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ABSTRACT

The energy pile test at Lambeth College London was first reported some d0¢years ago, this initial
appraisal of the test only looked at the thermal response at theyend of theffirst, cooling and heating
stages. Since the results were published, some potential anomalies inithe results have been identified.
This article revisits the results of this test using a strainidependent pile modulus and allowing for
concrete creep under sustained load. The result ofithis rezevaluation has been to substantially modify
the interpreted pile response, especially neartthe pileshead, which leads to a mitigation of the
maximum pile head displacements in the coolingyphase, and the maximum thermal stresses in the
heating phase. Two other case studiesthave heen examined to illustrate that creep is also likely to be
a significant factor in the interpreted responses of each. It is highlighted however that while the
quantitative interpretation of the testssmay change, the underlying mechanisms of behaviour remain

consistent with those describediin the literature.
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1. INTRODUCTION

In the past decade a number of studies examining the thermo-mechanical behaviour of energy
piles have 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 (2018) 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, Gimax 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 testjon an energy pile,
carried out during the construction of the Clapham Centre of Lambeth'Cellege iA'South London. These
articles provide a detailed overview of the test conditions and theithermo-mechanical response of the
thermally-activated test pile carried out under maintained\loadyAmatya et al. (2012) extended this
assessment further, incorporating the response of the heat,sink,pile and compared the responses to
the case studies of Laloui et al (2006) and Brandl (2006). Allof these assessments, except the heat sink
pile, were made at the end of extended heating/ceoling phases, while a load was maintained at the

pile head.

Operational thermally-activated pilesfoundations such as that reported by Murphy & McCartney
(2014) and McCartney & Murphy (2017) have a time-varying thermal loading throughout the year,
while the building load remains essehntially constant. McCartney & Murphy (2017) discuss what they
describe as thermal “dewndrag/uplift” which suggests some alteration of the pile deformation
response whenomparinghe pile at the approximately the same temperature but differing times,

Figure 1.
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Figure 1 — Alterations in interpreted “Pile A” axial response while pile is at about the same

average temperature, McCartney & Murphy (2017)

Numerical back-analyses of the Lambeth College test such as that performed by Gawecka et al (2017),
consistently reveal discrepancies between the observed behaviouandthatpredicted (Figure 2) which
are especially noticeable at the end of the heating phase®of theytest'where the numerical analysis
predicts a substantially lower axial strain than thatisuggested.by Bourne-Webb et al (2009). Elsewhere,
the author is aware that others have had te use either unrealistic soil parameters in the superficial
soils or introduce an unrealistic restraint, e.g. assevident in Ma et al (2014), to match the axial

response. This discrepancy suggests thatthere is some aspect of the test interpretation or analysis, or

both that is preventing good agreement:
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Figure 2 — Back-analysed pile axial thermal response at end of cooling and heating stages,

Gawecka et al (2017)
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This article was prompted when further discrepancies were revealed when examining the transient
data within each cooling and heating stage of the test. The resulting reinterpretation while addressing
these, also helps to explain some of the reported discrepancies between the observed results and

numerical back-analysis.
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 a preliminary test pile (PTP) to 1.5x the design warkingiloadief1200
kN, thermal testing involving a period of cooling (Stage 1: 740 hours), heating (Stage,2: 290 hours) and
cyclic heating and cooling (Stage 3), and a final load test to 3x the design working load»Fullidetails of
the test set-up and results focusing on the response at the end of thewarious heating/cooling stages

can be found in Amis et al. (2008) and Bourne-Webb et al. (2009) but.a brieflsummary 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 ainew 5=storey sixth form studies building where a
shallow geothermal energy system utilizing the'¢47 foundation piles as ground heat exchangers was

employed to provide 302 kW heating and 460 kWicooling.

The test pile was representative ofsthe Wworking piles constructed to support the structure; it is 23 m
long and has a nominal diameter off600 mm and was designed for a specified working load of 1200
kN. The concrete used to form,theyile was C25/30 and a Limestone aggregate with a maximum paticle
size of 10 mm was used to,improve constructability in the congested pile bore. A full length steel
reinforcement cage ‘comprisingysix, T32 bars was used in order to provide a support for the heat
exchanger pipes‘and instrumentation. Two heat exchange pipe loops were embedded in the pile. In
addition, fouranchor piles (same dimensions) for supporting the loading frame, and a 30 m long heat

sink pile\were'ipstalled.

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 which 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 3.

The main test pile and heat sink pile were instrumented with a mix of either, conventional embedded

vibrating wire strain gauges and thermistors, and/or optical fibre sensing cable. Six levels of the former



96  were distributed along the length of the test pile, along with continuous optical fibre sensor (OFS) for

97 strain and temperature sensing, Figure 3.

98  Throughout the thermal test, the pile mechanical loading was maintained at 1200 kN using an

99 automated hydraulic loading system, Figure 3 and 4. The pile head was free to move and pile head
100 movements were monitored throughout. During Stage 1, Figure 4, the pile was cooled with an inlet
101 fluid temperature of about -6 °C and the average pile temperature fell by almost 20°C, to close to zero.
102 In Stage 2, the pile was heated with an inlet fluid temperature of +30°C to +40°C but the process was
103 interrupted by a weekend power cut which is clearly visible in the data set. Daily cycles ofieooling and
104  heating followed in Stage 3, and Stage 4 represents the period after the heat pumpawas removed and
105  temperatures in the pile recovered. In this reinterpretation of the Lambeth College test,ionly Stages 1

106 and 2 have been considered.
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Figure 3 — Main test pile geometry, ground profile and instrumentation details, and schematic

layout of test elements, Bourne-Webb et al. (2009)
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2.2. Data interpretation
2.2.1. Concrete creep

When considering thé®engoing response of the pile during the test, some of the strain gauge
behaviour seemed inexplicable and appeared as a drift of the pile axial forces that was not associated
with the temperature€hangesiOne aspect not considered by Bourne-Webb et al (2009) and which
does not appearito have been considered by other authors examining pile thermal tests, is that due
to the'extended duration of the maintained load test, creep of the concrete pile can be expected and
will be significant, Lam & Jefferis (2011). Further, the pile was loaded to 3x working load towards the
end of Stage 3 and during this load test the pile settlements remained less than 10 mm which suggests
that the pile was far from geotechnical failure during the thermal test. Therefore, it is reasonable to

conclude that most if not all the creep-like behaviour seen was due to concrete creep.

An assessment of creep under maintained load has been made using the methodology outlined in BS
EN 1992-1-1:2004, Appendix A. This evaluation suggests that during e.g. the thermal test, the recorded

strains may contain a significant additional (compression) element of strain due to creep, which is
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around 50 to 60 e near the head of the pile, at the end of the test. Figure 5 illustrates how the creep

correction alters the apparent axial strain compared to the uncorrected values.

This is most apparent for the measurements taken 1.5 m below the pile head where in the uncorrected
state, the measurements suggest that while a tensile axial strain develops initially, as time passes, it
begins to relax, Figure 5(a). However, when concrete creep is included, the axial strain develops as a
tensile load, consistent with the other measurement levels, throughout Stage 1, Figure 5(b). A similar
effect is also apparent in the results from 4.0 m, 6.5 m and 9.5 m depth, rather than an apparent
relaxation of the thermally-induced tension strain, with creep included, the thermal axial tensile

strains increase throughout Stage 1.

The estimated creep strain has also been integrated over the pile length to providetan approximate
estimate of the additional pile head settlement that would have arisen'from this, source. Figure 6
illustrates this assessment and interestingly, the assessed rate of concrete,créep coincides with the
pile head settlement rate towards the end of Stage 1 which is illustrated by the superposition of the
“creep offset” curve onto the time-settlement curve from the test. This suggests that the ongoing
settlements that were measured were not thermally-induced. Inifact, when the measured settlements
are corrected for the creep settlement then towardsythe,end of Stage 1, pile head movement had
largely ceased, and show a similar rate of progression\as the changes in temperature, Figure 6. In the
subsequent stages of the test, the pile thermal loading was not stable long enough to see the same

effect.

It is clear therefore that when evaluating the response of such tests, concrete creep under sustained

load has a profound impact onthewesults and cannot be ignored.
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Figure 5 — Correction for concrete creep under sustained load
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2.2.2. Pile residual strains

The potential influence of residual strains in the observed pile response was revisited after

Bourne-Webb et al (2009) did not take them into account.

Figure 8(a) shows the strains recorded in the period between the pile’s construction and the
preliminary pile test; in this period there are significant temperature changes as the concrete hydrates
and the stiffness of the concrete is changing rapidly, so load interpretation is not straightforward as
the coefficient of thermal expansion varies as hydration proceeds (Maruyama & Terameto; 2011) and
the strain readings cannot be corrected. Further, what is shown in Fig 8(a) are the average readings at
each level but in most cases, having shown a consistent variation with time and temperature, just
before the PTP started, in each set of strain gauges, the strain reading in at least one,would have an
opposite sign to the others, thus making a consistent interpretation troublesome. It can be seen
however, that the strains that developed were not large: for comparison,the weight of the pile, at the
base of the pile along would be expected to generate strain of abeut -12 g’ (compression). It was felt
that the final distribution of strain apparent in the pile shaftpriorito the'start of the PTP was not likely
to significantly influence the interpretation of thessubsequent loading, and was zeroed out of the data

analysis.

Figure 8(b) shows the creep correctedsstrain profilesatiselected stages during the PTP, along with the
residual strain readings immediately beforeithe start of the PTP. For each loading stage presented, the
strain profile when the load was fifstattained (0 hrs) and after the load hold period (6hrs) are shown.
These illustrate that despite the correction for creep there remains some strain development during
the hold period — this may beyduesto the creep prediction method used (see Appendix A) or reflect
some other source,fe.gypile-soil creep. Also shown are the residual strain profiles observed after
unloading from/first, 1200 kKN and the 1800 kN; these suggest that the load cycling has led to some

locked-in deformation.

Figure 8(c)illustrates residual strain profiles from the end of the PTP until just prior to reloading for
the thermal test; these profiles show insignificant variation during this three day period. Figure 8(c)
also illustrates the effect of subtracting the locked-in strains from the strain profiles both during
reloading to 1200 kN and then to 1800 kN during the PTP (Residual 1), but also at the end of reloading
to 1200 kN immediately before the start of the thermal test (Residual Il). For comparison, the
uncorrected strain profile is shown for this latter case. The profiles for loading to 1200 kN show
remarkably similar variation over the length of the pile, and along with the profile for 1800 kN load,

suggest little shaft resistance is mobilised through the superficial deposits. This seems reasonable and

10
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therefore, in the subsequent reinterpretation of the thermal tests, the residual strain just prior to the

start of the thermal test has been subtracted from the strain profiles.
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Figure 7 — Appraisal of strain profiles prior to thermal test

2.2.3. Effective pile modulus

In order to develop a picture of the response of the pile to thermo-mechanical loading, it is
necessary to convert the observed strain toyaxial stress/load in order to evaluate the load-transfer
behaviour of the pile, and the effect the thermal loading has on this. It should be noted that Bourne-
Webb et al. (2009) used a constant value‘of 40 GPa for the effective modulus of the pile. However, the
work of e.g. Fellenius, Lam & Jefferis’ (2011, 2012), Fellenius (2012) and Sahajda (2013) show that it is
essential that the strain=depéndent nonlinear behaviour of the pile be taken into account when

interpreting load tests.

Folléwing Fellenius, et al. (2000) and Lam & Jefferis (2011), the strain gauges in the upper section of
the pile(15 m;4.0 m and 6.5 m depth) have been examined in order to derive an equivalent Young's
modulus for the pile. The concept behind this method is that the gauges closest to the pile head should

be least affected by pile-soil resistance which will be quickly over come as the pile is loaded.

The influence of concrete creep under sustained load was also considered in this evaluation and in
this case, at the end of the final loading stage (1800 kN), the accumulated creep strain was a little less
than -20 pe. This additional compression strain has been removed from the recorded strain data in

the following.

11
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It should be noted that the pile was loaded to less than half its ultimate capacity in this test, so the
range of strain covered is rather small compared to a pile loaded to failure, and as a result the shaft
resistance may not have been fully mobilised (although the strain profile in Figure 7 suggest the shaft
resistance was low in any case). Further, the pile test was characterised by an unload-reload cycle
from 1200 kN, and was unloaded from 1800 kN at the end, so it is possible that the effective stiffness
of the pile associated with strains less than those mobilised at the end of the PTP (around -150 pg), is
higher than that proposed here, as indicated by the dashed line in Figure 7(b). Future analysis of the

test data should consider using a suitable nonlinear small strain stiffness model for the cencrete.

Figure 7(a) shows the interpreted data from mechanical loading at each stage©f the'test and without
considering concrete creep. Figure 7(b) however shows how accounting for conerete creep, leads to a
slightly higher apparent tangent modulus for the pile, as suggested by Lam andyefferis, 2011. Only
the results from the preliminary pile test are considered, as the expendable test was undertaken while
the pile was still being actively cooled and the interpretation of the results is much more complicated
as a result. The results from the latter test are broadly consistent with'the interpretation presented

here however.

12
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213 In this assessment, it was apparentithat one gauge at each level (SG2 and SG5) was reporting strains
214  that were consistently higherithan those in the accompanying gauges at each level. The cause for this
215 is not known and the“results were disregarded in the evaluation of the effective modulus and in

216 subsequent averagingffor the interpretation of the testing which is presented later.

217  The effective'stiffness tends to a consistent value as the load increases and overwhelms any local shaft
218 resistance;in this case, when allowing for concrete creep, the effective tangent modulus seems to be

219 reasonably represented by [2]:
220 E: =45 + 0.08¢, (GPa) [2]
221  where g, is the measured axial strain in micro-strain (compression negative).

222 Following Fellenius et al. (2000), this leads to an expression for the effective secant modulus [3] which

223 has been used to derive the pile axial load response presented subsequently.
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Es = 45 + 0.04¢, (GPa) (3]

The interpretation was also undertaken using the Secant modulus method, Lam & Jefferis (2011),

however the difference in effective modulus was small and the above relationship was used.
2.2.4. Temperature effects

While the PTP may be considered to have been undertaken under essentially isothermal

conditions, the subsequent test programme was not.

Neville (1995) discusses how the compressive strength and hence, the Young’s modulus foconcrete,
reduces with increasing temperature, even in the range of 0°C to 60°C which can be ‘considered
applicable to energy foundation applications. Concrete creep is also affected by beth‘temperature
changes, increasing as temperature increases, and also in response to changes inrate of temperature
change (a rapid increase in temperature will provoke greater strain than a slower change). In addition,
temperature gradients will cause water movement inside the eencrete mass and could also lead to
changes in water content both of which may lead to additional creep/shrinkage strains. These are
complex processes however and there does not appear'toibe astraightforward way of including them

in the present analysis.

Temperature has had to be taken account of initerms of the effect that it has on the observed strains
however. In effect, as the temperaturechanges, due to the differing coefficient of thermal expansion
(CTE) between the gauge and the surroundingiconcrete, differential thermal deformations will occur

and will impact on the measuréd strains. This needs to be corrected using equation [4].
Ecorr = Emeas 1 (CTEgauge - CTEpile)-AT [4]

Bourne-Webb etsal (2009) evaluated an effective CTE for the pile of 8.5 pe/°C which was considered
reasonable givenythatthe concrete aggregates were limestone (see e.g. Tatro, 2006 for indicative
values);, The'embedment gauges were supplied by Gage Technique International Ltd, and the gauge
CTE was,quioted as 11 ue/°C. Thus, for example, for every degree of temperature change the gauge
would include in its output a differential thermal strain of +2.5 pig, as the gauge would contract/expand
more than the surrounding concrete. The measured strain has to be corrected using this differential

strain to obtain the correct strain using [5].
Ecorr = €meas T 2.5AT (5]

where the change in temperature AT is negative for cooling and positive for heating, leading to

corrective strains which are compressive and tensile respectively.

14
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Finally, despite shading being employed to mitigate its effect, climatic temperature changes will
impact on the measurement of pile head displacement both in terms of thermal movement of the
loading frame and in the functioning of the displacement transducers. These effects have not been
de-coupled in this assessment, as this would have required on-site calibration that was not done at
the time, and are apparent as small spikes, at approximately daily intervals, in the displacement data

presented in Figure 6.
3. Discussion
3.1.1. Revised interpretation

This revised examination of the Lambeth college energy pile test led to thetintroduction of an
allowance for concrete creep under sustained load, discounting of residualystrain» and, a strain
dependent modulus. Figure 9 illustrates the impact of the creep corfection on,the axial strains in
comparison with the interpretation presented by Bourne-Webb et al. (2009): The effect of the creep,
temperature and residual strain corrections is most obvioussin the,upper part of the pile where the

maintained stresses are largest.

In Figure 10, the axial loads obtained with a strain-dependent modulus are compared to those
presented in Bourne-Webb et al. (2009), whe used'a constant modulus. It is immediately apparent
that the thermal load is more consistenty, The greatest effect is seen in Stage 2 where the large peak
in axial compression at the end of heating, has been migrated in response to a lower pile modulus
(about 36 GPa compared with 40 GPa) and*the inclusion of the creep correction which reduced the

observed axial strain by about 10%.
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274 Figure 9 — Revised interpretation of axial strain compared with Bourne-Webb et al. (2009)
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Figure 10 — Comparison of revised axial load interpretation with Bourne-Webb et al. (2009)
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The benefit of this reinterpretation is further illustrated in Figure 11 where the axial thermal strain
and load changes within the first extended cooling and heating cycles are presented. It is clear that
the reinterpreted thermal axial effects are more consistent, tend to zero at the pile head, and show
some alterations in the mobilisation of the pile base reaction. This was one of the main discrepancies
in the results presented in Bourne-Webb et al (2009) which implies non-zero thermal effects at the
pile head which was unconstrained with respect to deformation, and underlines the importance of

this reinterpretation.

Axial thermal strain, g, (ue) Axial thermal load, N, (kN)
80 40 0 40 -80 -120 800 400 0 -400 -800 -1200

| ] ] ] 1 1 Fal ] ] ]
I ) ) 1 ) I A 1 I I

—&— 2009: End of cooling
—@— 2009: End of heating
—4— 2019: End of cooling
—&— 2019: End of heating

Figure 11 — Original and re-interpreted axial thermal strain and load profiles

Figure 12 illustrates ow the reinterpreted Lambeth College test results compare with the collated
results presentedin BournesWehb et al (2020). Here, the maximum thermal stress Gin,max and pile head

movement, o have been normalised by [6] and [7] respectively.
Oth)fixedy— ag AT.E. (6]
yth,free = Qc. AT.L [7]

where o is the effective linear coefficient of thermal expansion of the pile, AT the average change in
temperature based on a length-weighted average of the temperatures at each measurement level, E.

the pile modulus and L the initial pile length.

In Figure 13, C1 represents the reinterpreted normalised stress-displacement response at the end of
the first extended cooling stage and H1, the end of the first extended heating stage; where the open

symbols are based on the 2009 interpretation and the filed symbols, the revised interpretation. It is
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apparent how the original interpretation has been modified with a reduction of the pile head
movement (after correction for creep strain) at the end of cooling, less so for heating, and increase of
the maximum thermal stress (perhaps due to the strain-dependent pile modulus). In the heating stage,
the creep correction is not as apparent as it was for the end of cooling, as the results are from
incremental changes within the thermal loading stage, which during heating was 288 hours long
compared to 740 hours during the cooling stage, and when the rate of accumulation of creep strain

would have been less, as would be the differences between the original and this revised interpretation

of the test.
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Figure 12 — Normalised thermal stress — pile head displacement response,

3.1.2. Implications for other tests

Alnumberiyofother maintained load, pile thermal tests have been reported in the literature
including/Laloui et al (2003), Murphy & McCartney (2014) and McCartney & Murphy (2017), amongst
others. Depending on the mechanical loading intensity and chronology, it is clear that each of these
tests will have been affected by concrete creep, and they should be revisited. To illustrate, the above
cases have been examined. It should be noted however that the creep evaluation is only approximate

as the details needed to make a more precise estimate are not present in the respective articles.

Laloui et al (2003) present the results of a field trial for a thermally-activated pile which was heated at
differing stages of the construction of a new building on the campus at EPFL, Lausanne. From the

information gleaned from Laloui et al (2003), it is possible to make an estimate of the concrete creep
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318 under sustained load due to the incremental loading at each stage of construction, and the chronology

319  of the tests that were carried out, Figure 13.
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Figure 13 — Inferred pile load development & estimated concrete creep strains for EPFL test

320

321  The creep strains clearly haveithe most effect near the head of the pile where the load intensity is
322 highest. In Figure 14, thé'results for the strains at 2.5 m depth reported by Laloui et al (2003) are
323  compared toithe estimate of concrete creep strains at this level. It is apparent that the potential creep
324 strainsiare.similar to those reported, and if the observations were corrected for concrete creep, the
325 trend of increasingly compressive strain with time, between tests would more-or-less be eliminated,

326  inasimilar way to that seen in the uppermost strain gauge set in the Lambeth College test, Figure 5.
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Figure 14 — Development of pile axial strain & load (EPFL data from Laloui et al., 2003), and

estimated concrete creep during building construction / pile testing period

Murphy & McCartney (2014) and McCartney & Murphy (2017) present the results of an operational
thermally-activated pile system in Denver, Colerade whose response was observed over a period of
about five years. Once again, it was possible toymake an estimate of the concrete creep under
sustained load and Figure 15 illustratesthis assessment — note that the creep lines are offset to allow

ready comparison of the trendsythrodgh the data from McCartney & Murphy (2017).

The estimated concrete creep'strains’in the upper part of the pile (1.1 and 5.3 m depth) show a similar
trend to those repofted; which/suggests the apparent drift in strain measurement over time is not
solely a thermal(effect. At deeper levels, while concrete creep may explain some of the drift, there is
a clearer effect ofjincreasing compression with time which may be a thermal effect, and perhaps
explainedy by “a,differential thermal response between the ground and the pile, as discussed by

McCartngy & Murphy (2017).

These two cases, in addition to the reinterpreted Lambeth College case, illustrate that over long
periods of sustained loading, concrete creep is significant and will alter significantly the interpreted
axial strain profiles in zones where the maintained load is high. For the two cases above, it is not
possible to reinterpret the axial load response as there is not sufficient information to derive a strain-

dependent modulus relationship.
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Figure 15 — Development of pile axial strain (reported data from McCartney & Murphy,

2017) and estimated concrete creep during observation period

4. CONCLUSIONS

This article has revisited the Lambeth College, Landon thermal pile test undertaken during the
Summer of 2007 and has presented a fevised interpretation of the pile response to cooling and then
heating. In this re-evaluation, the importance of allowing for concrete creep under sustained load and

using a strain-dependent pile.modulus has been highlighted.

This was further underlined by'making an estimate of potential concrete creep and applying this to
two other case studies involving the thermo-mechanical loading of a pile foundation. While the results
are compelling, the effect of concrete creep needs to be verified further, existing studies should be
re-evaluatedito consider these effects and in future testing of thermally-activated reinforced concrete
foundationsyyinterpretation should allow for both concrete creep and a strain-dependent pile

modulus.

It is also recommended that during field tests measures are taken to allow the decoupling of
temperature effects in external displacement measurements by monitoring the reaction frame and
e.g. by having a dummy displacement transducer to measure temperature induced dimension changes

in the sensor.

Returning to the impact of this re-interpretation on the outcome of the Lambeth College test and

subsequent discussions of the interaction between thermally-activated piles and the ground in e.g.
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Bourne-Webb et al (2009), Bourne-Webb et al (2013) and Bourne-Webb et al (2019) and others; while

the magnitude and distribution of thermal effects within the pile have clearly altered:

a) the underlying interactions remain unchanged: during cooling the pile contracts, pile head
settlement increases (though not as much as previously suggested) and the maximum thermal
load (neutral point) is located in the lower half of the pile, and during heating the pile expands,
pile head settlement reduces and the location of the maximum thermal load rises into the upper
half of the pile shaft (though not as far as suggested previously).

b) Further, Figure 13 highlights that the key measures of maximum thermal stress and, pile head

thermal movement have undergone only modest changes with this re-intébpretation‘of the'test.
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435 Appendix 1. Concrete Creep

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

437 empirical formulation:
o,
ecc(t to) = @(t, to). ( C/Ec)

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

©o = Pru-Bfem)-B(to)

(1-RH/100)
Qry =1 +W for fom < 35MPa
B(fom) = o=
Vfem
B(to) = ©01+07)
f—t 0.3
Bc(t, ty) = ﬁ]
438 By = 1.5[1% (0.012RH)*®]hy + 250 < 1500
439 where,
440 fem = Mean value of conereteeylinder compressive strength (about 33 MPa);
441 to = the age ofithe concrete at the time of loading (24 days at start of thermal test);
442 t = time'being'considered (days);
443 . =.compressive stress in the concrete which was estimated at each level within the pile
444 based,on the interpreted load transfer response;
445 E. = tangent modulus of elasticity of normal weight concrete (35.7 GPa);
446 RH = relative humidity (buried concrete, assumed 100%);
447 ho = notional size of member
448 =2A./u=D/2 (300 mm);
449 A = cross-sectional area of member;
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450 u = perimeter length of member;
451 D = pile diameter.

452  Applying the above formulation the creep strain development during the PTP (Figure A.1) and the
453  thermal test period (Figure A.2) was estimated. This suggests that in the upper part of the pile in
454 particular, the additional strain due to creep under sustained loading of the pile is significant and if
455 ignored, could lead to the compression in the pile being over-estimated by a few hundred kilo-

456 Newtons.

457 Not that is this assessment, creep recovery during the unloading periods within the, PTPand between
458  the PTP and thermal test have not be included in this evaluation. This is because there is no clear
459  guidance on how to evaluate these, and if one simply uses the above formulation, the ¢reepyrecovery
460 is excessive. Not including creep recovery means that the residual strains'discussed in Section 2.2.2

461 are over-estimated.
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Figure A.1 — Development of creep strain at strain gauge locations along pile shaft, during
preliminary test pile
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