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ABSTRACT

The energy pile test at Lambeth College, London wasfirst reported just over 10 years ago, however
the original appraisal of the test only looked at the thermal response at the end of extended cooling
and heating stages, and did not examine the. transient response within these stages or in the daily
cyclic thermal loading stage that followed. This article revisits the earlier results, allowing for concrete
creep under sustained load and using a revised strain-dependent pile modulus. The strong influence
of the latter and the possible importance of stiffness changes during load reversal is highlighted.
Detailed evaluation of the long-term transient results suggest within a given thermal loading interval
the thermal effects are similar but there is some further discrepancy in the results, possibly due to an
underestimation of the concrete creep. This re-evaluation has mitigated pile head displacement and
increased thermal stress:in the cooling phase, with the reverse occurring in the heating phase, and
appears to be agree'better with back-analysis reported by others. The transient response within the
thermal loading stages illustrates that the development of the thermal stress-displacement response

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

A number of studies examining the thermo-mechanical behaviour of energy piles have now been
published. These are a mix of field testing, model testing and numerical modelling; Bourne-Webb et
al. (2019) and Bourne-Webb and Bodas Freitas (2020) provide a substantive review of the outcomes
of these studies and synthesise the results to demonstrate the trends in responses in terms of
maximum pile thermal stresses, 6w max and pile head thermal movements, ywo which are considered
to be parameters of most importance to designers. Broadly, speaking the thermally-induced
interaction between piles and the soil is characterized by a balancing between movement and the
alteration of internal stresses within the pile, i.e. if movement is restrained, internal stresses will

increase, and vice versa.

Amis et al. (2008) and Bourne-Webb et al. (2009) presented results from a field test.on an energy pile,
carried out during the construction of the Clapham Centre of Lambeth College in South London. These
studies provide a detailed overview of the test conditions and the thermo-mechanical response of the
test pile. Amatya et al. (2012) extended this assessment further, incorporating the response of the
heat sink pile which was not mechanically loaded, and/comparing the responses to the case studies of
Laloui et al (2003) and Brandl (2006). However, these assessments were only made for the response
at the end of heating or cooling phases, they did not consider the transient thermal response that

developed during these phases.

This paper was prompted by various discussions relating to how the heat in the pile builds up and
passes to the ground, and the resulting pile-soil thermal interaction. To provide a baseline time for
examining the results, the time for the heat to diffuse through the pile body was estimated. Eklof &
Gehlin (1996) proposed equation (1) to define the minimum time, t, a borehole thermal response test
(TRT) needs to run, for the simplified line-source equations used to interpret the test, to be applicable.
This equation providesan estimate of the time for heat to diffuse through the borehole and thermally-
activate the adjacent soil, allowing a reliable value for the soil thermal conductivity to be derived from

the TRT.

t > 578 (s) (1)

a

where ro (m) is the borehole radius and a. (m?/s), the thermal diffusivity of the concrete and the
constant 5 is the Fourier number, or dimensionless time, beyond which the heat capacity of the

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

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

a minimum TRT time of about 1 to 3 days. Taking a value for the thermal diffusivity of limestone
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aggregate concrete of 1 to 1.5 x10°® m?/s (Tatro, 2006) and applying equation (1) to the Lambeth
College test pile (ro = 0.3 m), then it is estimated that between 72 to 120 hours of cooling/heating is
required to ensure that the pile is fully thermally-activated and no longer restricting heat flow to the
ground. It is worth noting that during the Lambeth test, the inlet/outlet temperatures were seen to

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

This of course presumes that the heat is applied as a line-source, along the centreline of the
borehole/pile which physically cannot occur, so (1) is just an approximation. In many cases, including
the Lambeth College test pile, heat exchanger pipes in piles are attached to the reinforcement cage
and there may be 0.1 m (or less) concrete cover between the pipe and the soil, which means the heat
will reach the soil in a few hours while it will take some time for the heat to penetrate across the pile
interior. For the Lambeth College pile and assuming the pipe is 0.1 m from the pile surface, equation
(1) suggests it will take around 12 hours for the heat to reach the soil but about 48 hours to reach the
pile centre. Therefore, it can be postulated that a minimum of 48 hours of heating is required for the
pile to be fully thermally-activated, though heat will have been passing to the soil during this time as

well.

Field studies such as those reported in Laloui et al(2003), Murphy et al. (2014), Santiago et al. (2017),
Pardo de Santayana et al (2018) and Luo et al. (2017) illustrate the transient response of test piles
during heating/cooling but as a function of the temperature change rather than elapsed time during
the test. These cases are also characterised by a steadily increasing/decreasing pile temperature

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

Faisal et al. (2016) illustrate the transient response of a thermally-activated test pile constructed in
dense to very dense sand. The pile was not loaded mechanically and the thermal testing included
continuous cooling which provided bounds to various intermittent cooling and rest sequences. The
continuous [cooling operation reached a peak stress value after about 40 hours, following which the
thermalstress relaxed by up to 10% by the end of the test. During intermittent cooling, despite similar
peak thermal stresses being mobilised, there is no stress relaxation evident in the results. Given that
it was the same pile, in the same soil, it is not readily apparent why stress relaxation might occur. Two
possibilities that could be contemplated are either concrete creep (or a similar phenomenon) or
moisture movement in the partially-saturated soil adjacent to the pile leading to reduced restraint of
the pile. During a similar test which instead involved heating the pile, Faisal et al. (2018) show that no
stress relaxation was seen. This is due to the temperature of the pile not stabilising until close to the
end of the test which is also when the maximum thermal stress occurs. This serves to illustrate how

differing responses are observed depending on the nature of the applied thermal load.
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Operational thermally-activated pile foundations such as that reported by Murphy & McCartney
(2014) and McCartney & Murphy (2017) have a time-varying thermal load throughout the year and
while there are clear transient responses, it is somewhat difficult to de-couple all the likely effects.
The downdrag/uplift effects discussed by McCartney & Murphy (2017) suggest some alteration of the
pile deformation response when comparing the pile at the same temperature but differing times.
Bourne-Webb (2020) [18] discusses how the results might be affected by concrete creep, especially in
the uppermost gauge levels but also highlights that at lower gauge levels the apparent alteration in
axial response with time discussed by McCartney & Murphy (2017), continues and is possibly due to

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

Gawecka et al. (2017) developed a finite element model for a thermally-activated pile in'kondon Clay
based on the Lambeth College test pile, Bourne-Webb et al. (2009). A parametric study was
undertaken where the thermal loading was maintained for extended periods, to assess the effect of
modelling assumptions on the predicted pile response. Fully coupled thermo-hydro-mechanical
analysis (Analysis A) presented by Gawecka et al. (2017) showed that during maintained thermal
loading over 6 months, stress relaxation (reduction) would develop, while at the same time pile head
movements would increase, Figure 1. This relaxation effect is attributed to the thermal-activation of
the soil around the pile following the thermal changes imposed on the pile and the use of a coefficient
of thermal expansion (CTE) for the soil medium, twice that of the pile. Similar relaxation effects with
time have been reported in numerical studies by Olgun et al. (2014) and Salciarini et al (2015). While
Bodas Freitas et al. (2013) and Bourne-Webb et al. (2016) illustrated the effect of differential thermal
expansion and contraction of the ground with respect to the pile in steady state thermal conditions,

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

The results from Gawecka et al. (2017) are illustrated in a normalised format in Figure 1 where the
pile maximum.thermal axial stress, G max and pile head thermal movement, yo» have been normalised
using the stress change associated with perfect restraint of the pile, Ginfixed = -0lc.AT.Es and the
movement associated with unrestrained pile thermal deformation, yin free = -0lc.AT.L respectively. The
negative sign ensures that the thermal stress (tension) and displacement (settlement) are positive
during cooling in line with the chosen sign convention, a. is the linear coefficient of thermal expansion
for the pile (8.5 ue/K, after Bourne-Webb et al., 2009), AT the average change in temperature in the
pile, Es the effective secant modulus for the pile material and L the length of the pile. The same
normalisation approach is applied to the results presented later in this article, in which case the AT

and E. used in the normalisation were the instantaneous values at the point in time considered.
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It is apparent that the results from few field studies have examined with respect to the pile-soil
interaction that develops during the initial stages of thermal loading, and the interplay between pile
deformation and thermal stress development. This article revisits the Lambeth College data set, to
examine the transient thermo-mechanical response of the test pile, in these early stages of cooling

and heating.
2. LAMBETH COLLEGE TEST PILE
2.1. Overview

The Lambeth College energy pile test was undertaken over a period of 2 months between 14 June
and 14 August 2007 and involved an initial pile test to 1.5x the design working load of 1200 kN, thermal
testing, and a final load test to 3x the design working load, Table 1. Full details of the test set-up and
results focusing on the response at the end of Stages 1 and 2 can be found.in Amis et al. (2008) and
Bourne-Webb et al. (2009) but a brief summary follows. The site for the test pile was located within
the grounds of the Clapham Centre of Lambeth College on the south-east edge of Clapham Common
in South London. The maintained load, cyclic thermal test was undertaken as part of the development
of a new five-storey sixth form studies building where a shallow geothermal energy system utilizing
the 147 foundation piles as ground heat exchangers was to be employed to provide 302 kW heating

and 460 kW cooling.

The test pile was representative of the working piles constructed to support the new structure; it was
23 m long, had a nominal diameter of 600 mm and was designed for a working load of 1200 kN. The
pile was constructed with a 5 m:long, 610 mm outside diameter x 10 mm wall thickness steel casing
supporting the pile bore through the superficial deposits, and with an open-bore formed with an auger
diameter of 550 mm below the casing. The test pile was reinforced with 6 - 32 mm diameter full-length
bars and 10 mm diametershear links which were spaced at 100 mm centres over the upper 6 m and
2 m over the rest of the reinforcement cage. The reinforcement cage was sized to provide a nominal
cover of 75 mm (85 mm to main bars) in the uncased, 550 mm nominal diameter pile shaft, increasing
to 105 mm in the cased section. Two heat exchange pipe loops formed from 25 mm diameter HDPE
tube, linked in series, were embedded in the pile. In addition, four anchor piles (same dimensions) for
supporting the loading frame, and a 30 m long heat sink pile were installed around the same time as
the test pile. The test pile was instrumented with a mix of either, embedded vibrating wire strain
gauges (VWSG) with integrated thermistors and optical fibre sensing (OFS) cable. Six levels of the
former were distributed along the length of the test pile, with continuous OFS for strain and
temperature sensing, Figure 2. In this evaluation of the test data set, only the VWSG and thermistor

data have been considered, Figure 3 (note that the inlet temperature data stop after about 700 hours
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as the laptop logging the data was not reset after a short power outage). In Bourne-Webb et al. (2009),
it was apparent that the OFS data follow similar trends to the VWSG and its exclusion in this
assessment is intended to aid clarity. Throughout the thermal test, the pile mechanical loading was
maintained at 1200 kN using an automated hydraulic loading system, Figure 3. The pile head was free
to move and movements were monitored throughout the test using four linear variable differential

transformer (LVDT) displacement gauges, Figure 3.

The ground conditions are typical for London with superficial deposits comprising 1 to 1.5 m of Made
Ground, and 3 to 4 m of River Terrace Deposits that overlie the London Clay Formation, which extends
well below the toe level of the piles. Groundwater stands within the River Terrace Deposits about 1 m

above the top of the London Clay, Figure 2.

Thermal loading was generated using an NSKW08 model heat pump from Waterfurnace Intl. Inc.
which had a capacity rating of 8 kW. During Stage 1, the pile was cooled with aninlet fluid temperature
of about -6 °C, circulating at about 0.65 litres/s (2.34 m3/hr), and.the average pile temperature fell by
almost 20°C, to close to zero, Figure 3. In Stage 2, the pile was heated with an inlet fluid temperature
of +30 to +40°C but the process was interrupted by a weekend power cut which is clearly visible in the
data set. Daily cycles of cooling and heating followed.in'Stage 3, and Stage 4 represents the period

after the heat pump was removed and temperatures recovered.

In this assessment of the Lambeth College test, only Stages 1 to 3, up until the pile head load is
removed (after about 1102 hours), and prior to the second pile load test, will be considered. The
subsequent data is very difficult to interpret due to the changing pile head loads combined with

continuing cooling.

The following sign ‘convention is employed in the subsequent presentation: tensile stress/strain
positive; settlement (downwards displacement) positive; pile-soil shearing positive when opposing

pile settlementn (pile'moves down wwith respect to the soil).
2.2. Data.interpretation

When initially examining the transient response, a relaxation of axial strain with time was
apparent, especially near the pile head, Figure 4, where the axial strains are coming more compressive
with time, this is especially clear after 120 hours. The thermal loading was expected to generate tensile
strain and the external load was not changing, so it was obvious that there was another factor

influencing the results.

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

sustained load and in this re-evaluation of the Lambeth College pile test data, the measured axial
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strain response has been corrected for concrete creep following Lam and Jefferis (2011) and using the
concrete creep formulation presented in BS EN 1992-1-1:2004, which is summarised in Appendix A.
This assessment suggested that during the thermal test period, concrete creep would have been
responsible for additional compression strain of up to about 50 to 60 pe in the most highly stressed
parts of the pile. Bourne-Webb (2020) found that the pile residual strains arising from concrete curing,
were small and these have been subtracted from the subsequent pile load and thermal test data. Also,
rather than using a constant value of pile stiffness, Bourne-Webb (2020) derived a strain-dependent,

effective secant modulus, E for the pile following Fellenius et al. (2000), equation (2).
Es = 45 + 0.04¢, ()
were &, is the average axial strain at each level of VWSGs along the pile axis (compression negative).
3. OBSERVED TRANSIENT REPONSE
3.1. Stage 1 - Cooling

Figure 5 shows profiles of change in temperature, axial thermo-mechanical (TM) strain corrected
for concrete creep and axial TM load that developed during Stage 1 of the thermal test. The change in
apparent response at the pile head from before.the correction for concrete creep is quite apparent
when comparing the strain profiles in‘Figure 5 and 6, where in the latter the axial strains now exhibit
a progressive reduction in line with the imposed temperature changes. Using the timeframe for
thermal-activation of the pile body discussed earlier, as a point of reference, the Stage 1 responses
are discussed in terms of those observed'in the first 72 to 120 hours and the response that develops
during the rest of the stage (up to 740 hours). The axial TM load profile developed at the start of
cooling when the pile’had been reloaded to 1200 kN, immediately prior to the thermal test, is provided

as an initial baseline.

As the pile cools, the:xcompression load generated by the mechanical load gradually reduces, as noted
previously by Bourne-Webb et al. (2009). During the first 120 hours, the maximum thermal stress
developed fairly uniformly between 4.0 m and 15.5 m depth. Towards the ends of the pile the effect
is much reduced with near-zero changes close to the pile head (commensurate with load control and
near-zero restraint at the pile head) and with a small tension developing towards the pile base. The
response is quite regular and is consistent with the gradual reduction in temperature of the pile body

with time, over its length seen in Figure 5.

The response at 4.0 m depth is not quite consistent with the other data. After reloading, the
interpreted axial TM load is slightly higher than that applied at the head of the pile which is unlikely.

Also, the inferred alterations in pile axial load due to cooling, are not realistic as there is unlikely to be
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sufficient shaft restraint in terms of available friction above this level to generate this reaction.
Therefore, the data at this level should be viewed with caution and there are several potential causes
for such deviations including errors in the temperature or strain measurements, geometrical
differences and irregularities in the concrete. For example, this level is close to the transition from the
superficial deposits to the London Clay, static groundwater level and the end of the temporary casing,
so it is possible that the pile geometry is affected by, e.g. overbreak and the constructed diameter is
larger than nominal values quoted earlier, which would lead to a smaller strain being measured at any
given load. In future experimental studies such as the one reported here, it is consideredcritical that
gauge calibrations are verified, the constructed pile dimensions are recorded via e.g. direct

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

In the period after about 120 hours, the inlet fluid temperature has stabilised at about -6°C (Figure 3)
and the pile continues to cool but at a much slower rate, the pile temperature reducing only 2 to 3°C
degrees in the following 620 hours, compared to an average over the length of the pile of around 16°C
in the initial period. Likewise, the axial loads continue to decrease but at'a much reduced rate, in line
with the temperature changes. This is an indication that the pile is fully thermally-activated and no

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

Despite the extended cooling period of 31 days, no relaxation of the axial load response is evident in
the data of Figure 5. It was after 30 days.of heating that the relaxation response noted by Gawecka et
al (2016) began to develop, so it is_possible that either the test duration was not long enough to

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

The uncorrected and creep corrected pile head thermal displacement during Stage 1 is shown in Figure
6, and both exhibit a gradual accumulation of additional settlement throughout the cooling period.
The trends in the temperature change and the corrected pile head thermal movement are very similar
whereas before the creep correction, the pile head settlement was accumulating at a much faster rate
due to the additional effect of concrete creep. The fluctuations of a few-tenths of a millimetre seen in
the settlement curve were most likely caused by diurnal temperature variations, either through
thermal deformation in the loading frame and/or temperature sensitivity in the displacement

transducers.

Pile head thermal displacements plotted versus average pile temperature change are shown in Figure
7(a); once again fluctuations in the displacement are apparent as vertical excursions and are not
related to the pile temperature changes confirming that there was an outside effect in these data.
Also shown on Figure 7(a) is a line representing movements equivalent to 60% of the unrestrained

thermal displacement, Vinfree (OF, Yiho = 0.6Yin free) Which passes through the condition reached at the
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end of the Stage 1. Also, shown is the condition after 24 and 120 hours where yiho = 0.5yih free; €VEN
allowing for the diurnal effects noted above, it would seem that there is a small extra thermal
displacement in the subsequent period which may indicate that the restraint of the pile has relaxed

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

Figure 7(b) illustrates the development of the normalised pile head thermal movement (yino/ VYt free)
versus the normalised axial thermal stress response (Gih,max/Oth fixed) from about 1 hour after the start
(due to the data being somewhat erratic for a period after the thermal load changes which were quite
abrupt), until the end of the cooling stage. Also shown is the interpretation of this stage of the test
presented in Bourne-Webb et al. (2009). The final pile head displacement‘at 740 hrs is smaller,
because of the correction for concrete creep, while the final thermal stress changes are larger, as a
consequence of the creep correction and the use of the revised strain-dependent effective pile
stiffness. Bourne-Webb et al. (2009) used a constant modulus’ of 40. GPa however in this
reinterpretation the effective modulus ranged between 42.4 GPa at the pile head and 45.8 GPa at the
base (average 44.3 GPa). It is also apparent that during the transient phase, quite large fluctuations in
Viho/Yinfree (£0.15 about a mean of 0.5; a variation of £30%) occurred, while the stress changes are
rather smaller ((£0.03 about a mean of 0.3; a variation of £10%). To repeat, much of the displacement
fluctuation appears to occur as an effect of diurnal air-temperature changes. The results at 24 and 120
hours are also shown in Figure 7(b) and these suggest that even though there was a small relaxation
in terms of pile head movement, this was not matched by any significant reduction in the maximum
axial stress, as already noted in the discussion of Figure 5. Thus, it is not obvious that this apparent
relaxation is the effect of thermal activation of the ground, or the environmentally-induced changes

in the measurements.
3.2, Stage 2 - Heating

At the end of the cooling period, the thermal load on the main test pile was reversed and the pile
was heated. This period lasted about 289 hours (740 to 1029 hours elapsed) but after about 24 hours
a power blackout which lasted around 60 hours, interrupted the test. In the period after the power
cut, maintaining a consistent temperature rise proved difficult, though the reasons for this remain
unclear, Figures 3 and 8. In Figure 8, as the pile warms, the axial load response becomes more
compressive with the maximum thermal axial load occurring at 1027 hours (287 hours of heating)
even though the maximum temperature change occurred at around 920 hours. The differences are
small but this suggests that the pile was not fully thermally-activated until after about 920 hours (120

hours heating, excluding the power cut).



298
299
300
301
302
303

304
305
306
307
308
309
310
311

312
313
314
315
316
317
318
319
320
321
322
323
324
325

326

327
328
329
330

Figure 9(a) shows the pile head displacement as a function of temperature change that occurred
during Stage 2, including the power cut. If the final point only was considered, the temperature
displacement response is about 30% of the unrestrained thermal displacement, compared to 60% in
Stage 1. Coincidentally, the incremental response within the stage is also about 30% of the
unrestrained thermal displacement. This apparently stiffer thermal-displacement response is

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

The normalised stress-displacement response for Stage 2 is illustrated in Figure 9(b), where it is also
compared to the equivalent response presented in Bourne-Webb et al. (2009) for the end of heating.
Note that the response shown in Figure 9(b) is based on the incremental response within the'Stage,
not the total as shown in Figure 9(a). In this case, as in Stage 1, the displacements are smaller and the
associated thermal stresses are larger compared to those in Bourne-Webb'et al. (2009), though not as
significantly because during this stage of the test, the rate of accumulation of creep strain is much
reduced compared to that at the start. At the end of Stage 2, the effective pile stiffness applied
averaged 42.3 GPa, compared to the 40 GPa used in Bourne<Webb et al. (2009).

The condition at the end of cooling (740 hrs) is also indicated in Figure 9(b) and it is apparent that the
general tendency noted by Bourne-Webb et al. (2019), for piles being cooled to exhibit larger pile head
movement and lower maximum thermal stress than piles being heated, is reconfirmed. The differing
response between heating and cooling can be explained in terms of the associated alteration in the
location of the so-called neutral point, where the maximum axial load occurs. During heating this is
located in the upper part of'the pile:and during cooling, the lower, Figures 5 & 8. The shift upwards
during heating is due to thepile expansion causing a reduction or even reversal, in the mobilised shear
stress on the pile-soil interface along the upper part of the pile shaft which needs to be balanced by
an increase in shear stress and pile base reaction, below the neutral point. The pile head movement
is proportional to the depth to the neutral point, thus pile head movements during heating are less
than those during cooling. The alterations in mobilised resistance on the pile shaft and base, also serve
to explain.why heating tends to result in larger stress change, although as Bourne-Webb and Bodas
Freitas (2020) showed, the variation in normalised axial stress between heating and cooling does not

appear as great as the variation in normalised pile head displacement.
3.3. Stage 3 — Cyclic Cooling & Heating

While not shown here, the axial TM load response in each cycle of cooling or heating applied
during Stage 3 of the thermal test, was similar to those seen in the first two stages. Figure 10 shows
(a) the pile head thermal displacement as a function of temperature change and (b) the normalised

stress-displacement response for each cycle of cooling or heating applied to the main test pile, during
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Stage 3 of the thermal test. From Figure 10(a), it is apparent that the temperature displacement
response is similar to that seen in Stage 2 with the incremental rate of pile head movement being

equivalent to about 30% of the unrestrained thermal displacement.

Towards the end of each cycle, the pile head movement begins to alter, instead of following the trend
lines annotated as 0.30y:h free, the pile head movements show significant changes with negligible pile
temperature change, reducing in the cooling cycles and increasing in heating cycles. On closer
examination, this behaviour was once again found to be associated with air temperatures increasing

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

The normalised stress-displacement response of the pile in each cycle is shown.in Figure 10(b). It is
apparent that the result at 1056 hours does not follow the other results at the.end of each stage. This
result is affected by a significant change in pile head displacement in the hours before the end of the
cycle which means the pile head movement is understated, and this point should therefore plot
further to the right in the figure. Once again this is associated with rising air temperatures during the
day — the effect is only a few tenths of a millimetre but clearly impacts on the interpretation of the
results. In a conventional static load test, the impact on the results is probably minimal as the
settlements are likely to be tens of millimetres so, however in a thermal test, an excursion of a few-
tenths of a millimetre is significant and in this case, is equivalent to an average temperature change

in the pile of about 3°C.

The results in Figure 10(b) can be compared with the results from Gawecka et al. (2016), Figure 2 and
it is apparent that while the trends in the two plots are similar, the results from Gawecka et al. (2016)
lie to the side of lower restraint.(i.e:larger yino/Yin ree and smaller Gin max/ Gt fixed) Which is similar to the
effect seen during cooling (Stage 1) but is the opposite of the effect seen during heating (Stage 2). The
key difference here is that in the modelling by Gawecka et al. (2016) cooling and then heating stages
were imposed over.a period of several months during which time the soil around the pile began to be
thermally-activated and interfere with the pile restraint, leading to an increase in pile head movement
and a release of thermal stress; this was not obvious in the field test reported here, possibly because

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

Bourne-Webb (2020) demonstrated the importance of accounting for concrete creep under
sustained load in long-term thermal testing of piles and presented a revised interpretation of the
Lambeth College energy pile test which also included a revised correction for residual stress and a

strain-dependent modulus. Figure 11 illustrates the impact of applying these factors on the
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interpreted axial thermo-mechanical (TM) load and mobilised shaft friction profiles (denoted 2020) in
comparison with the interpretation presented by Bourne-Webb et al. (2009). The effect is most
obvious in the upper part of the pile where the maintained stresses are largest but also suggests that

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

Problems continue however in the mobilisation of potentially unrealistic shaft friction in the
shallowest parts of the pile in the superficial deposits — the reinterpretation has mitigated the high
friction values during heating but those during cooling are now larger. These values cannot be
recovered with conventional values for the pile-soil interface angle of shearing resistance and lateral
stress coefficients used for calculating the shaft resistance of bored piles. Thisis considered likely to
be the consequence of the possible unreliability of strain gauge readings at the 4.0 m level, and/or
ground-loss during pile construction which created a pile body with a‘diameter different to the
nominal value for the pile shaft constructed using a temporary casing (610. mm) which means the

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

The benefit of this reinterpretation is further illustrated in Figure 12 where the axial thermal load
changes within each thermal cycle from Stages 1, 2 and 3 are presented. Notwithstanding the
problems that continue in the observations at 4.0/ m depth, it is clear that the thermal axial forces are
consistent, tend to zero at the pile head, and show some alteration in the mobilisation of the pile base
reaction. In the absence of the creep correction, this is not the case, especially near the head of the

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

Figure 12(a) shows the incremental thermal loads with respect to the start of the thermal load test,
while Figure 12(b) shows the incremental axial thermal loads based on the changes with respect to
the start of each stage. Itis clear that the latter provides a clearer comparison of the effect of changes
in the thermal loading. What is also apparent is that the thermal load profiles show a transition from
Stage 1 and2, to Stage 3 which is suggesting some sort of alteration in the response of either the pile

or the instrumentation in the upper part of the pile.

Figure 13 examines this alteration by comparing the responses in each stage when the average change
in pile temperature was the same (a) relative to the start of the thermal test and (b) relative to the
start of each stage. Initially, this comparison was made after equivalent periods of cooling/heating
(about 1 day) however it was apparent that while the results are similar, there were significant
differences in average pile temperature (4 to 5°C) suggesting that the energy applied to the pile in
each stage was not consistent over the periods considered. The average pile temperature changes

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.
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Figure 13(a) suggests that there is a drift towards a more compressive state of axial load in the pile
shaft with this being particularly notable at both the pile head from Stage 3.1, and at the pile base,
from Stage 2 and Stage 3.2. Shown below the axial load profile are the associated pile head thermal
displacements and average pile temperature changes. A small but increasing pile settlement seems to
have developed between Stage 1 and Stage 3.1 which would be compatible with the mobilisation of
the additional base reaction seen during Stage 2, although it should be borne in mind that values are
very small and subject to some uncertainty as discussed previously. Temperature profiles (not shown)
were checked to see if there were any local effects along the pile that might be responsible for some

of the above discrepancies but these were remarkably consistent.

The alteration in axial thermal load response at the pile head is not readily explained by-changes in
the test conditions and could be due to a discrepancy between the actual’concrete creep strains and
those predicted by the creep model employed, including factors such'as acceleration of creep during
the heating stages which is not accounted for in the model used, Bourne-Webb (2020), and the
concrete parameters used in the model which were taken from BS EN 1992 based on nominal cube
strengths not being representative of the in situ concrete properties. CS126 (2004) suggests that the
in situ concrete strength could be up to about 10% to 20% lower than 28 day cube strengths in the
first few months after placement, and lower strength would lead to increased concrete creep. In Stage
1, the cooling to -6.4°C developed after about 8 hours however, the same temperature change in later
cooling stages, occurs more than 1000 hours later, so it is feasible that errors in the estimation of

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

Examining the incremental. changes shown in Figure 13(b), in both cooling and heating, the
incremental axial thermal loads are regular and tend to zero at the head of the pile. The advantage of
examining the incremental response is that any time-related accumulation of e.g. concrete creep is
largely negated in the comparison, the time difference to achieve the temperature changes indicated
being only 3.5 to 4.5 hours. It is also worth noting that a 1°C difference in temperature would equate

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

e During cooling, the incremental axial thermal loads generated are always tensile with a similar
distribution from Stage 1 to Stage 3.3. In this case, while the average pile temperature is about
the same, in Stages 3.1 and 3.3, the part of the pile above 6.5 m depth is slightly warmer and the
part below 15.5 m, slightly cooler than in Stage 1 which could also contribute to the small
differences in axial load profile and pile head displacement noted. The tensile axial reaction

towards the pile base remains. The consistent response seen within each cooling stage suggests
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that the axial load effect at the pile head, seen in Figure 13(a), is not necessarily thermally-induced,
lending weight to the previous discussion.

e During heating, the incremental axial thermal loads generated are always compressive, and the
load and temperature profiles are again quite similar (the similarity with the cooling stages is
coincidental given that the temperature change considered is 50% larger). Unlike the effect seen
at the head of the pile, the increase in compression on the base remains and does not change
which, as is the case of the tension during cooling, suggests that this is a response to the thermal

expansion and contraction of the pile.

Amatya et al. (2012) examined the heat sink pile in addition to the main test pile at.Lambeth College.
This pile did not have any external mechanical load applied and the thermal loading was the opposite
of the main test pile, i.e. when the latter was cooled the heat sink pile was'heated and vice versa. This
pile was 30 m long rather than 23 m but the response interpreted from the OFS installed in the pile
(no other sensors were included) showed a progressive mobilisation of restraint from the head down
and the base up, with the maximum thermal load occurring just below mid-depth, at about 17 m (0.57L
where L is the pile length). No reaction appeared to be.mobilised at the base of the heat sink pile
which implies that sufficient thermal restraint was able to/be mobilised on the shaft alone. The thermal
load profiles shown in Figure 12 and 13 are compatible with this, except that it is clear that there are
large alterations in the mobilised base reaction which has led the depth where the maximum thermal
stress occurs to move downwards relative to the heat sink pile, to about 0.67L. This is consistent with
e.g. Bourne-Webb et al. (2019) and others; who noted that when a base reaction is mobilised by
thermal loading, be it compression or tension, the point where the axial stress is a maximum (the
neutral point), will move towards the pile base relative to the situation where no base reaction is

mobilized.

It is of interest that the base appears to be able to maintain some tension during cooling which would
not usually be considered in design, the assumption being that soil cannot maintain tension. This may
in fact be anartefact related to initial residual strains in the pile but even considering these, the
apparent tension would not be eliminated. Including this reaction alters the response of the pile in
cooling from that which would occur in its absence. This means that design based on a zero-tension
cut-off at the pile base may not be conservative in terms of estimating the thermal load response of

the pile during cooling cycles.

Finally, the influence of the assumed strain-dependent pile stiffness is examined. While the
interpretation presented above was based on the application of equation (2) to the creep corrected

axial strains, the stiffness values are subject to a degree of uncertainty. Figure 14 illustrates the
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effective tangent modulus mobilised in the uppermost strain gauges (SG) of the test pile during first
loading to 1200 kN (yielding equation (2)) and then unloading and reloading to the final value of 1800
kN, it is apparent that the concrete response to unloading and then reloading was somewhat stiffer

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

During the preliminary load test, at the maximum load of 1800 kN, the axial strain along the test pile
ranged between about -165 pe and -15 pe, while during the thermal test stages, the axial strain ranged
between about -170 ue and +70 L, i.e. within the range of values previously experienced by the pile.
So it is perhaps reasonable to conclude that the effective stiffness of the pile would follow. the stiffer

unload-reload, with an effective secant modulus approximated by equation (3).
Es=64+0.11¢, (3)

Figure 15 compares the results of the reinterpretation of the Lambeth test pile using equation (2) (E
=45 + 0.04¢, denoted E45) with that using equation (3) (denoted E64 in Figure 16). The results utilising
equation (3) yield higher stress changes as would be expected, and at the end of heating is trending
back towards the axial TM stress profile originally proposed by Bourne-Webb et al. (2009) which are
thought to be unrealistic, at least near the head of the/pile. At larger strain, equation (2) is more
suitable, while at smaller strains it will underestimate the pile stiffness. This points to the need for
using either a different linear stiffness.on unloading, or invoking a nonlinear small strain stiffness
model for the concrete similar to those used for soil by e.g. Jardine et al. (1986) and Gawecka et al.

(2017).
5. CONCLUSIONS

Since it was first reported over 10 years ago, the thermally-activated pile test at Lambeth College,
London has proyven to be arich source of information which has informed our understanding of the
behaviour of pile foundations subject to temperature change when integrated into ground source
heat pump (shallow geothermal energy) systems. This work has reinterpreted the original data in an
attempt to address some inconsistencies apparent in the thermo-mechanical response of the pile;
namely, the large thermal stress generated near the pile head during heating and the strain relaxation
effect that was revealed when examining the transient response within the first stage of the test
(Stage 1: cooling). Concrete creep under sustained load was investigated by Bourne-Webb (2020) as a
possible contributing factor in the pile response. By correcting for this effect, the drift of measured
strain values toward higher compression without explanation was largely eliminated, and a more

consistent response when the pile is thermally-activated is evident.
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When considering concrete piles, the choice of effective pile stiffness and how this varies with strain
level, needs to be carefully considered taking into account the previous loading history (mechanical
strain path) of the pile. Also, it is suggested that the effect of changes in the thermal strain path on

the effective pile stiffness should be considered.

Concrete creep during the test was significant; furthermore, the analysis of the transient response at
different stages during the thermal test suggests that there may be some further discrepancy in the
interpreted data. This may be due to errors induced by the concrete creep model applied, and further
work is required to understand both the reliability of available concrete creep models; the effect of
temperature on concrete creep, and the impact of differences in the in situ concrete characteristics

from those used to evaluate the concrete creep.

The results from the test indicate changes in the mobilised base resistance which may involve tension
developing during cooling. The possibility of this occurring during. cooling needs to be better
understood and should be considered in design to ensure that the design thermal actions due to
cooling are safe values. Also, despite a small increase, tension did not'exceed about 80 Lig, so tension

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

This revised interpretation of the Lambeth College pile test data, not only corrects and improves the
previously reported results, it illustrates.and provides a.clear data set for the response of the pile as it
alters with time, as heat diffuses through the pile. It is apparent that the pile temperature and
associated thermo-mechanical responses develop in a time-span commensurate with the diffusion of
heat through the pile body and into the soil, in this case a few days. However, no long-term alterations
such as axial load relaxation and increased pile head displacement were apparent, though this may be
because the test was not sufficiently long to develop significant thermal effects in the surrounding

soil.

Ultimately, this revised data interpretation while raising new questions and highlighting the factors
that need to:be considered when planning and executing thermal testing of piles under maintained
load, it does not appear to suggest that previous discussions relating to the mechanisms of pile-soil
interaction during thermal loading need to be changed. The new interpretation does however provide
a quantitative additional resource which can be compared to other field tests and be used in the

validation of numerical models.
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Table 1 — Lambeth College test pile chronology

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 | Working load of 1200 kN applied -
14:50 | Stage 1: cooling starts (Tiniet C. -6°C) 0-740
19 July | 10:50 | Stage 2: heating starts (Tinet . 40°C) 740-770
20 July | 18:00 | Power failure, heating cycle interrupted 770-835
23 July | 09:50 | Stage 2: heating restarts (Tinet . 40°C) 835 - 1029
31July | 11:40 | Stage 3.1: cooling starts (Tinlet C. -6°C) 1029 - 1056
1 August | 15:00 | Stage 3.2: heating starts (Tinet €. 40°C) 1056 - 1078
2 August | 13:00 | Stage 3.3: cooling starts (Tiniet C. -6°C) 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

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

empirical formulation:

ece(t,to) = 0(t,t0). %/ )

to = the age of the concrete at the time of loading
(24 days at start of thermal test); t = time being
considered (days); o./Ec = concrete strain at time

t;

@(t, tg) = @o.Bc(t, to)

©o = ru-Bfem)-B(to)

Mean value of «.concrete cylinder

fom =

compressive strength (about 33 MPa);

(1— RH/100)

" 01m)

QOry = for fom < 35MPa

RH = relative humidity (buried concrete,
assumed 100%); hg'="notional size of member =
2A./u = D/2 (300 mm); A, = cross-sectional area
of member; u = perimeter length of member; D

= pile diameter.

16.8
,B(fcm) El—
me
B(ty) = W
j (6— £o) 03
Be(t. to) = G Ft=—t))

By = 1.5[1 + (0.012RH)*®h, + 250 < 1500
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Figure titles:
Figure 1 — Pile response during maintained thermal loading, after Gawecka et al. (2017)

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

of test elements, Bourne-Webb et al. (2009)
Figure 3 — Pile load, displacement and average temperature change during test
Figure 4 — Drift of pile axial strain response during Stage 1 when uncorrected for concrete creep

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

changes recorded in pile, during Stage 1 of thermal test

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

average pile temperature change

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

stress-deformation response

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

Figure 9 — Stage 2: Heating - Pile head settlements and transient stress-deformation response
Figure 10 — Stage 3: Cyclic - Pile head displacement and stress-deformation response

Figure 11 — Comparison of revised axialload-and shaft friction interpretation with Bourne-Webb et al.

(2009)

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

change within each stage.

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

in each test stage

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

unloading and reloading to 1800 kN during preliminary loading test

Figure 15 — Influence of assumed pile stiffness on interpreted axial stress response
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Notation

A [L?] cross-sectional area of member

D [L] pile diameter

Ec [M/T?L] mean concrete Young’s modulus at 28 days

Es [M/T?L] pile effective secant modulus

fom [M/T2L] mean value of concrete cylinder compressive strength at 28 days
ho [L] notional size of member

L [L] length of the pile

RH [ - ] relative humidity

ro [L] is the borehole radius

AT [K] the average change in temperature in the pile
t [T] time

to [T] age of the concrete at the time of loading

u [L] perimeter length of member

Yoith [L] pile head thermal movement

Yihfree [L] Movement associated with unrestrained pile thermal deformation

o [m/m/K] is the linear coefficient of thermal expansion

o [L%/T].the thermal diffusivity of the concrete

€a [L/L] average axial strain
o [M/T?L] concrete stress
Gthmax [M/T2L] pile maximum thermal axial stress

O fixed [M/T?L] stress change associated with perfect restraint of the pile



