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ABSTRACT 18 

The energy pile test at Lambeth College, London was first reported just over 10 years ago, however 19 

the original appraisal of the test only looked at the thermal response at the end of extended cooling 20 

and heating stages, and did not examine the transient response within these stages or in the daily 21 

cyclic thermal loading stage that followed. This article revisits the earlier results, allowing for concrete 22 

creep under sustained load and using a revised strain-dependent pile modulus. The strong influence 23 

of the latter and the possible importance of stiffness changes during load reversal is highlighted. 24 

Detailed evaluation of the long-term transient results suggest within a given thermal loading interval 25 

the thermal effects are similar but there is some further discrepancy in the results, possibly due to an 26 

underestimation of the concrete creep. This re-evaluation has mitigated pile head displacement and 27 

increased thermal stress in the cooling phase, with the reverse occurring in the heating phase, and 28 

appears to be agree better with back-analysis reported by others. The transient response within the 29 

thermal loading stages illustrates that the development of the thermal stress-displacement response 30 

is related to the time for heat to diffuse through the pile body, around 3 days in this case. 31 
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1. INTRODUCTION 38 

A number of studies examining the thermo-mechanical behaviour of energy piles have now been 39 

published. These are a mix of field testing, model testing and numerical modelling; Bourne-Webb et 40 

al. (2019) and Bourne-Webb and Bodas Freitas (2020) provide a substantive review of the outcomes 41 

of these studies and synthesise the results to demonstrate the trends in responses in terms of 42 

maximum pile thermal stresses, th,max and pile head thermal movements, yth,0 which are considered 43 

to be parameters of most importance to designers. Broadly, speaking the thermally-induced 44 

interaction between piles and the soil is characterized by a balancing between movement and the 45 

alteration of internal stresses within the pile, i.e. if movement is restrained, internal stresses will 46 

increase, and vice versa.  47 

Amis et al. (2008) and Bourne-Webb et al. (2009) presented results from a field test on an energy pile, 48 

carried out during the construction of the Clapham Centre of Lambeth College in South London. These 49 

studies provide a detailed overview of the test conditions and the thermo-mechanical response of the 50 

test pile. Amatya et al. (2012) extended this assessment further, incorporating the response of the 51 

heat sink pile which was not mechanically loaded, and comparing the responses to the case studies of 52 

Laloui et al (2003) and Brandl (2006). However, these assessments were only made for the response 53 

at the end of heating or cooling phases, they did not consider the transient thermal response that 54 

developed during these phases. 55 

This paper was prompted by various discussions relating to how the heat in the pile builds up and 56 

passes to the ground, and the resulting pile-soil thermal interaction. To provide a baseline time for 57 

examining the results, the time for the heat to diffuse through the pile body was estimated. Eklöf & 58 

Gehlin (1996) proposed equation (1) to define the minimum time, t, a borehole thermal response test 59 

(TRT) needs to run, for the simplified line-source equations used to interpret the test, to be applicable. 60 

This equation provides an estimate of the time for heat to diffuse through the borehole and thermally-61 

activate the adjacent soil, allowing a reliable value for the soil thermal conductivity to be derived from 62 

the TRT. 63 

𝑡 ≥
5.𝑟0

2

𝛼
 (𝑠)          (1) 64 

where r0 (m) is the borehole radius and  (m2/s), the thermal diffusivity of the concrete and the 65 

constant 5 is the Fourier number, or dimensionless time, beyond which the heat capacity of the 66 

borehole infill material no longer affects heat flow to the ground. 67 

For a borehole and depending on the grout thermal properties and borehole size, equation (1) yields 68 

a minimum TRT time of about 1 to 3 days. Taking a value for the thermal diffusivity of limestone 69 



 

 

aggregate concrete of 1 to 1.5 x10-6 m2/s (Tatro, 2006) and applying equation (1) to the Lambeth 70 

College test pile (r0 ≈ 0.3 m), then it is estimated that between 72 to 120 hours of cooling/heating is 71 

required to ensure that the pile is fully thermally-activated and no longer restricting heat flow to the 72 

ground. It is worth noting that during the Lambeth test, the inlet/outlet temperatures were seen to 73 

stabilise from about 120 hours into the thermal test which suggests these figures are about right.  74 

This of course presumes that the heat is applied as a line-source, along the centreline of the 75 

borehole/pile which physically cannot occur, so (1) is just an approximation. In many cases, including 76 

the Lambeth College test pile, heat exchanger pipes in piles are attached to the reinforcement cage 77 

and there may be 0.1 m (or less) concrete cover between the pipe and the soil, which means the heat 78 

will reach the soil in a few hours while it will take some time for the heat to penetrate across the pile 79 

interior. For the Lambeth College pile and assuming the pipe is 0.1 m from the pile surface, equation 80 

(1) suggests it will take around 12 hours for the heat to reach the soil but about 48 hours to reach the 81 

pile centre. Therefore, it can be postulated that a minimum of 48 hours of heating is required for the 82 

pile to be fully thermally-activated, though heat will have been passing to the soil during this time as 83 

well.  84 

Field studies such as those reported in Laloui et al. (2003), Murphy et al. (2014), Santiago et al. (2017), 85 

Pardo de Santayana et al (2018) and Luo et al. (2017) illustrate the transient response of test piles 86 

during heating/cooling but as a function of the temperature change rather than elapsed time during 87 

the test. These cases are also characterised by a steadily increasing/decreasing pile temperature 88 

throughout each thermal loading phase of testing, and continuously evolving pile-soil interactions.  89 

Faisal et al. (2016) illustrate the transient response of a thermally-activated test pile constructed in 90 

dense to very dense sand. The pile was not loaded mechanically and the thermal testing included 91 

continuous cooling which provided bounds to various intermittent cooling and rest sequences. The 92 

continuous cooling operation reached a peak stress value after about 40 hours, following which the 93 

thermal stress relaxed by up to 10% by the end of the test. During intermittent cooling, despite similar 94 

peak thermal stresses being mobilised, there is no stress relaxation evident in the results. Given that 95 

it was the same pile, in the same soil, it is not readily apparent why stress relaxation might occur. Two 96 

possibilities that could be contemplated are either concrete creep (or a similar phenomenon) or 97 

moisture movement in the partially-saturated soil adjacent to the pile leading to reduced restraint of 98 

the pile. During a similar test which instead involved heating the pile, Faisal et al. (2018) show that no 99 

stress relaxation was seen. This is due to the temperature of the pile not stabilising until close to the 100 

end of the test which is also when the maximum thermal stress occurs. This serves to illustrate how 101 

differing responses are observed depending on the nature of the applied thermal load. 102 



 

 

Operational thermally-activated pile foundations such as that reported by Murphy & McCartney 103 

(2014) and McCartney & Murphy (2017) have a time-varying thermal load throughout the year and 104 

while there are clear transient responses, it is somewhat difficult to de-couple all the likely effects. 105 

The downdrag/uplift effects discussed by McCartney & Murphy (2017) suggest some alteration of the 106 

pile deformation response when comparing the pile at the same temperature but differing times. 107 

Bourne-Webb (2020) [18] discusses how the results might be affected by concrete creep, especially in 108 

the uppermost gauge levels but also highlights that at lower gauge levels the apparent alteration in 109 

axial response with time discussed by McCartney & Murphy (2017), continues and is possibly due to 110 

some alteration in the pile-soil interaction as the soil mass is thermally-activated over time. 111 

Gawecka et al. (2017) developed a finite element model for a thermally-activated pile in London Clay 112 

based on the Lambeth College test pile, Bourne-Webb et al. (2009). A parametric study was 113 

undertaken where the thermal loading was maintained for extended periods, to assess the effect of 114 

modelling assumptions on the predicted pile response. Fully coupled thermo-hydro-mechanical 115 

analysis (Analysis A) presented by Gawecka et al. (2017) showed that during maintained thermal 116 

loading over 6 months, stress relaxation (reduction) would develop, while at the same time pile head 117 

movements would increase, Figure 1. This relaxation effect is attributed to the thermal-activation of 118 

the soil around the pile following the thermal changes imposed on the pile and the use of a coefficient 119 

of thermal expansion (CTE) for the soil medium, twice that of the pile. Similar relaxation effects with 120 

time have been reported in numerical studies by Olgun et al. (2014) and Salciarini et al (2015). While 121 

Bodas Freitas et al. (2013) and Bourne-Webb et al. (2016) illustrated the effect of differential thermal 122 

expansion and contraction of the ground with respect to the pile in steady state thermal conditions, 123 

when the soil CTE differs from that of the pile. 124 

The results from Gawecka et al. (2017) are illustrated in a normalised format in Figure 1 where the 125 

pile maximum thermal axial stress, th,max and pile head thermal movement, y0,th have been normalised 126 

using the stress change associated with perfect restraint of the pile, th,fixed = -c.T.Es and the 127 

movement associated with unrestrained pile thermal deformation, yth,free = -c.T.L respectively. The 128 

negative sign ensures that the thermal stress (tension) and displacement (settlement) are positive 129 

during cooling in line with the chosen sign convention, c is the linear coefficient of thermal expansion 130 

for the pile (8.5 /K, after Bourne-Webb et al., 2009), T the average change in temperature in the 131 

pile, Es the effective secant modulus for the pile material and L the length of the pile. The same 132 

normalisation approach is applied to the results presented later in this article, in which case the T 133 

and Ec used in the normalisation were the instantaneous values at the point in time considered. 134 
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It is apparent that the results from few field studies have examined with respect to the pile-soil 136 

interaction that develops during the initial stages of thermal loading, and the interplay between pile 137 

deformation and thermal stress development. This article revisits the Lambeth College data set, to 138 

examine the transient thermo-mechanical response of the test pile, in these early stages of cooling 139 

and heating. 140 

2. LAMBETH COLLEGE TEST PILE 141 

2.1. Overview 142 

The Lambeth College energy pile test was undertaken over a period of 2 months between 14 June 143 

and 14 August 2007 and involved an initial pile test to 1.5x the design working load of 1200 kN, thermal 144 

testing, and a final load test to 3x the design working load, Table 1. Full details of the test set-up and 145 

results focusing on the response at the end of Stages 1 and 2 can be found in Amis et al. (2008) and 146 

Bourne-Webb et al. (2009) but a brief summary follows. The site for the test pile was located within 147 

the grounds of the Clapham Centre of Lambeth College on the south-east edge of Clapham Common 148 

in South London. The maintained load, cyclic thermal test was undertaken as part of the development 149 

of a new five-storey sixth form studies building where a shallow geothermal energy system utilizing 150 

the 147 foundation piles as ground heat exchangers was to be employed to provide 302 kW heating 151 

and 460 kW cooling. 152 

The test pile was representative of the working piles constructed to support the new structure; it was 153 

23 m long, had a nominal diameter of 600 mm and was designed for a working load of 1200 kN. The 154 

pile was constructed with a 5 m long, 610 mm outside diameter x 10 mm wall thickness steel casing 155 

supporting the pile bore through the superficial deposits, and with an open-bore formed with an auger 156 

diameter of 550 mm below the casing. The test pile was reinforced with 6 - 32 mm diameter full-length 157 

bars and 10 mm diameter shear links which were spaced at 100 mm centres over the upper 6 m and 158 

2 m over the rest of the reinforcement cage. The reinforcement cage was sized to provide a nominal 159 

cover of 75 mm (85 mm to main bars) in the uncased, 550 mm nominal diameter pile shaft, increasing 160 

to 105 mm in the cased section. Two heat exchange pipe loops formed from 25 mm diameter HDPE 161 

tube, linked in series, were embedded in the pile. In addition, four anchor piles (same dimensions) for 162 

supporting the loading frame, and a 30 m long heat sink pile were installed around the same time as 163 

the test pile. The test pile was instrumented with a mix of either, embedded vibrating wire strain 164 

gauges (VWSG) with integrated thermistors and optical fibre sensing (OFS) cable. Six levels of the 165 

former were distributed along the length of the test pile, with continuous OFS for strain and 166 

temperature sensing, Figure 2. In this evaluation of the test data set, only the VWSG and thermistor 167 

data have been considered, Figure 3 (note that the inlet temperature data stop after about 700 hours 168 



 

 

as the laptop logging the data was not reset after a short power outage). In Bourne-Webb et al. (2009), 169 

it was apparent that the OFS data follow similar trends to the VWSG and its exclusion in this 170 

assessment is intended to aid clarity. Throughout the thermal test, the pile mechanical loading was 171 

maintained at 1200 kN using an automated hydraulic loading system, Figure 3. The pile head was free 172 

to move and movements were monitored throughout the test using four linear variable differential 173 

transformer (LVDT) displacement gauges, Figure 3. 174 

The ground conditions are typical for London with superficial deposits comprising 1 to 1.5 m of Made 175 

Ground, and 3 to 4 m of River Terrace Deposits that overlie the London Clay Formation, which extends 176 

well below the toe level of the piles. Groundwater stands within the River Terrace Deposits about 1 m 177 

above the top of the London Clay, Figure 2. 178 

Thermal loading was generated using an NSKW08 model heat pump from Waterfurnace Intl. Inc. 179 

which had a capacity rating of 8 kW. During Stage 1, the pile was cooled with an inlet fluid temperature 180 

of about -6 °C, circulating at about 0.65 litres/s (2.34 m3/hr), and the average pile temperature fell by 181 

almost 20°C, to close to zero, Figure 3. In Stage 2, the pile was heated with an inlet fluid temperature 182 

of +30 to +40°C but the process was interrupted by a weekend power cut which is clearly visible in the 183 

data set. Daily cycles of cooling and heating followed in Stage 3, and Stage 4 represents the period 184 

after the heat pump was removed and temperatures recovered. 185 

In this assessment of the Lambeth College test, only Stages 1 to 3, up until the pile head load is 186 

removed (after about 1102 hours), and prior to the second pile load test, will be considered. The 187 

subsequent data is very difficult to interpret due to the changing pile head loads combined with 188 

continuing cooling. 189 

The following sign convention is employed in the subsequent presentation: tensile stress/strain 190 

positive; settlement (downwards displacement) positive; pile-soil shearing positive when opposing 191 

pile settlementn (pile moves down wwith respect to the soil). 192 

2.2. Data interpretation 193 

When initially examining the transient response, a relaxation of axial strain with time was 194 

apparent, especially near the pile head, Figure 4, where the axial strains are coming more compressive 195 

with time, this is especially clear after 120 hours. The thermal loading was expected to generate tensile 196 

strain and the external load was not changing, so it was obvious that there was another factor 197 

influencing the results.  198 

Bourne-Webb (2020) concluded that this effect was most probably due to concrete creep under 199 

sustained load and in this re-evaluation of the Lambeth College pile test data, the measured axial 200 



 

 

strain response has been corrected for concrete creep following Lam and Jefferis (2011) and using the 201 

concrete creep formulation presented in BS EN 1992-1-1:2004, which is summarised in Appendix A. 202 

This assessment suggested that during the thermal test period, concrete creep would have been 203 

responsible for additional compression strain of up to about 50 to 60  in the most highly stressed 204 

parts of the pile. Bourne-Webb (2020) found that the pile residual strains arising from concrete curing, 205 

were small and these have been subtracted from the subsequent pile load and thermal test data. Also, 206 

rather than using a constant value of pile stiffness, Bourne-Webb (2020) derived a strain-dependent, 207 

effective secant modulus, Es for the pile following Fellenius et al. (2000), equation (2).  208 

 Es = 45 + 0.04a         (2) 209 

were a is the average axial strain at each level of VWSGs along the pile axis (compression negative).  210 

3. OBSERVED TRANSIENT REPONSE 211 

3.1. Stage 1 - Cooling 212 

Figure 5 shows profiles of change in temperature, axial thermo-mechanical (TM) strain corrected 213 

for concrete creep and axial TM load that developed during Stage 1 of the thermal test. The change in 214 

apparent response at the pile head from before the correction for concrete creep is quite apparent 215 

when comparing the strain profiles in Figure 5 and 6, where in the latter the axial strains now exhibit 216 

a progressive reduction in line with the imposed temperature changes. Using the timeframe for 217 

thermal-activation of the pile body discussed earlier, as a point of reference, the Stage 1 responses 218 

are discussed in terms of those observed in the first 72 to 120 hours and the response that develops 219 

during the rest of the stage (up to 740 hours). The axial TM load profile developed at the start of 220 

cooling when the pile had been reloaded to 1200 kN, immediately prior to the thermal test, is provided 221 

as an initial baseline. 222 

As the pile cools, the compression load generated by the mechanical load gradually reduces, as noted 223 

previously by Bourne-Webb et al. (2009). During the first 120 hours, the maximum thermal stress 224 

developed fairly uniformly between 4.0 m and 15.5 m depth. Towards the ends of the pile the effect 225 

is much reduced with near-zero changes close to the pile head (commensurate with load control and 226 

near-zero restraint at the pile head) and with a small tension developing towards the pile base. The 227 

response is quite regular and is consistent with the gradual reduction in temperature of the pile body 228 

with time, over its length seen in Figure 5. 229 

The response at 4.0 m depth is not quite consistent with the other data. After reloading, the 230 

interpreted axial TM load is slightly higher than that applied at the head of the pile which is unlikely. 231 

Also, the inferred alterations in pile axial load due to cooling, are not realistic as there is unlikely to be 232 



 

 

sufficient shaft restraint in terms of available friction above this level to generate this reaction. 233 

Therefore, the data at this level should be viewed with caution and there are several potential causes 234 

for such deviations including errors in the temperature or strain measurements, geometrical 235 

differences and irregularities in the concrete. For example, this level is close to the transition from the 236 

superficial deposits to the London Clay, static groundwater level and the end of the temporary casing, 237 

so it is possible that the pile geometry is affected by, e.g. overbreak and the constructed diameter is 238 

larger than nominal values quoted earlier, which would lead to a smaller strain being measured at any 239 

given load. In future experimental studies such as the one reported here, it is considered critical that 240 

gauge calibrations are verified, the constructed pile dimensions are recorded via e.g. direct 241 

measurement using callipers and/or indirect measures based dynamic testing or thermal profiling. 242 

In the period after about 120 hours, the inlet fluid temperature has stabilised at about -6°C (Figure 3) 243 

and the pile continues to cool but at a much slower rate, the pile temperature reducing only 2 to 3°C 244 

degrees in the following 620 hours, compared to an average over the length of the pile of around 16°C 245 

in the initial period. Likewise, the axial loads continue to decrease but at a much reduced rate, in line 246 

with the temperature changes. This is an indication that the pile is fully thermally-activated and no 247 

longer providing significant resistance to heat flow to the ground.  248 

Despite the extended cooling period of 31 days, no relaxation of the axial load response is evident in 249 

the data of Figure 5. It was after 30 days of heating that the relaxation response noted by Gawecka et 250 

al (2016) began to develop, so it is possible that either the test duration was not long enough to 251 

produce these effects, or small fluctuations in temperature that were occurring masked the effect. 252 

The uncorrected and creep corrected pile head thermal displacement during Stage 1 is shown in Figure 253 

6, and both exhibit a gradual accumulation of additional settlement throughout the cooling period. 254 

The trends in the temperature change and the corrected pile head thermal movement are very similar 255 

whereas before the creep correction, the pile head settlement was accumulating at a much faster rate 256 

due to the additional effect of concrete creep. The fluctuations of a few-tenths of a millimetre seen in 257 

the settlement curve were most likely caused by diurnal temperature variations, either through 258 

thermal deformation in the loading frame and/or temperature sensitivity in the displacement 259 

transducers.  260 

Pile head thermal displacements plotted versus average pile temperature change are shown in Figure 261 

7(a); once again fluctuations in the displacement are apparent as vertical excursions and are not 262 

related to the pile temperature changes confirming that there was an outside effect in these data. 263 

Also shown on Figure 7(a) is a line representing movements equivalent to 60% of the unrestrained 264 

thermal displacement, yth,free (or, yth,0  0.6yth,free) which passes through the condition reached at the 265 



 

 

end of the Stage 1. Also, shown is the condition after 24 and 120 hours where yth,0  0.5yth,free; even 266 

allowing for the diurnal effects noted above, it would seem that there is a small extra thermal 267 

displacement in the subsequent period which may indicate that the restraint of the pile has relaxed 268 

but the effect is too small to be considered significant enough the confirm this. 269 

Figure 7(b) illustrates the development of the normalised pile head thermal movement (yth,0/yth,free) 270 

versus the normalised axial thermal stress response (th,max/th,fixed) from about 1 hour after the start 271 

(due to the data being somewhat erratic for a period after the thermal load changes which were quite 272 

abrupt), until the end of the cooling stage. Also shown is the interpretation of this stage of the test 273 

presented in Bourne-Webb et al. (2009). The final pile head displacement at 740 hrs is smaller, 274 

because of the correction for concrete creep, while the final thermal stress changes are larger, as a 275 

consequence of the creep correction and the use of the revised strain-dependent effective pile 276 

stiffness. Bourne-Webb et al. (2009) used a constant modulus of 40 GPa however in this 277 

reinterpretation the effective modulus ranged between 42.4 GPa at the pile head and 45.8 GPa at the 278 

base (average 44.3 GPa). It is also apparent that during the transient phase, quite large fluctuations in 279 

yth,0/yth,free (±0.15 about a mean of 0.5; a variation of ±30%) occurred, while the stress changes are 280 

rather smaller ((±0.03 about a mean of 0.3; a variation of ±10%). To repeat, much of the displacement 281 

fluctuation appears to occur as an effect of diurnal air-temperature changes. The results at 24 and 120 282 

hours are also shown in Figure 7(b) and these suggest that even though there was a small relaxation 283 

in terms of pile head movement, this was not matched by any significant reduction in the maximum 284 

axial stress, as already noted in the discussion of Figure 5. Thus, it is not obvious that this apparent 285 

relaxation is the effect of thermal activation of the ground, or the environmentally-induced changes 286 

in the measurements.  287 

3.2. Stage 2 - Heating 288 

At the end of the cooling period, the thermal load on the main test pile was reversed and the pile 289 

was heated. This period lasted about 289 hours (740 to 1029 hours elapsed) but after about 24 hours 290 

a power blackout which lasted around 60 hours, interrupted the test. In the period after the power 291 

cut, maintaining a consistent temperature rise proved difficult, though the reasons for this remain 292 

unclear, Figures 3 and 8. In Figure 8, as the pile warms, the axial load response becomes more 293 

compressive with the maximum thermal axial load occurring at 1027 hours (287 hours of heating) 294 

even though the maximum temperature change occurred at around 920 hours. The differences are 295 

small but this suggests that the pile was not fully thermally-activated until after about 920 hours (120 296 

hours heating, excluding the power cut).  297 



 

 

Figure 9(a) shows the pile head displacement as a function of temperature change that occurred 298 

during Stage 2, including the power cut. If the final point only was considered, the temperature 299 

displacement response is about 30% of the unrestrained thermal displacement, compared to 60% in 300 

Stage 1. Coincidentally, the incremental response within the stage is also about 30% of the 301 

unrestrained thermal displacement. This apparently stiffer thermal-displacement response is 302 

consistent with larger thermal stress changes, compared to those in Stage 1, Figure 9(b). 303 

The normalised stress-displacement response for Stage 2 is illustrated in Figure 9(b), where it is also 304 

compared to the equivalent response presented in Bourne-Webb et al. (2009) for the end of heating. 305 

Note that the response shown in Figure 9(b) is based on the incremental response within the Stage, 306 

not the total as shown in Figure 9(a). In this case, as in Stage 1, the displacements are smaller and the 307 

associated thermal stresses are larger compared to those in Bourne-Webb et al. (2009), though not as 308 

significantly because during this stage of the test, the rate of accumulation of creep strain is much 309 

reduced compared to that at the start. At the end of Stage 2, the effective pile stiffness applied 310 

averaged 42.3 GPa, compared to the 40 GPa used in Bourne-Webb et al. (2009). 311 

The condition at the end of cooling (740 hrs) is also indicated in Figure 9(b) and it is apparent that the 312 

general tendency noted by Bourne-Webb et al. (2019), for piles being cooled to exhibit larger pile head 313 

movement and lower maximum thermal stress than piles being heated, is reconfirmed. The differing 314 

response between heating and cooling can be explained in terms of the associated alteration in the 315 

location of the so-called neutral point, where the maximum axial load occurs. During heating this is 316 

located in the upper part of the pile and during cooling, the lower, Figures 5 & 8. The shift upwards 317 

during heating is due to the pile expansion causing a reduction or even reversal, in the mobilised shear 318 

stress on the pile-soil interface along the upper part of the pile shaft which needs to be balanced by 319 

an increase in shear stress and pile base reaction, below the neutral point. The pile head movement 320 

is proportional to the depth to the neutral point, thus pile head movements during heating are less 321 

than those during cooling. The alterations in mobilised resistance on the pile shaft and base, also serve 322 

to explain why heating tends to result in larger stress change, although as Bourne-Webb and Bodas 323 

Freitas (2020) showed, the variation in normalised axial stress between heating and cooling does not 324 

appear as great as the variation in normalised pile head displacement.  325 

3.3. Stage 3 – Cyclic Cooling & Heating 326 

While not shown here, the axial TM load response in each cycle of cooling or heating applied 327 

during Stage 3 of the thermal test, was similar to those seen in the first two stages. Figure 10 shows 328 

(a) the pile head thermal displacement as a function of temperature change and (b) the normalised 329 

stress-displacement response for each cycle of cooling or heating applied to the main test pile, during 330 



 

 

Stage 3 of the thermal test. From Figure 10(a), it is apparent that the temperature displacement 331 

response is similar to that seen in Stage 2 with the incremental rate of pile head movement being 332 

equivalent to about 30% of the unrestrained thermal displacement.  333 

Towards the end of each cycle, the pile head movement begins to alter, instead of following the trend 334 

lines annotated as 0.30yth,free, the pile head movements show significant changes with negligible pile 335 

temperature change, reducing in the cooling cycles and increasing in heating cycles. On closer 336 

examination, this behaviour was once again found to be associated with air temperatures increasing 337 

through the day and is similar to the excursions seen in the Stage 1 data. 338 

The normalised stress-displacement response of the pile in each cycle is shown in Figure 10(b). It is 339 

apparent that the result at 1056 hours does not follow the other results at the end of each stage. This 340 

result is affected by a significant change in pile head displacement in the hours before the end of the 341 

cycle which means the pile head movement is understated, and this point should therefore plot 342 

further to the right in the figure. Once again this is associated with rising air temperatures during the 343 

day – the effect is only a few tenths of a millimetre but clearly impacts on the interpretation of the 344 

results. In a conventional static load test, the impact on the results is probably minimal as the 345 

settlements are likely to be tens of millimetres so, however in a thermal test, an excursion of a few-346 

tenths of a millimetre is significant and in this case, is equivalent to an average temperature change 347 

in the pile of about 3°C. 348 

The results in Figure 10(b) can be compared with the results from Gawecka et al. (2016), Figure 2 and 349 

it is apparent that while the trends in the two plots are similar, the results from Gawecka et al. (2016) 350 

lie to the side of lower restraint (i.e. larger yth,0/yth,free and smaller th,max/th,fixed) which is similar to the 351 

effect seen during cooling (Stage 1) but is the opposite of the effect seen during heating (Stage 2). The 352 

key difference here is that in the modelling by Gawecka et al. (2016) cooling and then heating stages 353 

were imposed over a period of several months during which time the soil around the pile began to be 354 

thermally-activated and interfere with the pile restraint, leading to an increase in pile head movement 355 

and a release of thermal stress; this was not obvious in the field test reported here, possibly because 356 

the duration of thermal loading was insufficient for this to develop.  357 

4. DISCUSSION 358 

Bourne-Webb (2020) demonstrated the importance of accounting for concrete creep under 359 

sustained load in long-term thermal testing of piles and presented a revised interpretation of the 360 

Lambeth College energy pile test which also included a revised correction for residual stress and a 361 

strain-dependent modulus. Figure 11 illustrates the impact of applying these factors on the 362 



 

 

interpreted axial thermo-mechanical (TM) load and mobilised shaft friction profiles (denoted 2020) in 363 

comparison with the interpretation presented by Bourne-Webb et al. (2009). The effect is most 364 

obvious in the upper part of the pile where the maintained stresses are largest but also suggests that 365 

the thermal effect is more uniform along the pile than previously suggested.  366 

Problems continue however in the mobilisation of potentially unrealistic shaft friction in the 367 

shallowest parts of the pile in the superficial deposits – the reinterpretation has mitigated the high 368 

friction values during heating but those during cooling are now larger. These values cannot be 369 

recovered with conventional values for the pile-soil interface angle of shearing resistance and lateral 370 

stress coefficients used for calculating the shaft resistance of bored piles. This is considered likely to 371 

be the consequence of the possible unreliability of strain gauge readings at the 4.0 m level, and/or 372 

ground-loss during pile construction which created a pile body with a diameter different to the 373 

nominal value for the pile shaft constructed using a temporary casing (610 mm) which means the 374 

strain readings are not compatible with the assumed pile diameter when converting them to stress. 375 

The benefit of this reinterpretation is further illustrated in Figure 12 where the axial thermal load 376 

changes within each thermal cycle from Stages 1, 2 and 3 are presented. Notwithstanding the 377 

problems that continue in the observations at 4.0 m depth, it is clear that the thermal axial forces are 378 

consistent, tend to zero at the pile head, and show some alteration in the mobilisation of the pile base 379 

reaction. In the absence of the creep correction, this is not the case, especially near the head of the 380 

pile where the uncorrected strains imply a non-zero change in load at the pile head. 381 

Figure 12(a) shows the incremental thermal loads with respect to the start of the thermal load test, 382 

while Figure 12(b) shows the incremental axial thermal loads based on the changes with respect to 383 

the start of each stage. It is clear that the latter provides a clearer comparison of the effect of changes 384 

in the thermal loading. What is also apparent is that the thermal load profiles show a transition from 385 

Stage 1 and 2, to Stage 3 which is suggesting some sort of alteration in the response of either the pile 386 

or the instrumentation in the upper part of the pile. 387 

Figure 13 examines this alteration by comparing the responses in each stage when the average change 388 

in pile temperature was the same (a) relative to the start of the thermal test and (b) relative to the 389 

start of each stage. Initially, this comparison was made after equivalent periods of cooling/heating 390 

(about 1 day) however it was apparent that while the results are similar, there were significant 391 

differences in average pile temperature (4 to 5°C) suggesting that the energy applied to the pile in 392 

each stage was not consistent over the periods considered. The average pile temperature changes 393 

applicable in Figure 13 are -6.4°C for Stages 1, 3.1 and 3.3 and +9.1°C, in Stages 2 and 3.2. 394 



 

 

Figure 13(a) suggests that there is a drift towards a more compressive state of axial load in the pile 395 

shaft with this being particularly notable at both the pile head from Stage 3.1, and at the pile base, 396 

from Stage 2 and Stage 3.2. Shown below the axial load profile are the associated pile head thermal 397 

displacements and average pile temperature changes. A small but increasing pile settlement seems to 398 

have developed between Stage 1 and Stage 3.1 which would be compatible with the mobilisation of 399 

the additional base reaction seen during Stage 2, although it should be borne in mind that values are 400 

very small and subject to some uncertainty as discussed previously. Temperature profiles (not shown) 401 

were checked to see if there were any local effects along the pile that might be responsible for some 402 

of the above discrepancies but these were remarkably consistent. 403 

The alteration in axial thermal load response at the pile head is not readily explained by changes in 404 

the test conditions and could be due to a discrepancy between the actual concrete creep strains and 405 

those predicted by the creep model employed, including factors such as acceleration of creep during 406 

the heating stages which is not accounted for in the model used, Bourne-Webb (2020), and the 407 

concrete parameters used in the model which were taken from BS EN 1992 based on nominal cube 408 

strengths not being representative of the in situ concrete properties. CS126 (2004) suggests that the 409 

in situ concrete strength could be up to about 10% to 20% lower than 28 day cube strengths in the 410 

first few months after placement, and lower strength would lead to increased concrete creep. In Stage 411 

1, the cooling to -6.4°C developed after about 8 hours however, the same temperature change in later 412 

cooling stages, occurs more than 1000 hours later, so it is feasible that errors in the estimation of 413 

concrete creep explain this apparent drift in the axial thermal load response.  414 

Examining the incremental changes shown in Figure 13(b), in both cooling and heating, the 415 

incremental axial thermal loads are regular and tend to zero at the head of the pile. The advantage of 416 

examining the incremental response is that any time-related accumulation of e.g. concrete creep is 417 

largely negated in the comparison, the time difference to achieve the temperature changes indicated 418 

being only 3.5 to 4.5 hours. It is also worth noting that a 1°C difference in temperature would equate 419 

to a difference of about 30 kN to 50 kN in the axial load for cooling and heating respectively. 420 

 During cooling, the incremental axial thermal loads generated are always tensile with a similar 421 

distribution from Stage 1 to Stage 3.3. In this case, while the average pile temperature is about 422 

the same, in Stages 3.1 and 3.3, the part of the pile above 6.5 m depth is slightly warmer and the 423 

part  below 15.5 m, slightly cooler than in Stage 1 which could also contribute to the small 424 

differences in axial load profile and pile head displacement noted. The tensile axial reaction 425 

towards the pile base remains.  The consistent response seen within each cooling stage suggests 426 



 

 

that the axial load effect at the pile head, seen in Figure 13(a), is not necessarily thermally-induced, 427 

lending weight to the previous discussion. 428 

 During heating, the incremental axial thermal loads generated are always compressive, and the 429 

load and temperature profiles are again quite similar (the similarity with the cooling stages is 430 

coincidental given that the temperature change considered is 50% larger). Unlike the effect seen 431 

at the head of the pile, the increase in compression on the base remains and does not change 432 

which, as is the case of the tension during cooling, suggests that this is a response to the thermal 433 

expansion and contraction of the pile. 434 

Amatya et al. (2012) examined the heat sink pile in addition to the main test pile at Lambeth College. 435 

This pile did not have any external mechanical load applied and the thermal loading was the opposite 436 

of the main test pile, i.e. when the latter was cooled the heat sink pile was heated and vice versa. This 437 

pile was 30 m long rather than 23 m but the response interpreted from the OFS installed in the pile 438 

(no other sensors were included) showed a progressive mobilisation of restraint from the head down 439 

and the base up, with the maximum thermal load occurring just below mid-depth, at about 17 m (0.57L 440 

where L is the pile length). No reaction appeared to be mobilised at the base of the heat sink pile 441 

which implies that sufficient thermal restraint was able to be mobilised on the shaft alone. The thermal 442 

load profiles shown in Figure 12 and 13 are compatible with this, except that it is clear that there are 443 

large alterations in the mobilised base reaction which has led the depth where the maximum thermal 444 

stress occurs to move downwards relative to the heat sink pile, to about 0.67L. This is consistent with 445 

e.g. Bourne-Webb et al. (2019) and others, who noted that when a base reaction is mobilised by 446 

thermal loading, be it compression or tension, the point where the axial stress is a maximum (the 447 

neutral point), will move towards the pile base relative to the situation where no base reaction is 448 

mobilized. 449 

It is of interest that the base appears to be able to maintain some tension during cooling which would 450 

not usually be considered in design, the assumption being that soil cannot maintain tension. This may 451 

in fact be an artefact related to initial residual strains in the pile but even considering these, the 452 

apparent tension would not be eliminated. Including this reaction alters the response of the pile in 453 

cooling from that which would occur in its absence. This means that design based on a zero-tension 454 

cut-off at the pile base may not be conservative in terms of estimating the thermal load response of 455 

the pile during cooling cycles. 456 

Finally, the influence of the assumed strain-dependent pile stiffness is examined. While the 457 

interpretation presented above was based on the application of equation (2) to the creep corrected 458 

axial strains, the stiffness values are subject to a degree of uncertainty. Figure 14 illustrates the 459 



 

 

effective tangent modulus mobilised in the uppermost strain gauges (SG) of the test pile during first 460 

loading to 1200 kN (yielding equation (2)) and then unloading and reloading to the final value of 1800 461 

kN, it is apparent that the concrete response to unloading and then reloading was somewhat stiffer 462 

and equation (2) represents a lower bound to the effective secant stiffness mobilised in the pile.  463 

During the preliminary load test, at the maximum load of 1800 kN, the axial strain along the test pile 464 

ranged between about -165  and -15 , while during the thermal test stages, the axial strain ranged 465 

between about -170  and +70 , i.e. within the range of values previously experienced by the pile. 466 

So it is perhaps reasonable to conclude that the effective stiffness of the pile would follow the stiffer 467 

unload-reload, with an effective secant modulus approximated by equation (3). 468 

Es = 64 + 0.11a          (3) 469 

Figure 15 compares the results of the reinterpretation of the Lambeth test pile using equation (2) (Es 470 

= 45 + 0.04a, denoted E45) with that using equation (3) (denoted E64 in Figure 16). The results utilising 471 

equation (3) yield higher stress changes as would be expected, and at the end of heating is trending 472 

back towards the axial TM stress profile originally proposed by Bourne-Webb et al. (2009) which are 473 

thought to be unrealistic, at least near the head of the pile. At larger strain, equation (2) is more 474 

suitable, while at smaller strains it will underestimate the pile stiffness. This points to the need for 475 

using either a different linear stiffness on unloading, or invoking a nonlinear small strain stiffness 476 

model for the concrete similar to those used for soil by e.g. Jardine et al. (1986) and Gawecka et al. 477 

(2017). 478 

5. CONCLUSIONS 479 

Since it was first reported over 10 years ago, the thermally-activated pile test at Lambeth College, 480 

London has proven to be a rich source of information which has informed our understanding of the 481 

behaviour of pile foundations subject to temperature change when integrated into ground source 482 

heat pump (shallow geothermal energy) systems. This work has reinterpreted the original data in an 483 

attempt to address some inconsistencies apparent in the thermo-mechanical response of the pile; 484 

namely, the large thermal stress generated near the pile head during heating and the strain  relaxation 485 

effect that was revealed when examining the transient response within the first stage of the test 486 

(Stage 1: cooling). Concrete creep under sustained load was investigated by Bourne-Webb (2020) as a 487 

possible contributing factor in the pile response. By correcting for this effect, the drift of measured 488 

strain values toward higher compression without explanation was largely eliminated, and a more 489 

consistent response when the pile is thermally-activated is evident.  490 



 

 

When considering concrete piles, the choice of effective pile stiffness and how this varies with strain 491 

level, needs to be carefully considered taking into account the previous loading history (mechanical 492 

strain path) of the pile. Also, it is suggested that the effect of changes in the thermal strain path on 493 

the effective pile stiffness should be considered.  494 

Concrete creep during the test was significant; furthermore, the analysis of the transient response at 495 

different stages during the thermal test suggests that there may be some further discrepancy in the 496 

interpreted data. This may be due to errors induced by the concrete creep model applied, and further 497 

work is required to understand both the reliability of available concrete creep models, the effect of 498 

temperature on concrete creep, and the impact of differences in the in situ concrete characteristics 499 

from those used to evaluate the concrete creep.  500 

The results from the test indicate changes in the mobilised base resistance which may involve tension 501 

developing during cooling. The possibility of this occurring during cooling needs to be better 502 

understood and should be considered in design to ensure that the design thermal actions due to 503 

cooling are safe values. Also, despite a small increase, tension did not exceed about 80 , so tension 504 

cracking of the pile, which usually occurs at between 100 and 200 , was unlikely. 505 

This revised interpretation of the Lambeth College pile test data, not only corrects and improves the 506 

previously reported results, it illustrates and provides a clear data set for the response of the pile as it 507 

alters with time, as heat diffuses through the pile. It is apparent that the pile temperature and 508 

associated thermo-mechanical responses develop in a time-span commensurate with the diffusion of 509 

heat through the pile body and into the soil, in this case a few days. However, no long-term alterations 510 

such as axial load relaxation and increased pile head displacement were apparent, though this may be 511 

because the test was not sufficiently long to develop significant thermal effects in the surrounding 512 

soil. 513 

Ultimately, this revised data interpretation while raising new questions and highlighting the factors 514 

that need to be considered when planning and executing thermal testing of piles under maintained 515 

load, it does not appear to suggest that previous discussions relating to the mechanisms of pile-soil 516 

interaction during thermal loading need to be changed. The new interpretation does however provide 517 

a quantitative additional resource which can be compared to other field tests and be used in the 518 

validation of numerical models. 519 
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Table 1 – Lambeth College test pile chronology 599 

Date, 2007 hh:mm Activity Elapsed time, h 

23 May - MTP installed - 

 - Curing period - 

14-15 June - Preliminary loading test to 1800 kN  - 

16-17 June - Pile without load - 

18 June 11:00 

14:50 

Working load of 1200 kN applied 

Stage 1: cooling starts (Tinlet c. -6°C) 

- 

0 - 740 

19 July 

20 July 

23 July 

10:50 

18:00 

09:50 

Stage 2: heating starts (Tinlet c. 40°C) 

Power failure, heating cycle interrupted 

Stage 2: heating restarts (Tinlet c. 40°C) 

740 – 770 

770 – 835 

835 - 1029 

31 July 

1 August 

2 August  

11:40 

15:00 

13:00 

Stage 3.1: cooling starts (Tinlet c. -6°C) 

Stage 3.2: heating starts (Tinlet c. 40°C) 

Stage 3.3: cooling starts (Tinlet c. -6°C) 

1029 - 1056 

1056 - 1078 

1078 - 1154 

3 August 14:50 Stage 3.3: Pile unloaded 1102 - 1103 

4–5 August 08:30 Stage 3.3: Load test to 3600 kN 1122 - 1138 

5 August 16:20 Stage 4: Heat pump deactivated 1154 

14 August 09:40 Recovery period ends 1363 
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APPENDIX A. Concrete Creep Formulation 602 

Based on BS EN 1992-1-1:2004, concrete creep strain, 𝜖𝑐𝑐 may be evaluated based on the following 603 

empirical formulation: 604 

𝜖𝑐𝑐(𝑡, 𝑡0) = 𝜑(𝑡, 𝑡0). (
𝜎𝑐

𝐸𝑐
⁄ ) t0 = the age of the concrete at the time of loading 

(24 days at start of thermal test); t = time being 

considered (days); c/Ec = concrete strain at time 

t; 

𝜑(𝑡, 𝑡0) = 𝜑0. 𝛽𝑐(𝑡, 𝑡0)  

𝜑0 = 𝜑𝑅𝐻 . 𝛽(𝑓𝑐𝑚). 𝛽(𝑡0) fcm = Mean value of concrete cylinder 

compressive strength (about 33 MPa); 

𝜑𝑅𝐻 = 1 +
(1 − 𝑅𝐻 100⁄ )

(0.1√ℎ0
3

)
   𝑓𝑜𝑟 𝑓𝑐𝑚 ≤ 35𝑀𝑃𝑎 

RH = relative humidity (buried concrete, 

assumed 100%); h0 = notional size of member = 

2Ac/u = D/2 (300 mm); Ac = cross-sectional area 

of member; u = perimeter length of member; D 

= pile diameter. 

𝛽(𝑓𝑐𝑚) =
16.8

√𝑓𝑐𝑚

 
 

𝛽(𝑡0) =
1

(0.1 + 𝑡0
0.2)

 
 

𝛽𝑐(𝑡, 𝑡0) = [
(𝑡 − 𝑡0)

(𝛽𝐻 + 𝑡 − 𝑡0)
]

0.3

 
 

𝛽𝐻 = 1.5[1 + (0.012𝑅𝐻)18]ℎ0 + 250 ≤ 1500  
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Figure titles: 607 

Figure 1 – Pile response during maintained thermal loading, after Gawecka et al. (2017) 608 

Figure 2 – Main test pile geometry, ground profile and instrumentation details, and schematic layout 609 

of test elements, Bourne-Webb et al. (2009) 610 

Figure 3 – Pile load, displacement and average temperature change during test 611 

Figure 4 – Drift of pile axial strain response during Stage 1 when uncorrected for concrete creep 612 

Figure 5 – Pile axial stain and load response corrected for concrete creep, and average temperature 613 

changes recorded in pile, during Stage 1 of thermal test 614 

Figure 6 – Stage 1: Cooling - Pile head settlements before and after correction for concrete creep, and 615 

average pile temperature change 616 

Figure 7 – Stage 1: Cooling - Pile head settlements as a function of temperature change and transient 617 

stress-deformation response 618 

Figure 8 – Pile axial load response & temperatures during Stage 2 of thermal test 619 

Figure 9 – Stage 2: Heating - Pile head settlements and transient stress-deformation response 620 

Figure 10 – Stage 3: Cyclic - Pile head displacement and stress-deformation response 621 

Figure 11 – Comparison of revised axial load and shaft friction interpretation with Bourne-Webb et al. 622 

(2009) 623 

Figure 12 – Axial thermal load profiles: a) with respect to initial mechanical load and b) the incremental 624 

change within each stage. 625 

Figure 13 – Thermal axial load and pile head displacement for same average pile temperature change 626 

in each test stage 627 

Figure 14 – Comparison of pile effective tangent modulus on first loading to 1200 kN with that during 628 

unloading and reloading to 1800 kN during preliminary loading test 629 

Figure 15 – Influence of assumed pile stiffness on interpreted axial stress response 630 
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Notation 632 

Ac [L2] cross-sectional area of member  633 

D [L] pile diameter 634 

Ec [M/T2L] mean concrete Young’s modulus at 28 days 635 

Es [M/T2L] pile effective secant modulus 636 

fcm [M/T2L] mean value of concrete cylinder compressive strength at 28 days 637 

h0 [L] notional size of member 638 

L [L] length of the pile 639 

RH [ - ] relative humidity  640 

r0 [L] is the borehole radius  641 

T [K] the average change in temperature in the pile 642 

t [T] time  643 

t0 [T] age of the concrete at the time of loading  644 

u [L] perimeter length of member  645 

y0,th [L] pile head thermal movement 646 

yth,free [L] movement associated with unrestrained pile thermal deformation 647 

 648 

c [m/m/K] is the linear coefficient of thermal expansion  649 

 [L2/T] the thermal diffusivity of the concrete 650 

a [L/L] average axial strain 651 

c [M/T2L] concrete stress 652 

th,max [M/T2L] pile maximum thermal axial stress 653 

th,fixed [M/T2L] stress change associated with perfect restraint of the pile 654 


