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ABSTRACT: Energy pile is an innovative technology which integrate heat pump with foundation pile. This allows foundation pile to 
exchange heat with the ground, providing a more efficient way to heat/cool the building. Previous studies have indicated that heating 
can result in an increase of pile capacity due to an increase in horizontal stress as the pile expands when heated. This implies that 
cooling may result in a decrease of pile capacity as pile contracts. Cooling effects on an energy pile, however, has been overlooked 
and yet to be investigated. In this paper, centrifuge modelling of a floating energy pile subjected to cooling, before loading it to failure 
in-flight, in saturated Toyoura sand is presented. The deformation mechanism and performance of the floating energy pile during 
cooling and mechanical loading to failure are reported and discussed. 
 
RÉSUMÉ : La pile énergétique est une technologie innovante qui intègre une pompe à chaleur avec la pile de fondation. Cela permet 
à la pile de fondation d'échanger la chaleur avec le sol, fournissant un moyen plus efficace pour chauffer/ climatiser le bâtiment. Des 
études précédentes indiquent que le chauffage peut mener à une augmentation de la capacité de la pile à cause de l'augmentation de la 
contrainte horizontale vu que la pile se dilate quand elle est chauffée. Cela implique que le refroidissement peut entraîner une 
diminution de la capacité de la pile. Cependant, les effets de refroidissement sur l'énergie ont été négligé et doivent encore être 
étudiés. Dans cet article, nous allons présenter la modélisation par centrifugation d'une pile énergétique flottante soumise au 
refroidissement avant sa défaillence en vol dans le sable saturé de Toyoura. Le mécanisme de déformation et la performance de la pile 
d'énergie flottante pendant le refroidissement et la charge mécanique à la rupture vont être raportés et discutés.  
 

KEYWORDS: Energy pile, ultimate capacity, temperature effects 

1  INTRODUCTION 

Energy pile provides a mean to conserve energy by exploting 
the stable ground temperature relative to air. Ground 
temperature 10-15 metres below the surface is stable and not 
affected by air temperature fluctuations. This means that the 
ground is cooler than air in summer, and warmer than air in 
winter (Brandl 2006). Therefore, exchanging heat to the ground 
is more efficient than air. By integrating heat pump to 
foundation pile, the pile can serve as heat exchange element, 
exploting this inherent thermal properties of the ground. In the 
UK, energy savings up to 66% has been reported from the 
usage of energy pile (EEBPP 2000). However, as a heat 
exchange element, the pile and surrounding soil experience 
temperature change during energy pile operation. This raises 
questions on the effect of temperature change on pile-soil 
interface, hence temperature effects on energy pile 
serviceability and ultimate capacity. 

Serviceability of energy pile has been studied by several 
researchers (Kalantidou et al. 2012, Ng et al. 2014, Yavari et al. 
2016). In their studies, it was found that energy pile 
experienced ratcheting settlement pattern, but at a reducing rate, 
after subjected to temperature cycles. The magnitude of extra 
settlement is dependent on the soil type and state (over 
consolidation ratio), and working load applied on the pile. 
Construction effects also play a role, with pile driving 
eliminating the thermal-induced settlement of energy pile (Ng 
et al. 2016). 

As for ultimate capacity, several studies were conducted to 
study the effect of monotonic heating on the ultimate capacity 
of energy pile (McCartney and Rosenberg 2011, Ng et al 2015, 
Wang et al. 2015). As expected heating caused the ultimate 
capacity of energy pile to increase. This increase is attributed 
from the radial expansion of the pile when the pile is heated 

(Laloui et al 2006) and also compaction/cosnolidation of soil 
below the pile toe (McCartney et al. 2010). However, following 
the same reasoning, it means that if energy pile is cooled, due to 
radial contraction of the foundation, energy pile capacity should 
decrease. Cooling effects on energy pile capacity may be a 
more critical case, but has yet to be studied thoroughly.  

In this paper, centrifuge modelling of a floating energy pile 
subjected to cooling and later loaded to failure is presented and 
discussed.   

2  CENTRIFUGE MODELLING 

As soil is a stress-dependent material, cnducting physical model 
test at 1g (g = earth gravity) condition may not give 
representative results to that in the field. The fundamental 
principle of centrifuge modelling is to recreate the stress 
condition similar to the field. By subjecting a model to an 
enhanced centripetal acceleration Ng (N = gravitational force 
multiplier), a prototype problem can be modelled according to 
scaling laws (Taylor 2004). Table 1 shows the relevant scaling 
laws for modelling an energy pile. 

All the centrifuge model tests reported here were conducted 
under 40g at the Geotechnical Centrifuge Facility of Hong 
Kong University of Science and Technology (Ng et al. 2001; 
Ng, 2014).  

2 .1  Experimental setup 

Figure 1 shows the plan and elevation view of the centrifuge 
model setup. The test was conducted in a model container with 
internal dimensions of 1245 x 350 x 850 mm (length x width x 
height). The four side walls and the base of container are 
insulated with 18 mm thick wooden insulators. The floating 
model pile presented (EP (-14)) had a length (L) and diameter 
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 (D) of 600 and 22 mm, respectively (24 and 0.88 m in 
prototype). Including EP (-14), another three floating piles 
were installed to 490 mm depth (19.6 m in prototype), and are 
spaced 241 mm from each other and the side walls. The clear 
distance between the pile toe and the bottom wooden insulator 
is 210 mm (9.5 D) and the shortest clear distance between the 
pile centre to the side wall is 157 mm (7.1 D).   

Three rows of thermocouples were installed at 33, 77 and 
121 mm (1.5, 3.5 and 5.5 D) away from the centre of EP (-14). 
The first row consisted of four thermocouples (TC6 to 9) 
installed at 100, 220, 340 and 460 mm depth (4.0, 8.8, 13.6, 
18.4 m depth in prototype). The second row (TC10 and 11) and 
third row (TC12 and 13) consisted of two thermocouples each, 
installed at 220 and 340 mm depth (8.8 and 13.6 m depth). 

Due to page constraints, only one among the four floating 
model piles tested is presented in this paper. It should be noted 
that this model energy pile was initially cooled and latter loaded 
to failure. The model pile and test procedure are identical to 
those described in Ng et al. (2015) and so the data presented in 
that paper is used for comparison. 
 
Table 1. Relevant scaling laws 
Parameter Prototype to model ratio 
Acceleration 1/N 
Temperature 1 
Time (diffusion) N2 
Length N 
Density 1 
Stress 1 
Strain 1 
Displacement N 
Mass 1 
Axial rigidity N2 

 

 
Figure 1. Schematic diagram of centrifuge model setup: (a) Plan view; 
(b) elevation view 

2 .2  Model pile and instrumentation 

The model pile was made of hollow aluminium tube with an 
inner and outer diameter of 13 mm and 19 mm respectively. 
The pile was instrumented with 9 levels of strain gages as well 
as 5 levels of strain gages. The strain gages were installed 60 
mm apart from each other, with the bottommost strain gage 
installed 30 mm from the pile toe. The thermocouples were 
installed at each alternate level, i.e. 120 mm apart, with the 
bottommost thermocouple also installed 30 mm from the pile 
toe. The pile was then coated with 1.5 mm thick of epoxy resin 
to protect the instruments, giving a final diameter of 22 mm.  

2 .3  Model preparation 

The sand was prepared via pluvial deposition method, also 
known as sand raining. After the fixation of model piles at their 
designated positions, sand raining was initiated. The sand was 
rained from a constant height of 1000 mm to the surface of sand 
bed at any time, obtaining a relative density of 69%. After 
reaching the desired level, the sand was saturated by supplying 
deaired water from the drainage pipes previously installed at the 
base of container.  

2 .4  Test procedure 

After the necessary model preparations, the centrifuge was spun 
up to 40g. After the instrumentation readings had stabilized, the 
pile was cooled for 2 hours (4.4 months in prototype), reaching 
a temperature of 11.5 0C from initial temperature of 25 0C. Pile 
load test was then carried out following the procedures 
described in ASTM D1143/D1143 M-07 (2013). The 
temperature of the pile was maintained at 11.5 0C throughout 
the pile load test.  

3  INTERPRETATION OF TEST RESULTS 

All the data presented hereafter are expressed in prototype scale 
unless stated otherwise. 

3 .1  Temperature history and distributions 

Figure 2 shows the temperature history of EP (-14) and soil at 
1.3, 3.1 and 4.8 m (1.5, 3.5 and 5.5 D) away from the pile 
centre. After 4.4 months of cooling, the temperature of the pile 
reached an average of 11.5 0C. The soil temperature at 1.5, 3.5 
and 5.5 D away from pile centre reached 19, 22, and 23 0C, 
respectively. Unlike the pile temperature, which was more or 
less constant, the soil temperature continues to drop after 4.4 
months, as predicted by Carslaw and Jaeger (1959)’s theoretical 
solution.  

Figure 3 shows the temperature distributions of EP (-14) 
and soil at 1.3, 3.1 and 4.8 m (1.5, 3.5 and 5.5 D) away from the 
pile centre prior to the pile load test. The thermocouple (TC 3) 
at 8.8 m depth may not be accurate and two thermocouples 
(TC2 and TC11) malfunctioned. Disregarding TC3 result, the 
pile and soil temperature along the depth was relatively uniform. 
 
3 .2  Pile movement during cooling 
 
Figure 4 shows the measured pile head movement during the 
cooling period (4.4 months). The pile settled by about 1.6% D 
after this cooling period. The settlement is larger than the 
thermo-elastic contraction of pile, which can be calculated 
using the following equation (assuming that side resistance of 
soil can be negected) 
 

   (1) 
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where L is the change in length,  the coefficient of 
thermal expansion of pile = 23 x 10-6, and L is the pile length = 
24 m. The calculated thermal contraction of the pile was 0.9% 
D. Of course, the actual contraction should be smaller due to the 
presence of side resistance. Therefore it can be deduced, there is 
a net downward movement of the pile toe by more than 0.7% D 
to compact the soil below the toe before applying load test. 

For comparison purposes, data of energy piles which was 
heated by 15 and 30 0C (EP (+15) and EP (+30)), 
respectively are included in Figure 4 (Ng et al. 2015). The 
deduced heaves for EP (+15) and EP (+30) were 0.4 and 
1.0 % D, respectively. Using equation 1 and assuming side 
resistance is negligible, the calculated thermal expansions of EP 
(+15) and EP (+30) are 0.9 and 1.8 % D, respectively. 
Following the same approach as that for the cooled pile, the 
deduced minimum net downward movement of the pile toe is 
0.5 and 0.8% D, respectively. The net downward movement of 
pile toe for EP (-14) is larger than EP (+15), i.e., more 
compaction at the former than the latter pile.  

 

 
Figure 2. Temperature history of EP (-14) and surrounding soil 

 
Figure 3. Temperature distribution of EP (-14) and surrounding 
soil 

 
Figure 4. Pile settlement during cooling 
 
3 .3  Load settlement curves 

Figure 5 shows the load settlement curve of EP (-14) as well 
data of other piles loaded to failure at room temperature, RP 

(0), and elevated temperatures EP (+15) and EP (+30) (data 
from Ng et al. 2015). All pile movements prior to loading test 
was re-zeroed. 

Using the 10% D failure criterion (EN 1997-1, 2004), the 
pile capacity of RP (0) is 2400 kN. As presented by Ng et al. 
(2015), when pile is loaded at elevated temperature, the pile 
capacity increases. EP (+15) and EP (+30) have pile 
capacities of 2850 and 3450 kN (19 and 44% increase), 
respectively. Although the pile capacity at lower temperature 
also seems to have a higher capacity of 2700 kN (12% increase), 
it should be reminded that the pile had an initial settlement of 
1.6% D (see Figure 4), prior to pile load test. 

The stiffer response of EP (-14) compared to EP (0), is 
due to the initial pile settlement induced in order to mobilize toe 
resistance, so as to compensate the loss of side resistance of the 
pile from the contraction of pile and its surrounding soil. 
 

 
Figure 5. Load settlement curve of piles at various temperatures  

3 .4  Axial load distributions 

Figure 6 shows the axial load distribution of EP (-14) at 
varying loading step. The leftmost line shows the axial load 
distribution after the pile was cooled. It can be seen that 
positive shaft resistance was developed above 12 m depth, but 
negative shaft resistance developed below this depth. This 
observation is consistent with the framework proposed by 
Amatya et al. (2012) and Bourne-Webb et al. (2012). Extra 
settlement is required to overcome the negative shaft resistance, 
thus contributing to the stiffer response of EP (-14). As the 
pile was loaded, the neutral plane shifted to the pile toe.  

 

 
Figure 6. Axial load distribution of EP (-14) at different load levels 

 
3 .5  Mobilized shaft resistance 
 
It is well recognized that the ultimate shaft resistance along a 
pile can be estimated using the following equation 

 
   (2) 

 
where s is ultimate shaft friction; K0 is the earth pressure 

coefficient at rest; ’v and ’v are the effective vertical and 
horizontal stress, respectively; and  is the adhesion angle 
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 between pile-soil interface. Using the results from Ng et al. 
(2015), deduced K0 and  are 0.485 and C, respectively.  

By using earth pressure coefficient of 0.9K0, the calculated 
axial load distribution matches very well with measured one 
when pile head displacement at 10% D (see Figure 6). This 
means that cooling indeed caused a reduction in horizontal 
stress. The observed “increase” in pile capacity is attributed to 
the compaction of soil at the pile toe and an extra load required 
to overcome the negative shaft resistance induced during 
cooling.  

 
3 .6  Horizontal pressure change with temperature 
 
The horizontal pressure coefficients measured from the heating 
tests on floating energy piles reported by Ng et al. (2015) were 
1.1 and 1.3 K0 for EP (+15) and EP (+30), respectively. 
Figure 7 shows variations of normalised horizontal pressure 
coefficients with temperature change. It can be seen that an 
approximately linear relationship can be found.  

For comparison purposes, the test data obtained at 1g from 
Liu et al. (2016) and Wang et al. (2016) are also included in the 
figure. In both of their tests, a 1.6 m long concrete pile was 
embedded in Nanjing sand (dry and saturated sand adopted by 
Wang et al. 2016 and Liu et al. 2016, respectively) with relative 
density about 63 to 64%. Pressure transducers were placed in 
the soil near the pile shaft at 240 and 1060 mm depth (the 
results from 1060 mm depth are used here). The pile was then 
heated, allowed to recover to ambient temperature, and finally 
cooled.  

The friction angle of Nanjing sand is approximately 310 (Liu 
et al. 2016). The measured variations of pressure change can 
thus be presented in terms of normalized K0 value (Figure 7). 
For a typical operating range of temperatures for energy piles, 
all these results seem to suggest one can estimate a change of 
side resistance due to temperature changes using a simple linear 
relationship for design purposes. 

 

 
Figure 7. Change in K values with respect to temperature change 
 
 
4  CONCLUSIONS 
 
Based on the in-flight pile load test conducted on an energy pile 
subjected to cooling beforehand, it is found that the shaft 
resistance reduced as the pile was cooled. As a result, the pile 
had to settle to gain sufficient base resistance to compensate for 
the loss of shaft resistance to maintain its equilibrium. This 
additional pile settlement compacted the soil below the pile toe. 
It is also found that negative shaft friction was developed at the 
lower half of the pile due to the contraction of the pile during 
cooling. As compared with a pile without cooling, the energy 
pile exhibited a stiffer response after the initial additional 
settlement induced by cooling, prior to the loading test. 
Therefore, one should allow for this additional settlement when 
designing floating energy piles.  
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