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Abstract. Thermo-active piles are widely utilised for low carbon heating and cooling, and their uses are 
further encouraged in cities where there are obligations for developments larger than a certain threshold to 
generate a portion of their estimated energy use on site in a renewable manner. It is therefore important to 
model accurately the thermal performance of the designed thermo-active piles to ensure that such obligations 
are complied with. In this paper, the thermal performance of a thermo-active pile is quantified by the evolution 
with time of the power that can be harnessed from the pile, obtained from 3D thermo-hydro-mechanically 
coupled finite element analyses which include the simulation of a hot fluid flowing through heat exchanger 
pipes. Different pipe arrangements are considered in this study, in order to demonstrate the potential gains in 
efficiency arising from the installation of multiple U-loops within the pile. Furthermore, detailed analysis of 
the heat fluxes resulting from pipe-pile-soil interaction is carried out, illustrating the contribution of the 
different components of the system (concrete, near-field and far-field) to the overall storage of thermal energy. 

1 Introduction  
Thermo-active piles differ from conventional piles in a 
way that heat exchanger pipes are embedded within them, 
which allow the circulation of a hot or cold fluid in order 
to promote the exchange of heat with the ground. The 
cooled or heated fluid can then be used for cooling or 
heating in a building via a heat pump. The fact that 
thermo-active piles function both as a ground source heat 
pump (GSHP) system to provide low carbon heating and 
cooling and as a foundation to provide structural stability 
justifies their growing popularity in recent years. 
Increasingly stringent environmental and sustainability 
targets, which require a proportion of energy demand to 
be produced on-site by renewable means (e.g. [1]), further 
encourage the use of thermo-active piles, as these are 
often the only viable option to produce renewable energy 
in dense urban settings. In order to ensure that such an 
obligation is complied with during the design of thermo-
active piles, it is important to model its thermal 
performance accurately, which is quantified in this paper 
by the evolution of power with time that can be harnessed 
from the pile, as well as the storage of energy (which is 
related to the temperature field) in different components 
of the system, namely in the pile itself, near-field and far-
field in the soil. 

In order to estimate the evolution of temperature in the 
ground due to a borehole heat exchanger, which has a 
much larger aspect ratio (pile length to diameter ratio) 
than a thermo-active pile, [2] proposed the use of 
temperature response functions (G-functions). [3-5] then 
provided new G-functions for thermo-active piles, which 
can account for their transient behaviour and the energy 

storage within the pile. However, the use of such G-
functions requires the knowledge of the heating and 
cooling power associated with a given thermo-active pile, 
despite the fact that this quantity varies with time and 
cannot be determined accurately before installation, as it 
is dependent on a number of factors, such as the 
temperature of the circulated fluid, initial ground 
temperature, pile and soil thermal conductivities, etc. 

In this paper, the operation of a thermo-active pile is 
simulated by conducting fully coupled 3D thermo-hydro-
mechanical (THM) finite element (FE) analyses, which 
include the explicit simulation of a geothermal fluid (in 
the present case, water) circulating through heat 
exchanger pipes, using the Imperial College Finite 
Element Program (ICFEP, [6, 7]). This provides an 
accurate approach to simulating the behaviour and 
response of a thermo-active pile and allows the power 
with time, as well as the temperature field (and hence 
energy storage) both within and around the pile to be 
determined. Different pipe arrangements can be adopted 
within a thermo-active pile, with the cases of single U-
loop (1U) and triple U-loop (3U) being considered in this 
paper to quantify the improvement in thermal 
performance associated to the increase in the number of 
U-loops installed in a thermo-active pile. 

2 Fully coupled 3D THM FE analyses 

A thermo-active pile with a diameter of 900 𝑚𝑚 and a 
length of 25 𝑚 is considered in this study. Two fully 
coupled 3D THM FE analyses are conducted, in which the 
circulation through heat exchanger pipes of a hot fluid 
(assumed to be water) 20௢𝐶 above the initial ground 
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temperature is explicitly modelled. The first analysis 
(Analysis 1) adopts a 1U pipe arrangement, with the 
second analysis (Analysis 2) adopting a 3U pipe 
arrangement. The pipes have an internal diameter of 26 𝑚𝑚, which carries fluid at a velocity of 0.2 𝑚/𝑠, and 
a concrete cover of 70 𝑚𝑚 is adopted, following the 
characteristics of the thermal response test reported by 
[8]. Figure 1 illustrates the arrangement of pipes and the 
way water is circulated for both analyses. 

2.1 Stratigraphy and FE mesh 

The stratigraphy adopted in this study is an idealised 
profile with a single layer of London clay, which is similar 
to that considered in [9, 10]. The discretised soil domain 
is 64 𝑚 deep and 80 𝑚 in diameter and illustrations of the 
adopted mesh are shown in Figures 2 and 3. Note that, 
while only half of the mesh is shown, the analyses were 
carried out with the full mesh given the lack of symmetry 
(for the case of 3U) introduced by the circulation of the 
fluid through the heat exchangers. 

Fig. 1. Pipe arrangements and modelled water circulation for 
both analyses. 
 

Elements representing the pile and London clay are 
discretised using 20-noded isoparametric hexahedra 
elements, while the heat exchanger pipes are discretised 
using 1D 3-noded bar elements [11]. In all cases, there are 
three displacement and one temperature degrees of 
freedom at each node. For elements discretising the 
London clay and the heat exchanger pipes, one additional 
pore water pressure degree of freedom also exists at 
corner/end nodes. Note that the pipes are surrounded by a 
thermally enhanced material (TEM), as proposed by [12], 
in order to correctly model the amount of heat being 
transferred from the pipes to the pile, and that the diameter 
of the TEM corresponds to the internal diameter of the 
pipes (i.e. 26 𝑚𝑚). 

Fig. 2. Half of the FE mesh adopted for both analyses. 

Fig. 3. Plan view of half of the zoomed-in FE mesh detailing the 
pile (shaded in grey). 

2.2 Initial and boundary conditions 

The adopted initial conditions for temperatures, pore 
water pressures and coefficient of earth pressure at-rest 
(𝐾଴ሻ are based on those adopted in [10, 13]. The initial 
ground temperature is assumed to be at 19.5௢𝐶, while an 
underdrained initial pore water pressure (Figure 4(a)) and 𝐾଴ profiles typical of ground conditions in London are 
adopted (Figure 4(b)). 

Fig. 4. (a) Initial underdrained pore water pressure profile and 
(b) Initial 𝐾଴ profile. 
 

In terms of displacement boundary conditions, the far 
cylindrical boundary is restricted from moving in the 
radial direction, while the bottom boundary is restricted 
from moving in all directions. Prescribed hydraulic 
boundary conditions are such that there is no change in 
pore water pressure at both the top and bottom boundaries 
and no water flow is allowed across the far cylindrical 
boundary. Lastly, thermal boundary conditions ensuring 
that there is no change in temperature from the initial 
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ground temperature are applied at all boundaries, except 
for the top of the pile which is modelled as adiabatic. 

2.3 Material models and properties 

Table 1. Material properties for London Clay. 

Mohr-Coulomb strength properties𝑐′ 5.0 𝑘𝑃𝑎 𝜙′ 25.0௢ 𝜓′ 12.5௢ 
Small-strain stiffness properties 𝐺௥௘௙ 51743.55 𝑘𝑃𝑎 𝑝௥௘௙ᇱ  100 𝑘𝑃𝑎 𝑚ீ 1.0 𝑚௄ 1.0 𝑎 0.000056 𝑏 0.9 𝑅ீ,௠௜௡ 0.06450 𝐺௠௜௡ 2667 𝑘𝑃𝑎 𝐾௥௘௙ 26692.73 𝑘𝑃𝑎 𝑟 0.000127 𝑠 1.8 𝑅௄,௠௜௡ 0.13275 𝐾௠௜௡ 5000 𝑘𝑃𝑎 

Thermal and thermo-mechanical properties𝛼௦ 1.7 × 10ିହ 𝑚/𝑚𝐾 𝛼௙ 6.9 × 10ିହ 𝑚/𝑚𝐾 𝐾௙ 2.2 𝐺𝑃𝑎 𝜌𝐶௣ 1820 𝑘𝐽/𝑚ଷ𝐾 𝜆 1.79 × 10ିଷ 𝑘𝑊/𝑚𝐾 
Hydraulic properties 𝑘଴ 1.0 × 10ିଵ଴ 𝑚/𝑠 𝐵 0.0023 /𝑘𝑃𝑎 

Table 2. Material properties for the concrete pile. 

Mechanical properties 𝐸 40 × 10଺ 𝑘𝑃𝑎 𝜇 0.3 
Thermal and thermo-mechanical properties𝛼௦ 8.5 × 10ି଺ 𝑚/𝑚𝐾 𝜌𝐶௣ 1920 𝑘𝐽/𝑚ଷ𝐾 𝜆 2.33 × 10ିଷ 𝑘𝑊/𝑚𝐾 

Table 3. Material properties for the heat exchanger pipes. 

Linear material properties 𝐸 1 × 10ଷ 𝑘𝑃𝑎 
Thermal and thermo-mechanical properties𝛼௦ 8.5 × 10ି଺ 𝑚/𝑚𝐾𝜌𝐶௣ 4190 𝑘𝐽/𝑚ଷ𝐾 𝜆 6.0 × 10ିସ 𝑘𝑊/𝑚𝐾

 
The London clay is modelled as nonlinear elasto-plastic, 
with a Mohr-Coulomb failure criterion determining its 
strength and the Imperial College Small Strain Stiffness 
(IC.G3S) model [14] being used for its pre-yield 
behaviour. A nonlinear permeability model given by 𝑘 =𝑘଴𝑒ି஻௣ᇱ, where 𝑘 is permeability, 𝑘଴ and 𝐵 are model 
parameters and 𝑝′ is mean effective stress, is adopted to 
model the hydraulic behaviour of London clay. Table 1 
reports all the material properties adopted for the London 

clay, which are adopted from [13, 15]. The concrete 
thermo-active pile, heat exchanger pipes and the TEM 
surrounding the pipes are all modelled as linear elastic. 
Tables 2 and 3 show all the material properties adopted 
for the concrete pile and pipes respectively, which are 
identical to those adopted by [10]. Note that the material 
properties adopted for the TEM are identical to those used 
for the concrete pile, except that a thermal conductivity 
(𝜆) of 4.5 × 10ିଷ 𝑘𝑊/𝑚𝐾 is adopted, which is obtained 
based on an empirical relationship with the internal pipe 
diameter, and a volumetric heat capacity (𝜌𝐶௣) of 1 𝑘𝐽/𝑚ଷ𝐾 is used [12]. The volumetric heat capacity of 
water (𝜌𝐶௪) is taken as 4190 𝑘𝐽/𝑚ଷ𝐾. 

In Tables 1 to 3, 𝑐′ is cohesion, 𝜙′ is the angle of 
shearing resistance, 𝜓′ is angle of dilation, 𝐺௥௘௙ is the 
maximum shear modulus at reference mean effective 
stress (𝑝௥௘௙ᇱ ), 𝑚ீ and 𝑚௄ are parameters defining the 
dependence of elastic stiffness on mean effective stress, 𝑎, 𝑏, 𝑟 and 𝑠 are stiffness degradation parameters, 𝑅ீ,௠௜௡ 
is the minimum normalised value of the tangent shear 
modulus, 𝐺௠௜௡ is the minimum shear modulus, 𝐾௥௘௙ is the 
maximum bulk modulus at reference mean effective 
stress, 𝑅௄,௠௜௡ is the minimum normalised value of the 
tangent bulk modulus, 𝐾௠௜௡ is the minimum bulk 
modulus, 𝛼௦ is the linear coefficient of thermal expansion 
of the soil skeleton, 𝛼௙ is the linear coefficient of thermal 
expansion of the pore fluid, 𝐾௙ is the bulk modulus of the 
pore fluid, 𝐸 is the Young’s modulus and 𝜇 is the 
Poisson’s ratio. 

2.4 Modelling procedure 

In the analyses, the thermo-active pile, which is modelled 
as wished-in-place, is first loaded to 2900 𝑘𝑁 (which 
corresponds to a factor of safety of 2.6 applied to its 
ultimate capacity, as determined using the 𝛼-method with 𝛼 = 0.5 and 𝑆௨ = 60 + 8𝑧, where 𝑧 is the distance to the 
top of the London Clay) by applying a vertical stress at 
the top of the pile. Subsequently, full dissipation of excess 
pore water pressures is allowed before heat injection for a 
duration of 5 months is simulated within this study. A 
prescribed temperature boundary condition of 39.5௢𝐶 is 
applied at the inlet node of the heat exchanger pipe(s), 
within which water was circulated at a flow rate of 1.032 × 10ିସ 𝑚ଷ/𝑠. The water flow is achieved by 
applying a water pressure differential between the pipe 
inlet(s) and outlet(s). At the pipe outlet(s), a coupled 
thermo-hydraulic boundary condition [16] is prescribed to 
remove the energy corresponding to the water flowing out 
of the mesh. Lastly, the Petrov-Galerkin FE method [17] 
is adopted for the pipes, together with the use of 
appropriate time-steps, as the conventional Galerkin FE 
method causes numerical oscillations when an advection-
dominated heat flux is modelled. 

3 Results and discussion 

In this study, the thermal performance of the thermo-
active pile is quantified by the evolution with time of the 
system’s power (i.e. rate of energy transfer to the pile), as 
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well as of the energy stored within different parts of the 
system with time. 

3.1 Evolution of power with time 

The rate of energy transfer between the heat exchanger 
pipes and the pile at a time instant 𝑡, 𝑃ሺ𝑡ሻ (in 𝑊), can be 
evaluated using Equation (1): 
 

 𝑃ሺ𝑡ሻ = 𝜌𝐶௪ ∙ 𝑄 ∙ ൫𝑇௜௡ሺ𝑡ሻ − 𝑇௢௨௧ሺ𝑡ሻ൯ (1) 
 
where 𝑄 is the flow rate of the fluid, 𝑇௜௡ሺ𝑡ሻ is the 
temperature of fluid entering the pile at 𝑡 and 𝑇௢௨௧ሺ𝑡ሻ is 
the temperature of fluid leaving the pile at 𝑡. The 
evolution of 𝑃ሺ𝑡ሻ with time, normalised by the length of 
pile, is shown in Figure 5. 

Fig. 5. Evolution of 𝑃ሺ𝑡ሻ/𝐿 with time for both analyses. 
 

During the early stages of the analyses, the power is 
large, as a result of the large thermal gradient between the 
hot pipe and the cold pile. As time progresses, the power 
reduces significantly and, by the end of 5 months, it has 
practically reached a constant value. This is due to the 
overall increase in temperature of the pile, which leads to 
the reduction of the thermal gradient between the pipe and 
the surrounding concrete. In effect, in the long-term, a 
steady thermal gradient is established as the rate of energy 
transfer from the pipes into the pile approaches the rate of 
energy transfer from the pile into its surrounding soil. 
Note that this pattern of power evolution with time is also 
observed in [18, 19]. 

It can be seen in Figure 5 that increasing the number 
of U-loops from one to three increases both the short-term 
and long-term power. However, it should be appreciated 
that, while the number of U-loops in Analysis 2 is triple 
of that in Analysis 1, the power of the pile at 𝑡 =150 𝑑𝑎𝑦𝑠 only yields a 48% increase, with 𝑃ሺ𝑡 =150 𝑑𝑎𝑦𝑠ሻ per unit pile length being 52 𝑊/𝑚 for 
Analysis 1 and 77 𝑊/𝑚 for Analysis 2. This finding is in 
agreement with the conclusions presented in [18, 20, 21]. 

3.2 Storage of energy 

In this section, the thermo-active pile-soil system is 
divided into different parts, in which the change in energy 
content with time is evaluated in order to quantify the 

relative contribution of different components of the 
system towards the storage of energy at different 
timescales. Six sections were chosen in this study: 
 

1. The pile 
2. The 250 𝑚𝑚-thick soil annulus around the pile 
3. The next 600 𝑚𝑚-thick soil annulus 
4. The next 1100 𝑚𝑚-thick soil annulus 
5. The next 1600 𝑚𝑚-thick soil annulus 
6. The rest of the soil 

 
The storage of energy, or change in energy content of 

section 𝑖, Δ𝐸௜ሺ𝑡ሻ (in 𝐽), can be evaluated using Equation 
(2): 
 

 Δ𝐸௜ሺ𝑡ሻ = 𝜌𝐶௣,௜ ∙ 𝑉௜ ∙ Δ𝑇௔௩,௜ሺ𝑡ሻ (2) 
 
where 𝜌𝐶௣,௜ is the volumetric heat capacity of the material 
in section 𝑖, 𝑉௜ is its volume and Δ𝑇௔௩,௜ሺ𝑡ሻ is the 
corresponding average change in temperature.  

Figures 6 and 7 show the average changes in 
temperature in the six aforementioned sections of the pile-
soil system for Analysis 1 and 2 respectively. It can be 
observed that, as expected, the largest changes in 
temperature take place at the pile, which is the section 
closest to the pipes (i.e. the heat sources). As the distance 
from the pipes increases, the maximum average change in 
temperature that is reached progressively reduces, 
reaching negligible values at the far-field (i.e. the ‘rest of 
soil’ section). Moreover, the results show that  when a 3U 
pipe arrangement is used (Figure 7), the soil section that 
is adjacent to the pile (i.e. section 2) is heated up by 13.9௢𝐶 at 𝑡 = 150 𝑑𝑎𝑦𝑠 (i.e. ≈ 70% of the inlet 
temperature). Clearly, such an extent of heating of the soil 
could potentially lead to thermally-induced consolidation 
or thermal failure [22]. Comparing Figures 6 and 7, the 
average change in temperature in all sections are larger 
when the number of U-loops increases, which is expected 
as a larger amount of energy is being transferred into the 
pile (see Figure 5). 

Fig. 6. Average change in temperature in different sections for 
Analysis 1. 
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Fig. 7. Average change in temperature in different sections for 
Analysis 2. 
 

It should be noted that, in the simulated case, the 
energy stored in the entire system (i.e. ∑ Δ𝐸௜ሺ𝑡ሻ௜ ) at any 
given time is always smaller than the total amount of 
energy (𝐻ሺ𝑡ሻ = ׬ 𝑃ሺ𝑡ሻ𝑑𝑡) that has been transferred into 
the system, due to losses through the top boundary of the 
mesh which is maintained at a constant temperature. 
Comparing the transferred energy with the stored energy 
shows that losses amount to about 16% for Analysis 1 and 18% for Analysis 2 at 𝑡 = 150 𝑑𝑎𝑦𝑠. However, it should 
be noted that there is a significant uncertainty in the 
modelling of this energy loss, as it is highly dependent on 
the boundary conditions, e.g. the ground surface is 
subjected to temperature variations throughout the year, 
the pile is constructed under a building, etc. As a result, 
the contribution of each component in terms of energy 
storage is measured in this paper using Δ𝐸௜ሺ𝑡ሻ ∑ Δ𝐸௜ሺ𝑡ሻ௜⁄ , 
which ignores the contribution of the heat losses by 
normalising Δ𝐸௜ሺ𝑡ሻ by the total stored energy (∑ Δ𝐸௜ሺ𝑡ሻ௜ ) 
instead of the transferred energy (𝐻ሺ𝑡ሻ). 

Figures 8 and 9 show the evolutions with time of the 
normalised stored energy in each of the six 
aforementioned pile/soil sections for Analysis 1 and 2, 
respectively. It can be observed that, although a 
significantly larger amount of energy is transferred into 
the system when a 3U pipe arrangement is used (Figure 
5), when the energy stored in different sections is 
normalised by the total amount of energy in the system, 
the patterns obtained for both analyses are very similar. 
This suggests that the transient storage of energy in 
different parts of the system is relatively independent of 
the amount of energy that is being transferred into the 
system, with the effect of other factors such as pile 
dimensions, relative thermal conductivities between the 
pile concrete and the soil requiring further investigation. 
The patterns shown in Figures 8 and 9 indicate that, when 
heat injection commences, more than 80% of the energy 
is initially stored within the pile. As time progresses, 
energy is transferred from the pile outwards into the soil, 
with the section that contributes most to energy storage 
moving outwards from the pile with time. At 𝑡 =150 𝑑𝑎𝑦𝑠, around 50% of the total energy is stored in the 
far-field soil, while the pile only contributes to about 2% 

of the total energy stored within the system. It should be 
noted that the large volume of the far-field soil allows it 
to store a significant amount of energy without noticeable 
change in temperature (see Figures 6 and 7), confirming 
the need to consider the entire pile-soil system when 
evaluating long-term energy storage. 

Fig. 8. Evolution of Δ𝐸௜ሺ𝑡ሻ ∑ Δ𝐸௜ሺ𝑡ሻ௜⁄  with time for Analysis 1 
(1U). 

Fig. 9. Evolution of Δ𝐸௜ሺ𝑡ሻ ∑ Δ𝐸௜ሺ𝑡ሻ௜⁄  with time for Analysis 2 
(3U). 

4 Conclusions 

In this study, two fully coupled 3D THM FE analyses are 
conducted to simulate 5 months of heat injection into a 
thermo-active pile with 1U (Analysis 1) and 3U (Analysis 
2) pipe arrangements. The analyses simulate explicitly the 
circulation of geothermal fluid through heat exchanger 
pipes embedded within the thermo-active pile. The 
consideration of two different pipe arrangements (1U and 
3U) allows the quantification of the potential 
improvements in thermal performance of a thermo-active 
pile when the number of U-loops increases. 

The power of the thermo-active pile is found to be 
large shortly after heat injection commences, dropping 
rapidly in the first month and reaching a relatively 
constant value within the first 5 months. It is also found 
that, as expected, both the short- and long-term thermal 
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power that can be harnessed from the thermo-active pile 
increase with the number of U-loops. However, increases 
in power are not directly proportional to the number of U-
loops, since tripling their number only results in a 48% 
increase in power after 5 months of heat injection. 

By calculating average temperature changes in the six 
different sections within the pile-soil system that have 
been chosen in this study, it has been revealed that the two 
analyses are characterised by almost identical patterns of 
proportions of energy stored, despite the fact that a larger 
amount of energy is transferred into the system in 
Analysis 2. This suggests that the storage of energy in 
different sections of the system is independent on the 
amount of energy being transferred into the system. 
Therefore, the results presented in this paper allow a 
prediction of where the majority of energy transferred into 
the system is stored at a given time instant, provided that 
other parameters such as pile dimensions and thermal 
conductivities are similar to those considered in this 
study. In effect, it can be observed that most of the energy 
is stored within the pile during the first days of heat 
injection. With time, the section that contributes most to 
the storage of energy moves away from the pile, and that 
after five months of heat injection, only 2% of the total 
energy is stored within the pile, while around half of the 
energy is stored in the far-field soil (defined arbitrarily in 
this paper as the soil at a distance from the pile greater 
than 3.55 𝑚), demonstrating the importance of modelling 
the entire pile-soil system when evaluating the long-term 
thermal performance of thermo-active piles. 

To conclude, it is determined that increasing the 
number of U-loops in a thermo-active pile is beneficial in 
terms of thermal performance, as this allows the pile to 
operate at a larger power. This does not appear to 
influence the patterns of energy storage in the pile-soil 
system, though more U-loops result in higher operating 
temperatures in the soil immediately adjacent to the pile 
which, if excessively heated, may lead to substantial 
thermo-hydro-mechanical interactions that need to be 
accounted for in the thermo-mechanical design of thermo-
active piles. 
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Research Council (EPSRC) (grant number: EP/R512540/1) and 
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