loading 

and stress reversals [6].  

 

Figure 23: Thermally-induced axial stress along the free-head pile 

Subjecting the pile to the mechanical distributed load of 5315.6 kPa evoked the pile base mobilisation 

equal to 519 kN, which is a combined value of the pile weight and pile base response to the applied 

load. The decrease of the load reaching the pile base is due to a gradual transfer of the load to the 

surrounding soil via shaft friction. Thus, the next analysed parameter was the ratio of base and shaft 

resistances. The obtained results are presented in Figure 24 as a percentage share of pile and base 

resistance in the total pile response after mechanical loading only, following the formulas: 

𝑅𝑏

𝑅𝑏 ;𝑚𝑒𝑐 ℎ𝑎𝑛𝑖𝑐𝑎𝑙 +𝑅𝑠;𝑚𝑒𝑐 ℎ𝑎𝑛𝑖𝑐𝑎𝑙
 and 

𝑅𝑠

𝑅𝑏 ;𝑚𝑒𝑐 ℎ𝑎𝑛𝑖𝑐𝑎𝑙 +𝑅𝑠;𝑚𝑒𝑐 ℎ𝑎𝑛𝑖𝑐𝑎𝑙
. The pile toe and pile shaft reaction were measured 

for each stress peak during heating and cooling within each cycle. It was observed, that during 

heating, the base resistance increased from 10,93% to 11,13% for the first thermal cycle. The 

phenomenon is related to the pile base expansion and the soil restraint, that the structure encounters. 

As far as pile cooling is concerned, the pile base resistance has decreased during the 1
st
 cycle by 

0.48%, while the pile shaft resistance was increased by the same value. The variation in the mobilised 
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contributing resistances seems to stabilize with increasing number of cycles having a common 

tendency of pile base resistance reduction. 

 

Figure 24: Mobilized resistance ratio for pile with top unrestrained 

 

 

Figure 25: Shaft resistance for themo-mechanical loading in unrestrained pile 
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The graph in Figure 25 shows interface shear stress profile due to the thermal load. The relative 

motion between pile shaft and adjacent soil influenced upper and lower parts of the pile in a different 

way. During heating a reduction of shear stress above a depth of 11.9 m could be observed, which 

was a result of pile expansion upwards. Below the depth corresponding to the maximum strain 

restrain, the shear stress increased due to the pile expanding downwards. Naturally, the opposite pile 

behaviour could be observed for the pile cooling. 

7.4.3 Fixed headed single pile 

The same analysis was conducted for a single pile with restrained top. As it is visible in Figure 21, the 

axial forces along the pile change within the cycles mainly at the top of the pile, which indicates strong 

pile head restriction and stabilisation of the thermally induced stresses right away in the first phase. In 

this case, the statement [11], that the less pile head moves, the higher internal stresses occur is 

proved. Due to the pile head restraint, the maximal thermally induced internal stresses are 

approximately twice bigger than for the free-head pile. The restrained strain was cumulated at the 

depths of 18.65 m and 18.45 m for the first and the last cycle of heating and in both cases the 

increase in compressive stresses was around 8.6%. Although the movement of the neural plane was 

small, the expected  tendency of the phenomenon is maintained, especially comparing to the 

restrained strain occurrence for the free-head pile, where the neutral plane was found deeper along 

the pile. In case of cooling, the maximal axial stress changes were observed at the depth of about 

21.8 m, which is a lower elevation than for the heating process, but higher- than for the response of 

the unrestrained head pile to cooling.  
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Figure 26: Thermally-induced axial stress along the fixed-head pile 

 

Subsequently the pile base and pile shaft resistance mobilization was investigated. It was observed, 

that the total pile resistance has changed during heating and cooling process, as opposed to the 

trends observed for the free-head pile. In other words, the sum of pile base and shaft resistance did 

not give 100% of resistance compared to the mechanical response, but  was equal to 106,85% during 

the 8
th
 cycle and reached a minimum value of 91,26% at the beginning of cooling phases. This change 

was imposed by pile head resistance mobilisation. Cooling the pile evoked loss in pile base and pile 

shaft resistances, which can be supported by the visible in Figure 22 values of 0.82% of loss in pile 

base resistance observed for the 8
th
 phase, and 7.94% of the shaft resistance decrease for the first 

phase. When the pile contracts, the pile-soil contact weakens, which is followed by stresses 

relaxation. The opposite was observed for the heating phases, where the pile base resistance 

increased by 0.31% whereas the pile shaft resistance increased by 6.55%.The phenomenon can be 

explained by the pile expansion and thus triggered stronger interaction at the pile-soil interface. Also in 
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this case the variation of the pile resistance constituents tends to stabilize with increasing number of 

cycles. 

 

Figure 27: Mobilized resistance ratio for pile with top restrained 

 

When comparing the pile base movements of free headed pile with a fixed headed column, both 

heave and settlement were of greater magnitude when the pile head was restrained, reaching 1.56 

mm and 1.14 mm respectively. Once the displacements were achieved in the 1
st
 thermal cycle, they 

have not changed within the next years of thermal loading. The opposite pile base reaction was 

observed for the unrestrained pile, where the greatest settlement of 0.6 mm was observed for the first 

heating cycle, whereas pile base heave was increasing with the next years reaching 0.95 mm in the 

last cooling cycle. The maximal thermally-induced internal stress for perfectly restrained pile of the 

same dimensions was determined as 1500 kPa for heating and 2010 kPa for cooling. Analysing the 

obtained results, it was found that the 8 cycles of heating imposed 213kPa/1500kPa= 14% of the 

possible pile deformation and in case of cooling, the value was determined as 16.9% which can be 

explained by the bigger cooling load subjected to the pile |-6.7| > 5. 
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8. Conclusions 

The effect of thermal loading on the mechanical response of a single energy pile, placed in stiff clay, 

was investigated, using finite element software Plaxis. It can be concluded that numerical analysis as 

a supplementation of field and laboratory tests is a complex undertaking, requiring consideration of 

numerous factors such as geotechnical and geothermal soil properties, structural details of the 

building and climate conditions. Naturally, there are more variable features to be taken into the 

consideration, including for instance hydrological factor, however not all of them were so closely 

analyzed within the paper. Therefore, the interactions between adjacent soil and energy pile placed in 

it, cannot be described with a single rule, however they can be accurately predicted.  

The analysis was at first conducted under steady state conditions, aiming at recreation of previously 

modelled problem. It occurred, that due to discrepancies between software, the selection of the 

program functions should be selected carefully and with caution. Nonetheless, the thermal analysis 

gave satisfactory results, indicating the same energy pile response, in accordance with generally 

recognised thermodynamic rules.  

The results of the studies can be summarized as follows: 

-When 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 softening 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.   

-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 resistance in the total mobilized pile 

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

when the toe resistance was increasing and decreasing for pile heating and cooling respectively, that 

was due to the pile base forced movements.  

-It was observed, that while thermal cycles affect an energy pile, the total pile resistance remains 

unchanged in case of free-head pile, whereas the opposite occurs in case of fixed-head pile. 

Nevertheless the response of a pile behaviour stabilises with increasing number of cycles, becoming 

more predictable. The results of both analyses are rather a conceptual comparative criterion for a 

genuine thermal pile case. Since fully fixed pile head is rather extreme situation, the most responsive 

to the reality of the situation is a result somewhere between unrestrained and fully restrained pile. 
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APPENDIXES 

Appendix A- Plaxis pile model subjected to heating 

  

Mechanical load  
Thermo-mechanical 

load ΔT= +30°C 
Heating ΔT= +30°C 

Y [m] σ'_yy [kN/m²]          σ'_yy [kN/m²]          σ'_yy [kN/m²] 

90.00 -5316.15 -5316.22 -0.08 

89.59 -5280.22 -5279.29 0.93 

89.19 -5192.93 -5195.32 -2.39 

88.78 -5126.09 -5132.24 -6.15 

88.38 -5064.29 -5074.28 -9.99 

87.97 -5001.55 -5015.61 -14.06 

87.57 -4937.60 -4955.98 -18.39 

87.16 -4872.76 -4895.73 -22.97 

86.76 -4808.11 -4835.92 -27.81 

86.35 -4743.90 -4776.70 -32.80 

85.95 -4680.06 -4717.97 -37.91 

85.54 -4616.60 -4659.72 -43.13 

85.14 -4553.51 -4601.92 -48.42 

84.73 -4490.79 -4544.56 -53.77 

84.32 -4428.45 -4487.61 -59.15 

83.92 -4366.48 -4431.05 -64.56 

83.51 -4304.87 -4374.85 -69.98 

83.11 -4243.64 -4319.03 -75.38 

82.70 -4182.77 -4263.53 -80.76 

82.30 -4122.25 -4208.36 -86.10 

81.89 -4062.08 -4153.48 -91.39 

81.49 -4002.24 -4098.87 -96.62 

81.08 -3942.75 -4044.53 -101.77 

80.68 -3883.58 -3990.41 -106.84 

80.27 -3824.71 -3936.52 -111.80 

79.86 -3766.16 -3882.82 -116.66 

79.46 -3707.89 -3829.29 -121.40 

79.05 -3649.91 -3775.92 -126.00 

78.65 -3592.21 -3722.67 -130.47 

78.24 -3534.76 -3669.54 -134.78 

77.84 -3477.56 -3616.50 -138.94 

77.43 -3420.60 -3563.52 -142.92 

77.03 -3363.87 -3510.59 -146.73 

76.62 -3307.34 -3457.69 -150.35 

76.22 -3251.02 -3404.78 -153.77 

75.81 -3194.88 -3351.86 -156.98 

75.41 -3138.91 -3298.89 -159.98 

75.00 -3083.10 -3245.85 -162.75 
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Mechanical load  
Thermo-mechanical 

load ΔT= +30°C 
Heating ΔT= +30°C 

74.59 -3027.43 -3192.72 -165.29 

74.19 -2971.89 -3139.48 -167.59 

73.78 -2916.46 -3086.09 -169.63 

73.38 -2861.12 -3032.54 -171.42 

72.97 -2805.86 -2978.80 -172.94 

72.57 -2750.66 -2924.83 -174.18 

72.16 -2695.49 -2870.63 -175.13 

71.76 -2640.36 -2816.15 -175.79 

71.35 -2585.22 -2761.37 -176.14 

70.95 -2530.06 -2706.24 -176.18 

70.54 -2474.86 -2650.76 -175.90 

70.14 -2419.59 -2594.88 -175.29 

69.73 -2364.22 -2538.55 -174.33 

69.32 -2308.73 -2481.76 -173.02 

68.92 -2253.10 -2424.45 -171.35 

68.51 -2197.28 -2366.59 -169.31 

68.11 -2141.24 -2308.11 -166.88 

67.70 -2084.94 -2249.00 -164.06 

67.30 -2028.35 -2189.18 -160.83 

66.89 -1971.39 -2128.57 -157.18 

66.49 -1914.05 -2067.15 -153.10 

66.08 -1856.24 -2004.79 -148.56 

65.68 -1797.91 -1941.47 -143.56 

65.27 -1738.95 -1877.02 -138.07 

64.86 -1679.31 -1811.38 -132.08 

64.46 -1618.83 -1744.38 -125.55 

64.05 -1557.39 -1675.85 -118.46 

63.65 -1494.82 -1605.58 -110.76 

63.24 -1430.89 -1533.30 -102.41 

62.84 -1365.28 -1458.62 -93.34 

62.43 -1297.54 -1380.96 -83.42 

62.03 -1227.13 -1299.67 -72.54 

61.62 -1152.86 -1213.20 -60.34 

61.22 -1071.92 -1119.29 -47.37 

60.81 -971.36 -1013.14 -41.77 

60.41 -809.66 -848.76 -39.10 

60.00 -748.03 -765.56 -17.53 
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Appendix B- Plaxis pile model subjected to cooling 

  

Thermo- 
mechanical load  

ΔT= -15°C 

Cooling  ΔT= -15°C 
Surface heating ΔT= 

+3°C 

Y [m]          σ'_yy [kN/m²]    σ'_yy [kN/m²]          σ'_yy [kN/m²] 

90.00 -5316.32 -0.17 32.61 

89.59 -5269.76 10.46 37.88 

89.19 -5158.67 34.26 50.38 

88.78 -5075.45 50.64 59.20 

88.38 -5000.54 63.75 66.66 

87.97 -4925.66 75.89 73.68 

87.57 -4849.41 88.19 80.50 

87.16 -4771.82 100.94 87.39 

86.76 -4693.19 114.92 94.22 

86.35 -4614.24 129.66 100.64 

85.95 -4536.08 143.98 106.69 

85.54 -4458.97 157.63 112.39 

85.14 -4382.82 170.69 117.77 

84.73 -4307.59 183.20 122.83 

84.32 -4233.26 195.19 127.58 

83.92 -4159.82 206.67 132.03 

83.51 -4087.22 217.65 136.19 

83.11 -4015.52 228.13 140.07 

82.70 -3944.65 238.12 143.67 

82.30 -3874.63 247.62 147.00 

81.89 -3805.44 256.65 150.07 

81.49 -3737.04 265.21 152.88 

81.08 -3669.47 273.28 155.44 

80.68 -3602.67 280.90 157.75 

80.27 -3536.67 288.05 159.82 

79.86 -3471.42 294.74 161.66 

79.46 -3406.93 300.97 163.26 

79.05 -3343.18 306.73 164.64 

78.65 -3280.16 312.05 165.24 

78.24 -3217.85 316.91 165.79 

77.84 -3156.23 321.33 167.45 

77.43 -3095.31 325.29 167.96 

77.03 -3035.06 328.81 168.26 

76.62 -2975.46 331.88 168.36 

76.22 -2916.51 334.51 168.27 

75.81 -2858.18 336.70 167.98 

75.41 -2800.47 338.44 167.49 

75.00 -2743.36 339.74 166.82 

74.59 -2686.83 340.60 165.97 

74.19 -2630.86 341.03 164.93 
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Thermo- 
mechanical load  

ΔT= -15°C 

Cooling  ΔT= -15°C 
Surface heating ΔT= 

+3°C 

73.78 -2575.45 341.00 163.71 

73.38 -2520.57 340.55 162.31 

72.97 -2466.20 339.66 160.74 

72.57 -2412.34 338.32 158.99 

72.16 -2358.94 336.55 157.08 

71.76 -2306.03 334.33 155.00 

71.35 -2253.55 331.67 152.75 

70.95 -2201.50 328.57 150.34 

70.54 -2149.84 325.03 147.76 

70.14 -2098.56 321.03 145.03 

69.73 -2047.64 316.58 142.13 

69.32 -1997.04 311.69 139.08 

68.92 -1946.76 306.34 135.86 

68.51 -1896.75 300.53 132.49 

68.11 -1846.99 294.25 128.96 

67.70 -1797.43 287.51 125.27 

67.30 -1748.06 280.29 121.43 

66.89 -1698.82 272.57 117.42 

66.49 -1649.67 264.38 113.25 

66.08 -1600.56 255.67 108.92 

65.68 -1551.44 246.47 104.42 

65.27 -1502.23 236.72 99.74 

64.86 -1452.87 226.44 94.90 

64.46 -1403.24 215.59 89.86 

64.05 -1353.24 204.15 84.64 

63.65 -1302.73 192.10 79.21 

63.24 -1251.50 179.38 73.57 

62.84 -1199.32 165.96 67.68 

62.43 -1145.78 151.76 61.53 

62.03 -1090.41 136.72 55.08 

61.62 -1032.07 120.79 48.26 

61.22 -967.64 104.28 40.95 

60.81 -884.27 87.10 32.07 

60.41 -754.00 55.67 16.90 

60.00 -719.43 28.59 8.80 
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Appendix C- Axial stress in free-head pile subjected to thermal cycles 

Y [m] 
Mechanical 

loading [kN/m2] 
1st heating 

cycle [kN/m2] 

8th heating 
cycle 

[kN/m2] 

1st cooling 
cycle 

[kN/m2] 

8th cooling 
cycle 

[kN/m2] 

90.00 -5,315.53 -5,315.82 -5,315.81 -5,315.60 -5,315.60 

89.59 -5,281.84 -5,260.95 -5,257.67 -5,265.46 -5,263.53 

89.39 -5,232.59 -5,209.77 -5,202.38 -5,211.67 -5,207.57 

88.99 -5,153.20 -5,135.53 -5,123.42 -5,127.83 -5,120.43 

88.58 -5,088.16 -5,076.77 -5,062.36 -5,056.12 -5,046.05 

88.38 -5,056.21 -5,047.80 -5,032.48 -5,020.31 -5,008.98 

87.97 -4,991.36 -4,988.74 -4,971.69 -4,947.55 -4,933.73 

87.16 -4,858.05 -4,866.38 -4,845.08 -4,797.88 -4,779.02 

86.96 -4,824.56 -4,835.47 -4,812.60 -4,759.83 -4,739.73 

86.76 -4,791.16 -4,804.64 -4,779.92 -4,721.82 -4,700.34 

85.95 -4,658.56 -4,681.90 -4,650.37 -4,572.10 -4,544.93 

85.54 -4,592.79 -4,620.82 -4,586.43 -4,498.48 -4,468.69 

84.93 -4,494.81 -4,529.55 -4,491.37 -4,389.43 -4,355.97 

84.12 -4,365.43 -4,408.52 -4,366.09 -4,246.48 -4,208.63 

83.92 -4,333.31 -4,378.38 -4,335.02 -4,211.17 -4,172.31 

83.51 -4,269.34 -4,318.25 -4,273.16 -4,141.05 -4,100.27 

83.11 -4,205.73 -4,258.31 -4,211.66 -4,071.58 -4,029.03 

82.91 -4,174.05 -4,228.41 -4,181.05 -4,037.08 -3,993.70 

82.50 -4,110.97 -4,168.74 -4,120.09 -3,968.55 -3,923.63 

81.89 -4,016.98 -4,079.58 -4,029.26 -3,866.92 -3,819.93 

81.49 -3,954.74 -4,020.36 -3,969.10 -3,799.91 -3,751.72 

81.08 -3,892.83 -3,961.30 -3,909.25 -3,733.49 -3,684.23 

80.47 -3,800.56 -3,873.00 -3,820.00 -3,634.92 -3,584.30 

80.07 -3,739.42 -3,814.32 -3,760.84 -3,569.91 -3,518.53 

79.46 -3,648.27 -3,726.55 -3,672.55 -3,473.40 -3,421.13 

79.05 -3,587.86 -3,668.20 -3,613.99 -3,409.72 -3,356.99 

78.65 -3,527.71 -3,609.96 -3,555.64 -3,346.55 -3,293.48 

77.84 -3,408.19 -3,493.77 -3,439.51 -3,221.71 -3,168.25 

77.43 -3,348.78 -3,435.81 -3,381.71 -3,160.01 -3,106.51 

76.82 -3,260.09 -3,348.98 -3,295.28 -3,068.32 -3,014.92 

76.42 -3,201.23 -3,291.16 -3,237.82 -3,007.76 -2,954.54 

76.01 -3,142.55 -3,233.39 -3,180.48 -2,947.63 -2,894.67 

75.81 -3,113.28 -3,204.51 -3,151.84 -2,917.72 -2,864.92 

75.41 -3,054.87 -3,146.76 -3,094.62 -2,858.22 -2,805.79 

75.20 -3,025.72 -3,117.89 -3,066.04 -2,828.61 -2,776.41 

75.00 -2,996.61 -3,089.01 -3,037.47 -2,799.11 -2,747.13 

74.59 -2,938.50 -3,031.26 -2,980.37 -2,740.39 -2,688.93 

74.19 -2,880.52 -2,973.47 -2,923.30 -2,682.04 -2,631.17 

73.99 -2,851.57 -2,944.56 -2,894.76 -2,653.00 -2,602.44 

73.58 -2,793.75 -2,886.71 -2,837.70 -2,595.19 -2,545.30 

72.97 -2,707.18 -2,799.79 -2,752.05 -2,509.08 -2,460.31 

72.57 -2,649.55 -2,741.73 -2,694.90 -2,452.07 -2,404.11 
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Y [m] 
Mechanical 

loading [kN/m2] 
1st heating 

cycle [kN/m2] 

8th heating 
cycle 

[kN/m2] 

1st cooling 
cycle 

[kN/m2] 

8th cooling 
cycle 

[kN/m2] 

71.96 -2,563.19 -2,654.42 -2,609.02 -2,367.10 -2,320.45 

71.55 -2,505.63 -2,596.04 -2,551.65 -2,310.79 -2,265.08 

70.95 -2,419.29 -2,508.14 -2,465.33 -2,226.80 -2,182.56 

70.54 -2,361.68 -2,449.31 -2,407.58 -2,171.07 -2,127.88 

69.93 -2,275.15 -2,360.61 -2,320.58 -2,087.86 -2,046.30 

69.53 -2,217.35 -2,301.15 -2,262.28 -2,032.60 -1,992.17 

68.92 -2,130.40 -2,211.39 -2,174.33 -1,949.97 -1,911.30 

68.51 -2,072.22 -2,151.12 -2,115.29 -1,895.02 -1,857.56 

67.91 -1,984.57 -2,059.99 -2,026.05 -1,812.71 -1,777.13 

67.50 -1,925.81 -1,998.69 -1,966.03 -1,757.88 -1,723.59 

67.09 -1,866.75 -1,936.90 -1,905.55 -1,703.04 -1,670.07 

66.49 -1,777.49 -1,843.17 -1,813.82 -1,620.67 -1,589.72 

66.08 -1,717.46 -1,779.91 -1,751.92 -1,565.62 -1,536.05 

65.47 -1,626.47 -1,683.67 -1,657.74 -1,482.68 -1,455.24 

65.07 -1,565.06 -1,618.49 -1,593.97 -1,427.06 -1,401.07 

64.46 -1,471.59 -1,518.93 -1,496.54 -1,342.93 -1,319.17 

64.05 -1,408.21 -1,451.17 -1,430.24 -1,286.22 -1,263.98 

63.65 -1,343.80 -1,382.11 -1,362.65 -1,228.87 -1,208.19 

63.04 -1,244.83 -1,275.59 -1,258.39 -1,141.26 -1,122.98 

62.43 -1,142.16 -1,164.59 -1,149.72 -1,050.98 -1,035.20 

62.03 -1,070.95 -1,087.28 -1,074.03 -988.62 -974.57 

61.42 -958.08 -964.22 -953.50 -889.68 -878.38 

61.01 -874.02 -872.92 -864.14 -814.66 -805.40 

60.41 -667.90 -669.45 -666.07 -639.00 -634.89 

60.00 -586.85 -597.49 -595.35 -573.71 -571.37 
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Appendix D- Axial stress in fixed-head pile subjected to thermal cycles 

Y [m] 
Mechanical 

loading [kN/m2] 
1st heating 

cycle [kN/m2] 
8th heating 

cycle [kN/m2] 

1st cooling 
cycle 

[kN/m2] 

8th cooling 
cycle 

[kN/m2] 

90.00 -5,315.53 -5,600.97 -5,697.89 -4,825.00 -4,924.67 

89.59 -5,281.84 -5,561.47 -5,659.04 -4,764.07 -4,864.23 

88.99 -5,232.59 -5,434.23 -5,523.73 -4,631.42 -4,725.26 

88.58 -5,153.20 -5,370.84 -5,456.13 -4,566.07 -4,655.98 

87.97 -5,088.16 -5,276.03 -5,355.49 -4,466.67 -4,550.94 

87.57 -5,056.21 -5,210.99 -5,286.40 -4,398.62 -4,479.06 

86.96 -4,991.36 -5,111.92 -5,180.45 -4,295.21 -4,369.50 

86.55 -4,858.05 -5,046.08 -5,109.63 -4,226.84 -4,296.68 

85.95 -4,824.56 -4,947.73 -5,004.52 -4,125.78 -4,189.26 

85.54 -4,791.16 -4,882.42 -4,935.06 -4,059.30 -4,118.72 

84.93 -4,658.56 -4,784.83 -4,831.71 -3,960.84 -4,014.45 

84.53 -4,592.79 -4,720.03 -4,763.36 -3,896.03 -3,945.94 

83.92 -4,494.81 -4,623.21 -4,661.59 -3,799.99 -3,844.65 

83.51 -4,365.43 -4,558.94 -4,594.26 -3,736.75 -3,778.09 

82.91 -4,333.31 -4,462.91 -4,493.97 -3,643.02 -3,679.66 

82.50 -4,269.34 -4,399.14 -4,427.57 -3,581.27 -3,614.98 

81.89 -4,205.73 -4,303.86 -4,328.64 -3,489.72 -3,519.30 

81.49 -4,174.05 -4,240.59 -4,263.12 -3,429.39 -3,456.40 

80.88 -4,110.97 -4,146.01 -4,165.42 -3,339.92 -3,363.33 

80.47 -4,016.98 -4,083.18 -4,100.67 -3,280.94 -3,302.13 

80.07 -3,954.74 -4,020.51 -4,036.21 -3,222.48 -3,241.57 

79.46 -3,892.83 -3,926.79 -3,940.02 -3,135.75 -3,151.94 

78.85 -3,800.56 -3,833.38 -3,844.39 -3,050.13 -3,063.68 

78.45 -3,739.42 -3,771.26 -3,780.92 -2,993.65 -3,005.58 

78.04 -3,648.27 -3,709.25 -3,717.66 -2,937.63 -2,948.06 

77.43 -3,587.86 -3,616.43 -3,623.12 -2,854.47 -2,862.83 

77.03 -3,527.71 -3,554.65 -3,560.31 -2,799.58 -2,806.68 

76.42 -3,408.19 -3,462.11 -3,466.37 -2,718.05 -2,723.43 

76.22 -3,348.78 -3,431.29 -3,435.12 -2,691.07 -2,695.93 

76.01 -3,260.09 -3,400.48 -3,403.90 -2,664.20 -2,668.55 

75.41 -3,201.23 -3,308.09 -3,310.39 -2,584.19 -2,587.14 

75.00 -3,142.55 -3,246.51 -3,248.15 -2,531.32 -2,533.44 

74.59 -3,113.28 -3,184.93 -3,185.96 -2,478.83 -2,480.18 

73.99 -3,054.87 -3,092.52 -3,092.75 -2,400.76 -2,401.08 

73.58 -3,025.72 -3,030.86 -3,030.62 -2,349.13 -2,348.85 

73.18 -2,996.61 -2,969.14 -2,968.48 -2,297.83 -2,297.01 

72.97 -2,938.50 -2,938.24 -2,937.39 -2,272.29 -2,271.22 

72.57 -2,880.52 -2,876.39 -2,875.19 -2,221.45 -2,219.92 

71.96 -2,851.57 -2,783.39 -2,781.75 -2,145.72 -2,143.59 

71.55 -2,793.75 -2,721.21 -2,719.33 -2,095.56 -2,093.09 

70.95 -2,707.18 -2,627.62 -2,625.44 -2,020.79 -2,017.90 

70.54 -2,649.55 -2,564.99 -2,562.64 -1,971.21 -1,968.09 

69.93 -2,563.19 -2,470.58 -2,468.05 -1,897.23 -1,893.82 

69.53 -2,505.63 -2,407.31 -2,404.69 -1,848.13 -1,844.58 

68.92 -2,419.29 -2,311.81 -2,309.10 -1,774.75 -1,771.05 
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Y [m] 
Mechanical 

loading [kN/m2] 
1st heating 

cycle [kN/m2] 
8th heating 

cycle [kN/m2] 

1st cooling 
cycle 

[kN/m2] 

8th cooling 
cycle 

[kN/m2] 

68.51 -2,361.68 -2,247.71 -2,244.97 -1,725.98 -1,722.21 

67.91 -2,275.15 -2,150.79 -2,148.03 -1,652.98 -1,649.15 

67.50 -2,217.35 -2,085.62 -2,082.87 -1,604.38 -1,600.55 

67.09 -2,130.40 -2,019.93 -2,017.21 -1,555.78 -1,551.98 

66.49 -2,072.22 -1,920.31 -1,917.65 -1,482.83 -1,479.09 

66.08 -1,984.57 -1,853.09 -1,850.48 -1,434.10 -1,430.42 

65.47 -1,925.81 -1,750.85 -1,748.34 -1,360.72 -1,357.18 

65.07 -1,866.75 -1,681.61 -1,679.18 -1,311.52 -1,308.09 

64.46 -1,777.49 -1,575.88 -1,573.57 -1,237.13 -1,233.89 

64.05 -1,717.46 -1,503.93 -1,501.70 -1,187.00 -1,183.90 

63.45 -1,626.47 -1,393.35 -1,391.26 -1,110.69 -1,107.83 

63.04 -1,565.06 -1,317.51 -1,315.51 -1,058.83 -1,056.14 

62.43 -1,471.59 -1,199.65 -1,197.77 -978.92 -976.51 

62.03 -1,408.21 -1,117.53 -1,115.73 -923.62 -921.41 

61.42 -1,343.80 -986.45 -984.72 -835.3 -833.4 

60.41 -1,244.83 -678.96 -678.89 -619.68 -619.16 

60.20 -1,142.16 -606.84 -607.05 -569.08 -568.93 

60.00 -1,070.95 -604.66 -604.55 -565.3 -565.01 

61.42 -958.08 -964.22 -953.5 -889.68 -878.38 

61.01 -874.02 -872.92 -864.14 -814.66 -805.4 

60.41 -667.9 -669.45 -666.07 -639 -634.89 

60.00 -586.85 -597.49 -595.35 -573.71 -571.37 
 

 

 

 


