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Thermo-active foundations utilise heat energy stored in the ground to provide a reliable and effective means of

space heating and cooling. Previous studies have shown that the effects of temperature changes on their response are

highly dependent on their interaction with the surrounding ground. Consequently, it is necessary to consider this

interaction and include both the thermal and mechanical behaviour of the ground in design. This paper addresses this

issue by performing state-of-the-art finite-element analyses using the Imperial College Finite Element Program, which is

capable of simulating the fully coupled thermo-hydro-mechanical behaviour of porous materials. First, the Lambeth

College pile test is analysed to demonstrate the capability of the adopted modelling approach to capture the observed

response under thermo-mechanical loading. Subsequently, a detailed study is carried out, demonstrating the impact of

capturing the fully coupled thermo-hydro-mechanical response of the ground, the use of appropriate boundary conditions

and the uncertainty surrounding thermal ground properties. It is demonstrated that the modelling approach has a large

impact on the computed results, and therefore potentially on the design of thermo-active piles. Conversely, the effects of

thermal conductivity and permeability of the soil are shown not to influence the pile behaviour significantly.

Notation
a, b, r, s degradation parameters
c′ cohesion
E Young’s modulus
Ed deviatoric strain invariant
Gmax maximum shear modulus
Gtan tangent shear modulus
G0 maximum shear modulus at a reference mean

effective stress
Kf bulk modulus of pore fluid
Kmax maximum bulk modulus
Ks bulk modulus of soil skeleton
Ktan tangent bulk modulus
K0 maximum bulk modulus at a reference mean

effective stress
k permeability
k0, B non-linear permeability model parameters
mG, mK parameters defining the dependence of elastic

stiffness on mean effective stress
n porosity
p′ mean effective stress
p′ref reference mean effective stress

RG,min minimum normalised value of Gtan

RK,min minimum normalised value of Ktan

Tp temperature of thermo-active pile
αf linear coefficient of thermal expansion of pore fluid
αs linear coefficient of thermal expansion of soil

skeleton
γs specific weight
ΔT change in temperature
Δu change in pore water pressure
εvol volumetric strain invariant
λ thermal conductivity
μ Poisson ratio
ρCp volumetric heat capacity
ϕ′ angle of shearing resistance
ψ′ angle of dilation

1. Introduction
Geothermal energy, that is, the thermal energy beneath the
earth’s surface, is a renewable energy source capable of pro-
viding a reliable means of space heating and cooling. Below
a depth of 10–15 m, the ground temperature is constant
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throughout the year and approximately equal to the mean
annual air temperature (Banks, 2012). Hence, in the summer
the temperature of the ground is lower than that at the surface,
whereas in the winter it is higher. Ground source energy sys-
tems (GSES) utilise this temperature difference, allowing stor-
age of excess heat in the ground during the summer months
and its extraction for heating in the winter. They can be classi-
fied as either open-loop systems, which exchange heat with the
ground by directly pumping water into or out of the ground,
or closed-loop systems, where a fluid is circulated through a
series of pipes buried in the ground. One advantage of closed-
loop systems is the possibility of installing the heat exchanger
pipes inside building foundations, retaining walls or tunnel
linings, thus providing not only stability but also renewable
space heating and cooling. However, this relatively new tech-
nology creates challenges for geotechnical engineers as the pre-
diction of the temperature effects on both the structure and the
surrounding soil usually requires advanced numerical analysis.
Although very few issues regarding the serviceability of such
structures have been reported (Loveridge and Powrie, 2013),
this may be due to highly conservative design procedures
rather than the lack of thermal effects.

Thermo-active piles, which are the subject of this paper, are
the most extensively studied geothermal structures. The full-
scale field experiments reported by Brandl (2006), Laloui et al.
(2006), Bourne-Webb et al. (2009), Akrouch et al. (2014),
Mimouni and Laloui (2015), Murphy et al. (2014) and Wang
et al. (2015), as well as experimental set-ups by McCartney and
Rosenberg (2011), Kalantidou et al. (2012), Stewart and
McCartney (2013), Ng et al. (2014) and Yavari et al. (2014a)
have provided an invaluable insight into the behaviour of
thermo-active piles. Moreover, the results of the first field tests
(Bourne-Webb et al., 2009; Brandl, 2006; Laloui et al., 2006)
have led to the development of a simplified descriptive frame-
work for thermo-mechanical pile response (Amatya et al., 2012;
Bourne-Webb et al., 2013). However, despite the available
research, aspects of the interaction between the pile and the sur-
rounding soil require further investigation, especially in terms of
the long-term performance under operational conditions.

In order to improve our understanding of thermo-active
piles, numerous numerical studies have been performed. For
example, Knellwolf et al. (2011), McCartney and Rosenberg
(2011) and Suryatriyastuti et al. (2014) used the load transfer
(t–z) approach, which includes the effect of thermal expansion
and contraction of the pile. The finite-element method has
been employed by Laloui et al. (2006), Suryatriyastuti et al.
(2012), Bodas Freitas et al. (2013), Dupray et al. (2014), Di
Donna and Laloui (2015), Rotta Loria et al. (2015), Salciarini
et al. (2015), Bourne-Webb et al. (2016) and Di Donna et al.
(2016), among others. Such studies focus on reproduction of
the experimental data and/or investigation of various aspects
of the soil–structure interaction, including the effects of the
soil’s thermal expansion coefficient, pile length, ground surface

temperature, thermal loads, as well as cyclic heating and
cooling. It should be noted that these numerical analyses vary
in complexity in terms of both the finite-element formulation
and the modelling approach.

This paper presents a detailed numerical study performed
using the Imperial College Finite Element Program (ICFEP)
(Potts and Zdravković, 1999), which is capable of simulating
the fully coupled thermo-hydro-mechanical (THM) behaviour
of porous materials. The THM finite-element formulation,
including thermal boundary conditions, is detailed in Cui
(2015). First, the capabilities of the numerical model are
demonstrated by back-analysing the Lambeth College pile test
(Bourne-Webb et al., 2009). Reproduction of this field exper-
iment has previously been attempted by several researchers.
Ouyang et al. (2011) and Bailie (2013) used the load-transfer
method which simulates thermal effects as a mechanical expan-
sion of the beam representing the pile. The finite-element
method was adopted by Ozudogru et al. (2015), where the
focus was on the modelling of the pile–soil interface without
simulating the heat transfer in the soil, as well as Yavari et al.
(2014b) and Yavari et al. (2015), who performed uncoupled
analyses where the soil was modelled as linear elastic–perfectly
plastic. Recently, Abdelaziz and Ozudogru (2016) combined
the finite-element method, to simulate the heat transfer in the
pile and the soil, with the load transfer approach, to approxi-
mate the thermal stresses.

This research aims to improve on these predictions by perform-
ing fully coupled THM analysis and employing a modelling
approach typical of engineering practice when designing geo-
technical structures in London Clay (e.g. underdrained pore
water pressure profile, small-strain stiffness, pressure-dependent
permeability). In the second part of this paper, the aim is to
explain the thermo-mechanical behaviour of piles through an
explorative study on a single thermo-active pile installed in
ground conditions typical of the London basin. Several aspects
that impact the design of geothermal piles are investigated,
including the influence of the modelling approach, the appli-
cation of the thermal load and the uncertainties in the deter-
mination of the soil’s properties such as thermal conductivity
and permeability.

The sign convention adopted throughout this paper is such
that compressive normal stresses, compressive strains and
downward shear stresses applied to the pile are positive.

2. Back-analysis of Lambeth College
pile test

Prior to the construction of a new building at Lambeth
College in south London, a pile loading test, which also
included cycles of heating and cooling, was performed and
reported by Bourne-Webb et al. (2009). As one of the first field
experiments of this type, it significantly improved our under-
standing of the thermo-mechanical response of geothermal
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piles and contributed to the development of a simplified fra-
mework explaining qualitatively their behaviour (Amatya
et al., 2012; Bourne-Webb et al., 2013).

2.1 Test set-up and monitoring
The test pile was 23 m long and had a diameter of 550 mm,
except in the upper 5 m where additional casing increased the
diameter to 610 mm. Two U-shaped heat exchanger pipes were
attached to the reinforcement cage together with 18 vibrating-
wire strain gauges (VWSGs), six thermistors and optical fibre
sensors (OFSs) which provided continuous strain and tempera-
ture measurements. Additionally, temperature was recorded in
a borehole and anchor piles located 0·5 m and 2 m, respect-
ively, away from the test pile. The vertical displacement of
the pile head was measured using linear variable differential
transformers (LVDTs). The mechanical load on the pile was
controlled using a load cell and a hydraulic jacket, whereas the
thermal load was applied by an 8 kW heat pump, which
allowed circulation of fluid with temperatures ranging from
−6°C to +56°C around the heat exchanger pipes.

The test, carried out in the summer of 2007, consisted of the
following stages

(a) initial loading to 1800 kN followed by unloading
(b) reloading to 1200 kN
(c) pile cooling with a constant pile load
(d ) intermittent pile heating with a constant pile load
(e) final loading to 3600 kN followed by unloading.

2.2 Ground characteristics
The ground conditions at the Lambeth College site are typical
of the London basin. As reported by Bourne-Webb et al.
(2009), the ground surface elevation is +25·5 mOD and the
ground profile consists of a 1·5 m thick superficial layer of
Made Ground and 2·5 m of Terrace Gravel, overlying London
Clay. The complete ground profile was obtained from available
borehole data in the vicinity of the site and was assumed to con-
sist of 60 m of London Clay, 15 m of Lambeth Group Clay,
5 m of Lambeth Group Sand and 10 m of Thanet Sand, over-
lying Chalk. The groundwater table was found at 3 m below
ground level, above which the pore water pressure was assumed
to be 0 kPa. The pore water pressure below the water table
prior to the pile test was assumed to be hydrostatic within the
Terrace Gravel, Lambeth Group Sand and Thanet Sand and
underdrained within the London Clay and Lambeth Group
Clay, as shown in Figure 1. The adopted K0 profile is shown in
Figure 2. The ground temperature measured at the site before
the pile test was between 18°C and 20°C.

2.3 Numerical analysis

2.3.1 General aspects
The Lambeth College test was reproduced by performing fully
coupled THM analyses using ICFEP, accounting for heat

transfer through both conduction and advection. The generation
of excess pore water pressures due to the difference between the
thermal expansion coefficients of water and soil skeleton was
also modelled according to the following equation

1: Δu ¼ 3n αf � αsð ÞΔT
n=Kf þ 1=Ks

The complete finite-element formulation is described in detail
in Cui (2015).

It is widely accepted that the stiffness of soils in the small to
medium strain range is highly non-linear and must be accounted
for in most geotechnical problems (Addenbrooke et al., 1997;
Jardine et al., 1986), particularly when the analysed problem is
likely to be characterised by limited ground deformations. Based
on the magnitude of the strains reported by Bourne-Webb et al.
(2009), it is clear that the successful prediction of the soil–struc-
ture interaction in the case of the Lambeth College test would
require the accurate reproduction of the highly non-linear nature
of soil stiffness. In this paper, the Imperial College Generalised
Small-Strain Stiffness (IC.G3S) model, which accounts for the
effect of a number of variables on the soil stiffness, was adopted
in all analyses. Here, the model’s capabilities are summarised,
with the full details of its formulation being described in
Measham et al. (2014) and Taborda et al. (2016).
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Figure 1. Pore water pressure profile prior to the test
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The maximum shear and bulk moduli are defined as

2: Gmax ¼ G0
p0

p0ref

� �mG

3: Kmax ¼ K0
p0

p0ref

� �mK

where the parameters mG and mK control the non-linearity of
the stiffness dependency on the mean effective stress.

The degradation of the tangent shear and bulk moduli are cal-
culated using

4: Gtan ¼ Gmax RG;min þ 1� RG;min

1þ Ed=að Þb
" #

5: Ktan ¼ Kmax RK;min þ 1� RK ;min

1þ εvolj j=rð Þs
� �

The strain invariants are defined as

6: Ed ¼ 2ffiffiffi
6

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1 � ε2ð Þ2 þ ε2 � ε3ð Þ2 þ ε3 � ε1ð Þ2

q

7: εvol ¼ ε1 þ ε2 þ ε3

2.3.2 Modelling procedure
Coupled THM axisymmetric analyses have been performed in
this paper. Figure 3 shows the finite-element mesh consisting
of eight-noded quadrilateral elements where each node has dis-
placement degrees of freedom and the corner nodes have temp-
erature degrees of freedom. For consolidating materials, pore
fluid pressure degrees of freedom exist at the corner nodes. It
should be noted that, in the model, the pile was assumed to
have a constant diameter of 550 mm throughout its length.

The Made Ground was modelled as linear elasto-plastic with a
Mohr–Coulomb failure surface, with the remaining soil layers
being modelled as non-linear elasto-plastic with the IC.G3S
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model and a Mohr–Coulomb failure surface. The IC.G3S
model was calibrated based on the Jardine et al. (1986) small-
strain stiffness model parameters cited by Schroeder et al.
(2004) for a nearby site, as such data for the Lambeth College
site are not available. The strength properties were also
adopted from Schroeder et al. (2004). The concrete pile was
modelled as linear-elastic. The thermal properties reported by
Headon et al. (2009) (thermal conductivity and volumetric
heat capacity), Bodas Freitas et al. (2013) (thermal expansion
coefficient of soil) and Bourne-Webb et al. (2009) (thermal
expansion coefficient of concrete) were assumed. All material
properties are listed in Tables 1–4.

The displacement boundary conditions were applied such that
the domain was restrained in the radial direction along the left
and right vertical mesh boundaries, and in the vertical direction
along the bottom boundary. The hydraulic boundary condition
included no water flow across the axis of symmetry and no
change in pore pressure from the initial condition along the right
mesh boundary. The Made Ground, Terrace Gravel, Lambeth
Group Sand and Thanet Sand were modelled as non-consolidat-
ing free-draining materials. The London Clay and Lambeth
Group Clay were consolidating (except for analyses B1 and B2,
see Section 3) with a non-linear permeability model where the
permeability is related to the mean effective stress through

8: k ¼ k0e�Bp0

The parameters k0 and B were assumed as 1·0� 10−10 m/s and
0·0023, respectively, as suggested by Schroeder et al. (2004).
The pore water pressures at the top of the London Clay and at
the base of the Lambeth Group Clay were assumed to remain
unchanged throughout the analysis. Thermal boundary con-
ditions included no heat flux across the axis of symmetry and
no change in temperature from the initial value along the
remaining mesh boundaries. The initial pore water pressure
and K0 profiles used in all analyses are shown in Figures 1 and
2, respectively, whereas the initial temperature of 19·5°C was
assumed to be constant over the finite-element mesh. As the
pile test was carried out during summer months, a constant
temperature of 19·5°C at the ground surface is considered as a
reasonable assumption.

All stages of the Lambeth College test described by Bourne-
Webb et al. (2009) were simulated adopting suitable values for

Material c′: kPa ϕ′: degrees ψ′: degrees

Made Ground 0·0 30·0 0·0
Terrace Gravel 0·0 35·0 17·5
London Clay 5·0 25·0 12·5
Lambeth Group Clay 25·0 27·0 13·5
Lambeth Group Sand 0·0 34·0 17·0
Thanet Sand 0·0 40·0 20·0

Table 2. Mohr–Coulomb strength properties

Material E: kPa μ

Concrete 40� 106 0·3
Made Ground 10� 103 0·2

Table 1. Linear elastic material properties

Material G0: kPa a b RG,min: kPa Gmin: kPa

Terrace Gravel 41939·61 0·000145 1·0 0·03511 3000
London Clay 51743·55 0·000056 0·9 0·06450 2667
Lambeth Group Clay 51924·52 0·000110 0·95 0·04662 2667
Lambeth Group Sand 81346·31 0·000015 1·0 0·14557 1000
Thanet Sand 65275·23 0·000046 0·85 0·02631 2000

Material K0: kPa r: - s: - RK,min: kPa Kmin: kPa

Terrace Gravel 49843·08 0·000247 1·25 0·15440 3000
London Clay 26692·73 0·000127 1·8 0·13275 5000
Lambeth Group Clay 61331·71 0·000065 1·4 0·07589 5000
Lambeth Group Sand 49843·08 0·000026 0·9 0·08377 5000
Thanet Sand 29813·53 0·000155 1·1 0·27947 5000

Note: p′ref = 100 kPa; mG=1·0; mK=1·0 for all strata

Table 3. Small-strain stiffness properties
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the time step as outlined by Cui et al. (2016). The mechanical
and thermal loading sequences are illustrated in Figure 4. The
thermal loading was modelled by applying the temperature
recorded by the thermistors inside the test pile to a line of
nodes in the mesh located at the same distance from the pile
centre as the in situ heat exchanger pipes. As reported by
Bourne-Webb et al. (2009), the temperature inside the test pile
was approximately constant with depth, except the top 2 m
where it was affected by the air temperature. Therefore, the
temperature history shown in Figure 4 was prescribed at the
abovementioned line of nodes along the entire depth of
the pile except for the top 2 m.

It is often observed in laboratory tests that upon a change in
the direction of loading (i.e. from loading to unloading or vice
versa), the soil stiffness does not continue to degrade and the
soil’s response is stiffer. The simplest way (for the type of
model used here) of simulating this numerically is to zero the
values of Ed and εvol used to calculate the tangent stiffness
(Equations 4 and 5), resetting the stiffness to its maximum
value every time the loading direction is reversed. Although
the importance of simulating these reversals associated with

mechanical loading has been demonstrated previously (e.g.
Schroeder et al., 2004), the effect of resetting the material’s
stiffness during thermal loading has not yet been investigated.
Therefore, three analyses were performed in this part of the
paper. In analysis LC1 the resetting procedure was performed
at the following stages: before the first unloading from 1800 to
0 kN; start of reloading to 1200 kN; start of the cooling
period; start of the heating period; before the final loading to
3600 kN; and at the start of the final unloading. Analysis LC2
included resetting at the same stages as analysis LC1, with the
exception of the reset before the start of the cooling period.
For comparison, in analysis LC3, the stiffness was not reset
and was allowed to degrade continuously throughout the
analysis (see Measham et al. (2014) for details).

2.3.3 Results
The results of the analyses are compared to measurements on
site in terms of the temperature in the surrounding soil, as well
as the pile head vertical displacement, pile axial strains and
shear stress. Figure 5 shows the pile head vertical displacement
throughout the test. Although the initial loading to 1800 kN is
accurately reproduced, the displacement during the following

Material γs: kN/m
3 αs: m/(mK) αf: m/(mK) Kf: GPa ρCp: kJ/(m

3K) λ: kW/(mK)

Concrete 24·0 8·5�10−6 — — 1920 2·33� 10−3

Made Ground 18·0 1·7�10−5 — — 1900 1·40� 10−3

Terrace Gravel 20·0 1·7�10−5 — — 1900 1·40� 10−3

London Clay 20·0 1·7�10−5 6·9� 10−5 2·2 1820 1·79� 10−3

Lambeth Group Clay 20·0 1·7�10−5 6·9� 10−5 2·2 1760 2·20� 10−3

Lambeth Group Sand 20·0 1·7�10−5 — — 1760 2·20� 10−3

Thanet Sand 20·0 1·7�10−5 — — 1760 2·40� 10−3

Table 4. Thermal and thermo-mechanical properties
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unloading stage is overpredicted in all three analyses. Indeed,
the field measurements show irreversible pile settlements which
could not be simulated in any of the analyses, suggesting that
this may involve plastic mechanisms which could not be cap-
tured with the simple Mohr–Coulomb failure criterion.
However, it should be noted that, as standard design pro-
cedures involve the application of factors of safety, such

irreversible displacements would be unlikely to take place
during the structure’s design life. Therefore, the use of the
Mohr–Coulomb failure criterion, despite its inherent limit-
ations, is acceptable in the design of geotechnical structures
when predicting ground movements. Moreover, the importance
of resetting the stiffness is clearly demonstrated by the exces-
sive and unrealistic rebound simulated in analysis LC3, where
the stiffness continuously reduces due to the accumulation of
strains. The reloading stage to 1200 kN is reproduced well in
analyses LC1 and LC2. These observations are also evident in
Figure 6 where the axial strain profiles during the initial
loading match the field data well.

In order to allow comparison between the analyses for the
thermal loading stage of the test, the pile head displacement
was offset using the displacement at the start of reloading to
1200 kN as a baseline, as shown in Figure 7. Cooling causes
contraction of the pile, and therefore, a downward movement
of the pile head. In analysis LC1, the pile settlement is smaller
than in analysis LC2 due to a stiffer soil response resulting
from resetting the stiffness before the start of cooling.
However, the difference in the pile displacement between ana-
lyses LC1 and LC2 is small, particularly when compared to
that observed in analysis LC3, where the stiffness degrades
continuously. This observation suggests that the effect of reset-
ting the stiffness before the thermal loading stage may be less
crucial than during the mechanical loading stage.

The numerical predictions of the heating stage are not as close
to the field data as those of the cooling stage. The reason for
this difference may be soil plasticity and contraction upon
heating which has been observed in laboratory tests (e.g.
Abuel-Naga et al., 2007; Sultan et al., 2002) and is not
accounted for in these analyses.

Figure 8 compares the temperature measured at 9 m below
ground level in the borehole as well as in the anchor pile
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(located 0·5 m and 2 m away from the test pile, respectively)
with the numerical predictions. The temperature in the anchor
pile remains relatively constant throughout the test suggesting
that the radius of thermal influence of the pile is less than 2 m.
The results of the numerical analyses are in a good agreement
with the field data, which indicates that the heat transfer is simu-
lated accurately. The slight discrepancy in the temperature at the
borehole during the heating stage may also explain the overesti-
mated upward movement of the pile head shown in Figure 7.

The axial strain profiles shown in Figure 9 were offset using the
residual strain profile as a baseline. It must also be noted that
these strains are the mechanical strains obtained by subtracting
the thermal strains, which are calculated as the product of the
thermal expansion coefficient of the pile and the change in
temperature, from the total observed strains. This was done in
order to be consistent with the published field data. Owing to
the transfer of heat between the heat exchanger pipes and the
concrete, the temperature in the pile is not uniform over its

cross-section, resulting in varying axial strains. Therefore, Figure
9 presents the ranges of axial strain, with the extrema typically
being observed at the axis and at the circumference of the pile.
As suggested by the pile head displacement history, results of
analysis LC1 show the best agreement with the field data.
However, at the end of heating, all numerical simulations under-
estimate the axial strain measured in the upper part of the pile,
which shows an increase with depth in its first 7 m, indicating a
downwards shear stress applied to the pile.

Figure 10 present shear stress on the pile after reloading to
1200 kN, end of cooling, as well as end of heating in analysis
LC1, which showed the best reproduction of the field test data.

3. Explorative study
In this section the behaviour of a single thermo-active pile is
further investigated, demonstrating the impact of different
aspects of the modelling approach in the simulated response.
The same pile and ground conditions, which are typical of
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the London basin, as in the Lambeth College test were con-
sidered here.

3.1 Numerical analysis
The finite-element mesh, material properties, as well as initial
and boundary conditions adopted in this study were, unless
otherwise stated, the same as those used in the back-analysis
of the Lambeth College test. In this explorative study, the pile
was initially loaded to 1200 kN, followed by a 1-year cycle
comprising 6 months of energy extraction and 6 months of
injection. It should be noted that the excess pore water press-
ures generated during the mechanical loading were allowed to
dissipate before the start of the thermal cycle in order to separ-
ate the thermal from the mechanical loading effects.

A series of analyses was performed in order to investigate
the effects of the modelling approach, the thermal load appli-
cation, as well as thermal conductivity and permeability of the
soil. All analyses presented in this paper are summarised in
Table 5.

Analysis A, which was used as a baseline for the remaining
analyses, is a fully coupled THM analysis where the thermal
load was applied as a uniform temperature across the pile.
Following the mechanical loading, the pile was cooled by 15°C
for 5 months (i.e. Tp = 4·5°C), heated by 30°C for 6 months
(i.e. Tp = 34·5°C) and finally cooled by 15°C for 1 month (i.e.
Tp = 19·5°C). The temperature change was applied gradually at
a rate of 0·05°C/d and, once the total temperature change was
achieved, it was kept constant. Following the findings from the
back-analysis, the soil stiffness was reset at the end of mechan-
ical loading, at the end of the first cooling and at the end of
heating.

In analysis B1, consolidation was not taken into account and
the London Clay and Lambeth Group Clay were modelled
as undrained materials. However, heat transfer in the soil was
still simulated. The modelling approach was simplified further
in analysis B2 where the heat transfer through the soil was not
taken into account.

Another method of thermal load application was investigated
in analysis C. Instead of a uniform temperature change, a heat
flux boundary condition was prescribed over the volume of the
pile. To simulate heat extraction, a constant heat flux of
−0·24 kW/m3 was applied (this rate corresponds to −57 W/m
if the pile is idealised as a linear heat source), whereas heat
injection was modelled with a constant heat flux +0·26 kW/m3

(equivalent to +62 W/m).

In analyses D1 and D2 the effect of the thermal conductivity
of the soil was studied by using values that are larger and
smaller, respectively, than the values in analysis A. Similarly,
the effect of permeability was investigated in analyses E1
and E2 by varying the magnitude of the parameter k0 in
Equation 8, which does not affect the initial pore water pres-
sure profile shown in Figure 1.

3.2 Results

3.2.1 Transient thermo-mechanical pile behaviour
Analysis A was performed in order to provide a baseline for
analyses B to E and explain the time-dependent behaviour of a
thermo-active pile. Figure 11(a) shows the vertical displace-
ment of the pile along its length, whereas Figure 11(b) presents
the shear stress on the pile at different stages of the analysis.
The application of the mechanical load causes the pile to move
downwards, and therefore, generation of upward (i.e. negative
according to the convention adopted in this paper) shear stres-
ses. During the subsequent cooling, the pile contracts, resulting
in further downward displacement of the pile head and an
upward movement of the pile toe. This process also affects the
shear stresses, leading to an additional upward shear stress in
the upper part of the pile and a downward shear stress in its
lower part. During the next 4 months, while the pile tempera-
ture remains constant, the soil continues to cool down and
contract. This results in the pile moving further down uni-
formly along its length, as well as in a decrease in the ther-
mally induced shear stress changes as the restriction imposed
by the soil to the pile movement reduces. The inverse of this
behaviour can be observed during the subsequent heating

Analysis Analysis type Thermal load Soil thermal conductivity Soil permeability

A Coupled THM Uniform temperature across pile λ k0, B
B1 Undrained with heat transfer Uniform temperature across pile λ NA
B2 Undrained without heat transfer Uniform temperature across pile NA NA
C Coupled THM Heat flux across pile λ k0, B
D1 Coupled THM Uniform temperature across pile 2λ k0, B
D2 Coupled THM Uniform temperature across pile 0·5λ k0, B
E1 Coupled THM Uniform temperature across pile λ 10k0, B
E2 Coupled THM Uniform temperature across pile λ 0·1k0, B

Table 5. List of analyses
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period, where both the pile and the soil expand, reversing the
shear stress changes on the pile.

Figure 11(c) shows the total axial stress in the pile at the stages
of the analysis mentioned above. Upon cooling, the soil’s
restriction to the pile movement leads to tensile thermally
induced axial stress changes which reduce the total compres-
sive axial stress in the pile. However, as the soil continues to
cool down with time, this restriction is alleviated, and hence,
the thermally induced axial stresses reduce. Nonetheless,
tensile axial stresses may lead to cracking of the concrete, and
therefore, the pile must be checked for tensile capacity during
the design process. The subsequent heating induces additional
compressive stresses in the pile. In this particular case, these
stresses do not exceed the maximum axial stress at the top of
the pile, however, the magnitude of these additional compres-
sive stresses may increase in other cases (for example if the
heating load is increased), and therefore it must be verified
during the design procedure.

Contraction and expansion of the pile during cooling and
heating also affect the normal stresses from the soil acting
on the pile, as shown in Figure 11(d). As expected, cooling
induces tensile normal stress changes, whereas heating results

in additional compressive normal stresses. However, it should
be noted that, while changes in radial stress can have an
impact on the pile’s ability to mobilise shaft friction, the mag-
nitude of these changes is relatively small compared to the
normal effective stresses acting on the pile prior to thermal
loading.

Figure 12 shows the changes in pore water pressure during the
thermal operation. During the first month of cooling, the
deformation of the pile, as well as the difference in the thermal
expansion coefficient of soil particles and pore water, cause the
generation of tensile pore pressures changes around the pile
with a maximum amplitude of approximately 30 kPa. Over
the following 4 months, these pore pressure changes reduce
noticeably, although there is an increase in the volume of soil
affected as the cooling front propagates. Conversely, heating
induces compressive pore water pressure changes, as shown in
Figures 12(c) and 12(d). It should be noted that, in the case
considered here, the changes in pore water pressure during
cooling and heating are relatively insignificant.

3.2.2 Effect of modelling approach
Comparison between analyses A, B1 and B2 demonstrates the
effect of including the transient phenomena of consolidation

Thermally induced pore water pressure: kPa Thermally induced pore water pressure: kPa

(a) (b) (c) (d)

–30 –25 –20 –15 –10 –5 0 –5 0 5 10 15 20 25 30 35

Figure 12. Thermally induced pore water pressure changes (a)

after initial cooling, (b) at the end of cooling, (c) after initial

heating and (d) at the end of heating in analysis A
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and heat transfer in the soil. Figure 13(a) shows that the verti-
cal displacement of the pile head is greatest in analysis B1 and
smallest in analysis B2. As neither consolidation, nor heat
transfer in the soil are simulated in analysis B2, following the
initial contraction of the pile due to cooling, as well as the
initial expansion on heating, no further changes take place in
the soil and the pile does not move. In analysis B1, the heat
transfer through the soil is modelled, and therefore, the pile
continues to move downwards as more soil around it cools
down and contracts. Similarly, during heating, the pile’s
upward movement is enhanced by the thermal expansion of
the soil. Although the soil contraction/expansion is also simu-
lated in the coupled THM analysis (analysis A), the downward
displacement of the pile on cooling is partially compensated
by the swelling of soil during dissipation of the generated
tensile pore pressures. During heating, the soil consolidates as
the excess pore pressures dissipate, which slightly reduces the
upward movement of the pile due to thermal expansion.

These differences in the displacement of the pile lead to different
shear and axial stresses, as depicted in Figures 13(b) and 13(c).
In analysis B2, the soil does not contract or expand, and there-
fore, it imposes the greatest restriction to the movement of the
pile and leads to the largest changes in shear and axial stresses.
Conversely, in analyses A and B1, the soil deforms in a similar
manner to the pile, which reduces the restriction to the pile and
results in smaller changes in shear and axial stresses.

The evolution of the maximum thermally induced axial stress
changes, which appear around the null point of the pile, is
shown in Figure 13(d). It is clear that performing a simplified
undrained analysis without heat transfer in the soil (analysis
B2) overestimates changes in axial stress by up to 78% and
leads to a highly conservative design. On the contrary, simulat-
ing the heat transfer but neglecting the effects of coupled con-
solidation underpredicts the changes in axial stresses, albeit by
a more limited margin. It is interesting to note that analysis B2
could be seen as the finite-element equivalent to the load-
transfer method, as it does not account for the thermo-hydrau-
lic soil behaviour.

3.2.3 Effect of thermal load application
In all numerical analyses presented so far in this paper, the
thermal load was applied to the pile as temperature. However,
it may sometimes be more appropriate to consider the thermal
load as a flux of heat, especially when the pile is required to
inject or extract energy at a prescribed rate. In this section, the
previously discussed analysis A is compared to analysis C
where, instead of the temperature boundary condition, a heat
flux boundary condition is prescribed over the volume of the
pile. In order for the two analyses to be comparable, the mag-
nitude of the heat flux was chosen such that the temperature at
the circumference of the pile, at the end of the cooling and the
heating periods was the same for both analyses, as illustrated
in Figure 14(a). This condition was achieved by applying a

constant heat flux of −0·24 kW/m3 (which corresponds to
−57 W/m) during the first 5 months of energy extraction,
+0·26 kW/m3 (or +62 W/m) during the following 6 months of
heat injection and −0·26 kW/m3 over the final month. Figure
14(a) shows that the temperature evolution is different in the
two cases, as expected. In analysis C, the initial rate of temp-
erature change is larger than in analysis A, however, it
becomes smaller after approximately 10 d.

The vertical displacement of the pile head shown in Figure 14
(b) also reflects this trend. The pile initially contracts and
expands more in analysis C, but reaches the same displacement
at the end of the cooling and heating periods.

The maximum thermally induced axial stresses in Figure 14(c)
show initially a larger change in analysis C than in analysis A,
however, as the rate of temperature change reduces, the axial
strains remain approximately constant. Furthermore, it is inter-
esting to note that analyses with constant temperature may
lead to unconservative results. Although in this particular case
the difference between the two approaches is relatively small
and may not affect the pile design, in other cases the difference
may be more significant and, therefore, it may need to be
accounted for.

3.2.4 Effect of thermal conductivity
Laboratory or in situ measurements of soil thermal conduc-
tivity are rarely available, hence the design of thermo-active
piles, particularly at an early stage, may require assumptions
regarding its magnitude. In this section, the effect of this
thermal property is investigated by respectively increasing
(analysis D1) and reducing (analysis D2) the values used in
analysis A by a factor of two.

Thermal conductivity controls the rate at which heat is trans-
ferred through conduction, with a larger value of thermal
conductivity indicating a quicker cooling and heating of
the material. Therefore, for a given time instant, soil in
analysis D1 experiences higher changes in temperature than
those observed in analysis D2. This can be seen clearly in
Figure 15(a), which shows that the pile movement is greatest in
analysis D1 resulting from a larger volume of soil experiencing
thermal contraction or expansion.

Figure 15(b) shows that the maximum thermally induced axial
stress changes are higher in analysis D2 than analysis D1. This
can be explained by the fact that, in analysis D1, the soil cools
down and heats up quicker, therefore contracting and expand-
ing more than in analysis D2. This results in a smaller mech-
anical restriction to the movement of the pile, and therefore,
smaller changes in axial stresses.

3.2.5 Effect of permeability
The last part of the performed study investigates the effect of
soil permeability on the behaviour of a thermo-active piles.
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In analysis E1, the permeability was increased by multiplying
the k0 parameter in Equation 8 by 10, whereas in analysis E2,
k0 was divided by 10. As the value of parameter B remained
the same, the initial pore water pressure profile depicted in
Figure 1 did not change.

Permeability affects the rate of dissipation of pore water press-
ures and consolidation. The displacement of the pile head
shown in Figure 16 is largest in analysis E2, which simulates a
less permeable material, and therefore, slower dissipation of
excess pore water pressures. This suggests that the pile move-
ment is mostly controlled by the thermal contraction and
expansion of the soil. It should be noted that this response is
similar to that in the undrained analysis B1. Conversely, in
analysis E1, the pore pressure dissipation is faster, allowing for
additional swelling of the soil during cooling and consolidation

upon heating, which partially compensate for the thermal con-
traction and expansion of the soil and result in smaller overall
movements of the pile.

Figure 17 shows the changes in pore water pressure in analysis
E2 taking place from the start of the thermal cycles. After the
first month of cooling, the maximum thermally induced pore
pressure is approximately −110 kPa compared to −30 kPa in
the reference analysis (analysis A). During the subsequent
4 months, these pore pressures increase to a value of approxi-
mately −47 kPa, which is still larger than the maximum tensile
value in analysis A. It should be noted that the change in pore
pressures in analysis E1 were very small from the beginning of
the thermal operations due to a quick dissipation of excess
pore water pressures. Similar trends can be observed during the
heating stage.
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4. Conclusions
In the first part of this paper, the capabilities of the ICFEP
to model coupled THM problems was demonstrated by
back-analysing the Lambeth College pile test. The close

reproduction of the measured temperatures, displacements,
strains and stresses was achieved by accounting for the small-
strain stiffness behaviour of the soil, as well as simulation of
the transient phenomena of heat transfer and consolidation.

0 30 60 90 120 150 180
Time: d

210 240 270 300 330 360
0·003

0·002

0·001

–0·001

–0·002

–0·003

0

Pi
le

 h
ea

d 
ve

rt
ic

al
 d

is
pl

ac
em

en
t:

 m A
E1
E2

Figure 16. Evolution of pile head vertical displacement with time

in analyses A, E1 and E2

Thermally induced pore water pressure: kPa Thermally induced pore water pressure: kPa

(a) (b) (c) (d)

–110 –88 –66 –44 –22 0 –10 10 30 50 90 10 110

Figure 17. Thermally induced pore water pressure changes:

(a) after initial cooling; (b) at end of cooling; (c) after initial

heating; (d) at end of heating in analysis E2
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The thermo-mechanical response of a single pile in ground
conditions typical of the London basin was then examined in
detail through a series of numerical analyses. The key con-
clusions can be summarised as follows.

(a) Cooling generates considerable tensile axial stress changes
in the pile, and therefore, thermo-active piles must be
checked for tensile capacity during the design procedure.
Conversely, heating causes compressive axial stress
changes whose magnitude may also need to be accounted
for during the design procedure.

(b) The thermally induced stress changes tend to reduce with
time as the surrounding soil reacts to the changes
imposed on the pile.

(c) The modelling approach, in terms of both the analysis
type (i.e. coupled as opposed to uncoupled) and the
method of thermal load application, can have a large
influence on the computed results, and therefore
potentially also on the design of such piles. For example,
in the case where the transient phenomena in the soil
were not taken into account, which is consistent with the
load-transfer method, the changes in stresses caused by
temperature were significantly higher than those predicted
by a fully coupled THM analysis.

(d ) For the ground conditions typical of the London basin,
varying thermal conductivity and permeability does not
affect the behaviour of the pile as significantly as
changing the modelling approach.

This study has provided extensive insight into the behaviour
of thermo-active piles. It was carried out placing particular
emphasis on reproducing ground conditions typical of the
London basin, where increasing numbers of thermo-active
piles are being installed, and adopting a commonly employed
constitutive framework. However, further research, with greater
interaction between numerical, field and laboratory investi-
gations, is required to clarify outstanding issues, such as the
volumetric changes exhibited by London Clay when subjected
to changes in temperature, long-term effects of cycling heating
and cooling, and response of pile groups.
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