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Abstract

The disused factories’ areas represent a considerable part of the industrial archaeology of the city of Naples. In the last
decades of the previous century, many of these factories were disused because of the ban on asbestos production by
Italian law 257/1992. Of course, this was not the only problem that concurred to create a large number of disused
industrial areas. Often the simple delocalization of manufactories in other countries contributed to this problem. The
reuse of these areas requires polluted and contaminated land reclamation. The simple removal of the shallow soil layers
is a widely used reclamation procedure. Furthermore, drilling operations either for piling or for tunneling may incur the
same type of problem, taking into account that this movement can be very expensive depending on the total volume of
soil to be removed and to be taken to disposal. In this study, a hybrid pile type is proposed as an environmentally friendly
and cheap solution. Hybrid piles are installed by a combination of pushing and augering techniques. This installation
method allows avoiding the removal and subsequent disposal of shallow contaminated soil. The mechanical behaviour of
three hybrid piles equipped with strain gauges along the shaft is investigated via three loading tests. In the framework of
the design of a new mall in a disused industrial area, the opportunity to provide a fully sustainable foundation solution by
equipping the piles with heat exchanger pipes is also being investigated. Numerical simulations of the energy hybrid pile
behaviour are presented, outlining further benefits of the new hybrid installation technique and comparing two different
configurations of the heat exchanger pipes.

Keywords: Hybrid Energy Piles; Sustainable Foundations; Thermo-mechanical Behaviour; Geothermal Energy; Industrial Sites Contamination.

1. Introduction

An issue of concern around the world is the contamination of industrial sites. These soils, indeed, could be an issue
of concern around the world. Because they could have high contents of different types of industrial pollutants coming
from processes metallurgy, chemical industry, and dyeing [1]. Despite the kind and concentration of contaminates
generally, the reclamation of these soils could be done by physical, chemical, or biological processes [2]. At first, field
tests and surveys are needed to obtain a precise map of the pollutants present and the status of the site under
examination [3]. Compared to air and water, soil contamination is not so evident to observe. It is called "invisible
contamination™ and can be very harmful to human health [1].

Soil replacement and thermal desorption processes are included in the physical methods of soil reclamation. The
former uses clean soil for a partial or total replacement of polluted soil [4]. According to the temperatures, thermal
desorption can be divided into low temperature (90-320°C) and high temperature desorption (320-560°C). This
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technique consists of heating contaminated soil in thermal desorber to volatile the pollutants that are captured by
specific equipment [1, 4]. In addition to heavy metals, other highly dangerous soil contaminants for human health are
organic contaminants such as Polycyclic Aromatic Hydrocarbons (PAHS) that accumulate in urban soils and could be
transferable into the human body via ingestion, inhalation, and dermal contact. Some of the PAHs are human
carcinogens [5].

The municipalities on the outskirts of the city of Napoli had an intense development of industrial activities in the
immediate post-war period. Industrial activities were mainly petrochemical, iron and steel, or energy companies. Since
the eighties, many of these factories have often been abandoned, leaving behind considerable problems of dismantling,
demolition, and reclamation [3]. Soil removal by excavation can be one of the main remediation techniques, or at least
a phase of the soil replacement remediation technique. This procedure, prior to 1984, was the most common for
cleaning up contaminated sites. It is appropriate only for a small area in the case of heavily contaminated soils and is
very expensive depending on the transportation costs of the soil removed [2].

Sometimes the contaminated soil is not dangerous; however, the soil is excavated in the framework of drilling
activities, either for piling or for tunnelling. In such a case, at the design stage, an important cost is that arising from
the need to transport the excavated soil to the authorized waste disposal site, which in turn depends on the type of
pollutants diffused in the soil mass. A new mall and a touristic facility are under construction at Torre Annunziata,
south of Napoli, close to the Pompeii archaeological park. The area is in the plain south-east of Somma-Vesuvius
where the subsoil is composed mainly of products of the volcanic activity and was occupied until ten years ago by a
pipe factory (Figure 1 (a) and (b)).

(b)

Figure 1. Site location. (a) Vesuvius volcano view and (b) gulf of Napoli view

2. Hybrid Energy Piles as a Sustainable Foundation of the New MaxiMall-Pompeii

When piles are selected as foundations for a new building a decision about the pile type shall be taken at the design
stage. In terms of piling installations two main categories of piles are usually considered: driven or pushed and bored
or drilled piles. More recently the name of these categories has been substituted by new terms: replacement piles or
displacement piles. Replacement piles are those ones which require excavation and the soil is removed for installing
the pile in the ground. Displacement piles are those ones which do not require excavation and consequently soil is not
extracted. The pile is installed by simply displacing the soil mass densifying the surrounding soil. In this second option
there is no soil to be transported to waste disposal. There are, in addition, intermediate pile types as partial
displacement piles (so-called large stem auger piles) or nearly fully bored piles as continuous flight auger piles, CFA
piles, installed by combining driving and augering techniques. Different pile types are available on the market and
they are, generally, selected on the basis of subsoil conditions and of the foundation design needs. In simple words
displacement piles have typically better geotechnical performance but they are not suited for stiff or dense soils and in
the case of even partial cementation degree. With reference to a new mall under construction in the area of Pompei
archaeological ruins, the shallow layer was possibly contaminated being an industrial disused area. Furthermore, the
shallow layer was very soft, while, on the other hand, the subsoil below 6-8 m was rather stiff and partially cemented
due to the volcanic origins and the high temperature at the time of areal deposition. For both reasons at the design
stage a hybrid pile was purposely conceived. In the picture (b) of Figure 2 the piling machine is reported. The upper
part of the pile is a typical large stem pipe pile with the pipe simply pushed in the ground without soil removal while
the lower part is a classical CFA pile with a significant volume of soil removed in the step when the installation tool is
retrieved upwards. The hybrid technique adopted thus allowed a double benefit. First of all, a better mechanical
performance in the upper soft layers due to the displacement type of pile which induce soil densification. Second the
soil removed is only relative to the lower part of the pile in the deeper soil layers which are not contaminated.

In the frame of the design stage of the pile foundations of a new large Mall the mechanical performance of this new
pile type has been tested with three design loading tests. Pile load- settlement relationships, bearing capacity and load
transfer curves of the side shear, obtained from the experimental campaign, are discussed. Starting from the purely
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mechanical response observed during the loading tests, a FE axi-symmetrical model was calibrated. Transient thermo-
hydro-mechanical analyses are then used to simulate the behaviour of an isolated hybrid pile subjected to thermo-
mechanical loadings. In this study, two possible configurations of the primary circuit for heat exchange are proposed
and compared. The Case A is a pile where only the bottom replacement part of the foundation pile (the part excavated
with the auger) is equipped with the HDPE [6] close to the reinforcement cage (Energy piles). The Case B is a
conventional energy pile with all the shaft equipped with HDPE plastic pipes.

@ )
Figure 2. Piling rig for hybrid pile. (a) Combination of Continuous Flight Auger and Large stem displacement pile and (b)
hydraulic drilling rig

3. Subsoil Conditions and Pile Loading Tests

The site is located at the feet of Vesuvius volcano and the subsoil is made mainly by products of the volcanic
activities. On this area there was a disused factory called before Ital-Tubi and after Vega Tecnotubi. The history of the
factories activities in this area is an old one and spans over more than one century with several stops. For instance, two
stops occurred during the two world wars. The last activity in the area was pipe production by the Italtubi Company.
From the Regional Reclamation Plan resulted that the soil of the area could be possibly contaminated by PAHS,
(metals and non-metals, inorganic compounds, and hydrocarbons. Regional Reclamation Plan was issued in 2013 and
updated on 30/12/2019 according to the provisions D.Lgs. 152/2006. In this plan, the contaminated and potentially
contaminated sites of the region were updated and for some areas only a general warning was issued about the need
for chemical analyses of soil to be removed. As already anticipated in the previous section this suggested the use of
displacement piles instead of replacement piles at least for the top layer about 7-8 m deep. From the geotechnical point
of view, site investigations carried out are:

o N° 8 continuous coring boreholes (S1 to S5 33 m deep and S6 to S8 25 m deep),
o N° 8 Down-hole geophysical tests (from S1 to S8),

N° 7 Standard penetration tests,
N° 12 Cone Penetration Tests -CPTU,
N° 2 Casagrande type piezometers for the groundwater table investigation.

A plan view of the test site with the locations of the main site investigations is reported in Figure 3.

@®cBorehole (S)

@ Borehole and Down-hole (S-DH)

@ Borehole and Piezometric test (S-PZ}
ACPTU

CPTU10

Figure 3. Plan view of the site with the locations of test investigations
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CPTs and SPTs investigations allow determining the cone tip resistance Q. and the blow count Nspr. The obtained
cone tip resistance and the blow count are reported in Figure 4 (a) and (b), respectively. SPTs were stopped at 50
blows as shown in Figure 4 (a). From Figure 4 (b) it is possible to notice that CPTs were stopped between 7 m and 10-
11 m because coarse material (i.e. sandy soil with pumices) was encountered.
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Figure 4: Site investigations results (CPTs and SPTs). (a) Resistance of the static penetrometer at the toe (Qc) versus soil
depth and (b) Blow count (NspT) versus soil depth

An empirical correlation between the ratio of cone tip resistance and blow count and median diameter of soil
particles, Dso, was used to evaluate the expected Q. below 11 m from the ground surface. The results from CPTs and
SPTs allowed the determination of soil stiffness and strength parameters. Relative density for each soil layer was
computed through Gibbs and Holtz (1957) and Kulhawy and Mayne (1990) [7, 8] expressions considering the mean
blow count and cone tip resistance Qc, respectively, for each soil layer. Friction angle for each soil layer was computed
as mean value between those obtained from API (1987) and Schmertmann (1979) [9, 10] relationships considering the
average relative density. For each soil layer secant Young modulus Es was obtained from De Beer (1965) [11]. Soil
physical and mechanical properties are thus summarised in Table 1.

Table 1. Soil layering and mechanical properties

Depth

Layer  Soil Type v ¢ « Es E%o
Top (m) Bottom (m) (KN/m?) °) (kPa) (MPa) (MPa)
1 uUs 0 1 18 30 - 10
2 P1 1 3 16 32 - 20 180
3 SG 3 10 17,5 35 - 45 460
4 P2 10 12 16 32 - 35
5 FS 12 22 17 35 - 50 850

* Obtained by Down-hole geophysical tests.
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Three design load tests kept to failure were performed on three model piles (Pile 9, Pile 8 and Pile 7). Each pile was
installed in a different area of the rather large site corresponding to different superstructures to be constructed (Figure
5):

Parking Area (P1) for load test on Pile 9,

Central MallArea for load test on Pile 8,

Multi-storey car Parking Area (P2) for load test on Pile 7.

i it e ‘
<& : o -
“#pjle 8 - Central Mall =§
2 p - e B

Figure 5. Aerial view of the final layout of the area with its two parking facilities and the central Mall

In Figure 6 the layout of a typical pile loadings test is reported via pictures and a drawn sketch. As shown by the
figures it is a loading test where the reaction to the compressive load on pile is obtained via a thick spreading beam
anchored to a couple of tension piles located at the two opposite sides from the pile to be tested [12]. The load is
applied by means of a hydraulic jack placed at pile head on a 20 mm thick steel plate. The tension piles are reinforced
with six Dywdag bars of 40 mm diameter. The vertical load applied on the central pile is measured trough a load cell
while pile’s head settlement is measured through four linear variable displacement transducers (LVDTSs) and a
redundant precision optical survey. A benchmark sufficiently far away from the area of the test is adopted as fixed
reference point. LVDTS react on a steel reference beam, resting on supports fixed to the soil at sufficient distance to
avoid interaction.

During the tests carried out at the design stage, the axial strains along the shaft were also measured. Vibrating wire
strain gauges of the type for embedding in concrete were used and installed according to the technique proposed by
Russo (2004) [13]. For each test pile, six strain gauges were installed by fixing them at the desired intervals to a rope,
tensioned by a weight at the bottom, and lowered in position into a pipe before filling it from the bottom through a
flexible plastic pipe, progressively withdrawn (Figure 7(a)). No-shrinkage cement grout was employed to ensure full
adhesion between the grout and the pipe [13]. Figures 7(b), (c) and (d) show the strain gauges position along pile shaft
for each model pile.
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Figure 6. Layout of the test. (a) Plan view of the test layout, (b) section of the test layout A-A’; (c) section of the test layout

B-B’; (d) test pile hydraulic jack, LVDTs and precision surveys and (e) tested pile and reaction system (beam anchored to
the ground by two 0.60 m diameter tension piles).
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Figure 7. (a) Vibrating wire strain gauges fixed on the nylon wire before lowering down in the pile, locations of the gauges
along the shaft of (b) Pile 9, (c) Pile 8 and (d) Pile 7

311



Journal of Human, Earth, and Future Vol. 2, No. 3, September, 2021

4. Test Results: Load-displacements Curves and Local Load Transfer

The tests were carried out according to the Maintained Stage Loading procedure. Two loading and unloading
cycles were performed. The first loading-unloading cycle consisted of six loading steps of 400 to 2400 kN and three
unloading steps of 800 kN. The second loading-unloading cycle was performed with variable loading increments in
the range 400-800 kN until the design pile bearing capacity (5000 kN) that was always exceeded. The duration of each
loading step was variable with the aim to ensure that creep settlements were over (i.e. final settlement rate less than
0.003 mm/min). The maximum load and stress in the pile section and the final settlement at pile head recorded for the
three pile tests are summarized in Table 2.

Table 2. Summary of the load tests

Pile L (m) D (m) Applied Load (kN) Settlement (m)  Maximum stress in the pile section (MPa)
Pile 9 16 0.60 6189 0,031 219
Pile 8 14 0.60 5396 0,089 19
Pile 7 14 0.60 5256 0,024 18,6

The full load settlement relationships measured during the three design tests are presented in Figure 8.
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Figure 8. Load settlement relationship for Pile 9, Pile 8 and Pile 7

All the piles showed a very satisfactory performance, only the pile 8 approaching its ultimate load at about 5400
kN. For both piles, 7 and 9, the maximum test load was not enough to activate all the components of the pile
resistance. The load transfer curves for each pile and for all the loading steps are plotted in Figure 9. The values of the
axial load were obtained simply multiplying the strains measured by the vibrating wire gauges times the axial stiffness
EA of the pile. The area of the pile cross section A was considered constant along the pile depth while the young
modulus, E, was computed as the ratio between the applied stress at pile head and the measured strain at the upper
vibrating wire gage very close to the pile head.

The three piles show similar axial load transfer with the depth as could be noticed from Figure 9. In the case of
both piles 7 and 9, which were the far from showing failure at maximum load, the axial load transferred at the pile toe
was only in the range of 7-8% of the head load. In the case of Pile 8 at maximum test load about 22% of the head axial
load is transferred down at the pile toe.
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Figure 9. Axial load along shaft of (a) Pile 9, (b) Pile 8 and (c) Pile 7

From the axial load transfer of Figure 9 the t-w curves may be easily deduced by simple application of vertical
equilibrium and strain compatibility (Figure 10 (a), (b) and (c)). The tip stress-displacement curves for all the tested
piles are plotted in Figure 10 (d) showing the already mentioned difference between the Pile 8 and the other two piles.
Furthermore, only for the Pile 8 the limiting value of the shaft friction was reached (see Figure 10 b) while in the case
of the Pile 9 and 7 it was not fully mobilised at the end of the tests.
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Figure 10. Load transfer curves at depths between I and 11 (1), Il and I (1), Il and 1V (111), IV and V (1V) strain gauges
for (a) Pile 9, (b) Pile 8 and (c) Pile 7. (d) Tip load-displacement curves for all the model piles

5. Numerical Simulation of Hybrid Piles as Heat Exchangers for GSHP
5.1. Recent Trends in Numerical Simulation of Piles as Heat Exchangers

At the design stage the use of piles as heat exchangers for Ground Source Heating Pump (GSHP) was considered as
a sustainable choice for the air conditioning plant of the Maximall Pompeii. Mechanical loading tests were
programmed and executed. The recorded experimental results presented in the previous sections were used for design
purposes. On this basis, the longest pile i.e. Pile 9, L=16 m, was selected as the right one, taking into account the live
loads induced on the piled foundation by the superstructure. The evaluation of the performance under thermal loading
was carried out by numerical simulations via the Finite Element Method (FEM). Two cases were analysed. In the first
one the pile was simulated as a heat exchanger only in the lower 9 m stretch (Case A), while in the second one the pile
was simulated as a heat exchanger for the whole shaft 16 m long (Case B). The numerical simulation compared to a
field scale experiment was the most quick and cheap option considering that one year was considered as the minimum
period to simulate at the design stage. In recent years, a large number of studies have been published and models of
varying complexity have been implemented [14-21].

Saggu and Chakraborty (2015) investigated numerically the behaviour of geothermal energy piles in sand through
the FE software Abaqus [18]. A parametric study was performed to investigate the effect of boundary conditions at the
two pile extremities, the relative density of the soil, the initial lateral earth pressure coefficient Ko of the ground, the
length and diameter of the pile, the type of thermal loading. In the case presented in the paper the hybrid new pile type,
with the variable effects on the density of sand along the pile shaft induced by the particular tool adopted for the pile
installation, has been investigated. The thermo-mechanical coupling was one of the main design issues. On this
specific topic Yang et al. (2020) performed a parametric analysis investigating the influence on the pile performance
(i.e. the pile head displacement) of the thermo-mechanical coupled loads, using FEM. They concluded that pile
performance under combined thermo-mechanical loading is not the simple algebraic superposition of the purely
thermal and mechanical performance [20].

5.2. Model Parameters: Input Data and Calibration

The FEM package PLAXIS 2D was demonstrated to be capable of modelling the most important features of the
complex behaviour of a heat exchanger pile even with simple constitutive models for soil [22]. Validation of the fully
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coupled thermo-hydro-mechanical module of FE package was reported either by Maiorano et al. (2019) and by Russo
et al. (2019, 2020) [22-24]. The main mechanical and geotechnical aspects of thermo-mechanical interaction are
successfully reproduced using the software both in the case of field scale testing and of laboratory tests on small scale
piles [22, 23].

In this study, the FE package PLAXIS 2D was used to simulate the behaviour of an isolated hybrid energy pile
installed in pyroclastic sandy soils and subjected to both thermal and mechanical loadings. In the technical literature
many studies are limited to permanent situations where only the maximum temperature variations are considered. In
this study, according to the suggestions by Rammal et al. (2018) [17], transient thermo-hydro-mechanical coupled
analyses were performed applying realistic thermal loadings to the pile.

Thermal loads on the piled foundations of a building whose indoor climate is governed by GSHP typically depend
on its usage, geometry, human activities carried out and, very important, and its geographical location. To evaluate
energy piles inlet temperatures in terms of magnitude and duration, a dynamic - even if simplified - simulation of the
Mall was carried out with Design Builder software [25] modelling one year of operation. The modelled geothermal
system was characterized by a heat exchanger primary circuit composed by a total length of about 1216 m of pipes.
The so-called secondary circuit represents of course the indoor air conditioning plant of the building. The indoor air
set point temperatures were fixed, according to UNI TS 11300, at 20 °C for the winter season and 26 °C for the
summer season. From a database implemented in the software, based on ASHRAE 2013 catalogue, the outdoor typical
temperatures of the city of Napoli were uploaded in the model. Regarding the operation mode during the year, it was
considered that the GSHP worked in a daily intermittent mode “on/off” mode from 8:00 a.m. to 22:00 p.m. for all days
of the week. To simulate the activities carried out inside the building the software allowed the selection of several
templates and the “Retail-Mall common area” was chosen in order to assign people density (people/m?) and a time
occupancy schedule of the area. In this simulation was found that the summer represented the most critical season in
terms of highest energy peak demand (i.e. energy to cool the building). This last affirmation is in accordance with
Morrone et al. (2014) that found, the ratio between the energy needed to cool the building in summer and the energy
required for heating it in winter was in the range 2-2,5, for a building located in Napoli [26]. The annual simulation
provided both the inlet temperatures in the piles and the indoor temperature of the Mall (Figure 11).

45
7/ Inlet pile temperature ‘ ”
4OfCH Indoor temperature \ wf
o __ | || ‘ \ ‘ H'
& 35— ‘\ “ | H\\
S 30 ‘,5', ' \,M
wd _ P w‘ Lv'ﬂé‘- Ry |\ " ' I “‘ Y
E ko ,L! ll | | 1‘.‘1, ‘
g e
E ] i ‘.,ilg ﬂ “‘ H‘\“Hﬂ‘ “J \“
20 AT ik i I ‘\ ‘u I it “! i )
@ 20Vl A W TR
= N [ M
| ./ v |
157 WW Vh ﬂ‘f\ W m\/\} ‘\/"
10 1Tt T

0 45 90 135 180 225 270 315 360
Time [d]

Figure 11. Results of the dynamic simulation. Inlet pile temperature variations and Indoor temperatures of the Mall during
one year of operation

The mechanical behaviour observed during the load test on Pile 9 and described in the previous section and the site
and laboratory geotechnical investigations were used for calibrating the strength and the stiffness parameters of the
pile-soil model. A fine triangular mesh of 15-noded elements was used to discretize the axisymmetric model. Around
the pile an additional mesh refinement was assigned to provide more accurate results. For the five layers of pyroclastic
soil the Hardening Soil, (H-S), constitutive model was adopted, while, for the pile the simple linear elastic model was
used. The Young’s modulus of the concrete pile was fixed at 30.000 MPa. Interface elements have been adopted to
allow vertical relative displacements between the pile and the surrounding soil. For these elements, the same strength
parameters of the surrounding soil were kept for all the soil layers.
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The hybrid pile execution with a high displacement level in the upper soil was simulated by assuming a very high
value of the stress ratio Ko=on/cy=4. Typical value of Ko in the undisturbed soil are estimated by means of Jaky
formula, Ko=1-sen¢, which in this case are about 0.5. The value of 4 is just taken to simulate the horizontal stress
increase due to the large stem pipe used in the upper half of the pile. The dilatancy angles,, are estimated from the
peak friction angles reported in Table 1 using Bolton (1986) [27] expression and an upper bound of 4° was adopted.
The H-S model allows accounting for stress dependent stiffness according to a power law, through an input parameter
m. As suggested by Brinkgreve et al. (2010), a realistic choice for soft soil is the assumption of a linear relationship,
i.e. m=1. The ratio among the values of the Eso and E,r moduli were kept equal to the suggested value Eso =E/3 [28]

A classical best fit procedure based on the trial and error method was adopted to obtain the set of stiffness
parameters listed in Table 3. The secant stiffness values (Eso) obtained from the calibration procedure are slightly
larger than those reported as Es in Table 1 at least for the bottom layers.

Table 3. Stiffness and resistance parameters used for the hardening soil model

Depth
Soil Type Top (m) i Bottom (m) (kN‘/(m3) (T) (?) (“E;Oa) (“ﬁlu:’ra)
us 0 1 18 30 - 10 30
P1 1 3 16 32 2 20 60
SG 3 10 17,5 35 4 70 210
P2 10 12 16 32 2 80 240
FS 12 22 17 35 4 100 300

5.3. Results of Thermo-mechanical Numerical Analysis

In Figure 12 the load-settlement curves (a) and the axial load transfer along the pile shaft (b) obtained by PLAXIS
code at the end of the calibration procedure are compared with the experimental curves. The comparison shows that
the agreement with the experiment is rather satisfactory both in term of load-settlement and load transfer. The general
trend of both the primary loading and unloading-reloading branches is satisfactory reproduced by the H-S model that
allows a good fitting particularly in the first loading — unloading branch (Figure 12(a)). The axial load profiles along
the pile shaft, calculated by the FE simulation (PLAXIS 2d) and measured during the experimental test
(Experimental), are reported for two different loading steps, i.e. 40 % of the ultimate test load, assumed as live load for
the pile, and ultimate load. The comparison is rather satisfactory in both cases the agreement being a little better at live
load.
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Pile 9 is the longest tested pile and was selected as the design choice for the foundation of the Mall because of its
satisfactory mechanical performance. However Pile 9, with its 16 m long shaft, was more efficient compared to the
other two shorter piles also by a thermal point of view. As widely known the upper 6-8 m of soil have a highly
variable temperature during the year while in the zone below, so-called Deep zone, the temperature profile is nearly
constant. For this reason, generally the heat flow from the pile to the soil is larger and more stable in the lower stretch
of the pile shaft. Among the main concerns when designing piles as heat exchangers are those related to the
movements or the stress close to the pile head and its consequence on the geotechnical performance. Either to use the
most efficient thermal part of the pile and to reduce the effects at the pile head a simulation where only the bottom 9 m
of the pile are used as heat exchanger was first carried out (Case A). A comparison with a pile exchanging heat along
the whole shaft (Case B), which is a more conventional choice, is then shown and one year of operational condition is
simulated.

First of all, an axial load corresponding to the live load equal to 40% of the maximum test load was applied in the
simulation. Thermal loadings were imposed as the temperature-time variable function plotted in figure 11 as inlet pile
temperature. In figure 13 a cross section of the FEM model with the thermal boundary conditions is sketched and the
two analysed cases, A and B, are also outlined.
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Heat exchanger

-------------- Pile soil interface
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_ _Constant temperature
Sl boundaries
and-and Gravel” - f [ A o]

__Indoor
temperature

16 m (Case B)

22m
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24m

Figure 13. FE model and thermal boundary conditions

At the ground surface a convection boundary condition with an appropriate heat transfer coefficient was assigned to
model. The thermal interaction between the upper structure and the geothermal system was simulated considering that
at the top of the model the indoor temperatures of the Mall center, computed through dynamic energy simulations
(Figure 11), were applied [24]. Closed flow boundary thermal conditions are assigned at the sides of the model, while
at the bottom a constant temperature condition was set, corresponding to the Deep zone stable ground temperature The
Deep zone soil temperature was fixed at 17 °C that corresponds to the average shallow groundwater temperature in
Naples. The thermal properties of the soil are those typical of saturated pyroclastic sandy soils [29, 30]. i.e. thermal
conductivity of 2.4 W/m K and heat capacity of 880 J/kg K. For the concrete pile, a thermal conductivity of 2.3 W/m
K, a heat capacity of 800 J/kg K and a linear expansion coefficient of 1X10-° °C* were adopted.

First of all the temperatures calculated along the concrete pile are reported at different depths in figure 14 for the
Case A. In the Case A, the Figure 14, shows that temperature variations along pile shaft are of course in the range
fixed by the two assigned boundary conditions i.e. the bottom heat exchanger circuit and the top building indoor
temperature.
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Figure 14. Temperatures variations at different depths from pile head during the yearly thermal cycle for Case A

For the Case B the temperature plot is not reported because it is rather intuitive that the dotted profile at 16 m,
(Figure 14), keeps exactly the same for all the above sections. Pile head and toe displacements during one year of
operation are plotted in Figure 15 (a). The axial load along the pile shaft is plotted versus the depth z at different stages
of the yearly thermal operational cycle: (Figure 15 (b)).
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Figure 15. Results of numerical simulations for Case A. (a) Pile head and toe thermo-mechanical displacements during
yearly operation, (b) axial load along pile shaft under the live load (mechanical), live load and cooling (46 days), live load
and heating (165 days) and at the end of thermal cycle (365 days).

The displacement plot shows that under live load, (T = 0 day), the settlement at pile head is around 6 mm while,
because of pile compressibility, the settlement at pile toe is only 3.5 mm, (i.e. about 2.5 mm of pile shortening). The
pile toe, which is embedded in a rather stiff soil layer, show very little movements due to the temperature variation
during one year of operation. On the other hand, the pile head shows a maximum upward movement of 1.5 mm which
is about 20% of the settlement under mechanical load. In Figure 15 (b) it can be appreciated that one year of operation
changes significantly also the way in which the top mechanical live load is transferred down along the pile shaft. It is
evident that the thermal yearly cycle increases the percentage of load transferred to the surrounding soil in the upper
layers reducing consequently the load transferred in the vicinity of the pile toe. This information is in good agreement
with the small movement of the pile toe in the Figure 15 (a).

The analyses carried out on the pile Case B (i.e. pile as heat exchanger along the whole shaft) allow a comparison
with the Case A both by a thermal and by a geotechnical point of view.
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In Figure 16 (a) both the head and the toe pile dimensionless displacements during the thermal yearly cycle are
plotted. The dimensionless quantity on the y axis is the ratio of the additional displacement, wr, induced by the
thermal loading, divided by the settlement, wy, induced by the mechanical live load. In Figure 16 (a), upward
displacements are plotted as negative while downward movements are plotted as positive. It can be appreciated that in
the Case A both the settlements of the pile head and of the pile toe are less than the corresponding quantities in the
Case B (Figure 16 (a)). Even more significant is the fact that the residual movement at the piled head at the end of the
year is nearly zero in the Case A, while it is close to + 20% in the Case B. Taking into account that the ordinary life of
a Mall is generally in the range from 30 to 50 years the likely settlement accumulated in the case B is very significant
and can be a problem for the pile as a foundation system of the above superstructure. In terms of axial loading the two
cases are compared with normalized curves in the Figure 16 (b).The normalized axial loading on the x axis of Figure
16 (b) is simply the ratio of the axial loading along the shaft divided by the corresponding axial load at the pile head.
The comparison between the two cases in terms of load transfer along the pile shaft is plotted at 46 day (cooling
phase), 165 day (heating phase) and at the end of the thermal cycle (365 days). The differences between the two cases
are less significant than those in terms of settlement but, however, it can be appreciated that the Case A is more
efficient in redistributing the load transfer along the shaft when compared to the Case B for both heating and cooling
modes.

The numerical analyses carried out allow a comparison in terms of thermal performance and the magnitude of heat
transfer along the pile and towards the surrounding soil. The heat transfer process is basically a radial one from the
interior of the pile to the surrounding soil. The horizontal component of the flux is by far the most important, and the
calculations, even for simplicity, have been limited to this quantity. Thermal performances for Case A were evaluated
in terms of mean specific heat extraction/injection rate per meter of equipped pile, at different stages of the thermal
cycle. After 165 days, in the middle of the main heating phase, the specific heat injection was about 295 W/m. In Case
B, the magnitude of the average specific heat injection decreases by about 9% with respect to Case A. At 165 days, the
mean heat extraction rate per meter of equipped pile is about 277 W/m for Case B. More precisely, the mean heat
extraction rate in the first 7 m of equipped pile is 268 W/m while in the bottom 9 m of the energy pile the heat
injection is about 284 W/m. The heat exchange observed during the year for the two cases is, of course, influenced by
the ground surface thermal boundary condition [31]. The assumption made in the calculations tries to simulate the heat
transfer from the indoor environment of the mall to the pile foundation, which usually occurs through the structural
slab connecting the head of the piles. Another widely adopted assumption in the research reported in the literature is to
simply assume the outdoor temperature of the geographic location as the ground surface boundary condition. The real
behavior of any energetic foundation system may be considered somewhat intermediate between the two mentioned
boundary conditions [14]. For completeness, two FE simulations were carried out for the two piles (Case A and Case
B), assuming as ground surface thermal condition the outdoor temperature of the considered geographic location. The
calculated results show that for Case A, after 165 days from the start of the thermal cycle, the specific heat injection
was about 310 W/m. The same quantity evaluated at 46 days and 365 days was about 70 and 60 W/m, respectively.
For Case B, after 165 days, the specific heat injection was about 275 W/m and at 46 and 365 days, 54 W/m and 42
W/m were calculated, respectively. With the new assumption as the boundary condition, the differences between the
two cases are enhanced. The case A (i.e., the pile equipped with pipes in the bottom 9 m) is by far more efficient in the
thermal exchange, the largest difference being of the order of 50% at the end of the simulated year.
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Figure 16. Comparison between Case A and B. (a) Dimensionless displacements at toe and head of pile versus time and (b)
dimensionless axial loading along pile shaft after 46 days, 165 days and at the end of thermal cycle (365 days).
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6. Conclusion

In the paper, a new installation procedure for a foundation pile of a new mall under design in a disused factory area
is first presented. Generally, piles are classified as displacement or replacement (BS EN 12699:2015). The newly
conceived pile is a hybrid intermediate pile. The upper portion of the pile is installed in a shallow and thus
contaminated but rather loose sandy layer using a displacement tool, while the lower portion of the pile is installed in
clean and dense sand via a small stem auger, which is a classical replacement tool that takes away the soil that will be
replaced by the concrete. The mechanical performance of the pile was measured via loading tests where three different
piles were compared. The design of the foundation system of the Mall was based on the results of these loading tests,
taking into account that this is a procedure allowed by many international codes (EN 1997 or EuroCode 7 on
geotechnical structures) and national regulations. Among the three tested piles, only one was selected as a candidate
for the design of the overall foundation system. The settlement of the selected pile under live load was considered
extremely satisfactory while the soil removed during the pile installation, coming only from the deep soil layers, was
not polluted. At the design stage, the possibility of installing pipes for circulating fluid inside the piles, such as to use
the pile itself as a heat exchanger with a Ground Source Heating Pump system, was considered. The so-called Energy
Piles were introduced nearly 30 years ago and their use as a renewable energy source in the framework of sustainable
development of the construction industry has been constantly growing over the years. The numerical analysis
developed in the paper is dedicated to this aspect and to the performance of the pile under thermo-mechanical
combined loading. Both the mechanical and thermal aspects of the performance have been carefully investigated. The
comparison between a more conventional energy pile exchanging heat along the whole shaft (Case B) and a "smarter"
energy pile exchanging heat only in the lower stretch (Case A) shows that the “"smarter" pile performs better as a
foundation system, reducing the amount of thermal movement which will be eventually transmitted to the above
building. The better performance is confirmed for Case A also from the thermal point of view because of the greater
efficiency in exchanging heat with the ground in the soil layers far from the ground surface.
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