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Preface

Geomechanics and geotechnical engineering are at the core of the energy scientific
and technological challenges of this century. Most of new and conventional tech-
nologies for energy production, transportation, storage and use require in fact a
specialized understanding of the mechanical behaviour of geomaterials.

The International Symposium on Energy Geotechnics 2018 (SEG-2018) has
been organized recognizing the strong need for shared knowledge in innovative and
challenging geomechanical and geotechnical applications related to energy.
SEG-2018 was held on the 25-28 of September 2018, at the Swiss Federal Institute
of Technology in Lausanne (EPFL). The symposium has been organized under the
auspices of the Technical Committee TC-308 “Energy Geotechnics” of the
International Society of Soil Mechanics and Geotechnical Engineering.

About two hundred researchers and practitioners working on Energy
Geotechnics topics were invited to present their most recent advances in more than
thirty technical sessions. Twelve keynote and feature lectures from the most
prominent scientists in the field completed the technical programme.

This book collects the full papers accompanying about sixty of the oral pre-
sentations delivered at SEG-2018. The papers cover a wide range of themes in
Energy Geotechnics, including energy geostructures, energy geostorage,
thermo-hydro-chemo-mechanical behaviour of geomaterials, unconventional
resources, hydraulic stimulation, induced seismicity, CO, geological storage,
nuclear waste disposal and other energy-related topics such as tower and offshore
foundations.

We would like to express our thanks to all the authors for their outstanding
contributions. We are especially grateful to Dr. Melis Sutman and Dr. Patrycja
Baryla for their assistance with the preparation of this book.

Alessio Ferrari
Lyesse Laloui
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Evaluating the Applicability of the Radial
Approximation for Pile Heat Exchangers

Nick Woodmanl(g), F. A. Loveridgez, Saqib Javed? R
and Johan Claesson’

! University of Southampton, Southampton, UK
n.d. woodman@soton. ac. uk
2 University of Leeds, Leeds, UK
3 Lund University, Lund, Sweden

Abstract. This paper appraises the efficacy of using an analytical radial
approximation for different thermal pile heat exchanger geometries. Unsteady
radial heat-flow from fluid in a pipe set within a grouted borehole into the
external ground is well-documented and can be solved analytically very rapidly
using Laplace Transforms (Javed and Claesson 2011). By comparing the radial
model with finite-element simulations including explicit pile geometries, this
paper provides a provisional analysis of the accuracy of this approach. Initial
findings suggest that the radial model may provide an appropriate approximation
to pile behaviour for certain pipe configurations, albeit with small ‘mid-time’
error.

1 Introduction

Energy piles are an alternative to classical borehole exchangers to provide energy-
saving for newly constructed buildings. The primary heat-exchange circuit is embedded
within the concrete building piles. This saves on embodied energy and has the ability to
place the ground-source heat exchanger close to the building where it is needed. The
contrast between the thermal properties of the concrete and the surrounding ground
means that the typical assumptions used for designing borehole heat exchangers may
not necessarily apply; in particular the transient heat transport due to heat storage
within the pile itself may cause pile heat exchangers to perform significantly differently
to ordinary boreholes.

Various arrangements of exchanger pipes are engineered, typically relating to the
underlying construction method of the pile. Where piles are constructed using a
Continuous Flight Auger (CFA), the fluid pipes tend to be located towards the centre of
the pile, arranged around reinforcement bar for stability. Where there is rotary pile
construction, the fluid pipes are located closer to the outside edge of the pile. Both
arrangements are summarised in Fig. 1. These differences give rise to different thermal
response characteristics.

There have been numerous studies on how best to capture different arrangements in
terms of a step response (or ‘G-function’), without the computational cost of explicitly
modelling the detailed geometry of the borehole (Loveridge and Powrie 2013). Here
we build on this general approach, making use of an elegant semi-analytical solution

© Springer Nature Switzerland AG 2019
A. Ferrari and L. Laloui (Eds.): SEG 2018, SSGG, pp. 3-10, 2019.
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Vertical reinforcing bar

Horizontal links (steel) (steel )

(75mm)

Heat exchanger pipes T
(polyethylene )

Central bar (r,=20mm)

Pile (concrete)

Primary
exchange fluid
(water)

Rotary CFA

Fig. 1. Cartoon of typical thermal pile construction arrangements assumed here

which exploits radial symmetry. The specific models used here we call the Claesson-
Javed Radial model (CJRM) and the Claesson-Javed Radial model with Storage
(CJRMS). These are detailed in Javed and Claesson (2011) and Claesson (2017,
Personal communication) and are implemented here in Matlab R2017a.

The radial models and their equivalence to typical geometries are summarised in
Fig. 2. The radial models are consistent with the explicit models in solving unsteady-
state Fourier conduction in the ground and concrete borehole, and in treating the fluid
as an isothermal unit. The models differ in geometry, but also in that the pipes in the
radial model are modelled as steady-state resistances. For the CIRMS model, the inner
store is considered to be a further isothermal unit, which is connected to the fluid via a
pipe resistance. The total pipe resistance is divided by an empirical weighting factor
between the transfer to the store and the transfer to the concrete pile.

Explicit Geometry (EGM) EquivalentRadial Geometry

Concrete
Fluid

Ge X CRMY

\B,_ )

Pipe
modelled as
steady-state
resistance,
R,.=R/4
Rotary

o
—

Outer reinforcing
steel ignored for
simplicity

Isothermal store,
Heat capacity
varied to capture
‘enclosed’ part of
pile

" Concrete

Fig. 2. Radial models to represent explicit geometry (rotary case given as example)

To scope the issues we keep to two different arrangements, here short-handed by

the construction method (i.e. ‘CFA’ or ‘Rotary’), both times with four pipes (N, = 4).
The steel is modelled for the CFA, since it is surrounded by the pipes, but we neglect it
in the Rotary case.
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The CJRM and CJRSM models are a geometric simplification of the true under-
lying geometry of a typical borehole pile arrangement, so it is prudent to examine the
potential inaccuracies. Before making this analysis we conjectured that the CJRMS
may improve the CJRM, which would be anticipated to be less accurate in the instance
where the borehole pipes are significantly offset from the centre of the pile (including
where they are set around concrete reinforcement bar).

This paper presents examines the nature of this simplification, focusing on a
600 mm diameter concrete pile. A wider analysis is to follow.

2 Explicit Geometry Simulations

We generate synthetic data in our ‘Explicit Geometry Model’ (EGM), which is a 2D
solid conductive heat-flow pile model in COMSOL. The assumptions are summarised
in Table 1. A key assumption is that there is no heat-flow out of plane (i.e. we simulate
a unit depth with no effects from the end of the borehole, the ground surface or due to
different fluid temperatures in the pipes). Each thermal unit (i.e. ground, concrete, pipe
and fluid) is considered to be a homogeneous uniform continuum each characterised by
thermal parameters constant in time and temperature.

Table 1. Input assumptions. Two generic pile types are simulated: ‘CFA’ and ‘Rotary’. The
thermal conductivities of the concrete and ground (4., 4,) are permuted as (1, 1); (1, 2); (2, 1) and
2, 2).

Item Geometry Properties Comments
Fluid N, =4, pr= 1000 kg/m® Isothermal. Constant heating of
rpi = 0.0123 m ¢ = 4217 J/kgK 50 W/m applied to the fluid (i.e.
Cr= picr 12.5 W/m/pipe)
nry; = 8017.2 JmK
Pipes po = 0.015 m pp =950 kg/m® High density polyethylene
Np =4, at 90° ¢, = 1900 J/kgK (Cecinato and Loveridge 2015)
separation Jp = 0.45 W/mK
CFA:
Tpe = 0.035 m
Rotary:
Fpe = 021 m
Concrete Circular pe = 2000 kg/m3
pile r, =03 m c. = 800 J/kgK
e =1 o0r 2 WmK
Ground Circular outer pe = 2000 kg/m®
model domain ¢, = 2000 J/kgK
(ro=25m) Ag =1 o0r 2 W/mK
Steel ry =0.02 m at ps = 7801 kg/m® Only for CFA Loveridge and
the centre of the ¢y =473 J/kgK Cecinato (2016)
pile Ay = 43 W/mK
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Four fluid pipes per borehole are modelled. The thermal properties of the fluid in
these pipes are of water, which is assumed to be of equal temperature throughout the
pipe (i.e. well-mixed). For simplicity we neglect to include a wall heat-transfer coef-
ficient, which could be added to the pipe resistance if necessary.

The assumed initial condition is for uniform, equilibrated temperatures. At the start
of modelling period, there is a step-change in input power to the fluid. The model is run
for 1 x 107 s (i.e. ~116 days), outputting ten times per logarithmic interval starting at
for 1 x 107> s. The early end of the range is of course substantially shorter than the
timescales of practical interest and are included to enable validation of early-time
asymptotic behaviour.

A typical duty might crudely be summarised as a square-wave (on-off) cycle of
period one day, being sustained for months or years at a time. Therefore, in practice the
daily timescale (i.e. from ~1 x 10* to ~1 x 10° s) is of particular interest for
optimisation purposes.

3 Matching to Radially-Symmetric Model

The method for matching the radially-symmetric models (CJRM and CJRMS) to the
synthetic explicit model simulations (EGM) are summarised in Fig. 2. The philosophy
of the matching is to preserve the true geomey and physics whenever possible.
Therefore, the concrete and ground thermal properties and geometry (i.e. r, = 0.3 m)
are kept unchanged from the EGM. In theory these could be varied to give additional
degrees of freedom thereby potentially improving the fit.

The effective radius of the single effective pipe (7,.) is set so as to provide the
identical fluid temperature drop over the concrete pile during quasi steady-state con-
duction at the end of the simulation as occurs for the EGM (i.e. at t =1 X 107 S).
This is achieved by computing the averages of T),, and T, around the borehole and pipe
boundaries and rearranging the steady-state heat-flow Eq. [1] to find 7,,:

= = T
Tyo — Ty = qRy = 2:&- In (i) (1)
By doing this we remove the issue of how to estimate R;, given a particular borehole
geometry; this is discussed very comprehensively by Javed and Spitler (2017). The
thermal capacity of the fluid Cy is kept equal to the capacity in the EGM. Since the
effective area of fluid has changed, this is achieved by using a scaled specific heat of
ﬂuid, Cte-
The characteristic time for thermal diffusion within the pipe wall is ¢,,(r,, — rpi)zl
A, which is relatively short (~30 s). This is the basis for the assumption made in the
radial model of steady-state heat transfer in the pipe. Thus, in a similar manner for R,,
the thermal resistance is estimated as:

1 T,
R, = In( -2 2
P 2n, n<rpi> @)




Evaluating the Applicability of the Radial Approximation 7

The equivalent pipe resistance for the EGM is a quarter since there is only one pipe
in the CRM dispersing the same total power, i.e. R,. = R,/4.

The above matching via R, R, (or r,.) and cg ensures long- and short- time
asymptotic matching. However, between these times the models may diverge. For the
CRM, there is no obviously sensible adjustment to the parameters that can be made to
improve the mid-time. We test the conjecture that the CJRMS may instead provide
some adjustment, and with a physically-logical basis. For the CJRMS different values
may be appropriate for the thermal capacity of the central store. For CFA geometry the
thermal capacity of the store is set equal to the capacity of the steel. For the radial
geometry a reasonable upper bound for the capacity of the store Cgr is to lump the
capacity of the concrete at r < 7.

4 Results

Figure 3 illustrates the comparison, plotted in real temperatures and times. The solu-
tions converge to the asymptotic solutions for short and long times, albeit there is
numerical error appearing at the very earliest part of the EGM simulation. At mid-time,
there is a departure which reaches a maximum of 0.6 °K at 2511 s before declining.
This is a small absolute error when compared to the temperature at the end of the period
(18.7 °K), but is a 17% relative error at that point in time. The matching departure can
be seen to occur within the approximate range 20-20,000 s (Table 2).

The pattern from Fig. 3 is repeated in Fig. 4a relatively small error occurs at mid-
time in all the plots. CJRMS cannot remedy the discrepancy between the models; it
lowers the mid-time temperatures as the store capacity Cy increases, and thereby
worsening the match.

20 0.8
3 EGM 7/
E 15 . 0.6
© —
=] 04 <
€ 10 =
'_

% 0.2 :_‘L
o 3 S
Q 2
o 0.0 g_
2 0 ’ B 28
€ 1e01 1E+01  ,4.E+03 % L1.E+g5 1Es0P 2
Q 5 'd % _.'
1S 0.4
7] ..
'_

-10 0.6

Time (s)

Fig. 3. EGM and CJRM compared for rotary case (r, = 300 mm) for (4., Z,,) = (1,2) W/mK
Ty~ 5 [In(244) — 0.5772] +g[R, + Ry] at long time (dashed line). Cr = 100,000 J(Km)

CePsT)

in the CJRMS.
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Table 2. Summary parameters. Note R, calculated via Eq. [2] is 0.0702. So, R, = 0.0175. This
is confirmed in the EGM at 1 x 107 s.

Case Aes 2g (W/mK) | ¢, J/kgK) | Rpe (Km/W
g ( ) | ¢re TkgK) | Rye ( ) ‘Max(Y}|EGM_Tf|CJRM)’
CFA1-2 1,2 1471.0 0.31 0.66
CFA2-11(2,1 1556.9 0.16 0.24
CFA2-2(2,2 1560.1 0.16 0.24
Rotl-1 |1,2 141.3 0.13 0.58
Rot2-1 (2,1 142.2 0.06 0.38
Rot2-2 (2,2 142.1 0.06 0.47
7
Rotary
6
5 ——EGM21 -~ —CRM24
~— EGM 1-2 CIRM 1-2
—— EGM 2-2 - = =CJRM 2-2

1000

Fo

CFA
7
6 ——EaM 21 -~ —CRM 21
EGM 1-2 CIRM 12
5 —— EGM 22 -~ ~CRM 22
oy
3
2
1
0
00001 0001 001 01 1 10 100 1000

Fo

Fig. 4. Comparison of step response behaviour between geometries for dimensionless
temperature ® = 274,AT;/q against dimensionless time Fo = ayt/r?. A~/ in legend.

5 Discussion

Figure 3 shows that the addition of the store in CJRMS doesn’t improve the fit; the
effect of the store is to lower the mid-time temperature. Simulating the store as a fully
diffusive cylinder also provides no improvement (numerically or analytically via block-
geometry functions provided by Barker 1985). The departure from the idealised radial
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solution is due to the fact that the pipes are not centred on the borehole, which can be
illustrated qualitatively at the simplest level by varying the location of a single pipe.
Thus, despite the intuitive nature of the CJRMS, it does not correctly capture the
physics of the situation. The dominant cause of the discrepancy away from a purely
radially-symmetric case is due to the asymmetry of the location of the pipes. This can
be demonstrated by comparing the response for a single-pipe as it is moved out from
the centre.

In terms of the CJRM simplification applied to non-centred pipes set within a large-
pile situation where there is contrasting ground-concrete thermal conductivities, it is
notable how close the radial approximation is. The step response is dominated by the
fluid thermal capacity at early time and by the ground resistance at late-time, transi-
tioning between these, via a period dominated by borehole resistance at mid-time.

By computing R, in the EGM, asymptotic late-time matching was guaranteed. In
practise, since the point of the radial models is to avoid building EGMs, R,, requires
estimation. As is demonstrated in Javed and Spitler (2017), the multi-pole method is an
accurate means of doing this.

A more generalised analysis over a wider geometry range is the logical next step to
build on these provisional findings. In particular it will be useful to quantify the
accuracy of the CRM over a wider range of geometries and parameters (including
number of pipes).

6 Conclusions

For the parameter ranges and geometries assumed in the paper (which we believe to be
reasonably typical) the CJRM is demonstrated to be reasonably accurate, given the
geometric simplification. There are, nonetheless, differences that arise primarily due to
the asymmetry. The radial (CJRM) and the radial-store model (CJRMS) although able
to match the asymptotic behaviour at both early and late time, develops discrepancy
during the mid-time. The CJRMS worsens CJRM fit, since it is not introducing the
correct physical behaviour relating to this asymmetry.
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Abstract. Thermoactive geostructures represent an original technique to fulfil
energy demand of buildings and infrastructure. The thermal performance of such
structure depends on several parameters as the thermal solicitation, the hydro-
geological context and the thermal characteristics. To improve the design of the
thermoactives geostructures, an original approach based on the analysis of
thermal flux and volumetric thermal power has been developed. This method
permits to assess the temperature variation of a volume and the potential thermal
drift of the system. Moreover, this method is used to analyse the thermal
behaviour of thermoactive diaphragm walls.

1 Introduction

Thermoactives geostructures aim at the production of heating during winter and
cooling during summer and include various geotechnical structures with embedded
heat exchanger tubes. This technology can also be implemented in deep foundations,
retaining walls, base slab and tunnels (CFMS and SYNTEC 2017). Since its devel-
opment during the years 1980 (Brandl 2006), the complexity of the structures equipped
with heat exchanger tubes increases continuously and now one of the current challenge
concerns the installation of these tubes in more complex structures as metro stations
and tunnels (Barla et al. 2016).

The design of geotechnical structures requires to consider thermal stress and strain
and the interactions between mechanical and thermal effects. Many studies have been
carried out to study the thermo-mechanical behaviour of ground (Campanella and
Mitchell 1968; Laloui and Cekerevac 2008) and thermal piles (Bourne-Webb et al.
2009; Adam and Markiewicz 2009; Di Donna et al. 2016). From the thermal point of
view, two study scales can be defined: the heat exchanger scale and the structure scale
in its environment. The first issue has mobilized many research efforts from decades for
the development of vertical borehole heat exchanger (Pahud et al. 1999). The second
issue is related to the long-term behaviour of thermoactive geostructure and ground in
terms of temperature variations and heat exchanges. The influence of the groundwater
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flow is of major importance to assess the potential thermal plume and the natural
thermal recharge. At this scale, the heat exchanges are governed by (i) the thermal
conductivity through the concrete and the ground, (ii) the groundwater flow velocity
that affects the thermal recharge and the heat exchange by advection (Fromentin and
Pahud 1997; Barla et al. 2016), (iii) the temperature variation of the external air and
(iv) the 3D shape of the structure that has an influence on the groundwater flow.

Some approaches considering the building scale have been developed to simulate
thermal response tests (Signorelli et al. 2007; Zarella et al. 2017) and can be applied to
thermoactives geostructures (Xia et al. 2012). Based on these studies, three main issues
in terms of design can be dealt with: what are the long-term effects on the ground and
on the groundwater? What is the real heat exchange between the ground and the
structure? What are the contributions of conduction and advection in term of heat
exchange related to the groundwater flow velocity?

In this paper, an original approach based on the study of the heat fluxes induced by
conduction and advection and their contributions to volumetric thermal power is
developed to assess the long-term behaviour of such structure and especially ther-
moactive diaphragm walls. It is illustrated with an example of Paris metro stations.

2 Assessment of Thermal Exchanges by Conduction
and Advection

2.1 Analysis of the Energy Balance Equation

The energy balance equation governing the heat exchange between the ground and the
structure includes the contributions of conduction and advection:

oT
Ceﬁ E +div GCGIld) + div Gadv) - jint =0 (1)

where C.g is the effective specific heat (J/m3.K), T the temperature (K), jeona the
conductive heat flux (W/m?) Jadv the advective heat flux and j;,, the production of intern
volumetric heat (W/m®) which is usually neglected regarding the low depth of the
structures.

The theorem of Green-Ostrogradski links the flux to the divergence of the heat fluxes:

# f~dS:// V- jdv (2)
v v

The direct calculation of the different component of the heat fluxes in 3D is
complex. From the divergence calculation, the inlet and the outlet fluxes are calculated
to characterise the heat exchange across a volume. It is also a way to analyse the
temperature variations. Indeed, when the sign of the divergence is negative,
resp. positive, the temperature increase, resp. decrease. The higher the divergence is,
the faster the increase/decrease is. Moreover, at steady state, the sum of the divergence
is null which implies that the inlet heat flux is equal to the outlet heat flux. It means
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that, at null divergence, the energy of the system does not vary anymore and cannot
gain or lose energy.

2.2 Application to the Thermoactives Geostructures

The divergence approach provides the thermal fluxes through a control volume defined
by the first meter of ground close to the walls of the metro station (see Fig. 1). The
control volume is defined to consider the heat exchange in every direction. The inte-
gration of the divergence on the control volume correspond to the thermal exchange at
the time t between the ground and the structure Py,(t):

div (jiori(t)) = div (foona,i(t)) + div(fuav,i(t)) at any point (3)
Pii(t) = Z:l: | Vidiv jior,i(1)) for the control volume (4)

where n is the number of subdivisions of the volume and V; the volume of the
subdivision i (m?).

. Control volume

. Ground
. Diaphragm wall

Base slab

Fig. 1. Example of control volume around diaphragm wall

It is also possible to define a volume to assess the energy balance and predict a
thermal drift.

3 Numerical Analysis

3.1 Methodology

3.1.1 Introduction

Within the framework of the diaphragm wall, it is essential to consider 3D effects.
Indeed, the geometry of the underground structure can modify the initial characteristics
of the groundwater flow (intensity and direction). It is called the dam effect. As the heat
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Fig. 2. Cross-section of the metro station 3D model Fig. 3. Position of the

walls and heat fluxes

flux by advection is proportional to the groundwater flow velocity, the heat fluxes at the
interface ground/structure are function of the dam effect. Therefore, the heat exchange
can vary for each diaphragm wall.

In the model, some local variables can be calculated: heat fluxes f'(x7 t) (W/mz),
divergence of the heat