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Abstract 1 

Thermo-active piles that couple load bearing with ground source heat pump (GSHP) 2 

systems are one of the new technologies in geotechnical engineering. This paper 3 

investigates the pile-soil interaction behaviour of a thermo-active pile in 4 

overconsolidated London Clay by conducting a thermo-hydro-mechanical finite 5 

element analysis using an advanced soil constitutive model. Negative and positive 6 

excess pore pressures are computed around the pile during cooling and heating, 7 

respectively. However, the difference in the radial effective stress acting on the pile-8 

soil interface between the cooling and heating stages is small, and the pile-soil 9 

interaction is governed by the shear mobilization associated with thermally induced 10 

cyclic movements of pile expansion and contraction. During the first cooling stage, 11 

the shear stress at a small portion in the upper part of the pile reaches close to the 12 

yield values, which leads to an additional settlement about 3 mm from the original 13 

mechanical load induced settlement of 2 mm. The shear stress in subsequent heating 14 

and cooling cycles are much smaller than the ultimate shear stress values, because of 15 

the heavily overconsolidated nature of the London clay.  16 

  17 

Keywords 18 

Thermo-hydro-mechanical analysis; thermo-active pile; finite element 19 

20 
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1 Introduction 21 

Domestic heating and cooling demand accounts for 50% of America’s residential 22 

energy consumption (Caulk, et al. 2016). As the global energy demand is forecast to 23 

increase, unless renewable technologies are implemented on a larger scale, the world 24 

will be even more reliant on fossil fuels, and will be further exposed to global energy 25 

price fluctuations. The Ground Source Heat Pump (GSHP) is a technology which 26 

offers an alternative energy solution that uses geothermal energy for space heating 27 

and cooling in a domestic and commercial market, and their coupling to building 28 

foundation structure (piles/walls) not only reduces installation costs, but also saves 29 

underground space. Thermo-active pile is one such system, with a pipe network 30 

installed in the structural piles of a building, and the working fluid is circulated 31 

through the pipes to absorb and transport the geothermal energy from the ground. 32 

Since concrete has excellent thermal conductivity and good storage properties, 33 

foundation piles are an ideal medium for geothermal energy. 34 

 35 

The first thermo-active pile was implemented in Austria in the 1980’s (Brandl 2006). 36 

Since then it has spread all over the whole world (e.g.  Koene et al. 2000; Suckling & 37 

Smith 2002;  Pahud and Hubbuch 2007; Gao et al. 2008; Adam and Markiewicz 2009; 38 

Amatya et al. 2012). While this technology is now being employed more routinely 39 

and is starting to be represented in codes and standards (e.g. NHBC 2010; GSHPA 40 

2012), there is still scope for improving design and analysis methods in both thermal 41 

aspect (e.g. Loveridge and Powrie 2014; Abdelaziz and Ozudogru 2016; and Caulk et 42 

al. 2016) and thermo-mechanical aspect. (Bourne-Webb et al. 2009; Knellwolf et al. 43 

2011; Amatya et al. 2012; Suryatriyastuti et al. 2014; Chen et al. 2016). This 44 



4 
 

paper focused on the latter case. 45 

 46 

The thermo-active pile and surrounding soil expand and contract during heating and 47 

cooling, respectively, but to different degrees. (Bourne-Webb et al. 2009) Hence, the 48 

thermal influence on the pile-soil interaction behaviour must be quantified for use in 49 

engineering practice. A qualitative framework has been proposed by Bourne-Webb et 50 

al. (2009) and Amatya et al. (2012) to describe the mechanism of pile 51 

expansion/contraction due to temperature variation. Within this framework, load-52 

transfer approach was put forward for the analysis of the thermo-mechanical response 53 

of thermo-active piles. Knellwolf et al. (2011) used this method to assess the effects 54 

of temperature changes on pile behavior. Some conclusions were formulated on 55 

concrete failure, mobilization of the shaft friction and base resistance during the 56 

operation of the heat pump. Suryatriyastuti et al. (2014) presented a soil–pile 57 

interaction design method of a thermo-active pile based on a load transfer 58 

approach, which can be used to predict the change in pile axial stress and shaft 59 

friction induced by temperature variations. Using the same approach, Chen et al. 60 

(2016) assessed the axial strains, axial stresses, and displacements thermo-active piles 61 

under thermo-mechanical loading in various soil deposits. However, the load-transfer 62 

approach only consider the thermally induced expansion and contraction of pile, but 63 

neglect the effect of temperature variation on the soil. Hence, this simplified approach 64 

may have inaccurate estimate of the thermo-active pile performance.  65 

 66 

To avoid such limitation, a number of research has been done on the finite element 67 

analysis of the thermo-mechanical performance of thermo-active piles (Dupray et al. 68 

2014; Olgun et al. 2014; Wang et al. 2015; Saggu and Chakraborty, 2015; Bourne-69 
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Webb et al. 2016). Laloui et al. (2006) performed both experimental  and coupled 70 

multi-physical finite element modelling on thermo-active pile. The proposed FE 71 

model is able to reproduce the most significant thermo-mechanical effects. Di Donna 72 

and Laloui (2015) used finite element method to simulate both a single and a group of 73 

thermo-active piles, leading to the conclusion that both the thermally induced 74 

displacements and stresses need to be taken into account in the design of thermo-75 

active piles. Rotta Loria  et al. (2015) examined the impact of thermal and mechanical 76 

load cycles on the mechanical behaviour of thermo-active piles in saturated sand. The 77 

results show that heating loads cause additional stress and displacement in thermo-78 

active piles, and increase the mobilization and end-bearing capacity to a large extent. 79 

Suryatriyastuti et al. (2016) used a nonlinear cyclic plasticity model to show that the 80 

long-term pile capacity would decrease with cycles due to repetitive stress reversals.  81 

 82 

Most of these studies were performed using a thermo-mechanical anlaysis based on a 83 

fully drained assumption (Brandl 2006 and McCartney et al. 2017). This is partly 84 

because of the high permeability of soils under investigation in the particular studies, 85 

and partly because of the long time operation of GSHP system. However, for some 86 

soil with extremely low permeability, like London Clay, the performance of thermo-87 

active piles lie somewhere between the perfectly drained and undrained conditions. 88 

During the winter cycle (soil cooling), both the soil skeleton and the pore fluid 89 

contract. Due to the difference in the thermal contraction coefficients of the soil 90 

skeleton and the pore fluid, negative excess pore pressure is generated, and the total 91 

stress acting on the pile may change as a result (Campanella and Mitchell 1968). 92 

During the summer cycle (soil warming), the soil is heated, so the opposite trend is to 93 

be expected. The soil skeleton and the pore fluid expand, and positive excess pore 94 
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pressure develops. Hence, a fully coupled thermo-hydro-mechanical analysis is 95 

needed for the investigations of pile-soil interaction in low-permeability soil under 96 

thermo-mechanical loading. 97 

 98 

This paper investigates the pile-soil-pore fluid interaction in a specific case of the 99 

Lambeth College thermo-active pile installed in heavily overconsolidated and low-100 

permeability London clay (Bourne-Webb et al. 2009; Amatya et al. 2012). A thermo-101 

elasto-plastic advanced critical state model was implemented into a coupled thermo-102 

hydro-mechanical finite element code. A coupled thermo-hydro-mechanical (THM) 103 

analysis of the test pile was performed to calibrate the model parameters against the 104 

results of the mechanical and thermal cycles applied on the test pile in the relatively 105 

short duration of a few weeks.  106 

 107 

2 Mechanics of THM coupled processes 108 

Based on the theory of continuum mechanics, a number of assumptions have been 109 

adopted to develop the coupled thermo-hydro-mechanical model for deformable 110 

porous geological media: 111 

(1) The soil is treated as fully saturated porous medium. The voids of the solid 112 

skeleton are filled with liquid water. 113 

(2) Coexisting fluid components and solid are assumed to be at the same temperature. 114 

(3) Considering there is no ground water flow and the poor permeability of soil in the 115 

model, heat conduction is the main mean of heat transfer considered in this 116 

problem. 117 

 118 

The saturated porous medium, in the context of theory of mixtures, is viewed as a 119 
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mixed continuum of three independent overlapping phases. Its conservation equation 120 

can be obtained according to principles of continuum mechanics. 121 

(1) Balance of linear momentum  122 

∇ ∙ (𝛔 − p𝐈)+ ρ𝐠=0                                                          (1) 123 

Where 𝛔 is the stress tensor, p is the pore pressure, I is the identity tensor, 𝐠 is the 124 

gravity acceleration vector. The component form of  ∇ ∙ 𝛔 with the base vectors 𝒆𝒊 can 125 

be written in the component form as 126 

∇ ∙ 𝛔 =
𝜕σ𝑗𝑖

𝜕x𝑗
𝒆𝒊                                                      (2) 127 

 128 

A thermo-elasto-plastic advanced Cam-Clay Model is applied in this model. In this 129 

model,  130 

d𝛔′ = 𝐃𝐞𝐩: d𝛆 + 𝐃𝐓𝐞𝐩dT                                                (2) 131 

where, 𝛆 is the strain tensor, 𝐃𝐞𝐩 is the fourth-order elasto-plastic material tensor, 132 

and 𝐃𝐓𝐞𝐩  is the second-order thermo-elasto-plastic material tensor with 133 

reference to temperature T.  These two tensors can be derived from the elastic 134 

modulus, yield function and flow potential of the thermo-elasto-plastic model 135 

(Laloui and Cekerevac 2003). The details of this model are discussed in Appendix 136 

A. The double contraction of 𝐃𝐞 with d𝛆 can be written in the component form as, 137 

𝐃ep: d𝛆 = Dijkl
ep

dεkl                                                    (6) 138 

 139 

(2) Pore water flow in soil 140 

∇ ∙ (−
k

rw
(∇p − ρ𝐠))  + ÷ �̇� +

n

Kw

dp

dt
− nαTwṪ = 0                       (3) 141 

k is the permeability coefficient, rw is the unit weight of water, ρ is the density of 142 

water, ∇p is the gradient of p, 𝐮 is the displacement vector of soil skeleton,  Kw is the 143 
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bulk modulus of water, n is the porosity of soil, αTw is the heat expansion coefficient 144 

of water ,÷ �̇� is the trace of the gradient of �̇�, which can be written as, 145 

÷ �̇� = ∑
𝜕u̇𝒊

𝑥𝑖

3

α=1

 

 146 

(3) Heat transfer in soil 147 

-∇ ∙ (Dsw
H ∇T)  + csw Ṫ = QT                                        (4) 148 

Dsw
H  is the heat conductivity of saturated soil, csw is the thermal capacity of 149 

saturated soil, QT is the heat source term. 150 

 151 

3 Lambeth College thermo-active pile test 152 

The purpose of the Lambeth College thermo-active pile test by Bourne-Webb et al. 153 

(2009) was to investigate the behaviour of a thermo-active pile installed in London 154 

Clay over different temperature cycles whilst under thermal and physical loading for 155 

an extended period of time, albeit short in comparison to the actual operation of a 156 

GSHP. The main test pile had a diameter of 610 mm (top 5 m) and 550 mm (below 5 157 

m from the top) and a length of 23 m. One heat sink pile was installed some distance 158 

away from the main test pile to discharge or extract energy obtained from the main 159 

test pile. Figure 1(a) shows a schematic layout of the test components and the 160 

instrumentation details of the main test pile. A distributed Optical Fibre Sensing (OFS) 161 

System and other conventional instruments such as conventional vibrating-wire strain 162 

gauges and thermal couples were used to monitor the temperature and strain changes 163 

throughout the test. The applied physical load at the pile head, the pile head 164 

movement, the ambient air temperature and the input and output temperature of the 165 
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fluid in the heat pump system were recorded during the test period, which lasted for 166 

seven weeks. Further details of the test can be found in Bourne-Webb et al. (2009) 167 

and Amatya et al. (2012). 168 

 169 

The soil profile is shown in Figure 1(b). The top 1 m of superficial soil is Made 170 

Ground. This is underlain by river terrace deposits to a thickness of 3 m, followed by 171 

London Clay. The ground water table was measured at about 3 m bgl. The ground 172 

temperature on the site ranged from 18℃ to 20℃, which is roughly 3℃ to 5℃ higher 173 

than the average range of the ground temperature in London. It is believed that the 174 

temperature was raised due to heat radiated from the surrounding congested London 175 

underground tunnels (Bourne-Webb et al. 2009).  176 

     177 

(a)                                                                  (b) 178 

Figure 1. (a) Schematic layout of test components from the thermo-active pile 179 

project at Lambeth College; (b) Distribution of OFS components in the test pile 180 

(after Bourne-Webb et al. 2009) 181 

 182 

Before commencing the thermal test, the pile underwent two mechanical loading 183 

cycles of up to 1800 kN and then zero to 1200 kN, to test its behaviour under 184 
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mechanical loading only, as shown in Figure 2(a). After this, the thermal loading 185 

cycles were applied. Figure 2(b) shows the pile temperature of the main test pile over 186 

time. Pile cooling commenced first. The temperature reached zero within 10 days and 187 

was kept constant at this temperature for 25 days. Heating was subsequently applied 188 

for 11 days. The temperature of the pile rose up to 37°C. However, the heating was 189 

interrupted for 2 days due to power failure. After the system recovered, the pile 190 

temperature was kept at about 31–34°C for 7 days. After the first heating stage, 191 

several cooling and heating cycles were applied with a change in temperature of about 192 

25°C. The magnitude of the temperature changes adopted in this testing programme is 193 

considered to be the maximum experienced in the actual operation of a GSHP, which 194 

sees an average change of about 20°C. The test was intended to examine the extreme 195 

case in terms of its thermo-mechanical response.  196 

 197 

(a)                                                      (b) 198 

Figure 2. (a) Load control applied at the pile head; (b) Temperature changes of 199 

the test pile over time at 9 m below ground level (Bourne-Webb et al. 2009) 200 

 201 

The rate of heating in the Lambeth College thermo-active pile test performed by 202 
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Bourne-Webb et al. (2009) was faster than the rate of heating that would be 203 

encountered during typical operation of a thermo-active pile as described in Brandl 204 

(2006) and McCartney et al. (2017). This may lead to an undrained effect observed in 205 

the short term thermal response test that may not be observed during operation of 206 

some other thermo-active piles.  207 

4 Finite element model 208 

The finite element THM simulation of the pile installation as well as the operation of 209 

the GSHP was conducted using an in-house finite element code developed at the 210 

University of Cambridge (Rui, 2014). The ground model includes three layers at 211 

different depths: Made Ground, Terrace Gravel and London Clay. A quarter of the 212 

pile and the surrounding ground were modelled, as shown in Figure 3. The diameter 213 

of the top part of the pile is 610 mm, and decreases to 550 mm below an elevation of -214 

5 m. The radius of the whole soil model is 8 m, incorporating three parts: Made 215 

Ground, Terrace Gravel, and London Clay. In this paper, the pipe network installed in 216 

the structural piles was not simulated. Instead, the temperature of whole pile was set 217 

as variable values as shown in Figure 2(b) in the FE analysis. The boundary 218 

conditions are also listed in Figure 3.  219 

 220 
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 221 
(a)                                                     (b) 222 

Figure 3. Model layout (A quarter of the pile): (a) soil and pile; (b) pile 223 

 224 

Modelling of the soil is done using the thermo-hydro-mechanical coupled model for 225 

porous media, as described in section 2, since it contains problems in which the 226 

various physical domains overlap. In the subsurface, soil deformation is associated 227 

with changes of pore pressure. Seepage flow along with the transfer of pore pressure 228 

influences the effective stress of soil skeleton. Temperature variation causes thermal 229 

deformation of both soil skeleton and pore fluid water. An anisotropic thermo-elasto-230 

plastic advanced critical state model was used for all the soils. The details and 231 

parameters of the model are given in Appendix A.  232 
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 233 

 The thermal properties of the soil were taken from the typical values in the design of 234 

ground source heat pump systems (Amis et al. 2008). There is limited data available 235 

on the thermo-mechanical properties of different soils. In this study, model calibration 236 

was performed by varying the thermo-mechanical model parameters so that the 237 

simulation results were similar to the field test data according to factors such as the 238 

pile settlement and distributed strain profile.  239 

  240 

The temperature of pore fluid water is assumed to equal the temperature of the solid, 241 

and the linear thermal expansion coefficient of water was 70 με/℃. The pile concrete 242 

Young’s modulus was 40 GPa, whereas the linear thermal expansion coefficient was 243 

8.5με/℃  (Bourne-Webb et al. 2009). In addition The linear thermal expansion 244 

coefficient was 20με/℃ , which was obtained from back-calculation of the field 245 

measurements by Bourne-Webb et al. (2016). In addition, London Clay has a low 246 

permeability coefficient 2 × 10−11m/s (Wongsaroj, 2005; Laver, 2010). The model 247 

parameters for each material that were used for the simulations are summarized in 248 

Table 1.  249 

 250 

Table 1 Model parameters 251 

Parameters Pile Made Ground 

(MG) 

Terrace Gravel 

(TG) 

London Clay 

(LC) 

Model Elastic Thermo-elasto-

plastic (see 

Appendix A) 

Thermo-elasto-

plastic (see 

Appendix A) 

Thermo-elasto-

plastic (see 

Appendix A) 

Elastic 

properties 

G=16.7GPa 

𝜈 = 0.2 

- - - 

Unit weight 25.0 20.0 20.0 20.0 
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(kN/m
3
) 

Thermal 

conductivity 

(W/(m.K)) 

2.37 1.8 1.8 1.5 

Thermal 

capacity 

kJ/ m
3
K 

2400 3200 3200 3200 

Thermo-

elastic 

Expansion 

(με/℃). 

8.5 20.0 20.0 20.0 

Permeabilit

y 

(m/s) 

- 2x10
-7

 1 × 10−3 2x10
-11

 

 252 

 Following the actual procedure of the field test, the THM simulation was divided into 253 

the following six steps: (1) initial state, (2) wish-in place pile installation, (3) the first 254 

mechanical loading to 1800 kN, as shown in Figure 2(a), (4) the unloading stage, (5) 255 

the second mechanical loading to 1200 kN, as shown in Figure 2(a), and (6) the 256 

cooling and heating cycles (day 4 – day 49), as shown in Figure 2(b). In this model, 257 

initial stress conditions assumed the coefficient of earth pressure coefficient K0, was 258 

1·0 (Bourne-Webb, 2016), and OCR of London clay was 18 (Yimsiri, 2001). The 259 

physical load is applied on the top of pile, and the displacement boundary condition is 260 

determined as horizontal displacement fixed for the side boundary and both vertical 261 

displacement fixed for bottom boundary, as shown in Figure 3. Initial thermal 262 

conditions assumed the constant initial temperature of 20°C, which was maintained 263 

on the bottom and side boundary. To simulate thermal loading, the nodal temperature 264 

of whole thermo-active pile was set as the values listed in Figure 2(b). 265 

 266 
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5 Results and discussion 267 

5.1 Thermal response 268 

Figure 4 shows the temperature contours in the soil during the operation of the field 269 

test. The zone of influence of the first cooling stage propagated radially with time 270 

(Figure 4 (a)). At the initiation of the heating stage, the temperature around the pile 271 

increased and then heat propagated radially with time (Figure 4 (b)). Similar patterns 272 

were observed in subsequent temperature cycles (Figure 4 (e & f)). The temperature 273 

change was rather uniform along the pile depth. The soil temperature below the pile 274 

base was also influenced by the change in temperature.  275 

 276 



16 
 

 277 

                         (a)           (b)          (c)           (d)           (e)         (f) 278 

Figure 4. Contours of changes in temperature(unit: ℃): (a) at the end of first 279 

cooling; (b) at the end of first heating; (c) at the end of second cooling; (d) at the 280 

end of second heating.  281 

5.2 Pile displacement 282 

The computed pile displacement at the top of the pile is compared to the field 283 

measurements in Figure 5. The pile was first subjected to a working load of 1800 kN, 284 

and the settlement was about 3 mm. After the load decreased to 0 kN, the pile head 285 

rebounded. The simulation gave 1.3 mm of residual settlement, whereas the actual 286 

1 20 20 20 20 1 30 30 10 15 
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residual settlement was 0.9 mm. The pile was reloaded to 1200 kN and the resulting 287 

computed settlement was 2.5 mm, which is similar to the actual settlement of 2.2 mm. 288 

 289 

The first cooling stage began after reloading the pile to 1200 kN. The settlement was 290 

4.5 mm during the first ten days of cooling, caused by the contraction of both the pile 291 

and the soil. After this, the settlement increased to 5.0 mm during the 30 days cooling 292 

period. This was due to the contraction of the ground as the cooling front propagated 293 

radially.  294 

 295 

During the heating stage, the pile expanded and the pile settlement decreased to about 296 

2.7 mm. There was an interruption to the heating, which increased the computed 297 

settlement to 4 mm. The actual settlement was 5 mm. After the heating resumed, the 298 

settlement rebounded back to about 2.7 mm. After the first cooling and heating stages, 299 

another cooling and heating cycle was simulated. The model results closely matched 300 

the monitoring data. As described earlier, the model parameters (especially the 301 

thermal-mechanical part) were calibrated to match the displacement, strain and 302 

temperature data.  303 

 304 
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 305 

Figure 5. Settlement of the thermo-active pile 306 

 307 

5.3 Pore pressure response 308 

Figure 6 shows the excess pore pressure profiles of the soil elements adjacent to the 309 

thermo-active pile. At the 1200 kN loading stage, the excess pore pressures in the 310 

London clay next to the pile interface were positive. In particular, there was a 311 

relatively large increase in excess pore pressure at a depth of 5 m. This is where the 312 

pile diameter reduced from 610 mm to 550 mm, creating a partial end bearing 313 

geometry. Some load transfer to the soil occurred at this location, resulting in this 314 

small increase in excess pore pressure compared to the other parts of the pile. This is 315 

schematically illustrated in Figure 7. At the base, excess pore pressure in the soil 316 

existed due to the end bearing load. In addition, the thermally induced excess pore 317 

water pressure divided by the initial effective stress is about 5%-10% for every 10C 318 

change in temperature, which is a little bit lower than the similar results (10%-20%) 319 

in undrained heating test for different soils summarized by Ghaaowd et al. (2015). 320 
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This is due to the partial completion of soil consolidation in this thermo-active pile 321 

test described in this paper. 322 

 323 

 324 

Figure 6. Excess pore pressure in the soil 0.5 m from the pile during cooling and 325 

heating cycles 326 

 327 

During the first cooling stage, the pore pressure reduced throughout the boundary of 328 

the pile and soil due to soil contraction. There was a small negative pore pressure 329 

developed. The small perturbation at 5 m depth disappeared because the negative 330 

excess pore pressure reduction due to cooling was greater than the original excess 331 

pore pressure developed during the mechanical loading. Figure 4 shows the decrease 332 

in temperature is quite uniform along the whole thermo-active pile, but the variation 333 

between loading only stage and cooling stage increase with pile depth. This is due to 334 

the effects of pile-soil interaction. During cooling stage, the lower part of pile 335 
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additionally moved upwards in the opposite direction of the case under a mechanical 336 

load only, but the upper part moved downwards. This thermally induced shear 337 

between the pile and the soil caused the decrease in excess pore pressure at bottom, 338 

but further increase in the excess pore pressure around top.  339 

 340 

The pore pressures increased when the pile was heated. Large excess pore pressure 341 

developed at the pile base because the pile bottom was kinematically constrained, 342 

indicating that the end bearing contribution to the load bearing increased relative to 343 

the shaft contribution. The small perturbation of excess pore pressure at 5m depth 344 

observed in the mechanical loading only case disappeared because of upward 345 

movement of the upper part of the pile.  346 

 347 

(a)                                     (b)                                 (c)                                (d) 348 

Figure 7. Influence of pile expansion on the neighbouring soil: (a) pile geometry; 349 

(b) under physical loading; (c) during cooling; (d) during heating 350 
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 351 

The computed excess pore pressure with distance from pile center is shown in Figure 352 

8. Under the mechanical load only, a sharp increase in excess pressure from 0kPa to 353 

about 18kPa with decreasing distance from the pile was observed, showing the extent 354 

of the influence zone by the mechanical load was about 4m. During the first cooling 355 

stage, the excess pore pressure around the pile decreased. The largest excess pore 356 

pressure was only about 2kPa, but the influence zone spreads a little further from the 357 

pile compared to the mechanical loading only case. During the subsequent heating 358 

stage, the sharp increase in excess pressure appeared again and the peak value was 359 

about 19kPa, but the influence zone was only about 2m, much smaller than the 360 

previous cooling stage. This was due to the shorter duration of the heating stage 361 

compared to cooling stage.  362 

 363 

Figure 8. Excess pore pressure with distance from pile center at elevation -12m  364 
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5.4 Pile response 366 

Figure 9(a) shows the computed axial stress profiles in the pile during the mechanical 367 

loading of 1800 kN and 1200 kN. The profiles were derived from the distributed FO 368 

strain data with an assumption that the axial Young’s modulus of the pile is 40 GPa. 369 

The simulation results are broadly consistent with the monitoring data in terms of the 370 

general shape of the stress distribution. Because the upper 5 m of the pile has a larger 371 

diameter than the remainder of the pile, the axial stress was about 10% – 20% less 372 

than if it had been the same diameter as the remainder. The corner end bearing effect 373 

also reduced the axial stress in the pile.  374 

 375 

Figure 9(b) shows the axial stress profile in the pile during the first cooling and 376 

heating stages. As the pile shrank towards the mid-section, negative incremental 377 

friction developed at the lower part of the pile, whereas positive incremental friction 378 

developed at the upper part of the pile (Bourne-Webb et al. 2009 and Amatya et al. 379 

2012). This resulted in more friction at the upper part of the pile and a faster decrease 380 

in axial stress with depth after cooling, compared to the case with mechanical loading 381 

only. The magnitude of the kink at 5 m depth decreased because the pile moved 382 

further downwards than the soil did at this location. That is, the corner end bearing 383 

effect was reduced. At the lower part of the pile, negative (tensile) incremental stress 384 

developed in the pile as the pile shrank upwards.  385 

 386 

During the subsequent heating stage, the pile expanded upwards at the upper part and 387 

downwards at the middle and lower part. An incremental negative friction developed 388 

at the upper part, and hence the maximum axial stress in the pile (6200 kPa) occurred 389 

between 6 m and 10 m in depth, and was greater than that applied to the pile head by 390 
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the physical load. At the mid and lower parts of the pile, additional friction developed 391 

and hence the axial stress reduced rapidly with depth. There was a small increase in 392 

stress at the bottom because the soil was pushed downwards by the expansion of the 393 

pile. 394 

 395 

 396 

(a) 397 

 398 

(b) 399 
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Figure 9. (a) Change of axial stress in the pile after loading; (b) Axial stress in the 400 

pile during the cooling cycle and heating cycle. 401 

5.5 Shear stress development 402 

Figure 10 shows the radial strain profiles of the pile at different stages of the test. 403 

When loading to 1200 kN, the radial strain in the pile was quite small, at about -404 

10με~0με (tension positive). When the pile was under a static load, it pushed in the 405 

radial outward direction due to the Poisson’s ratio effect. In the cooling stage, the pile 406 

contracted radially inwards and the radial tensile strain increased to about 155 με–407 

165 με. In the heating stage, the pile expanded and the radial strain decreased to about 408 

-100 με–-90 με. As shown in Figure 2(b), the pile temperature reduced by about 19℃ 409 

in the cooling phase and increased by about 10℃ in the heating phase. Hence, the 410 

correlation in Figure 10 indicates that every 1℃ change in temperature generates a 411 

change of roughly 8–9 με in the radial strain for the test pile, which is consistent with 412 

the thermal expansion coefficient of concrete of  8.5με/℃. However, the maximum 413 

radial diameter movement of the pile between the cooling and heating stage was about 414 

70μm, which is very small.  415 
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 416 

Figure 10. Radial strain of the pile shaft 417 

 418 

Figure 11 shows the change in the effective radial stress profile at different stages of 419 

the field test along the pile-soil interface. The difference in the effective radial stress 420 

between the cooling and heating stages increased with depth. But different from the 421 

drained analysis, the magnitude of temperature change didn’t correspond to the 422 

change in radial effective stress, which was small, at approximately 10 kPa. That is  423 

the thermally induced excess pore pressures observed in Figure 6 affect the effective 424 

radial stress due to the larger thermal expansion of pore water compared with soil 425 

skeleton. The shear stress is governed by the stress reversal behaviour of the cooled or 426 

heated soil region next to the pile in relation to the surrounding non-cooled/heated 427 

region of the soil. 428 

 429 
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 430 

Figure 11. Radial effective stress along the pile for different temperature changes 431 

 432 

Figure 12 shows the shear stress profiles along the pile at different stages of the test, 433 

in which the shear stress in the soil element next to the pile is plotted. In the 1200 kN 434 

mechanical loading only stage, the shear stress was almost constant throughout the 435 

depth of London clay because its stiffness increases with depth. 436 

 437 

During the cooling stage, the shear stress in the upper part increased due to the pile 438 

shrinking downwards, and the relative displacement of the pile and soil near the pile 439 

relative to the outer region of the soil  was in the same direction as in the mechanical 440 

loading only stage. The largest shear stress was about 48 kPa at an elevation of -10 m. 441 

In the lower part, the pile shrank upwards and negative incremental shear stress 442 

developed. The shear stress decreased, and the smallest shear stress was about -40 kPa 443 

at the bottom of the pile. 444 
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 445 

Figure 12. Shear stress along the pile for different temperature changes 446 

 447 

Figure 13 shows the shear stress-shear strain plot of a soil element in the upper part of 448 

the pile (7 m bgl), and Figure14 shows the same in the lower part (18 m bgl). In the 449 

upper part, the shear strain increment was in the same direction as that of the 450 

mechanical loading stage. In this particular case, the shear stress reached the ultimate 451 

shear stress strength and the load was transferred downward. In the lower part, the 452 

thermally induced shear strain was in a different direction to the mechanical loading 453 

stress, which meant that the stress remained in the elastic range. Due to the limited 454 

shaft resistance developed in the upper part by plastic yielding, the neutral point 455 

shows the location where the stress reversal occurred in the lower part of the pile, at 456 

16 m bgl, as shown in Figure 12. 457 

 458 

In the subsequent heating stage, the upper part of the pile moved upward, whereas the 459 
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lower part of the pile moved downward. Stress reversal occurred in the soil next to the 460 

pile. The shear stress was smaller than the ultimate shear stress, hence the soil 461 

behaviour near pile was non-linear elastic, as shown by the solid lines in Figure 13 462 

and 14. As both parts exhibited elastic-like behaviour, the neutral axis moved upwards 463 

to the mid-point of the pile. 464 

 465 

In the second cooling and heating stages, the shear stress in the soil element at 7 bgl 466 

moved between 25 kPa and -3 kPa, as shown in Figure 13. These are lower than the 467 

values in the first cooling and heating cycle because of the heavily overconsolidated 468 

nature of the London clay. Similarly, the shear stress in the soil element at 18 m bgl 469 

was within the yield stress envelope of the first cycle, as shown in Figure 14. Hence 470 

there was no further increase in the overall displacement of the pile by plastic 471 

deformation of the clay around the pile. The thermally induced cyclic “elastic-like” 472 

pile displacement was approximately 2 mm between the heating and cooling cycles, 473 

over a temperature difference of approximately 30 degrees, as shown earlier. 474 

 475 
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 476 

Figure 13. Change of shear stress with shear strain at elevation -7 m 477 

 478 

 479 

Figure 14. Change of shear stress with shear strain at elevation -18 m 480 
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6 Conclusions 482 

The pile-soil interaction behaviour of a thermos-active pile as tested at the Lambeth 483 

College field trial (Bourne-Webb et al. 2009) was investigated by conducting a 484 

thermo-hydro-mechanical finite element analysis using an advanced soil constitutive 485 

model. Negative excess pore pressures were computed around the pile during cooling, 486 

whereas positive excess pore pressures developed during heating. This is due to the 487 

difference in the thermal expansion coefficients of the pore fluid and the soil skeleton, 488 

and the low permeability nature of London clay. There was a difference in the radial 489 

effective stress acting on the pile-soil interface between the cooling and heating stages, 490 

but the average change along the pile was small (less than 10 kPa). Hence, in this 491 

particular case, the pile-soil interaction is governed by the shear mobilization by 492 

thermally induced cyclic displacements rather than by changes in the normal effective 493 

stress acting at the pile shaft. 494 

 495 

 During the first cooling stage, the shear stress at a small portion in the upper part of 496 

the pile reached close to the yield values, which led to an additional settlement of 497 

about 3 mm from the original settlement of 2 mm by the 1200 kN mechanical loading. 498 

In the subsequent heating stage, stress reversal occurred at the soil-pile interface, 499 

which was behaviour elastic in both the upper and lower parts of the pile. The pile 500 

moved upwards by about 2 mm over a temperature change of 30C. The simulation 501 

results show that the mobilized shear stress from the subsequent heating and cooling 502 

cycles were much lower than the ultimate friction yield envelope, and hence remained 503 

within the elastic region due to the heavily overconsolidated nature of the London 504 

clay. The mobilized shear stress from the subsequent heating and cooling cycles under 505 
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extreme temperatures were much lower than the ultimate friction yield envelope, and 506 

remained within the elastic region. Hence there was no further increase in the overall 507 

displacement of the pile. The thermally induced cyclic “elastic-like” pile displacement 508 

was approximately 2 mm between the heating and cooling cycles, over a temperature 509 

difference of approximately 30 degrees. 510 

 511 

 The thermal cycle loading in the field test was much faster than the actual seasonal 512 

operation of the GSHP. The soil-pile interaction of the two cases is expected to be 513 

different because the excess pore pressures generated during the heating and cooling 514 

will dissipate over time. This may result in changes to the radial effective stress acting 515 

at the pile-soil interface. In addition, as the temperature of the ground spreads radially 516 

and the excess pore pressure dissipates around the pile, the relative movement 517 

between the soil skeleton and the pile becomes smaller since the thermal expansion 518 

coefficients are relatively similar. Therefore, the changes in axial stress during short-519 

term thermal loading are expected to diminish with time, which will be the subject of 520 

our future study. 521 

 522 

 523 

 524 

 525 

 526 

 527 

 528 

 529 
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 535 

Notation  536 

𝛽 parameter defining the tilt of the yield surface 537 

𝑝′
0
 preconsolidation pressure 538 

𝜀𝑝 plastic strain tensor 539 

R ratio of subloading surface size 540 

𝐶𝑏 material constants which control the initial gradient of the swelling line 541 

𝜔𝑠 non-linearity of the one-dimensional swelling line 542 

𝑝𝑎  atmospheric pressure 543 

T  soil temperature 544 

𝜉  dimensionless distances in space 545 

D  gradient of the isotropic swelling line at the low mean effective pressure 546 

r  constant which controls the rate at which the isotropic swelling line reaches 547 

the gradient D 548 

M  gradient of the critical state line 549 

 550 

 551 
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