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1 INTRODUCTION 

The use of concrete pile foundation elements coupled 
with a heat pump unit has proven to be an environ-
mentally effective and sustainable approach towards 
achieving space heating and cooling demand of the 
overlying structure. The coupling approach uses en-
ergy loops, made from High Density Poly-Ethylene 
(HDPE) pipes, incorporated into the pile, to connect 
the heat pump unit with the foundation element. 
Within the pipes, a heat carrier fluid is circulated to 
exchange heat energy with the shallow earth surface. 
The combined system is often referred to as ground 
source heat pump (GSHP) system.  

In winter, the system extracts heat energy from the 
ground and transfers it to the building to achieve 
space heating. However, in summer the process is 
reversed. This thermal cyclic process alters the me-
chanical behaviour of a typical structural foundation 
pile by imposing additional thermal stresses and 
strains in the pile and its surrounding soil. But, it was 
found that these effects behave in a thermoelastic 
manner Laloui et al. (2006), Singh et al. (2015). 
Equally, soil type and the restraint at the pile–
head/toe have significant effect on the load induced 
in the pile Sani et al. (2018), Amatya et al. (2012). 

Furthermore, thermal cyclic process has influence 
on the thermal performance of the system. Where the 
heating and cooling demand are equal, the system 
transfers back the heat energy harvested in winter 
while achieving space cooling in summer. However, 
in an unbalanced system, other approaches should be 
used to ensure the heat energy lost in winter, is re-
covered back Singh et al. (2015), Kawuwa et al. 
(2017) for use in the subsequent heating season. 

In addition, Hesaraki et al. (2015) reported that 
the seasonal heat energy storage efficiency is higher 
for collective regional development in comparison to 

a single residential unit. Also, Ochsner et al., (2007) 
have shown that factors such as reference storage 
depth and heat capacity of the storage domain should 
be accurately determined to maximise the thermal 
storage capacity of the soil domain. Mccartney and 
Baser, (2017) have shown that vapour presence in 
soil pores has positive impact on the heat storage ef-
ficiency in silty soil. Also, Dupray et al., (2014) 
showed that increasing the heat injection rate, and 
the injection and extraction ratio, has influence on the 
overall efficiency of the global storage system. 

This study presents the results of a numerical study 
conducted to investigate the heat storage behaviour 
of a pile heat exchanger (PHE) embedded in partially 
saturated swelling clay. 

2 FINITE ELEMENT MODELLING 

The numerical code used in this study is known as 
COMPASS (Code for Modelling PArtially Saturated 
Soils). It was developed in Cardiff, based on mecha-
nistic approach, its theoretical formulations can be 
found in Thomas and Sansom (1995), Thomas et al. 
(1996),. The code is capable of carrying out a Ther-
mo-Hydraulic-Mechanical and Chemical (THM-C) 
analyses in a partially saturated porous media. 

The current study used the TH capability of the 
code. Thus, the governing equations, written in terms 
of primary variables are reported here. The equations 
solve for moisture and heat transfer via the use of 
pore water pressure (ul), pore air pressure (ua) and 
temperature (T), respectively. A numerical solution 
of the coupled TH problem is solved via the use of 
finite element method to achieve spatial discretiza-
tion, while, the temporal discretization is achieved 
via the use of implicit finite difference algorithm. 
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2.1 Moisture transfer 
Moisture transfer in a porous media occurs in liquid 
and vapour form. Based on the law of conservation 
of mass, it can be mathematically expressed as:  
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Where n is the porosity, Sa and Sl are the degree of 
saturation of pore air and water. vl, vv and va repre-
sent the velocity of liquid, vapour and air. ρv and ρl 
are the densities of water vapour and liquid water re-
spectively. is the gradient operator and t is time. 

According to Darcy’s flow, the flow of liquid wa-
ter through an unsaturated soil media is given by: 
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Where kl is the intrinsic permeability, μl is the pore 
liquid absolute viscosity, Kl is the unsaturated hy-
draulic conductivity, γl is the liquid unit weight and z 
is the elevation.   

The transfer of vapour occurs due to diffusive and 
pressure flows. The diffusive flow may be solved us-
ing the expression proposed by Philip and de Vries 
(1957), Ewen and Thomas (1989) and extended by 
Cleall et al. (2013), given as: 
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Where Datms is the molecular diffusivity of vapour 
through air, vv is mass flow factor. (a is the 
microscopic pore temperature gradient factor, h is 
the relative humidity, s is the suction and ρo is the 
saturated vapour density. 

2.2 Dry air transfer 
In an unsaturated porous media, the dry air can be 
expressed as bulk and dissolved air. The latter is 
driven by the gradient of air pressure, and can be de-
termined using Darcy’s law. While, dissolved air is 
transported advectively with the pore liquid. The 
proportion of dry air contained within the pore liquid 
can be defined using Henry’s law.  
The law of conservation of mass dictates that the 
temporal derivative of the dry air content is equal to 
the spatial derivative of the dry air flux, given as: 
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Where θa and θl are the volumetric air and liquid con-
tent respectively, Hs is Henry’s volumetric coefficient 
of solubility, ρda is the density of dry air and ∂V is the 
incremental volume. 

2.3 Heat transfer 
Heat transfer in soil occurs via conduction, convec-
tion, and radiation. Heat is added due to phase 
change from liquid to vapour as the latent heat of va-
porization. In this study, the radiation effect was ne-
glected, because its contribution towards heat trans-
fer is insignificant in soils with smaller grain size 
Farouki (1981), Mitchell (1993).  

The law of conservation of energy for heat dictates 
that the temporal derivative of the heat content, Ω, is 
equal to the spatial derivative of the heat flux, Q, as: 
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The heat flux per unit area, Q, is defined as: 
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Where, λT is the unsaturated soil thermal conduc-
tivity coefficient, Cps, Cpl, Cpv and Cpda are the specif-
ic heat capacities of solid, liquid, vapour and dry air 
respectively, L is the latent heat of vaporisation, ρs is 
the density of solid particles and T is temperature. 

3 NUMERICAL MODEL DEVELOPMENT 
3.1 Model description 
Two sets of models were used for the numerical sim-
ulations. The first model termed here as model-1, 
was a 2-D axisymmetric model, with a 50 mm radius 
and a height of 100 mm, to reproduce the laboratory 
experiment conducted by Singh (2007) on an un-
saturated bentonite. The geometry was discretized 
into 200 equally sized four noded quadrilateral ele-
ments, each with a size of 5 mm by 5 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1 Geometry with the structured triangular element 
mesh 



The second model termed here as model-2, com-
prised a 2-D axisymmetric PHE model (representa-
tive of full scale), with a diameter of 600 mm and 
length of 30 m. However, it should be noted that the 
concrete pile was not modelled, in order to minimise 
the computation time. Also, the current study is only 
investigating the changes within the soil domain. A 
domain size of 20 m radius and a height of 50 m 
were chosen, to ensure the geometry is large enough 
to reduce the boundary effects on the soil next to the 
PHE. The soil domain was discretised using 3 noded 
triangular mesh elements, with a minimum element 
size of 5 mm at the PHE surface and was allowed to 
expand to 1 m at the farthest boundary (Figure 1). 

3.2 Initial conditions 

3.2.1 First case scenario 
The initial conditions used in the first sets of anal-
yses, i.e. for the model 1 and 2, corresponds to that 
reported by Singh (2007). The initial temperature (T) 
of 298 K (25°C), and degree of saturation (Sr) value 
of 60% was used. This correlate with the values 
measured in the lab by Singh (2007). The initial suc-
tion of the material was determined based on the ini-
tial Sr value using the van Genuchten (1980) model. 

3.2.2 Second case scenario 
During these analyses, a lower initial temperature 
value was applied to the model-2. This is in order to 
utilise the typical temperature value that is normally 
observed within the shallow depth to which a PHE is 
installed. A value of 286.4 K (13.4°C) was chosen, 
based on the value measured during a thermal re-
sponse test at East London Loveridge et al. (2013). 

3.3 Boundary conditions 
In the first model (model-1), a constant temperature 
of 358 K (85°C) and 298 K (25°C) were applied at 
the bottom and the top of the model respectively. In 
addition, all the four sides were assumed to be insu-
lated and impermeable, i.e. a zero flux heat and hy-
draulic boundary conditions were applied on all the 
vertical surfaces. 

In the second analyses, using model-2, a constant 
heat flux (q) boundary condition of 25 (W/m2) was 
applied at the PHE surface, corresponding to a radial 
distance of 0.3 m from the axis of symmetry. The q 
value was back-calculated based on the heat injection 
rate data reported by Gawecka et al. (2016). 

3.4 Material parameters 
The material used for carrying out the numerical 
analyses is MX-80 bentonite. The reason this materi-
al was chosen was due to data availability. Similarly, 
it should be noted that bentonite are highly compact-

ed swelling clays, however, their mechanical behav-
iour in relation to heat and moisture changes are not 
reported in this study. The material properties adopt-
ed from Singh (2007) are given in Table 1. 
 
Table 1 Material parameters after Singh (2007)  

3.4.1 Thermal conductivity 
The coefficient of thermal conductivity of unsaturat-
ed soils (λT) is a function of the degree of saturation 
(Sr). It is mathematically expressed as: 

λT = f (Sr)                 (7) 
The variation in thermal conductivity of the bentonite 
clay was computed using the relationship in Equation 
7. Singh (2007) reported the measured λT to be in the 
range of 0.3 to 1.3 (W/m K) for the Sr values be-
tween 0 to 100%. 

3.4.2 Soil water characteristic curve (SWCC) and 
unsaturated hydraulic conductivity (Kl) 

The soil water characteristic curve provides a rela-
tionship between the volumetric/gravimetric water 
content of soils and suction. In the current work, van 
Genuchten curve fitting technique was used to estab-
lish the SWCC of the bentonite, given in Equation 8. 
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Where θl is the volumetric liquid water content, θlr is 
the residual volumetric liquid water content, θls is the 
saturated volumetric liquid water content, s is the 
matric suction, α & a are constant fitting parameters. 

Parameter Bentonite 
Clay 

Hydraulic parameters  
Saturated hydraulic conductivity (m/s) 1.25x10 -13  
Unsaturated hydraulic conductivity 

(m/s) 
Kl = (Sr)δ 

ksat 
Degree of saturation (%) 60 
van Genuchten (1980) fitting parame-

ters 
 α= 0.00075, 
a=1.9, =0.474,  
θlr =0.0001 
θls = n = 0.43 

Thermal parameters  
Thermal conductivity (W/m K) λT= f (Sr) 
Specific heat capacity (J/Kg K) 800 
Vapour specific heat capacity (J/Kg K) 1870 
Specific heat capacity of water (J/Kg K) 4200 

Other parameters  
Density  (Kg/m3) 1968 
Density of water  (Kg/m3) 1000 
Porosity 0.43 
Latent heat of vaporisation (J/Kg) 2400000 

Henry's volumetric coefficient of solubili-
ty 

0.02 

Specific gas constant 287.1 
Pore water pressure (MPa) -18.4 
Specific gravity  2.80 



In addition, Melhuish (2004) reported that the un-
saturated hydraulic conductivity, Kl, of a compacted 
MX-80 bentonite is a function of the void ratio (e), 
Sr and the temperature (T), expressed as: 

Kl = (Sr)δ ksat                 (9) 
Where ksat is the saturated hydraulic conductivity 
(m/s), δ is a parameter ranging between 3 and 10. 
Bӧrgesson and Hernelind (1998) reported that a val-
ue of δ = 3 was satisfactory for MX-80 bentonite. 

3.5 Numerical simulations 
The model-1 geometry was used to reproduce the re-
sults reported by Singh (2007). This was done to val-
idate the code and ensure realistic parameters were 
applied to the full scale numerical model (model-2).  

A transient thermo-hydraulic analysis was carried 
out, by applying continuous thermal gradient of 358 
K and 298 K at the bottom and top of the model re-
spectively, for 15 days. A time step of 3600 seconds 
was found to satisfactorily yield converged results. 
The results of the numerical simulation, for the tem-
perature and Sr, are compared with the experimental 
results reported by Singh (2007), shown in Figure 2. 

After verifying the validity of the code, the param-
eters used in the analyses were adopted and used. 
Transient thermo-hydraulic analyses were carried out 
by applying a continuous heat flux, q = 25 (W/m2), at 
the PHE surface for 30 and 90 days, followed by a 
resting period that is equal to the duration of thermal 
application process i.e. 30 and 90 days respectively. 
In simple terms, the thermal load was applied for 30 
and 90 days, and then switched off in the subsequent 
30 and 90 days for the two respective tests. The 
analyses aimed at investigating the heat storage be-
haviour of a PHE in unsaturated clay, and how it var-
ies as the duration of the heat injection varies. 

In addition, the second sets of analyses were car-
ried using a lower initial soil temperature, while 
maintaining the other previous conditions. This was 
carried out in order to investigate the effect of initial 
soil temperature on the heat storage performance of 
the soil surrounding the PHE. 

 Moreover, it should be noted that all tempera-
ture and Sr results, were obtained at the PHE mid-
depth. 

4 DISCUSSION OF RESULTS 

This section presents and discusses the results of the 
investigation conducted in this study. Firstly, the sec-
tion reports and compare the results obtained from 
the numerical analysis and compare it with the exper-
imental results reported by Singh (2007). Secondly, 
the results of the numerical studies investigating the 
thermal storage are reported and discussed. 

Figure 2 presents the experimental results reported 
by Singh (2007), compared with that obtained using 
COMPASS, for 15 days of continuous heating pro-
cess. It can be observed that COMPASS was able to 
accurately capture and reproduce the results of the 
temperature dissipation with distance. 

In addition, Figure 2 also presents the results of 
the degree of saturation obtained experimentally by 
Singh (2007), and compared with that of COM-
PASS, for 15 days of continuous heating. It can be 
seen that the result obtained using COMPASS follow 
the same trend as the experimental results, especially 
near the heating source. However, at the farthest dis-
tance from the heating end, COMPASS result indi-
cated higher moisture accumulation. Nonetheless, the 
difference between the two results could be attribut-
ed to error measurement in the experimental result, 
as reported by Singh (2007). 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2 Results of Temperature (oC) and Sr versus distance 

Figure 3 present the results of ground response to 
heat application after subjecting it to 30 and 90 days 
of continuous heating process. At the end of the 30 
and 90 days injection process, the temperature ob-
served at the heating source (i.e. PHE surface) were 
39 and 43°C respectively. The temperature decreases 
nonlinearly with distance, and approach initial state, 
as the heat radiates away from the heating source. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 Temperature (oC) against distance for 30 and 90 days 
injection and resting process. 
Furthermore, at the end of the 30 and 90 days resting 
period, i.e. 60 and 180 days simulation time, a tem-



perature of about 28°C was observed for both the 
two test durations. The temperature decreases, at a 
rate of about 2.2 and 2.1°C per meter, as it ap-
proaches the initial state at distances of 5 and 7 m re-
spectively. 

Thus, it can be said that for the two different test 
durations considered, with the same heat injection 
rate, the same maximum temperature of 28°C was 
observed at the end of the resting period. However, 
it was observed that the longer the duration of the in-
jection process, the larger the area/volume of soil 
that could be used for heat storage. Similarly, the 
longer the duration of the test, the higher the amount 
of heat energy that could be harvested following the 
end of the resting period.  

Figure 4 present the results of the degree of satu-
ration against distance, taken at the end of the 30 and 
90 days continuous heat-injection and resting period. 
A decrease in saturation around the PHE surface was 
observed, as a result of the heat injection process. 
The moisture moves away from the PHE surface, and 
accumulates at a distance of 0.5–2 m away from the 
heating source, for the two tests. Higher drying of 
the soil was observed at the end of the tests for the 
90 days heat-injection and resting period, in compari-
son to the test that were carried out for 30 days heat-
injection and resting period. However, it is expected 
that higher drying will occur in soils with higher wa-
ter permeability than that of bentonite. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4 Results of the degree of saturation after 30 and 90 
days continuous heating and resting period. 

The drying of the soil surrounding the PHE reduces 
its thermal conductivity. But, this allows heat to be 
stored, due to the decrease in Sr value, thus, prevent-
ing heat dissipation away from the PHE. 

This could be the reason for the larger temperature 
development in the soil near the PHE in Figure 3. 
Consequently, resulting in higher temperature that 
could be harvested after the 90 days resting period. 

Figure 5 presents the numerical results of tempera-
ture with distance, obtained at the end of the 90 days 
heat-injection and 90 days resting period. The anal-
yses were carried out to investigate the effect of ini-

tial soil temperature on the heat storage characteris-
tics of the soil surrounding the PHE. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 5 Results of 90 days heat-injection and resting simula-
tions with 13 and 25°C initial temperature. 

For the case of 25°C initial temperature, maximum 
temperature of 43 and 28°C were observed at the 
end of the 90 days heat-injection and 90 days resting 
period respectively. Therefore, a temperature in-
crease of about 3°C above the initial state was ob-
served after the 90 days resting period. 

Similarly, for the case with 13°C initial tempera-
ture, maximum temperature of 32.3 and 16.3°C were 
observed at the end of the 90 days heat injection and 
90 days resting period respectively. Thus, resulting in 
an increase in temperature of 3°C above the initial 
value at the end of the 90 days resting period.  

Hence, where equal heat injection/extraction rate 
and equal test duration are involved, the soil with 
lower initial temperature value (i.e. 13°C) will result 
in higher heat storage efficiency, compared to that 
with a higher initial temperature value (i.e. 25°C).  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 6 Results of degree of saturation with distance for 13 
and 25oC initial temperature 

This, therefore, highlights the importance of ensuring 
that excessive heat build-up, due to cumulative cyclic 
heat injection process, that could alter the soil initial 
temperature should be avoided. This will result in 
lower system performance in the long run, especially 
in monotonic or unbalanced systems. 



Figure 6 shows the results of the degree of satura-
tion with distance for the 13 and 25°C initial soil 
temperature, at the end of 90 days heat-injection and 
90 days resting periods. All the results indicated dry-
ing up of the soil at the location near the PHE sur-
face, i.e. heating source, with the drying effect dimin-
ishing within 1 m radial distance away from the pile 
surface. Nonetheless, both the Sr results are similar 
and follow the same trend irrespective of the initial 
soil temperature value. 

5 CONCLUSIONS 

This paper presents a numerical study carried out to 
investigate the heat storage performance of a PHE in 
unsaturated swelling clay. It was found that: 

 The code was verified using the laboratory exper-
iment conducted and reported by Singh (2007). 

 The duration of the heat injection process has di-
rect influence on the area/volume of soil that 
could be used for heat storage. 

 The heat injection process resulted in the decrease 
in Sr value, causing the drying up of soil surround-
ing the PHE. Thus, resulting in soil with lower 
degree of saturation and thermal conductivity, 
leading to higher volumetric heat storage capabil-
ity of the soil. 

 Soil with lower initial temperature value is more 
efficient for the purpose of heat storage, in com-
parison to the soil with higher initial temperature. 
However, this is geographically dependent. Nev-
ertheless, careful system design and proper con-
trol measures should be adopted to ensure that 
excessive heat build-up in the soil is avoided for 
the purpose of heat storage. This is crucial, and 
could decrease the long-term system performance, 
especially in an unbalance system, with greater 
cooling demand. 

 The decrease in Sr near the heating surface is large-
ly dependent on the heat injection rate, but is in-
dependent of the initial soil temperature. 

 Lastly, these findings were based on the MX-80 
bentonite which has very low water permeability. 
But, it is expected that soils of larger granularity 
and higher permeability will behave differently. 
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