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Abstract

Underground geotechnical structures, such as dagglallow foundations, diaphragm walls, tunndhljs
and anchors are being increasingly employed aggmgrostructures to exchange heat with the groynd b
installing absorber pipes into the structural elet®eThis paper focuses on the application oftdganology

to reinforced concrete diaphragm walls used fostoiction of underground car parks, basements atcbm
stations, with the purpose of heating and coolimg @adjacent buildings. Preliminary numerical madgll
allowed optimising the geothermal plant design loé diaphragm wall. Then its energy efficiency is
investigated through finite element thermo-hydropmled analyses together with the effects of thenthé
activation on the surrounding soil. Finally, findéference thermo-mechanical analyses are usetlitty the
mechanical effects induced by the thermal activatio

Keywords: energy walls, energy geostructures, thermo-hydraulmerical analyses, thermo-mechanical
numerical analyses, shallow geothermal energy

1. Introduction

Underground geotechnical structures, such as dagglallow foundations, diaphragm walls, tunnahiys
and anchors are being increasingly employed agggrg=ostructures, in Europe and all around the dvorl
[1,2]. Research studies on this technology areeamingly being carried out, including investigasiamn
their energy efficiency and geotechnical behavifg#7]. Besides being constructed for their primary
structural role, they are equipped to be able thamge heat with the ground and supply thermalggrier
heating and cooling of buildings and de-icing dfastructures. This technology can play a fundaaiaote

in the current challenge of facing the increasiagdfor clean and renewable sources of energythEmmal
activation is achieved by installing absorber pipethe geostructures, in which a circulating flextracts
or injects heat from or into the ground. The pdiyétne Pe-Xa pipes are usually attached to thdéoreing
steel cage, before concrete cast. The pipes iotttf each panel are connected to the mainitinshich
links them to the heat pumps.

These systems belong to the category of low engtgdpthermal plants and are associated with heapgu
A number of real applications of this technologg atready operational especially in Austria, Gernmnan
United Kingdom and Switzerland [8—15].

This paper focuses mainly on the application o technology to the diaphragm walls of undergrocad
parks, basements and metro stations, with the parpb using them for heating and cooling the adjace
buildings. Efforts have already been devoted talysimilar applications [4,16—19] and a number el r
operational systems exist [20—22].

The main goals of this study were to optimise tleathexchanger pipe circuit in the walls, quanttg t
extractable and injectable heat, and study theezprences in terms of structural behaviour and &ffen
the surrounding ground.

A reference diaphragm wall, with the geometry shawrrigure 1 was considered in all the simulations
presented in this paper, i.e. a wall panel 2.5 ahewD.8 m thick and 15.5 m deep. The absorber @pes
installed only on the ground side. Another solutwould have been to have a double circuit, oneamtn e
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side, in order to foster the heat exchange withaihénside the excavation. The efficiency of thiution
needs to be checked.

Preliminary numerical analyses were conducted wesss the optimal geothermal plant design for the
diaphragm wall. Then, three main aspects were tigaged with reference to the optimal setting: ¢nergy
performance, the temperature variation in the sumtong soil and the mechanical effects inducedhen t
wall by its thermal activation.

2. Energy performance and thermal aspects

With the aim to assess the energy efficiency ofrtizeactive walls analysing the thermal exchangeveen
the fluid circulating through the pipes, the comerstructure and the surrounding saturated sasnib-
hydro simulations were performed through the firdtement software FEFLOW® [23]. The procedure
adopted is consistent to that described in [24Efoergy tunnels.

The thermo-hydro problem is governed by the massamwation equation, the energy conservation eguati
and the Darcy’s velocity law.

The absorber pipes were reproduced through theidddete features elements provided in the softwEne.

use of these elements to simulate pipes in geotiesystems has been validated and showed good
agreement when compared to analytical solution$ [23this study, the pipes are considered to have
diameter of 25 mm and thickness of 2.3 mm. The riztproperties used in the simulations are listed
Table 1. Parameters related to the ground are septative of the Torino (Italy) subsoil, accorditt
previous studies where specific pumping tests wreeuted [25].

2.1. Study on the pipe configuration and fluid velocity

The geometry of the pipe circuit is a compromisgvieen the construction feasibility and the optirdibeat
exchange.

Simplified models were built in order to identifiyet most efficient configuration in terms of heatlange,
depending on the position of the pipes and thel fuglocity. The initial temperature was set eqoal4 °C

for the whole domain, while the ground water lewak set to 5 m below the ground surface. For the s
simplicity, no ground water flow was consideredtlwese preliminary analyses. The bottom and fad fiel
boundaries (left side in Figure 2a) were checkelletdar enough not to influence the results. Exteair
temperature was imposed on the top boundary, cemsglthe seasonal fluctuation in the city of Torin
(based on data from [26]), representative of a &¥atp humid European climate, according to Figlre 2
The choice of the wall thermal boundary conditiorigfior of the tunnel or car park or basementns of
the most peculiar aspects of energy walls or tismnebdelling, as it represents a major differenctn wi
respect to more conventional borehole heat exchange energy piles, which are surrounded by soil
[3,6,27]. However, for these preliminary analysdscol have the purpose to find the most efficiettitian
and not to provide reliable data of exchanged haibatic condition was imposed on the right sifithe
model. For the thermal-hydraulic analysis, the nedes firstly run for one year without activatiof the
geothermal plant to initialise the soil temperataceording to the external air variation. The plaas then
activated by injecting water into the pipes at astant inlet temperature of 4°C for one month (Fegeb),
reproducing the heat extraction condition (winteod®). Three pipe configurations were considered, as
illustrated in Figure 3. It has to be noticed ttieg pipes length is different for the three confegions, i.e. it

is 55.5 m for case (a), 68.0 m for case (b) an@ BOfor case (c). For the three configurations,ahalyses
were repeated for different values of fluid velgpchhetween 0.1 and 1.0 m/s. The exchanged heakssqu

in Watt was computed as:

Q= mcwlTwo - Twil (1)

wherem is the mass flow rate inside the pipes expregséd/s, T, the fluid outlet temperature angl;The
imposed fluid inlet temperature.
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The results obtained for the three pipe configaretiand imposing a fluid velocity of 0.6 m/s aneared in
Table 2. The exchanged heat per linear m&gis intended per meter of pipe, while that per sgumeter,
Qs is intended per wall surface area. Configuraf@nappears to be the most favourable. This resuit
agreement with the outcome of a similar study edrrout by [19], although other studies highlighted
concerns about the practical applicability of sichizontal configuration [20]. Because of the antooh
reinforcement usually used in diaphragm walls, iplgpipes horizontally might be more difficult aitdnay
affect the way in which the concrete spreads irtrigvech to more extent than the vertical placement.
Figure 4 shows the influence of the fluid veloaity the exchanged heat for the pipes configuratpnAl
considered velocities allow for a turbulent flowdocur into the pipes. Differently from the caseeokrgy
tunnels [3], the fluid velocity does not affect tiechanged heat in a significant manner. Howewés,was
also confirmed by other similar studies on eneilitggspand walls [4,19,28]. Considering these resatid the
mentioned difference in pipes length, configuratiohwas chosen as the optimised one in the foligwi
assuming a fluid velocity of 0.2 m/s.

2.2. Quantification of heat exchange potential

A more advanced 3D numerical model was built topprty quantify the exchangeable heat. The model
reproduces with more details the geometry of tlapltiagm wall by including a 1.0 m thick concretabsl
which constitutes the base of the excavation,5atr®below the ground surface (Figure 5a). The sundong
ground is also included with the dimensions shawthé same figure. The bottom, left and right bauied
were checked to be far enough not to influenceréseilts. The same external air temperature seasonal
variation was adopted and imposed to the top boyndde assumption on how to model the internal air
was previously studied by [27] and the comparisetwken different boundary conditions showed that
modelling the air is equivalent to consider thelvasl adiabatic and was adopted in the following. Was
thus modelled through finite elements, having diertal properties. This assumption is the most
conservative in terms of energy efficiency, becatlse heat exchange between the wall and the air is
neglected. Two groundwater flow conditions werestdered: (i) no flow and (b) ground water flow vaty

of 1.5 m/d. Based on the previous analysis, thet fhlid velocity was assumed equal to 0.2 m/s.

The time frame in the analysis is 4 years. The fiear reproduces the situation before the actwadf the
geothermal plant, where only the external air teieuee is present. This is followed by three yeafrs
heating-cooling mode. A double mode usage of tlethgemal plant was considered, including three m®nt
heating and three months cooling, according toiripat presented in Figure 5b. It is to be mentiotiext
this condition does not fully reproduce the propehaviour of a real heat pump system where the
temperature of the fluid would be the result of ttee of the heat pump and, generally, will not riema
constant over a season. Although real systems tepeiighin varying and complex energy demand (and
hence inlet temperature) patterns, a constant teype has been used in the following to providea(a
simpler and controlled conditions comparison ofgheameters under consideration and (b) a more@éne
applicable approach within the wide range of théroemand scenarios relevant to different building
typologies.

The obtained results are illustrated in Figure 6@ @b, in terms of inlet/outlet temperature andhexged
heat per meter of wall depth, respectively. It banconcluded that the heat exchange is highly t&fficlby
the presence of the ground water flow, as confirfogdsimilar studies [29]. The peak and end of cycle
values of exchanged heat in winter and summer tiondi for the two-considered ground water flow
velocities are presented in Table 3 and Table 4a#t to be noticed that these results are validHer
considered geometry and conditions, i.e. for therepm side of the structure.

To quantify the effective benefit in using thishaology, the obtained results in terms of heat arglk were
compared with the average energy demand of a tygpatment building. Data on energy consumption fo
heating were extracted from the database delivieyetie European project Tabula [30], which providas
overall figure of energy demand in Europe for salvéypical buildings. The apartment block building
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typology for a middle climatic zone (ltaly) was eetied from the database. As the energy demand seems
be highly influenced by the construction period daethe continuum innovation in the refurbishment
process, two construction periods were considem@dearly 1900 and after 2006. Two different hegiply
systems correspond to the two selected period$y based on a gas central heating system. A non-
condensing boiler (atmospheric burner), centrairibistion and gas-fired instantaneous water heates
considered for the 1900 constructions while a lemgerature standard boiler and gas-fired instantane
water heater with condensing plus thermal solantplaas considered for most recent constructions.
Assuming to turn on the geothermal system for 188@rs per year for heating during winter, the nundje
energy wall panels needed for heating was compiiglle 5 illustrates the results of this analysisifoth

the considered groundwater flow conditions. The Ineimof panels needed for apartment buildings are in
line with the geometry that an underground car gfarkthe residents’ use would likely have. This is
particularly true with the today’s figures in terro$ energy needs, showing that application of energ
geostructures is promising if considered from tesigh stage of new construction.

2.3. Thermal effects on the surrounding soil

In order to evaluate the influence on the groumdpierature, Figure 7 shows its evolution 5 m fanfithe
wall contour, at different depths in the case oflow and of groundwater flow of 1.5 m/d. Up to ath&.5
m depth (point A in Figure 5) the ground tempermatigraffected by the external air temperature flatibn
(see first year results). The activation of thetgeomal system induces a variation of temperaturigoith
points A and B of +/- 1.5 °C with respect to thenperature variation experienced during the firsiryef
simulation.

3. Thermo-mechanical aspects

When the diaphragm wall is used as ground heatagxygr, it is subjected to seasonally cyclic tentpeea
variations. This could have different consequenaes:the one hand, the wall could undergo thermal
deformation according to its constitutive behavjoom the other hand, its thermal deformation cdudd
partially prevented by the surrounding soil andsiimie over structure thus inducing additional stess As

the primary structural role of the retaining stuwet must always be ensured, 2D plane strain thermo-
mechanical analyses were conducted to investibatéhermal-induced mechanical effects on the dagphr
wall caused by its thermal activation. The Finitéféddence Method (FDM) software FLAC [31] was used
for this purpose.

3.1. Mathematical formulation

The thermal option of FLAC incorporates both cortaucand advection models, but only conduction was
considered in the following analyses. The heatsfiemand the consequent temperature changes goéedou
to the mechanical calculations at any time duritigaasient simulation. The coupling occurs in omeation
only, i.e., the temperature may result in stresmghs, but mechanical changes in the body restitimy
force application do not result in temperature geanThis restriction is not believed to be of great
significance here, since the energy changes fasiegtatic mechanical problems are usually negligiBloth
soil and concrete are assumed to behave thermiicalpsand consequently their thermal deforma&@nis

computed as:
asiTj _ OT(S
ot~ P ol
where t is the time, T is the temperatytes the coefficient of linear thermal expansiorf@/andé;; is the
Kronecker delta. From this, constitutive equatians reformulated to solve thermal stress proble3ds. [

The differential equation of motion and the ratesthin-velocity relations used in the FDM are loagpon
mechanical considerations and are unchanged fontheechanics.

3.2. Structural behaviour

Numerical analyses were performed with referencéhéogeometry of the reference diaphragm wall and
positioning of the geothermal pipes adopted forrtttiehydraulic analyses. The mesh characteristics an

(2)
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dimensions (14880 quadrilateral elements) are shiowlRigure 8 together with the boundary conditions
adopted. Plane strain conditions are assumed tbtha. Particular care was adopted to includectiresct
size of the pipes in the mesh as shown in the $agwre 8. Thermal parameters adopted are the aves g
in Table 1, while mechanical parameters were chbssed on previous studies [32] and are listechiolél

6. Elastic perfectly plastic behaviour was assufoethe soil while a linear elastic behaviour fancrete.

The numerical analysis is performed in differemtgsts. A first group of stages is used to assessttess
state in the ground resulting from the constructadrthe diaphragm wall and the base slab, befoee th
geothermal system is activated. Only mechanicalitwpis applied during these stages. The constnuaif
the diaphragm wall is simulated by applying appiatprmechanical parameters to the finite elementhe
corresponding wall area. The excavation is thefop®ed in three subsequent stages (two first lageBs2

m and a third layer of 3.1 m), obtaining a finataxation depth of 9.5 m. The base slab is aftersvard
installed by applying the mechanical propertiesaicrete to the corresponding finite elements.tkersake

of simplicity, the seepage problem arising by exting below the ground water table is not considléne
the computation (TM simulations).

A second group of stages simulates the operaticheofyeothermal system. For these stages, the dherm
mechanical coupling is activated. Thermal boundanyditions in the model are consistent to thosetsdb
for the thermo-hydraulic analysis previously ddsed. The internal boundary on the car park side is
assumed with a fixed temperature of 14°C, consilasethe mean value year-round. The model isyfirstl
subjected to the variation of the external air terafure only, for the period of 3 years (startingnf I™
January). The external air temperature is the smsrbat adopted for thermo-hydraulic analyses aows

in Figure 5b. Then, the operation of the geothersyatem is simulated for a period of 1000 additiatzeys
(i.e. 2 years and 270 days). This is done by apglgin input temperature to the nodes of the elesnghich
reproduce the pipes contour. The input temperaturearied along the year, following the heating and
cooling cycles, by applying the corresponding valwetermined from the thermo-hydraulic analyses,
averaged over the pipes length.

Figure 9, shows the temperature distribution in wal and ground with colour scale labels, for two
moments, representative of the summer (August) wimder (February). This is shown to be in fair
agreement with the data from thermo-hydraulic asedyof Figure 7. However, some time shift is presen
due to the different assumption for thermal flovd dor the boundary condition adopted at the wakrimal
side between the thermo-hydraulic and the thermohangical analyse#lso, advection is not considered in
the TM analyses. While it plays a major role whesessing the temperature distribution in the graitnd
was included in fact in the TH analyses), it doesinfluence much the temperature distribution witthe
wall itself. The comparison between the computedperatures (Figs. 7 and 9) is considered in sefiici
agreement to justify neglecting advection.

To evaluate the thermal induced stress strain hetawf the wall, Figure 10 shows the horizontal
displacement at the top of the diaphragm wall dedtemperature variations, computed for some sglect
measuring points located at different depths fromtbp of the diaphragm wall (at 3.5 m, 9.5 m a@drj.
Selected measuring points located at the same ¢@ihm) but at different distances from the diagimn
wall (on the pipes axis, 1.2 m and 3.2 m on thaugdoside) are shown instead in Figure 11. Bothrégu
show data pertaining to the stages when the gen#iesystem is in operation; starting values in ples
correspond to the results of the construction stage

It is shown that during the first three years, tdmaperature change is strictly dependent from thereal air

temperature for point A, while points B, C, D an@i€ ranging around a constant value due to thegthd

Moreover, some deviation with time occurs to thezuomtal displacement at the top of the diaphragail.w
Two full year cycles are needed before the seadtueliation reaches equilibrium (this was verifibg

running a separate thermo-mechanical analysis wirdgethe external air temperature effect is comsd

up to four years cycle).

When the geothermal system is activated, the testyoer change in the points is strictly dependemhfthe
input temperature in the pipes. This influenceeiduced for point C, in the ground below the diaghra
wall. Again, an initial deviation with time of th&tresses and displacements computed is experiemed

5
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becomes negligible only after the first two yedradivation. Temperature changes of points B, D Brare
shown to slowly decrease while moving further frime pipes, also, the temperature peaks are sthifted
time due to the thermal inertia of the soil.

Thermal cycles in the pipes cause deformation efaitiginal wall deflection. Figures 12a and 12cvghbe
horizontal displacements computed along the digphnaall vertical axis. Maximum displacement vaoati
with respect to undisturbed state is shown for geataining to summer operation mode (August, E&n)
and to winter operation mode (February, Fig. 12¢30 shown in the same figures are the displacesnent
computed during mechanical loading. As the top wleflormation is not restricted, the deflection doe
thermal cycles is quite evident, ranging betweertdl@2 mm (the maximum values are obtained during
summer). This corresponds to a 16% displacemergase during summer and a 4% decrease during winter
induced by the thermal activation of the geothersyadtem. The variation in terms of bending moment
during heating and cooling cycles, is shown in Fégul2b and 12d. At the base of the wall, the piesef

the base slab and the ground creates constrainteatb movements. Thermal induced horizontal
displacements are negligible, while the correspumdiress change rises up producing a maximum gndi
moment of 460 KNm/m during winter (i.e. an increa$el7%). Bending moment is minimum during
Summer, when the displacement is maximum, and esabighest values in winter. The stress variations
computed in the analyses are largely below thegthelimits of the structure.

Similar analyses conducted by [6] have shown migdisplacements at the head as an effect of thermal
activation (less than 10 mm). However, in the nred study, despite minor variation in parametecs a
geometry, a major difference lied in the fact ttat diaphragm wall was subjected to different camsts. A
top slab was present in [6] study, whereas heralidggghragm wall is considered unrestrained at ¢ipe to
investigate a different restraint configuration. Aalditional numerical analysis was carried out by
constraining the top of the diaphragm wall by dero(i.e. similar conditions to the [6] study). Thesults
confirmed lower displacements and bending momelatsgathe diaphragm wall with respect to the non-
constrained configuration. The latest, presentethi® paper, can therefore be considered a cortsarva
condition. Moreover, this is a clear (and ratheviobs) indication that the mechanical effects adrthal
loading on diaphragm wall are strictly function tbie structural conditions. This implies that thegar
construction sequence and structural behaviour teed@ properly simulated in the numerical analysis
allow for reliable results to be obtained.

4. Conclusions
Based on the results of the computations descriyezlcan draw the following conclusions:

» The horizontal configuration of pipes geometryabanaximising the heat exchange.

* The energy wall system for the conditions considémehis paper would allow to exchange between
20 to 25 W per square meter of wall, in Winter amGummer respectively, when the ground water
is static, that rises up to 40 to 50 Wiwvhen a favourable underground water flow exist.

» These figures would allow to cover energy needsadiypical apartment building, imaging to
thermally activate an underground car park serthegouilding.

* The influence on the surrounding ground in termgeaiperature variation of the groundwater flow
is within 7°C at 5 m distance from the wall boundaiith full recovery after the year-round cycle
starting from the second year of operation.

* Bending moment and horizontal displacement at dipeof the diaphragm wall increase up to 16%
due to thermal activation. However, stress vanetioomputed are largely compatible with strength
limits.

The above findings are in line with research resaitd case study data previously published andriimele
the interest to improve the understanding of thetlggrmal process to enhance the potential use of
underground infrastructures as effective and intieedeat exchangers for the future.
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Table 1 — Material propertie@Barla et al., 2013)

Property Heat carrier fluid  Ground  Concrete

Horizontal hydraulic conductivity, &k, [m/s] - 4.15 16 10%°
Vertical hydraulic conductivity, Km/s] - 2.075 1¢ 10"
Specific storage coefficient, S [ih - 10* 10*
Porosity, n [-] - 0.25+0.3 0.0
Heat capacitypc [MJ/n7/K] 4.2 2.55 2.19
Thermal conductivity) [W/m/K] 0.65 2.26 +2.8 2.3
Longitudinal dispersivityg, [m] - 3.1 -

- 0.3 -

Transverse dispersivity; [M]

Table 2 — Extracted heat in the different configimas considered (fluid velocity = 0.6 m/s).

Q QI Qs
[W] [W/m] [W/m?]
(a) VP 290.11 5.22 7.49
() HP-i=05m | 324.09  4.76 8.36
(HP-i=1Om | 31371 626 8.10

Table 3 — Extracted and injected heat with no growader flow.

Peak| Endofcycle Pea End of cygle

W/m W/m W/m? W/m?
Winter | 51.0 17.2 20.4 6.9
Summer | 63.0 24.0 25.2 9.6

Table 4 — Extracted and injected heat with a growadier flow velocity of 1.5 m/day.

Peak | Steady state Peagk Steady state

W/m W/m W/m? W/m?
Winter | 98.8 70.4 39.5 28.1
Summer | 123.5 90.4 49.4 36.2




Table 5 — Examples of possible applications foommon building typology: apartment block (data aergy demand frorG@orrado

etal, 2012
Exchanged heat Exchanged heat
Construction E-Lc()etragly per wall panel Operation per wall panel Numbsrar?;geeded

eriod need [kW] duration [KWh]

P [MWh gwf=0 gwf=15 [h] gwf=0 gwf=15 gwf=0 gwf=15
m/d m/d m/d m/d m/d m/d

Today 113.5 233 58
0.27 1.1 1800.0 486.0 1962.0

1900 270.5 557 138

Table 6 — Geotechnical parameters adopted for lleenho-mechanical numerical analysis.

Property Ground Concrete

Unit weight [KN/n] 19.5 25
Elastic modulus [MPa] 215 33300
Poisson’s ratio [-] 0.3 0.2
Bulk modulus [MPa] 179 18500
Shear modulus [MPa] 83 13875
Cohesion [kPa] 15 -
Friction angle [°] 38 -
Thermal conductivity) [W/m/K] 2.8 2.3
Linear thermal expansiofi,[1/°C] 10° 1.2-1C

Specific heat [J/kg°C] 1053 876
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Thermal and mechanical aspects of energy walls are discussed.

The horizontal configuration of pipes geometry allows maximising the heat exchange.
Heat exchange between 20 to 25 W/m? with static ground water.

Heat exchange between 40 to 50 W/m? with favourable groundwater flow.

Bending moment increase up to 16% due to thermal activation.



