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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, CO2 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 Woodman1(&), F. A. Loveridge2, Saqib Javed3,
and Johan Claesson3

1 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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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 CJRMS 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.

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 (Np = 4).
The steel is modelled for the CFA, since it is surrounded by the pipes, but we neglect it
in the Rotary case.

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

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

4 N. Woodman et al.



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 (kc, kg) are permuted as (1, 1); (1, 2); (2, 1) and
(2, 2).

Item Geometry Properties Comments

Fluid Np = 4,
rpi = 0.0123 m

qf = 1000 kg/m3

cf = 4217 J/kgK
Cf = qfcf�
prpi

2 = 8017.2 J/mK

Isothermal. Constant heating of
50 W/m applied to the fluid (i.e.
12.5 W/m/pipe)

Pipes rpo = 0.015 m
Np = 4, at 90°
separation
CFA:
rpc = 0.035 m
Rotary:
rpc = 0.21 m

qp = 950 kg/m3

cp = 1900 J/kgK
kp = 0.45 W/mK

High density polyethylene
(Cecinato and Loveridge 2015)

Concrete
pile

Circular
rb = 0.3 m

qc = 2000 kg/m3

cc = 800 J/kgK
kc = 1 or 2 W/mK

Ground Circular outer
model domain
(ro = 25 m)

qg = 2000 kg/m3

cg = 2000 J/kgK
kg = 1 or 2 W/mK

Steel rs = 0.02 m at
the centre of the
pile

qs = 7801 kg/m3

cs = 473 J/kgK
ks = 43 W/mK

Only for CFA Loveridge and
Cecinato (2016)

Evaluating the Applicability of the Radial Approximation 5



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 � 107 s (i.e. *116 days), outputting ten times per logarithmic interval starting at
for 1 � 10−5 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 � 103 to *1 � 105 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. rb = 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 (rpe) 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 � 107 s).
This is achieved by computing the averages of Tpo and Tb around the borehole and pipe
boundaries and rearranging the steady-state heat-flow Eq. [1] to find rpe:

Tpo � Tb ¼ qRb ¼ q
2pkc

ln
rb
rpe

� �
ð1Þ

By doing this we remove the issue of how to estimate Rb given a particular borehole
geometry; this is discussed very comprehensively by Javed and Spitler (2017). The
thermal capacity of the fluid Cf 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, cfe.

The characteristic time for thermal diffusion within the pipe wall is cpp(rpo − rpi)
2/

kp, 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 Rb,
the thermal resistance is estimated as:

Rp ¼ 1
2pkp

ln
rpo
rpi

� �
ð2Þ
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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. Rpe = Rp/4.

The above matching via Rp, Rb, (or rpe) and cfe 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 CST is to lump the
capacity of the concrete at r < rpc.

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 Cs increases, and thereby
worsening the match.
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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

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

Case kc, kg (W/mK) cfe (J/kgK) Rbe (Km/W) Max Tf
��
EGM�Tf

��
CJRM

� ���� ���
CFA1-2 1, 2 1471.0 0.31 0.66
CFA2-1 2, 1 1556.9 0.16 0.24
CFA2-2 2, 2 1560.1 0.16 0.24
Rot1-1 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

Fig. 4. Comparison of step response behaviour between geometries for dimensionless
temperature U ¼ 2pkgDTf =q against dimensionless time Fo ¼ agt=r2b . kc−kg in legend.
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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 Rb in the EGM, asymptotic late-time matching was guaranteed. In
practise, since the point of the radial models is to avoid building EGMs, Rb 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:

Ceff
@T
@t

þ div ~jcond
� �þ div ~jadv

� �� jint ¼ 0 ð1Þ

where Ceff is the effective specific heat (J/m3.K), T the temperature (K), jcond the
conductive heat flux (W/m2) jadv the advective heat flux and jint the production of intern
volumetric heat (W/m3) 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:

ZZ
�

@v

~j � dS ¼
ZZZ

v

~r �~jdV ð2Þ

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 Ptot(t):

div ~jtot;i tð Þ
� � ¼ div ~jcond;i tð Þ

� �þ div ~jadv;i tð Þ
� �

at any point ð3Þ

Ptot tð Þ ¼
Xn

i¼1
Vidiv ~jtot;i tð Þ

� �
for the control volume ð4Þ

where n is the number of subdivisions of the volume and Vi the volume of the
subdivision i (m3).

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

Control volume

Ground

Diaphragm wall

Base slab

Fig. 1. Example of control volume around diaphragm wall
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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~j x; tð Þ (W/m2),
divergence of the heat fluxes div ~j x; tð Þ� �

(W/m3), temperature T(x, t) (K), groundwater
flow velocity ~vD x; tð Þ (m/s), heat exchange P(x, t) (W), etc. Moreover, some global
variables at the structure scale can be computed: global heat exchange Ptot tð Þ (W),
global mean heat flux U(t) (W/m2) or by wall (see Fig. 3), thermal drift, etc. To
represent the results of the simulations, it is also possible to define temporal means
values, as the daily annual mean of global heat exchange Ptot;year (Wday/year) and the

seasonal annual mean of heat fluxes Uyear W=m2
3month=year

� �
.

It is essential to note that the main input data of the thermal solicitation of the
thermoactive geostructure is the heating and cooling demand of the building. Indeed,
the main goal is to determine how the ground reacts when this demand is satisfied
partially or not. It is why the peak of demand and the global quantity of energy shall be
considered. Indeed, a high peak demand is possible on a short period if the heat
reservoir allows it. Within the framework of the thermoactives geostructures, the heat
reservoir is the ground and the heat exchanges between the geostructure, the heat pump
and the ground are only efficient if the ground can provide the right amount of heat. If it
is not the case, the heat pump compensates with electric energy, decreasing its coef-
ficient of performance.

3.1.2 Initial Conditions
The calculations are performed with the FLAC3D software (ITASCA 2013). The main
assumptions considered are the following: the variation of the external air temperature,
a desaturated zone in the subsurface and a convective heat flux between the internal air

Fig. 2. Cross-section of the metro station 3D model Fig. 3. Position of the
walls and heat fluxes
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of the structure and the walls. In a first step, the groundwater flow is initialised to
simulate the dam effect. In a second step, the temperature in the ground is initialised
according to the groundwater flow, the external air temperature variations and the heat
exchanges between the internal air and the wall, before thermal activation of the
structure. In this case, the external air temperature variations are governed by a sinu-
soidal signal.

Thereby, the temperature is equal to 14 °C from about ten-meter depth. However,
in the first meters, the ground temperature is function of the depth. Regarding the
classical geometry of diaphragm walls (<60 m depth), a non-negligible part of the
structure is influenced by the external air temperature variations.

The thermal solicitation is applied as a nodal power in the plan of the heat
exchanger tubes.

3.2 Typical Metro Station of the Grand Paris Express Project

3.2.1 Geometry, Boundary Conditions and Ground Parameters
Table 1 and Fig. 2 show the geometry and the boundary conditions of the model.
Table 2 gives the geology and the thermo-hydraulic parameters used. The mesh is
refined close to the diaphragm walls and it includes 411 450 nodes and 398 800 zones.

Table 1. Geometry and boundary conditions

Properties Diaphragm
wall

Base
slab

Boundaries

Length
[m]

100 100 +115 from diaphragm wall downstream/+385 from
diaphragm wall upstream

Width [m] 30 30 +110 from diaphragm wall
Depth [m] 58 30 +22 from diaphragm wall
Thickness
[m]

0.8 1 –

Boundary conditions Symbol Unity Value

Thermal Initial temperature Tave [°C] 14
Seasonal variation of
temperature

Tsurface [°C] 2 (winter) – 26
(summer)

Temperature of the substratum Tsubstratum [°C] 14
Temperature of the edges Tedge [°C] –

Heat exchange convective
coefficient

hconv [W/m2.
K]

1

Inside air temperature Tair [°C] 20
Damping depth d [m] 3

Hydraulic Minimal water head hmin [m] 75
Maximal water head hmax [m] 77
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4 Results

After the initialisation of the groundwater flow and the temperature field, a thermal
solicitation is applied to the diaphragm walls at 20 cm from the interface ground/
structure for ten years (see Fig. 4). Two signals are tested: a sinusoid perfectly balanced
and a real solicitation with more heating than cooling on one year and with thermal rest
during the night and the week-end.

Figure 5 presents the mean daily heat exchange calculated on one year Ptot;year

(Wday/year) for the overall metro station and the four diaphragm walls for the sinusoidal
solicitation. For the first year, the values are positive showing a decrease of temperature
in the control volume. The values tend to decrease year after year until it reached zero
at the fifth year. It can be concluded that there is no thermal drift in this control volume
and consequently, at the scale of the structure. Indeed, the heat injected in the ground is
stored during the cooling period (the first six month of the sinusoid) before its use
during winter. As a result, the ground reaches the steady state after few cycles.
Moreover, the temperature of the system is in the right range (+1/+35 °C) and the heat
exchanges are mainly conductive due to the hydraulic context.

Table 2. Geology and thermo-hydraulic parameters

Geology* BF SO BSsup BFinf MRsup MRinf CCR

Thickness [m] 6 10 10 11 5 15 > 10
Hydraulic
conductivity [m/s]

1�10−5 2�10−5 1�10−5 3�10−6 1�10−3 1�10−3 2�10−4

Thermal
conductivity
[W/m/K]

1.7 2.1 2.3 2.3 2.1 2.1 2.4

Volumetric heat
capacity
[MJ/m3/K]

2.2 2.2 2.3 2.3 2.2 2.2 2.2

*BF: Backfill, SO: Saint-Ouen calcareous rock, BS: Beauchamp sands, MR: Marls and Rocks,
CCR: Coarse Calcareous Rocks

-1500

-1000

-500

0

500

1000

1500

0 730 1460 2190 2920 3650 4380 5110 5840 6570 7300 8030 8760

Th
er

m
al

 s
ol

ic
ita

tio
n 

Q
 (

kW
h/

h)

Time t (h)

Real Sinusoid

Fig. 4. Thermal solicitations apply to the
diaphragm walls

0.00

2 000.00

4 000.00

6 000.00

8 000.00

10 000.00

12 000.00

14 000.00

16 000.00

Total Wall 1 Wall 2 Wall 3 Wall 4

H
ea

t e
xc

ha
ng

e 
P

to
t(

W
da

y/
ye

ar
)

Year 1
Year 2
Year 3
Year 4
Year 5
Year 6
Year 7
Year 8
Year 9
Year 10

Fig. 5. Heat exchange based on the diver-
gence approach – sinusoidal solicitation

16 Y. Delerablee et al.



However, locally, in the zones where the groundwater flow velocity is the highest
(on the corner), the advection is non-negligible, counting for 30% of the heat
exchanges. In these zones, the heat cannot be stored and is dissipated by the
groundwater flow leading to extreme temperature. Indeed, as there is no more reserve,
the ground has to provide more heating or cooling.

Figure 6 presents the mean daily heat exchange calculated on one year Ptot;year

(Wday/year) for the overall metro station and the four diaphragm walls for the real
solicitation. Year after year, the values increased leading to a progressive cooling of the
control volume. The steady state is not reached after ten years. However, the cooling
decreased slowly. Furthermore, the thermal drift is higher at the wall 1 (upstream) and
2 (downstream) where the groundwater flow is the lowest due to the dam effect of the
structure. Figure 7 presents the ratio between the mean seasonal heat flux on one year

Uyear W=m2
3month=year

� �
and the maximum mean seasonal heat flux on one year

Umax;year W=m2
3month=year

� �
or the wall 1. It highlights the decrease of the performance

related to the thermal drift. After ten years, the decrease of the performance of the
system reached 10% for the autumn. These results are dependant of the thermal
solicitation and of the wall.

5 Conclusion

The methodology developed in this paper aims at the assessment of the heat exchange
between a thermoactive geostructure and the ground considering the heat conductive
flux and the advective flux due to the groundwater flow velocity. The results highlight
the zones and the conditions where the thermal drift is likely. Thereby, in the case of a
perfectly balanced energy demand, the system does not drift and the steady-state is
reached after few years. In the case of an unbalanced thermal solicitation, the tem-
perature around the structure increases or decreases along the years, leading to lower
and lower performances of the system. In each case, the heat exchange is function of
the depth and of the diaphragm wall.
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Abstract. Shallow geothermal systems allow both heating and cooling of
structures by using the ground as a renewable energy source. These systems
have received significant attention in recent decades and careful design con-
sideration is necessary to ensure maximum efficiency. In this paper, the authors
examine the impact of spacing between ground heat exchangers (GHE) and
groundwater advection on a 5 � 5 array using a transient numerical model. The
conditions chosen represent those experienced in Brisbane, Australia. The
energy load used represents four months of cooling and three months of heating
annually, a simplification based on local conditions. The spacing explored
ranged from 4–10 m between GHEs and the groundwater flow examined
included 0.1, 10, 30 and 50 m/year. The results show increasing spacing reduces
thermal interference and increases the sustainability over the lifetime of the
system, represented as 25 years in this study. In these conditions, a GHE spacing
of 4 m can experience temperatures 8.5 °C larger then when the spacing is
10 m. While increasing spacing increased sustainability, this did not prevent an
imbalanced load reducing efficiency overtime. Furthermore, it was found
groundwater flow had a positive impact on sustainability, over the lifetime of the
system a temperature 3.1 °C lower was experienced when a groundwater flow of
0.1 m/year was compared to 50 m/year. Such an impact should be taken into
consideration during the design phase due to the reduced GHE length required.

1 Introduction

The use of shallow geothermal energy has been growing rapidly in recent decades as a
source for renewable energy. Part of the reason for increased popularity has been a
pronounced push to switch to cleaner forms of energy as a method of both lowering
electricity bills and reducing pollution. Ground source heat pump (GSHP) systems
have seen the largest increase in usage as the most popular shallow geothermal tech-
nology (Lund et al. 2015). GSHPs utilize the steady surface temperatures of ground
throughout the year in the order of tens of meters deep. Providing heating for winter by
using the ground as a heat source and cooling for summer by using the ground as a heat
sink. The advantage of GSHP systems is the high efficiency that can be obtained when
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compared to more traditional heating and cooling technologies (Self et al. 2013),
furthermore a reduction in CO2 emissions makes the technology more attractive as an
alternative energy option (Blum et al. 2009).

Often in practice, a GSHP system experiences a load imbalance and thermal
recovery is required to take place to ensure the system can be sustainable. An imbal-
ance occurs when more energy is put in the ground then taken out, or vice versa. Over
time this reduces efficiency and can eventually lead to a complete termination of
operations, to allow thermal recovery to take place (Qian and Wang 2014; Yang et al.
2013). This process of thermal recovery can take years in extreme cases (Epstein and
Sowers 2006; Ryback and Mongillo 2006). Such events outline why ensuring a sus-
tainable system is imperative during the design stage; further refurbishments after
installation are often a costly prospect. If natural recovery is not possible then other
methods can be employed in order to correct the balance. Techniques to help with
ensuring sustainability may include installation of a cooling tower, water-chilled cooler
or using cool night air through an integrated soil cold storage system (Wan et al. 2017;
Zhou et al. 2016). Alternatively installation of a supplemental heat rejecter, an extra
loop designed to dispel excess heat has been shown to increase efficiency by up to 21%
(Park et al. 2012). These methods help ensure a sustainable system, however add extra
costs, while increasing complexity and maintenance.

Local conditions will dictate the recovery time, for closed systems in unconsoli-
dated materials, with little or no groundwater flow, the surrounding temperature
influence will not reach a steady state in one cycle. However, with larger groundwater
flows in material such as sand or gravel, steady state conditions could be reached within
one cycle (Hähnlein et al. 2013). Furthermore, an additional element to take into
consideration is the local ecosystem and environment, decreasing or increasing the soil
temperature can influence chemical, biological and physical properties of the ground
and groundwater (Brielmann et al. 2009; Brons et al. 1991; Griffioen and Appelo 1993;
Hall et al. 2008). When designing GSHP systems it is vital that the heat transfer process
through soil based on local conditions is analyzed during the design phase for the
expected lifetime of any system.

The main objective of this paper was to investigate the effects of GHE spacing and
groundwater flow on the intermittent operation of a GSHP system in a cooling dom-
inated environment such as Brisbane, Australia. The soil and climate conditions used
were representative of local conditions. By studying 25 years’ of intermittent operation,
the ground temperature in the immediate vicinity of the GHE was analyzed. This paper
provides a reference for utilization in GSHP design for cooling dominated climates.

2 Numerical Model

In this study the commercial software COMSOL (COMSOL Multiphysics 2013) has
been utilized to develop a numerical model for vertical GSHP to calculate the 2D
transient heat and mass transport processes with satisfactory accuracy and minimal
computational effort. The proposed model simplifies the borehole as a cylindrical heat
source to compute the thermal long-term behavior. The diameter for the GHEs is 0.3 m
and the far field uses the formula 15 Lb (see Fig. 1a). The mesh surrounding the GHEs
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has a much higher density and becomes coarser based on proximity from the center
(see Fig. 1b). The GHE using notation A represents the upstream, B is the center GHE
and C the downstream GHE.

Heat transfer surrounding the GHEs is primarily by conduction in the soil, with
advection occurring when sufficient groundwater flow is present. The pure conductive
heat transfer is governed by:

qcp
@T
@t

þr � �krTð Þ ¼ 0 ð1Þ

Equation 1 is solved for temperature, T (°C), q represents density (kg/m3) and cp
specific heat capacity (J/kg K). This model has been validated in numerous conditions
(Gashti et al. 2014; Wei et al. 2016). In porous soil, a groundwater flux can occur and
has the potential to transfer heat at a faster rate than conduction. This heat transfer
occurs through advection and is calculated using Darcy’s Law:

r � quð Þ ¼ Qm ð2Þ

u ¼ � j
l
rp ð3Þ

Equation 2 involves the density, q, (kg/m3) and Darcy velocity, u, (m/s) is equal to
the mass flow, Qm, (kg/m

3 s). Equation 3 states that the Darcy velocity is equal to the
porous medium, j, (m2), divided by the dynamic viscosity of the fluid, u, (Pa s), and
multiplied by the unit vector of pressure, p, (Pa), which is used when the flux is driven
by gradients in hydraulic conductivity, this formula ignores the gravity effects of the
elevation. As the simulation is being run in Brisbane, Australia, the geothermal system
is operated with four months of cooling (heat injection), representing the months
November to February in the summer and three months of heating (heat extraction),
representing the winter from June until August. The initial ground temperature is taken

Fig. 1. (a) Drawing of GHE field, (b) Mesh used for modelling purposes.
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as 22.5 °C (Lines et al. 2017). The operation period is 25 years and uses a heat transfer
rate of 30 Wm−2, a positive value is used to represent heat injected into the ground and
a negative value is used to represent heat extracted from the ground.

2.1 Site Characterization

Investigation of a site in Brisbane, Australia was undertaken and a number of thermal
response tests were performed on a three U-loop energy pile with a depth of 13.5 m
using water as the heat carrying fluid. This site was used as the basis for numerical
investigation carried out in this study. The geological-geotechnical environment may
be classified as estuary deposits comprising of a significant amount of shells and
organic matter. Laboratory classification testing showed the soil profile as silty clays
for the initial 3 m, followed by clayey sands until 8 m and further silty clays from then
onwards. An averaged density of 1700 kg/m3 was used for this study and is based on
laboratory results. Groundwater was present from 1.7 m and the thermal conductivity
was approximately 1.88 W/m K with a specific heat capacity of 2800 J/kg K.

3 Results and Discussion

The 2D model was used to evaluate the long-term effects of a temperature imbalance on
the operation of GSHP over 25 years. One method to increase sustainability is to
increase the spacing (represented by Lb) and hence the volume of soil that is used for
heat injection and extraction. As the space increases the interference between GHE
decreases and the heat recovery improves. The temperature increase based on different
spacing (from 4 to 10 m) without groundwater flow is shown in Figs. 3 and 4 (moving
average). Spacing of 4 m results in the largest heat increase over the lifetime, the soil
around the borehole has increased to a maximum of 42.6 °C by the 25th year of
operation and continues to increase each year. Increasing the space to 6 m, results in a
maximum temperature of 38.1 °C, a substantial decrease from the high temperatures
reach using a spacing of 4 m. Further increasing spacing to 8 m drops the maximum to
35.6 °C and a spacing of 10 m to 34.1 °C, illustrating the diminishing returns from

Fig. 2. Long-term temperature response with varying GHE spacing
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increased spacing. A GHE spacing of 10 m is significant and the temperature continues
increasing from a maximum of 28.6 °C in the 1st year of operation to 34.1 °C in the
25th year without reaching a steady state. Such a significant increase in temperature,
despite a large distance between each GHE, displays the need to investigate further
methods of ensuring sustainability when a load imbalance is present (Fig. 2).

Groundwater flow, influenced by hydraulic gradient and hydraulic conductivity can
significantly enhance the heat transfer properties of soil through the addition of
advection. Therefore, it is vital to examine groundwater flow during the design phase,
as it can potentially save on capital costs (i.e. drilling). For the purposes of examining
the impact of groundwater flow a GHE spacing of 6 m is chosen, and the groundwater
flows 0.1, 10, 30 and 50 m/year are investigated. This flow range is representative of
soil varying from a clay to coarse sand; however, for the purposes of this example the
thermal properties used are those aforementioned despite the soils having differing
thermal properties in practice.

Figure 4 displays the temperature increase over a period of 25 years comparing the
center GHE (B), demonstrating that even with a large flow at 50 m/year there is still a
temperature increase over time due to the energy load imbalance. However, it is

Fig. 3. Moving average of temperature with varying GHE spacing

Fig. 4. Temperature from intermittent operation with varying groundwater flow
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important to consider that the edge GHEs will be impacted differently. The upstream
GHE (A) will lose heat at a faster rate than the downstream GHE (C).

Figure 5 displays the temperature difference between the upstream GHE and the
downstream GHE for the various groundwater flows. When the flow is very minor at
0.1 m/year, the difference between the upstream and downstream GHEs is approaching
zero. However, once the flow is 50 m/year is reached the difference between GHE over
the lifetime increases to approximately 3.1 °C.

4 Summary and Conclusions

This paper examines the long-term effects of an energy load imbalance investigating
both GHE spacing and groundwater flow using soil conditions and example inter-
mittent energy loads found in Brisbane, Australia. This study aims to quantify the
impact of an imbalance over a 25-year period to determine the overall impact this has
on sustainability and feasibility of a GSHP. Several conclusions were drawn from this
study, as follows:

1. Increasing the GHE spacing reduces the thermal interference between GHEs, this
reduces the maximum temperatures reached and increases the sustainability and
lifetime of the GHSP system. However, an imbalanced energy load still had a
detrimental impact on operations despite significantly large spacing being exam-
ined. Due consideration of spacing is essential when an imbalanced load is gen-
erated through local energy requirements.

2. Groundwater flow can significantly accelerate the diffusion of heat downstream.
This aspect should be taken into consideration at the earliest opportune time in order
to ensure the GHE field is arranged to maximum the efficiency gains and minimize
the potential negative consequences. Over the lifetime of the GSHP system this
impact becomes extremely beneficial.

3. Groundwater flow and increased GHE spacing does not completely eliminate the
impact of an imbalanced energy load and over time this will result in a decrease in
efficiency if thermal recovery is not allowed to take place.

Fig. 5. Difference between upstream and downstream GHE temperature over time

24 S. H. Lines et al.



Acknowledgements. The authors gratefully acknowledge the support provided by JohnWagstaff
and his company Wagstaff Pty Ltd for his assistance in constructing and installing the energy pile
and for the use the location for further testing.

References

Blum, P., Campillo, G., Münch, W., Kölbel, T.: CO2 savings of ground source heat pump
systems – a regional analysis. Renew. Energy 35, 122–127 (2009). https://doi.org/10.1016/j.
renene.2009.03.034

Brielmann, H., Griebler, C., Schmidt, S.I., Michel, R., Lueders, T.: Effects of thermal energy
discharge on shallow groundwater ecosystems. FEMS Microbiol. Ecol. 68(3), 273–286
(2009). https://doi.org/10.1111/j.1574-6941.2009.00674.x

Brons, H.J., Griffioen, J., Appelo, C.A.J., Zehnder, A.J.B.: (Bio)geochemical reactions in aquifer
material from a thermal energy storage site. Water Res. 25(6), 729–736 (1991). https://doi.
org/10.1016/0043-1354(91)90048-U

COMSOL Multiphysics.: Comsol Multiphysics Reference Manual (2013)
Epstein, C.M., Sowers, L.S.: The continued warming of the stockton geothermal well field. In:

Proceedings of the ECOSTOCK Symposium: Galloway, pp. 1–5. Richard Stockton College
of New Jersey, New Yersey (2006)

Gashti, E.H.N., Uotinen, V.-M., Kujala, K.: Numerical modelling of thermal regimes in steel
energy pile foundations: a case study. Energy Build. 69, 165–174 (2014). https://doi.org/10.
1016/j.enbuild.2013.10.028

Griffioen, J., Appelo, C.A.J.: Nature and extent of carbonate precipitation during aquifer thermal
energy storage. Appl. Geochem. 8(2), 161–176 (1993). https://doi.org/10.1016/0883-2927
(93)90032-C

Hähnlein, S., Bayer, P., Ferguson, G., Blum, P.: Sustainability and policy for the thermal use of
shallow geothermal energy. Energy Policy 59, 914–925 (2013). https://doi.org/10.1016/j.
enpol.2013.04.040

Hall, E.K., Neuhauser, C., Cotner, J.B.: Toward a mechanistic understanding of how natural
bacterial communities respond to changes in temperature in aquatic ecosystems. ISME J. 2(5),
471–481 (2008). https://doi.org/10.1038/ismej.2008.9

Lines, S., Williams, D.J., Galindo-Torres, S.A.: Determination of thermal conductivity of soil
using standard cone penetration test. Energy Procedia 118, 172–178 (2017). https://doi.org/
10.1016/j.egypro.2017.07.036

Lund, J.W., Freeston, D.H., Boyd, T.L.: Direct utilization of geothermal energy 2015 worldwide
review. Geothermics 40(3), 159–180 (2015). https://doi.org/10.1016/j.geothermics.2011.07.
004

Park, H., Lee, J.S., Kim, W., Kim, Y.: Performance optimization of a hybrid ground source heat
pump with the parallel configuration of a ground heat exchanger and a supplemental heat
rejecter in the cooling mode. Int. J. Refrig. 35(6), 1537–1546 (2012). https://doi.org/10.1016/
j.ijrefrig.2012.05.002

Qian, H., Wang, Y.: Modeling the interactions between the performance of ground source heat
pumps and soil temperature variations. Energy. Sustain. Dev. 23, 115–121 (2014). https://doi.
org/10.1016/j.esd.2014.08.004

Ryback, L., Mongillo, M.: Geothermal sustainability-a review with identified research needs.
GRC Trans. 30, 1083–1090 (2006). https://doi.org/10.1177/0146167200268006

Analysis of Groundwater Advection and Ground-Heat Exchanger 25

http://dx.doi.org/10.1016/j.renene.2009.03.034
http://dx.doi.org/10.1016/j.renene.2009.03.034
http://dx.doi.org/10.1111/j.1574-6941.2009.00674.x
http://dx.doi.org/10.1016/0043-1354(91)90048-U
http://dx.doi.org/10.1016/0043-1354(91)90048-U
http://dx.doi.org/10.1016/j.enbuild.2013.10.028
http://dx.doi.org/10.1016/j.enbuild.2013.10.028
http://dx.doi.org/10.1016/0883-2927(93)90032-C
http://dx.doi.org/10.1016/0883-2927(93)90032-C
http://dx.doi.org/10.1016/j.enpol.2013.04.040
http://dx.doi.org/10.1016/j.enpol.2013.04.040
http://dx.doi.org/10.1038/ismej.2008.9
http://dx.doi.org/10.1016/j.egypro.2017.07.036
http://dx.doi.org/10.1016/j.egypro.2017.07.036
http://dx.doi.org/10.1016/j.geothermics.2011.07.004
http://dx.doi.org/10.1016/j.geothermics.2011.07.004
http://dx.doi.org/10.1016/j.ijrefrig.2012.05.002
http://dx.doi.org/10.1016/j.ijrefrig.2012.05.002
http://dx.doi.org/10.1016/j.esd.2014.08.004
http://dx.doi.org/10.1016/j.esd.2014.08.004
http://dx.doi.org/10.1177/0146167200268006


Self, S.J., Reddy, B.V., Rosen, M.A.: Geothermal heat pump systems: Status review and
comparison with other heating options. Appl. Energy 101, 341–348 (2013). https://doi.org/10.
1016/j.apenergy.2012.01.048

Wan, H., Xu, X., Li, A., Yan, T., Gang, W.: A wet-bulb temperature-based control method for
controlling the heat balance of the ground soil of a hybrid ground-source heat pump system.
Adv. Mech. Eng. 9(6), 168781401770170 (2017). https://doi.org/10.1177/1687814017701705

Wei, J., Wang, L., Jia, L., Cai, W.: A new method for calculation of short time-step g-functions
of vertical ground heat exchangers. Appl. Therm. Eng. 99, 776–783 (2016). https://doi.org/10.
1016/j.applthermaleng.2016.01.105

Yang, W., Chen, Y., Shi, M., Spitler, J.D.: Numerical investigation on the underground thermal
imbalance of ground-coupled heat pump operated in cooling-dominated district. Appl. Therm.
Eng. 58(1–2), 626–637 (2013). https://doi.org/10.1016/j.applthermaleng.2013.04.061

Zhou, S., Cui, W., Li, Z., Liu, X.: Feasibility study on two schemes for alleviating the
underground heat accumulation of the ground source heat pump. Sustain. Cities Soc. 24, 1–9
(2016). https://doi.org/10.1016/j.scs.2016.03.014

26 S. H. Lines et al.

http://dx.doi.org/10.1016/j.apenergy.2012.01.048
http://dx.doi.org/10.1016/j.apenergy.2012.01.048
http://dx.doi.org/10.1177/1687814017701705
http://dx.doi.org/10.1016/j.applthermaleng.2016.01.105
http://dx.doi.org/10.1016/j.applthermaleng.2016.01.105
http://dx.doi.org/10.1016/j.applthermaleng.2013.04.061
http://dx.doi.org/10.1016/j.scs.2016.03.014


Smart Ground-Source Borehole Heat
Exchanger Backfills: A Numerical Study

Douglas D. Cortes1(&), Ali Nasirian1, and Sheng Dai2

1 New Mexico State University, Las Cruces, USA
dcortes@nmsu.edu

2 Georgia Institute of Technology, Atlanta, USA

Abstract. Geothermal heat pump borehole heat exchangers rely on sensible
heat for energy storage and low thermal conductivity materials for heat transfer.
This paper examines numerically the potential benefits of an engineered backfill
on the performance of a borehole heat exchanger. The results show that
improving the thermal conductivity of the backfill and introducing a phase
change material for energy storage can alter the thermal radius of influence of
the borehole, improve the system efficiency, and reduce long-term changes in
ground temperature.

1 Introduction

Ground-source Heat Pump (GHP) systems use heat exchangers buried into the ground
to extract (heating) or inject (cooling) heat. Heat exchangers (HE) come in vertical or
horizontal arrays, and in some cases may double as structural elements. In all cases, the
HEs rely on the soil sensible heat storage capacity. That is, heat extraction or injection
results in temperature changes within the soil. The magnitude and extent of these
temperature changes depend on the heating/cooling demand and on the properties of
the soil (thermal conductivity, heat capacity, density, degree of saturation, etc.). Daily
extraction/injection of heat dominate the thermal radius of influence of a heat
exchanger and dictate the minimum spacing required between neighboring HEs to
avoid mutual interference. Under a balanced thermal load, the heat extracted from the
soil for heating is later replenished by the heat injected during cooling. However,
seasonal imbalances between the thermal energy extracted and injected will result in
progressive changes in the ground temperature. Since the original design of a GHP
system is predicated on the ground maintaining a constant mean temperature, the
progressive temperature change negatively impacts the system’s efficiency which can
diminish to the point of making it economically unviable (Rybach and Mongillo 2006).

Thermal energy can also be stored in the form of latent heat. The energy storage, in
this case, is given by Q = m�DHPC, where DHPC is the latent heat or enthalpy of
transformation. Unlike sensible heat, latent heat storage takes place at constant tem-
perature. Thermal energy is stored in or released from the molecular structure of a
material when its temperature reaches the phase transformation temperature and does
not result in a temperature change. Thus, latent heat storage provides an increase in the
heat storage capacity at a constant temperature. In the last decade, biodegradable
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non-toxic phase-change-materials (PCMs) have been developed to target a range of
phase transition temperatures between −40 and 150 °C The technology has matured to
the point of industrial production and PCMs of tailored thermal properties are readily
available in the form of solids, encapsulated particles, and slurries (Farid et al. 2004;
Khudhair and Farid 2004; Zalba et al. 2003).

In this paper, the authors explore numerically the effects of incorporating a phase
change material into the backfill of a borehole heat exchanger to limit the temperature
changes induced in the ground and improve the overall efficiency of GHP systems.

2 Numerical Model

Typical BHEs are constructed by drilling 10.6 cm diameter boreholes to depths
between 50 and 150 m. The piping consists of a 2.54 cm diameter plastic U-loop, and
the borehole is backfilled with bentonite grout (Lund 1988), see Fig. 1a. The backfill is
intended to provide: mechanical support for the borehole during construction, a
medium for heat conduction from the pipe to the ground, and a low hydraulic con-
ductivity seal around the pipes to prevent loss of cooling fluid. The thermal conduc-
tivity, kT, of soils varies between 0.07 W�m−1�K−1, for dry clays under low effective
stress, to 4.2 W�m−1�K−1, for saturated sands at high confining stress. The large
variation in thermal conductivity results from its dependency on particle size, dp, void
ratio, e, effective stress, rʹ, stiffness, E, and moisture content, w (Andersland and
Ladanyi 2004; Cortes et al. 2009; Farouki 1985; Nasirian et al. 2015). The effective
stress dependency of thermal conductivity in granular media dictates that, even in a
homogeneous soil deposit, kT varies with depth. The specific heat capacity, Cp,
depends primarily on e and w, which are also expected to change as a function of the
soil type and depths.

Previous attempts to alter the thermal properties of backfills have concentrated on
the thermal conductivity of the grout yet very little work has been done in trying to
engineer the backfill thermal storage capacity to improve the overall efficiency of the
GHP system. The following sections present a numerical study of the potential effects
of altering the thermal properties of the backfill, in particular, the incorporation of a
phase change material.

2.1 Description of the Numerical Model

In all simulations, the soil is assumed to be initially in equilibrium at 15 °C, and to have
a thermal conductivity of 0.2 W�m−1�K−1, a specific heat capacity of 828J kg−1�K−1,
and a density of 1390 kg�m−3, typical values for dry sands. The model uses the
axisymmetric geometry depicted in Fig. 1b. In the interest of simplifying the simula-
tions and concentrating on the response of the backfill, the model uses a line source for
heat injection and extraction. The thermal dampening effect of fluid flow and the PVC
pipe are not considered in this model. A line source 10 cm in length is used as input,
establishing a uniform temperature along the heat source that varies as a function of
time according to the equation:
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The selected T(t) function approximates the daily and seasonal variation in tem-
perature for Las Cruces, NM, USA. Time t is in units of seconds. The input temperature
function is presented in Fig. 1c. The numerical model was developed using COMSOL
Multiphysics®.

3 Simulations

The BHE can be engineered by altering the thermal conductivity and heat capacity of
the backfill. While these changes alter heat transfer and storage within the BHE, the
nature of heat injection and extraction remains the same, i.e., sensible heat. Thus, the
borehole and the ground experience a change in temperature in response to a change in
thermal energy. Numerical models of an embedded line heat source for the following
cases are presented:

Fig. 1. Model descriptions. (a) Schematic of a typical Borehole Heat Exchanger (BHE).
(b) Numerical model geometry. The underlined points are located at the following radial
distances from the source: Source = 0 cm, 2.5 cm, 10 cm, and 50 cm. (c) Input temperature
signal as a function of time. The semi-logarithmic plot (left) shows detail on the daily and yearly
variations in temperature, which appear as a thick sinusoidal wave in linear-scale (right). Thus,
the thickness of the line captures daily fluctuations in temperature.
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(a) Base case: ground in direct contact with the heat source.
(b) BHE: the heat source is embedded in a 10 cm-diameter conventional backfill.
(c) High thermal conductivity BHE: 10 cm-diameter backfill modeled with high

thermal conductivity.
(d) Large BHE: the heat source is embedded in a 1 m-diameter conventional backfill.

3.1 Latent Heat

Latent heat is the thermal energy absorbed or released by a material undergoing phase
change. The key difference between sensible and latent heat is that the latter occurs at
constant temperature. Latent heat storage is not currently used in geothermal systems
because the only Phase Changing Material (PCM) naturally available in the attainable
temperature range is water (0 °C). Since the temperature difference between the ground
and phase change (typically 18 °C) is large, the ground will experience extensive
temperature difference DT before heat can be stored as latent heat. Furthermore, the
volumetric expansion associated with the phase change of water could lead to unde-
sirable ground volume changes (Loveridge et al. 2012). Thus, an effort is made to avoid
freezing temperatures in the ground.

Latent heat storage provides an increase in the heat storage capacity at a constant
temperature. Thus, incorporating PCMs as part of an engineered borehole backfill
could result in: a reduction in the required BHE depth (i.e., improved operating effi-
ciency), a reduction in the BHE radius of influence (i.e., feasibility in urban areas) and a
reduction in the long-term temperature change (i.e., improved sustainability). Numer-
ical simulations of latent heat enabled BHEs are presented for the following three cases:
(e) Ground TPC: The phase transformation temperature matches the initial ground
temperature (15 °C); (f) Summer savings I: The phase transformation temperature
matches the summer hottest day mean temperature (25 °C); (g) Winter savings I: The
phase transformation temperature matches the winter coldest day mean temperature
(7 °C); (h) Summer savings II: The phase transformation temperature is closer to the
summer hottest day minimum temperature (20 °C); (i) Winter savings II: The phase
transformation temperature is closer to the winter coldest day maximum temperature
(12 °C). The material properties used in the simulations are summarized in Table 1.

Table 1. Material properties used in the numerical simulations

Case Borehole thermal properties
dB [cm] kT [W m−1�K−1] Cp [J kg

−1�K−1] q [kg�m−3] DHPC [J�gr−1] TPC [°C]

(a) 0 -NA- -NA- -NA- -NA- -NA-
(b) 10 0.2 2000 1390 0 -NA-
(c) 10 5 2000 1390 0 -NA-
(d) 100 0.2 2000 1390 0 -NA-
(e) 10 0.2 2000 1390 205 15
(f) 10 0.2 2000 1390 205 25
(g) 10 0.2 2000 1390 205 7
(h) 10 0.2 2000 1390 205 20
(i) 10 0.2 2000 1390 205 12
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4 Results and Discussions

The results of the first four simulations, case (a) through (d), are presented in Fig. 2.
Each plot presents the input temperature signal at the source, T(t), and the induced
temperature changes within the BHE at radial distances of 2.5 cm and in the ground at
radial distances of 10 cm and 50 cm from the source. Minor differences between the
Base case (a) and the BHE case (b) are to be expected based on the small size of the
borehole and the selection of material properties. An increase in the thermal conduc-
tivity of the backfill (c) results in a significant increase in the amplitude of the tem-
perature variation both within the BHE and in the ground. This indicates an
improvement in heat conduction which comes at the cost of an increase in the thermal
radius of influence (thicker lines at 2.5 cm and 10 cm radial distances from the source).
Finally, a large BHE (d) increases the sensible heat storage capacity in the vicinity of
the source, leading to a very modest reduction in the radius of influence (slightly
thinner line in 10 cm radial distances from the source).

The only significant changes in the ground thermal response under sensible heat
thermal energy storage are observed by increasing the thermal conductivity of the
backfill. Note that while increasing the backfill kT can lead to more efficient heat
transfer and reductions in the required BHE depth, the increase in the thermal radius of
influence could lead to interference with neighboring BHEs and/or unintended deple-
tion of neighboring geothermal reservoirs.

Fig. 2. Input temperature with time. The semi-logarithmic plot (left) shows detail on the daily
and yearly variations in temperature, which appear as a thick sinusoidal wave in linear-scale
(right). Thus, the thickness of the line captures daily temperature fluctuations.
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Results for the cases (e), (f) and (g) are presented in Fig. 3 along with that of case
(a) for comparison. Selected phase transformation temperature and latent heat values
correspond to commercially available PCM materials (Entropy Solutions Inc.). Latent
heat thermal energy storage in the backfill causes the thermal field in both the BHE and
the ground to change for temperatures in the vicinity of TPC. Latent heat storage causes
a reduction in the daily temperature variation (line thickness). The effect is more
pronounced when the mean input temperature is close to TPC, spring and fall for case
(e) simulations and summer and winter for cases (f) and (g) respectively. However,
observed changes in daily temperature variation cannot adequately assess the overall
effect of the PCM on the system efficiency.

Figure 4 shows the average daily temperature as a function of time at a radial
distance of 2.5 cm from the line source for cases (e), (f) and (g) compared to the case
(a) for reference. The figure shows that despite the reduction in the amplitude of the
thermal oscillation observed in Fig. 3-4, the average daily temperatures in the winter
(Fig. 4-1) decrease when Tpc = 7 °C. This implies that the presence of the PCM
(Tpc = 7 °C) actually reduces the efficiency of the system. Similar results are observed
for summer temperatures when Tpc = 25 °C (Figs. 3-3, 4-3). The only substantial
improvement in system efficiency is observed in spring and fall when Tpc = 15 °C, see
Fig. 4-2.

Fig. 3. Numerical modelling results for latent and sensible heat thermal energy storage. (a) Base
case, (e) Ground TPC, (f) Summer savings, and (g) Winter savings. Each plot presents the input
temperature signal at the source, T(t), and the induced temperature changes within the BHE at
2.5 cm from the source and in the ground at radial distances of 10 cm and 50 cm. The line
thickness captures daily fluctuation in temperature.
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Further simulations conducted at Tpc = 12 °C and Tpc = 20 °C show an increase in
winter average daily temperature (Fig. 5-1) and a decrease in summer average daily
temperature (Fig. 5-2). These results indicate that in order to increase the system
efficiency in the winter months, the appropriate TPC should be above the minimum
average daily temperature of the year. Similarly, an improvement in efficiency in the
summer months requires the use of a PCM with Tpc below the maximum average daily
temperature of the year.

5 Conclusions

The results of this study demonstrate that the performance of a ground source borehole
heat exchanger can be altered by modifying the thermal properties of the backfill,
mainly the thermal conductivity and latent heat storage capacity. Numerical simula-
tions show that an increase in thermal conductivity improves heat transfer leading to
shorter boreholes but with a larger radius of influence. The results also show that the
introduction of a PCM as part of the backfill in a geothermal BHE can, despite the
relatively small size of the BHE, effectively alter its thermal radius of influence and
overall system efficiency. The partial storage and release of thermal energy from
changes in the molecular structure of the PCM reduce the change in sensible heat in the
ground.

Furthermore, our simulations also show that the phase transformation temperature
can be tailored to improve the system efficiency along the year. Reductions in the
average daily temperatures during the summer can be attained by selecting a PCM with
a phase transformation temperature below the maximum average temperature in the

Fig. 4. Average daily temperature changes, Case (a) base case, Case (g) Tpc = 7 °C, Case
(e) Tpc = 15 °C, Case (f) Tpc = 25 °C.

Fig. 5. Average daily temperature changes, Case (i) Tpc = 12 °C, Case (h) Tpc = 20 °C.
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summer. Similarly, increments in the average daily temperatures during the winter can
be attained by selecting a PCM with a phase transformation temperature above the
minimum average daily temperature in the winter.
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Abstract. Energy piles are double purpose foundation elements used both for
transferring loads to the soil and temperature regulation in buildings. The
response of the pile-soil interface is influenced by daily and seasonal temperature
variations. In order to assess the impact of the thermal cycles on the mobilization
of shear strength, in-situ and laboratory experiments were performed. Three
energy piles were instrumented with vibrating cord sensors in the foundation of a
waste water treatment plant in the North East (NE) part of Paris (at Sept Sorts,
Seine et Marne), France. The deformation of these sensors has been recorded for
more than one year and the impact of temperature cycles was assessed. In
addition the impact of cyclic thermal loading on soil deformation at the soil-pile
interface was also studied in the laboratory using an interface direct shear device
equipped with a temperature control system. The preliminary results show that
the undisturbed soil temperature below 5 m deep remains constant, around 13 °C
and that the response of sand-concrete interface at different temperatures and
temperature cycles consists in the overall low contraction of the sand.

1 Introduction

The global energy demand increase has stimulated the research for new sustainable and
cost effective energy sources. Geothermal energy pile foundations are such an alter-
native solution for heating and/or cooling needs. The technique consists in encasing
heat exchanging pipes in pile foundation, connected to a ground source heat pump in
order to extract/inject heat from/into the ground (Laloui et al. 2003; Brandl 2006;
Bourne-Webb et al. 2009; McCartney and Murphy 2012; Sutman et al. 2015; You et al.
2016). Although this solution has been used for some time in Europe, the information
concerning the long term thermo-mechanical behaviour of the foundation and of the
surrounding soil is still limited (Amatya et al. 2012). During the operation of the
ground source system energy piles experience temperature changes which can have an
impact on the pile deformation (expansion during heating, contraction during cooling)
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as well as on the soil-pile interface (Bourne-Webb et al. 2009; Amatya et al. 2012;
Bourne-Webb et al. 2015; Di Donna et al. 2015; Yavari et al. 2016).

To better understand the behaviour of energy piles during building operation, three
piles (two energy piles and a conventional pile) were instrumented during the con-
struction of a building in a water treatment plant at Sept Sorts, in the NE of Paris.
Additionally, a second experimental campaign was performed in laboratory, to focus
on the effect of temperature changes on the soil-concrete interface. An interface direct
shear device adapted for thermo-mechanical loading was used.

In a first step, experimental instrumentation and preliminary results are presented
for the in-situ study at Sept-Sorts, and in a second step for the laboratory investigation.

2 Sept Sorts Full Scale Test

2.1 Experimental Setup

Two energy piles (P18 and P29) and a conventional pile (P15) were instrumented
during the construction of the pretreatment building of the Sept Sorts water treatment
plant in Seine-et-Marne department, in France (Fig. 1) and their behaviour under
exploitation conditions was recorded.

This building is supported by 100 continuous flight auger piles (0.420 m diameter,
9 m length) out of which 45 are energy piles. The mechanical properties of soils under
the pretreatment building are presented in Table 1 (Sémofi 2013). For this project, the
energy extracted by the abovementioned foundation is used for heating/cooling of the
water treatment plant’s administrative building located next to the pretreatment
building.

The energy piles P29 and P18 are located under the slab and a wall, respectively
while P18 is located under a wall (Fig. 1). These locations were chosen in order to
assess the effect of the pile head constraint. The conventional instrumented pile, P15, is
located at the equal distance of 4 m to the two energy piles.

Seven vibrating wire sensors were incorporated inside the energy piles P18 and P29
(Fig. 2a) in order to monitor the distribution of axial strain as a function of depth. The
sensors were oriented longitudinally and attached to the transversal reinforcement bars

Fig. 1. Location of the instrumented conventional pile P15 and energy piles P18 and P29 on the
3D plot of the pretreatment building in the water treatment plant.
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then cast in fresh concrete during pile installation. Each vibrating wire sensor is
equipped with a thermistor to monitor the temperature variations at each sensor loca-
tion (Fig. 2a).

Five vibrating wire sensors were installed in the conventional pile P15 to quantify
the effect of geothermal activation of the foundation on non-geothermal piles. The
conventional pile P15 is therefore considered as the reference pile.

The atmospheric temperature variations are recorded with a temperature sensor
installed in the data acquisition box, next to the station. From September 2016 to
September 2017 temperatures and strains were recorded every 60 min with a precision
of 2 °C and 10 µm/m, respectively.

2.2 Preliminary In-situ Results

Seasonal temperature variations recorded in October 2016, January 2016, April 2017
and July 2017 (representing autumn, winter, spring and summer respectively) in each
sensor installed in P29 are depicted in Fig. 2b.

Table 1. Soil properties.

Soil EM(MPa)* c′ (kPa)* u′ (°)*

Modern colluvial soil 5 0 30
Marls and altered gravels 11 5 25
Marls and gravels 30 10 25
Coarse limestone 100 50 30
*EM - Menard pressuremeter modulus, c′ - effective cohesion
and u′ - effective friction angle

Fig. 2. (a) Temperature and deformation sensors positions (b) Seasonal evolution of temperature
in pile P29 and (c) Measured strain change in pile P29.
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Below 5 m deep, the pile temperature is around 13 °C and remains constant along
the acquisition time. This temperature is higher than the recorded winter and spring
temperatures and lower than the summer and autumn temperatures, thus confirming
that ground can be used as a source of heat during winter and conversely it can be used
as a heat sink during summer.

The ground temperature measured in our test is similar to previous observations
found in the literature (Laloui et al. 2003; Brandl 2006; McCartney and Murphy 2012;
Loveridge et al. 2016; Minh Tang et al. 2017). Note here that a seasonal cyclic thermal
loading is observed even before the geothermal activation of the foundation.

The mechanical load (the weight of the superstructure) for this study is considered
constant and only the effect of the thermal loads (temperature changes) is presented.
Between 0 and 5 m deep, temperature variations in P29 are accompanied by small but
not negligible strain changes (eT-obs) in the range of 40 lm/m (Fig. 2c). From autumn
2016 to winter 2016, the temperatures are decreasing and the pile is contracting.

3 Laboratory Soil-Concrete Interface Tests

Temperature changes encountered in energy foundations also have an influence on the
soil-structure interface. Heating-cooling cycles result in expansion-contraction of the
pile (Laloui et al. 2003; Brandl 2006; Bourne-Webb et al. 2009) thus changing the
normal pressure at the soil-pile interface which may lead to changes in the soil-pile
shear resistance (Xiao et al. 2014; Di Donna et al. 2015; Yavari et al. 2016; Xiao et al.
2017). The in-situ instrumentation described above is only suitable for assessing the
temperature and deformations evolution in piles but does not provide information of the
soil changes at the soil-pile interface.

For a better understanding of the interactions between temperature and deforma-
tions of soil at the soil-concrete interface, a new direct shear device adapted for thermo-
mechanical loading was employed at Centrale Nantes.

3.1 Experimental Setup

The new direct shear device is composed of a square shear box divided in two parts (upper
part and bottom part). The box is installed in a container filled with water to consider
saturated conditions. The upper part accommodates samples of 100 mm � 100 mm
soil specimens with an initial height of 25 mm. The bottom part accommodates a
140 mm � 100 mm � 11 mm concrete plate.

A temperature sensor (precision of ±0.2 °C) is situated in the lower part. The
thermal loading is applied through a closed loop circuit, that passes through a system
installed under the container accommodating the shear box and that is connected to a
refrigerated heating circulator bath with air-cooled cooling machine. The thermoregu-
lation system is equipped with one Pt100 internal temperature sensor and one Pt100
temperature sensor external connection, in which the bottom temperature sensor is
plugged-in. The temperature in the tested specimen is measured through the above
mentioned Pt100 temperature sensor installed in the bottom of the lower shear box
which is also used for running the temperature tests.
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A load cell is installed on each actuator to measure both the vertical and horizontal
loads applied on the sample. Two linear variable differential transducers (LVDTs) are
used to measure the horizontal and vertical displacements with a precision of ±10 µm.

In the present work direct shear tests on Fontainebleau sand NE34 (Sibelco com-
pany, 99% quartz) in contact with a concrete structural element are presented. The
literature review shows that the temperature effect on this sand is negligible (Di Donna
et al. 2016; Yavari et al. 2016), this choice of soil was made in order to evaluate the
performance of the testing device and the repeatability of the testing procedure. The
physical properties of this sand are presented in Table 2.

The same concrete plate was used for all experiments. Roughness measurements
performed with a superior surface roughness tester were acquired before and after the
tests. The value of the arithmetic mean roughness Ra was 10 to 12 µm before and after
the tests. Therefore no significant changes of Ra after the direct shear tests were
recorded in the study conditions.

Dry Fontainebleau sand was poured directly into the box and compacted by
tamping. The sample was then placed in the loading frame and a vertical load was
applied (consolidation) and kept constant during the entire test (constant normal load
CNL test). Distilled water was added in the container in order to perform the test in
almost saturated conditions. Temperature was then set to 13 °C.

A series of monotonic displacement-controlled direct shear tests were performed at
13 °C (in-situ soil temperature below 5 m deep, Fig. 2(b)), under constant normal stress
equal to 50 kPa, 100 kPa and 150 kPa (corresponding to the effective lateral pressure at
5 m, 10 m and 15 m deep, respectively). The rate of applied horizontal displacement was
0.5 mm/min. Tests at 13 °Cwere used as references. A series of monotonic displacement
controlled direct shear tests were also performed at 8 °C and 18 °C. In that case, the
temperature was imposed at 13 °C in a first step and then imposed to 8 °C or 18 °C in a
second step. Then the sample was subjected to shearing conditions.

A series of displacement controlled direct shear tests after 10 thermal cycles was
done for the three temperatures and the three vertical loading cited above. The pro-
cedure for a cycle between 8 and 18 °C is given as example: (1) the temperature was
decreased from 13 °C to 8 °C; (2) 10 temperatures cycles between 8 °C–18 °C cycles
were imposed, (3) shearing.

3.2 Preliminary Laboratory Results

The interface friction angle was calculated from the three monotonic tests at 8 °C, 13 °C
and 18 °C and for the cyclic test 8–18 °C (Fig. 3a). The calculated interface friction

Table 2. Fontainebleau sand properties (Pra-ai 2013).

d50* (mm) Gs* (g/cm3) emax* (−) emin* (−) Cu = d60/d10* (−)

0.23 2.65 0.866 0.545 1.72

*d50 - mean diameter, Gs - particle density, emax - maximum void
ratio, emin -minimum void ratio, Cu - coefficient of uniformity
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angle for all of the tests is equal to 24.5° ± 0.7°. This value is lower than the soil
internal friction angle (36°) which confirms that the shearing occurs at the interface
rather than in the soil. A standard variation of 0.7° of the interface friction angle
indicates that there is no influence of temperature on the shear strength mobilization for
the sand concrete interface.

During the thermal cyclic test (8–18 °C), the volumetric strain ev shows cycles with
an amplitude in the range of 0.25% which qualitatively highlight a thermo-elastic
behavior. However, an accumulation of negative strains is registered (Fig. 3b). This
result was interpreted by small grain rearrangement and gradual volume reduction
(a dilating phase during heating is followed by a contracting phase during cooling for
each cycle) leading to an overall contraction of the sample. It may explain the slightly
higher interface friction angle obtained for this series of tests.

4 Conclusions and Perspectives

Energy piles represent an economic and sustainable energy source for space
heating/cooling. The preliminary experimental results available for the 3 instrumented
piles from Sept Sorts show that seasonal temperature variation is limited to the first 5 m
of soil after which the temperature remains constant, around 13 °C. This temperature is
higher than the air temperature in winter and lower than the air temperature in summer
and the temperature difference can be used as a heat source/sink (depending on the
season) thus providing proof of concept. Additionally the, effect of cyclic temperature
changes on the soil-pile (sand-concrete) interface was studied in the laboratory using an
interface direct shear device adapted for thermo-mechanical loading. The effect of
temperature on shear strength is low and the temperature cycles result in an overall low
contraction of the sand.

In perspectives, data acquisition in Sept-Sorts is still running and the heat pump has
been activated in the water treatment plan in December 2017. The evolution of

Fig. 3. (a) Interface friction angle; (b) Volumetric deformation during cyclic thermal loading for
a normal stress of 50 kPa.
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temperatures and strains, in the 3 instrumented piles in Sept Sorts, are now being
monitored in geothermal conditions. Moreover, interface direct shear experiments are
programmed on various clayey and sandy soils, and especially soils from Sept-Sorts, at
different temperatures and loading conditions in the laboratory. This new series of
experiments will help to understand the relationships between the temperature and
shearing behaviour of a large panel of natural soils. Future in-situ and laboratory tests
will participate to improve the design of more efficient energy piles.
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Abstract. Shallow geothermal technologies have proven to efficiently provide
renewable energy for heating and cooling. Recently much attention has been
given to utilising sub-surface structures, primarily designed for stability, to also
transfer heat to and from the ground, converting them into energy geo-
structures. This work investigates the potential of applying this technology to
the geo-structures of underground train stations in the city of Melbourne
(Australia) to fulfil some of their heating and cooling demands. The diaphragm
retaining walls and slabs that form part of a case study station are designed to
also incorporate geothermal pipe loops. A finite element numerical model
comprising the station walls and slabs is presented and used to investigate the
thermal performance of these systems, for the temperate climate and geological
conditions of Melbourne, adopting an expected lifespan of at least 25 years. The
technical applicability of this technology is discussed for different thermal load
scenarios, showing the importance of thermal storage and the balanced distri-
bution of the thermal load.

1 Introduction

With energy demand rising and the necessary movement towards cleaner sources of
energy, significant attention has been given to shallow geothermal technologies, which
can very efficiently provide thermal energy for heating and cooling buildings (Johnston
et al. 2011). Traditionally, these technologies use boreholes or trenches, incorporating
piping with a circulating carrier fluid, to form ground heat exchangers (GHEs) that use
the ground as a heat sink/source (Florides and Kalogirou 2004). However, traditional
GHEs come with high capital costs either due to drilling or the land space require-
ments. To overcome this drawback, a relatively recent alternative approach incorpo-
rates the piping loops in underground structures that are primarily designed for
stability, such as tunnel linings, pile foundations or retaining walls (Brandl 2006,
2016). This makes energy provision a secondary function for these (energy) structures,
but also introduces limitations to the geothermal designer, making the provision of the
entire energy demands not guaranteed and instead encourages the use of a hybrid
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system (Mikhaylova et al. 2016; Aditya et al. 2018), that incorporates energy structures
with other auxiliary (conventional) heating and cooling systems.

The most well researched energy structure has been energy piles (Loveridge and
Powrie 2013; Cecinato and Loveridge 2015), most likely due to the similarities with the
traditional borehole. However, little research exists on the applicability and use of
energy retaining walls (Bourne-Webb et al. 2016; Di Donna et al. 2016), which
compared to energy piles, introduce an important difference, since walls are not all
surrounded by soil, but instead one side of the wall faces the interior of the under-
ground building (such as an underground train station’s platform), as depicted in Fig. 1.
There is currently limited information regarding how energy retaining walls can be best
utilised, especially regarding long-term thermal performance. This study examines the
suitability of energy diaphragm retaining walls for an underground train station based
in the city of Melbourne, Australia, and presents a novel analysis focusing on thermal
performance for two different geometrical configurations over an operating period of 25
years.

2 Methodology

This study focuses on the thermal performance of energy diaphragm retaining walls.
The main research questions relate to the importance of the thermal load distribution on
the more thermally constrained energy retaining walls, as well as the benefits of adding
piping in the bottom slab as well as the retaining walls. To perform this research 3D
finite element modelling has been developed and used, adopting an experimentally
validated methodology developed at the University of Melbourne (Bidarmaghz 2014).
This approach is implemented using the software package COMSOL and couples the
governing equations of heat transfer (energy balance) and fluid flow (momentum and
continuity), modelling the heat transfer primarily by conduction (ground, concrete, pipe
walls, partially in circ. fluid) and convection (circ. fluid). This methodology has been

Fig. 1. Schematic top view of energy piles and energy retaining walls (not to scale)
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experimentally validated with both traditional systems, as well as energy structures
(Bidarmaghz et al. 2017; Bidarmaghz and Narsilio 2018).

The modelling, geometry and parameters used can be seen in Fig. 2 and Table 1.
As can be noticed, the symmetry boundary condition has been used in both XZ and YZ
planes to reduce the computational costs (the latter conservatively assuming an infinite
wall length along the x axis). Moreover, a constant undisturbed temperature of 18.5 °C
is used at the far boundary, assuming that the heat transfer will not influence the ground
at this distance. The bottom surface is modelled as a no heat flux boundary (i.e.,
thermal insulation), assuming negligible bedrock heat flux. Finally, the surfaces of the
wall and slabs inside the station have also been modelled as thermally insulated, to
avoid thermal leaking in/out of the station, even though this technique may result in
additional capital costs. A detailed investigation on the boundary conditions for these
surfaces can be found in (Makasis et al. 2018). Regarding the geometry, it is worth
noting that the pipes in the wall have 275 mm cover on the ground side while the ones
in the slab have 156 mm cover on the bottom and 100 mm cover on each end along the
y axis.

Fig. 2. Finite element modelling: overview (a), detail (b), model geometry in the XY (c) and ZX
(d) planes
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A crucial parameter for the modelling is the thermal load distribution, representing
the amount of thermal energy the system needs to provide. Figure 3 shows two thermal
load distributions adopted for this work. The first one (original) represents typical
requirements for an underground train station in Melbourne, Australia, those being
heavily cooling dominant due to the large amounts of heat generated by the trains,
plants and commuters. It should be noted that this distribution represents 100% of the
heating demand for the entire station and 20% of the cooling demand, with the rest
being supplemented using auxiliary means (such as chillers and cooling towers). The
second one is a modified balanced version of the first (equal amounts of cooling and
heating) where additional heating is supplied. Since the station has no need for more
heating, this additional heating is assumed to be supplied to nearby buildings, such as
schools, hospitals or apartment blocks amongst others. In all cases, the thermal load is
equally distributed over 67 diaphragm wall pipe loops and (if applicable) 33 slab loops
of the entire (about 200 m long) train station.

Table 1. Modelling parameters

Parameter Value Unit Description

kground 3.4 W/(mK) Effective thermal conductivity of ground (from TRT)
qground 2400 kg/m3 Density of ground
Cp ground 830 J/(kgK) Specific heat capacity of ground
Tfarfield 18.5 °C Average annual ground temperature
kconcrete 2.1 W/(mK) Thermal conductivity of concrete
qconcrete 2250 kg/m3 Density of concrete
Cp concrete 890 J/(kgK) Specific heat capacity of concrete
kfluid 0.58 W/(mK) Thermal conductivity of carrier fluid
qfluid 1000 kg/m3 Density of carrier fluid
Cp fluid 4180 J/(kgK) Specific heat capacity of carrier fluid

Fig. 3. Annual thermal load distributions
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3 Results and Discussion

The results of the numerical simulations are presented Fig. 4, showing the average fluid
temperature within the pipes (average of inlet and outlet of header pipe) over an
operating period of 25 years. In the geothermal design of these systems, it is crucial that
this temperature range is within the acceptable operating limits of the heat pump, as
well as that they are not extreme such that can cause, for example, freezing in the
ground. Therefore, in this work, the fluid temperatures are to be restrained between 0 °C
and 40 °C, the latter of which is indicated on the figures for reference. Furthermore, the
first figure shows the results when geothermal piping is implemented only in the dia-
phragm walls while the second when geothermal piping is implemented in both the
diaphragm walls as well as the bottom slab. This shows the relative improvement on the
system performance, by the addition of the slab, with an average lowering of about 1 °C
in the maximummean fluid temperature. Finally, each figure presents the results for both
thermal load distributions presented in Fig. 3, as well as variations of the original, where
the cooling load provided is reduced to make the design technically feasible (since
providing 100% of the original thermal load results in temperatures over 40 °C).

Looking at Fig. 4(a), it can be seen that only about 80% of the original thermal
demand can be satisfied, assuming that the system will stop running after 25 years to
restore the thermal balance. This is because of the cooling dominant nature of the
thermal load, with heat being continuously extracted from the station towards the
ground, where it keeps accumulating, increasing the ground temperatures. This heat
accumulation will make the operation of the geothermal system less efficient over the
years as the temperatures become higher. Using the balanced load, on the other hand,
results in a greatly improved system performance with the fluid temperatures kept
stable, approximately between 7 °C and 25 °C. Since equal amounts of heat get
injected to and extracted from the ground, thermal equilibrium is preserved each year
and there are no thermal accumulation effects in the long term. Due to these reasons, a
system adopting the balanced thermal load would also comfortably run for much
longer periods of time.

Figure 4(b) shows similar results, with only about 85% of cooling being comfort-
ably provided when the original thermal load is considered, while using the balanced
thermal load results in a stable performance with the fluid temperatures fluctuating
approximately between 10 °C and 24 °C. Therefore, the addition of the slab piping
improves the performance of the system, by shifting the fluid temperatures away from
the upper and lower limits (reducing the max and increases the min). In this particular
case, it would allow the system to provide about 5% more cooling energy for the
original load case. However, in the case where the extra heating could be supplied to
balance the load, adding geothermal pipping in the slab would not result in significant
improvements. Even though the fluid temperature extremes are reduced/increased by 1
to 3 °C, the temperature range without the slab piping is already acceptable and
therefore the improvement would only be in terms of the coefficient of performance
(COP), meaning that less electricity would be required to run the system, and therefore
resulting in a small reduction in the operational costs. To properly quantify the benefits
of adding the piping in the slab, a thorough analysis of the relevant cost is required,
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taking into account the relative novelty of this concept and therefore the associated risks,
as well as the benefits, both monetary and environmental (such as providing more
renewable energy).

The investigation shows that a large portion (80–85%) of its target cooling demand
(or 16–17% of total station demand) can be provided by the energy walls (and slabs).
However, the fluid temperatures keep rising, indicating that the system can only run for
a finite amount of time, before requiring shutting down for some time, to restore the
thermal state of the ground. On the other hand, balancing the thermal load not only
results in a much better running system, but also would be less costly to operate and

Fig. 4. Results for geothermal piping implemented in diaphragm walls only (a) and in
diaphragm walls and bottom slab (b)
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would be able to run for much longer time. Moreover, the resulting fluid temperature
ranges suggest that if even more heating demand existed for the surrounding structures,
the system could be able to provide even more amounts of cooling, reducing the energy
dependencies on auxiliary systems (for example 200% of the target cooling, or 40% of
the total station cooling demand).

4 Conclusion

This work briefly presented an investigation on the use of diaphragm retaining walls as
energy structures to provide geothermal energy for space heating and cooling purposes.
An underground station in Melbourne, Australia, was adopted as a case study and the
investigation focused on the importance of the thermal load distribution as well as two
potential designs, one incorporating the technology only in the diaphragm walls and the
second also adding it to the bottom slab of the station.

The thermal load investigation showed that this is a crucial parameter to energy
retaining walls, likely more significant than for traditional boreholes or energy piles,
due to the more limited available ground. An evaluation of the maximum feasible
amount of thermal energy that can be provided for a typical underground station in
Melbourne, showed that the system could only provide 80–85% of its initial target
cooling demand (16–17% of the total cooling of the station) eventually overheating the
ground, due to the cooling dominant load. On the other hand, balancing the thermal
load by providing equal amounts of heating, transferred to nearby buildings, resulted in
a much better running system that would be less costly to operate, be able to run for
much longer time and could almost certainly exceed the initial target demands, given
that sufficient heating demand is also present. Thermally activating the bottom slab
marginally improves the system performance. However, these benefits may not out-
weigh the additional capital costs associated and a cost-benefit analysis should be
undertaken for a definite position.

Overall, even though the thermal energy availability for energy retaining walls is
lower than other structures, this investigation shows that there is potential in their
application. The thermal load distribution will be a key factor on the viability of these
structures and ideally the possibility of providing equal amounts of heating and cooling
should be seriously considered, perhaps by providing heating to nearby buildings on
the surface, since it very significantly affects the performance of the system, potentially
solely determining its viability.
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Abstract. Heated bridges using hydronic systems with PEX pipes embedded in
the concrete deck are often used to remove snow and ice. In practice, State
Department of Transportations (DOTs) are often resistant to use the hydronic
heating due to its risk of pipe leaks. This paper concerns the design and tests of
copper CO2 heat pipes that can be used in the heated bridge to avoid the leak
hazard and improve heating efficiency. A single heat pipe is developed using a
sealed copper tube filled with pressurized CO2 at constant room temperature.
The single CO2 heat pipe is designed and verified in the lab to work for the
temperature range provided by working temperature of extracted fluids from an
underground geothermal well and freezing temperature during snow events. The
system is tested inside an environmental chamber and demonstrates its superior
heating performance as compared with its counterpart. CO2 heat pipes have a
great potential to improve significantly heating efficiency and minimize the
environmental impact of geothermal heated bridges.

1 Introduction

PEX (cross linked polyethylene) pipes are commonly used as the pipe materials for
hydronic heating systems in bridges and pavements for deicing purpose. PEX pipes
have the advantages of being noncorrosive, lightweight, flexible, and structurally sound
(Lund 2000). However, the hydronic systems have a risk of potential catastrophic
failure due to leaky pipes (Fliegel et al. 2010). An innovative alternative to the PEX
pipe, a carbon dioxide heat pipe, was applied by Kruse (1998) as earth probes of
coupled heat pumps. Performance comparisons of two 100 m deep earth probes with
brine or CO2 as heat carrier was shown by Kruse and Rüssmann (2010). Zorn et al.
(2008) designed and built a ground coupled heat pipe with the working medium CO2.
Pumanertkul et al. (2017) presented a new design of heat pipe with carbon dioxide as
working fluid to extract thermal energy from the geothermal reservoir. They showed
the feasibility of the heat pipe for low-temperature geothermal reservoir. However,
there is no information about the application of the carbon dioxide heat pipe in bridge
deck deicing. This paper presents the laboratory design and evaluation of a single CO2

heat pipe that can be used for heated bridge decks.
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2 Design of a Single Heat Pipe

The heat pipe includes a K-type hard drawn copper tube with a diameter of 0.5 in. It
can resist pressure as high as 1000–1500 psi. The working fluid is CO2. As shown in
Fig. 1, the tube has a tee joint at the top end, whose two sides are attached with a
pressure gauge and a pressure control valve. The CO2 inside the heat pipe is acquired
from dry ice, the solid form of CO2. The dry ice is fed into the heat pipe through the
bottom end of the tube, which is capped after the filling is completed.

Two requirements should be satisfied to assure that the developed heat pipe can be
used to efficiently heat bridge deck. One end of the heat pipe will be submerged into
heat carrying fluids circulated inside pipes from underground geothermal boreholes.
The rest of the pipe will be attached to the bridge deck bottom to heat the bridge. CO2

at the heating end will change from liquid to gas to absorb heat. The CO2 gas will move
to the cool bridge side and change to liquid due to condensation. The concrete deck
quickly absorbs the heat due to the condensation process.

3 Relationship of Internal Pressure with the Volume Ratio
of Filled Dry Ice

Dry ice has a temperature of −78.5 °C or below. After it is added to a heat pipe which
originally had the ambient temperature, the temperature of the tube immediately
decreases. After the dry ice phase change was completed, the pipe’s temperature
gradually increases towards ambient temperature, and the pipe pressure also rises.

Fig. 1. Schematic of our heat pipe
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As shown in Fig. 2, at 1 atm (about 1 bar, or say 14.7 psi), dry ice turns into gas
when the temperature is −78.5 °C or above. The heat pipe in this research was placed
in an environment with temperature variations from −10.0 to 25.0 °C. To obtain the
desired liquid phase in this temperature range, it was vital to ensure that the pressure
inside the heat pipe was above 5.19 bars (about 5.12 atm, or say 74.9 psi). Therefore,
the tube was filled with various amounts of dry ice to examine whether such a high
pressure could be obtained by this means.

Heat pipes with three different lengths, 48, 32, and 16 in., and diameters of 0.5 in.
were fabricated and tested. Each heat pipe was a closed system. After installation, the
system was tested for leakage by submerging it in a water bath.

The mass density of dry ice is about 1.5 g/cm3. The volume ratio between the dry
ice and the tube was varied for each of the three pipes to determine the corresponding
relationship of the internal pressure with the volume ratio. Figure 3 shows an example
results of the 48 in. long pipe. In this test, the heat pipes were not heated; they were just
exposed to an environment with a temperature of 22 °C. These results were compared
with the ones predicted using the van der Waals equation (Reid et al. 1987):

Pþ an2

V2

� �
V � nbð Þ ¼ nRT :

(See Table 1 for the meaning and value of each mathematical symbol.)
Three major points were observed from the experimental results (Fig. 3). First, the

relationship between the internal pressure and the volume ratio varied very little for the
three heat pipes. This indicates that the internal pressure mainly depends on the volume
ratio, not the length of the pipe. Accordingly, in subsequent applications, the 48 in. heat
pipe was adopted, since it can heat a larger area than the other two sizes of pipes.
Second, when the volume ratio was 10% or higher, the internal pressure was above
650 psi, which is much higher than the required value of 74.9 psi, implying that a
liquid phase of CO2 may have existed in each pipe. Third, the internal pressure

Fig. 2. Phase diagram of CO2 (Zorn et al. 2008)
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dramatically increased when the volume ratio increased from 10 to 18%, but it
remained at a constant of about 900 psi as the volume ratio increased to above 18%.

The theoretically-predicted pressures were about 34 to 159 psi higher than those
determined experimentally. Since the difference between the corresponding values did
not exceed 15%, the van der Waals equation was applied to roughly estimate the
internal pressure inside a heat pipe. When this equation was used to calculate the
internal pressure, it was assumed that all of the dry ice had become gas. However, in
practice, the amount of gas is probably less than the assumed one, since the heat pipe
may also have the liquid form of CO2 inside its tube, which lowers the internal
pressure.

Fig. 3. Relationship of experimental and theoretical pressures with volume ratio (48 in.)

Table 1. List of properties and their values used in the calculation of theoretical pressure

Terms Property Value Unit

P Pressure – psi
n = m/M Number of moles – mol
m Mass of dry ice Vary g
a van der Waal’s coefficient 3.61 L2 * bar * mol−2

b van der Waal’s coefficient 0.0429 L * mol−1

R Gas constant 83.145 J * K−1 * mol−1

T Ambient temperature 295.15 K
M Molar mass 44.01 g/mol
V Internal volume of pipe 258 cm3
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4 Optimization of Performance by Changing Volume Ratio
of Dry Ice

The 48 in. heat pipe was tested at an ambient temperature of 5–8 °C to examine the
effect of the volume ratio on the temperature distribution at the cold end of a heat pipe.
The tube was submerged 8 in. from the bottom of a water tank that had a constant
temperature of 21 °C; the remaining body of the tube was exposed to ambient tem-
perature. The volume ratio of dry ice in the pipe was varied to obtain optimal per-
formance of the pipe. The results are depicted in Table 2. The pipe was first filled with
13% of dry ice. After 30 min, the temperature difference between the two ends was
about 3.5 °C. The maximum temperature attained was 16.5 °C, near the spot where it
was submerged. In contrast, when the pipe was filled with 18% of dry ice, there was
only 1 °C of difference between the two ends of the pipe; if the volume ratio was 23%,
there was no temperature difference. Thus, in our subsequent tests, the volume ratio
selected was approximately 23%.

5 Comparison of a CO2 Heat Pipe with a Hollow Copper Pipe

In an effort to understand the difference in heat transfers when the heat pipes were filled
with and without CO2, the variations of temperature with time in the 48 in. heat pipe
were tested by using an open-ended pipe that was filled only with air (Fig. 4). For
simplicity, the heat pipes filled with CO2 and air are referred to as “CO2 pipe” and “air
pipe,” respectively.

5.1 Testing Results Using Thermocouples

At an ambient temperature of 5–8 °C, the air and CO2 pipes were both submerged 8 in.
inside a water tank with a temperature of 33–34 °C. The volume ratio of dry ice in the
CO2 pipe was about 25%. Eight thermocouples were attached to the two pipes at four
locations. The thermocouples were placed to divide the pipes into four equal parts, as
can be seen in Fig. 4. The temperature values were recorded every 10 s. At t = 6 min.,
the CO2 heat pipe reached its steady state of temperature distribution (Fig. 5). In this
state, the temperature distribution on the CO2 pipe was almost uniform. It had an
average temperature of 28 °C, and there was only a 2 °C difference between the tem-
peratures of the two ends of the pipe. In contrast, the air pipe had a high-temperature

Table 2. Performance test of the 48 in. heat pipe with different dry ice volume ratios

Test
sequence

Volume
percentage of dry
ice (%)

Water tank
Temp. (°C)

Ambient
Temp. (°C)

Maximum
Temp. (°C)

Pressure in
heat pipe
(psi)

Time
span
(min.)

1 13 21. 0 7. 5 16.5 750 30
2 18 21. 0 7. 5 20.0 900 30
3 23 21. 0 7. 5 21.0 940 30
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gradient. At t = 15 min., it reached its steady state of temperature distribution. Position
1 had a maximum temperature of 23 °C, while the temperature of the other locations
ranged from 9 to 11 °C.

6 Summary and Recommendations for Future Work

In this paper, CO2 heat pipes were designed and tested. According to the testing results,
when the volume ratio of added dry ice was 23 to 25%, heat could be moved efficiently
by using a CO2 heat pipe. Within 6 min, the cold end of the heat pipe could reach the
same temperature as that of the hot end, and the temperature distribution was almost
uniform. It was also found that the van der Waals equation can be applied to roughly
evaluate the internal pressure inside the heat pipe. Future work will include an in-situ

Fig. 4. (a) Image of the CO2 and air pipes. (b) Schematic of the setup. Numbers 1’ through 4’
denote four locations on the CO2 pipe, while 1 to 4 are their counterparts on the air pipe.
Thermocouples were placed at eight locations to measure the corresponding temperatures.

Fig. 5. Temperature changes of thermocouples attached to the CO2 and air pipes at four
locations
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observation of phase changes inside a heat pipe to gain a better understanding of the
heat transfer mechanism inside the pipe, and the application of the multi-pipe system to
a bridge sample.

Acknowledgment. This study is funded by the Texas Department of Transportation.

References

Reid, R.C., Prausnitz, J.M., Poling, B.E.: The Properties of Gases and Liquids, 4th edn.
McGraw-Hill, New York (1987)

Fliegel, J., Flyer, J., Katz, M., Le, A., Ngo, T., Roberts, K., Santoro, A., Sun, C., Weyforth, T.:
Design and evaluation of a retrofittable electric snow melting system for pavements.
Gemstone Program Final Report, University of Maryland, College Park, MD, p. 118 (2010)

Kruse, H.: Patent Application No. DE19860328A1 by the German Patent Office (1998).
Accessed 20 Mar 2017

Kruse, H., Rüssmann, H.: The status of development and research on CO2 earth heat pipes for
geothermal heat pumps. In: International High Performance Buildings Conference at Purdue
2010, vol. 3493, pp. 1–8 (2010)

Lund, J.W.: Pavement snow melting. Geo Heat Center Q. Bull. 21(2), 12–19 (2000)
Pumanertkul, C., Yamasaki, H., Ymaguchi, H., et al.: Supercritical CO2 Rankine cycle system

with low-temperature geothermal heat pipe. Energy Procedia 105, 1029–1036 (2017). https://
doi.org/10.1016/j.egypro.2017.03.448

Zorn, R., Steger, H., Kölbel, T., Kruse, H.: Deep borehole heat exchanger with a CO2

gravitational heat pipe. In: GeoCongress 2008: Geosustainability and Geohazard Mitigation,
pp. 899–906 (2008). https://doi.org/10.1061/40971(310)112

Development of a CO2 Heat Pipe for Hydronic Heated Bridge Decks 57

http://dx.doi.org/10.1016/j.egypro.2017.03.448
http://dx.doi.org/10.1016/j.egypro.2017.03.448
http://dx.doi.org/10.1061/40971(310)112


Static Load Testing of Short Pile
and FEA Simulations for Utility-Scale

Solar Energy Project

Jing Li1, Dongyuan Wang1,2(&), and Hongbin Huo2,3

1 Department of Geotechnical Engineering,
Southwest Jiaotong University, Chengdu City, China

Dongyuan.wang@gmail.com
2 RRC Power and Energy, LLC, Round Rock, TX, USA

3 College of Engineering, China University of Geosciences, Wuhan, China

Abstract. The total installation capacity of solar energy in the U.S. reached
2,000 MW in 2011 and exceeded 14,000 MW in 2016, respectively. Falling
construction cost made the utility-scale solar energy affordable. This paper
presents the details of pile load testing that is widely used in industry to help
reduce the construction cost. Simulations using finite element analysis for the
static pile load testing were carried out, and simulation results were compared
with on-site testing data. Interpreted design parameters based on single tested
pile and parameters obtained from codes were compared.

1 Introduction

Utility-scale solar power has much larger project size, typically defined as those
10 MW or larger, than distributed generation, and the electricity is sold to wholesale
utility buyers. To support and maintain the solar units operate successfully, a ground-
mounting system is necessary to be designed and built during the construction phase.
Figure 1 shows such ground mounting system, foundations and posts supporting the
trackers which hold the solar panels.

The total installation capacity of solar energy in the United States reached
2,000 MW in 2011 and exceeded 14,000 MW in 2016, respectively. The cost of
construction decreases made the solar power more affordable. Corresponding to the
increase of total installation of solar energy, statistical data (Fu et al. 2016) indicated
that the cost of solar power decreases from $4.46/W in 4th quarter of 2009 to $1.42/W
in first quarter of 2016. Based on our observations in engineering practice, cost-
effective foundation greatly helped construction savings involved in utility-scale solar
power. This paper aims to introduce how the pile load testing program is performed for
utility-scale solar power project. Based two case studies of utility-scale solar power
projects, simulations using Finite Element Analysis (FEA) were carried out and
compared with the on-site testing data. Factors affecting the interpretation of pile
design parameters based on site testing data were discussed, and then interpreted design
parameters based on testing data and code were compared.
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2 Static Pile Load Testing Program for Utility-Scale Solar
Project

Foundation design procedure for solar projects is not different from conventional
foundation design. However, it has its own characteristics. One of them is that PV
power plant usually utilizes a very high number of relatively small and short piles
(Donaldson and Brearley 2015). Moreover, the panel trackers have stringent allowable
vertical and lateral movement for piles, which is usually refereed to 12.5 mm or less in
practice. Since the amount of short piles are used to mount the solar system, the project
cost is very sensitive to the pile design parameters, and thus static pile load testing is
widely adopted in industry to obtain the quality data.

As shown in Fig. 1, concrete piers, H-Piles or W-Piles are frequently used in
utility-scale solar projects to mount the solar system. Pile load testing is usually
required and performed for H-pile foundations.

Procedure of pile load testing in solar project is referenced to pertinent ASTM
standards for conventional deep foundations under static axial tensile load and under
lateral load. However, both axial and lateral pile load testing for solar projects are
modified to satisfy the objective of the specified testing program, including the num-
bers of testing piles, installation, reaction and applying pile load, load durations, etc.

A detailed testing plan shall be made first, which includes pile testing locations,
types (tensile, compression or lateral), pile configurations, as well as the details for pile
installation, load application and data record. Typically, the testing piles and installa-
tion methods shall be the same as production piles, and the maximum of the testing
load shall be at least two times of the design loads. The increment of the testing load
usually use 20% or 25% of the design load, and one minute duration is recommended
for normal procedure but when the testing load reaches 100% of the design load, a
longer duration is preferred. After that, unload completely and resume the procedure to
the maximum testing load.

Static pushing method is usually adopted for H-pile or W-pile driving for solar
projects. No specific requirement for testing pile installation machine but it is preferred
to use the same driving machine and the same installation method as for production
piles. Combination of backhoe or forklift with hydraulic jack or pull cylinder with
pump is frequently employed to provide testing load or reaction.

Fig. 1. Foundations typically used to mount solar panels
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Compression load cells, tension load indicators, vertical displacement and hori-
zontal deflection indicators are installed to record the data, while shackles and flange
clamps, reference beams, tripod, are also often used to transfer loads or help to record
data. Setup for shackles and flange clamps are necessary, and pre-loading is usually
needed to ensure the direction of the applied loads. Even the allowable movement and
its influence on the load direction is very small, caution shall be given to keep the load
in the same direction as initially applied. Figure 2 shows photos of pile load testing
conducted on utility-scale solar project sites.

3 Static Pile Load Testing and Numerical Simulations of Two
Case Studies

Two case studies for solar power can be used to illustrate static pile load testing and
numerical simulations. The two projects were geographically located in Texas and
California, and the proposed solar power facilities comprise 180 MW(ac)/243.42 MW
(dc) and 60 MW(ac), respectively. Wide flange piles with specification W6x8.5 were
used for both projects to mount the solar panel trackers; group effects of piles were
avoided by deliberate design in comply with Table 7-23 (FHWA 2016). Subsurface
materials encountered predominantly are clay and silty clayey sands for the two pro-
jects, respectively. The Standard Penetration Testing (SPT) blow count value N for clay
subsurface stratum varies from 16 to 62 with depths ranging from 0.6 m to 3.5 m,
while N for silty clayey sand subsurface varies from 2 to 28 with depths ranging from
0.6 m to 5.0 m (RRC 2017), no shallow groundwater encountered for both sites.

3.1 Pile Load Testing, Data and Interpretation

Static pile load tests were performed for the above projects. Table 1 summarizes the
details for the pile load testing program. Testing data including loads, duration, dis-
placements in one or two measuring gauges for each testing cycle were recorded during
the testing process. Graphs corresponding to the recorded data were generated to make
analysis convenient.

Fig. 2. Photos of pile load testing (left: uplift, upper right: compression, lower right: lateral.
Courtesy of RRC power & energy, LLC)
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Interpretation for the testing data based on compression and uplift load testing data
for axial skin friction and end bearing capacity is almost the same as those for con-
ventional pile foundations except much higher number of testing piles. Typically,
envelopes covering most of the testing data are used for interpretation of skin friction.
Lpile®, a p-y curve-based computer program, which is widely used to analyze the pile
deflection in design, is utilized to calibrate the recorded data of lateral pile testing with
Trial-Error approach.

3.2 Numerical Simulations

In-situ pile testing is costly and time-consuming.
To validate the real pile testing results and
explore on the influences of testing factors,
simulations to the pile testing were conducted by
using 3-D Finite Element Analysis (FEA)
method with Midas NX. The simulations mimic
static load testing with short W 6X8.5 piles
embedded in clay and clayey sand, respectively.

Figure 3 shows the 3-D Finite Element
Analysis model for simulations of static pile
load testing. The pile was modeled as 1-D
embedded trusses element. Ground boundary
was set to the soil body while no boundary was
set to the pile. Testing loads, i.e., compression,
uplift and lateral force, were applied at the same
place as real pile testing. The following con-
struction stages were used in simulation:
(1) Installing pile by activating all meshes of
pile and soil body, activate boundary condi-
tions; clear displacement; (2) Each load incre-
ment was simulated by each construction stage. When simulating pile testing, activate
all these stages.

Unfortunately, the duration of pile testing load applied on the pile was not able to
be simulated.

Table 2 summarizes the parameters used for 3-D FEA simulations of the pile
testing. Based on the SPT N values in different soil types, friction angle for sand was
interpreted with Eq. (1) (Das 2000):

u ¼ 27:1þ 0:3N� 0:00054N2 in degreeð Þ ð1Þ

Undrained shear strength of clay was interpreted with Terzaghi and Peck (1967) by
using

Su ¼ 6:25N in kPað Þ ð2Þ

Fig. 3. 3-D finite element model for
pile testing
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Table 1. Summary of the two case studies of pile load testing for solar power

Item Project in Texas
Compression Uplift Lateral

Embedment (m) 1.5 1.5, 2.1 1.5, 2.1
Number of testing piles 21 39 40
Pile design capacity (kN) 12 8 6.7, 8.5
Max. loads applied for
testing (kN)

48 32 13, 17

Testing load increment 25% 25% 25%
Testing load duration
(Sec.)

60 60, 120 at 100% Load
Increment

60, 120 at 100% Load
Increment

Item Project in California
Compression Uplift Lateral

Embedment (m) 1.5 1.5, 2.1 1.5, 2.1
Number of testing piles 21 39 40
Pile design capacity (kN) 12 8 6.7, 8.5
Max. loads applied for
testing (kN)

48 32 13, 17

Testing load increment 25% 25% 25%
Testing load duration
(Sec.)

60 60, 120 at 100% load
increment

60, 120 at 100% load
increment

Table 2. Parameters used in 3-D FEA simulations for pile testing

Soil type
drainage
conditions

Soil
layers

Layer
bottom
(bgs, m)

SPT
N

Unit
weight c
(kN/m3)

Poisson’s
ratio

Cohesion
c (kN/m2)

Friction
angle /
(deg)

Elastic
modulus
(kPa)

Clay,
undrained

(1) 0.6 16 18 0.33 99.6 5 29877
(2) 1.5 16 18 0.33 99.6 5 29877
(3) 2.5 40 18 0.32 249.0 5 74693
(4) 3.5 42 18 0.32 385.9 5 115774
(5) 10.0 42 18 0.32 385.9 5 115774

Clayey
sand

(1) 0.6 2 18 0.35 0.0 28 5219
(2) 1.5 13 18 0.33 0.0 31 8571
(3) 2.5 28 18 0.30 0.0 35 13167
(4) 3.5 28 18 0.30 0.0 35 123167
(5) 4.5 26 18 0.30 0.0 35 12544
(6) 10.0 26 18 0.30 0.0 35 12544
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Modulus of Elasticity for different soils were interpreted with the following
empirical equations (Bowles 1996):

Es ¼ 500C in kPa; for clay with PI\30ð Þ ð3Þ
Es ¼ 320 Nþ 15ð Þ in kPa; for clayey sandsð Þ ð4Þ

3.3 Comparisons and Analysis of the Results

The FEA simulations were carried out using 3-D model and using the parameters
summarized in Table 2, which are based on a selected boring of each project. Similarly,
static pile load testing data near the same borings were selected. Figures 4, 5 and 6
summarize the comparisons of pile load testing data with FEA simulations for axial
compression testing, lateral testing and uplift testing in terms of load-deformation
relation, respectively.

The FEA simulation results and the real data of pile load testing generally showed
well-matched trend of the load-displacement relation. Discrepancies in magnitude were
observed, they may be induced by the variation in model parameters and construction
conditions. Figure 5 showed that when the compression load is less than 10 kN, the
FEA simulations generated larger deformation than the real data of pile load testing,
which implies that in this case, FEA simulation will be conservative than pile load
testing to interpret the compression skin friction and end bearing capacity. Moreover, it
is interesting to find that the FEA simulation always has larger deformations for clayey
sand but shows the opposite for clay when compression loads are greater than 10 kN.

Fig. 4. Comparisons of axial compression
testing with FEA simulations

Fig. 5. Comparisons of lateral testing with
FEA simulations
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10 kN is a load that is much higher than the required compression bearing capacity by
most solar-power facilities, thus, FEA simulations can be used to interpret the design
parameters for pile subject to compression loads.

Figure 6 shows the comparisons of FEA simulation and lateral pile load testing
which piles subject to horizontal loads. It is found that the testing piles have larger
higher deformations than FEA simulations. Moreover, it is worth noting that larger
gaps between the curves of FEA simulation and the pile load testing in clayey sand
subsurface than in clay. It is reasonable to conclude that construction disturbs sandy
soils more than clay, and the lateral displacement of piles is sensitive to the stiffness
and intact of the upper layer due to the short length.

4 Comparisons of Skin Friction Interpreted by Code
and Load Testing

Table 3 summarizes the pile design parameters interpreted with data of pile load testing
and code-based. Movement criterion 6.25 mm is used for clay site (Texas project) and
12.5 mm for clayey sand site (California project), which were both provided by the
manufacture of the tracker. These movement criteria are more stringent than typical
practice. The criteria limit the load mobilization fully and thus have a potential to
reduce the design parameters. Based on the data in Table 3, we can see that the skin
friction interpreted with pile load testing data is about 1.5 to 2.5 times higher than those
of the code-based. Although parameters based on this single pile testing data cannot be
applied to the whole site, significant cost saving from pile load testing can be expected.

Fig. 6. Comparisons of uplift testing with FEA simulations
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5 Conclusions

Typical pile load testing for utility-scale solar projects procedure and methodology
have been presented in this paper with two case study projects in Texas and California,
the United States. Filed measurements are compared with FEA simulation results,
interpretation of pile design parameters based on testing data and code are also com-
pared. Significant cost saving can be reached by carrying out pile load testing program
for utility-scale solar power projects.

Comparison between pile load testing and FEA indicates a general agreement in
terms of axial compression, uplift and lateral load applications. However, simulation
results and on-site pile load testing showed more specific observations.

(1) For compression test, FEA simulations always generate more deformation than
pile load testing for short H-piles or W-Piles. When the load is greater than certain
threshold, compression deformation in clay may be less than on-site tested, but the
threshold load is much smaller than typical need of solar power projects. Thus, if
no pile load testing program available, FEA simulation can be applied.

(2) FEA simulation is somewhat cumbersome to address construction conditions,
especially for sandy subsurface materials, which are easier to be disturbed by pile
construction.

(3) Regarding uplift test, FEA simulations have a trend that generating larger
deformations for clay but matching well with on-site testing data in sandy soil.

(4) Many factors may affect the final interpretation of pile load testing data. Based on
the single pile testing data, the interpreted design parameters are 1.5 to 2.5 times
larger than those code-based. The whole project shall look at the testing data of all
tested piles.

Table 3. Comparisons of interpreted pile design parameters (unfactored)

Bottom of
soil layer (m)

Texas project (predominant subsurface material: lean clay)

Load testing FHWA NHI-16-009
Uplift skin
friction (kPa)

End bearing
capacity (kPa)

Compression skin
friction (kPa)

End bearing
capacity (kPa)

0.6 84 3846 35 611
2.0 84 3846 32 2295
3.5 84 3846 32 2580
10.0 84 3846 32 2580

Bottom of
soil layer (m)

California project (predominant subsurface material: clayey sand)

Load Testing FHWA NHI-16-009
Uplift skin
friction (kPa)

End bearing
capacity (kPa)

Compression skin
friction (kPa)

End bearing
capacity (kPa)

0.6 28 3238 1 43
2.0 28 3238 12 1300
3.5 28 3238 22 2245
10.0 28 3238 33 3221
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Abstract. Given extensive study conducted to investigate the response of free
headed passive piles in sand subjected to lateral soil movement. The effect of
pile head fixity condition was not often considered and systematically studied.
For this reason, six tests were carried out on an aluminum pipes with a diameter
of 30 mm and wall thickness of 1.4 mm embedded in sand soil. A specially
designed apparatus for the laboratory model tests was manufactured to simulate
piles subjected to triangular profile shape of lateral soil movements. Two typical
pile head conditions (i.e., free and fixed headed conditions) and three different
movable to stable depth (Lm/Ls) ratios were considered in these tests. Ten pairs
of strain gauges attached at different locations along the pile shaft to measure the
bending moments and deformations developed along the pile length. The results
showed that the restrained of pile head (for fixed headed condition) leads to
reduce the maximum positive bending moment by (18–24%), as compared with
that of the free headed pile. Also the pile deflection and rotation along the shaft
of fixed headed pile were very different as compared with free headed case.

Keywords: Soil movement � Piles � Active � Passive � Bearing capacity

1 Introduction

The majority of pile foundations, in general are designed to provide resistance against
active load (vertical and horizontal) that applied directly to the pile head by a structure.
However, with the increased construction activity in the form of road embankments,
tunneling, deep excavations etc., piles are also subjected to passive load induced from
the soil movements. Besides, there are situations where pile foundations are used to
stabilize the moving slopes and liquefiable soils.

In all these conditions, the externally imposed ground movements will impart
additional forces, cause increase in bending moments and lateral deflections in piles
which may finally cause problems and even damage to the structure of piles (Pan et al.
2002 and Al-Abboodi et al. 2015). Lateral soil movement is more critical as pile
foundations are not designed to sustain important lateral loads (Bauer et al. 2014). One
of the most well-known damage caused by lateral soil movement was the collapse of a
thirteen-storey building in China in 2009 under nearby excavation works and surcharge
loading (Liang et al. 2013).
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Extensive model tests have been conducted on free headed single piles and pile
groups in cohesionless soil to investigate the response of pile under lateral soil
movement. Some test results have been published previously with respect to (1) axially
loaded piles subjected to rectangular (uniform) profile shape of lateral soil movement
(Guo and Ghee 2004, 2005); and (2) vertically loaded piles undergoing arc and tri-
angular profiles of lateral soil movement (Chen 1994; Guo and Qin 2010; Guo et al.
2005). Lingfeng (2005) studied the effect of pile head fixity condition on the behavior
of piles in clay soil subjected to rectangular profile shape of lateral soil movement.

2 Test Set-Up

A special experimental apparatus was designed for the current study to investigate the
effect of lateral soil movement on pile foundation. It consists of five main parts, i.e., a
steel box, a loading system, a sand raining system, model piles, and a measurements
system. Figure 1 shows the overall arrangement of the testing apparatus and all the
component details are presented below.

2.1 Steel Box

The designed steel box made of thick steel plate having a thickness of (6.5 mm) with
internal dimensions of (80 cm � 80 cm) and (80 cm) height was used to apply tri-
angular profile shape of lateral soil movements as shown in Fig. 2. Across the width of
the box, it was divided into two parts, upper part and lower part. The two parts were
connected by two hinges at the mid-height of the box. The upper portion is able to
rotate while the lower portion is fixed which makes the soil in the box is divided into
two layers (movable and stable). Four wheels were welded at the bed of the box in
order to allow the box to travel from underneath sand raining to under the pile jacking
system.

Fig. 1. Test setup Fig. 2. Steel box
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2.2 Loading System

Three mechanical jacks with capacity of 3 tons (for each one) were used to apply vertical
and horizontal loadings on the instrumented pile and the box respectively. The vertical
jack was used to drive the pile into the model ground. A load cell with a capacity of 5
tons was connected with the vertical jack to measure the load required to install the
model pile into the sand. The base of the first horizontal (near) jack was welded per-
pendicular to the near column of the frame in order to apply horizontal force on the near
upper part of the box. A load cell with a capacity of 5 tons was connected with this near
jack to measure the horizontal force acting on the near upper part of the box.

By turning the near jack, the near upper moveable part of the model steel box was
forced to rotate around its joints, and consequently causes the upper part of the soil in
the box to move. The moving soil thus is subjected to a triangular profile of horizontal
movement, with the maximum displacement at the soil surface and zero displacement
at the level of joints of the upper and lower parts. The base of the second horizontal
mechanical jack (rear jack) was welded perpendicular to the rear column of the frame to
control on the movement of the rear upper part of the box.

2.3 Pile’s Model

A hollow aluminum pipe of 30 mm outer diameter, 27.2 mm inner diameter and
1000 mm long with a bottom plugged was used as a model pile in this study. The
model pile in each test was instrumented with ten pairs of strain gauges attached along
it is shaft to measure the bending moments (at each pair location of the strain gauges)
induced by lateral soil movement as shown in Fig. 3.

2.4 Instrumentations and Measurements

Data logger, strain gauges and load cell were used in this study to measure the strains
along the pile shaft and load required to cause movement in the upper movable part of
the model box. A compact and handheld digital data logger (TC-32K) was used to

Fig. 3. Model pile instrumentation
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record and store data from strain gauge measurement for each pile test. TML strain
gauges type (FLA-5-23-3L) having a gauge resistance of 120 ± 0.3 Ohm was used to
instrument the model piles.

The strain gauges were fixed along the model piles using cyanoacrylate adhesive
(type CN). The strain gauges were then coated by 1 mm epoxy resin in order to protect
from damage during the pile driving and testing under lateral soil movement.

2.5 Sand Raining Device

A sand raining device was fabricated from timber pieces, having internal dimensions of
790 mm by 790, and 150 mm in height. The base of the sand raining consists of two
timber plates; the bottom is fixed while the top is moveable. The thickness of the timber
plates was 18 and 6 mm for fixed and moved respectively. The fixed plate was per-
forated with 6 mm diameter holes on a 40 mm by 40 mm grid pattern. The moveable
plate can slide along the slots on one side of the sand raining.

The results showed that, the variation in sand density was less than (0.15 kN/m3)
within the box for each sand falling height. The falling height of sand was selected as
400 mm, which gave a relative density of sand about 59%, and a unit weight of
15.6 kN/m3. Angle of internal friction.

2.6 Calibration of Strain Gauge

The strain gauges were calibrated by testing the instrumented pile as a simply sup-
ported beam under known applied bending moments. At the center of the beam (in-
strumented pile), dead loads and a pair of strain gauges were attached to apply bending
moment and measure the strain respectively. The main aim of this calibration was to
ensure an appropriate relationship between the strain gauge reading and the bending
moment. A linear relationship was obtained between the actual calculated bending
moment and the strain gauge readings for all piles used in this study.

3 Testing Program

Six model tests were conducted on single piles subjected to triangular profile shape of
the lateral soil movement in sand. These tests were carried out to investigate the effect
of pile head fixity condition on the lateral response of the model pile. Two pile head
fixity conditions (free and fixed headed) and three different ratios (300/350, 350/350
and 400/350) of embedded length in the upper sand (Lm) layer to the lower sand layer
(Ls) were used.

3.1 Test Results

A computer program written in MATLAB language was used to process and analyze
the data recorded from the data logger. The profiles of the rotation and deflection along
the pile were deduced by first and second order numerical integration of the bending
moment profiles respectively.
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3.1.1 Free Headed Test Results
Figure 4 presents the profiles of the bending moment along the pile shaft for free
headed pile subjected to different values of lateral soil.

3.2 Fixed Headed Condition

In order to investigate the effect of pile head condition on the response of pile subjected
to lateral soil movement, three tests were conducted on the same pile of free headed pile
except that the pile head was fixed against deflection and rotation. Figure 5a presents
the profile of the bending moment along the pile shaft for fixed headed pile subjected to
different values of lateral soil movements, Lm and Ls in this test were 400 mm and
350 mm respectively. The profile of the bending moment for the second test is shown
in Fig. 5b, Lm and Ls in this test were 350 mm and 350 mm respectively. Figure 5c
shows the profile of bending moment of the third test, Lm and Ls in this test were
300 mm and 350 mm. It can be noticed that, the bending moment profile for this test is

(a): Lm/Ls= 400/350                                                        ( b): Lm/Ls= 350/350

(c): Lm/Ls= 300/350
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Fig. 4. Bending moment profiles for free headed pile with different movable to stable depth
(Lm/Ls) ratios
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different from that of a free-headed pile. Because of the restrained of pile head, a quite
large negative bending moments are developed at the pile head and relatively small
negative bending moments are developed near the pile tip. Figure 5d shows the profiles
of the bending moment of free-headed piles and fixed-headed piles subjected to lateral
soil movement 60 mm for different Lm and Ls values. It can be seen that the negative
bending moment leads to reduce the maximum positive bending moment by (18–24%),
as compared with that of the free headed pile. The depth of the maximum positive
bending moment is shifted upward to be above the interface between the moving and
stable parts of the pile.

(a) Bending moment profile (Lm=400, Ls=350)          (b) Bending moment (Lm=350, Ls=350)

(c) Bending moment profile (Lm=300, Ls=350)      (d) Bending moment for free and fixedheaded 

Fig. 5. Effect of pile head fixity on bending moment

72 S. F. I. AlAbdullah and M. K. Hatem



The maximum shear force in the movable soil layer is seen to have increased
substantially and its location was also shifted upward (Fig. 6a). The distribution of soil
reaction along the pile shaft was also changed, with the value being increased sub-
stantially in the upper moving soil layer as shown in Fig. 6b. The pile deflection and
rotation along the pile shaft are also very different for the two pile head cases as shown
in Fig. 6c and d. Due to head fixity, the lower part of pile is seen to move substantially
in opposite direction to that of soil movement.

4 Conclusions

Laboratory model tests have been conducted on single piles subjected to lateral soil
movement in sand to investigate the effects of the pile end fixity on lateral response of
piles. The results of the tests indicate that the restrained of pile head (for fixed headed
condition) leads to reduce the maximum positive bending moment by (18–24%), as
compared with that of the free headed pile. Also the shapes of shear force, soil reaction,
deflection and rotation profiles along the shaft of fixed headed pile are very different as
compared with free headed case.

(a) Shear force profiles (b) Soil reaction profiles

(c) Pile rotation profiles                                                  (d) Deflection profile fors

Fig. 6. Pile responses for fixed (different Lm/Ls ratios) and free headed (Lm/Ls = 400/350)
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Abstract. This paper focuses on thermal improvement of soft clay under
moderately elevated temperatures. Since soft clay can contract when heated, as
is well known as thermal consolidation, heating of the ground can help con-
solidation of soft clay deposits. Although the temperature effects on consoli-
dation of soft clay have been previously studied by element-scale tests, spatial
heat transfer and its effect on consolidation are not fully understood. In this
study, we conducted element-scale consolidation test under different tempera-
tures up to 65 °C, to evaluate the temperature effect on the consolidation
characteristics of clays. Large-scale soil tank test with a cartridge heater installed
at the center was also conducted to assess uneven settlement of soft clay
associated with radial heating. Experimental results confirmed that thermally
induced volume change varies with the type of clay and a consolidation rate can
be enhanced by temperature elevation.

1 Introduction

Thermally active geosystems using renewable energy sources, such as biomass energy,
industrial waste heat and solar thermal energy, have been widely researched especially
in Western countries and in China in the last several decades (e.g. Navarro et al. 2017;
Rotta Loria and Laloui 2017; Ma et al. 2017). For a better understanding of thermal soil
behavior, the processes and soil properties governing coupled heat transfer and water
flow in soils as well as thermally induced changes in soil volume and pore water
pressure have been observed to play increasingly important roles (e.g. Towhata et al.
1993; Abuel-Naga et al. 2007).

Thermal ground improvement is also an important research topic related to the
energy geotechnics. The reclamation of soft soil sites is still a topic of interest due to
the economic benefits related to the expansion of coastal cities in small countries such
as Japan, because of limited land availability. For example, during construction of the
Kansai International Airport, which was opened in 1994 on a man-made island in
Osaka Bay, Japan, more than 2.2 million vertical sand drains fully penetrating the
17.3- to 24.1-m-thick soft Holocene clay layers and 430 million m3 of fill material were
used to drain pore water from the soft clay for prompt consolidation of the soft layers.
Because consolidation of such soft clay layers takes a lot of time and effort, time-saving
and cost-effective measures need to be further developed. Since permanent contraction

© Springer Nature Switzerland AG 2019
A. Ferrari and L. Laloui (Eds.): SEG 2018, SSGG, pp. 75–82, 2019.
https://doi.org/10.1007/978-3-319-99670-7_10

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99670-7_10&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99670-7_10&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99670-7_10&amp;domain=pdf


of soft clay can be expected, heating of the soft clay layers should accelerate consol-
idation when used with vertical drains (Abuel-Naga et al. 2006). Although thermal
consolidation of clays have been well studied, mechanisms and factors governing
thermal response of soils are not fully understood (Ghaaowd et al. 2017). In this study,
two laboratory tests were conducted for a better understanding of the consolidation
characteristics of clays having different Atterberg limits. The temperature effects on
consolidation parameters were discussed based on one-dimensional consolidation test
performed under different temperatures up to 65 °C. A large-scale consolidation test
system which can follow uneven settlement was newly developed and applied for
evaluating the consolidation of a soft clay layer radially heated by a heater.

2 Methodologies

2.1 Materials

In this study, we used commercially available two clay soils for the experiment. One is
kaolinite clay from BASF Corporation, and the other is Kasaoka clay from Tachibana
Material Co., Ltd. The geotechnical properties of the clays are summarized in Table 1.
Although both clays are classified as CH according to the Unified Soil Classification
System, they have different Atterberg limits and contents finer than 2 µm.

2.2 One-Dimensional Consolidation Test

One-dimensional consolidation test was conducted under constant temperatures and
incremental loading, according to the Japanese standard method (JIS A 1217:2009).
First, water contents were adjusted to 1.1 times the liquid limit of each clay material in
reference to water contents of actual dredged sediments. Second, the kaolinite clay and
the Kasaoka clay were filled in a consolidation cell having a diameter of 10 cm and a
height of 5 cm to achieve wet densities of 1.43 and 1.54 g/cm3, respectively. The cell
with clay was hit by a hammer to avoid the presence of air bubbles. A degree of
saturation higher than 95% was confirmed before the test. Third, consolidation pres-
sures were applied to the specimen via a bellofram cylinder.

Table 1. Basic properties of clays used

Kaolinite clay Kasaoka clay

Particle density (g/cm3) 2.58 2.68
Plastic limit (%) 30.2 24.6
Liquid limit (%) 77.0 58.5
Plastic index 46.8 33.9
Content finer than 2 µm (%) 92 43
Activity 0.50 0.78
Loss of ignition (%) 13.8 5.5
Major minerals SiO2 45.2% SiO2 56.0%

Al2O3 38.8% Al2O3 3.8%
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Figure 1 shows the whole apparatus of the consolidation test. Specimen tempera-
ture was controlled by adjusting water temperature by circulation of hot water in a tank
where the cell with a specimen were immersed. Consolidation pressures from 4.9 kPa
to 628 kPa were applied with a load increment ratio of 2 under temperatures of 23 °C,
35 °C, 50 °C, and 65 °C. These temperatures were determined by considering possible
elevation in ground temperature by circulation of hot water.

2.3 Large-Scale Soil Tank Test

We developed a new testing system shown in Fig. 2, for assessment of differential
settlement by radial heating of soil. The soil tank has 0.8 m in inner diameter and
0.75 m in height. A sheath heater installed at the center of the tank can heat sur-
rounding soil in the horizontal direction. Since a circular hole of 5.0 cm diameter is
equipped on the loading plate, the heat is not loaded and affected even during the
progression of consolidation with the help of this core-sheath structure. In addition to
conventional vertical loading using a screw jack and a loading plate, loading by air
pressure is also possible by this experimental system, as air can be supplied from an air
pump to a gap between the loading plate and the rubber membrane placed beneath the
plate. With the help of this loading system, overburden pressure on the surface can be
kept constant even if the magnitude of settlement varies according to a distance from
the heater surface. At a height of 10 cm from the bottom of a clay layer, three button-
type wireless temperature data loggers (DS1920-F5 +) and pore pressure transducers
(BPR-A-100KPS) were placed at 10 cm intervals. Settlement of the ground surface was
measured by three laser displacement sensors (CD33-120NV) and two wired dis-
placement transducers (DP-500E). Temperature of the rod heater was monitored and
controlled by a thermocouple attached on the heater surface. Note that the apparatus
was not covered by a heat insulation material during the test.

In the soil tank, a clay layer with a thickness of 20 cm was prepared with 10-cm
sand layers on the top and bottom for drainage. The same kaolinite clay as the element-

Fig. 1. Apparatus for the one-dimensional consolidation test
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scale test and silica sand 6 were used in the soil tank test. The kaolinite clay was mixed
with water to attain a water content of approximately 90% and was deaired in a vacuum
mixer. First, the rod heater was installed to a holder at the bottom of the tank. Second,
the bottom sand layer was prepared by hydraulic compaction and was fully saturated.
Third, the fully saturated clay layer was prepared with a thickness of 20 cm with
carefully removing air bubbles inside a specimen. Last, after the top sand layer was
prepared also by hydraulic compaction and fully saturated, the loading system,
including the wide-flange-beam reaction frame and the loading plate, was assembled
and placed on the specimen. At the boundaries between each layer, a thin non-woven
geotextile was placed for prevention of a decrease in drainage performance. This test
was conducted with two heater temperatures of 20 °C and 50 °C. In the case of 50° C,
the specimen was heated at 50 °C for 24 h before applying consolidation pressure. In
both cases, after the placement of the loading plate whose weight corresponds to
2.2 kPa of consolidation pressure, consolidation pressures of 20 kPa, 40 kPa, and
80 kPa were incrementally applied on the specimen. Each step of consolidation was
lasted for 48 h by considering t100 obtained in the element-scale test. In the last step of
the 50 °C case, the consolidation pressure of 80 kPa was applied by the air pressure,
while the screw jack was used in other steps.

3 Results of the Element-Scale Test

Figure 3 shows e-log p curves obtained from the one-dimensional consolidation test,
normalized by the initial void ratio of each specimen. In the cases of the kaolinite clay,
the smaller e/e0 values were obtained with the higher temperatures. The e/e0 value
significantly decreased with the consolidation pressure higher than 78.5 kPa, as
observed in previous research (Eriksson 1989). The biggest De of 1.27 was observed at
the consolidation pressure of 628 kPa. However, e/e0 of the Kasaoka clay showed the

Fig. 2. Apparatus for the soil tank test (unit: mm)
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similar values regardless of consolidation pressure and temperature. As Ghaaowd et al.
(2017) demonstrated that the thermally induced excess pore water pressure generated in
saturated soils during undrained heating has a nonlinear decreasing trend with the
plastic index of soil, the temperature effects were not significant in the Kasaoka clay
having a relatively low plastic index.

Figure 4 illustrates the relationship between an increase in specimen temperature and
coefficient of consolidation (cv) normalized by cv at 23 °C. The average cv value of all
consolidation steps is plotted in this figure. It is obvious that the cv value increasedwith an
increase in temperature in bothmaterials. The cv values at 65 °Cwas almost double that at
23 °C. An increasing rate of log cv was calculated according to the following equation on
the assumption that cv logarithmically increases with temperature.

log cv ¼ a � T þ b ð1Þ

where, a = increasing rate of log cv; T = temperature; and b = intercept.
Figure 5 shows the relationship between an increasing rate of log cv and liquid limit

of clay, including data from previous works. Values in the legend denote a diameter
(D) and a height (H) of a specimen used in each research. An increasing rate of log cv
has a good linear correlation with liquid limit of clays for specimens with D/H smaller
than 1.0. It is known that thickness of diffuse double layers of clay becomes larger with
higher temperature (Mitchell and Soga 2005). Because of this, the temperature effect on
cv became more significant on clay with lower water retentivity and smaller liquid
limit. However, further study is required to clarify the temperature effect on consoli-
dation rate including the size effect.
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4 Results of the Large-Scale Soil Tank Test

Figure 6 illustrates results of the soil tank test at the last loading step with consolidation
pressure of 80 kPa. In this figure, a distance from the heater surface is put on the
X-axis. The temperature was elevated overall by heating at 50 °C, compared with the
case of 20 °C, and the highest temperature was observed at the nearest point from the
heater surface. Thereby, the settlement near the heater was relatively large compared to
that near the soil tank wall. This fact confirms that the clay layer was consolidated
conically, which is consistent with the results of the element-scale test. A void ratio of
the clay layer at a distance of 10 cm (approximately 30 °C) after the consolidation with
80 kPa was 1.62, while that was 1.35 in the element-scale test at 35 °C. This difference
should be observed because the settlement of the clay layer was overestimated in the
soil tank test due to no consideration of compressibility of the sand layers.
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The cv values were approximately 280 cm2/day and almost the same at any points
regardless of distance and temperature, different from the element-scale test, probably
because specimen temperature did not significantly increased in the soil tank test.
The cv values observed at a heating temperature of 50 °C were almost double those at
20 °C. The fact that an increasing rate of cv obtained in the soil tank test is much bigger
than those values in Figs. 3 and 4 also implies the scale effect on thermally induced
change in cv.

5 Conclusions

In this study, we conducted one-dimensional consolidation test and large-scale soil tank
test under different temperatures up to 65 °C, to evaluate the temperature effects on the
consolidation characteristics of clays. The main achievements obtained in this study
can be summarized as follows:

(1) The temperature effect on consolidation of clay becomes more significant under
relatively high consolidation pressures.

(2) The magnitude of thermally induced volume change varies with the type of clay
probably attributed to different water retentivity.

(3) Coefficient of consolidation increases with an increase in specimen temperature in
the element-scale test.

(4) Although the specimen temperature and the settlement decreased with an increase
in distance from the heater surface, a clear trend between specimen temperature and
cv was not observed in the large-scale soil tank test.
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Abstract. This study is a development of road system applying solar panels to
road pavement block. Concrete pavement block to mount solar panel is designed
to verify effective of power generation. Pavement blocks with solar panels is
photovoltaic block that enables to produce renewable energy. It is a combination
of solar panel and pavement block. For road pavement structures, it is possible
to make various shapes in accordance with general road design standards.
Before prototyping, the road design standards and the concrete block design
standards of South Korea have been reviewed and the prototype specifications
were determined based on the findings of the review. The prototype is expected
to have higher adaptability on roads in Korea because the concrete block design
standards have been employed for determining the concrete strength and size of
the prototype block. Power generation panels for photovoltaic power generation
are designed to be manufactured by connecting commercially available solar
panels in parallel, and to be mounted on mount hole within the blocks. Strength
and slip resistance tests are included in follow up research plans to examine road
function of the concrete blocks, and measurement of photovoltaic power gen-
eration efficiencies after the trial construction.

1 Introduction

Currently, solar panels already have been installed in various structures such as residential
houses, parking lots, and bicycle paths In addition, 100 Thousand Green Home Policy is
enforced by the Government of South Korea. About 268 MW of photovoltaic systems
were installed in 2008 and approximately 170 MW were installed in 2009. Moreover,
Sejong City provides bike road that consist of solar panel and roofs to provide efficient
land usage and convenience in terms of both power generation and bikers. It was able to
examine the energy efficiency matters and secure the structural safety by selecting high
efficiency modules and determining the optimal installation angles.

In recent years, many studies have been conducted to improve efficiencies of
photovoltaic power generation, development of continuous/automatic cooling and
cleaning systems of solar panel, light and modular panel technologies and other similar
technologies such as panel status monitoring technologies to improve the power
generation and maintenance efficiencies.
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Although there are similar researches, such as piezoelectric roads and current
collecting roads, there is no research on integrated structure of road + solar panels in
Korea. It is also difficult to find relevant studies overseas.

2 Related Researches in Korea

Solar panels installed in Korea are mostly focused on privately house, public building,
canopies of bicycle paths, and etc., and this implies that the PV penetration rate in
Korea is very low considering the nation’s total land area. However, it would be
possible to increase the usage of solar energy if more attention is made to solar panels
that are integrated into roads. On the other hand, may studies on development of road
systems with integrated electrical systems, such as piezoelectric road and current
collecting roads, have been conducted, but there is no ongoing development of road
integrated PV system, which is the main objective of this study. Based on the above,
we have determined that it is necessary to develop a road system that is suitable for
application in Korea, based on establishment of theoretical research and technical
concept of photovoltaic system and to study the applicability of the system through
applicable performance evaluation.

3 Overseas Research Cases

The Solar Roadway developed in the United States is a sidewalk and road that can be
modularly combined with specially designed solar panels. It is possible to install the
LED’s inside the panels, so it is possible to display the lanes without being required
apply painting, and to prevent snow accumulation and icing on the roads by inserting
heated wires. Currently, pilot operations are planned for roads and parking lots, and
plans to apply on highways in the future are scheduled. The energy generated by solar
power generation from parking lots are expected to be helpful for electrical vehicles
traffic on the road once charging infrastructure is installed on highways in the future.

In 2014, SolaRoad of Netherlands completed a pilot construction of the world’s
first photovoltaic bicycle path, which spans about 70 m length, in Amsterdam. It was
able to confirm the potential of PV power generating roads by generating more than
2,000 kW per hour through the pilot project.

The Ministry of Environment of France reported an opening of a 1 km extension of
the photovoltaic roads in a small village near Normandy at the end of 2016. It is
estimated that 2,000 drivers will pass through the road every day during pilot project.

The total construction cost was 6.3 billion won and the energy generated from the
pilot road is planned to be used for powering street lights in the nearby villages. In
addition, plans to pave 1,000 km of roads with integrated PV power generation system
during the next 5 years are in place.

84 Y. Choi et al.



3.1 Summary of Reference Literatures Used in This Study

3.1.1 Korean Road Design Standards
Roads are classified into highways and general roads, and the highways are further
classified as urban expressways which are built in urban areas. The types of roads in
accordance with Article 8 of the 「Road Law」, which describes the functional
classifications of general roads, are major arterial roads and minor arterial roads.

The design speed is speeds of the vehicles that become the basis of the road design,
and it is decided in accordance with functional classification of the road, the area and
the topography.

Design section refers to a section in which the same design standards according to
the condition of the terrain and the planned traffic volume of the area where the roads
are located.

It is desirable to apply as the same design section in certain sections of the roads
that have approximately similar nature, functionalities, importance, traffic volume,
terrain, and area (Table 1).

Road pavement is classified into asphalt pavement and concrete pavement, and the
minimum thicknesses of pavement layers specified in the Road Design Standards are
over 50 mm for the surface layer and over 100 mm for the base and sub-base layers.
Guidelines for the design of cement concrete pavement mixing have been examined in
order to support the vehicle loads and the following standards have been identified as
the results (Table 2).

Table 1. Design speeds by functions of roads

Functional classification of roads Design speed (km/h)

Rural area Urban area
Flat lands Hilly areas Mountain areas

Highways 120 110 100 100
General roads Main arterial roads 80 70 60 80

Minor arterial roads 70 60 50 60
Collector roads 60 50 40 50
Local roads 50 40 40 40

Table 2. Mixing standards for pavement concrete

Items Test method Unit Standard

Design standard bending stiffness KS F 2408 MPa Above 4.5
Water/binder ratio % Below 45
Maximum amount of coarse aggregate mm Below 40
Slump value KS F 2402 mm 10–60
Amount of air range KS F 2409 % 5.5 ± 1.5
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3.1.2 Concrete Block Pavement Standards
Standards for existing block have been examined in order to develop photovoltaic
blocks. The KS regulations for the blocks currently in uses are KS F 4119 Concrete
Interlocking Blocks for Sidewalks and Roads and KS F 4001 Concrete Plate for
Pavement. In this study, the standards of blocks currently being installed were inves-
tigated by examining the KS F 4 4119 Concrete Interlocking Blocks for Sidewalks and
Roads.

The performance of blocks presented in the KS regulations are classified into two
types for vehicle uses and pedestrian uses respectively. And also standards for bending
stiffness, water absorption rate, permeability coefficient, and etc. are presented (Table 3).

The thicknesses of the blocks for sidewalks and vehicle roads are 60 mm and
80 mm, respectively. KS F 4001 the Standards for Concrete Plate for Pavement are
classified in accordance with the dimensions and functions (Table 4).

The performance should be suitable in criteria of bending stiffness load, bending
stiffness, water absorption coefficient, permeability coefficient, and etc.

Table 3. Block performances presented in Korean standards

Classification Bending stiffness (MPa) Water absorption
rate (%)

Permeability
coefficient (mm/s)

For pedestrian
use

For vehicle
use

Individual Average Rating Standard

Regular blocks 5.0 Below 10 Below 7 -
Permeable blocks Above 4.0 Above 5.0 - - Above

0.1

Table 4. Plate types

Types Nominal dimension Dimension Function
Length Height Thickness

Regular plate 300 300 300 30, 60, 80 -
400 400 400
450 450 450 60, 80
500 500 500

Permeable plate 300 300 300 60, 80 Permeability
400 400 400
450 450 450
500 500 500
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3.1.3 Suggestion of Photovoltaic Power Generation Block System
In this study, photovoltaic power generation pavement method is proposed. PV power
generation panels and concrete blocks are integrated into a single system in order to
improve solar panel pavements systems which is large and heavy.

The following two types of pavement blocks have been devised in this study; (1) a
PV pavement block in which PV panels and conventional pavement blocks are inte-
grated, and (2) a hybrid PV pavement block in which conventional pavement blocks,
PV panels, and piezoelectric systems are integrated (Fig. 1).

For block packing system of this study, 200 mm of the sub-base layer thickness
given in the road design standard has been applied, and the surface layer thickness of
200 mm, which exceeds the standard of 80 mm or above, has been applied (Table 5).

4 Pilot Manufacturing

Concrete pavement and Korean road design standards are reviewed to devise proto-
types of photovoltaic concrete blocks that satisfy the standards. Hybrid type block is
capable of simultaneously generating photovoltaic power and piezoelectric power.

Fig. 1. PV block and hybrid (PV+Piezoelectric) pavement block

Table 5. Standards applied in this study

Items Unit Standard Application
in this studyRoad

design
standards

KS F 4419

Crushed rubble sub-base layer mm 200 - 200
Surface layer thickness mm 100 80 200
Block dimensions mm - 300–500 300
Design standard bending stiffness
(f28) (material age: 28 days)

MPa Above 4.5 Above 5.0 Above 5.0

Water/binder ratio % Below 45 Below 25 Below 25
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4.1 PV Integrated Road Pavement Blocks

Conventional photovoltaic panels are prone to panel damages because its entire surface
is composed of glass. Therefore, there is possibility of increased maintenance costs.

The PV integrated concrete block reduces the risk of damages with solar panels and
increases the easiness of maintenance with its modular construction design. In addition,
it has the same size as currently used pavement blocks, Therefore, it seems to reduce
the maintenance costs and improve the constructability (Fig. 2).

4.2 Hybrid Pavement Blocks with Integrated PV Panel and Piezoelectric
Elements

The hybrid pavement block is a prototype product in which the piezoelectric block is
placed along the longitudinal direction of the road and the block is characterized by a
forward facing upwardly inclined surface on one side and a rearward facing down-
wardly inclined surface on the other side of the main body shown above (Fig. 3).

Fig. 2. PV block scheme

Fig. 3. Hybrid pavement block scheme
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5 Follow Up Study Plan

As follow up study, various tests such as strength, slip resistance are planned to
measure functionalities. The concrete block must satisfy the compressive strength
suggested in this study and required slip resistance in terms of drivability of the road.

In addition, the power generation efficiency of the PV panel mounted on the block
will be measured through trial constructions. The concrete block proposed in this study
is expected to have decreased efficiency since damages to the surface of protective
glasses. Those glasses are inevitable to certain extent due to its design in which
vehicles are designed to pass above the PV panels. Therefore, it is our plan to conduct a
comparative study of power generation efficiencies in two cases, one with undamaged
protective glass surface and the other with damaged protective glass surface.
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Abstract. Energy pile has been increasingly applied into buildings as both
bearing structure and heat exchanger. In China, precast-high strength concrete
(PHC) pipe pile is widely used in soft soil improvement, high-rise building
construction and bridge foundation for its high bearing capacity, reliable quality,
convenient installation and cost benefits. However, application of PHC pipe pile
as geo-thermal structure is rare. Based on a field thermal response test on PHC
pipe pile embedded in a particular multi-layered ground, the thermal response of
pile is analyzed by numerical study. Thermo-physical properties of ground are
tested from undisturbed soil samples from the site, then applied into multi-
layered heat transfer model. Moreover, the influences of inhomogeneous thermal
properties and thermal boundary conditions are analyzed in details, especially on
long-term thermal performance and temperature field evolution in surrounded
soil. The results indicate ground temperature varies apparently at the interface of
soil layers, while temperatures within the layer are relatively uniform. Appro-
priate geological structure benefits the long-term performance of energy pile.
This study provides a better understanding of energy pile performance in a more
realistic ground condition and suggestions for design of PHC energy pile are
proposed.

1 Introduction

Energy geo-structures can provide sustainable energy for many types of buildings.
Successful applications have been reported on piles, tunnel linings, diaphragm walls
and slabs (Brandl 2006; Laloui et al. 2006). The energy pile, serving as both bearing
and heat exchanging element for buildings, has been investigated across the world via
different methods (Bourne-Webb et al. 2009; Ng et al. 2014; You et al. 2014). Most of
them simplified the surrounding soil as a homogenous medium for heat transfer
(Philippe et al. 2009; Cui et al. 2011; Loveridge et al. 2014). However, flood plain
sediments are widely distributed in southeast part of China and piles are usually driven
into multi-layered soil. The physical properties of soil layers vary along the depth,
which may influence the thermal response of the energy pile differently. The
mechanical properties of soil and the soil-pile interaction may be sensitive to the
temperature change (Campanella and Mitchell 1968; Cekerevac and Laloui 2004;
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Abuel-Naga et al. 2006). Thus, temperature response of energy pile system should be
investigated considering the layered feature of the ground.

In this paper, the pile and ground thermal responses were simulated based on the
real operating and geological condition from a prototype thermal response test on a
PHC energy pile. The PHC pipe pile was vastly used in soft soil for its rapid con-
struction and cost efficiency. Transient and long-term temperature responses of PHC
pile and surrounding soils were revealed. Finally, suggestions were made for the design
of PHC energy piles in layered ground.

2 Geological Conditions and Pile Configuration

2.1 Site Characterization

The parameters of simulation were derived from the full-scale thermal response test
located in the campus of Southeast University, Jiangsu, China. Borings test results
showed the Qinhuai River floodplain unit sediments were encountered in this site and
the soil were clearly divided into several layers. The water table was relatively stable at
1 m depth with no apparent ground water flow. The basic physical properties of
undisturbed soil samples from each layers were tested according to ASTM standards.
Thermal properties of the soils were tested by a plane heat source method listed in
ISO S 22007-2. Soil samples were cut into 3 cm thick cylinders and the hot disk probe
was clamped between them. The ground profile of the upper 24 m was listed in
Table 1.

2.2 PHC Energy Pile Configuration

The PHC pipe pile in this study was 24 m in length with a single U-shape high-density
polyethylene (HDPE) pipe inserted to the bottom of pile hole. The outer diameter and
wall thickness of pile were 500 mm and 110 mm, respectively. The thermal properties

Table 1. Soil stratification and the thermal properties of materials used in simulation.

Material Depth (m) Thermal conductivity
(W m−1 K−1)

Specific heat capacity
(J kg−1 K−1)

Density
(kg m−3)

Soil 2-1 2.9–4.3 1.37 885 1890
Soil 2-2 4.3–11.5 1.15 877 1740
Soil 2-3 11.5–13.5 1.54 918 1970
Soil 2-3 13.5–16 1.71 934 1970
Soil 2-4 16–17.4 1.51 843 1950
Soil 2-5 17.4–24 1.30 775 1990
PHC 1.78 800 2490
HEPE pipea 0.42 2300 957
Circulating
water

0.591 4200 1000

aGiven by manufacturer.
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of concrete samples from pile were also tested by aforementioned method and the
results are listed in Table 1. The pipe has a 25 mm outer diameter and 20 mm inner
diameter. To maintain the leg distance of U-pipe, 220 mm long steel bars were installed
between the pipes in every 3 m depth. Then, the pile hole was filled with water to
enhance the heat transfer between pipe and pile wall. Four boreholes at 0.5 m, 0.65 m,
0.8 m and 1.15 m from pile center were drilled for ground temperature monitoring by
placing temperature sensors in typical depths. The configuration of energy pile was
shown in Fig. 1.

3 Numerical Model

The heat transfer process of PHC energy pile has been investigated by a commercial
finite element software COMSOL Multiphysics. A 3D numerical model was developed
to simulate the thermal response test (TRT) and the long-term temperature field in
multi-layered soils. Heat transfer in solid and non-isothermal pipe flow models were
coupled in this model considering the convective heat transfer in pipes and heat con-
duction in pile and soil.

Figure 2 shows the model mesh of energy pile containing 446224 free tetrahedral
elements with maximum and minimum element size of 2.72 m and 0.1 m. The
dimensions in x, y, and z are 10 m, 10 m, and 34 m. The model is divided into 6 layers
along z direction of which the thermal properties are chosen from Table 1. The soils at
0–2.9 m and 24–34 m are assumed to be same with soil 2-1 and soil 2-5. Dimensions
of pile and pipe are built according to Sect. 2. Monitoring boreholes are created at
0.5 m, 0.65 m, 0.8 m, 1.15 m, 2 m and 4 m from pile center. The temperature at the
top of soil surface is kept constant at 15 °C. The boundary conditions at outer lateral
and bottom surfaces are set to be zero heat flux as the dimension of model is beyond
thermal influenced district. Initial ground temperature is set to 18 °C. The governing

Fig. 1. Energy pile configuration.
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equation in conductive domains is Fourier’s law. The energy equation for pipe flow can
be expressed as Eq. 1.

qf ACp
@Tf
@t

þ qf ACpu � rTf ¼ r � kf ArTf
� �þ 1

2
fD
qf A

2dh
uj ju2 þQþQwall ð1Þ

Where qf is the water density (kg/m3), A is the cross area of pipe (m2), Cp is the heat
capacity at constant pressure J/(kg�K), Tf is the fluid temperature (K), u is a tangential
velocity of fluid (m/s), kf is the thermal conductivity of water (W/(m�K)), Q is a general
heat source (W/m), Qwall represents external heat exchange through the pipe wall
(W/m). The second term on the right expresses the friction heat dissipated due to
viscous shear based on Churchill’s friction model.

This model is developed to simulate the TRT of PHC piles. To apply a constant
heat flux to energy pile, the nodal temperature boundary at the pipe inlet is set DT °C
higher than the temperature at pipe outlet. Thus, the constant heat injection rate can be
calculated as:

Qin ¼ DT � qf Cpu ¼ ðTin � ToutÞ � qf Cpu ð2Þ

u in the model is 0.42 m/s which is usually used in a real TRT.

4 Results

4.1 Synthetic TRT Results

In TRT simulation, the difference between inlet and outlet temperature was set to 3.5 °C
and test lasted for 5 days. The heat injection rate calculated by Eq. 2 was 3030 W.

Fig. 2. 3D mesh of the PHC pile simulation.
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Average fluid temperature was analyzed by traditional line source theory. It is to be
noted that the early data should be discard because simplified line source model formula
results large deviation at the beginning. Figure 3(a) shows that calculated comprehen-
sive thermal conductivity value varied with the starting time of the fitting. The last data
point fixed at the end of test (120 h). The estimated value decreased to the average
thermal conductivity (1.34 W/(m�K)) at nearly 12 h, then it became stable. Thus, at least
12 h early data should be dismissed. Moreover, TRT analysis may be feasible on PHC
pipe pile and can reflect the average thermal properties of multi-layered ground.
Figure 3(b) shows the average fluid temperature evolution and the fitting line using line
heat source theory.

4.2 Long-Term Ground Temperature Evolution

The long-term ground temperature response was investigated under the heat injection
rate of 1730 W by inducing inlet temperature 2 °C higher than the outlet temperature.

Figure 4 shows the relatively short-term ground temperature distribution along depth
at 0.5 m, 0.65 m, 0.8 m, 1.15 m, 2 m and 4 m from the pile center. After 4 days heating
(Fig. 4(a)), the ground was mostly heated uniformly. The nearest borehole at 0.5 m
reflected the influence of inhomogeneous soil thermal properties. The maximum tem-
perature of 22.8 °Cwas found at 8.8 m depth while the minimum temperature of 22.1 °C
was at 15.0 m depth. Soil beyond 2 m was still not heated. At 8th day (Fig. 4(b)), the
inhomogeneity influence become more apparent with the heating process. Stratification
of temperature emerged at distant soil. The maximum temperature difference caused by
this effect was 1.4 °C in 0.5 m borehole. During the short-term heating, ground tem-
perature distribution was mainly formed by the layered feature of soil.

Figure 5 shows the long-term ground temperature field. At 45th day (Fig. 5(a)), the
upper boundary and lower unheated soil influenced the temperature distribution more
evidently. At mid-depth of 0.5 m borehole, the maximum temperature of 33.2 °C was
found at 8.8 m depth while the minimum temperature of 30.8 °C was at 14.6 m depth.
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Thus, the temperature difference between layers increased comparing to short-term
temperature field. However, this uneven temperature increase diminished with distance
from pile increase. Figure 5(b) shows the last status of ground temperature field. After
another 45 days heating, the maximum and minimum temperature at 0.5 m borehole
was 34.7 °C and 32.3 °C. The difference of them was same as that of 45th day, which
indicates the temperature stratification was stable after long-term heating. Since the
average ground temperature kept increasing, this layered influence was weaken by the
time increase. It is to be noted that the soil temperature of upper and lower part were
closer to their boundary temperature. Compared to the short-term situation, vertical
heat transfer predominantly influenced the long-term soil temperature field rather than
the inhomogeneity of layered subsurface.

(a) 4 days (b) 8 days

Fig. 4. Short-term ground temperature distribution

(a) 45 days (b) 90 days

Fig. 5. Long-term ground temperature distribution
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5 Conclusion

The numerical study suggests the traditional TRT is feasible to be applied on PHC pile
and the estimated thermal conductivity can reflect the average thermal properties of
multi-layered soil. The distribution of thermal properties formed a stratified tempera-
ture field in soil. However, this factor only apparently influences the temperature
distribution near the pile. The temperature difference between layers increased with
time and approached to a constant value. At long-term heating stage, the thermal
boundary effected the soil temperature more significantly than the inhomogeneity of
soil. Therefore, the short-term near pile ground temperature calculation should consider
the layered feature of soil, whereas the long-term distant temperature can ignore this
influence but should consider the boundary effects.
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Abstract. Geotechnical structures, such as foundation piles, retaining walls and
tunnel linings, are increasingly employed to produce geothermal energy for space
heating and cooling. However, the exchange of heat between the structure and the
ground induces additional structural forces and contributes to further structural
and ground movements, which may affect the serviceability and stability of such
structures. While numerous field and numerical studies exist regarding the
response of geothermal piles, no investigations have been carried out to char-
acterise the response of thermo-active shafts. This paper presents a numerical
study of the short and long term behaviour of hypothetical thermo-active shafts
through fully coupled thermo-hydro-mechanical (THM) finite element
(FE) analyses using the Imperial College Finite Element Program (ICFEP), where
the effect of changing the structure’s geometric characteristics is investigated.

1 Introduction

Shallow geothermal energy can be exploited by means of different types of systems
either installed directly within the ground (closed and open loop systems) or embedded
within geotechnical structures (such as foundation piles, tunnel linings, basement slabs
and retaining walls). The latter systems may often be more economical as limited
additional works are required since these geotechnical structures are needed to provide
stability. Furthermore, they generally have a large contact area with the ground, which
improves the thermal performance.

However, it has been demonstrated by numerous experimental studies (e.g. those
performed by Campanella and Mitchell 1968) that temperature changes associated with
heat flux affect the thermo-hydro-mechanical (THM) behaviour of soils, inducing
volumetric expansion/contraction and, for low permeability soils, leading to the
development of thermally-induced excess pore water pressures, hence affecting their
strength and stiffness. Thus, various field and numerical studies have been undertaken
to assess the effects of thermal loads on the stability and serviceability of thermo-active
geotechnical structures. The majority of the work was carried out on thermo-active
piles (e.g. Bourne-Webb et al. 2009; Gawecka et al. 2017), whereas very little literature
is available regarding the performance of thermo-active retaining structures and, to the
authors’ knowledge, no studies have been published to date on the behavior of circular
shafts employed as heat exchangers.

This paper presents a numerical study on the THM behaviour of a hypothetical
thermo-active shaft embedded in London Clay, with the aim of analysing the effect of
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heat exchange on the transient behaviour of the structure in terms of forces and
displacements. Furthermore, the influence of varying the shaft’s diameter on the
structure’s response is assessed. The analyses are carried out using the Imperial College
Finite Element Program (ICFEP, Potts and Zdravkovic 1999), which is capable of
performing fully coupled THM simulations. The THM finite element (FE) formulation,
its implementation and validation are described in Cui et al. (2018).

2 Problem Description and Numerical Analysis

A circular shaft embedded within London Clay (cs = 20 kN/m3) is considered in this
study, with a 40.0 m deep and 1.0 m thick wall. The depth of excavation (H) is 36.0 m
and a 2.0 m thick base slab is constructed above that level. Analyses with different
diameters (D) have been carried out, with adopted values of 9.0 m, 18.0 m and 36.0 m.
Half width of the excavation was modelled in axisymmetric conditions and the finite
element mesh, shown in Fig. 1, extends 100 m beyond the extrados of the structure and
60 m below the bottom of the wall. Both the soil and concrete structures where
modelled with eight-noded quadrilateral elements, with displacement and temperature
degrees of freedom in every node and pore pressure degrees of freedom at the corner
nodes (soil elements only).

The initial conditions of the problem are characterised by a hydrostatic pore water
pressure profile, with the water table located at ground level, a constant value of K0 of
1.0 and a uniform temperature of 15 °C. The wall was wished in place and full friction
was assumed along the soil-structure interface.

Axisymmetric FE analyses were performed using ICFEP. Since fully coupled THM
analyses were carried out, thermal volumetric changes and thermally-induced excess
pore water pressures were simulated. The latter result from a combination of two
different contributions: pore water pressures due to the relative expansion/contraction
of pore fluid with respect to that of soil and those due to mechanical volumetric
changes of the soil skeleton induced by changes in temperature (Cui et al. 2018).

Fig. 1. Adopted finite element mesh
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The concrete structures were modelled as isotropic and linear elastic, whereas the
soil was modelled as non-linear elasto-plastic with a Mohr-Coulomb failure criterion
coupled with the IC.G3S non-linear elastic stiffness model (Taborda et al. 2016) to
better predict the pre-yield soil response. Unless otherwise stated, all the mechanical
parameters were adopted from those listed for London Clay by Gawecka et al. (2017),
whereas all other material properties are listed in Table 1.

The domain was restrained from moving in the vertical direction along the bottom
boundary and in the horizontal direction along the lateral and bottom boundaries. Pore
water pressures along the far-field lateral boundary and bottom boundary were assumed
to remain constant throughout the analyses. The ground surface was kept at constant
temperature, whereas, across all other boundaries, no heat flux was allowed. Further-
more, the temperature of the base slab was assumed to stay at its initial value (15 °C)
during all performed analyses.

The heat exchange was simulated by applying a prescribed temperature change of
15 °C over 10 days to all elements of the wall and the final temperature was kept
constant for 10 years. While this may not be a realistic scenario in terms of the
operation of a ground source energy system, such a simplified approach provided
valuable insights into the long-term behaviour of the analysed structures. Before the
start of the thermal analysis, the excess pore water pressures due to excavation and
construction were fully dissipated in order to facilitate the interpretation of the results,
while the stiffness of the soil was reset to its maximum value (see Gawecka et al.
(2017) for details on this procedure). Suitable values for the time-step were chosen
according to the recommendations by Cui et al. (2016). Moreover, in order to obtain a
realistic estimate of the stress state within the ground prior to heating the wall, the
complete construction sequence of the shaft was simulated assuming a pin connection
between the base slab and the wall. However, during the heating stage, for simplicity,
this structural connection was removed, meaning that the two structural components
work independently. Cleary, the nature of such connection is likely to have a con-
siderable impact on the long-term behaviour of a retaining structure and will be,
therefore, the object of a dedicated study.

Table 1. Material properties

Linear coefficient of thermal
expansion of soil, as (m/m/K)

1.7 � 10−5 Concrete Young’s Modulus,
E (GPa)

37.0

Linear coefficient of thermal
expansion of pore water, aw
(m/m/K)

6.9 � 10−5 Linear coefficient of thermal
expansion of concrete, ac
(m/m/K)

8.5 � 10−6

Permeability k (m/s) 1.0 � 10−10 Concrete Poisson’s ratio,
l (-)

0.3

Volumetric heat capacity of
soil mixture, qcp (kJ/m

3K)
3000 Thermal conductivity of soil

mixture, k (W/mK)
2.0
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3 Results

The results are presented in terms of excess pore water pressures, wall axial forces, wall
displacements and ground surface movements. First, the behaviour of the shaft with
D = 18 m is analysed in order to provide details on the transient behaviour of this type
of structures. Subsequently, the effects of varying the diameter of the shaft is inves-
tigated. The adopted sign convention is such that positive values refer to compressive
pore water pressures, compressive axial forces, upwards vertical movements and
horizontal movements towards the retained side. All the quantities shown are calculated
from the start of heating, in order to isolate the effect of temperature changes.

3.1 Transient Behaviour

The changes in pore water pressures after 10 days and 1 year from start of heating are
displayed in Fig. 2(a) and (b), respectively. Compressive pore water pressures are
generated around the structure as a consequence of both the changes in temperature as
well as mechanical volumetric changes due to the thermal expansion of the shaft lining.
Conversely, on the excavation side, the outward radial movement of the wall leads to
tensile excess pore water pressures beneath the base slab. With time, the pore water
pressures close to the structure on the retained side dissipate from about 100 kPa to
60 kPa. Concurrently, they increase in regions further away from the heat source, where
larger changes in temperature are now taking place. It can be noted that, after 1 year,
larger changes in pore water pressures develop beneath the base slab, with the suctions
observed in the short-term being replaced by compressive pore water pressures. This is
due to higher changes in temperature occurring in this area as a consequence of the
proximity of the heat source to insulated boundaries, as shown in Fig. 2(d). It is also
interesting to note that after 1 year, the area where changes in pore pressure have been
registered (Fig. 2(b)) is considerably larger than the size of the heated region (Fig. 2(d)),
highlighting the importance of THM interactions in this type of problems.

Fig. 2. Changes in pore water pressures for D = 18 m (a) after 10 days and (b) after 1 year and
changes in temperature (c) after 10 days and (d) after 1 year
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Figure 3(a) shows the change in axial force with depth at different time instants
(10 days, 1 year and 10 years from start of heating). In the short term, the axial forces
are compressive along the whole depth of the wall (maximum 130 kN/m). This is due
to soil restraining the thermal expansion of the wall in the axial direction through
shearing at the soil-structure interface. As expected, the behaviour in the long term is
affected by volumetric changes of the soil due to temperature and excess pore water
pressure dissipation. In fact, after 1 year, the compressive axial forces reduce due to
thermal volumetric expansion of the soil, releasing part of the restriction it was
applying. The largest changes take place within the lower section, where the structure is
subjected to larger tensile actions (maximum tensile axial force of − 45 kN/m). This is
confirmed by observing the vertical displaced shapes in Fig. 3(b), where the elongation
DL of the wall increases between 10 days and 1 year from 5.1 mm to 5.2 mm. Sub-
sequently, the structure is subjected to compression due to soil settling as the com-
pressive pore water pressures close to the structure (see Fig. 2(a) and (b)) dissipate,
reducing the tension in the wall (by a maximum of 50 kN/m). Differently from the
displacements in the vertical direction (Fig. 3(b)), where can be noted that the structure
moves upwards with time as a consequence of soil thermal expansion, little changes in
the structure’s horizontal movements occur with time. This is because the circular
structure is stiff in the circumferential direction, which is a major difference with
respect to conventional retaining walls. Naturally, as no change in horizontal move-
ments take place, no substantial changes in bending moments are expected throughout
the analysis.

3.2 Effect of Shaft Diameter

The previous analysis has provided insight into the behaviour of a circular thermo-
active shaft, demonstrating that the development of thermally-induced excess pore
water pressures with time affects highly the response of the structure. Further THM
analyses are carried out by varying the diameter of the shaft to D = 9 and D = 36 m.

Fig. 3. Response of structure for D = 18 m at different time instants (a) axial forces, (b) vertical
displacements and (c) horizontal displacements
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Figure 4 shows that the diameter has a considerable effect on the distribution of
pore water pressures, although the applied temperature change is equal in all cases. On
the retained side, while similar pore water pressures develop around the structure for all
cases, such similarity reduces considerably with the distance from the wall. On the
excavation side, pore water pressures are highly influenced by the build-up of tem-
peratures beneath the base slab and by the lateral expansion of the shaft. Regarding the
former, the distance between the heat source (i.e. the structure) and the axis of sym-
metry (i.e. insulated boundary) is larger with a larger diameter, which implies that the
temperatures beneath the base slab will be lower in the case where D = 36 m, resulting
in smaller thermally-induced excess pore water pressures. Conversely, the larger
expansion in the radial direction obtained for larger diameters leads to larger suctions
beneath the base slab.

Figure 5 depicts the development of axial forces at three different time instants for
the three analysed cases. Both diameters – D = 9 m and D = 36 m – display a similar

Fig. 4. Changes in pore water pressures a for D = 9 m (a) after 10 days, (b) after 1 year and for
D = 36 m (c), after 10 days and (d) after 1 year

Fig. 5. Thermally induced axial forces for different diameters (a) after 10 days, (b) after 1 year
and (c) after 10 years
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behaviour as the one previously described. However, since the large diameter shaft has
a larger contact area with the soil, this will be more affected by soil thermal expansion
when compared to the other analyses, hence the lower axial force after 10 days of
heating. Conversely, for the small diameter shaft, the restriction applied by the soil is
larger, leading to a larger initial axial force. Similar to the behaviour observed for the
shaft with D = 18 m, the transient response is first dominated by soil thermal expan-
sion and then by compression induced by soil settling due to the dissipation of the
thermally induced pore water pressures.

For all the diameters, the vertical displaced shapes of the wall and the vertical
ground surface movements after 10 years of heating are illustrated in Fig. 6(a) and (b),
respectively. In the short term, all diameters displayed a similar vertical movement
profile (see Fig. 3(b)), with the largest diameter shaft suffering a slightly larger elon-
gation (after 10 days, DL is equal to 5.3 mm for D = 36 m, compared to 5.0 mm
calculated for D = 9 m), in agreement with the lower axial forces registered in this
case. Furthermore, the vertical movement with time, which is governed by the gradual
thermal expansion of the soil, is also larger for D = 36 m. As previously observed, a
larger soil mass is affected by the temperature changes for the larger diameter shaft,
hence the soil expands more with time when compared to the other two analyses. This
behaviour is directly reflected in the ground movements at the surface, which are
consequently largest for the larger diameter. It should be noted that these reach sig-
nificant values at a large distance behind the wall (at a distance of 50 m, these are larger
than 2.0 mm for all the analyses).

4 Conclusions

Earth retaining structures are increasingly being employed as heat exchangers, however
their behaviour under non-isothermal conditions is still uncertain. In this study, the
effect of temperature change on the performance of circular shafts was investigated by
performing fully coupled axisymmetric thermo-hydro-mechanical finite element anal-
yses using the Imperial College Finite Element Program. Specifically, the transient

Fig. 6. Thermally induced vertical movements for different diameters after 10 years from
heating (a) structure’s displaced shape and (b) ground surface movements
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behaviour of shafts of different diameters was assessed. It was shown that, in general,
the response of the structure is controlled by the volumetric expansion of soil upon
changes in temperature, which occurs both due to thermal expansion as well as due to
changes in pore water pressures, with the latter affecting substantially the transient
behaviour. Varying the diameter of the structure led to the observation that these
structures are influenced by the contact area between structure and soil, which impacts
the transient effects. For larger diameters of the shaft, larger structural movements and
thus lower forces were observed. It was also shown that there are interactions with the
thermal boundary conditions, where temperatures beneath the base slab increase faster
the closer the heat source is from insulated boundaries (e.g. axis of symmetry). Fur-
thermore, large vertical wall and ground surface movements were calculated, indicating
that possible influences on nearby structures should be investigated. In this study, the
connection with the base slab was not modelled. However, it is envisaged that it may
affect forces and displacements, and is hence the object of further study.
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Abstract. Recently, the use of energy piles with the dual purpose of supplying
energy and the bearing of superstructures is becoming widespread. Providing a
proper and efficient numerical analysis can help to accelerate this process. For
this purpose, this study tried to develop some features of finite difference method
which is used in Thermo-Pile. The proposed numerical model can consider the
effects of soil temperature dependence on energy piles behavior. Another
capability of the proposed method to model temperature distribution in sur-
rounding soil could result in applying temperature effect on soil behavior. This
study has shown that there are good agreements between numerical results and
experimental observations. Relating side shear resistance of soil to temperature
gives a better prediction of pile response for the higher temperature. The pile
behavior for various input parameters was studied. Based on obtained results,
the pile response to thermomechanical loads depends on the various properties
of pile and soil such as diameter, length, side shear and toe resistance.

1 Introduction

Regard to increasing energy consumptions around the world and limited fossil fuel
resources, the challenge of supplying sustainable energy resources become a crucial
problem for future. As geothermal energy for heating and cooling of the modern
building is available in the most region of the world, this method gained more popu-
larity. Adequate efficiency and economic benefit of using energy pile for heat
exchanging results to more application of this type of piles in constructions. But the
complex behavior of energy piles under thermomechanical loading needs to be studied
carefully to overcome their obscurities. Results of field and centrifuge tests show that
applying thermal loads on pile lead to a different distribution of axial strains and stresses
along the pile (Bourne-Webb et al. 2009; Laloui et al. 2006) and consequently effect on
its settlement and bearing capacity (Khodaparast et al. 2016). The magnitude of these
changes depends on many parameters, which can be divided into two general categories,
soil and pile properties. Most important parameters of the pile are thermal expansion
coefficient and elasticity modulus. Proportionally for soils are elasticity modulus,
thermal expansion coefficient, permeability, void ratio, saturation condition and etc. As
soils are natural materials they show more complicated behavior than pile behavior.
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Moreover, imposed restriction on head and toe of the pile have a great effect on its
response to various imposed loads.

Bourne-Webb et al. (2009) propose a mechanism to describe energy pile’s behavior
in some special conditions. This mechanism was later extended by Amatya et al. (2012)
to consider more situations. They define a Null Point (NP) as a location where induced
thermal displacement is zero which the behavior of energy piles strongly depends on it.
With respect to the mechanism of Bourne-Webb et al. (2009), Knellwolf et al. (2011)
proposed a numerical method for studying pile behavior under thermomechanical
loading. Their method was similar to Coyle and Reese (1966) for analyzing the pile
behavior under mechanical loading and also developed to account the effect of thermal
loads. The response of soil to thermal and mechanical loads was modeled with a
bilinear function of Frank and Zhao (1982) to estimate the mobilization process of side
shear and toe resistance With displacement. Using a bilinear function for soil resistance
and displacement cause the persistence of calculation process (Chen and McCartney
2016). Similar to this method, Plaseied (2012) used a hyperbolic function to conjugate
the pile displacement with the mobilization of soil resistance. Furthermore, the effect of
the radial expansion of pile on increasing side resistance was considered. Therefore, a
simpler and efficient calculation was obtained. But the location of NP must have
specified by the user. So Chen and McCartney (2016) modify the procedure to account
NP location based on an iterative procedure on induced thermal displacement until
reaching equilibration. Their proposed method has this ability to calculate shear and toe
resistance based on empirical relations proposed for usual conditions in geotechnical
applications such as drained or undrained loading and semi-floating or end bearing pile.

In contrast to Knellwolf et al. (2011) method, the proposed analysis by Chen and
McCartney (2016) can’t consider various soil layer. Another limitation of the proposed
method by Knellwolf et al. (2011) and Chen and McCartney (2016) is they don’t
consider transferred heat to surrounding soils on their response. This could arise from
the absence of valid data for piles in temperature-sensitive soils. So in this paper, a heat
transfer analysis was accompanied by a thermomechanical analysis of pile behavior.
The results from heat transfer analysis were imported to pile’s analysis to obtain more
accurate analysis on the pile.

In later sections, the more details about heat transfer analysis and pile behavior
under thermomechanical loading will be presented. After that, the calibration of
implemented methods will be evaluated. The parametric study shows that the distri-
bution of axial thermal strain and stress depends on various property of pile and soil
such as diameter, length, side shear and toe resistance.

2 Finite Difference Model

In this study, the behavior of an energy pile with 1 m diameter and 26 m length in the
corner of a four-story building at the Swiss Federal Institute of Technology (SFIT) in
Lausanne was analyzed. The experimental results and material properties were adopted
from Knellwolf et al. (2011) and Laloui et al. (2006). This case study due to accurate
results and comprehensive instrumentation was selected for many numerical models
validations. Since there isn’t available data that show the distribution of temperature

106 M. Oliaei et al.



adjacent to the energy pile for the selected case study, the results of heat transfer
analysis implemented in this study, validated by numerical analysis performed by
Khodaparast et al. (2016) which is done by using ABAQUS. The proposed models
were attained by using MATLAB.

2.1 Heat Transfer Analysis

Considering a heat transfer around an energy pile analysis is a useful tool for con-
sidering temperature effect on soil response. Also, it can be used for assessing the
efficiency of energy pile in terms of energy extraction. Heat transfer analysis is done by
solving its governing equation by finite difference method as Eq. 1.

Ti; j ¼ a�1
i; j ð

dx2dy2

2ðdx2 þ dy2ÞÞð
aiþ 1; jTiþ 1; j þ ai�1; jTiþ 1; j

dx2
þ ai; jþ 1Ti; jþ 1 þ ai; j�1Ti; j�1

dy2
Þ ð1Þ

Where Ti,j is the temperature in point i and j in x and y-direction respectively.
a ¼ C

S � d is defined based on conductivity (C), density (d) and specific heat (S).

The model geometry consists of a 5 m length and 52 m depth which in axisymmetric
condition a pile with 1 m diameter and 26 lengths is placed in it. The material properties
and depth of each soils stratum for heat transfer analysis are presented in Table 1. The
thermal boundary conditions consist of allowing heat to be dissipated from the right side
as well as top and bottom of the model. The Fig. 1 illustrates that implemented modeling
can show heat transfer in multi-layered soils with good accuracy.

2.2 Thermomechanical Pile Analysis

By using finite difference scheme the considered pile in the previous section was
discretized to n element. The solving procedure for pile response under mechanical
loading start from N-th element and for thermal loads, it starts relative to NP towards
upper and bottom sections. Due to limitations, further explanation is n’t provided. More

Table 1. The soil thermal and resistance properties for calibration model

Layer Depth
(m)

Conductivity
(W/m.°C)

Density
(kg/m3)

Specific heat
(J/kg.°C)

qs,max*
(kPa)

as
(� 10−3)

bs x

A1 0–5.5 1.8 2000 1200 102 4 0.8 0.5
A2 5.5–12 1.8 1950 1230 70 4 0.85 0.5
B 12–21.5 1.8 2000 1200 74 3.5 0.8 0.7
C 21.5–

25.5
1.8 2200 1090 160 1 0.75 0.8

D 25.5–26 1.1 2550 785 160 1 0.75 0.8
D
(Tip)

qb,max* = 11000 kPa ab = 0.008 bb = 0.8 -

*qs: ultimate side shear resistance, qb: ultimate toe resistance
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detailed information on how to obtain the thermomechanical behavior of pile under
thermomechanical loads can be found at Chen and McCartney (2016) and Knellwolf
et al. (2011). The main difference between the proposed model in this paper with Chen
and McCartney (2016) is that it can consider various layer. This development is
important to make it possible to be used in real geotechnical conditions. The material
properties are illustrated in Tables 1 and 2. Fitting parameter as, bs, ab, and bb for
hyperbolic function in Eqs. 4 and 5 are derived by best approximation for proposed
load-settlement curves by Knellwolf et al. (2011) (Fig. 2).

Then, the hyperbolic functions (fT−z) and (fQ−z) are used for relating the side shear

Qi
s;Max

� �
and toe (Qb,max) resistances to shear displacement for each segment qis and

toe qnb
� �

, respectively.

Qi
b ¼ Qb;Max: fQ�zðqnbÞ ð2Þ

Qi
s ¼ Qi

s;Max: fT�zðqisÞ ð3Þ

fQ�zðqnbÞ ¼
qnb

ab þ bbqnb
ð4Þ

Fig. 1. Validation temperature distributions in
soil-1 m distance from Pile

Fig. 2. Schematic of bilinear function
approximation by hyperbolic equation

Table 2. The pile thermal and resistance properties for calibration model

Length
(m)

Diameter
(m)

Conductivity
(W/m.°C)

Density
(kg/m3)

Specific
heat
(J/kg.°C)

Elasticity
modulus
(GPa)

Head
stiffness
(MPa)

Thermal
expansion
(°C−1)

26 1 2.1 2500 800 40 0 8.5 � 10−6
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fT�zðqisÞ ¼

qis
as þ bsqis

for loading

qis
as
þ Qi

s
Qi

s;Max
� 1

Qi
s;Max

Qis
�bs

0
@

1
A for unloading

8>>><
>>>:

ð5Þ

3 Results and Discussion

As can be seen in Fig. 3 the modified method can show behavior of energy pile in
multi-layered ground with adequate accuracy. Since in real cases, there are Fewer
probabilities that there only be a single layer in the ground, it is important that all
proposed numerical methods could consider multi soil layers. Since in the case of
energy piles, surrounding soils control the intensity of produced axial stress and strain,
considering the various layers and their response to thermal loads become more
important.

3.1 The Effect of Soil Temperature Dependence on Piles Response

As can be seen in Fig. 3 none of the proposed model by current study and Knellwolf
could demonstrate the accurate response of pile in higher temperature than 17.4 °C.
Underestimation of this results could lead to uncertainty in the subsequent safety

Fig. 3. Comparison between Numerical – Experimental axial thermal strains from Knellwolf
et al. (2011) and modified method
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analysis. For this reason, reduction factors (x) for side shear resistance based on Eq. 6
was defined to reduce the side shear resistance of surrounding soils for a higher
temperature than critical temperature (Tc).

Qi
s;Max ¼ xiQ

i
s;Max if Ti [ Tcr ð6Þ

Where Qi
s;Max is ultimate side shear resistance for each segment (i). Ti is the tem-

perature of the soils in various depth at 30 cm toward radial distance from the pile.
Figure 4 illustrate that with this consideration more accurate results can be obtained.

4 Parametric Study

A comprehensive parametric study was performed on various indicator parameters such
as pile length and diameter, head-spring, ultimate side shear and toe resistance. The
values of the parameters for each case are given in related figures and main model was
constructed based on given characterize in Table 3. As shown in Figs. 5, 6, 7, 8 and 9 it
can be deduced that increasing pile length, head-spring, side shear and toe resistance
result to reducing thermal axial strains and vice versa by increasing diameter of pile, the
thermal strain increases. The effect of increasing toe resistance is more complex. The
effect of the tip resistance is summarized only in the tip region, and with its increase,
the small effect is created at the upper sections of the pile. Except for diameter
increasing other parameters results to increasing axial thermal compressive stress. This
shows that in the case of thermal loads unlike mechanical loads, stiff soils or long piles
could lead to more axial stress than what was expected for mechanical loads.

Based on observed response of energy piles, between the thermal axial strains and
stress have indirect relationship. That mean more induced strain results to less stress. So
wrong estimation of each case results to inaccuracy in settlement and structural design,
respectively. Except for diameter, increasing other parameters mean there is more

Fig. 4. Effect of considering reduction factor on
better prediction

Fig. 5. Thermal strains along pile for various
pile diameter
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Table 3. Main properties for parametric studies

Thermal properties Resistance
properties

Pile geometry and properties

Conductivity
(W/m.°C)

Soil = 1 as 0.0003 Length (m) 15
Pile = 2 bs 0.9 Diameter (m) 0.5

Density (kg/m3) Soil = 1800 qs (kPa) 50 Elasticity modulus
(GPa)

30

Pile = 2500 ab 0.002 Thermal
expansion (°C−1)

12 � 10−6

Specific heat
(J/kg.°C)

Soil = 800 bb 0.9 Head stiffness
(MPa)

500

Pile = 1000 qb (kPa) 12000 Temperature (°C) 20

Fig. 6. Effect of pile length on axial thermal
strains

Fig. 7. Effect of ultimate side shear resistance
on reducing thermal strain

Fig. 8. Effect of toe resistance on pile response Fig. 9. Pile response for various head spring
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resistance against free expansion of pile. So more compressive stress and less strain will
be induced in the pile. The resistance against free thermal expansion of pile outcome
from pile or soil properties. Another important factor is the intensity of imposed tem-
perature and induced in soil. By increasing temperature in soil, initial elastic strain will
be occurred. So the soil condition will get closer to plastic condition. It could result to
decreasing in soil resistance against further loads. Consequently, using reduction factor
for higher temperature than critical one, results to more accurate results.

5 Conclusion

In this paper, previous work by Knellwolf et al. (2011) and Chen and McCartney
(2016) has been developed to achieve an efficient and suitable method that can be used
in actual applications of energy piles. Based on obtained results, considering the effect
of temperature on soil resistance in the analysis of energy piles can lead to better
results. Energy pile behavior for different values of diameter and length of pile, soil
resistance and head stiffness from superstructure was investigated. According to the
observations, increasing these parameters except for the diameter of the pile, reduces
the axial thermal strain of the pile and increases its stress.
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Abstract. The use of energy loop(s), fitted into the structural foundation ele-
ments dualizes the role of the pile in meeting the structural performance and the
thermal comfort demand of the overlying structure. Heat carrier fluid (HCF) is
circulated through the loops, to extract or reject heat energy into the ground,
during the space heating or cooling operation. However, this results in thermal
interaction between the inlet and outlet leg of the loop especially in contiguous
flight auger (CFA) piles where the loops are bunched together to a central steel
bar. This paper presents a numerical study to investigate the heat flow charac-
teristics between the inlet and outlet loops installed in a CFA pile. It was found
that the central steel bar, used in a CFA pile, contributes towards higher thermal
interaction. Similarly, it was found that the use of plastic bar of adequate
strength, to substitute the use of steel bar, has both economic advantage and
positive significance on the performance of the CFA pile.

1 Introduction

The process of coupling the heat pump unit to foundation elements, such as structural
piles, provide an effective and environmentally friendly approach of achieving sus-
tainable space heating and cooling in residential and commercial buildings. Often
referred to as energy pile system or ground source heat pump (GSHP) system, it is
coupled by connecting the secondary heating elements (located in the underfloor slabs or
ceilings within the buildings), the heat pump unit and the primary unit or ground heat
exchanger (high density poly-ethylene, HDPE, incorporated into the concrete piles).

During operation, the system extracts and transfers low grade heat energy from the
ground, via the circulation of heat carrier fluid (HCF) in the HDPE pipes, to the heat
pump. At the heat pump, the low grade heat energy is amplified to a high temperature
heat energy which is transferred to the secondary underfloor heating elements to
achieve space heating. However, in cooling operation, the process is reversed. The heat
is extracted from the building and injected into the ground for storage, to be used in the
subsequent heating season. This cyclic heating/cooling operation imposes additional
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thermal stresses and strains on the foundation pile. However, the effect was found to be
thermoelastic in nature (Laloui et al. 2006; Sani et al. 2018a; Singh et al. 2015).

In addition, the location of the HDPE loop within the concrete pile has an influence
on the thermal performance of the system. In rotary bored piles fitting the loops to the
reinforcement cage ensures the inlet and outlet leg of the loops to be situated further
apart. However, in contiguous flight auger (CFA) piles, the loops are bunched together
around a central steel reinforcement and plunged into the fresh concrete prior to
concrete setting (Loveridge and Powrie 2014; Sani et al. 2018b). Thus, result in
likelihood of thermal interaction between the loops.

This paper presents the results of a numerical study carried out to investigate the
heat flow characteristics within a CFA pile using finite element method (FEM).

2 Finite Element Modelling

A pseudo 2D finite element modelling and analyses were carried out using a numerical
code known as COMPASS (Code for Modelling Partially Saturated Soils) in this study.
The code is capable of numerically solving Thermo-Hydraulic-Mechanical and
Chemical (THM-C) processes in partially saturated porous media. Its theoretical for-
mulation is based on mechanistic approach and can be found in various publications
(Thomas and He 1997; Thomas and Sansom 1995).

The current study only utilised the thermal (T) capability of the code. Hence,
expressed the governing equations terms of primary variables i.e. heat flow due to
liquid (pore water pressure, ul) and that through solids (soil skeleton), owing to
temperature gradient (rT).

2.1 Heat Transfer

Predominantly, heat transfer through soil occurs via conduction, convection, and
radiation. However, London clay was used in this study, thus, the radiation effect was
neglected, because its effect in very fine soils is insignificant (Farouki 1981).

Thus, the law of conservation of energy governing heat flow dictates that the
temporal derivative of the heat content (Hc) is equal to spatial derivative of heat flux
(Q), mathematically expressed as:

@ Hc@Vð Þ
@t

¼ �rQ @Vð Þ ð1Þ

Q ¼ �kTrT þ Cplvlql
� �

T � Trð Þ ð2Þ

Where kT is the unsaturated soil thermal conductivity, Cpl is the specific heat capacity
of liquid, vl is the liquid velocity, rT is the temperature gradient, Tr is the reference
temperature and ql is the density of liquid.
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3 Numerical Model Development

This section presents the detailed description of the numerical model. Also, it should be
noted that only the radial heat transfer was investigated, because studies by (Singh et al.
2015) showed that radial heat transfer is the predominant mode of heat flow in an
energy pile. In consequence, the axial heat flow was neglected here.

3.1 Model Description

A two-dimensional geometry of a single CFA pile (shown in Fig. 1a and b) was set up
in COMPASS, with a dimeter of 600 mm and pipes incorporated to represent the inlet
and outlet legs of a single and double U-loop. The pipes have an outer and an inner
diameter of 32 and 28 mm, respectively. They are installed at the centre of the CFA
pile, and having a distance of about 245 mm (concrete cover, cc) from the HDPE pipe
surface to the CFA pile outer surface. The inlet and outlet legs are separated by a shank
spacing (S) equal to the diameter of the central steel i.e. 40 mm. The properties of the
steel bar are given in Table 1. In addition, the two models are installed in a soil domain
which spans out to a radial distance of 5 m from the centre of the pile. The chosen
domain size was ensured to be large enough to allow thermal processes to be fully
implemented.

Equally, it should be noted that the HCF in the HDPE pipes was not modelled in all
the numerical analyses. This is because the current study is mainly aimed at investi-
gating the heat flow behaviour between the inlet and outlet loop leg within the pile.

The pile concrete surface was discretised using a uniform 4 noded triangular mesh
elements with an equal size of 10 mm. On the other hand, the HDPE pipes were also
discretised using 4 node triangular elements however, with smaller elements size of
1 mm. At the regions close to the pipes, 1 mm mesh sizes were applied at the pile-pipe

Fig. 1. Geometry of a CFA pile, with (a) 1-loop and (b) 2-loops attached to a central steel.
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interface, and expand to 10 mm at other locations within the pile surface. Additionally,
a 4 noded triangular mesh of 20 mm size was applied at the pile surface and the
elements size increases to 500 mm at the far field boundary i.e. the farthest boundary of
the soil domain.

3.2 Initial Conditions

The initial temperature of the concrete PHE, the HDPE pipes and the surrounding
London clay were assumed to be around 13.4 °C. This agrees with the all-year-round
constant ground temperature value measured at East London and reported by
(Loveridge et al. 2013) during a thermal response test on a vertical borehole. Fur-
thermore, the initial degree of saturation of the London clay was assumed to be 100%
being a representative of the fact that the soil is fully saturated (Loveridge et al. 2013).
Additionally, the effect of the interaction between the atmospheric air and the pile was
neglected. This is because piles and their surrounding soil are covered by buildings thus
are not exposed to the atmosphere.

3.3 Boundary Conditions

The boundary conditions applied to the inlet and outlet pipes were selected based on
the data sheet of GSHP system specification obtained from Kensa heat pumps, UK and
Water Furnace international heat pump manufacturers (Heat 2016; waterfurnace 2016).

Table 1. Material parameters

Parameter London
clay

Concrete HDPE
pipe

Steel Plastic
bar

Hydraulic parameters
Saturated hydraulic
conductivity, ksat (m/s)

5.8 � 10−1a – – – –

Degree of saturation (%) 100b – – – –

Thermal parameters
Thermal conductivity,
k (W/m K)

1.5c 1.5c 0.385c 43e 0.36f

Specific heat capacity,
Cp (J/kg K)

1820c 1050c 1465d 47e 1500f

Other parameters
Density, qd (kg/m

3) 1968g 2210c 1100d 7801e 1150f

Porosity, n 0.37h 0.1 – –

Latent heat of vaporisation,
L (J/kg)

2400000

Henry’s volumetric coefficient
of solubility, Hs

0.02

Specific gas constant 287.1
aHepburn (2013); bLoveridge et al. (2013); cCecinato and Loveridge (2015); dGao et al. (2008);
eMetals (2005); fMidttømme (1998); gLow et al. (2015); hMidttømme (1998)
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A constant temperature of 308.15 K (35 °C) and 303.15 K (30 °C) were applied to
the internal surface of the inlet and outlet leg of the HDPE pipes, respectively.
This GSHP system mode of operation represents the process of heat injection into the
soil or summer mode to provide space cooling. In addition, a fixed temperature of
286.55 K (13.4 °C) was applied at the outer surface of the soil domain (i.e. 5 m radial
distance from the centre of PHE).

3.4 Material Parameters

The materials used in this study are adopted from the values that were measured and
reported in literature. London clay was chosen as the soil type surrounding the PHE.
Table 1 presents the set of material properties for the HDPE pipe, concrete PHE and
the London clay. In addition to the material properties provided in Table 1, other
parameters that were needed for the analyses include the specific heat capacity of water
Cpw = 4200 (J/kg K) and the density of liquid water qw = 1000 (kg/m3).

3.5 Numerical Simulations

Transient thermal analyses were carried out by applying a continuous temperature of
308.15 K and 303.15 K at the HDPE pipe surfaces for 6 months (180 days) for the
single and double U-loop geometry shown in Fig. 1. The duration of the analyses was
chosen to represent a scenario where the system was used equal cyclic heating/cooling
operation. However, only the heating aspect is considered here. This is to decouple the
thermal loading process and gain better understanding of the heat flow behaviour in
CFA pile under heat injection.

In addition, the central steel bar at the centre of the pile shown in Fig. 1 is expected
to aid in higher thermal interaction between the inlet and outlet loop leg. Thus, the steel
bar is substituted with a plastic bar of adequate strength and having a low thermal
conductance properties in comparison to the steel. The plastic bar was made from
Polyamide 66 which had an outer diameter of 40 mm. Its other thermal properties are
given in Table 1. The results of the numerical simulations were obtained at points A, B,
C and D (shown in Fig. 2a and b), in the form of temperature achieved at the end of the
numerical simulations.

4 Results and Discussion

The COMPASS code has been extensively validated and reported in various publi-
cations, including (Thomas and He 1997; Thomas and Sansom 1995). Furthermore, the
model in this are validated via the use of an analytical equation proposed by Loveridge
and Powrie (2014). The equation computes for the resistance of an energy pile (Rpile)
using Eqs. 3 and 4.

Rpile ¼ 1
Sckc

ð3Þ
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kc is the concrete thermal conductivity, Sc is the shape factor expression shown in Eq. 4
was obtained through sensitivity analyses of non-dimensional parameters rb=roð Þ and
rb=ccð Þ.

Sc ¼ A

Bln rb=roð Þ þ Cln rb=ccð Þ þ rb=roð ÞD þ rb=ccð ÞE þ F
ð4Þ

cc is concrete cover and A, B, C, D, E and F are constants fitting parameters given in
Table 2, rb and ro are the pile and pipe radius.

In addition, the pile resistance can be computed from the results obtained from the
numerical analyses carried out by COMPASS using Eq. 5.

Rphe ¼ ðTp � TsÞ=qp ð5Þ

Tp and Ts are the final temperature at the HDPE pipe surface and the outer soil domain
respectively. qp is the heat flux.

The results of the pile resistance computed using Eq. 3 and 5 were compared and
the meshing refined untill the results do not vary by more than 0.3%.

Figures 3a and b present the results of the temperature distribution within a CFA
pile after 6 months of continuous heating operation, for a single and double U-loops

Fig. 2. CFA pile cross-section showing points A, B, C and D.

Table 2. Curve fitting values for a single loop in a PHE (after Loveridge and Powrie (2014))

A B C D E F

kc ¼ kS 4.919 0.3549 − 0.07127 − 11.41 − 2.88 0.06819
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respectively. The constant temperature of 35 °C and 30 °C applied at the inlet and
outlet loop leg decreases and propagates uniformly away from the loops location.

At the end of the heating operation, an average uniform temperature of about 22.5 °C
and 24.5 °Cwere observed at the pile circumferential surfaces for the casewith single and
double U-loop, respectively. This reflects an increase of about 2 °C as a result of the
increase in number of installed loop from 1 to 2.

In addition, the Figs. 3a and b also shows the increase in temperature of the central
steel to a value close to that at the inlet and outlet pipe surfaces. The temperature at the
centre of the steel bar (which corresponds to the centre of the pile), i.e. point C,
increases from 13.4 °C at the start of the simulation to about 31.5 °C and 32.8 °C, at
the end of the heat injection process, for the 1-loop and 2-loops, respectively. The
reason for higher heat flow between the inlet and outlet loop leg is attributed to the
good heat conductive properties of the central steel, thus could potentially result into
thermal short-circuiting of the system.

Figures 4a and b present the results investigating the influence of central steel bar
on the heat transfer between the inlet and outlet loops. The results are obtained at points
A, B, C and D, as shown in Figs. 2a and b. It was found that the presence of the steel
bar at the centre of the pile decreases the difference in temperature between the inlet
and outlet loops.

For the case with a single U-loop, a temperature of about 31.05, 31.26 and 31.85 °C
were observed at points A, C and B (shown in Figs. 2a and b) respectively when the
central steel bar was installed. However, after substituting the steel bar with a plastic bar,
lower temperature values of 29.95, 31.00 and 34.15 °C were observed at the same points
i.e. A C and B (Fig. 4a).

In addition, Fig. 4b shows the results of final temperature for the case with 2-loops
installed. Temperature values of 31.95, 32.35 and 32.65 °C were observed at points A,
C and D for the case having the central steel installed. But, when substituted with a
plastic bar, the temperature at those points became 30.55, 32.35 and 34.25 °C,
respectively.

Fig. 3. Temperature distribution (in °C), for 1-loop and 2-loops installed in a CFA pile.
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Therefore, it can be pointed out that the temperature gradient between the inlet and
outlet loop leg is influenced by the central steel bar. For the case with 1-loop, the
temperature gradient increases from 0.8 °C (when steel bar was installed) to 4.2 °C
(when plastic bar was installed). Similarly, for the case with 2-loops, the temperature
gradient increases from 0.7 °C (with steel bar installed) to 3.7 °C (with plastic bar
installed). Thus, it is highly recommended that plastics of adequate strength should be
used to install HDPE loops in a CFA pile. Additionally, the price of 40 mm steel bar is
around £118 per meter length, in comparison to the price of a 40 mm plastic bar (£32
per meter length) (DirectPlastics 2008; The-Metal-Store 2018).

Thus, using plastic bar for installing energy loops provide a much more economical
alternative compared to using steel bar.

Figure 5 shows the results of temperature distribution in the surrounding clay for
the 1-loop and 2-loops, respectively. It was observed that the increase in number of
installed loops from 1-loop to 2-loops does not significantly result in higher magnitude
of temperature change in the surrounding soil. Similarly, the region that was influenced
by the radial temperature distribution extends outward to a distance of about 4.1 m
from the surface of the CFA pile, for the 1 and 2-loops, respectively.

Fig. 4. Effect of Central steel in CFA piles for (a) 1-loop and (b) 2-loops
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Fig. 5. Temperature distribution in soil for 1-loop and 2-loops
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5 Conclusion

This study investigates the pipe-pipe heat flow between the inlet and outlet loops
installed in a CFA pile. It was found that:

• Installing a central steel bar in a CFA pile results in higher thermal interaction
between the inlet and outlet loops owing to higher conductive properties of steel.
Therefore, it is recommended that plastic bar of adequate strength and poor thermal
properties should be used when plunging loops into a CFA pile.

• Installing the loops at the centre results in uniform temperature distribution around
the circumference of the CFA pile.

• Utilising plastic bar provide much more economical approach of installing energy
loops in a CFA pile in comparison to using steel bar.

• In addition, increasing the number of loops from 1 to 2 does not significantly results
in higher magnitude of temperature developed at the CFA circumference. Similarly,
the thermally active region was found to extend to a radial distance of 4.1 m from
the CFA pile surface. However, this is dependent upon soil type and other factors
such as initial water content, grain size and initial temperature.
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Abstract. The heat transfer process in energy piles is strongly affected by the
heat capacity of such foundation elements. This phenomenon is more pro-
nounced for energy piles compared to borehole heat exchangers, because of the
lower slenderness of the former compared to the latter, and involves axial
thermal gradients. In literature, capacity effects of energy piles and their tran-
sient thermal performance have not been analysed in depth. Looking at such
challenge, this paper investigates the dynamic thermal performance of energy
piles at short-to-medium time scales. The work analyses the results of almost
thirty 3D finite element simulations of an energy pile equipped with 3-U ducts
by varying: (i) the velocity of the fluid circulating in the ducts, (ii) the slen-
derness ratio of the pile, (iii) the radial position of the ducts, and (iv) the
boundary condition characterizing the uppermost surface of the model. Simu-
lation results are analysed to identify for which times, geometries, and operative
conditions the energy pile can be modelled with a 2D geometry, instead of a full
3D geometry. Our analysis highlights a limited relevance of the axial effects
during the transient period in any tested configuration. These results are func-
tional to the application of simplified analytical models and design criteria for
energy piles.

1 Introduction

Energy piles (EPs) represent a promising solution to reduce the installation costs of
GSHP systems, mainly because the heat exchanging pipes are embedded in the
building foundations without significant additional costs with respect to the already-
needed expenditure for geo-mechanical requirements (Fadejev et al. 2017; Batini et al.
2015). However, the EP design and performance assessment are ongoing multi-
disciplinary and mechanical-thermal issues (Rotta Loria and Laloui 2016).

The thermal modelling of an EP is difficult for several reasons, e.g., EPs cannot be
assumed as slender bodies, the heat transfer process is affected by the large heat
capacity of the foundation or by possible interaction with outdoor climate and/or
overhead buildings (Conti et al. 2016; Li and Lai 2015). However, an accurate EP
model is fundamental for a proper analysis of the system, as ground-coupled heat
exchangers are one of the main drivers of the overall GSHP performance (Casarosa
et al. 2014).
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At present, EPs are modelled through numerical methods and software as, to the
best of our knowledge, there are no established dynamic analytical models (Fadejev
et al. 2017; Zarrella et al. 2013). With respect to numerical methods, analytical
approaches are attractive alternatives, representing an appropriate trade off among
implementation efforts, computational time, and solution accuracy (Conti 2016, 2017;
Conti et al. 2016). On the other hand, the development of new analytical methods
always requires some simplification assumptions, to be verified through numerical or
experimental analyses. For instance, the composite-medium line-source model (Li and
Lai 2012) refers to the 2D thermal field evolution due to a linear thermal source located
in composite cylindrical media, and it is potentially applicable to simulate EP thermal
dynamics, provided that the 2D assumption is verified.

In this paper, we analyse the transient period of an EP to figure out the duration and
the characteristics of the thermal field evolution at short-to-medium time scales.
Specifically, we run 36 simulations varying geometrical parameters and operative
conditions. We focus on two main points: the duration of transient period, the relevance
of the thermal gradients over the axial direction with respect to the radial dimension.
The findings will be functional to the application of the composite-medium line-source
model in the EP context.

2 Description of the Numerical Model

The numerical analysis was performed through the widespread commercial software
COMSOL Multiphysics® (COMSOL 2015). We performed 36 full transient 3D FEM
simulation of a reference 3-U energy pile, varying the position of the U-loops, the flow
rate within the ducts, the aspect ratio of the pile, and the upper boundary condition of
the numerical domain from adiabatic to isothermal (see Table 1 and Fig. 1). All the
media were assumed to be as constant-property, homogeneous, isotropic, and purely
conductive. The ducts are assumed as purely thermal resistances, with a negligible
thermal capacity. The thermal conductivity, k, of the ground, EP concrete, and ducts
are 1.5, 2.1, and 0.4 W/(m K), respectively. Thermal diffusivity a of the ground and EP
concrete are 0.6 and 1.0 mm2/s, respectively.

The heat transfer over the EP concrete and the ground are modelled through the
classical heat equation based on the Fourier’s law. The circulating fluid is assumed as
water and it is modelled through a 1-D energy equation along the geometry edges
representing the ducts (see Fig. 2):

qf cf
@hf
@t

þ qf cf uf
@hf
@s

¼ kfr2hf þ _qp= pr2p;i
� �

ð1Þ

where s is curvilinear coordinate and _qp ¼ 2prp;iUp hp;ext � hf
� �

. hp,ext is the local
temperature of the duct-pile interface. The overall heat transfer coefficient, Up includes
the convective fluid-duct thermal resistance and the conductive duct thermal resistance.
Further details can be found in Batini et al. (2015).

The actual number of mesh elements depends on the specific simulation. As general
rule, we used a swept method over the EP axial direction and an unstructured triangular

124 P. Conti et al.



T
ab

le
1.

Pa
ra
m
et
er
s
of

te
st
ed

co
nfi

gu
ra
tio

ns
(r
=
0.
45

m
)

C
on

f.
#

U
-l
oo

ps
ar
ra
ng

em
en
t

Pi
pe
s
ra
di
al

po
si
tio

n
[m

]
Pi
le

de
pt
h,

H
[m

]
Fl
ui
d
ve
lo
ci
ty
,

u f
[m

/s
]

A
sp
ec
t
ra
tio

,
H
/

(2
r b
)
[–
]

B
ou

nd
ar
y

co
nd

iti
on

(B
.C
.)

s � h
f

[s
]

s p [s
]

a b
s b
/

r b2

1
T
yp

e
A

0.
13

9
0.
2

10
Is
ot
he
rm

al
45

40
4

2.
21

2
T
yp

e
A

0.
13

9
0.
5

10
Is
ot
he
rm

al
18

26
3

2.
21

3
T
yp

e
A

0.
13

9
1

10
Is
ot
he
rm

al
9

19
8

2.
21

4
T
yp

e
A

0.
13

36
0.
2

40
Is
ot
he
rm

al
17

8
99

9
2.
48

5
T
yp

e
A

0.
13

36
0.
5

40
Is
ot
he
rm

al
72

52
6

2.
48

6
T
yp

e
A

0.
13

36
1

40
Is
ot
he
rm

al
36

37
8

2.
48

7
T
yp

e
A

0.
40

9
0.
2

10
Is
ot
he
rm

al
45

40
4

1.
97

8
T
yp

e
A

0.
40

9
0.
5

10
Is
ot
he
rm

al
18

26
7

1.
97

9
T
yp

e
A

0.
40

9
1

10
Is
ot
he
rm

al
9

19
9

1.
97

10
T
yp

e
A

0.
40

36
0.
2

40
Is
ot
he
rm

al
17

8
98

9
2.
21

11
T
yp

e
A

0.
40

36
0.
5

40
Is
ot
he
rm

al
72

52
1

1.
97

12
T
yp

e
A

0.
40

36
1

40
Is
ot
he
rm

al
36

37
8

1.
97

13
T
yp

e
B

0.
13

9
0.
2

10
Is
ot
he
rm

al
45

45
2

2.
48

14
T
yp

e
B

0.
13

9
0.
5

10
Is
ot
he
rm

al
18

27
7

2.
48

15
T
yp

e
B

0.
13

9
1

10
Is
ot
he
rm

al
9

19
9

2.
48

16
T
yp

e
B

0.
13

36
0.
2

40
Is
ot
he
rm

al
17

8
12

93
2.
78

17
T
yp

e
B

0.
13

36
0.
5

40
Is
ot
he
rm

al
72

64
0

2.
46

18
T
yp

e
B

0.
13

36
1

40
Is
ot
he
rm

al
36

42
9

2.
48

19
T
yp

e
B

0.
40

9
0.
2

10
Is
ot
he
rm

al
45

41
0

2.
21

20
T
yp

e
B

0.
40

9
0.
5

10
Is
ot
he
rm

al
18

26
9

2.
21

21
T
yp

e
B

0.
40

9
1

10
Is
ot
he
rm

al
9

20
1

2.
21

22
T
yp

e
B

0.
40

36
0.
2

40
Is
ot
he
rm

al
17

8
99

4
2.
48

23
T
yp

e
B

0.
40

36
0.
5

40
Is
ot
he
rm

al
72

52
4

2.
48

(c
on

tin
ue
d)

Thermal Characterization of Energy Pile Dynamics 125



T
ab

le
1.

(c
on

tin
ue
d)

C
on

f.
#

U
-l
oo

ps
ar
ra
ng

em
en
t

Pi
pe
s
ra
di
al

po
si
tio

n
[m

]
Pi
le

de
pt
h,

H
[m

]
Fl
ui
d
ve
lo
ci
ty
,

u f
[m

/s
]

A
sp
ec
t
ra
tio

,
H
/

(2
r b
)
[–
]

B
ou

nd
ar
y

co
nd

iti
on

(B
.C
.)

s � h
f

[s
]

s p [s
]

a b
s b
/

r b2

24
T
yp

e
B

0.
40

36
1

40
Is
ot
he
rm

al
36

38
4

2.
48

25
T
yp

e
A

0.
30

28
0.
2

31
.1

Is
ot
he
rm

al
13

8
79

7
1.
97

26
T
yp

e
A

0.
30

28
0.
2

31
.1

A
di
ab
at
ic

13
8

79
7

1.
97

27
T
yp

e
A

0.
30

9
0.
2

10
Is
ot
he
rm

al
45

38
3

1.
75

28
T
yp

e
A

0.
30

9
0.
2

10
A
di
ab
at
ic

45
37

0
1.
97

29
T
yp

e
A

0.
30

36
0.
2

40
Is
ot
he
rm

al
17

8
96

6
1.
97

30
T
yp

e
A

0.
30

36
0.
2

40
A
di
ab
at
ic

17
8

96
6

1.
97

31
T
yp

e
A

0.
30

28
0.
5

31
.1

Is
ot
he
rm

al
56

44
3

1.
75

32
T
yp

e
A

0.
30

28
0.
5

31
.1

A
di
ab
at
ic

56
44

3
1.
97

33
T
yp

e
A

0.
30

9
0.
5

10
Is
ot
he
rm

al
18

26
2

1.
75

34
T
yp

e
A

0.
30

9
0.
5

10
A
di
ab
at
ic

18
26

2
1.
75

35
T
yp

e
A

0.
30

36
0.
5

40
Is
ot
he
rm

al
72

52
6

1.
97

36
T
yp

e
A

0.
30

36
0.
5

40
A
di
ab
at
ic

72
52

6
1.
97

126 P. Conti et al.



mesh on the upper surface (see Fig. 3). The maximum size of the triangular elements is
0.02 m within the pile and 3.3 m in the soil. The maximum height of the prisms is
3.1 m. The simulated period consists of 20 days divided in a logarithmically-spaced
vector of pace log10(s

n/sn−1) = 0.05. We used an intermediate backward differentiation
formula as time-integration method (COMSOL 2015).

3 Results: Characteristic Periods and Axial Thermal
Gradients

According to Li and Lai (2015), the heat transfer process in vertical ground-coupled heat
exchangers (EPs included) can be split into three separate characteristic periods. The first
period, s < sp refers to the fluid and ducts thermal dynamics. We define sp, as the time
after which the heat exchange through the pipes is practically equivalent to the enthalpy
variation of the fluid between the inlet and the outlet sections. The term “practically
equivalent” refers to a relative deviation lower than 5%. To better quantify sp, we wrote a
simplified energy equation of the fluid with a lumped-parameters approach, namely:

s�hf ¼ qf cf Vf
�

2 _mf ;pcf þUS
� � ð2Þ

π/3

r
b

r
b

U-loop 

IN

OUT IN

OUT

IN OUT

Type A

a π/6
U

-loop

IN

OUT

OUT

IN

IN

OUT

Type B

Fig. 1. Tested arrangements for U-loops. Type B refers to a closer position of the U legs.

Ground

Energy Pile

Energy Pile Pipes

Fig. 2. Numerical domain (images from COMSOL Multiphysics GUI). The six blue lines
represent the ducts embedded in the energy pile.
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where the mean operator refers to the arithmetic mean of the considered variable
between the inlet and the outlet sections of a single U-loop. we expect that hf reaches
the steady-state value at a time proportional to the time constant of Eq. 2,
s�hf ¼ qf cf Vf

�
2 _mf ;pcf þUS
� �

. The results shown in Fig. 4 confirms that s�hf and sp are
linearly dependent each other, according to a proportional factor of about 4. In Fig. 4
we see less than 36 markers as the others are overlapped to those with the same s�hf . In
other words, the radial position of the pipes and the aspect ratio of the pile do not affect
the dynamics of the circulating fluid at those short time scales s < sp. We did not
investigate shorter s�hf as this would correspond to unrealistic high EP flow rate values.

The second period, sp < s < sb, refers to the thermal dynamics of the pile and it is
driven by the heat capacity of the foundation. We can define sb as the time after which
the thermal power exchanged through the ducts is practically equivalent to the thermal
power exchanged through the pile-soil interface. Again, the term “practically equiva-
lent” refers to a relative deviation lower than 5%. Table 1 shows the sb values for the

34
5
6

7
8

Fig. 3. Finite element mesh used in the simulations (images from COMSOL Multiphysics GUI).
The position and the numbering of the ducts are highlighted in white.
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36 tested configurations, pointing also out that this value is approximately 2�2.5 times
the characteristic time of the pile, r2b=ab. At s > sb, namely the third period, the pile
becomes a purely-resistance body and it can be modelled through the classical borehole
thermal resistance, Rb (Conti et al. 2016).

The thermal dynamics of an EP occurs in the above-described second period.
Figure 5 shows an example of the typical isothermal lines during that dynamics.

Those lines are practically parallel to the pile axis, hinting that no heat transfer
occurs in axial direction. However, to better quantify the relevance of the heat con-
duction over the axial direction, we analysed the numerical results in term of thermal
power over cross-axial surfaces at different depth z, namely:

_Qz

�� ��ðzÞ ¼
Zrb

0

Z2p

0

_qzj jrdrdu ¼
Zrb

0

Z2p

0

�kb
@h
@z

����
����rdrdu ð3Þ

_Qz

�� �� is not an actual quantification of the thermal performances of the pile, but it
provides a reasonable indication on the entity of thermal flux over the axial direction. If
it would result sufficiently small with respect to the enthalpy drop of the fluid, _Qp, we
can conclude that the heat conduction mainly occurs over the axial direction. Figure 6
show the evolution of _Qz

�� ��= _Qp

�� �� values for all the tested configurations over the

simulated 20 days. We note that _Qz

�� ��= _Qp

�� �� is always practically null in the middle of
the pile, with some “edge effects” on the top and bottom of the pile only for the shallow
geometry (aspect ratio H/2rb < 10). In any case, there are no significant effects of
uppermost boundary conditions, flow rate and radial position of the ducts. We conclude
that the transient periods for typical EP geometries can be analysed and modelled with
a 2D approach.

Fig. 5. Example of isothermal lines during the EP dynamics.
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4 Conclusions

The paper analysed 36 full transient 3D FEM simulations, varying geometrical and
operative conditions of a reference EP. We found the following limits for the three
characteristic periods of the heat transfer in a single EP. The first one ends at four times
the time constant of the fluid energy equation (see Eq. 2 and Fig. 4). The second
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period, the most relevant for the dynamic performance, ends at 2�3 times the
dimensionless time, r2b=ab, with a minor influence of the radial ducts position, aspect
ratio of the pile, flow rate and uppermost boundary condition. Additionally, for the
most of simulations the heat transfer was found mainly to occur in the radial direction,
thus making possible a 2D modelling for typical EP geometries (i.e. H/(2rb) > 10)
during that second period. Future analyses concern the influence of the fluid flow rate
and Rb on the axial thermal gradient.

Those results are functional to the application of simplified analytical methods,
such as the composite-medium line-source model, which can be successfully employed
in dynamic simulations and optimization codes to seek the best sizing, operation
strategy, and RES integration for UTES and GSHP (Grassi et al. 2015).
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Abstract. District heating has been for many decades a well-established
industry for supplying heat in several countries. Surplus heat from power plants
and industrial processes are used as well as recently renewable heat sources such
as solar thermal, geothermal and heat from biomass combustion. The success of
heating distribution to the final users depends significantly on the pipeline
network. The need for understanding the response of buried heating pipeline
systems has led to the development of a monitoring programme. This pro-
gramme includes the design, construction and operation of the connection of an
instrumented pipeline section to an operating local district heating network.
Particular conditions were tested such as thickness of cushion materials, medium
temperature ranges and bedding soil type. This unique instrumented pipeline
allowed the analysis of initial results of temperature and pipe axial displace-
ments, which are relevant for the district heating industry. It was found that
when temperature increased from ambient conditions up to 90 °C, pipes were
moving all along their length. Moreover, after a temperature drop from 90 to
20 °C during 20 days and subsequent increase to 90 °C again, axial displace-
ments did not return to the same values as before.

1 Introduction

The district heating distribution network is in general constituted by a net of buried
pipelines, which represent an important part of the costs of a district heating system.
Pipelines are normally made of steel, covered with insulation, a casing and joined using
special welding technologies. Since the insulated pipelines carry a hot fluid under high
levels of pressures, there is a risk for leakage and breakage. Moreover, large temper-
ature changes in the steel pipelines can cause significant pipe deformations. For buried
pipes, these deformations give place to a complex interaction between the moving pipe
and the surrounding soil. The soil-pipe interaction phenomenon has been studied to
determine the pipe forces and displacements due to temperature changes and earth
pressures applied by and to the soil (e.g. Achmus and Rizkallah 1997; Weidlich and
Wijewickreme 2012; Achmus and Weidlich 2016).

Research has been carried out to study pipe-soil interaction experimentally at small
scales in the laboratory (e.g. Weidlich 2008; Weidlich and Achmus 2008) and using
numerical analysis (e.g. Achmus 1995; Gerlach and Achmus 2017). Despite the great
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contributions of these studies, they lack comparisons of the laboratory and numerical
results with data obtained in the field in operating district heating pipelines. There have
been only a few attempts for measuring in the field (Salveter 2000) and in a project
using a special fluidised soil type (AGFW 2017). Therefore, there is a need for mea-
suring in the field relevant data for the analysis and further design of district heating
pipelines.

The present work is within a monitoring programme with several objectives for the
improvement of the district heating design and maintenance and future challenging
developments such as the use of renewable energy. Initially, there is a description of the
connection to the local district heating network and materials used. Then, the monitored
pipeline is explained and initial results are shown and finally last comments and
conclusions are drawn.

2 Connection to the Local District Heating Network

A control system was designed to be able to regulate the temperature and pressure of
the fluid which is supplied to the monitored pipes. The control is achieved by a
combination of differential pressure regulator, pump, valves, temperature sensors and
pressure gauges. In this way, for instance, a steady constant temperature can be targeted
or variations such as temperature cycles can be applied. Figure 1 shows the control unit
inside the container, where it can be seen the pressure regulator, vertical pump, pressure
gauges and industrial thermometers. In the figure arrows indicate the flow direction
coming from the district heating and passing through the control unit and then to the
monitored pipeline and also the return fluid coming from the monitored pipeline. An
internet web interface makes possible to receive the data from the experimental site and
carried out the control from the office away from the site.

3 Materials Used

The pipes used were DN 150/250, which includes the central medium steel pipe, the
covering insulation and the external plastic mantle. The dimensions are: steel pipe
outside diameter da = 168.3 mm, steel pipe wall thickness t = 4 mm, plastic poly-
ethylene jacketed pipe outside diameter Da = 250 mm, mantle thickness tm = 3.9 mm
and foam insulation thickness tf = 37 mm. The plastic jacketed pipes were wrapped in
the bows with 80 mm thick Trocellen C30N cushions of 30 to 35 g/l density, i.e. of
medium stiffness according to prEN 13941 (2016). The use of cushions attempts to
reduce the soil pipe bedding reaction in the bows and therefore allowing larger dis-
placements to occur.

For the joints, plastic shrink-on sleeves with welded plugs and sleeve pipe rings
were considered, although in section 1, joints were performed with extruded sleeves.
The design contemplated 12 insulated DN150/250 pipes of 12 m long from Ger-
manPipe in the arrangement as shown in Fig. 2. In this testing design, two concrete
blocks were located in each extreme and two in the middle of the monitored pipelines
as shown in Fig. 2. The dimensions of the reinforced concrete blocks in the middle and
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in the bows were 1.2 � 0.8 m in the base and by 1.0 m height and 0.8 � 0.8 � 1.0 m,
respectively. The connections of the monitored pipes to the container are made with
insulated pipes DN 32/110.

4 Description of the Monitored Pipeline

The design and construction of the instrumented sections considers one pipeline of
194 m long turning in a way that creates two parallel pipes of 96 and 98 m long
respectively as shown in Fig. 2. These two parallel pipes are separated 2 m from pipe
centres. For monitoring and analysis reasons these two pipes are divided in half,
resulting in four sections. The idea of having different sections is to test various
combinations of materials such as type and amount of sleeves in the joints, soil bed-
dings as well as with or without pad cushions in different steps of the testing pro-
gramme. Figure 2 shows schematically the instrumented pipeline with 41 m each

Fig. 1. Control unit showing devices and instruments, arrows indicate flow direction

Fig. 2. Sketch of the monitored pipeline sections, showing fixed points, joints and cushions
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section plus 5 m of pipe to the fixed point, where T and E inside circles represent
temperature and earth pressure sensors.

Figure 3 shows a picture on site during construction showing reinforced concrete
blocks and cushions on the corner. Figure 4 shows a trench cross section indicating the
position of the pipes (buried depth), instrument cables and soils around the pipes.

Section 1 is composed of 3 steel tubes of 12 m plus two tubes of 1 m on each
extreme and one of 3 m long in the corner. This corresponds to 6 pieces with 4 joints
built with extruded sleeves and welded plugs. The thickness of the cushions on the
corner is 80 mm. Since the joints were made of extruded sleeves by a special machine,
the finishing of the joints has almost the same diameter of the insulated pipes.
Therefore, this section offers the opportunity to assess the effect on displacements of
these smooth pipelines. It is worth mentioning that this type of joint insulation pro-
cedure is not often carried out. In this section the bedding soil is fine sand.

Section 2 has also the same 5 plastic jacketed foam insulated steel tubes but with 8
joints with plastic shrink-on sleeves, welded plugs and shrink sleeves. This creates a
thicker and hence more uneven surface of the pipeline which in practice is usually
carried out. Then this section makes possible the comparison of results with the smooth
section 1 and in this way it can be possible to observe the influence on the displace-
ment of the standard shrink-on sleeve compared with extruded smooth joints in sec-
tion 1. The bedding soil and cushion thickness are the same as in section 1.

Section 3 is similar to section 2, but with 5 joints with plastic shrink-on sleeve
without the extra ones in the middle of the 12 m long pipes. Then the aim is also to
compare the influence on the displacements of these standard 5 joints with plastic
shrink-on sleeves with the smooth pipes of section 1 and with the 8 joints with plastic
shrink-on sleeves, welded plugs and shrink sleeves of section 2. The bedding soil and
cushion thickness are the same as in section 1.

Section 4 is similar to section 3 in relation to building and assessment conditions,
but with a different bedding soil material, which is a coarser sand.

Fig. 3. Construction of the buried pre-insulated steel pipeline of sections 2 and 4
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5 Temperature Measurements

Temperature sensors used were Ni1000 TK5000 with sealed cables IP68 which can
measure in the range of −50 and 180 °C. Figure 5 illustrates the position of the
temperature sensors in the bows with cushions in section 1, which is similar to sec-
tion 3, although not shown.

Figure 6 shows the temperature variation with time during one month in the bow of
section 1. The higher and constant value of 88 °C corresponds to the indirect mea-
surement of the fluid temperature in the sensor T2 on the steel pipe in a joint. More-
over, there are 6 curves below with lower temperatures, but increasing temperature
trends starting from a common value of 8 °C. The higher curve with temperature
increasing up to 42 °C (with an initial bump) corresponds to the sensor T19, which is
next to the side of the pipe on the mantle and covered by the cushion as shown in
Fig. 5. Then the curve below for the sensor T20 is right in the elbow, on the mantle and
covered by cushion too (Fig. 5) having a maximum temperature of 36 °C and fol-
lowing the same trend as T19. The curve further below with temperatures up to 32 °C
is for the sensor T22, also in the cross section in the middle of the elbow and on the
mantle covered by cushion, and follows the same trend as the other curves. Another

Fig. 4. Trench cross section A – A with pipes of sections 2 and 4

Fig. 5. View in plant and cross section showing the positions of the temperature sensors in the
corner of section 1
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curve below belongs to T23, which is on the pipe mantle but without cushion, it shows
the temperature steadily increasing up to 38 °C however not following exactly the
same temperature increase trend as the T19, T20 and T22 curves. Finally, the last two
curves show the temperature variation with time of the sensors T18 and T21 which are
on the cushions (see Fig. 5). T18 and T21 temperatures reflect and follow in average
the fluctuating outside ambient temperature. This is an indication of the cushion
insulation effect.

Similar trends were recorded in section 3 for almost the same constant fluid and
fluctuating ambient temperature. These are preliminary results and therefore, more time
of measurement is needed to evaluate whether this temperature increase with time will
stabilise or not and when. Moreover, temperature measurements in the soil are been
recorded and they will be processed and analysed in subsequent studies.

6 Pipe Axial Displacements

The arrangement of the 6 extensometers in each section was at 1.5, 13.5, 25.5, 37.5,
39.4 and 40 m away from the centre. Figure 7 shows results of pipe axial displace-
ments in section 3, where the heat enters the pipeline. It can be observed that once the
fluid temperature increased to 79 °C from 13:45 to 16:50, the pipe moved axially
towards the bow with displacements on the bow reaching values of 17 and 19 mm in
one day. At 25.5 and 13.5 m displacement values of 9.2 and 3.6 mm were recorded,
respectively, while at 1.5 m practically no movement is recorded. After 3 days under
89 °C, steady higher values of displacements were reached, namely 0.1, 5.3, 12.6, 22.3,
23.3 and 25.0 mm, respectively. After a month under 89 °C, steady values reached a
plateau of maximum displacements of 0.2, 5.8, 13.2, 22.9, 24.2 and 25.8 mm,
respectively.

Fig. 6. Variation with time of temperature in and on the pipe in the corner of section 1, fluid and
outside
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These maximum values stayed almost constant for another 2 months until the
temperature descended exponentially to 20 °C in 22 days as it can be seen in Fig. 7.
Accordingly, displacements decreased to 0.05, 3.8, 7.6, 10.7, 10.9 and 11.1 mm,
respectively. Once the temperature resumed again to the previous 89 °C, the dis-
placements increased but to lower steady values than before (0.08, 4.3, 10.8, 20.3, 21.2,
23.0 mm). Probably this irrecoverable deformation is due to plastification of the soil
and steel pipe which does not allow the pipe to come back exactly to the previous
displacement values. This feature needs further research. The trend of temperature
variation for the other sections was similar with slight differences in displacement
magnitude.

7 Final Comments and Conclusions

Results of temperature variations with time showed that cushions acted as insulators,
since temperatures registered on the cushions were almost similar to the ambient
average temperature, between 10 and 20 °C. More time of measurement is needed to
evaluate whether this temperature increase with time will stabilise or not and when.

The measurement of the axial displacements along the pipeline with time showed
that as long as the temperature increases from the ambient condition up to 80 or 90 °C,
pipes were moving all along their length.

It was found that after a temperature drop from 90 to 20 °C during 20 days and
subsequent increase to 90 °C again, displacement did not return to the same values as
before, but around 3 mm smaller. This opens the question of how unloading-reloading
temperature cycles may affect the pipe deformation behaviour.

Fig. 7. Recording of the variation with time of pipe axial displacements measured on the mantle
in section 3 for 6 and fluid temperature
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Finally, these initial results and analyses are the starting point for further studies on
and comparison with analytical estimations and computer program calculations. The
experimental data base is extremely valuable information that will help improving the
understanding of pipe behaviour and therefore improve design, operation and main-
tenance of district heating networks.
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Abstract. Heating and cooling using groundwater is often performed without
considering potential effects on subsurface resources and the multiple interac-
tions of different subsurface utilizations. As a result, significantly increased
subsurface temperatures have been observed in many urban areas. The current
uncoordinated use of subsurface resources can lead to conflicts among different
users and, specifically thermal pollution may lead to large-scale thermal impacts
and impairments of groundwater quality.
Alternatively, current and future heat-demand in urban areas could be sup-

plemented by recovering “waste heat” from the subsurface. Technologies for
using this renewable energy resource would be particularly suitable in new
buildings and infrastructures and in centers of economic growth.
We show that quantitative modeling approaches can serve as the scientific

basis for thermal management strategies to better understand how thermal states
of urban groundwater resources develop. On the one hand, we illustrate how to
derive the potential for recovering waste heat from urban groundwater resources.
On the other hand we demonstrate the applicability of the ‘‘integrated relaxation
factor” (IRF) concept which facilitates optimizing and locating auspicious urban
settings for developing thermal management strategies.
To our opinion, such strategies and advancements of practical solutions are

indispensable in the debate on climate change and energy transition, as well as
for reaching formulated development goals in different public initiatives such as
the 2000-Watt-Society or the Europe 2020 Strategy.

1 Introduction

In many urban areas, significantly increased subsurface temperatures have been
observed (Epting and Huggenberger 2013; Ferguson and Woodbury 2007; Menberg
et al. 2013; Zhu et al. 2011). So far, only a few studies exist that approach resource
management and the exploitation of ground source energy at the scale of urban aquifers
(e.g. Epting and Huggenberger (2013); Mueller et al. (2018)).
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A sustainable use of subsurface resources requires compulsory regulations as to
which requirements are to be met for the approval of geothermal energy systems
(Epting 2017). In general, such requirements target authorization procedures for indi-
vidual installations. However, in most urban areas, the usage pressure on subsurface
resources is high and today individual installations are already competing. New usage
requests can therefore not be assessed without taking the overall context and the
“current state” of the situation and existing subsurface uses into account (Huggenberger
and Epting 2011).

This contribution outlines how to derive the heat potential for urban groundwater
resources based on flow and heat-transport modeling. The evaluations are related to the
results of the study “thermal management systems for the shallow subsurface of the
Basel region” which was realized together with the Swiss Federal Office of Energy
(SFOE). The evaluation of the heat potential also allows distinguishing those aquifer
regions which are already over-heated nowadays, as a result of uncoordinated use and
the present policy which more or less follows the rule “first come, first served”. As a
measure for a more controlled thermal management of urban subsurface resources, we
illustrate the applicability of the ‘‘integrated relaxation factor” (IRF) concept as a
scientific based criteria for a more equitable and sustainable geothermal use of shallow
energy resources (Garcia-Gil et al. 2015).

2 Settings, Approach and Methods

The city of Basel is located in the north-western part of Switzerland (Fig. 1); the
investigated unconfined gravel aquifer covers an area of approximately 32 km2 of up to
38 m in thickness. The aquifer is underlain by an aquiclude consisting of mud to clay
rich sediments of the Upper Rhine Graben (Huggenberger and Epting 2011). Due to the
relatively high hydraulic conductivities of the unconsolidated gravel deposits, ranging
from 10−4 to 10−2 ms−1, heat-transport in the groundwater saturated zone is strongly
driven by advection, which could be confirmed by calculated Péclet numbers (Epting
et al. 2017).

Under natural conditions, the temperature of groundwater corresponds to the mean
annual air temperature. Therefore, for the urban area of Basel, groundwater tempera-
tures of around 10 °C would be expected. However, evaluations in highly industrial-
ized and commercialized areas of Basel show that the groundwater is heated by up to
16–18 °C (Epting et al. 2017).

In total, about 50 groundwater users are currently operating in Basel. The total
extracted amount of groundwater was about 25.2 � 106 m3 in the year 2015. 62% was
used for drinking water production and 38% for industrial applications such as heat
exchange applications or as process water. Relatively “warm” water, which has been
used for “cooling” and is reinjected into the aquifer, has strongly increased from about
5.0 � 105 m3 in the year 1994 to about 1.0 to 1.6 � 106 m3 in the recent years 2014 to
2016 (Mueller et al. 2018).
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2.1 Deriving the Heat Potential of Groundwater Resources

High-resolution groundwater flow and heat-transport were simulated with FEFLOW©

(Diersch 2002) for several groundwater body units (GWB) covering the urbanized
areas of Basel. The implementation of boundary conditions are described in Epting
et al. (2017); Mueller et al. (2018).

Based on the modeled hydraulic gradient (i) and the calibrated hydraulic conductivity
field (kf), Darcy velocities (vD) and Darcy flow (QD) could be calculated. Furthermore,
with the calibratedmodels, the average groundwater temperatures (TAvg(2010–2015)) for the
simulation period of 2010 to 2015 could also be calculated (Mueller et al. 2018).

Fig. 1. Heat potential of the groundwater resources of Basel based on the mean simulated
groundwater flow and temperatures for the years 2010–2015. Areas with no data depict locations
with no or no perennial groundwater.
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Assuming a natural background temperature (TNat) allows to derive a temperature change
(TΔ). With these values, the thermal groundwater energy potential (EG in kW) can be
calculated using the equation:

EG ¼ cW � qW � QD � TD ð1Þ

where cw is the specific heat of water (4.20 � 106 kJ kg−1 K−1), qw is the density of
water at 10 °C (999.7 kg m−3), QD is the flow of water (m3 s−1); and TD is the
temperature change (K). We chose 10 °C for TNat which approximately corresponds to
the average atmospheric temperatures in the region of Basel.

2.2 The Concept of the Relaxation Factor

Today, urban groundwater resources and, especially the thermal use of aquifers for
cooling and heating is often uncoordinated and follows the law “first come, first
served”. For Basel, we observed that groundwater and thermal usage “claims” are
requested which are, under consideration of natural groundwater availability and cer-
tainly concerning a sustainable qualitative development of subsurface resources,
unrealistic. Based on the flow and heat-transport modeling results we can distinguish
those aquifer regions which, as a result of uncoordinated use, are already over-heated
today. Garcia-Gil et al. (2015) introduced the IRF-concept for a more equitable and
sustainable geothermal use of shallow energy resources which was originally tested for
Zaragoza, Spain. In Epting et al. (2017) the IRF-concept was applied to Basel for a
simple interpolation of observed mean groundwater temperatures for the years 2010 to
2015. For this study, we present a reapplication of the IRF-concept for Basel using
simulation results of the groundwater flow and heat-transport model. IRF was calcu-
lated as defined by Garcia-Gil et al. (2015):

IRF ¼ TD � TB

TMax � TB
ð2Þ

with TD as the temperature change induced by a thermal groundwater user (K), TB as
the background temperature of the aquifer and TMax the maximum permitted temper-
ature. For TB we chose 12 °C (Mueller et al. 2018), which corresponds to the mean
urban background groundwater temperature of Basel and 20 °C for TMax according to
the allowed limits in the Canton Basel-City. IRF values close to 0 indicate a relatively
undisturbed thermal state, whereas IRF > 1 indicate a strong thermal impact on
groundwater resources.

3 Results

Figure 1 shows the spatial distribution of the heat potential based on the mean simu-
lated groundwater flow and temperatures for the simulation period of the years 2010 to
2015 (Mueller et al. 2018). Relatively high heat potentials (>10’000 kW) can be
associated to urbanized areas, e.g. in the city center, and near rivers where seasonally
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high temperature gradients from the surface waters to the groundwater, or vice versa,
can be observed. Relatively low heat potentials (<1’000 kW) can be associated to less
urbanized areas and open (green) spaces.

In Epting et al. (2017) the IRF, was calculated for the entire Canton Basel-City
based on an interpolation of observed mean groundwater temperatures for the years
2010 to 2015 (Fig. 2). However, it has to be recognized that interpolations cannot
capture the spatiotemporal heterogeneity of groundwater temperatures, which result
from transient thermal boundary conditions such as thermal groundwater use or heat
input by deep buildings or river-groundwater interaction processes. Therefore, the IRF
in the presented study was calculated using the simulated mean groundwater temper-
atures for the years 2010 to 2015 (Fig. 2). Generally, the distributions of higher and
lower IRF for both approaches are similar and the more densely urbanized areas are
associated with elevated IRF-values.

Evidently, the distribution of IRF, which is based on the simulated groundwater
temperatures, is much more segregated with a mean of 0.28 and a range between −0.24
and 0.69. The IRF, which is based on interpolated groundwater temperatures, resulted
in a mean of 0.15 and a range between −0.17 and 0.83. Whereas negative values depict

Fig. 2. Calculated IRF based on mean simulated groundwater temperatures for the years 2010 to
2015. Lower right: Originally calculated IRF based on interpolated mean groundwater
temperatures for the years 2010 to 2015. Both calculations consider a background temperature
of 12 °C and a maximum temperature for geothermal operations of 20 °C. The figure also shows
green contour lines where IRF amounts to 0.5 and where geothermal exploitation already reaches
50% of the potentially usable cooling use capacity.
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those areas where the potential of using groundwater for cooling is still possible,
positive values indicate to what degree the cooling potential is already exhausted.

The larger mean IRF for the calculation, which is based on the simulated
groundwater temperatures, may be attributed to the influence of the modeled heated
building structures and groundwater users which lead to extensive areas of thermal
influence down-gradient. On the contrary, the larger range of IRF for the calculation,
which is based on the interpolated groundwater temperatures, may be explained by
single measurement outliers that are not necessarily representative for local ground-
water temperatures.

Originally, up to six urban areas (total area of 340 ha) could be delineated where
IRF > 0.5 (one area is outside of the modeled area of the current investigations). For
the current investigations, only one large and four small urban areas could be delin-
eated where IRF > 0.5 (total area of 50 ha).

The influence of a reinjection of “cold” water can be seen at a site near the river
Rhine, where the groundwater temperature is relatively low and the calculated IRF is
close to 0. Hence, the reinjection of “cold” water reduces the effect of groundwater
overheating by anthropogenic heat inputs.

4 Discussion and Conclusions

In general, it is accepted that in urban areas subsurface development should not lead to
further thermal pollution of groundwater resources. It is obvious, however, that the
current unregulated approach for managing energy resources, especially in urban areas,
will not be able to sustain future cooling demands (Herbert et al. 2013).

Quantitative modeling approaches in combination with GIS can serve as the sci-
entific basis for thermal management strategies to better understand how thermal states
of urban GWBs develop. Thereby, evaluations of heat potentials can be the basis for
management concepts and an overall economic and ecological planning of thermal
subsurface resources. The IRF can be used to indicate thermal overexploitation of
groundwater resources.

Alternatively, increased groundwater temperatures can also be considered as a heat
potential which currently is wasted into the subsurface. This waste heat might be
recovered, and thus represents potentially usable geothermal energy. In principle, urban
aquifers could be directly “mined” to exploit and store waste heat, whereas tech-
nologies would be particularly suitable in new buildings and infrastructures in centers
of economic growth. Likewise, active heat extraction from groundwater and reinjection
of “cold” water (in the case of open loop systems) should be taken into consideration.
Similarly, passive solutions which include the application of energy geostructures
(piles, diaphragm walls, concrete slabs) could be appropriate. On the one hand, such
solution could support in reducing groundwater temperatures and, on the other hand,
substantial contribution to the heating demand of cities could be supplied.

Deriving the spatiotemporal distribution of heat potentials facilitates a more target-
oriented thermal recovery of groundwater resources on the urban scale and incorpo-
rating this knowledge into urban district planning (Mueller et al. 2018). The IRF-
concept, as a scientific based criteria for a more equitable and sustainable use of urban
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subsurface resources, indicates the exploitation status of subsurface resources and
distinguishes urban areas where thermal overexploitation is evident. Combining the
information of the spatial distribution of heat potentials and the exploitation status of
subsurface resources facilitates optimizing and locating auspicious urban settings for
developing thermal management strategies. Our concepts and applied methods could
be the basis for decisions regarding (1) preferred type of use (active or passive, open or
closed system); (2) dimensioning of installations; (3) the location and number (density)
of the intended installations; and (4) the reinjection of the groundwater used. In a next
step, reasonable agreement has to be obtained between theoretical results and real city-
scale examples.
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Abstract. Energy geostructures, particularly energy piles, are foreseen as an
alternative to reduce the environmental impact of the growing energy demand
for space conditioning. This environmental friendly technology is a type of
closed-loop Ground Source Heat Pump (GSHP) in which foundation elements
are used to extract or inject thermal energy from/to the soil. Despite their
multiple benefits, energy piles have not yet been employed in Mexico, where
there is a general lack of knowledge about these systems. In the present paper
the feasibility, limitations and challenges of using energy piles in the Mexican
context are discussed. In order to understand the geotechnical implications of
their functioning, a numerical simulation of the behavior of an energy pile
subjected to different combinations of thermo-mechanical loads considering
Coatzacoalcos (Veracruz) subsoil conditions is presented. The fully coupled
thermo-hydro-mechanical analysis are made using the finite element program
PLAXIS 2D Thermal. Vertical displacement and axial load distributions are
obtained. The results of the parametric studies show that the magnitude of the
thermal-induced stresses is significant, but their effects on the behavior of the
foundation depends on the magnitude of the applied mechanical load.

1 Introduction

Electricity consumption in Mexico has grown at an annual average rate of 3% in the
last decade. The building sector (that includes residential, commercial and public
activity) accounts for about 18% of the total energy consumption of the country.
Despite the limited data about its final use, the Secretariat of Energy (SENER) esti-
mated that half of the energy employed by the residential sub-sector is designated to
water heating and space conditioning. Since the Mexican energy system still depends
heavily on fossil fuels (90.7% of the Primary Energy Supply) this growing demand has
a significant impact on the environment and it is a serious obstacle for the accom-
plishment of the Mexican government commitment to reduce its greenhouse gas
emissions 22% by 2030, and 50% by 2050 (SENER 2016).

Ground Source Heat Pump (GSHP) systems are one of the most promising tech-
niques in the renewable energy field to meet space conditioning requirements. They are
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thermal machines that exploit the temperature difference between the ground and the air
for heating and cooling buildings. In spite of their growing popularity in different
countries, to the authors’ knowledge GSHP systems have not yet been used in Mexico.
According to García and Martínez (2012), the high installation cost is the main obstacle
to their implementation. In this context, energy piles are an appealing alternative. These
structures consist of foundation elements equipped with closed loop pipes to exchange
heat with the ground.

The following paper discusses the feasibility of employing energy piles in Mexico,
their major limitations, and challenges. To understand the heating effects on the
mechanical behavior of energy piles, a numerical analysis is performed considering
Coatzacoalcos (Veracruz) subsoil conditions. The study is carried out with the finite
element software Plaxis 2D Thermal and evaluates the response of a single energy pile
subjected to different combinations of thermal and mechanical loads.

2 Energy Piles Feasibility in Mexico. Benefits, Limitations,
and Challenges

Due to its particular geological conditions, Mexico has abundant geothermal reservoirs.
However, nearly all the geothermal energy of the country is utilized to produce elec-
tricity. Direct uses of this resource have been restricted to recreational activities (e.g.,
bathing and swimming), while other types of applications are still under development
(Lund et al. 2011).

Although mild temperatures prevail in most of the country, climate change and the
development of northern and southeastern states (where it predominates extreme and
hot humid climate respectively) have produced an increase in energy consumption for
space conditioning. This growing demand is mostly fulfilled with low energy efficiency
systems. In recent years, various attempts have been made to implement new envi-
ronmental friendly techniques such as GSHPs. The Mexican Center of Innovation in
Geothermal Energy (CeMIE-Geo) estimates that these systems can be employed in at
least nine states (Baja California, Chihuahua, Nuevo León, Jalisco, Aguascalientes,
Veracruz, Estado de México, Guerrero, and Quintana Roo), but their high initial
investment reduces their competitiveness (García and Torres 2016). In this regards,
adapting foundation elements with heat exchangers is an economically viable option to
promote them. In particular, energy piles are an attractive alternative, considering that
traditional piles are a common foundation element for commercial, industrial, and
residential buildings on the largest cities in the country.

Despite all their benefits, many customers, policymakers, and practitioners still
unknown what energy piles are. Furthermore, there is also a general lack of knowledge
of soil thermal properties and its behavior in non-isothermal conditions. This is an
important issue because large areas of the country lie on fine-grained soils. Several
studies (Cekerevac and Laloui 2004; Abuel-Naga et al. 2006) have shown that tem-
perature modifies the mechanical behavior of these materials and its impact on the
performance of thermoactive geotechnical systems is also well documented (Di Donna
et al. 2015; Yavari et al. 2016). Possible thermo-enhanced creep effects on energy piles
in fine-grained soils has also been reported (Akrouch et al. 2014).
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Finally, an additional inconvenient with the implementation of energy piles is the
possible increase of soil temperature because of non-balance heat extraction-injection
cycles. Researchers in countries with comparable climate conditions have expressed
similar concerns (De Moel et al. 2010). Fan et al. (2008) have proposed some
improvements to deal with this issue. However, their feasibility should be evaluated for
the Mexican context.

3 Numerical Modelling of an Energy Pile

Temperature variations cause expansions and contractions on the pile and the sur-
rounding soil. These thermal strains significantly affect the mechanical behavior of the
foundation. To better understand the complex soil-structure interaction, a single energy
pile is numerically simulated with the finite element program PLAXIS 2D Thermal.
The example considers a 15-m long pile with a diameter of 0.6 m located in Coatza-
coalcos (Veracruz). The effects of different combinations of thermo-mechanical loads
on the pile performance are evaluated. The pile is initially subjected to a constant
mechanical load, following by a monotonic thermal load. The constant mechanical
loads applied correspond to factors of safety (FoS) of 5 (model A) and 2.5 (model B).
These loads represent 20% and 40% of the ultimate axial load capacity, respectively.
Five temperature variations, between +5 to +40 °C, are evaluated. These values rep-
resent the most likely thermal load of which an energy pile in Coatzacoalcos would be
subjected. The sign convention adopted assumes compression stress and downward
displacement (i.e. settlements) as positives.

Coatzacoalcos is a major port city located on the Atlantic coast of south-eastern
Mexico and hosts one of the most important industrial areas of the country. It has a
tropical monsoon climate with hot and humid summers. Coatzacoalcos has a daily
mean temperature of 26.7 °C and an average annual rainfall of 2758.5 mm. Its max-
imums temperature is above 35 °C.

The subsoil conditions were obtained from geotechnical investigations based on
standard penetration tests (SPT). The soil profile consists of five layers of eolian
medium to dense poorly graded sand with silts (SP-SM) and silty sand (SM) (Fig. 1).
The groundwater level is 3 m depth.

The different soil layers were modeled as isotropic thermo-elastoplastic materials
with a Mohr-Coulomb failure criterion, whereas the concrete pile behavior was con-
sidered as thermo-elastic. Due to lack of experimental data, the mechanical soil prop-
erties were estimated based on SPT blow counts (Nspt). The soil solids thermal
conductivity (k) and specific heat capacity (cs) correspond to typical values for silty sand
according to Ochsner et al. (2001). The coefficient of thermal expansion (CTE) was
established with the criteria proposed by Bourne-Webb et al. (2016). Tables 1 and 2
summarize all the properties assumed in the analyses.

Figure 2 shows the geometry and the boundary conditions of the axisymmetric
model. The mesh consists of 4573-triangular elements, with a more refined distribution
around the pile. The simulated domain is chosen to avoid any boundary effect.
A perfectly rough contact between the pile and soil layers is assumed, so no interface
elements are introduced.
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Horizontal displacements are restricted along the right boundary, while the mesh
bottom is completely fixed. Initial stress state is considered geostatic and is calculated
assuming a hydrostatic pore water pressure profile and a coefficient of earth pressure at
rest according to Jaky’s formula. The axis of symmetry and the pile are assumed as
impervious, while water flow is allowed through the right-hand and bottom boundaries.
Thermal boundary consist in no heat flux across the axis of symmetry (adiabatic
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Fig. 1. Simplified soil profile at Coatzacoalcos (Veracruz, Mexico)

Table 1. Mechanical parameters assumed for soil layers and pile

Material/layer A B C D E Pile

USCS SP-SM SM SP-SM SM SP-SM –

Young modulus, E′ (MPa) 49.4 62.4 75.4 83.2 130 30000
Poisson modulus, m′ (–) 0.3 0.3 0.3 0.3 0.3 0.2
Cohesion, c′ (kPa) 0 0 0 0 0 –

Friction angle, /′ (°) 32.0 33.4 34.8 35.3 40.8 –

Dilatancy angle, w (°) 2.0 3.4 4.8 5.3 10.8

Table 2. Thermal properties of the materials

Material/layer A B C D E Pile

Density, q (kN/m3) 2600 2590 2610 2580 2590 2440
Thermal conductivity, k (W/m/°C) 3.72 3.72 3.72 3.72 3.72 1.60
Specific heat capacity, cs (J/kg/°C) 800 800 800 800 800 890
Linear CTE, a (le/°C) 12 12 12 12 12 10
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condition) and a constant temperature of 26.7 °C on the bottom, up and right boundary.
To simulate the thermal loads, the temperature along the pile length is varied at a rate of
0.5 °C/day until reaching the targeted temperature change.

4 Numerical Results

Figure 3 shows the vertical displacement distribution for each case analyzed. Upon
increasing temperature, the pile expands. The upper section of the element moves
upwards, while the lower part goes in the opposite direction. In general, this behavior is
consistent with measurements recorded in other load tests (Amatya et al. 2012). The
thermal displacement magnitudes are similar for both cases. The value measured at the
pile head is 5.80 and 5.41 mm for models A and B, respectively. This slight reduction
is a consequence of the stronger restrictions imposed at the pile head.

Figure 4 presents the axial load measured along the pile for the different test
performed. The results show that the thermal strains caused a redistribution of the pile
forces, mainly on the mobilized shaft friction. For small temperature changes, thermal
displacements produce a reduction in the forces transferred to the upper soil layers.
As DT increases, the relative soil-pile displacement direction changes, mobilizing
downward shear forces. The thermal load required to induce negative skin friction
depends on the mechanical load applied (+15 °C for model A, and +25 °C for
model B).

The thermal loads represent between 6%–48% of the mechanical load applied to
model A and 2%–27% of model B. However, their impact on the total mechanical
behavior of the pile is small (they induce a maximum increase of 12% and 2% of the

(a) (b)

Fig. 2. (a) Finite element mesh and boundary conditions, (b) zoom in mesh detailing the pile
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total load for a DT = +40 °C). This is because the position of the maximum mechanical
and thermal load does not match. The former is on the pile head, while the latter is
located at the null point (about 9 m depth for model A and 8 m depth for model B).
Rotta Loria et al. (2015) report similar results.
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Figure 5 examines the maximum thermal stress variation respect to the temperature
change. The data show a linear relationship between both variables, with an approximate
slope of 40 kPa/°C (11% of fully restrained condition) regardless of the mechanical load
applied. This value is small compared with the data presented by Amatya et al. (2012)
and indicates that the pile is relatively free to expand during heating.

5 Conclusions

Energy geostructures are one of the most innovative techniques in the field of
renewable energy to respond to the growing energy demand for space conditioning.
This article discusses the possible benefits, challenges and main obstacles to their
implementation in Mexico. The analysis shows that the application of this technology,
particularly of energy piles, is economically feasible in at least nine states of the
country. However, laboratory and field investigations are required to characterize the
behavior of national soils under thermal loading. From the above, it is concluded that a
long-term research program on energy geostructures is indispensable, as well as more
widespread dissemination and promotion of this technology.
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Abstract. Soil thermal characterization is an important aspect affecting the
performance of Ground Heat Exchangers (GHE) in a Shallow Geothermal
Energy (SGE) system application. Thermal conductivity and specific heat
capacity are the sole requirements in designing such systems and can be obtained
using empirical prediction models, laboratory tests and in situ tests. Laboratory
thermal tests can be performed under steady-state or transient conditions. Tran-
sient tests have the advantage of being fast and of requiring a small volume of
soil. This has led to recent developments and types of heat probes commercially
available, but for which there is limited comparative assessment of results. This
paper focuses on the evaluation of thermal properties, namely the ground thermal
conductivity, specific heat capacity and thermal diffusivity by means of two
different probes; a needle probe and a surface probe, and on comparing and
testing their accuracy. Comparison of the different samples was also performed
using two different transient needle probes, from two commercially available
equipment, Isomet-2104 and Hukseflux-TPSY02. The laboratory measurements
are supported by numerical modelling using the COMSOL Multiphysics soft-
ware which applies a finite-element analysis method on the convection-diffusion
equation for heat transfer.

1 Introduction

Ground thermal properties, in particular thermal conductivity and specific heat capacity
are essential for awell-designed ShallowGeothermal Energy (SGE) systemwith regard to
its energy efficiency, sustainability and structural performance (Vieira et al. 2017).
Therefore, soil/rock thermal characterization is a crucial aspect that needs to be taken into
account in the design of SGE systems. Based on soil multiphase nature, the use of
empirical relations involving the thermal behaviour of the solid, liquid and gaseous
phases to assess soil thermal properties goes back to decades (e.g., DeVries 1966; Farouki
1981). Such relations allow for the consideration of several factors such as soil particle
size, mineralogy and saturation ratio, among others, and can be used as a first approach.

© Springer Nature Switzerland AG 2019
A. Ferrari and L. Laloui (Eds.): SEG 2018, SSGG, pp. 155–162, 2019.
https://doi.org/10.1007/978-3-319-99670-7_20

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99670-7_20&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99670-7_20&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99670-7_20&amp;domain=pdf


However, they imply simplistic assumptions related with soil elements’ arrangement that
can lead to significant errors in heat transfer calculations (Rees et al. 2000).

The soil/rock thermal properties can be also assessed using more sophisticated
methods such as in situ tests, laboratory tests and empirical prediction models. Lab-
oratory tests have the advantage of being cheaper and usually quicker than in situ tests.
Nonetheless, they do not account for site specific conditions such as the presence of
high groundwater flow, spatial heterogeneity and scale effects that directly impact the
effective thermal properties (Vieira et al. 2017).

There are a large number of different types of laboratory tests available for the
assessment of soil/rock thermal properties, based on different assumptions and pro-
cedures. Some of the set ups of such tests have been used for decades and are governed
by classic standards (e.g. ASTM D5334 2014). Thermal conductivity is a measure of
the property of a material that serves as a medium for heat transmission or a measure of
the heat conducting capability of the material. In general, for the thermal characteri-
zation of bulk material, so-called steady-state and non-steady state (transient) methods
are both used. Steady-state methods measure thermal properties by establishing a
temperature difference across the sample that does not change with time, while tran-
sient methods measure time-dependent heat dissipation within a sample. The latter have
the advantage of being fast, requiring simpler equipment and procedures, demanding
smaller samples and reducing moisture migration.

The increase of SGE systems application has led to the development of different
commercially available heat probes, for which there is limited comparative and relia-
bility assessment of the results. The comparison between different methods and their
influence on the final results are important issues that need to be studied.

This paper focuses on the evaluation of the thermal properties of different Cyprus
geological materials, in particular its thermal conductivity, by means of two different
transient methods (needle probe and surface probe), and the comparison of the results
and accuracy. In order to reproduce some of the results, numerical modelling was also
performed.

2 Location and Characteristics of the Samples

The thermal properties of seven samples (five soil samples and two rock samples),
collected in the surrounding area of the Old Monastery of Archangel Michael located
about 12 km northwest of Larnaca, were analysed (Fig. 1).

The soil samples, characterized by a diameter of 8 cm and length between 13.5 cm
(sample 4) and 15.1 cm (sample 2), generally comprise greyish or brownish marly soils
with limestone pebbles with variable size. The rock samples correspond to fragments of
yellowish-whitish marly limestones with surface areas of about 100 to 125 cm2 and
variable thickness (ranging from 5 to 11.5 cm). The general aspect of the samples is
shown in Fig. 2.
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Fig. 1. Location of the samples.

Fig. 2. General aspect of the samples analysed.
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3 Methodology. Laboratory and Numerical Experiments

The thermal properties of the samples, namely thermal conductivity, volumetric heat
capacity and thermal diffusivity, were obtained using a heat transfer analyser ISOMET
2104 from Applied Precision. In course of this procedure, a needle probe and a surface
probe were applied in soil samples, whereas for the analysis of rock samples only a
surface probe was used (Fig. 3a). Therefore, a narrow and long hole, smaller in
diameter than that of the needle probe, was pre-drilled in each soil sample for an easy
placement of the needle probe.

In order to compare and evaluate the precision of the methods, several measure-
ments were carried out during three days, in particular on the samples where a greater
discrepancy between results obtained with the two probes was observed. The time
taken for performing each test ranged between 8 and 12 min.

In addition, after conducting the tests with the previously referred equipment, new
measurements were performed in four soil samples using the Hukseflux-TPSY02
equipment (Fig. 3b). This equipment allowed for the thermal conductivity determi-
nation by means of a needle probe and provided the recording of all time-steps. The
length and the diameter of the needle are different from the previous equipment and, as
a consequence, an additional hole was drilled as close as possible to the previous one.

Following the completion of the laboratory tests, a numerical model was generated
using the COMSOL Multiphysics software, which applies a finite-element analysis
method on the convection-diffusion equation for heat transfer. The test samples were
reproduced using 3D geometry and the probes were represented as 1D line source
boundary conditions.

(a) 

(b) 

Fig. 3. Equipment used for the thermal characterization of the samples. (a) ISOMET 2104,
(b) Hukseflux-TPSY02.
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The Hukseflux-TPSY02 heat conductivity equipment with needle probe was sim-
ulated, as the specific device can monitor and log the temperatures at intervals of 0.5 s.
This characterization of the equipment makes feasible the computational study
comparison.

In order to validate the model a material with known thermal conductivity, density
and specific heat capacity at constant pressure was chosen, namely glycerol. Liquid
glycerol was placed in a tube with 15 cm height and 8 cm diameter.

Ambient temperature was set as a boundary condition and a 1D heat source was
used to replicate the needle probe with constant power set at 2707 W/m as was the case
for the laboratory experiments. The power is applied after the 100 s, where the system
was confirmed (experimentally) to be in steady state, with a temperature difference
(DT) of 0.1 °C. The obtained results are shown in Sect. 4.

4 Results and Interpretation

The results obtained with heat transfer analyser ISOMET 2104 from Applied Precision
are shown in Table 1. It can be seen that the marly soils are characterized by thermal
conductivity ranging between 0.42 and 1.02 W/m K, thermal diffusivity varying from
2.62 � 10−7 to 6.94 � 10− 7 m2/s and volumetric heat capacity between 1.35 � 106

and 1.98 � 106 J/m3 K. Regarding the rock samples, only the thermal conductivity
was possible to be assessed with the surface probe. In both samples, a value of about
1 W/m K was determined for this parameter. This value ranges between the thermal
conductivity determined in Cyprus limestone and marls in dry conditions according to
Stylianou et al. (2016).

The comparison of data acquired on soil samples using the needle probe and the
surface probe reveals a good match (differences of less than 4%) only for samples 1 and
5. For the remaining samples the difference is greater (up to 22%). Depending on the
samples’ features, thermal conductivity measured by means of a surface probe can be
higher or lower than the one obtained with the needle probe.

For the more homogeneous and compact samples (samples 2 and 3) mainly
composed by fine particles (see Fig. 2), the thermal conductivity registered using the
surface probe are higher than those obtained with the needle probe. A lower void index
at the top surface of the sample and a higher proportion of consolidated fragments in
contact with the probe are identified as the main causes of this discrepancy.

The opposite situation (i.e., lower thermal conductivity obtained with the surface
probe) occurs in the more heterogeneous and less compact sample (sample 4), com-
prising mostly coarse particles (see Fig. 2) due to a higher void index and a poor
contact between the probe and the sample.

The measurements conducted also suggest that the precision of the method is lower
when using the surface probe. The reproducibility of the results obtained with the
surface probe was a difficult task to accomplish. This means that this type of method is
more sensitive to changes in sample properties, such as moisture content, void index
and surface heterogeneities. Very consistent results were obtained in tests carried out
with the needle probe on different days in samples 2, 3 and 4.
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When comparing the thermal conductivity obtained using needle probes from
different equipment (Tables 1 and 2), it verifies that the correlation is not so straight-
forward since the measurements were not conducted in the same hole and on the same
day (1–2 days after). Nevertheless, significant differences in thermal conductivity were
obtained in three samples (samples 1, 2 and 3) and are probably mainly due to water
evaporation from the samples.

Table 1. Results obtained with ISOMET 2104 using a needle probe and a surface probe.

Type Samples
reference

Probe Parameters
Thermal
conductivity
k (W/m.K)

Volumetric
heat capacity
qc (J/m3K)

Thermal
diffusivity
a (m2/s)

Soil
samples

Sample 1 Needle 0.55 1.62 � 106 3.41 � 10−7

Surface 0.53 1.35 � 106 3.92 � 10−7

Sample 2 Needle 0.47 1.59 � 106 2.95 � 10−7

0.42 1.60 � 06 2.62 � 10−7

Surface 0.57 1.36 � 106 4.20 � 10−7

0.51 – –

Sample 3 Needle 0.68 1.73 � 106 3.93 � 10−7

0.69 1.73 � 106 3.98 � 10−7

Surface 0.80 1.46 � 106 5.52 � 10−7

0.76 1.41 � 106 5.37 � 10−7

Sample 4 Needle 0.88 1.82 � 106 4.85 � 10−7

0.87 1.83 � 106 4.75 � 10−7

Surface 0.72 1.41 � 106 5.13 � 10−7

0.68 1.37 � 106 4.97 � 10−7

Sample 5 Needle 1.02 1.98 � 106 5.17 � 10−7

Surface 0.99 1.42 � 106 6.94 � 10−7

Rock
samples

Sample 6 Surface 1.03 – –

0.99 – –

Sample 7 Surface 1.07 – –

Table 2. Results obtained with Hukseflux-TPSY02 using a needle probe.

Type Samples reference Probe Parameter
Thermal conductivity k (W/m.K)

Soil Sample 1 Needle 0.61
Sample 2 Needle 0.38
Sample 3 Needle 0.61
Sample 4 Needle 0.47
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A comparison of the data obtained from Hukseflux-TPSY02 with the computa-
tional study, as explained in Sect. 3, is presented in Fig. 4, where the power is applied
at time 0 s. The error is calculated to be 0.8% which is very acceptable.

5 Conclusions

The thermal properties of marly soils and marly limestone from the Cyprus Lefkara
formation were characterized in transient conditions using a needle probe and a surface
probe.

The experiments show that depending on soil physical properties (grain-size degree
of compaction and moisture content), the results obtained with the surface probe can be
considerably different from those acquired with the needle probe. In more homogenous
fine-grained soils with very compact/consolidated zones at the top surface, higher
thermal conductivity values were obtained using a surface probe. The opposite situa-
tion was observed for heterogeneous coarse-grained soils with a low compact top
surface, suggesting that a good contact between the surface probe and the surface of the
sample is crucial in order to obtain consistent results.

Regarding the precision of the methods, it was verified that the surface probe is
more sensitive to changes in sample properties such as moisture content, void index
and surface heterogeneities. Despite the measurements carried out using needle probes
from different equipment were performed in different holes, satisfactory differences in
thermal conductivity were obtained for some soil samples.

A computational study on COMSOL Multiphysics software gave comparable
results with experimental data obtained by the Hukseflux-TPSY02 device.

It should be noted that for a full characterization of the ground formation a large
number of samples need to be collected and analysed. More importantly, it can be
easily concluded, through the discrepancies and the reasons behind them in results, for
SGEs it is important to perform an in situ test using the TRT method.

Acknowledgments. The authors acknowledge Transport and Urban Development COST
Action TU1405 – European Network for Shallow Geothermal Energy Applications in Buildings
and Infrastructures (GABI; www.foundationgeotherm.org).
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Abstract. The present study is focused on the numerical analysis of geothermal
system to explore the feasibility of geothermal pile in Delhi silt soil under the
summer dominant Indian climatic condition. The heat flow mechanism through
geothermal system is simulated by developing finite difference models of a
simple rod with the equivalent material property of heat carrying pipe and fluid,
inserted in soil. The results of finite difference analyses show that the temper-
ature of analysis domain is reached in a steady state within a reasonable time.
Moreover, the feasibility of geothermal pile in Indian climatic condition for
Delhi silt soil is established by showing that the heat exchange operation during
the period of extreme summer or winter yields negligible change on surrounding
soil temperature. The study also attempts to find the appropriate rod length
condition (finite or infinite) in the analysis for the most realistic design solution.

1 Introduction

Geothermal pile is a sustainable option for using renewable energy. It acts as a heat
exchanger apart from providing structural support. Ground soil at a certain depth
surrounding the pile, where the temperature is constant throughout the year, acts as a
heat sink in summer and heat source in winter. It is possible to utilize this ground
energy through a system consists of the pile with an embedded pipe containing heat
carrier fluid and surrounding soil. A heat flow mechanism between soil and pile is thus
formed named as a shallow geothermal system. The surrounding atmosphere and solar
heat help in recharging the system. This system is popular in different parts of the world
especially in Western Europe, North America, Japan and Australia. However tropical
countries like India face a unique challenge to use this technology as the cooling
requirement is much higher in these places. Moreover, India has a variety of soil with
different thermal properties. Thermal behavior of soil plays an important role in the
heat flow mechanism. Therefore to explore the feasibility of geothermal system in
India, a complete understanding of the response of energy system in each soil type is
required.

A number of studies were conducted to understand the thermo-mechanical behavior
of geothermal systems. Consequently, some empirical and experience-based design
guidelines were provided in the literature (Brandl 2006; Amis et al. 2008; Laloui et al.
2006; Bouazza et al. 2011; Amatya et al. 2012; Bourne-Webb et al. 2009). However,
those methods used a high value of factor of safety and caused an uneconomic design.
Over the years a number of analytical solutions were proposed by several researchers
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idealizing infinite or semi-infinite medium and infinite or finite line heat source which
gives a knowledge of ground temperature response against heat conduction (Carslaw
and Jaeger 1947; Lamarche and Beauchamp 2007; Lamarche 2013). Further several
numerical studies of the geothermal system were recorded in the literature (Gao et al.
2008; Laloui et al. 2006; Ghasemi-Fare and Basu 2016). However literatures on the
feasibility of a geothermal system in tropical country like India is limited.

The objectives of the present study are (a) exploring the feasibility of geothermal
piles in Indian climatic condition (b) finding the appropriate rod length condition (finite
or infinite) for analysis purpose to obtain the best design solution. Finite difference
models are developed to simulate the behavior of heat exchange mechanism through a
geothermal system. Analyses are performed considering two cases (a) a tropical
summer condition where rod temperature is considered as ambient temperature (45 °C)
whereas ground temperature is 25 °C (b) a winter condition where ambient temperature
and consequently rod temperature is 4 °C whereas ground temperature is 22 °C. Based
on the results of finite different analyses (FDAs), the feasibility of geothermal pile is
explored. Moreover, a comparative study of FDA results is performed to obtain the best
solution for an effective design of geothermal pile.

2 Problem Geometry, Initial & Boundary Conditions

The geometry of the problem (Fig. 1(a)) is considered as a rod, consist with an
equivalent property of PVC pipe and heat carrying fluid. The rod is embedded in the
ground soil for (a) a finite and (b) an infinite length. The surrounding soil is assumed as
a cylindrical domain. Table 1 summarizes the value of parameters related to the overall
geometry of the present models.
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Fig. 1. (a) Proposed problem geometry, (b) finite difference grids and boundary conditions for
finite length heat source/sink model (for infinite length heat source/sink model Z = L)
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To achieve the analogous situation for a geothermal pile, where the heat carrying
fluid is being circulated through circulation tubes inside the pile, two types of analyses
are performed. In the first type (ANA-I), the initial temperature of the entire heat-
carrying fluid is constant. However, the temperature of the fluid is changed with time as
heat exchange operation starts. The second type (ANA-II) is performed within a
specific time range where the temperature of heat-carrying fluid throughout the entire
time is constant. In both types, heat carrying fluid acts as a heat source in summer and
heat sink in winter. Consequently, entire soil domain acts as a heat sink in summer and
heat source in winter. From the result of ANA-I it can be showed that within a
reasonable time, the entire domain can reach in steady state temperature. The thermal
response and influence zone of soil domain within a specific time can be established
from the result of ANA-II. Therefore combining both the results, the feasibility of
geothermal pile for Delhi silt soil in Indian climatic condition is verified. Table 2
represents the initial temperature conditions for the entire analysis domain for both
analyses. Further Table 3 gives a comprehensive view of boundary conditions for both
analyses, which are used in the present study.

To obtain the realistic situation of heat exchange mechanism a heat flux conti-
nuity at material boundaries is considered. Heat conduction through the analysis
domain is assumed to be axisymmetric. Therefore one-half of the entire analysis
domain (Fig. 1(b)) is modeled in the present study.

Table 1. Input parameters used for problem geometry

Trial Geometry of embedded rod Soil domain
Inner radiusa (m) Thicknessa (m) Lengtha (m) Condition Radiusa (m) Deptha (m)

1 0.04 0.006 15 Finite 12 50
2 0.04 0.006 30 Infinite 12 30
aRod inner radius, rr; rod thickness, tr; rod length, L; soil domain radius, R; soil depth, Z.

Table 2. Initial conditions for FDAs

Serial no. Analysis domain Cases Initial temperature (°C)

1 Entire heat-carrying fluid and pipe
inner wall i.e. – rr � r � rr and
0 � z � L

Summera 45
Wintera 4

aAmbient temperature 45 °C in summer and 4 °C in winter
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3 Finite Difference Analysis for Finite Length Rod

The time-dependent transient equation of heat conduction for an axisymmetric media is
considered as the basic equation for heat flow through solid media. To incorporate the
heat flow continuity from fluid to solid, heat balance equation at the boundary (fluid to
pipe) is coupled with the transient heat conduction equation. The heat balance equation
is developed for heat transfer between element X (Fig. 1(a)) and surrounding pipe.
Solutions of aforesaid equations produce the time-dependent temperature profile within
the analysis domain. In order to get the simultaneous solutions, present study adopts
finite difference numerical techniques. Using explicit finite difference scheme, both
equations (transient heat conduction and heat balance equation) are converted into the
corresponding finite difference forms as expressed below. Here a = thermal diffusivity
of solid media
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Consequently solution of Eqs. (1) and (2) yield the temperature variation of the
entire analysis domain in respect of time. However temperature variation of the pipe-
soil boundary is obtained from additional equation as mentioned below.

Table 3. Boundary conditions for FDA

Serial Boundaries Boundary conditions

1 Far end vertical boundary of
cylindrical soil domaina (i.e. r = ±R,
z � 0 for both finite and infinite
length condition)

Constant temperature
(Summer 25 °C/winter 22 °C)

2 Bottom boundary of cylindrical soil
domain (−R � r � R, z = Z, for
finite length −R � r � –rr, z = Z &
rr � r � R, z = Z for infinite
length)a

Constant temperature
(Summer 25 °C/winter 22 °C)

3 Top boundary of cylindrical soil
domain (−R � r � –rr, z = 0 &
rr � r � R, z = 0 for both finite and
infinite length)a

Constant temperature
(Summer 25 °C/winter 22 °C)

4 Entire heat-carrying fluid and pipe
inner wallb (−rr � r � rr &
0 � z � L)

Constant temperature
(Summer 45 °C/winter 4 °C)

aApplicable for both analyses (ANA-I & II)
bApplicable for second analysis only (ANA- II)
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4 Finite Difference Formulations for Infinite Length Rod

In case of infinite length rod, transient heat conduction happens along the radial
direction. Due to the absence of temperature gradient in the vertical direction, no heat
flow occurs along the depth (z). Therefore previous equations (Eqs. 1 and 3) are
modified by neglecting the terms associated with z direction.

5 Analysis Result

In the present study heat transfer analyses are performed by developing MATLAB
codes. Using the results of thermal response, the feasibility of the geothermal system
for Delhi silt soil in India is evaluated. Further, a comparative study has been executed
for finite and infinite length of the rod and accordingly best solution for appropriate rod
condition is proposed. Table 4 represents the input properties of Delhi silt soil, heat
carrier fluid, and PVC pipe.

Figure 2 shows the temperature variation of heat-carrying fluid, for summer and
winter condition with time, which is obtained from ANA-I (finite length rod). The
result indicates desire change of fluid temperature occurred within reasonable time.

Table 4. Input values for materials properties

Parameter Notations Values

Density of heat-carrying fluid (water) qf 1000 kg/m3

Specific heat of heat-carrying fluid (water) Cpf 4190 J/kg/K
Thermal conductivity of PVC roda kr 0.41 W/m/K
Thermal conductivity of Delhi silt soilb ks 2.08 W/m/K
Thermal diffusivity of PVC roda ar 0.284 � 10−6 m2/s
Thermal diffusivity of Delhi silt soilb as 1.04 � 10−6 m2/s
aValues from Ghasemi-Fare and Basu (2016)
bValues from Paramanik and Aggarwal (2013)
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It establishes a positive confirmation for the workability of geothermal pile in Indian
climatic. Figure 3 shows the temperature contour of analysis domain, after 7 days of
heat flow, in winter (obtained from ANA-II for finite length rod). Results indicate,
though the heat influence zone within the soil continuously grow with time but even
after the 7 days of heat transfer, the growth is very small (<1.5 m radial distance).
Further, temperature change of soil beyond thermal influence zone, is negligible.
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It is noted that the duration of extreme summer (maximum temperature 45 °C) or
winter (minimum temperature 4 °C) in India is 45–60 days. To predict the thermal
response of soil, during a long period, thermal influence zone variation with time is
plotted (Fig. 4). The result shows that the increment rate of thermal influence zone is
gradually decreased with time. Figure 5 shows a comparative study using data obtained
from ANA-II for finite and infinite length rod (in summer condition).

The result of the study reveals that radial extent of thermal influence zone for both
the cases is more or less similar.
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6 Conclusions

Feasibility of the geothermal system for Delhi silt soil in Indian climatic condition is
studied. The simple model of a rod comprises with the equivalent material property of
PVC pipe and fluid, embedded in the soil, is proposed. FDA based MATLAB codes are
developed to analyze the models in summer and winter condition. It can be concluded
that (a) Even, after a long period of time (45–60 days) of the heat flow initiation, extent
of the thermal influenced zone is within a reasonable limit. (b) The temperature change
of soil beyond the thermal influence zone, during extreme summer or winter, is neg-
ligible. (c) A geothermal system is a feasible option for Delhi silt soil in India.
(d) Appropriate design length of the geothermal system primarily depends on the
temperature profile of the ground soil. Although both the finite and infinite length rod
produce the similar thermal response, yet finite length model is preferable as it captures
the heat transfer mechanism more realistically by allowing vertical heat flow.

References

Amis, T., Bourne-Webb, P.J., Davidson, C., Amatya, B., Soga, K.: The effects of heating and
cooling energy piles under working load at Lambeth college. In: Proceedings of 33rd Annual
and 11th International Conference of the Deep Foundations Institute, New York, UK (2008)

Amatya, B., Soga, K., Bourne-Webb, P.J., Amis, T., Laloui, L.: Thermo-mechanical behavior of
energy piles. Géotechnique 62(6), 503–519 (2012)

Bouazza, A., Singh, R.M., Wang, B., Barry-Macaulay, D.: Harnessing on site renewable energy
through pile foundations. Aust. Geomech. 46(4), 79–90 (2011)

Bourne-Webb, P.J., Amatya, B., Soga, K., Amis, T., Davidson, D., Payne, P.: Energy pile test at
Lambeth College, London: geotechnical and thermodynamic aspects of pile response to heat
cycles. Géotechnique 59(3), 237–248 (2009)

Brandl, H.: Energy foundations and other thermo-active ground structures. Géotechnique 56(2),
81–122 (2006)

Carslaw, H.S., Jaeger, J.C.: Heat Conduction in Solid. Claremore Press, Oxford (1947)
Gao, J., Zhang, X., Liu, J., Li, K., Yang, J.: Thermal performance and ground temperature of

vertical pile-foundation heat exchangers: a case study. Appl. Therm. Eng. 28, 2295–2304
(2008)

Ghasemi-Fare, O., Basu, P.: Predictive assessment of heat exchange performance of geothermal
piles. Renew. Energy 86, 1178–1196 (2016)

Laloui, L., Nuth, M., Vulliet, L.: Experimental and numerical investigations of the behavior of a
heat exchanger pile. Int. J. Numer. Anal. Methods Geomech. 30(8), 763–781 (2006)

Lamarche, L., Beauchamp, B.: A new contribution to the finite line-source model for geothermal
boreholes. Energy Build. 39(2), 188–198 (2007)

Lamarche, L.: Short-term behavior of classical analytic solutions for the design of ground-source
heat pumps. Renew. Energy 57, 171–180 (2013)

Paramanik, P., Aggarwal, P.: Comparison of thermal properties of three texturally different soils
under two compaction levels. Afr. J. Agric. Res. 8(28), 3679–3687 (2013)

170 D. Roy et al.



Feasibility Study and Experimental
Investigation of Heat and Mass Transfer in Dry
and Moisturised Sand for Energy Savings

Andrea V. Galindo, Tariq S. Khan(&), and Ebrahim Al Hajri

The Petroleum Institute, Khalifa University of Science and Technology,
PO Box 2533, Abu Dhabi, UAE
tariq.saeedk@gmail.com

Abstract. Air-conditioning load and ventilation in buildings contribute more
than 60% of the total energy consumption in United Arab Emirates (UAE),
where the unavoidable extreme temperatures hit the region, especially during
summer months. Literature survey indicates that at a depth of approximately
10 m, the soil reaches stability and it is no longer fluctuating drastically under
the influence of external ambient temperatures. This relatively shallow location
allows the use of soil’s practical location as a possible source for sustainable
energy recovery. The aim of this investigation is to explore the feasibility of
using soil as a heat sink and experimentally analyse the soil heat transfer with
variations in moisture saturations and heat flux rates in a testing rig. For this
purpose, an axial to radial experimental analysis on Abu Dhabi soil is carried out
on a lab scale test rig. This paper provides an insight into modular design of the
experimental setup using spiral and U–shape heat exchangers. Experimental
validation results are presented which deliver a heat profile in the sand, mea-
sured in time and depth for various heat flux rates. Moreover, thermal con-
ductivity of the sand is estimated from experimentation and compared with
literature. The results indicate presence of considerable potential for energy
savings in the region.

1 Introduction

In the last 30 years, Abu Dhabi region has seen a drastic increase in its population, and
the demand of energy is vital due to the harsh weather conditions. According to Middle
East and North Africa (MENA) economic commentary, the MENA region has had
recurring incidents involving power overload, particularly during summer air condi-
tioning peak. As a result MENA power capacity has increased at rates of about 9% in
recent years [1]. Abu Dhabi’s air-conditioning load in buildings contributes more than
60% of the total energy consumption [2]. Thus, the study of effective and environ-
mental conscious energy systems has become a target point for the region.

Current designs of air conditioning systems utilize the ambient temperature through
the air intake. These structures are usually set-up on the roof-top of buildings, with a
design that pushes AC systems to step down an enormous temperature difference, from
inlet to outlet temperatures. An alternative to the current design is to utilize under-
ground spaces/soil as a source of cooling load. According to Carmody and Sterling [3],
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energy benefits can be obtained when considering the slow response of soil thermal
mass. In regions of high temperature and humidity, the slow response of soil in
underground spaces allows for an increase on the earth cooling contact, reducing the
heating peak and cooling loads.

The soil temperature fluctuates according to the seasons’ cycle and solar radiation.
However, at depths of approximately 10 m the soil reaches temperature stability with
small variations [4].

In a study on the prediction of subsurface temperature profile, Al-Temeemi et al. [5]
predicted a subsurface temperature profile for Kuwait. When ambient air temperature
was 41 °C the subsurface average temperature at a depth of 10 m was 27 °C.

Feasibility of utilizing underground cooling towards cooling buildings is presented
in this study using Abu Dhabi sand. The particular interest in this study was to
experimentally analyse the 3-D subsurface heat transfer for different moisture satura-
tion levels and heat flux rates in the soil medium and to validate use of soil as a heat
sink or cooling source.

2 Experimental Investigation

Experiments were carried out in a lab scale experimental setup. The setup included a
heated fluid unit, a pipeline system, a robust stainless steel tank, a copper U-tube heat
exchanger and sand as the heat transfer medium. A schematic of the experimental setup
is presented in Fig. 1.

Copper tubing was the material of choice for heat exchangers due to its effec-
tiveness as a thermal conductive medium. Experiments were conducted in a vertical
sand filled test barrel while U shape and spiral tube heat exchangers were used for heat
input. There were three different thermocouple meshes each containing 13 thermo-
couples that are placed every 0.2 m apart from each other and four Volumetric Water
Content (VWC) sensors are placed 0.1 m above the thermocouple mesh as shown in

Fig. 1. Experiment process flow diagram

172 A. V. Galindo et al.



Figs. 2 and 3. A layer of 4 thermocouples at a height of 0.8 m from the bottom was
also installed. The thermocouples placed at the centre of the test barrel at levels I and III
are located 3.5 cm away from the copper tube. All the sensors are monitored using a
DAQ system for real time data measurement.

Change in thermal energy characteristics for the porous media, mass migration
from water saturation content and the change in temperature profile of the sand with
respect to the heating source were evaluated using calibrated digital the
instrumentation.

2.1 Experiment Implementation

In order to understand the heat transfer in soil-coupling techniques, it is necessary to
have knowledge of the temperature profile of such soil. In a previous study, Jacovides
et al. [6] utilized Fourier techniques to predict the surface and ground temperature of
different depths assuming that the soil is homogeneous with constant physical prop-
erties. Their procedure was followed in current study as well. A logarithmic best-fit
curve was applied for estimation of volumetric water content, h; in order to reduce
design stage uncertainties and measurement margins of error in this study.

h ¼ 0:0019 � mV� 0:401: ð1Þ

The average time for each experiment was 60 h and the test barrel was tightly
insulated around. The experiments were conducted for the parametric ranges listed in
Table 1 for Abu Dhabi sands to investigate the effect of sand as a heat sink.

Fig. 2. U Tube Experimental diagram of test barrel and sensor location
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3 Results and Discussion

3.1 Radial Distribution of Heat Using a U-Tube Heat Exchanger (UTHE)

The transient heat and moisture dissipation in the radial direction on the sand was
studied using the UTHE. The parametric study for the U-tube setup was done for heat
source temperatures of 50 °C and 70 °C on dry sand.

Figure 4 shows the temperature distribution at three locations; centre of the test
barrel, at a radius of 60 and 140 mm from the centre. The curves indicate that, even
though the centre (r = 0 mm) sensors are located in close proximity to the copper
tubes, the maximum temperature the sand reaches is 44 °C (which occurs at level C),
when it reaches steady state after 40 h. This being approximately 10% less than the
UTHE set temperature.

The temperature curve in level C is higher than level B, because of the influence of
the maximum inlet working fluid temperature, which is located perpendicularly and
0.1 m away from the measured plane, see Fig. 5.

Fig. 3. Sensor distribution and naming

Table 1. List of mode performed.

Mode Heat
source
temp. (°C)

Volume of water %
(added to sand)
(m3/m3)

Initial soil
temp. (°C)

Flowrate
(LPM)

Description

U tube heat exchanger
I 50 0, dry 21 0.5 Radial

temp. profileJ 70 0, dry 21 0.5
Spiral coil heat exchanger
D 50 0, dry 22 0.5 Axial

temp. profileF 50 39, saturated 27 0.5

174 A. V. Galindo et al.



At the moment when the local temperature of the sand surrounding the UTHE
approaches the tube temperature, the heat travels radially. This theory is exhibited in
Fig. 6, where the temperature profile in the sand is shown over a span of 50 h for a
UTHE buried at a depth of 0.6 m and an average heat source inlet temperature of
50 °C. The 3-D representation shows consistency with the sand temperature trend
around the UTHE, saying that, the closer to the copper tube, the more evident the
changes in temperature are on the sand as shown in the schematic for the horizontal and
vertical heat transfer regions for the UTHE in Fig. 5. It is obvious in Fig. 6 that there is
a higher temperature difference close to the tube compared to the area closest to the
barrel walls. This is good news, as long as there exists a temperature difference in the
soil there subsists heat transfer potential.

3.2 Radial Effect of VWC Using a U-Tube Heat Exchanger (UTHE)

Figure 7 shows that for a UTHE with dry sand, there is a VWC peak rise of 0.01 m3/m3

after 20 h at all locations. The results indicate an agreement with Chen et al. [7] which
can be assumed as a representation of one of the layers (levels A, B or C) but in a
smaller scale of the UTHE. The figure on the left indicates that peak VWC occurs at the
position near the heat source and moves towards the cold end. The figure on the right
indicates that the VWC sensor error is within the measurement ranges.

3.3 Axial Effect of Heat Flux and Volumetric Water Content
(VWC) in Sand

A spiral tube heat exchanger was used in this case where the heat exchanger was placed
at the bottom of test barrel while temperature and moisture measurements were taken in
an arrangement shown in Fig. 3. Two cases are studied: the first case considered the
sand with no water added, where the second case considered a fully saturated soil.

The temperature change in the saturated sand was found to occur much faster
compared to dry sand and the temperature distribution for the saturated case showed an
even distribution through the cross sectional area. Where saturated sand permitted a
17% greater heat transfer than dry sand. Overall, the heat transfer results in current

Fig. 4. UTHE temperature profile at levels II
and III

Fig. 5. Influence of horizontal and vertical
regions of the UTHE
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study show good potential of using underground soil as heat sink in the Middle East
region where outdoor temperature and humidity severe in summer.

3.4 Thermal Conductivity of Sand

Several conduction heat transfer shape factors are provided by Rohsenow [8] and
Hahne and Grigull [9]. Thermal conductivity of the sand was estimated by using shape
factor of the nearest geometry stated by:

Fig. 6. Radial heat transfer in the sand for a UTHE set 50 °C

Fig. 7. VWC distribution for dry sand in UTHE
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Qtotal ¼ kSDToverall ð2Þ

And the shape factor was estimated by:

S ¼ 4pr
p
2

� �� tan�1 r
2D

ð3Þ

Table 2 below shows a sample calculated shape factor and soil thermal conductivity for
one case. These values fall within known k values of sand from literature.

4 Conclusion

This paper explores the feasibility of using sand as a heat sink and experimentally
analyse the sand heat transfer with variations in moisture saturations and heat flux rates
using lab scale testing rig. The range of experimental mode temperatures was selected
based on literature review to simulate extreme real life conditions that could be
encountered in roof-top equipment on a summer day. The experiments were conducted
for the parametric ranges listed for dry and saturated moisture using a U- tube and
spiral coil heat exchanger as a heat source. Data analysis delivered an axial to radial
graphical description of the behaviour of heat and mass transfer in a 3-D sand test rig.
The temperatures were found to be more uniformly distributed for the fully saturated
soil conditions. Larger temperature difference across radial direction was observed for
the U tube heat exchanger case that indicates good potential of using underground soil
as heat sink. The experimental results are sensitive to the axial distance from the heat
source, where level I achieved approximately 80% of the heat source temperature
during transient thermal process and reduced to less than 30% from the slow transient
conditions in the vertical direction, as it moves farther away from the spiral coil heat
source. Higher heat transfer rate was achieved for fully saturated sand compared to the
dry sand. The temperature gradient in the sand has a direct influence on the transfer of
moisture. The estimated sand thermal conductivity falls closer to the known thermal
conductivity of sand from literature. The experimental results indicate presence of
considerable potential for energy savings in the Abu Dhabi region by using the soil as a
heat sink.

Table 2. Sand thermal conductivity

Length Shape factor Thermal conductivity sand
D (m) S (m) k (W/m °C)

0.1 4.656 3.251
0.3 2.671 3.272

Feasibility Study and Experimental Investigation of Heat and Mass 177



References

1. Aissaui, A.: MENA power investment: set to keep fast growth despite a lull in other energy
sectors. In: Economic Commentary, vol. 10. A. Research Ed. (2015)

2. Abu Dhabi Economic Vision 2030. Government of Abu Dhabi
3. Carmody, J., Sterling, R.L., Sterling, R.: Underground Space Design: Part 1: Overview of

Subsurface Space Utilization Part 2: Design for People in Underground Facilities. University
of Texas Press, Austin (1993)

4. Golany, G.: Ethics and Urban Design: Culture, Form, and Environment. Wiley, New York
(1995)

5. Al-Temeemi, A.A., Harris, D.J.: The generation of subsurface temperature profiles for
Kuwait. Energy Build. 33, 837–841 (2001)

6. Jacovides, C., Mihalakakou, G., Santamouris, M., Lewis, J.: On the ground temperature
profile for passive cooling applications in buildings. Sol. Energy 57, 167–175 (1996)

7. Chen, H., Ding, H., Liu, S., Chen, X., Wu, W., Wang, Q.: Experimental study on heat and
moisture transfer in soil during soil heat charging for solar-soil source heat pump compound
system. Appl. Therm. Eng. 70, 1018–1024 (2014)

8. Rohsenow, W., Harnett, J., Cho, Y.: Handbook of Heat Transfer, 3rd edn. McGraw-Hill, New
York (1998)

9. Hahne, E., Grigull, U.: Heat Transfer in Boiling. United States (1977)

178 A. V. Galindo et al.



Geomechanical Analysis of Salt Caverns
Used for Underground Storage of Hydrogen
Utilised in Meeting Peak Energy Demands

Evan Passaris(&) and Georgios Yfantis

Atkins Limited, Edinburgh HE3 8EG, UK
evan.passaris@atkinsglobal.com

Abstract. The geomechanical design of a H2 storage salt cavern subjected to
diurnal and seasonal storage operating cycles has been investigated. The
investigations provided a better understanding of the geomechanical response of
H2 storage caverns by employing coupled thermo-mechanical numerical anal-
yses. A salt cavern, located at a depth of 1.8 km, has been investigated by
employing non-linear elasto-visco-plastic thermo-mechanical analyses by con-
sidering: the characteristics of the geological formations around the cavern, the
changes in temperature and stress concentrations related to the H2 storage
operations and the in situ geostatic stresses that characterise the cavern’s loca-
tion. This work has proven the importance of using a coupled thermo-
mechanical analysis to assess the geomechanical integrity of H2 storage caverns.

1 Introduction

Underground H2 storage in salt caverns is a promising way to deal with the issue of the
intermittent nature of renewable energy sources. The production of low-cost bulk H2,
stored in salt caverns, may be used for power generation or directly as an energy
source.

The UK possesses important bedded salt deposits which are currently used for the
development of storage caverns (Evans and Holloway 2012). From the three salt
bearing locations in the UK that have shown good potential for developing caverns for
H2 storage (Foster Wheeler Energy Ltd. 2013b), the East Riding of Yorkshire was
selected for the investigations presented in this paper.

The source of the H2 is taken to be a 89 mol% H2 fuel gas stream, produced by
gasification of biomass or coal H2 plant capable of providing a continuous supply of H2

(Foster Wheeler Energy Ltd. 2013a).
The investigations were carried out by modelling scenarios comprising daily

storage cycles superimposed on seasonal storage cycles, to identify how a salt cavern
behaves when subjected to challenging loading conditions. These demand data were
employed in setting up the input data used in the thermodynamic software package that
was utilised to calculate the cavern temperature and pressure when subjected to H2

storage operations.
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2 Thermodynamic Analysis

A thermodynamic analysis of an existing gas storage salt cavern, developed at a depth
of approximately 1,800 m in the main salt formation of the Fordon Evaporites in East
Riding of Yorkshire, was carried out by employing a software that simulating the
thermodynamics and heat transfer processes related to storage operations in under-
ground salt caverns.

The thermodynamic simulation was preceded by the modelling of the solution
mining and the de-brining of the cavern, while the prescribed history of the H2 flow
rates (over a period of approximately six years) was used as part of the required input
data. The thermal convection in the stored H2 was assumed to be infinite, implying that
the temperature in the cavern was homogeneous.

The results of the thermodynamic analysis are presented in Fig. 1 as the cavern
pressure history and the respective cavern temperature history.

Examination of Fig. 1 indicates that during injection operations, the H2 in the
cavern is compressed and the cavern pressure increases, leading to a rise in the cavern
temperature because of the Joule-Thomson effect. When the H2 in the cavern is
withdrawn and the pressure in the cavern decreases, the resulting adiabatic expansion
leads to a cavern temperature reduction. The salt that surrounds the cavern acts as a
constant temperature heat source or heat sink, depending on whether the stored H2

temperature is higher or lower than the geothermal temperature. The cavern pressure
varies seasonally between 11.5 MPa and 27 MPa, resulting in a cavern temperature
that varies between 20 °C and 71 °C. However, individual weekly cycles correspond to
differential pressures of approximately 1 MPa occasionally causing differential tem-
peratures of nearly 5 °C.

Fig. 1. Histories of cavern pressure and cavern temperature
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3 Coupled Thermo-Geomechanical Analysis

The thermo-mechanical coupled calculations were implemented by modelling the
cavern using a three-dimensional axisymmetric configuration, employing the finite
difference method which is well suited for modelling large distortions, typically
encountered in underground openings that are developed in salt formations.

Taking into consideration the depth of the cavern and the creep characteristics of
the salt that surrounds it, the ratio of the horizontal to the vertical geostatic stress will be
close to unity; whereby the in situ stress state of the salt is assumed to be isotropic. The
vertical geostatic stress was estimated using the densities of the superincumbent strata.
During the thermo-mechanical analysis, the modelled ground was pre-stressed in
accordance with the estimated in situ geostatic stress field.

The salt formation was modelled as a WIPP-creep visco-plastic material (Herrmann
et al. 1980) whose plastic constitutive response conforms to the Drucker–Prager elasto-
plastic model.

The upper boundary of the finite difference model was placed at the top of a marl
layer at a depth of 1,540 m. The sequence of layers above the marl was not explicitly
modelled; instead the overburden loading that corresponds to the gravitational loading
of these beds was applied to the top end of the model as a uniform vertical pressure
equal to 34 MPa.

The bottom boundary of the finite difference model was characterised by a vertical
fixity that was placed approximately 180 m below the bottom of the cavern sump. In
addition, no horizontal displacement along the vertical sides of the model were spec-
ified while the upper horizontal surface of the model was free to move both in the
horizontal and vertical directions.

The stress concentrations at the walls and the roof of the cavern were analysed to
determine whether the investigated temperature and pressure histories could initiate
rock failure in the geological formations that surround the cavern. The primary goal of
the thermo-mechanical analysis was to investigate, inter alia, the potential of tensile
failure and/or shear failure that may be introduced at the roof and walls of the cavern.
The geomechanical stability of the modelled cavern was assessed by generating con-
tour diagrams for the ground temperature, the minimum r3 and maximum r1 principal
stresses; and the von Mises stress component rvm. The von Mises or Equivalent stress
component is defined by the following expression:

rvm ¼
ffiffiffiffiffiffiffi

3J2
p

where J2 is the second invariant of the deviatoric stress tensor.
The distribution of the temperature around cavern at the end of six years of

modelling cyclic H2 storage operations is shown in Fig. 2.
The temperature in the salt mass is modified from the original geothermal distri-

bution, but this temperature change penetration which corresponds to a reduction of the
order of 10 °C is significant over only 13 m from cavern wall, as shown in Fig. 2. To
investigate the variation of the temperature profile, as we progress outwards from the
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cavern’s surface, a set of graphs showing the temperature history at different depths
(measured from the cavern’s surface) has been produced in Fig. 3.

As shown in Fig. 3, in progressing outwards, from the surface of the cavern, the
cyclic nature of the temperature history is preserved although the amplitude of the
temperature cycles is reduced inversely proportionally to the distance from the cavern’s
wall, indicating a temperature dampening process.

The r3 contours, at the end of 6 years of modelling of cyclic H2 storage operations,
as shown in Fig. 4a, indicate that the walls of the cavern remain everywhere in

Fig. 2. Distribution of temperature around the investigated cavern at the end of six years of
cyclic H2 storage operations

Fig. 3. History of temperature penetration at the walls of the investigated cavern
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compression. The corresponding contour diagram for rvm, shown in Fig. 4b, indicates
that most of the salt mass that forms the immediate surrounding of the cavern is
subjected to moderate shear stresses, i.e. less than 20 MPa. Nevertheless, there are two
locations (at the centre of the cavern’s roof and at the side wall, where the sump begins)
where rvm assumes values close to 26 MPa.

Fortunately, these relatively high stress concentrations do not develop deeper than
approximately 0.6 m inside the salt mass. Moreover, the stress concentrations in the
sump area of the cavern have no particular significance on the structural stability of the
cavern.

4 Conclusions

During injection operations, the H2 in the cavern is compressed and the cavern pressure
increases, leading to a rise in the cavern temperature. When the H2 in the cavern is
withdrawn and the pressure in the cavern decreases, the resulting adiabatic expansion
leads to a reduction in the cavern temperature. The salt mass that surrounds the cavern
acts as a constant temperature heat source or heat sink, depending on whether the
cavern temperature is higher or lower than the geothermal temperature.

In progressing outwards from the surface of the cavern, although the cyclic nature
of the temperature history is preserved, the amplitude of the temperature cycles is
reduced inversely proportionally to the distance from the cavern’s wall, indicating a
temperature dampening process.

Assessment of the minimum principal stress distribution at the end of 6 years of
modelling of cyclic storage operations, provides evidence that the walls of the inves-
tigated cavern remain everywhere in compression. The distribution of the von Mises
stress around the cavern indicates that the majority of the salt mass that forms the
immediate surrounding of the cavern is subjected to moderate shear stresses. Evidently,

(a)Minimum principal stress                                (b)von Mises stress 

Fig. 4. Stress distribution around the cavern at the end of 6 years of H2 storage operations
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the global geomechanical stability of the cavern is not affected by the investigated
thermal effects, since they remain limited to only a few meters from cavern wall.

The results of the investigated H2 storage operations, have shown that the long-term
geomechanical stability of the salt caverns is not compromised. Consequently, the use
of salt caverns for the underground storage of hydrogen, required to meet peak energy
demands, satisfy the operator’s requirements with respect to the flexibility of storage
operations.
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Abstract. Ground-source heat pump (GSHP) systems typically show higher
efficiencies than conventional systems for space heating and cooling of build-
ings. However, the availability of GSHP systems performance data is still
limited, especially in Australia due to the small number of GSHP systems
installed and monitored. This paper provides some initial results from a GSHP
systems monitoring project conducted on ten residential properties in the greater
Melbourne region of Australia. The data measured reveals an estimated Coef-
ficient of Performance between 2 and 4.9. The reasons for these variations in
measured system efficiency with respect to design expectations are discussed.

1 Introduction

Ground source heat pump (GSHP) or shallow geothermal systems can efficiently heat
and cool buildings using sustainable geothermal energy accessed via ground heat
exchangers (GHEs). In closed-loop systems, GHEs comprise pipes embedded in
specifically drilled boreholes or trenches or even built into foundations. In Australia,
most of the electricity is generated from fossil fuels. Given that GSHP systems gen-
erally operate at a coefficient of performance (CoP) of between 3 and 5, the substitution
of commonly used electrical heating and cooling systems with GSHP systems could
potentially significantly reduce energy consumption and greenhouse gas emissions.

Even though there have been experimental studies of GSHP systems published
worldwide, the availability of high-quality datasets on performance and usage patterns
are still rare, especially under real life thermal loads.

In Australia, the availability of these datasets are further limited due to the small
number of GSHP systems installed, and fewer still that have their performance mon-
itored in detail. To date, the only available performance data in Australia corresponds
to a few commercial buildings, a school, a house and an aquatic centre (Geoscience
Australia 2007; Huang 2015; Kivi 2014; Mikhaylova et al. 2015; Payne et al. 2015). To
redress this, The University of Melbourne has been undertaking a full-scale pilot direct
geothermal energy demonstration project, whereby the performance data from a
number of properties in greater Melbourne have been collected for several years. This
paper provides some initial experimental results from ten residential properties.
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2 Full-Scale Experimental Studies

Melbourne has a temperate climate, and based on the typical meteorological year
(TMY) gathered from Meteonorm (2017), typical design outside air temperatures vary
between 1 and 37 °C. A residential GSHP system is typically designed for continuous
operation based on the bin method (IGSHPA 2009), where no heating or cooling is
needed when the outside air temperature is between 15.5 and 19.4 °C (60 and 67 °F).
Outside this range, and accounting for 82% of the year, heating or cooling would be
needed for Melbourne (see Fig. 1).

The locations of the residential properties monitored are shown in Fig. 2. This
range of properties was expected to be able to give an indication of typical variations in
performance of such properties for a range of house sizes, patterns of use, local weather
conditions and variations in geology commonly encountered in Melbourne. The con-
ditioned floor area, along with whether the building is retrofitted or newly built, the
geology, the number, orientation and total length of GHEs, the capacity of the GSHPs
and details of the distribution systems installed in these properties, are summarized in
Table 1.

To measure GSHP system performance, sensors were installed in each of the
systems installed at the properties. Figure 3 presents a typical instrumentation sche-
matic for a property with vertical GHEs installed. The instrumentation consists of
thermistors to measure the ground temperature along the ground loop, thermistors and
flow meters to measure the temperatures and flow rate of the water flowing in and out
of the GSHP on the ground side (and the building side when applicable in water to
water systems), and a power meter to measure the electrical power consumption of the
GSHPs, circulation pumps and fans required to run the system. All the monitoring data
at each property is collected through a data logger, which can be accessed remotely for
data transmission through the internet. Most of data collection in this project started in
2015.

Fig. 1. Typical Melbourne design temperatures for GSHP systems
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3 Results and Discussion

A summary of the performance data for all monitored properties is shown in Table 2. It
can be observed that all properties were heating dominant. This is confirmed by Fig. 4
which shows a typical energy demand pattern for a period of more than two years for
one of the properties (Cheltenham).

Further, most of the properties have run fractions of only about 10–20%. This is in
contrast to the expected usage of around 82% based on the bin method applied con-
tinuously. The temperate climate in Melbourne is mild enough to result in minimal
heating and cooling demand throughout the year. In particular, during the shoulder
periods around April and October, very little heating or cooling is required. This is in
contrast to many other parts of the world where either heating or cooling is typically
needed throughout the whole year.

It must be noted that, the bin method estimates a building’s thermal demand based
on the ambient air temperature and it does not account for user behavior which may be
possible in a temperate climate. These conditions usually allow systems to be turned off
during the day if occupants are out at work. In such a climate, it may also be possible to
turn the systems off during the night. It follows that for such a climate, the actual usage
observed can be significantly lower than the expected designed usage using the bin
method.

The GSHP systems monitored have seasonal performance factors (SPF) between
1.6 and 4.5. These SPFs reflect the efficiency of the systems as a whole because they
include the power consumption of the GSHPs, circulation pumps and fans to run the
systems, as measured in this project. The CoPs of the GSHPs were estimated on the
basis of the rated power consumption of the other mechanical equipment and are also
presented in Table 2. These CoPs are between 2 and 4.9.

Fig. 2. Location of the ten monitored properties
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The systems at East Brunswick and Thornbury have low CoPs because they were
retrofitted with a locally manufactured experimental GSHP which turned out to perform
less efficiently than expected. The system at Buninyong was driven by an updated but
still experimental local GSHP which still produced a relative low CoP. Although not
known at the design stage, the system at Footscray was significantly under designed
and hence, returned a relatively low CoP.

If the results from these four locations were discounted, the CoPs recorded for the
remaining six properties were between 3.3 and 4.9. This range seems to be similar to
the range of CoPs for various GSHP systems reported in the literature including 3.4 in
France (Trillat-Berdal et al. 2006), 3.3 at the ASHRAE headquarters in USA (Liu and
Spitler 2014), 3.9 in Southern Germany (Luo et al. 2015), and 4.4–5.2 in Northern
Greece (Michopoulos et al. 2007)

It may be worth noting that a close inspection of the monitored data showed that the
GSHPs switched on and off more than would have been expected. This may have
occurred because most of the GSHPs installed were single speed GSHPs without buffer

Table 1. Summary of site conditions and GSHP installations at the monitored properties

Property
location
(refer to
Fig. 2)

Conditioned
floor area
(m2)

Retrofitted
(R) or newly
built (NB)

Geologya Number,
orientationb and
total GHE length
(m)

GSHPc,d,e

heating/cooling
capacity (kW)

Distribution systems

Ashburton 300 NB Siltstone &
minor
sandstone

4, V, 360 32/28c Floor hydronic heating,
FCUf for cooling, water
& pool heating

Buninyong 150 R Deep
marine
deposits &
sandstone

4, H, 160 8/8c,e FCU for heating and
cooling

Cheltenham 100 R Sands with
minor clay

2, V, 110 6/9d Ducted heating and
cooling

East
Brunswick

50 R Basalt 2, V, 130 8/8c,e FCU for heating and
cooling

East
Melbourne

60 NB Basalt 2, V, 120 11/9c Ducted heating and
cooling, water & spa
heating

Footscray 100 R Basalt 2, V, 110 8/10d Ducted heating and
cooling

Inverloch 200 NB Siltstone &
sandstone

6, V, 300 18/17c Floor hydronic heating
and cooling & hot water

Kangaroo
Ground

400 NB Siltstone 9, S, 320 16/15c Floor hydronic heating
and FCU for cooling

Main Ridge 280 NB Basalt 8, S, 320 22/17c Floor hydronic heating
and hot water

Thornbury 50 R Siltstone &
minor
sandstone

2, V, 100 6/6c,e FCU for heating and
cooling

aBased on the Geological Map of Melbourne from Energy and Earth Resources (1959)
bV = vertical GHEs, H = horizontal GHEs (straight pipe), S = horizontal GHEs (slinky)
cWater to water GSHP
dWater to air GSHP
eExperimental GSHP manufactured locally
fFan coil unit
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Fig. 3. Typical instrumentation for a property with a vertical GHE installed

Table 2. Summary of GSHP system performance at the monitored properties

Properties
location (refer to
Fig. 2)

Monitored period Total usage (h) Run
time
fraction
(%)h

Total energy
provided to the
building (kWh)

Total
electrical
energy used
(kWh)

SPFi CoPj

Heating Cooling Heating Cooling

Ashburton Jun ’15 – Jan ‘18b 4568 2967 36 80,508 16,495 26,339 3.7 4.6

Buninyonga Nov ’16 – Jan ‘18 757 288 10 4900 1495 2330 2.7 2.9

Cheltenham Aug ’15 – Jan ’18 1186 145 6 6208 928 1978 3.6 4.1

East Brunswicka Aug ’15 – Jan ’18c 177 – – 538 – 294 1.8 2.3

East Melbourne Jun ’15 – Jan ’18d 2232 1512 17 12,414 4593 6216 2.7 3.3

Footscray Jun ’15 – Jan ’18e 2147 407 12 12,022 1861 5687 2.4 2.7

Inverloch Jan ’16 – Jan ’18 2548 594 17 27,038 6328 9763 3.4 3.8

Kangaroo Ground Sep’16 – Nov ‘17 720 302 10 5590 3033 1905 4.5 4.9

Main Ridge Sep ’15 – Jan ’18f 1013 – 5 16,747 – 4736 3.5 4.0

Thornburya May ’15 – Jan ’18g 1245 858 9 2925 960 2412 1.6 2.0
aProperties with an experimental GSHP manufactured locally. GSHPs at East Brunswick and Thornbury were the first
iteration, which may explain lower SPF than at Buninyong
bExcluding February 2017–July 2017 when the data logger malfunctioned
cGSHP often malfunctions, thus indicating minimal usage hours. For this reason, run time fraction was not calculated as it is
not representative

dExcluding December 2017 when data logger was off
eExcluding January 2017–February 2017 when flow meter malfunctioned
fExcluding July 2017–September 2017 when data was not collected. This house is a holiday house and not the main place of
residence, hence the low usage hours of the system. GSHP system was also designed for heating mode only

gExcluding June 2015 to August 2015 when data logger was off
hRun time fractions are adjusted to exclude periods when analysis could not be performed due to data collection problems
(actual usage may be more than the stated run time fraction)
iSeasonal performance factor (SPF) = total energy provided to the building/total electrical energy used. The power
consumption including GSHP, circulation pumps and fans
jEstimated CoP of the GSHP (without the circulation pumps and fans power consumption).
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tanks operating in relatively low demand systems. These conditions are likely to have
had a negative impact on the observed CoPs, outweighing the potential ground thermal
performance improvement resulting from a low run fraction.

The above discussion suggests that the bin method may not be the best design
approach for residential GSHP systems in a temperate climate and another or modified
design method may be required. Alternatively, hybrid GSHP systems may be a better
option. This would require GSHP systems providing the base load thermal demand
with conventional systems servicing the hotter and colder periods of the year.

4 Conclusions

This paper presents the preliminary results of the performance of GSHP systems
installed in ten residential properties around Melbourne, Australia. The preliminary
results indicate that these systems have CoPs that are comparable to other GSHP
systems around the world.

However, what is clear is that the recorded run time fraction for all the properties
was significantly lower than would have been expected through the use of the bin
method. This is probably as a result of Melbourne having a temperate climate which
allows heating and cooling systems to be turned off for significant parts of the day and
the year. This suggests that a different design method may be more appropriate for
GSHP systems in such a temperate climate so that smaller geothermal systems can be
used to give lower capital costs. Alternatively, this pattern of usage may be better
served through the use of hybrid GSHP systems.

Acknowledgements. The authors acknowledge the financial support for this project by the
Victorian Government’s Department of Environment, Land, Water and Planning. They are also
grateful to all the property owners/tenants who allowed monitoring of their systems along with
associated installers.

Fig. 4. Daily thermal energy demand for the Cheltenham property
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Abstract. The behavior of geothermal energy piles in a group involves com-
plex relation between change in temperature and deformations, strains and
stresses in the pile and soil. The behavior of piles when acting as a group is
further complex due to group interaction among the piles. Hence, it becomes
important to quantify the displacements and stresses to understand the load
transfer mechanism of these piles under thermal and mechanical loads. In the
present study, rigorous numerical analyses are performed to investigate the
thermo-mechanical behavior of the piles in sand using three dimensional non-
linear finite element analysis procedure in Abaqus software. The stress-strain
behavior of piles is considered as linear-elastic. The stress-strain response of
sand is reproduced using constitutive model CASM. The raft on the piles is
modeled to behave in a linear elastic manner. The state parameter based con-
stitutive model CASM is implemented in finite element based software Abaqus
through two user defined material subroutines, UMAT and UMATHT. The
energy piles in a group are analyzed by considering different combinations of
thermal and mechanical piles in a single layer of Ottawa sand. The results of
numerical analyses have been presented for the pile base displacement. Para-
metric sensitivity analyses are carried out to investigate the influence of pile
spacing and soil relative density on the base displacement of the piles. The
results conclude that the thermal piles experience higher displacement as
compared to the mechanical piles and soil relative density plays a key role in
governing the pile response to thermal cycle. Differential settlement is noted for
the pile groups containing the thermal and mechanical piles altogether.

1 Introduction

The use of geothermal energy is an emerging technology for sustainable design of
buildings (Laloui et al. 2006; Bourne-Webb et al. 2009). In order to satisfy the space
heating and cooling needs of a building, all the piles or selected piles in a group can be
installed as geothermal energy piles (Brandl 2006; Salciarini et al. 2013). In current
literature, most of the researchers have presented on the thermo-mechanical interaction
between a single geothermal energy pile and the supporting soil (Laloui et al. 2006;
Wang et al. 2011; GSHP 2012; Saggu and Chakraborty 2015a, 2015b, 2017). Laloui
et al. (2006) have reported the temperature-induced axial stress in the pile through
experimental investigation of a full scale energy pile. Wang et al. (2011) have pre-
sented the effect of coupled thermo-mechanical loading on the load carrying capacity of
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a model geothermal energy pile and stated that temperature is an important parameter
which influences the load carrying capacity of these piles. The design charts presented
by GSHP (2012) for anticipating the generation of displacement and axial stress in the
energy piles show that the increased pile temperature results in increased displacement
and axial stress in the pile. Contrary to heating, the decrease in pile temperature causes
decrease in pile axial stress. Saggu and Chakraborty (2015a) emphasized on the strong
influence of pile end restraints and soil conditions on pile response. In another study,
Saggu and Chakraborty (2015b) reported the cyclic thermomechanical pile-soil inter-
action in case of geothermal pile and noted an increase in thermally induced base
displacement after each consecutive thermal cycle. Saggu and Chakraborty (2017) have
reported that shaft capacity does not change significantly due temperature change in the
pile. They have also reported increased magnitude of axial stress along the pile depth
and pile base displacement due to increased thermal load on the pile. The geothermal
energy piles possess group interaction and this group effect needs to be assessed prior
to the design of a pile group. However, the research studies on group behavior of
geothermal piles are rather limited. Dupray et al. (2014) carried two dimensional
numerical analyses of thermo-hydro-mechanical interactions of piles in a group and
observed that thermal cycle has a positive effect on the structural capacity of closely
spaced piles in a group. Jeong et al. (2014) have reported a change in mobilized pile
capacity due to thermal effects through numerical analysis of a group of geothermal
piles. Saggu and Chakraborty (2016) have reported increased magnitude of axial stress
for the thermal piles and decreased magnitude of axial stress for the non-thermal piles
as a result of non-uniform distribution of load on the pile head through the raft during
the heating induced expansion of the piles. Loria and Laloui (2017) have investigated
the group effect for closely spaced energy piles and have emphasized on the thermally
induced group effect on the geotechnical behavior of these piles. The specific objective
of the present numerical work is to quantify the base displacement of individual piles
placed as a group in sand considering different combinations of thermal and mechanical
piles in the same group. To investigate the effect of soil state, parametric study is
performed for different soil relative density, DR = 40% and DR = 50%. The response
of corner and middle piles is presented in terms of pile base displacement. Analyses are
performed for different center to center spacing between the piles. The base dis-
placement of thermal piles and mechanical piles placed altogether in a single group are
compared. The above stated objective have been accomplished with the highlight of
nonlinear three dimensional (3D) finite element (FE) analyses of pile groups of six piles
using the finite element based software Abaqus. The piles have been simulated to
behave as linear elastic. To simulate the thermomechanical soil response, a constitutive
model CASM (Yu 1998, 2006) which is based on the critical state concepts in soil
mechanics and defines the current state of soil is incorporated in software Abaqus
standard manual version 6.11 (2011). To define the CASM model in Abaqus, user-
defined material subroutines; UMAT and UMATHT are used to state the stress-strain
behavior of surrounding soil and to state the thermal characteristics of soil, respec-
tively. A temperature change applied on pile is assumed to be uniform throughout the
pile length (Laloui et al. 2006; Bourne-Webb et al. 2009).
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2 Finite Element Model and Material Properties

For the 3D finite element analyses presented herein, separate parts are created for the
pile, soil and raft geometries using Abaqus software. The concrete piles and the raft are
assumed to be possessing ultimate compressive strength as 45 MPa with Young’s
modulus (E) as 33.7 GPa and Poisson’s ratio (m) as 0.2. The material properties of
concrete are shown in Table 1. A tie constraint is defined between the raft and the pile
head for the piles to tie all the degrees of freedom in horizontal as well as vertical
directions. A single layered Ottawa sand is assumed as surrounding soil and stress-
strain properties of soil are defined using the constitutive model CASM. The CASM
formulation used in this study consists of seven parameters. The determination of
CASM parameters can be achieved through triaxial testing of the soil. For the study
conducted herein, a FORTRAN code is formulated for simulating triaxial compression
test for the drained and undrained soil conditions to determine the required parameters
of CASM model. The CASM model parameters are determined for Ottawa sand having
minimum and maximum void ratio of 0.48 and 0.78, respectively (Murthy et al. 2006).
The CASM code simulation results are compared with the experimental data for triaxial
compression test under drained and undrained soil conditions for both loose and dense
sand obtained from Sasitharan et al. (1994) and Carraro (2006). The values of the
CASM parameters for Ottawa sand are presented in Table 1. A finite element mesh for
the pile-raft-soil system is shown in Fig. 1. All piles are of same dimensions with 20 m
length and 1 m diameter. The length and width of the raft are 15.5 m and 12.9 m,
respectively. The thickness of raft is 1.2 m. The vertical boundaries in far-field soil are
considered at 6.5 m from the raft edge along the smaller dimension of raft and 7.5 m
along the larger dimension as presented in Fig. 1. The bottom soil boundary is placed at
a distance equal to pile length from the pile base. The vertical displacement at far field
soil boundaries is allowed by applying a roller support and at the bottom soil boundary,
the displacements are restrained in all degrees of freedom. Thermal boundary condi-
tions are applied for heat to flow through the side boundaries and the bottom of the soil.
The initial ambient temperature of soil is applied as 15 °C (Laloui et al. 2006). The
model domain is meshed using eight node thermally coupled brick, trilinear dis-
placement and temperature (C3D8T) elements.

Near the pile-soil interface, the minimum mesh size is taken as 0.5 mm and the in
the far-field soil regions, the maximum element size is considered as 1.5 mm. At the
interface of pile and soil, a coefficient of friction l (=tand) as 0.55 is defined in the
tangential direction to simulate a frictional contact between concrete and soil. A hard
contact is considered in the direction normal to the pile and soil interface. Heat con-
duction is defined between pile and soil at the interface by assigning a thermal con-
ductance value same as the soil thermal conductivity value.

Thermal displacement analysis in Abaqus involves the consideration of thermal
properties of the materials which are thermal conductivity for concrete (k) and soil (ks),
specific heat for concrete (C) and soil (Cs) and the coefficient of thermal expansion of
concrete (a) and soil (as). For the present analyses, constant values of thermal
parameters ks, Cs and as are considered for sand. The thermal model parameters of
Ottawa sand are obtained from Tarnawski et al. (2009). A user-defined material
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Table 1. Sand and pile material properties

Mechanical parameters Value References

CASM model and thermal parameters for Ottawa sand
Slope of critical state line in
e-ln(p′) space, k

0.02 Sasitharan et al. (1994), Carraro (2006),
Loukidis (2006)

Slope of unloading-reloading
line in e-ln(p′) space, j

0.005 Yu (2006)

Critical state line intercept at
1 kPa pressure, C

0.8 Model simulation

Reference state parameter, nR 0.075 Yu (2006)
Model parameter, n 4.5 Model simulation
Slope of critical state line in q-p′
space, Mcc

1.2 Yu (2006) and Loukidis (2006)

Poisson’s ratio, ts 0.3 Yu (2006)
Shear modulus, G 32.6 MPa Laloui et al. (2006)
Bulk modulus, K 15 MPa
Thermal conductivity, ks 0.274 W/m°C Tarnawski et al. (2009)
Specific heat, Cs 722 J/°C
Coefficient of thermal
expansion, as

10−4/°C

Mechanical and thermal parameters for pile and raft
Modulus of elasticity, E 33 GPa Pile and raft material parameters

assumed to be same as concretePoisson’s ratio, t 0.2
Thermal conductivity, k 2.1 W/m°C
Specific heat, C 800 J/°C
Coefficient of thermal
expansion, a

10−5/°C

15.5 m

12.9 m

7.5 m

6.5 m

40 m

1.2 m

20 m

Fig. 1. Finite element mesh for geothermal pile-raft-soil system
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subroutine UMATHT is used to implement the thermal constitutive model in Abaqus
software. The thermal response of pile-raft-soil system is assumed to follow the energy
balance equation (Green and Naghdi 1992) as given below

Z

V

q _UdV ¼
Z

V

rdV þ
Z

S

qHdS ð1Þ

where V represents the volume of material, S is surface area, q defines the density of the
material, _U defines the time rate of the internal energy for the material, qH represents
the heat flux per unit area, and r defines the externally applied heat per unit volume of
the body. The thermal constitutive relationship is presented in terms of thermal con-
ductivity and specific heat as given below in Eqs. (2) and (3)

dU
dT

¼ Cs ð2Þ

and

dqH
@T=@x

¼ �ks ð3Þ

In Eq. (3), x defines the position coordinate of a point.

3 Validation Analysis of Finite Element Model
of Geothermal Pile

The validity of thermo-mechanical FE simulation of geothermal energy piles using
CASM constitutive model for sand is affirmed by comparing the current simulation
results with the field load test and numerical analysis results presented by Laloui et al.
(2006). For the purpose of validity of present analyses, the field test investigation of
Laloui et al. (2006) has been modeled through coupled temperature-displacement
analysis procedure in Abaqus using the material model CASM for soil layers.
Figure 2(a) and (b) show the comparison of the vertical displacement of the pile head due
to thermal loading and axial stress along the pile depth due to thermo-mechanical loading
of the pile under an axial mechanical load of 1300 kN and thermal load DT of 21 °C.

The head displacement and axial stress along the pile depth are following the
similar trend as presented by Laloui et al. (2006) and the magnitudes are comparable
with reasonable accuracy for head displacement and axial stress along the pile.
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4 Finite Element Simulation of Pile Group

A pile group consisting of six piles is analyzed numerically through three dimensional
nonlinear finite element analysis procedure using Abaqus software for thermo-
mechanical loading condition of the piles. The pile group is considered to be installed
in Ottawa sand. The analyses are carried out for a geostatic step to establish the
equilibrium with the geostatic stresses applied as initial conditions in the predefined
fields and a coupled temperature-displacement step for applying the thermal as well as
mechanical loads. Three sets of analyses are performed for different types of pile
arrangements; (i) all six piles as geothermal piles (Type I), (ii) the corner piles as
geothermal piles (Type II), and (iii) all piles as mechanical piles (Type III). The
influence of center to center pile spacing on the mechanical response of the piles is
investigated by varying the center to center pile spacing e.g. 4 m and 2.5 m. The
analyses are performed for different soil relative density e.g. DR = 40% and DR = 50%.
The thermal load of DT = 21 °C with thermal cycle consisting of heating period of
12 days and cooling period of 16 days is applied uniformly along the depth of the pile
similarly as applied by Laloui et al. (2006). The ambient soil temperature is assumed to
be 15 °C. The Ottawa sand is simulated using CASM model; a soil critical state
constitutive model. The coefficient of lateral earth pressure at rest (K0) is taken as 1 for
the numerical analyses performed herein. An axial mechanical load of 6000 kN is
applied over the raft surface in the form of pressure. For the pile group analyses,
thermally induced expansive strain in the pile, tensile stress and strain induced in the
pile, and upward shaft resistance are assumed as positive. Depth from the soil top
surface and pile displacement in the upward direction are considered positive.

Fig. 2. Comparison of present simulation results for (a) head displacement under thermal cycle
and (b) axial stress along pile depth at the end of heating of pile with results of Laloui et al.
(2006)

Base Displacement Response of Group of Geothermal Energy Piles 197



5 Results and Discussion

5.1 Load vs Displacement at Pile Base

Figures 3(a) and (b) show the load vs displacement plots at pile base. The results are
compared for a corner pile and a center pile for the analyses; Type I (all piles as
thermal) and Type II (corner piles as thermal piles). The analysis results are compared
for piles at 4 m center to center spacing and for different soil relative density; DR =
40% and DR = 50%. It is clear from the figures that an increase in base displacement
occurs under axial mechanical load for the thermal as well as mechanical piles. Upon
heating, the expansion of the thermal piles in downward direction results in an increase
in base displacement. The thermal piles experience excess load due to heating of these
piles. On the contrary, the unloading of the mechanical piles occurs when the thermal
piles are under heating load and pile base displacement of these piles decreases. The
expansion of thermal piles in upward direction is also noted, thus, the piles tend to push
the raft in the upward direction. Therefore, uneven distribution of axial load on the piles
happens due to thermal cycle. The load on mechanical piles decreases whereas the load
on thermal piles increases. It is noted that the pile base displacement is about 35–40%
higher for the thermal piles in loose soil with DR = 40% when compared with piles in
soil with DR = 50%. However, the cooling of piles results in higher decrease in base
displacement of these piles. Table 2 summarizes the base displacement of thermal and
mechanical piles at the end of heating of thermal piles for all analysis cases. The base
displacement for all the piles in a group is compared for pile spacing; 4 m and 2.5 m
and soil relative density; DR = 40% and DR = 50%. The thermal piles while under
thermal loading experience higher magnitude of base displacement as compared to the

Fig. 3. Load-displacement response of piles spaced at 4 m center to center for (a) all piles as
thermal piles and (b) only corner piles as thermal piles
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mechanical piles. In a pile group where all the piles are geothermal (Type I), for the
piles at center to center spacing of 4 m, the maximum magnitude of pile base dis-
placement is 8.81 mm for DR = 50%, however, the maximum base displacement is
13.21 mm for DR = 40%. The piles in loose sand with DR = 40% experience 33%
higher pile base displacement than for piles in sand with DR = 50%.

In a pile group with all mechanical piles (Type III), the maximum magnitude of pile
base displacement is 7.5 mm for DR = 50% and 8.26 mm for DR = 40%. These piles
in loose sand with DR = 40% experience 9.2% higher pile base displacement than for
piles in soil with DR = 50%. It is clear from Table 2 that the thermal load results in
about 37% higher base displacement of geothermal piles as compared to mechanical
piles. However, in a group where only corner piles are thermal piles (Type II), at 4 m
center to center spacing, the maximum base displacement for the thermal piles is
13.69 mm for piles in sand with DR = 40% and 9.79 mm for piles in sand with
DR = 50%.

For mechanical piles placed along with the thermal piles, the displacement reaches
up to 7.72 mm and at the end of heating of thermal piles, the displacement decreases to
5.61 mm for DR = 50% and the displacement reaches up to 11.48 mm and then
decreases to 9.96 mm at the end of heating of thermal piles for DR = 40%. In loose
soil, the mechanical piles exhibit 42% higher base displacement in case of pile

Table 2. Pile base displacement of thermal and mechanical piles

Thermal loading cases Pile no. 4 m spacing 2.5 m spacing

Vertical displacement
(mm)

Vertical displacement (mm)

DR = 40% DR = 50% DR = 40% DR = 50%

Type I
All piles thermal

1 13.06 8.72 14.24 10.08
2 13.21 8.81 14.40 10.19
3 13.07 8.70 14.24 10.08
4 13.07 8.73 14.24 10.08
5 13.21 8.81 14.40 10.18
6 13.06 8.70 14.24 10.08

Type II
Corner piles thermal

1 13.68 9.74 14.69 11.02
2 9.66 (11.48) 5.59 (7.71) 11.40 (12.22) 7.65 (8.67)
3 13.69 9.77 14.69 11.02
4 13.69 9.79 14.69 11.02
5 9.66 (11.48) 5.61 (7.72) 11.40 (12.23) 7.64 (8.66)
6 13.68 9.79 14.69 11.01

Type III
Mechanical piles

1 8.16 7.43 8.68 7.86
2 8.26 7.50 8.76 7.91
3 8.16 7.43 8.68 7.86
4 8.16 7.43 8.68 7.87
5 8.26 7.50 8.76 7.91
6 8.16 7.43 8.68 7.86
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arrangement of Type II. Hence, the differential settlement occurs for a pile group with
thermal and mechanical piles altogether in a group. It is recommended to analyze the
pile base displacement before the design of pile groups with thermal and mechanical
piles in a same group. The differential settlement can be avoided by designing two pile
groups, one with all thermal piles and another with all mechanical piles with different
raft thickness (Poulos 2001). For the piles placed at 2.5 m center to center in a group,
higher pile base displacement is noted for all the cases as compared to the piles placed
at 4 m center to center in a group. The pile base displacement of thermal piles is also
compared with analytical solution where pile base displacement wbi is also calculated
for all mechanical piles by using Eq. (4) given by

wbi ¼
Xnp
j¼1

aij
Qb

Kb
ð4Þ

where Qb is the load at the pile base and Kb is the soil stiffness near the pile base.
Herein, Qb has been taken from the simulation analysis results and the influence factor
aij has been calculated by using equations and charts obtained from Salgado (2008).
The base displacement of piles spaced at 4 m and 2.5 m in a pile group with all
mechanical piles is 1.85 mm and 2.01 mm, respectively. However, base displacement
of all mechanical piles obtained by elastoplastic analysis is four times higher than that
calculated using analytical equation. The pile base displacement for all geothermal
piles obtained from elastoplastic analysis is six times higher than base placement
calculated from above equation. Therefore, the geothermal pile group should be
designed on the basis of results of FE analysis of pile group by considering the
elastoplastic behavior of soil.

6 Conclusions

Thermo-mechanical behavior of group of geothermal energy piles with raft and three
combinations of thermal and mechanical piles considered to be installed in a single
layer of Ottawa sand are analyzed numerically using three dimensional nonlinear finite
element analysis procedure in Abaqus. The piles and raft are considered to exhibit
linear elastic stress-strain relationship. The stress-strain relationship of sand is simu-
lated through a state parameter based soil constitutive model CASM. The load-
displacement response at pile base for the piles in a group when subjected to thermo-
mechanical loading are investigated for different pile spacing and different soil stiff-
ness. The analysis results conclude that pile base displacement under mechanical load
increases and a further increase occurs for the thermal piles as a consequence of thermal
loading. Contrary to base displacement of thermal piles, the base displacement of
mechanical piles decreases when the thermal piles are undergoing through heating in
the same group. For the thermal piles, about 47% increase in base displacement occurs
as compared to the piles subjected to mechanical load for closely spaced piles at 2.5 m.
Differential settlement of the piles occur in groups containing thermal and mechanical
piles placed altogether. Hence, it is recommended to analyze the pile base displacement
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for all the piles in group with thermal and mechanical piles placed in the same
group. To prevent the differential settlement, two pile groups should be designed
separately, one with all thermal piles and another with all mechanical piles with dif-
ferent raft thickness. Moreover, at least 4 m spacing between the thermal piles in field
should be used for the piles considered herein. The base displacement of all mechanical
piles calculated using equation is about six times lesser than the elastoplastic analysis
results. Hence, numerical analysis can be considered as a viable tool to predict the
geothermal energy pile group behavior. Upon heating, uneven distribution of axial load
occurs. The load on the thermal piles increases and load on the mechanical piles
decreases. However, the axial load on thermal piles decreases and the axial load on
mechanical piles increases during the cooling of thermal piles. Soil relative density has
a strong influence on pile base displacement of thermal piles.
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Abstract. This study analyses the opportunity of using energy recovery tunnel
lining segments to produce heating and/or cooling. A 1D finite-element mod-
elling demonstrated that it is possible to extract a specific vault power between
15 W/m2 during summer and 35 W/m2 during winter from the ambient air and
adjoining geological formations, which corresponds to the capacity between 120
to 280 kW over a 300 m section situated before the entrance to an underground
station. The heat extraction is modelled so as to avoid durable deviation of the
ground temperature. The thermal fluxes direction reverses depending on the
ground or tunnel air temperature, which allows to use the ground as a seasonal
heat storage. Given the expected temperatures, cooling production is not envi-
sioned. Based on the modelling results, such a system should allow for a greater
heat extraction than one based on thermo-active moulded walls. Indeed, the
tunnel lining segments are able to extract heat from the geological formations as
well as recover heat from the tunnel ambient air.

1 Introduction

The Grand Paris Express consists of an automatic metro comprising 200 km of lines
which aims to reinforce and expand the present underground and fast regional railway
network (RER).

The present study analyses the potential for heat and/or cooling production by a
system of energy recovery tunnel segmental lining that could either replace or be
complementary to the thermo-active moulded walls intended in the station of Chelles.
The tunnel of lot 3 of line 16 will be built using a tunnel boring machine that will
assemble the tunnel lining segments as it is drilled.

2 Foundations and Methods

2.1 Geological and Geotechnical Aspects

The 300 m long studied section is located at the south exit of the Chelles underground
station towards the Noisy-Champs station (3’700 m interstation), between the kilometre
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points (KP) 33 + 900 and 34 + 200. This section will be called “Chelles-Sud” in the
further part of the study.

The ground surrounding the Chelles station consists, under the embankments, of
thick alluvium, modern (AM) and especially old (AA) resting on the partly eroded
Limestone of St-Ouen (SO), the Sands of Beauchamp (SB), the Marnes and Caillasses
(MC), the Coarse Limestone (CG) and Ypresian terrain (AP and SC). In addition to
these formations, embankments and alluvial deposits of the Marne cover the SO.
Figure 1 illustrates the situation of the studied section as well as occurring geological
layers. The different aquifer formations likely to interact with the project are: SO, SB,
MC and CG. Since the flows are weak, convective heat flows from groundwater are not
considered.

The depth of the tunnel varies between 20 and 30 m below the natural terrain. The
average temperature of flowing water is assumed to be 13 °C throughout the year
(BRGM 1977). By analogy, it is considered that the groundwater keeps the formations
MC, SB and SO at this temperature level all over the year.

The conductivities and thermal capacities of the terrain are considered isotropic
above the tunnel vault. Their values are calculated as the average of the grounds around
the vault (SO, SB and MC) following the Swiss Standard SIA 384/6.

2.2 Characteristics of Rolling Stock and Thermal Aspects in the Tunnel

The rolling M15 iron-on-wheel bearing type stock will be used. It is characterized by
electrical power supply with braking energy recovery rate of 30%, efficiency of the
traction chain of 80%, maximum speed 120 km/h, 3 cars, total length of the train 54 m,
and estimated weight in comfort load of 115 tons (SGP 2013). The dissipated thermal
powers are estimated at 430 kW during acceleration phase, 940 kW during braking

Fig. 1. Choice of a 300 m long southern section (« Chelles-Sud ») marked by the red arrow
(Société du Grand Paris 2016)
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phase, 50 kW maintaining a constant speed on flat ground and 50 kW for air condi-
tioning operation.

It is assumed that the trains accelerate linearly at 0.9 m/s2 and brake at 0.7 m/s2.
The speed curves are used to determine the residence time in the studied section (SGP
2010).

The rolling stock hourly rate for line 16 is one train every 15 min per direction
(14 h/day) and one train every 4 min per direction (5 h/day).

The considered internal heat sources are: thermal losses of the motors, energy
dissipation during braking and heat discharges of the train cooling systems.

The average time spent by trains during acceleration and braking phase in the
equipped section allows to estimate the maximum internal energy load. Expressed in W
per m2 of the intrados of the tunnel segmental lining, the average power released in the
section is 16.5 W/m2 during peak hours and 4.4 W/m2 during off-peak hours,
i.e. 6 W/m2 on average.

It is assumed that the Chelles-Sud section is not directly influenced by the outside
air temperature. The variation of the tunnel temperature at the Chelles station is con-
sidered similar to that of the Châtelet-les-Halles metro station, located at similar depth
(Fig. 2). The hourly air renewal rate considered in the tunnel is 9.

2.3 Proposed Heat Recovery Concept and Thermal Flow Modelling

The proposed concept is based on local project conditions as well as experiments
conducted in London (Nicholson et al. 2014), Jenbach (REHAU 2011) and Turin
(Barla et al. 2016).

Fig. 2. Tunnel air temperature in Châtelet-les-Halles between 2013 and 2016 [RATP big data]
(in blue: measured temperature, in red: moving average over 30 days)
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The energy system consists of three main parts: the energy recovery tunnel seg-
mental lining, the distribution network and the heat pump. The heat produced in the
tunnel is collected and extracted by a cooling circuit built into the tunnel lining seg-
ments. The heat is then raised to a useful temperature by a water-to-water heat
pump. Figure 3 shows a simplified operating diagram with indicative temperatures.

The tunnel lining segments forming the same ring are hydraulically connected in
series. The rings are hydraulically connected in parallel to ensure homogeneous tem-
peratures in the fitted section. The test section of 300 m consists of 30 groups of 5
rings. Each ring has about 130 m of cross-linked polyethylene (PEX) floor heating
tubes. PEX has the advantage of being flexible with an extended lifetime, estimated
over 100 years under normal temperature conditions.

This study includes a 1D model of the predictable thermal flows between the tunnel
air and the segmental lining on the one hand and between the tunnel lining and the
ground on the other hand. These heat flows are estimated based on the specific char-
acteristics of the structure and its operation. A 10 m section was modelled using 1 m
elements and simulated over a period of 5 years with a daily time step. Two variants of
extraction have been studied.

The modelling only takes into account the heat source without interaction with the
requirements of the heat customers on the surface.

3 Results

Given the expected temperatures, cooling production is not envisioned.
The potential heat production computed for two variants which are described

hereafter reveal a significant difference. Figure 8 shows that the annual useful energy

Fig. 3. Simplified schematic diagram of the proposed heat recovery concept
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that could be supplied by the system at the heat pump output varies by a factor of 5
between variant No. 1 (475 MWh/year) and variant No. 2 (2’390 MWh/year).

3.1 Heat Extraction

Variant No. 1 consists in extracting only the internal heat generated by the operation of
the metro by maintaining the circuit temperature in the tunnel segmental lining at 1.7 K
under the tunnel air temperature, corresponding to a thermal flux of 6 W/m2. Results
shows that the available power varies between 0.8 W/m2 in summer and 9.8 W/m2 in
winter, or a power of 7 to 80 kW for the 300 m test section. The seasonal imbalance
observed on the tunnel segmental lining - terrain flow indicates a continuous heat
supply to the ground implying a gradual warming, as for a non-activated tunnel: +4 K
after the 5 years exploitation at 10 m from the intrados). In this simulation, the tunnel
air temperature has been lowered by up to 1 K (Fig. 6).
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Fig. 4. Potential for heat recovery over a 300 m section (in red: heat extraction variant No.1; in
blue: variant No. 2)

Fig. 5. Ground temperature during the year after 5 years of operation – extraction variant No. 2.
The red line indicates the initial or undisturbed ground temperature.
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Variant No. 2 consists in extracting the heat from the tunnel segmental lining so as
to limit the thermal deviation of the ground. The surrounding land acts as a seasonal
heat storage (Fig. 4). The heat withdrawn is modulated by the heat pump by varying
the temperature of the circuit in the tunnel segmental lining. Thus, heat is extracted in
winter and stored in the ground during summer.

The results illustrated in Fig. 5 show that the drawn vault power varies between
15 W/m2 in summer and 35 W/m2 in winter, which represent a power of 120 to
280 kW for the 300 m test section. In this simulation, the tunnel air temperature has
been lowered by up to 4 K, which limits the need for forced ventilation.

4 Discussions

4.1 Heat Extraction Variants

A PEX tube with an internal diameter of 30 mm seems appropriate since it allows a
turbulent flow along with acceptable pressure losses at the maximum withdrawn power.

Train fire cases were evaluated in the London model (Nicholson et al. 2013) which
showed that a temperature of 60 °C is reached in the tubes buried 20 cm deep after
180 min of exposure. This tube burial depth is thus sufficient to avoid the effects of
fires.

The impact of thermal effects on the structural conditions of the tunnel following
changes in temperatures should be verified. Models carried out as part of the energy
recovery tunnel segmental lining project in London (Nicholson et al. 2014) has shown
that a heat extraction of 30 W/m2 causes compression and tractions forces which are
below the maximum design limit of 5 MPa.

In variant No. 1, since the field’s heat storage capacity is not actively used, the heat
extraction is low in winter and almost non-existent in summer. The temperature of the
ground deviating with the years, the thermal flows will evolve over time with the tunnel
operation which does not represent a perennial situation.

Extraction variant No. 2 is very sensitive to the air renewal rate in the tunnel. In this
simulation, the tunnel air temperature has been lowered by a maximum of 4 K (in

Fig. 6. Estimate of thermal flows during the year – extraction variant No. 2
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winter) on the basis of an hourly renewal rate of 9. It corresponds to an ideal situation
with respect to the heat source, since a maximum of energy is extracted without
inducing a deviation in the ground in the long term. This approach, where the heat
extracted is dictated by the source conditions (ground, tunnel) requires a bivalent heat
production to ensure a heat supply corresponding to the needs. The system must be
calibrated so that the summer power from the tunnel segmental lining covers the
summer needs of some heat consumers (production of domestic hot water for example).
The regulation of the withdrawal rate, carried out a posteriori during the modelling,
will be complex to achieve: in situ tests will be necessary.

4.2 Benefits of the System and Limitation of the Study

The system heat generation performance would be 30 to 50% higher than that of a
conventional geothermal heat pump due to the source temperature.

Considering that the installation allows to reduce the mechanical ventilation of the
studied section by 25% (tunnel air circulation speed from 1 m/s to 0.75 m/s in variant
2), the electricity saving is estimated to 60% on the ventilation station.

The carbon footprint of a heat supply from the tunnel segmental lining without
fossil fuel complement is 85% lower than a conventional natural gas production.

According to (Geimer 2013) the energy recovery tunnel segmental lining system
increases the cost of the segmental lining by only 2%. According to (Barla et al. 2016)
the cost price of heat originating from an energy recovery tunnel segmental lining
system is 41% more economical than a geothermal piles based solution.

Finally, according to (Nicholson et al. 2014), the tunnel lining segments made of
fibre-reinforced concrete are not incompatible with an energy recovery tunnel seg-
mental lining system.

Many assumptions or parameters will need to be refined as part of future execution
studies in order to consolidate the obtained results.

In order to precisely characterize the mutual influence between the tunnel air, the
energy recovery tunnel segmental lining system and the ground, dynamic modelling
should be carried out, which should also take groundwater flows into account. In order
to obtain a complete modelling, the future simulation will necessarily have to take the
heat customers’ needs profile into account. Ideally, a financial business plan should
also be established to verify the profitability of the proposed system.

5 Conclusions

The energy recovery tunnel segmental lining system appears as an interesting concept
to produce clean heat originating from the internal heat of a tunnel if the ground is used
as a seasonal heat storage (extraction variant no 2);

This technology does not allow to cool a place when installed in a so-called “hot”
tunnel, which is characterized by a summer internal temperature of more than 20 °C
approximately (case of the Chelles tunnel);

The energy recovery tunnel segmental lining system is cheaper (Barla et al. 2016)
and also more efficient than thermo-active moulded walls, since the segments are more
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in contact with the ambient air of the tunnel. Moreover, according to (Geimer 2013),
the energy recovery tunnel segmental lining system represents a small over-investment
compared to the non-energy recovery one;

According to (Nicholson et al. 2014), fire resistance and mechanical stresses are
acceptable;

The studied system impacts the construction schedule in that it is necessary to
anticipate (i) the sections that will have to be equipped in order to start manufacturing
and equip the segments and (ii) the special formworks that will have to be put in place
in order to avoid concreting the pipe connection chambers.

The tunnel segmental lining system has the advantage of giving a second energy
function to the infrastructure: the tunnel lining heat production can potentially offer an
85% lower carbon footprint than a conventional gas-fired production;

An implementation study is needed to confirm the results obtained in this study.
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Abstract. The use of energy pile foundations for heat exchanging with the
ground has caught significant attention in recent years. One of the potential
fields for energy pile application is electric power industries. Implementing the
energy piles in electric power industries can be majorly corresponded to two
major subgroups, namely “direct applications” in power production facilities
and power transmission-distribution networks and “indirect applications” in
industrial target consumers. In both categories, some machineries or components
need to be cooled or heated to assure proper operation. For heat exchange
purposes, commonly a thermal fluid (e.g., water) circulation system is imple-
mented which can be incorporated in energy pile foundations. Among the most
important factors, which should be considered to select the energy pile system
for heat exchange purposes in industrial machineries, are the magnitude of the
flow rate and initial or final temperatures of the geothermal fluids and those
corresponded to the operational capacity of the energy pile systems. In this
paper, the possibility of direct or indirect usage of energy piles in electric power
industries is studied. In this regard, technical aspects of the issue have been
considered, analyzed and discussed. Results revealed that there are many
principle or auxiliary devices in electric production and transmission-
distribution networks or electric consuming industries, which an utilize the
energy piles for heat exchange purposes. The economical and executional
concerns of the issue are discussed, as well.

Keywords: Energy piles � Electric power industries
Direct and indirect usages � Operational characteristics
Economic and environmental studies

1 A Brief Review of the Geothermal Energy

Energy resources are categorized into renewable and nonrenewable energies. The
repeatable and stable sources of energy are called the renewable energy, like Wind,
Biomass, Tidal, Solar and Geo-thermal energies. On the other hand, Nuclear, Coal, Oil,
Natural Gas fuels are the nonrenewable forms of energies.

© Springer Nature Switzerland AG 2019
A. Ferrari and L. Laloui (Eds.): SEG 2018, SSGG, pp. 211–217, 2019.
https://doi.org/10.1007/978-3-319-99670-7_27

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99670-7_27&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99670-7_27&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99670-7_27&amp;domain=pdf


The origin of geothermal resources results from the nuclear interactions which take
place inside the earth. The various resources of geothermal energies are classified in the
two groups of shallow and deep resources and the depth of the deep resources is more
than 200 m. These resources consist of hydrothermal and developed resources which
naturally contain fluid for heat exchanging, and lacks enough fluid to exchange the
energy, respectively. One of the direct applications of the deep geothermal resources is
extracting energy for generatin power. In addition, there are more utilization like
heating or cooling systems, agriculture, animal husbandry, industrial applications and
water treatment (Garakani 2017).

The shallow resources which are limited to the less than 200 m includes the open
and the close systems. In the open systems, the water is extracted from the known place
and after the exchanging of the energy it will be injected to the same place from which
it was extracted. The shallow resources of geothermal energy are widely used for
cooling and heating systems (Nooraliei 2015).

2 Geo-Thermal Structures and Energy Piles

The geo-structures which are used to exchange heat are divided into two separated
systems, namely open and close systems. In open systems, the groundwater enters into
the heat exchanger and returns back to the ground level where it was not extracted. In
contrary, in closed systems, the extracted water is injected into the same place where it
was extracted. In general, the heat exchanger geo-structures comprise of heat exchanger
borehole, energy pile, energy tunnel, the shallow foundation of energy, sewage system
of energy, energy wall, energy well, and energy column (Brandl 2006).

The borehole heat exchanger is a vertical borehole which is excavated near the
energy consuming structure. In this case, set of pipes are placed inside the borehole and
the exchange of energy is performed using an intermediate fluid. Another type of heat
exchanging system is the energy tunnel, in which the contact area of the tunnel and the
ground makes an efficient path to exchange the energy. The shallow foundation system
is the other type of heat exchanger that is highly applicable due to the wide contact
areas between the foundation and the upper ground surface, which exceeds the
transformation of the energy. Energy wall is regarded as an option to exchange the
energy, in which the sewage system is placed in ground depths and it is possible to
implement considerable flow of water for energy exchanging. Energy column is
established to exceed the consolidation process in soil (Adam and Markiewicz 2009;
Rees 2016).

Energy piles play the same role as the structural piles (Fig. 1). Energy piles have
both the structural and heat exchanging functions at the same time. The design of
energy piles should satisfy the fact that heat exchanging procedure should not disturb
the load transferring procedure. The best known application of energy pile is cooling
and heating the domestic and commercial building. Energy piles provide the underfloor
heating system with sufficient fluid to exchange the energy. This system can be applied
to deice the runways. Furthermore, energy piles are implemented under the cereal silos
to help the process of cereals drying. Switzerland, Austria, Germany, Great Britain are
the pioneers through the using of energy piles. Australia, Japan, China, Netherland and
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United State are the new comers in the utilization of energy piles (Hamada et al. 2007;
De Moel et al. 2010).

In addition to residential or commercial structures, industrial implementation of
energy piles is still a challenging field of interest for researchers and engineers (Lindal
1973). One of the best possible industries in which the shallow heat exchanging
systems can be implemented is “electric power industry”. Energy piles can be used for
both “direct” and “indirect” purposes in electric power industries. In “direct” imple-
mentations, energy piles are used for heat exchanging (cooling or heating) in electric
power facilities to increase using the renewable energy. In “indirect” implementations,
energy pile can be used in electricity consuming industrial centers. Both types of
implementation can help reduce using non-recoverable sources of energies.

3 Direct Application of Energy Pile in the Power Industry

The direct application of energy pile in electric power industry can potentially results
from cooling or heating demands in which large amount of energy consumes. To
minimize the energy consumption, introducing energy pile into the power industry can
be highly taken into attentions. The direct applications of energy piles in electric power
industry is considered for cooling towers, electrical transformers, pre-heating the raw
material and closed cooling water systems in gas plants.

3.1 Cooling Towers

Cooling towers are of the most important facilities in electric power plants (Fig. 2).
This section exceeds the process of cooling water using evaporation. Through the
process of evaporation large amounts of water evaporate to the air. The high volumes
of water which is used in the cooling tower; plus, wasting water through evaporation

Fig. 1. Implementation of Energy Piles in: Left) Keble College, UK. and, Right) a Walk Road in
Japan
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describe the needs for finding a more efficient solution. The water flux in cooling
towers is on average of 50000 m3/h. Hence, utilization of energy piles in cooling
towers for cooling partial amounts of water can be regarded as a valuable idea
(Garakani 2017).

3.2 Cooling Process of Electrical Transformer

Transformers are among the most fundamental components in electricity transmission
lines. Transformer is a component which changes the level of electric voltage for
different utilizations. Transformers generate a lot of heat during work and the need for
the cooling process is inevitable. In addition, due to the high weight of transformers
structure, strong foundation structures are needed to be placed beneath the main body
of transformers to transfer the loads to the ground. The utilization of the energy pile in
cooling system of transformers is a unique recommendation since the dual function of
the energy piles (heat exchanging and structural load bearing) satisfies the needs for the
cooling system and the bearing foundation. The fluid flow rate in cooling system of the
transformer is on the average of 5 m3/h which matches the working characteristics of
the typical energy pile systems (Garakani 2017). The functional specifications of the
cooling towers and cooling system of the transformers are presented in Table 1.

3.3 Pre-heating the Raw Material

In the electric power industry, sometimes it is needed to pre-heat the primary raw
materials. For example, in thermal power plants it is necessary to warm up gasoline or

Fig. 2. Cooling Towers in Electric Industries

Table 1. Functional specification of the cooling tower and cooling system of transformer
(Garakani 2017)

Power plant Input temperature (°C) Input temperature (°C) Flux (m3/hr)

Cooling tower 35 27 42000
Transformer cooling System 30 40.4 3.4
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crude oil before entering the combustion chamber, or in boilers the inlet air must be
preheated before entering the circulating procedure.

The flow rate of the consuming fuels is typically below 5 m3/hr. Also, the volume
of the air which enters to the boilers is about 120 kg/s. Hence, implementing the energy
piles is possible for pre-heating the aforementioned materials (Garakani 2017).

4 Indirect Application of Energy Pile in Electric Power
Industry

In this section, the utilizations of energy pile in electric consuming industries like oil
industry, steel industry, and greenhouse ventilation systems is demonstrated.

4.1 Oil Industry

Heat exchangers are widely utilized in the oil industry. The fractionating column is the
essential part of distillation procedure. To separate the mixture of crude oil in this
column the heat exchangers are used. Furthermore, the gas and oil reservoirs are placed
in a deep depth of ground; a suitable place to extract geo-thermal energy. The inlet
temperature of distillation tower is about 15–30 °C which is regarded as the certified
temperature for the utilization of energy piles.

4.2 Steel Industry

The steel industry is the basic economical foundation of the developed countries. The
index of steel consumption is a criterion to evaluate the economical level of the
country. Various heat exchangers are installed in the purifying process of ore. For
instance, the outlet gases from the purifying process enter to the cooling system. Also,
some facilities like compressors, drier and the hydraulic section need to the cooling
systems. Using energy piles in the steel industry can be taken into consideration.

4.3 Greenhouse Ventilation System

Based on their application, the temperature of greenhouses should be selected with
respect to the treated plants. Generally, the favorable temperature for plants is about
65°F. Thus, utilization of heating system in the greenhouses is inevitable. There are
various methods to heat the greenhouses like using pipes on the surface of the soil,
utilization of pipes on the surface of the lateral walls of the greenhouse, and using the
unit heaters. Based on the functional properties of these systems, energy piles can
satisfy the heating demands in greenhouse systems.

4.4 Food Production Industry

Utilizations of heat exchanger in the food and dairy industries are widely taken into
consideration. For instance, milk and cream pasteurization, milk and cream cooling,
thermal treatment of cream, cooling and heating oil and fat are regarded as the
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applications of heat exchanger in the food, diary and drink industry. Based on the
functional performance of the heat exchangers in the food industries, energy piles can
be used for extracting the geo-thermal energies.

5 Economical and Environmental Evaluation of Energy Piles

In this research, a complete economic study has been performed to compare the cost of
heating or cooling the electric power facilities for different types of energy sources.
Accordingly, the average cost values for producing 1 MW.hr energy for cooling or
heating purposes in electric power industries are presented in Table 2. As shown in
Table 2, the very low cost of using the energy piles in compare to other sources of
energy is very significant.

Despite the fact that the renewable forms of energy have negligible effects on the
environment, extracting energy poses destructive manipulations on the environment
and the various cycles of producing power slightly change the environment. Figure 3
demonstrates the production of carbon dioxide per different methods of the energy
generating. As it is depicted, the production of carbon dioxide for the fossil fuel is
drastically high among other types of energy production. On the other hand, energy
piles create the lowest environmental pollution among other sources of energy.

Table 2. Economic comparison between different types of energy resources used for cooling or
heating demands in electric power industries

Energy
type

Fossil
fuels

Solar
energy

Wind
energy

Hydro-
power
plant

Biomass
energy

Geo-
thermal
resources

Energy
piles

Cost
(US$/
MW.hr)

133.3 77.8 73.3 50.0 93.3 115.6 40.0

Fig. 3. The mount of greenhouse production (grams of CO2 per KW/h)
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6 Conclusion

In this paper, a feasibility study on implementing the energy piles in electric power
industries is investigated. The utilizations of energy pile in the power industry are
divided into the two direct and indirect sections. Cooling towers, cooling system of
electrical transformers, pre-heating the raw materials and closed cooling water systems
are the examples for direct applications of energy piles and, oil, steel and food
industries are the indirect utilizations of this clean source of energy. Based on the
functional specifications and economic-environmental considerations, the utilizations
of the energy piles in electric power facilities or electric consuming industries are worth
to be taken into account.
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Abstract. Currently, schemes based on seminal empirical knowledge about
energy piles subjected to mechanical and thermal loads are available to describe
the response of such foundations. However, schemes based on theoretical
principles may more closely reflect the predictions made for the analysis and
design of energy piles. Looking at such challenge, this paper presents thermo-
mechanical schemes based on thermo-elasticity theory to address the response of
single energy piles to mechanical and thermal loads. The proposed schemes
highlight a number of key aspects associated with the modelling of energy pile
response to loading and may be considered in analysis and design.

1 Introduction

Understanding the influence of the mechanical and thermal loads associated with the
structural support and heat exchanger roles of energy piles on the related mechanical
response is paramount for the analysis and design of such foundations. Currently,
thermo-mechanical schemes based on the results of full scale in situ tests are available
(Bourne-Webb et al., 2009; Bourne-Webb et al., 2011) and may be considered for the
previous purpose. However, a number of conditions of validity of the quoted schemes
have never been explicated and schemes based on theoretical principles may more
closely reflect the predictions made for the analysis and design of energy piles. In this
context, this paper presents novel thermo-mechanical schemes for describing the
response of single energy piles subjected to mechanical and thermal loads based on
linear thermo-elasticity theory, and provides a description of the conditions of validity
characterising the currently available schemes.

2 Thermo-mechanical Schemes

The general equation that governs the axial equilibrium of energy piles is

Pþ pD2

4
Khw z ¼ 0ð ÞþW þQs;mob þQb;mob ¼ 0 ð1Þ

where P is the applied mechanical load, D is the pile diameter, Kh is the head stiffness
of the structural element connected to the pile head, w z ¼ 0ð Þ is the pile vertical head
displacement (with z being the vertical coordinate), W is the pile weight, Qs;mob is the
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mobilised portion of the pile shaft capacity Qs, and Qb;mob is the mobilised portion of
pile base capacity Qb. The term Qs;mob is associated with the mobilised shaft resistance
s along the external surface of the pile shaft As ¼ 2pRL (with R and L being the pile
radius and length, respectively), and the term Qb;mob is proportional to the appropriate
vertical stress rvb mobilised at the level of the pile toe characterised by a cross-sectional
area Ab.

To distinguish the different mechanical response of energy piles subjected to
mechanical and thermal loads, Qs;mob and Qb;mob can be written in terms of a
mechanical and a thermal contribution as

Qs;mob ¼ Qm
s;mob þQth

s;mob ð2Þ

and

Qb;mob ¼ Qm
b;mob þQth

b;mob ð3Þ

The reason for this is that, in contrast to the influence of conventionally applied
mechanical loads that cause a pile displacement in a unique direction (e.g., downward),
thermal loads applied to energy piles generally involve two pile portions that displace
in opposite directions from the so-called null point of the vertical displacement (located
at a depth, zNP;w) (Laloui et al. 2003). Accordingly, shear stress is mobilised in opposite
directions at the pile shaft to ensure equilibrium with the surrounding soil from the so-
called null point of the shear stress (generally located at a different depth, zNP;s, than
that of the null point of the vertical displacement (Rotta Loria et al. 2018)). Based on
the above, Qth

s;mob reads

Qth
s;mob ¼ Qs;mob;up þQs;mob;down ð4Þ

where Qs;mob;up and Qs;mob;down are the portions of shaft capacity mobilised above and
below the null point of the shear stress, respectively, with

Qs;mob;up ¼ pD
ZzNP;s

0

sdz ð5Þ

and

Qs;mob;down ¼ pD
ZL

zNP;s

sdz ð6Þ

Based on the previous framework, thermo-mechanical schemes for energy piles can
be formulated. In the following, schemes resorting to linear thermo-elasticity theory are
presented. The schemes proposed in this work associate the influence of thermal loads
applied to energy piles with non-linear evolutions of the vertical stress (and strain) as
well as with linear evolutions of the shear stress along their length. These features are in
contrast with the linear evolutions of the vertical stress (and strain) and constant
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step-wise evolutions of the shear stress presented by Bourne-Webb et al. (2009) and
Bourne-Webb et al. (2011). However, they are in accordance with continuum
mechanics theory. Non-linearity actually characterises all of the considered fields and
increases for increasing non-uniformity and decreasing relative stiffness between the
energy pile and the soil. The thermo-mechanical schemes proposed in this work may
also be applied considering the following (which also applies to the original schemes):
(i) greater magnitudes of applied loads cause linearly greater variations of the stress,
strain and displacement along energy piles without any movement of the null points
only as long as linear (thermo-)elasticity theory is employed (Rotta Loria et al. 2015);
(ii) heating and cooling thermal loads cause a symmetrical response of energy piles for
the same applied temperature change only as long as reversible conditions are ensured
(Rotta Loria and Laloui 2016; Rotta Loria and Laloui 2017a); and (iii) the response of
energy piles is a predominant function of the thermal expansion coefficient of the pile
and the applied temperature change only in the usual situations where the soil-pile
thermal expansion coefficient ratio reads X� 1 (Bourne-Webb et al. 2016; Rotta Loria
and Laloui 2017b, c).

The mechanical response of an energy pile with no base and head restraints is
depicted in Fig. 1. For the case of vertical mechanical loading only (cf., Fig. 1(a)),
Eq. (1) can be written as

PþQm
s;mob ¼ 0 ð7Þ

The application of an axial mechanical load to the pile head causes an approxi-
mately linearly decreasing distribution of compressive vertical stress rz along the pile
and uniform and approximately constant distributions of positive shear stress s at the
pile-soil interface and downward pile displacement w with depth z. The higher the pile
stiffness, the more uniform and linear the distribution of rz with z, and the more
uniform and constant the distributions of s and w with z. Soil layering causes a less
uniform distribution of all the considered variables.

For the case of thermal loading only (cf., Fig. 1(b, c)), Eq. (1) reads

Qth
s;mob ¼ Qs;mob;up þQs;mob;down ¼ 0 ð8Þ

The application of a heating or cooling thermal load to the pile causes a non-linear
distribution of rz with z, which is characterised by a maximum that coincides with the
mid-length of the energy pile, where the null points of the vertical displacement and
shear stress are also located. The application of a heating thermal load mobilises
negative shear stress and causes heave for the energy pile portion above the null points,
while it mobilises positive shear stress and causes settlement for the pile portion below
the null points. The shear stress and vertical displacement caused by a heating thermal
load develop in the opposite direction compared to those caused by a mechanical load
above the null points, whereas these develop in the same direction below the null
points. The opposite is true for a cooling thermal load. Shear stress and vertical dis-
placement evolve approximately linearly with depth. The higher the pile stiffness, the
more uniform the evolution of rz with z, and the lower the variation of rz for the same
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applied thermal load. Similarly, the higher the pile stiffness, the more uniform the
evolutions of s and w but the higher their variation.

For the case of mechanical and thermal loading (cf., Fig. 1(d, e)), Eq. (1) can be
rewritten as

PþQs;mob ¼ PþQm
s;mob þQth

s;mob ¼ 0 ð9Þ

The distributions of stress and displacement can be obtained via superposition of
the previous ones. Tensile stress along the energy piles can arise for low magnitudes of
applied mechanical loads and significant cooling.

The mechanical response of an energy pile with base or head restraints is depicted
in Fig. 2. For the case of vertical mechanical loading only (cf., Fig. 2(a, b)), Eq. (1) can
be rewritten as

PþQm
s;mob þQm

b;mob ¼ 0 ð10Þ

where only the base restraint is present, whereas

Fig. 1. Schemes for energy piles characterised by no base and head restraints.
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Pþ p
D2

4
Khw z ¼ 0ð ÞþQm

s;mob ¼ 0 ð11Þ

where only the head restraint is present.

When a base restraint is present, a greater average vertical stress rz and lower shear
stress s and vertical displacement w develop along the pile compared to the case of no
base and head restraints. This phenomenon arises because of the contribution provided
by the base capacity to the vertical pile equilibrium.

When a head restraint is present, a smaller average vertical stress rz and lower shear
stress and vertical displacement variations develop along the pile compared to the case
of no base and head restraints. This phenomenon arises because the head restraint
reduces the effect of the downward mechanical load. This effect vanishes when the
interplay between the mechanical load and the head restraint is not considered because
the latter term is neglected.

For the case of heating only (cf., Fig. 2(c, d)), Eq. (1) reads

Fig. 2. Schemes for energy piles characterised by base or head restraints.
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Qth
s;mob þQth

b;mob ¼ 0 ð12Þ

where only the base restraint is present, whereas

p
D2

4
Khw z ¼ 0ð ÞþQth

s;mob ¼ 0 ð13Þ

where only the head restraint is present.
Different from the situation where no base or head restraints are present, when

either a base or head restraint is present, vertical stress rz is generated at the restrained
pile end by the applied thermal load. The vertical stress distribution is greater than that
in the case with no base and head restraints. The null points of the vertical displacement
and shear stress do not coincide but are shifted towards the region of the system
characterised by the higher restraint. A cooling thermal load yields a symmetrical pile
response. In reality, the reduction of the compressive stress experienced at the pile toe
for the case where a base restraint is present can attain at most the sum of any vertical
mechanical load applied to the pile and its weight. This occurs because soils generally
cannot withstand tensile stress.

For the case of mechanical and heating thermal loading (cf., Fig. 2(e, f)), Eq. (1)
can be rewritten as

PþQs;mob þQb;mob ¼ 0 ð14Þ

where the base restraint is present, whereas

Pþ p
D2

4
Khw z ¼ 0ð ÞþQs;mob ¼ 0 ð15Þ

where the head restraint is present. The distributions of stress and displacement can be
obtained via superposition of the previous ones.

The mechanical response of an energy pile with base and head restraints is depicted
in Fig. 3. Two different cases involving a base restraint equal to the head restraint and a
base restraint equal to one-half of the head restraint are shown. For the case of vertical
mechanical loading only (cf., Fig. 3(a, b)), Eq. (1) reads

Pþ p
D2

4
Khw

m z ¼ 0ð ÞþQm
s;mob þQm

b;mob ¼ 0 ð16Þ

In the proposed schemes, the effect of the presence of the slab on the influence of
the mechanical load on the pile response is considered. Hence, lower developments of
vertical stress and shear stress as well as of vertical displacement are observed for a
higher head restraint, compared to the case of a base restraint only. This behaviour may
be expected in reality. However, many analyses and designs usually do not account for
the interplay between the action of the mechanical load and the head restraint,
neglecting the latter term.

For the case of heating only (cf., Fig. 3(c, d)), Eq. (1) reads
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p
D2

4
Khw

th z ¼ 0ð ÞþQth
s;mob þQth

b;mob ¼ 0 ð17Þ

The vertical stress rz caused by the thermal load is characterised by a symmetrical
distribution with depth z when the base and head restraints are of the same magnitude,
whereas by an asymmetrical distribution when different magnitudes characterise the
end restraints. Higher stress develops towards the region of the system characterised by
higher restraint. The higher the restraint provided by the end conditions, the higher the
vertical stress and the lower the mobilised shear stress and vertical displacement.

For the case of mechanical and heating thermal loading (cf., Fig. 3(e, f)), Eq. (1)
governs the system, the response of which can be obtained via superposition of the
analysed situations.

Fig. 3. Schemes for energy piles characterised by base and head restraints.
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3 Concluding Remarks

This paper presented simplified yet representative schemes of relevant stress, strain and
displacement evolutions caused along energy piles by mechanical and thermal loads.
Being based on linear thermo-elasticity theory, the presented schemes can be super-
imposed in a wide range of design situations where the response of energy piles is
reversible and may serve as a reference for developing preliminary considerations
related to more involved situations characterised by irreversible conditions.
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Abstract. Direct shear tests were performed on red clay soaked in different
concentrations of sodium hydroxide solution and different soaking time. The
microstructure of red clay samples was observed by scanning electron micro-
scopy (SEM). The results show that the shear strength of red clay soaked in
sodium hydroxide solution decreases as the soaking time and the sodium
hydroxide solution concentration increases. The sodium hydroxide solution
eroded the cement in the red clay, resulting in the increase of pores between clay
particles. The fractal dimension of the red clay particles increased with the
increase of the corrosion. The average particle size and average particle area of
the red clay particles decrease with the increase of the sodium hydroxide cor-
rosion, and the shape of the soil particles becomes irregular.

1 Introduction

Urban domestic wastewater containing detergents, chemical wastewater from phos-
phate fertilizer plants or paper mills, ore-washing wastewater generated from ore
dressing plants and landfill leachate are alkaline. The complex physical and chemical
reactions of lye and soil particles will lead to the destruction of the original structure of
the soil. When the soil is soaked in a high concentration of sodium hydroxide solution,
its shear strength, cohesion and internal friction angle increase, and there is a maximum
value. When the red clay is soaked in a low concentration of sodium hydroxide
solution, its shear strength decreases (Chen 2017). When the silt clay is consolidated in
alkaline environment, its compressibility and rebound modulus increase with the
increase of alkalinity (Chunpeng 2008). The plasticity index of clay decreases in
alkaline environment and the plastic limit increases (Qian and Cuihua 2001). After the
foundation soil has been eroded by lye, it turns black and soft, and even changes from
hard plastic to cast plastic (Gu 1988).

In summary, some scholars have studied the effect of alkaline solution on the
mechanical properties of red clay, but no scholar has analyzed the microstructure of red
clay soaked in alkali solution. In this experiment, a direct shear test was performed on
red clay soaked in sodium hydroxide solution to study the mechanical properties of red
clay in different concentrations of sodium hydroxide solution and different soaking
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time. The microstructure of red clay soaked in sodium hydroxide solution was observed
by scanning electron microscopy to study the change of the microstructure of the clay
in the lye.

2 Experimental Materials, Devices and Methods

2.1 Experimental Materials

The red clay used in this experiment was taken from Yanshan, Guilin. The mineral
composition of the red clay was measured by X-ray diffractometer as listed in Table 1.
The natural dry density of red clay is 1.65 g/cm3, and its physical and mechanical
parameters are listed in Table 2.

The alkaline solution used in the experiment was a sodium hydroxide solution with
concentrations of 0%, 3%, 6%, and 12%. The sodium hydroxide used to formulate the
solution is a solid particle, neglecting the effect of the volume of sodium hydroxide
solid particles on the volume of the solution because of its small volume ratio to the
formulation solution.

2.2 Preparation of the Soil Specimens

The air-dried red clay passing through the sieve with a diameter of 2 mm was taken and
used to prepare soil specimens with a moisture content of 24.5% (optimal moisture
content). The wet red clay was made into specimens with a height of 20 mm and a
diameter of 61.8 mm. The specimens were placed in an calorstat (20 °C) for 10 days
and then soaked in a sodium hydroxide solution (keeping the temperature at 25 °C and
a humidity of 95%).

2.3 Experimental Device

The experiment used a ZJ strain-controlled direct shear apparatus with a shear rate of
0.8 mm/min. Hitachi’s S-3400N scanning electron microscope was used to observe the
microstructure of the specimens.

Table 1. Mineral composition of red clay

SiO2 Fe2O3 CaO K2O Na2O

68.7% 0.86% 0.69% 23.32% 6.43%
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3 Results Analysis and Discussion

3.1 Shear Strength of Soil Specimens

The direct shear tests were carried out with four pressures (100 kPa, 200 kPa, 300 kPa
and 400 kPa).

From Figs. 1 and 2 can be drawn as follows:

With the prolongation of soaking time, the cohesion and internal friction angle of
red clay soaked in pure water decrease, but their changes are not significant. The
cohesion decreases from 13.84 kPa to 13.14 kPa, and the internal friction angle
decreases from 10.18° to 10.01°.

At the same soaking time, the cohesion of red clay decreases with the concentration
of sodium hydroxide solution. The cohesion of red clay rapidly decreases when it is
soaked in sodium hydroxide solution for 20 days to 40 days, and the cohesion decreases
slowly when it is soaked for more than 40 days.Take a specimen soaked in 12% sodium
hydroxide solution for example. When the red clay specimens were soaked in sodium
hydroxide solution for 20 days to 40 days, the cohesion decreases from 13.2 kPa to
11.3 kPa. When the red clay specimens are soaked for 40 days to 60 days, the cohesion
decreases from 11.3 kPa to 10.2 kPa, and the changes are not significant.

Table 2. Physical and mechanical properties of red clay

Physical quantity Value

Maximum dry density (g/cm3) 1.87
Optimum moisture content (%) 24.5
Liquid limit water content (%) 58.5
Plastic limit moisture content (%) 36
Plasticity index (%) 22.5
Particle size distribution (> 0.05 mm) (%) 22
Particle size distribution (0.05 * 0.005 mm) (%) 38
Particle size distribution (0.005 * 0.002 mm) (%) 33
Particle size distribution (< 0.002 mm) (%) 7

Fig. 1. Cohesion of red clay as a function of time and sodium hydroxide concentration
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The internal friction angle of red clay decreases with the increase of the concen-
tration of sodium hydroxide solution and the soaking time, but the changes are not
significant. When soaked in 12% sodium hydroxide solution for 60 days, the internal
friction angle of red clay decreases from 9.9 to 8.9.

3.2 Analysis of Moisture Content of Soil Specimens

From Fig. 3, it can be seen that:
The red clay specimen soaked in a concentration of 0% sodium hydroxide solution

showed a slow increase in water content, which is maintained between 35.0% and
35.6% with a growth rate of only 1.71%.

In red clay soaked in the same concentration of sodium hydroxide solution, the
moisture content increases with the soaking time. Taking a specimen soaked in a 6%
sodium hydroxide solution as an example, the water content of the soil specimen after
soaking for 20 days is 36.4%, and the water content after soaking for 60 days is 40.2%.

Fig. 2. Internal friction angle of red clay as a function of time and sodium hydroxide
concentration

Fig. 3. Graph of water content of red clay as a function of time and solution concentration
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The growth rate of water content of red clay soaked in 6% sodium hydroxide
solution is 10.44%, which is far more great than that of red clay soaked in 0% sodium
hydroxide solution. This shows that the moisture content of red clay soaked in sodium
hydroxide solution is higher than that of red clay soaked in pure water.

The moisture content of red clay at the same soaking time increases with the
concentration of sodium hydroxide solution. Taking red clay soaked for 40 days as an
example, the moisture content of red clay is 44.2% when soaked in 12% sodium
hydroxide solution, which is significantly greater than the 39.9% moisture content of
red clay soaked in 3% sodium hydroxide.

3.3 Microstructure Characteristics of Red Clay Specimens

It can be seen from Fig. 4 that the clay surface was not eroded by the sodium hydroxide
solution has few pores and is arranged in a laminated manner. With the increase of
corrosion, the pores on the surface of red clay increase, forming a structural system
composed of granular and massive particles, and the soil structure becomes loose. As
the concentration of the sodium hydroxide solution increases, the cement in the red clay
is corroded, resulting in a decrease in the volume of the cement and an increase in the
pore volume between the clay particles.

In order to analyz the influence of concentration of sodium hydroxide solution on
the microstructure parameters of clay, the average particle size and particle area were
calculated by the image analysis program. The statistical results are showned in Fig. 5.
The average particle size of red clay decreases with increasing concentration of sodium
hydroxide solution, and at a concentration of 0% to 3%, the red clay particle size
changes little. When the concentration of sodium hydroxide increases from 6% to 12%,

C=0% 

C=6% 

C=3% 

C=12%

Fig. 4. Microstructure of soil specimens soaked for 60 days in different concentrations of
sodium hydroxide
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the average particle size of red clay decreases rapidly. The decrease of the average
particle size reflects the erosion of red clay by the sodium hydroxide solution, resulting
in an uneven particle size distribution of the red clay. As the red clay erosion increases,
the clay particle area decreases rapidly from 1000000 um2 in 0% concentration to
25000 um2 in 12% concentration.

The fractal dimension reflects the complexity of the particle profile curve. The
function diagram in Fig. 6 shows that the concentration of sodium hydroxide has a
significant effect on the fractal dimension of the red clay particles, from the initial 1.04
to the final 7.6, the growth rate is 630%, which reflects the corrosion of red clay by
sodium hydroxide solution.

Figure 7 shows the microstructure of red clay soaked in a 12% sodium hydroxide
solution for different soaked times. It can be seen that the red clay has a compact
structure in the early stage of soaking, and the clay particle size is uniform, indicating
that the sodium hydroxide solution is not a severe red earth erosion.

Fig. 5. Variation of mean diameter and area of particle soaked by sodium hydroxide solution

Fig. 6. Fractal dimension change of clay particles
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As the soaking time increases, the surface of the red clay becomes rough, the soil
particles begin to gather, the arrangement is loose and disorderly, and the honeycomb
structure appears, and the pore size between the soil particles expands. When soaked
for 60 days, the pores of red clay become significantly larger, and the agglomerated soil
particles show a flocculent structure.

4 Conclusion

With the increase of sodium hydroxide concentration and soaking time, the cohesion
and internal friction angle of clay show a decreasing tendency. At the initial stage of
soaking, the cohesive force decreases sharply and tends to be stable in the later period.

From the microstructure of red clay, it can be seen that when the erosion con-
centration increases, the voids of the red clay increase, the average particle size and
area of the particles decrease, and the particle fractal dimension increases, indicating
that the sodium hydroxide solution has a significant effect on the red clay erosion.

The main reason for the decrease of the shear strength of red clay is that the sodium
hydroxide solution chemically reacts with the cement in red clay, the cement is eroded,
the connection between soil particles weakens, and the pores become larger.
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Abstract. The calcium carbonates of different particle sizes were incorporated
into red clay, and the consolidated undrained triaxial test on red clay was
performed by the TKA-TTS-1 triaxial apparatus to analyze the effects of dif-
ferent particle sizes of calcium carbonate and the different incorporation rates of
calcium carbonate on the mechanical properties of red clay. The results show
that the incorporation of calcium carbonate reacts with the cement formed by
free ferric oxide in red clay, resulting in a decrease in cohesion and changing the
strength of red clay. With the increase of nano-calcium carbonate incorporation
rate, the shear strength of red clay decreased, and it showed a trend of decreasing
first and then increasing. Because the specific surface area of nano-calcium
carbonate is larger than that of ordinary calcium carbonate, it has a significant
effect on the mechanical properties of red clay.

1 Introduction

After decades of research, thefields involved in nanomaterials have becomemore andmore
extensive. When the particle size of the material becomes extremely small, they will have
great changes in optical properties, electrical properties, magnetic properties, mechanical
properties, thermodynamic properties, surface properties and interface properties.

Nano-calcium carbonate is a kind of mineral micro-powder material with low
activity. Incorporating nano-calcium carbonate into bitumen significantly improves the
high temperature performance of the bitumen (Liu et al. 2005). Nano-calcium carbonate
improves the particle size distribution of the concrete. It fills the gaps between the
materials, enhances the micro-aggregate effect, and helps to increase the strength of the
concrete in the same water-binder ratio (Meng et al. 2008). The incorporation of nano-
calcium carbonate effectively improves the compressive strength and splitting strength
of the concrete, and the nano-calcium carbonate fills the voids of the material, reduces
the spacing of the bubbles, significantly increases the number of freeze-thaw cycles of
the concrete, and delays the attenuation of the relative dynamic elastic modulus of the
concrete (Zhou 2016). However, the effect of calcium carbonate incorporation on the
mechanical properties of red clay has not been studied so far. In this paper, calcium
carbonate with different particle sizes was incorporated into red clay to study the effect
of calcium carbonate particle size on the mechanical properties of red clay.
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2 Experimental Research Overview

2.1 Experimental Materials

The red clay used in the experiment was taken from the 3–4 m underground in
Yanshan district, Guilin. The dried red clay was crushed and sieved through a 2 mm-
diameter soil sieve and then placed in a storage tank for later use. The chemical
composition of the red clay used in the experiment are listed in Table 1, and the basic
physical indexes are listed in Table 2.

Three types of calcium carbonate were used in the experiment. The particle sizes of
calcium carbonate are listed in Table 3. The scanning electron microscope (SEM) of
calcium carbonate particles are shown in Fig. 1(a), (b) and (c). Calcium carbonate III
has a particle size of 0.1 nm to 100 nm and belongs to nano-calcium carbonate.

2.2 Preparation of Soil Specimens

The incorporation rate in this paper refers to the ratio of the mass of calcium carbonate
to the total mass of red clay and calcium carbonate. The moisture content of the red
clay in this experiment was set at 30% (the optimum moisture content of red clay was
30%). In order to mix the calcium carbonate with the red clay evenly, the calcium

Table 1. The main chemical composition of red clay

Mineral elements SiO2 Fe2O3 CaO K2O Na2O

Content 69.60% 1.16% 0.79% 22.42% 6.03%

Table 2. Basic physical indexes of red clay

Physical quantity Index

Maximum dry density (g/cm3) 1.67
The best moisture content (%) 30
Liquid limit moisture content (%) 59.5
Plastic limit moisture content (%) 37.0
Plasticity index (%) 22.5
Particle size distribution (>0.05 mm) (%) 21.5
Particle size distribution (0.05 * 0.005 mm) (%) 37.0
Particle size distribution (0.005 * 0.002 mm) (%) 33.0
Particle size distribution (<0.002 mm) (%) 8.5

Table 3. The particle size of calcium carbonate

Number Average particle size (lm) PH value (10% suspension)

I 38 9.0–10.0
II 10 9.0–10.0
III 0.8 8.0–10.0
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carbonate was added to the air-dried red clay and then stirred by a whisk for fifteen
minutes. Spray a predetermined amount of pure water into the red clay and seal the wet
red clay for 24 h. When the red clay’s moisture content is within (30 ± 1)%, it is made
into a cylindrical specimen with a height of 80 mm and a diameter of 39.1 mm. The air
in the specimens was evacuated and the specimens were soaked in pure water for 24 h.
After the sample was saturated, a consolidated undrained triaxial test was performed.

2.3 Experimental Apparatus and Experimental Scheme

TKA-TTS-1 triaxial apparatus produced by Nanjing TKA Technology Co., Ltd. was
used in the Experiment. The shear rate of the consolidated undrained triaxial test was
0.8 mm/min, and the experimental variables are listed in Table 4.

3 Experimental Results and Analysis

3.1 Effect of Calcium Carbonate with Different Partical Size on Cohesion
and Internal Friction Angle of Red Clay

The effect of calcium carbonate with different particle sizes on the cohesion of red clay
is shown in Fig. 2(a). The effect of calcium carbonates II and III on the cohesion of red
clay is similar. With the increase in the incorporation of calcium carbonate II and
calcium carbonate III, the cohesion of the red clay first decreased and then increased,
and finally it tended to be stable. With the increase in the incorporation rate of calcium
carbonate I, the cohesion of red clay decreases, and it tends to stabilize when the
incorporation rate exceeds 2%.

Table 4. Test control indicators

The number of
calcium carbonate
incorporated

Incorporation rate Soil specimen
dry density
(g/cm3)

Soil
specimen
moisture
content

Confining pressure
(KPa)

I 0% 1% 2% 4% 1.4 30% 100 200 300 400
II 0% 1% 2% 4% 1.4 30% 100 200 300 400
III 0% 1% 2% 4% 1.4 30% 100 200 300 400

(a) (b) (c)

Fig. 1. (SEM) image of calcium carbonate. (a) (SEM) image of calcium carbonate I. (b) (SEM)
image of calcium carbonate II. (c) (SEM) image of calcium carbonate III.
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The effect of calcium carbonate with different particle sizes on the internal friction
angle of red clay is shown in Fig. 2(b). The effect of calcium carbonate II and III on the
internal friction angle of red clay is similar. With the increase of the incorporation ratio
of calcium carbonate II and III, the friction angle of red clay first increased and then
decreased, and finally it became stable. With the increase of the incorporation rate of
calcium carbonate I, the friction angle of red clay first decreased and then increased,
and finally it became stable.

When the incorporation rate of three kinds of calcium carbonate is the same,
calcium carbonate III has the greatest effect on red clay.

3.2 Effect of Different Calcium Carbonate Sizes on Shear Strength
of Red Clay

From Fig. 3(a), the shear strength of red clay mixed with calcium carbonate I is reduced,
but the increase of incorporation rate has little effect on the shear strength of red clay.

Fig. 2. Effect of calcium carbonate on red clay
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Fig. 3. Shear strength-confining pressure curve of calcium carbonate red clay
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Fig. 4. (a), (b), (c): Calcium carbonate red clay stress-strain curve. (d) Calcium carbonate red
clay stress-strain curve
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From Fig. 3(b), the shear strength of red clay gradually decreases as the incorporation
rate of calcium carbonate II increases. From Fig. 3(c), the shear strength of red clay
decreases first and then increases as the incorporation rate of calcium carbonate III
increases. When the incorporation rate reaches 4%, the shear strength increases to the
maximum.

3.3 Triaxial Compression Stress - Strain Strength Characteristics

Consolidated undrained triaxial test obtained saturated calcium carbonate red clay
stress strain diagram were showned in Fig. 4. The particle size of calcium. carbonate
has little effect on the characteristics of stress-strain curve. The stress-strain curve of red
clay is obviously affected by confining pressure.

4 Conclusion

The nano-calcium carbonate has a large specific surface area, and when the calcium
carbonate is in the same incorporation rate, the nano-calcium carbonate has a signifi-
cant influence on the mechanical properties of the red clay. With the increase of nano-
calcium carbonate content, the shear strength of red clay decreased first and then
increased.

Calcium carbonate with different particle sizes and different dosages has little effect
on the stress-strain curve of red clay.

The incorporation of calcium carbonate reacts with the cementitious material
formed by free ferric oxide in red clay, resulting in weaker cohesion and changing the
strength characteristics of red clay.

The addition of calcium carbonate changes the optimum moisture content of laterite
and reduces the shear strength of red clay.
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Abstract. This study focuses on the effects of a heating-cooling cycle on the
undrained shear strength of normally consolidated clay specimens. A clear
increase in undrained shear strength was observed for specimens sheared after
drained heating to an elevated temperature, while a further increase in undrained
shear strength was observed for specimens sheared after a drained heating-
cooling cycle. This is attributed to the permanent decrease in volume during
drained heating followed by the elastic decrease in volume during drained
cooling. The initial mean effective stress was also observed to play an important
role in the magnitude of the increase in undrained shear strength, with greater
increases observed for normally consolidated specimens with lower mean
effective stresses.

1 Introduction

The impact of temperature on the shear strength of clays has been widely studied since
the 1960’s and several constitutive relationships have been developed to consider the
impacts of stress history and drainage conditions (Laloui et al. 2014). General obser-
vations from the literature include: (1) temperature changes are not expected to affect
the friction angle of clays (defined at peak or critical state conditions), (2) the undrained
shear strength is dependent on the pore water pressure during shearing, the initial
effective stress, and the void ratio; and (3) the drainage conditions during heating will
lead to different trends in the shear strength. Shearing after undrained heating typically
leads to a decrease in undrained shear strength associated with the increase in excess
pore water pressures (and decrease in mean effective stress) during undrained heating,
while shearing after drained heating leads to an increase in undrained shear strength for
normally consolidated clays due to a reduction in void ratio during drained heating.
One situation that has not been fully studied is shearing of normally consolidated clays
after a drained heating-cooling cycle, such as that experienced by the soil surrounding a
thermal drain system (Abuel-Naga et al. 2006). It is expected that plastic contraction
will occur during drained heating, followed by elastic contraction during drained
cooling. This implies that after cooling, specimens will have a slightly lower void ratio
and should have a greater undrained shear strength than that observed during shearing
after drained heating. However, it is not clear if the change in temperature will lead to a
transition in the magnitude of excess pore water pressure during undrained shearing.
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This study focuses on results from triaxial compression tests on saturated normally
consolidated clay following different temperature paths and drainage conditions.

2 Methods

2.1 Materials

Kaolinite clay obtained from M&M Clays Inc. of McIntyre, GA was used in this study.
As the clay has a liquid limit of 47% and a plasticity index of 19, the clay is classified
as CL according to the Unified Soil Classification Scheme. The clay has a specific
gravity of 2.6, and the slopes of the normal compression line (k) and recompression
line (j) are 0.100 and 0.016, respectively. The excess pore water pressure during
undrained heating of this clay was characterized by Ghaaowd et al. (2015), while the
volume change during drained heating was characterized by Takai et al. (2016).

2.2 Experimental Setup

The nonisothermal triaxial compression tests were performed using the thermal triaxial
system developed by Alsherif and McCartney (2015) that was further adapted for
testing saturated clays by Takai et al. (2016). A schematic of the system is shown in
Fig. 1. The cell is comprised of a Pyrex pressure vessel exhibiting low thermal creep
while remaining transparent after repeated heating and cooling cycles. The temperature
within the cell is controlled by circulating heated water from a temperature-controlled
circulating bath through a stainless-steel pipe bent into a “U” shape over the specimen.
A pump able to accommodate high fluid temperatures and pressures is used to circulate
the cell water to ensure that it is uniformly mixed. The cell fluid temperature was
monitored using a thermocouple and temperature recorder having a precision of 0.5 °C.
The cell pressure and specimen backpressure were controlled using a pressure panel,
and a temperature-corrected pore water pressure transducer was used to measure
changes in pore water pressure during undrained heating and shearing. In addition to
monitoring the drainage from the specimen during consolidation and drained heating
and cooling, images of the specimens were taken using a high-resolution camera
(model D610 from Nikon) during the tests to measure changes in volume using the
approach of Uchaipichat et al. (2011).

2.3 Procedures

The clay specimens were prepared from sedimentation using an approach described by
Ghaaowd et al. (2015), and trimmed specimens were backpressure-saturated in the
thermal triaxial cell, which involved applying the cell pressure and backpressure in
stages until reaching a value of Skempton’s pore water pressure parameter B of at least
0.95. The specimens were then consolidated isotropically to a desired mean effective
stress. Some specimens were sheared in undrained conditions at room temperature
conditions to provide a baseline case for comparison. For the specimens tested at
different temperatures, the drainage valves at the top and bottom of the specimen were
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kept open during heating and cooling. Another set of specimens were heated from 23 to
66 °C at a relatively fast rate (0.2 °C/min) after which the elevated temperature was
maintained until the volume change stabilized, after which the specimens were sheared
in undrained conditions. The last set of specimens were heated from 23 to 66 °C in
drained conditions, then cooled back to 23 °C before shearing in undrained conditions.

3 Results and Discussion

The principal stress difference versus axial strain results from three consolidated
undrained triaxial compression tests conducted at a mean effective stress of 310 kPa
following three different temperature paths are shown in Fig. 2. The OCR of 1.0 refers
to the initial state of the specimen where it was normally consolidated prior to the
application of any mechanical or thermal loading. An increase in the maximum prin-
cipal stress difference can be observed for the specimen sheared after drained heating to
66 °C, and a further increase in undrained shear strength is observed for the specimens
sheared after drained heating to 66 °C followed by drained cooling back to 23 °C. The
shapes of the stress-strain curves for the three tests were relatively similar despite
different peak values. The corresponding reductions in the excess pore water pressure
for each of the three tests are shown in Fig. 2(b). Although the magnitude of excess
pore water pressure was similar in all three tests, all three specimens showed positive
strains during shearing as expected for normally consolidated specimens. The effective
stress paths for the three tests are shown in Fig. 3. An interesting observation is that the
maximum principal stress values fall onto the same peak failure envelope.

The results from tests performed at other initial mean effective stresses are shown in
Fig. 4. Like the observation drawn from the effective stress paths in Fig. 3, the results
in Fig. 4 indicate that the specimens following different temperature paths tested at
different initial mean effective stresses all fall onto the same peak failure envelope. The
slope shown in Fig. 4 of 1.29 is not equal to the slope of the critical state line but

Fig. 1. Thermal triaxial setup
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corresponds to the slope of the peak failure envelope. Assuming that the maximum
principal stress differences from each of the tests corresponds to the undrained shear
strength of the soil, the trends in the undrained shear strength for specimens sheared
under room temperature conditions, after heating, and after a heating-cooling cycle are
shown in Fig. 5(a). A clear increase in undrained shear strength after a heating-cooling
cycle is observed. The percent increase in undrained shear strength following a heating-
cooling cycle is appreciable, and ranges from 16 to 54%. The percent increase in
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undrained shear strength was observed to decrease as the initial mean effective stress
increased, which is counterintuitive to the trends in the thermally induced excess pore
water pressures during undrained heating observed by Ghaaowd et al. (2015).
Specifically, it was observed that greater changes in excess pore water pressure are
observed for specimens with higher initial mean effective stress. The final void ratio
values of specimens sheared at room temperature, after heating and after a
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0

50

100

150

200

250

300

350

0 50 100 150 200 250 300 350

q 
(k

Pa
)

p' (kPa)

23 °C
23-66 °C
23-66-23 °C

qf = 1.29p'f
R2 = 0.97

Fig. 4. Maximum principal stress differences for specimens sheared at room temperature, after
heating, and after a heating cooling cycle versus the mean effective stress at failure

Impact of Drained Heating and Cooling on Undrained Shear Strength 247



(a) 

(b) 

0

50

100

150

200

250

300

350

400

0 20 40 60 80

U
nd

ra
in

ed
 S

he
ar

 S
tr

en
gt

h 
(k

Pa
)

Temperature (°C)

159 kPa
222 kPa
310 kPa

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

0 20 40 60 80

Vo
id

 ra
�o

Temperature (°C)

158.6 kPa
222 kPa
310 kPa

Fig. 5. (a) Undrained shear strength at different mean effective stresses for specimens sheared at
room temperature, after heating, and after a heating cooling cycle; (b) Final void ratio at different
mean effective stresses for specimens sheared at room temperature, after heating and after a
heating cooling cycle

248 R. Samarakoon et al.



heating-cooling cycle are shown in Fig. 5(b). It can be observed that the void ratio
decreases when the specimen is subjected to drained heating and even further after a
drained heating-cooling cycle, conforming to the corresponding increase in undrained
shear strength.

4 Conclusions

The results presented in this study indicate that the impact of a heating-cooling cycle
such as that used in a thermal improvement application (i.e., thermal drains) will have a
positive effect on the undrained shear strength of normally consolidated clays. This
trend in undrained shear strength is attributed to the plastic decrease in volume during
drained heating combined with the elastic decrease in volume during drained cooling. It
was observed that this positive effect was greater for specimens tested at lower initial
mean effective stresses. Despite the clear effects of temperature on the undrained shear
strength, the changes in temperature were not observed to affect the slope of the peak
failure envelope, which is consistent with previous studies on the effects of temperature
on the shear strength of clays.

Acknowledgements. Funding provided by the University of California San Diego is gratefully
acknowledged.

References

Abuel-Naga, H.M., Bergado, D.T., Suttisak, S.: Innovative thermal technique for enhancing the
performance of prefabricated vertical drain system. Geotext. Geomembr. 24, 359–370 (2006)

Alsherif, N.A., McCartney, J.S.: Nonisothermal behavior of compacted silt at low degrees of
saturation. Géotechnique 65(9), 703–716 (2015). https://doi.org/10.1680/geot./14-P-049

Ghaaowd, I., Takai, A., Katsumi, T., McCartney, J.S.: Pore water pressure prediction for
undrained heating of soils. Environ. Geotech. 4(2), 70–78 (2017)

Laloui, L., Olgun, C.G., Sutman, M., McCartney, J.S., Coccia, C.J.R., Abuel-Naga, H.M.,
Bowers, G.A.: Issues involved with thermo-active geotechnical systems: characterization of
thermo-mechanical soil behavior and soil-structure interface behavior. J. Deep Found. Inst. 8
(2), 107–119 (2014)

Takai, A., Ghaaowd, I., Katsumi, T., McCartney, J.S.: Impact of drainage conditions on the
thermal volume change of soft clay. In: GeoChicago 2016: Sustainability, Energy and the
Geoenvironment, Chicago. 14–18 August, pp. 32–41 (2016)

Uchaipichat, A., Khalili, N., Zargarbashi, S.: A temperature controlled triaxial apparatus for
testing unsaturated soils. Geotech. Test. J. 34(5), 1–9 (2011)

Impact of Drained Heating and Cooling on Undrained Shear Strength 249

http://dx.doi.org/10.1680/geot./14-P-049


Gas Shale Water Imbibition Tests
with Controlled Suction Technique

Alberto Minardi1(&), Alessio Ferrari1, Russell Ewy2,
and Lyesse Laloui1

1 Laboratory for Soil Mechanics – Chair “Gaz Naturel” Petrosvibri,
Swiss Federal Institute of Technology, EPFL, Station 18, Lausanne, Switzerland

alberto.minardi@epfl.ch
2 Chevron Energy Technology Co., Richmond, CA, USA

Abstract. Water loss during flowback operations represents one of the main
challenges related to the use of hydraulic stimulation to exploit shale gas
resources. About 20% of the injected fracturing fluids are usually recovered after
stimulation. Fluid imbibition is expected to be one of the main mechanisms
responsible for the water uptake of shale gas reservoirs. Imbibition tests are
typically performed to analyse this issue. This study presents a new experi-
mental methodology based on the control of total suction to quantify the impact
of the swelling response of gas shales on the water uptake during imbibition
processes. The obtained results demonstrate that a precise quantification of the
gas shale water uptake cannot be performed neglecting the volumetric behaviour
and the presence of the mechanical stress during the imbibition process.

1 Introduction

Water loss during flowback operations represents one of the main environmental issues
related to the use of hydraulic fracturing to exploit unconventional shale gas reservoirs
(e.g. Makhanov et al. 2014). The water imbibition by the material reservoirs plays a
major role among the main involved causes. The presence of clay minerals in the
composition of gas shales makes these geomaterials capable to absorb a great amount
of the injected fracturing fluids. Imbibition tests are usually performed at the laboratory
scale to evaluate the water uptake in gas shales (Dehghanpour et al. 2013). These tests
foresee the immersion of gas shale specimens in water (or other fluids) with the
following assessment of the amount of imbibed water through the measurement of the
weight variation of the specimens.

Despite the importance of imbibition tests for the upscaling of imbibition data at the
reservoir scale, two fundamental aspects are usually neglected. Firstly, as typical of
clay-rich materials (e.g. Airò Farulla et al. 2010; Ferrari et al. 2014; Minardi et al.
2016), also gas shales might exhibit a significant expansion during the imbibition
process which may significantly affect the amount of imbibed water. Secondly, the
swelling observed in the laboratory might not be representative of the response
experienced by the material under reservoir conditions; indeed, the presence of the in-
situ stress is expected to play a major role in controlling the expansion of the material.
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Hence, running imbibition tests without accounting for these two aspects may lead to a
misleading quantification of the amount of imbibed water by the shale gas reservoir.

This work aims at showing the impact of the swelling response of a gas shale when
subjected to imbibition processes on the water uptake. A testing set-up and an
experimental methodology based on the control of total suction have been used to
assess the volumetric response of the tested gas shale during the imbibition process
considering also the presence of a mechanical stress.

2 Materials and Methods

The material used to perform the experimental analysis was retrieved from a shale gas
reservoir at a depth of 2700 m. The core sample exhibits a visible laminated structure
and a balanced mineralogical composition analyses dominated by quartz (17%), car-
bonate (24%), and clay (28%) minerals; the remaining of the composition is dominated
plagioclase, K-feldspar and pyrite. In particular, smectite minerals are the majority in
the clay content (61%).

The tested specimens used for the experimental analysis were obtained from the
core sample using a mechanical saw and a mechanical lathe without any liquid to avoid
possible alteration of the material.

Imbibition and desiccation processes were applied to the tested materials through
both vapour diffusion and direct flooding with water. The vapour equilibrium technique,
which foresees the control of relative humidity in a closed desiccator by using different
saline solutions, was used to impose imbibition processes in different steps through
vapour diffusion mechanism. The relative humidity can be converted to total suction (W)
according the psychrometric law; total suction represents the potential of the material’s
pore fluid and it accounts for both matric and osmotic components; this methodology is
currently considered as the best technique to control the partial water saturation state in
gas shales (Ferrari et al. 2018). The following salts, with corresponding values of total
suction, were used for the preparation of the saturated saline solutions: MgCl2
(W = 150 MPa), NaCl (W = 39 MPa), KNO3 (W = 10 MPa). De-ionized (DI) water
was also used to perform the direct flooding of the tested specimens.

Two different testing set-ups were used to investigate the gas shales response
during imbibition and desiccation processes in both free stress and under stress con-
ditions. A comprehensive description of testing layout can be found in Minardi et al.
(2018a).

The analysis of the volumetric behavior in free stress conditions was carried out in a
simple desiccator (Fig. 1) where two twin cylindrical specimens with a dimeter of
30 mm and height of 20 mm were placed inside it and subjected to imbibition and
desiccation processes. The first specimen was used to assess its mass evolution during
the test for the quantification of the water uptake, while the second specimen was
equipped with two biaxial strain gauges with microstrain resolution (10−6) for the
measurement of the strains in the directions perpendicular (e┴) and parallel (e//) to the
bedding planes. The strain gauges were covered with a coating to protect them from the
direct contact with DI water. This methodology allows having the continuous assess-
ment of the volumetric response during the imbibition process, leading to a proper
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interpretation of its coupling with the water uptake. To quantify the impact of the
mechanical stress on the volumetric response of gas shales, a uniaxial stress testing
apparatus developed from the experimental device presented by Ferrari et al. (2016)
and Minardi et al. (2018b) was used. Tested specimens have diameter of 20 mm and
height of 30 mm, and they were prepared with the bedding planes perpendicular to the
applied axial load. To apply imbibition and desiccation processes through vapour
diffusion, a glass container filled with given saline solution was connected to the testing
apparatus and a peristaltic pump was used to force the circulation of vapour from the
container to the tested specimen (Fig. 2); direct flooding with DI water was also
possible. Also in this testing configuration, two biaxial strain gauges were glued on the
tested specimens to assess its response in the directions perpendicular and parallel to
the bedding planes. The tested specimens were not initially oven-dried to avoid any
impact on the material (e.g. Favero et al. 2016a).

Three tests were performed on specimens obtained from the core sample. One test
(Test A in the following) was performed in free stress condition, and two tests (Test B
and Test C in the following) were carried out under stress conditions at 7 and 15 MPa
of axial stress (ra). An initial equalization to a total suction of 150 MPa (MgCl2 saline
solution) was always performed to have the same reference conditions for all of the
performed tests. After this initial equalization, imbibition and desiccation processes
were applied in steps. In particular, the Test A foresaw an initial imbibition/desiccation
cycle between 150 and 10 MPa of total suction, followed by a final imbibition to
0 MPa with direct flooding. An imbibition process performed in three steps from 150 to
0 MPa of total suction was adopted in the Test B. An imbibition/desiccation cycle was
carried out in the Test C between 150 and 10 MPa of total suction.

Fig. 1. Experimental set-up adopted to perform imbibition tests in free stress conditions with an
example of tested specimen (Minardi et al. 2018a).
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3 Results

This section presents the obtained results from the three performed tests. A summary on
the evolution of the volumetric response with total suction is reported in Fig. 3 for the
three tested specimens. After preparation the specimens were in different conditions in
terms of total suction, so the comparison of their volumetric behavior is presented
starting after the equalization to 150 MPa of total suction.

Fig. 2. Experimental set-up adopted to perform imbibition tests under stress conditions (Minardi
et al. 2018).

Fig. 3. Comparison of the volumetric response between the three performed tests: (a) Test A
(0 MPa), (b) Test B (7 MPa), (c) Test C (15 MPa).
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Figure 3a shows the response exhibited by specimen tested in free stress conditions
(Test A). The material experienced significant swelling during the first two imbibition
steps, from 150 to 39 and 10 MPa of total suction. The observed response of the
material is highly nonlinear, showing a more significant swelling for lower total suction
values (<39 MPa). A significant irreversible deformation is exhibited during the des-
iccation phase, from 10 MPa of total suction to 150 MPa (with an intermediate des-
iccation step to 39 MPa); this response highlights a linear behaviour during the
desiccation process. During the following imbibition phase to 10 MPa, the specimen
experienced almost a reversible response, with a slight increase of swelling. Finally, the
last total suction step to 0 MPa highlights a further significant swelling of the material.

The volumetric response experienced by the specimens tested under stress is pre-
sented in the Fig. 3b and c. The impact of the mechanical stress is clearly highlighted
and two main effects can be observed. A significant reduction of the volumetric
swelling during the imbibition processes is observed for both specimens tested under
stress (Test B and Test C) with respect to the specimen in the Test A. In particular,
regarding the Test B (at ra = 7 MPa), the overall volumetric expansion exhibited at
0 MPa of total suction is more than 50% lower compared to the Test A (−1.19%
against −2.76%); this result is mainly caused by the different response observed during
the second imbibition step to 10 MPa of total suction. Hence, lower total suction values
have to be imposed under stress conditions to observe a significant increase of volu-
metric strain. Similar feature is observed for the Test C where at end of the imbibition
phase (at 10 MPa of total suction) the experienced volumetric expansion is almost 90%
lower compared to free stress conditions (−0.34% against −1.76%). Moreover, the
Test C highlights also another important feature. Indeed, while in the Test A a sig-
nificant irreversible expansion is observed at the end of the cycle performed between
150 and 10 MPa of total suction, the response in the Test C is almost completely
reversible with negligible accumulation of swelling at the end of the desiccation phase
to 150 MPa of total suction.

As typical for shales, the presence of the bedding planes - which follows the
depositional and post-depositional processes (Favero et al. 2016b) - influences sig-
nificantly the behaviour of the tested gas shale. Figure 4 shows the response in terms of
strain for the specimen tested in free stress conditions (Test A) in the directions per-
pendicular and parallel to the bedding. The anisotropic response is clearly highlighted
by the graphs and the ratio between the strain perpendicular (e┴) and parallel (e//) to the
bedding. This feature is typical of claystones and shales, as presented in Valès et al.
(2004) and Minardi et al. (2016). The obtained results clearly demonstrate that the
irreversible volumetric expansion of the tested gas shale over the imbibition/desiccation
process is mainly related to the response in the direction perpendicular to bedding. This
aspect suggests that microfractures may be generated along the bedding planes during
the imbibition process, which may represent preferential pathways for vapour and
liquid water flow (Ghanbari and Dehghanpour 2015). Besides the natural anisotropic
structure of gas shales, this feature provides a further addition contribution to a faster
and higher water uptake in the direction parallel to the bedding planes during the
imbibition process. Hence, the anisotropic volumetric expansion observed in the Test A
plays an important role on the dependence of the imbibition rates and imbibed amount
of water on the bedding planes orientation.
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The presented outcomes allow having a reliable assessment of the impact of the
volumetric behaviour on the water uptake of the material. Figure 5 summarizes the
pore and water volumes of the specimen tested in free stress conditions (Test A) at the
beginning of the test (after the initial equalization to 150 MPa of total suction) and at
the end of the imbibition process (equalization to 0 MPa of total suction). The graph
clearly shows the high water uptake of the specimen. The final water volume exceeds
significantly the initial pore volume of the material; indeed, the excess of water volume
has to be addressed to the expansion experienced by the specimen during the imbibition
process. In particular, the swelling response is responsible for 45% of the final water
volume. The graph in Fig. 5 shows also the final pore volume if the swelling defor-
mation measured under stress in the Test B (−1.19%) is applied to the initial pore
volume of the specimen in the Test A. A comparison with the increase of pore volume
in free stress conditions suggests that under stress the water uptake during the imbi-
bition process has to be lower.

The experimental technique based on the control of total suction coupled with a
precise assessment of the volumetric deformations with strain gauges has been proved
to be an efficient tool the quantify the impact of the volumetric behaviour on the water
uptake during imbibition and desiccation processes.

Fig. 4. Anisotropic response of the specimen in the Test A: (a) strain perpendicular to the
bedding planes (e┴), (b) strain parallel to the bedding planes (e//).
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4 Conclusions

The volumetric swelling behavior of gas shales during spontaneous imbibition tests is
one of the main reasons for the measurement of excess water uptake. The presented
work has shown an experimental methodology to properly assess the impact of the
volumetric response of gas shales on their water uptake. The methodology is based on
the control of total suction combined with the use of strain gauges to properly monitor
the specimen’s deformations perpendicular and parallel to the bedding. The presented
results have demonstrated that, if the volumetric response of gas shales is not properly
quantified during the imbibition process, a significant overestimation of the imbibed
water volume can be obtained. Moreover, the mechanical stress has been found to
significantly affect the swelling behaviour of the tested material, where the volumetric
expansion is much lower compared to the response observed in the free stress test.
These outcomes are expected to play a key role on the upscaling of imbibition data to
evaluate the water loss at the field scale; indeed, a lower imbibed water volume must be
considered when the material is subjected to an imbibition process under mechanical
stress.
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Abstract. Assessing the thermal cyclic stability of energy storage materials is
of utmost importance in the design and overall serviceability of sensible heat
storage systems. In particular, care should be taken to ensure that the plastic
strains accumulated upon short and long term cyclic operations are within the
design limits, thus preventing critical failure of the different components of the
heat storage system. In this study, the thermal cyclic stability of a commercial
cement-based porous heat storage material is analyzed in water-saturated con-
ditions by performing heating/cooling cycles in the temperature range from
20 to 80 °C with a newly developed cyclic thermo-mechanical device. The
thermo-mechanical device produces a homogenously linear temperature distri-
bution across the specimen, thus recreating the actual heat flow and distribution
within sensible heat storage materials upon heat loading/unloading operations.
The cyclic thermal, peak induced and accumulated plastic strains due to
charging/discharging operations of the sensible heat storage material are studied
for several lower and upper temperature cycle limits (20–40 °C, 20–60 °C,
20–80 °C and 60–80 °C) and dwelling periods (0, 10, 40 and 120 min), and the
results are analyzed in terms of the intrinsic porous medium structure and
cementation behavior.

1 Introduction

Thermal energy storages (Braun et al. 1981; Hesaraki et al. 2015) in general and
sensible heat storages (Dincer et al. 1997) in particular, are nowadays typically used to
capture solar thermal power. Sensible heat storages are generally preferred to other
forms of thermal energy storage, such as latent and thermo-chemical heat storages, due
to their comparatively low cost and technical development. Of the various forms of
sensible heat storage materials, solid sensible heat storage materials (Laing et al. 2006;
Laing et al. 2012; Hailemariam and Wuttke 2018) such as rocks, concrete, geomaterials
and cemented porous media have recently gained much interest in the renewable
energy storage sector. The use of such media in domestic heat energy storage appli-
cations is preferable when compared to other forms of heat storage media, such as
water, due to their low investment costs and high operability (Laing et al. 2006), as well
as their ability to carry loads as part of the foundation of structures (Hailemariam and
Wuttke 2018).

If the thermo-mechanical effects of cyclic thermal loads are not properly considered
in the design of sensible heat storage systems, the unaccounted accumulation of plastic
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strains can lead to the formation of excessive stresses and cracks in the heat storage
material, particularly in areas near the interface between the heat storage material and
the heat exchanger pipes. The formation of cracks lowers the effective thermal con-
ductivity of the heat storage material, causing a significant reduction in the loading/
unloading rates of the sensible heat storage system. In this research, the thermal cyclic
stability of a commercial water-saturated cement-based porous heat storage material
(called Füllbinder L, SCHWENK Zement KG1) is analyzed by performing heating/
cooling cycles in the temperature range between 20 and 80 °C with a cyclic thermo-
mechanical device.

2 Experimental Program

2.1 Tested Material

In Table 1, a list of the obtained physical properties of the Füllbinder L material is
presented. The test specimens were prepared with a selected design water to solids ratio
of 0.8, and then stored in water for 28 days. Storage in water ensures full saturation and
prevents possible cracking of specimen due to cement hydration (Abdolhosseini Qomi
et al. 2015).

2.2 Thermal Cyclic Test Apparatus

A cyclic thermo-mechanical device (Figs. 1 and 2), which works on the principle of
thermo-mechanical expansion analysis is used to study the cyclic thermal stability of
the heat storage material. Thermo-mechanical analysis measurements are typically
performed to obtain coefficient of thermal expansion of materials, and commonly
consist of a specimen holder, a furnace or heating plate for the homogeneous heating of
the specimen, a transducer that measures the change in length of the specimen upon

Table 1. Physical properties of the Füllbinder L heat storage material

Property Füllbinder L (saturated)

Bulk density (kg m−3) 1583
Porosity (–) 0.543
Specific gravity of solids (–) 2.28
Thermal conductivity (W m−1 K−1)a 0.960
Specific heat capacity (J kg−1 K−1)a 2083.4
Hydraulic conductivity (�10−8 m s−1) 11.95
Coefficient of thermal expansion (�10−6 K−1) 10.7
Modulus of elasticity (GPa) 1.9
a Data obtained using Decagon KD2 Pro TR-1 and SH-1 transient needle
probes

1 http://www.schwenk-zement.de/.
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heating, a thermocouple or temperature sensing element and a means of data recording
apparatus. The cyclic thermo-mechanical device used in this research produces a
homogenously linear temperature distribution across the specimen to represent the
actual heat flow process in sensible heat storage systems (Hailemariam et al. 2016). The
apparatus consists of a top heating plate (representing the imposed thermal load on the
heat storage material from the heat exchanger), a bottom cooling plate and a PPS
Laticonther thermoplastic reference disc with known thermal conductivity (Fig. 2a).

The temperature of the top heating T1 and bottom cooling T3 plates is controlled via
a circulating fluid (distilled water + glycol), which is pumped using Huber Ministat
125 Pilot ONE heat pumps, and the resulting temperature of the reference plate T2 is
recorded. The water-saturated Füllbinder L specimen is sandwiched between the top
heating and reference plates and is laterally insulated by a PMMA Plexiglas sample
holder with a very low thermal conductivity. Generally sensible heat energy systems
may be designed to be in-direct contact with the confining lateral soil (foundation of

UL-60 loading 
machine

Cyclic thermo-
mechanical cell

Loading frame

Heat pumps

Control and data 
acquisition

Fig. 1. Cyclic thermo-mechanical device.
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Fig. 2. (a) Schematic representation and (b) dimensional analysis, of the cyclic cell.
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structures) or an additional heat insulating material may be provided. In any case, the
proposed experimental scheme can be modified to suit the required in situ criteria. The
top and bottom heating/cooling plates consist of extremely thin PT 100 temperature
sensors with an accuracy of 0.05 °C. The system measures sample thermal expansion
or contraction with a TRS-0050 linear displacement transducer with an independent
linearity of 0.15% and repeatability of 2 lm. Vertical stress (with a maximum force
limit of 60 kN) can be applied to the specimen via a UL-60 loading machine integrated
with the system (Fig. 1).

The thermal cyclic expansion tests were conducted by heating the top plate at a
constant rate of 1 °C/min within the temperature range of 20–80 °C, as it is a water-
based storage system. The specimens were prepared with a diameter of 50 mm and
sufficient height of 40 mm to ensure creation of a linear temperature gradient across the
samples upon heating. In addition, the higher specimen length produces a greater
length change signal upon heating or cooling, providing a higher accuracy of the
measurement of the specimen expansion/contraction. Care was taken to ensure that the
top and bottom faces of the used specimens are perfectly flat so that the nominal stress
of 5 kPa applied over the specimens to ensure proper contact with the heating/cooling
plates is spread out uniformly over a wide enough surface area avoiding minor spec-
imen deformations. The mathematical description of the one dimensional conductive
heat transport (Cannon 1984) within the device has been described by Hailemariam and
Wuttke (2018), and the average sample temperature (at the center of specimen) Tav (°C)
can be obtained based on the temperatures T1, T2 and T3 (°C), and the distances Sv and
S23 (m) of Fig. 2(b) as:

Tav ¼ 1
2

T1 þ T3 1þ Sv T2 � T3ð Þ
T3S23

� �� �
ð1Þ

3 Results and Discussion

3.1 Thermal Cyclic Loading at Different Dwelling Periods

Figure 3 shows the results of the cyclic thermal tests on the Füllbinder L material
heated in the temperature range of 20–80 °C at waiting/dwelling periods of 0, 10, 40
and 120 min. The fluid pumped in to the top plate leads to either a contraction (when a
cold fluid is pumped) or a dilation (when a hot fluid is pumped) of the heat storage
material. These dimensional changes on a macroscopic level, which are mainly caused
due to changes in the thermal vibrations that are always present in the crystals of the
material, are mostly reversible. However, a prolonged heating/cooling cyclic loading
causes small plastic/irrecoverable thermal strains, which in this study is confirmed by
the permanent reduction in specimen height, i.e. −ve net strain e, between any two
consecutive heating + cooling cycles of all the specimens upon cyclic loading. In our
study, the actual top heating plate temperature T1 recorded with the top thermocouple
(max. between 74.5 to 76.4 °C) is always lower than the target (set) temperature of the
heat pumps (max. 80 °C) due to the heat loss in the carrier fluid, tubes and used
connections (Figs. 3 and 4).
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The heat conduction and thermal strain behavior of the Füllbinder L is mainly
influenced by the presence of: (i) solid matrix (Hailemariam and Wuttke 2018), mainly:
limestone/sedimentary minerals, calcium silicate hydrates (CSH) derived from the
cementing bonds, and to a small extent quartz minerals (Hailemariam et al. 2017), and
(ii) entrapped pore-water. Generally, in saturated porous multiphase materials, thermal
expansion of in situ pore-water due to a rapid change in the ground surface temperature
contributes to the volumetric change of the materials, thus influencing the stress fields
of the media. However, since the tests in this study are conducted under fully drained
conditions with a low rate of heating/cooling, volume changes caused by pore-water
expansion/contraction due to heating/cooling operations are negligible and have not
been considered.

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Fig. 3. Plots of time t, temperature T and strain e of the cyclic thermal tests at dwelling periods
of: (a, b) 0 min, (c, d) 10 min, (e, f) 40 min and (g, h) 120 min.
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Calcite along with a small quantity of dolomite is the dominant limestone mineral
present. The main cementing minerals (Abdolhosseini Qomi et al. 2015) present are:
alite (Ca3SiO5 or C3S), portlandite [Ca(OH)2 or CH], belite (Ca2SiO5 or C2S) and
calcium silicate hydrates [(CaO)x(SiO2)1(H2O)y or CSH]. Depending on the chemical
composition of the phase, the molecular structures of the solid phases in the hardened
cementing minerals typically vary from crystalline to amorphous. Minerals such as alite
and belite (anhydrated clinker phases) and portlandite are crystalline. Alite is a
chemically modified form of pure tricalcium silicate (C3S), and exhibits a series of
reversible phase transitions upon heating and cooling (Taylor 1997). Since the radiative
heat transfer by photons, which follows the T3-law, is absent at temperatures below
727 °C (Hofmeister 1999; McKenzie et al. 2005), the dominant form of heat transfer in
the solid matrix of the Füllbinder L heat storage material is conduction via the

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Fig. 4. Plots of time t, temperature T and thermal strain e of the cyclic thermal loading tests at
temperature ranges of: (a, b) 20–40 °C, (c, d) 20–60 °C, (e, f) 20–80 °C and (g, h) 60–80 °C.
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collective atomic vibrations or phonons. Phonons are harmonic at low temperatures,
and become progressively anharmonic with increasing temperature (Abdolhosseini
Qomi et al. 2015). Upon heating, the phonon density (also known as the vibrational
density of state) of the calcite and calcium silicate hydrates in the solid matrix of the
Füllbinder L increases, resulting in a subsequent reduction of the mean free path
between the phonon collisions and the conduction of heat in the medium (Hailemariam
and Wuttke 2018).

With an increase in the dwelling period, the peak thermal strains epk induced upon
heating of the material increases (from 282.2 to 375.2 lm, for dwelling periods of
0 and 120 min, respectively) (Fig. 3). This is mainly due to the extended exposure to
the maximum temperature (i.e. at high dwelling periods compared to low), which in
turn causes extra dilations in the case of heating due to an increase in the thermal
crystalline vibrations of the solid matrix of the material. For all dwelling periods
considered, the magnitudes of the peak thermal strains epk decrease with an increase in
the number of heating/cooling cycles, indicating an accumulation of plastic thermal
strains epl due to the softening or mechanical weakening of the cementitious bonds of
the solid matrix of the Füllbinder L.

Figures 4 and 5 show the results of thermal cyclic tests on Füllbinder L material
heated in the temperature ranges of 20–40 °C, 20–60 °C, 20–80 °C and 60–80 °Cwith a
dwelling time of 0 min. The quantity of the accumulated plastic thermal strain epl due to
an increase in the number of heating/cooling cycles is directly proportional to the applied
average specimen temperature Tav (considered temperature range). Themeasured epl after
50 thermal cycles are: 7.3, 19.2, 26.7 and 27.0 l for temperature ranges 20–40 °C,
20–60 °C, 20–80 °C and 60–80 °C, respectively (Fig. 5b). For all the considered tem-
perature ranges, the majority of the accumulation of the plastic strains occur within the
first 25 cycles (Fig. 5b), as most of the thermally induced mechanical weakening of the
cementitious bonds occurs within the few initial cycles upon the dilation/contraction
mechanisms of the material. At high thermal cycle numbers, the induced plastic strains in
the material decrease rapidly and the thermo-mechanical behavior of the material
approaches a state of near fully-elastic mode of dilation/contraction process.

(a) (b) 

Fig. 5. Plots of the number of thermal cycles n vs: (a) peak thermal strain epk and
(b) accumulated plastic strain epl, of the cyclic thermal loading tests.

264 H. Hailemariam and F. Wuttke



4 Conclusions

A newly developed cyclic thermo-mechanical device was used to study the thermal
cyclic stability of a cement-based heat storage material. Unlike traditional thermo-
mechanical cyclic stability analysis methods, which assume a uniform temperature
distribution in a material upon heating/cooling, the new thermo-mechanical cell pro-
duces a uniformly linear temperature distribution across the specimen, representing the
actual heat flow and distribution within porous medium sensible heat storage systems.
The variations of the cyclic thermal, peak induced and accumulated plastic strains of
the material were assessed for several dwelling times, temperature ranges and thermal
cycles with good results.
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Abstract. In order to determine the change of thermal conductivity of rock
solids under coupled thermo-mechanical processes and developed microstruc-
ture fractures, an application of a new lattice element method (LEM) with
additional interface elements representing the bond between the particles is
investigated. The thermo-mechanical loadings in many engineering applications,
such as deep geothermal systems, can result in a change of mechanical and
thermal properties of rock solids. In the proposed model, the change of thermal
conductivity under mechanical loading, thermal expansion and developed
fractures due to coupled thermo-mechanical processes are considered. The main
advantage of the new model is that it considers the thermal expansion while
increasing the compression stresses in particles contact zone, which captures the
true stress-strain behavior of the rock sample under coupled processes. The
numerical results are eventually compared to the experimental results obtained
from multi-anvil apparatus in Laboratory of CAU Kiel. It is shown that the new
model is able to estimate the change of thermal conductivity under coupled
thermo-mechanical loadings and developed microcracks.

Keywords: Lattice element method � Rock mechanics
Effective thermal conductivity � Coupled thermo-mechanical processes
Numerical modeling

1 Introduction

In many geotechnical engineering applications, such as mining and tunneling in rock or
utilization of natural resources like enhanced geothermal systems, the fracture initiation
and propagation due to coupled mechanical, thermal and hydraulic processes can result
in major damage or decrease the efficiency of designed structure (Bažant 2003). The
development of cracks in a microstructure of rock leads to degradation of the overall
stiffness and material strength. Beside the existing experimental methods, which are
tedious and expensive to conduct, numerical methods were developed in order to
replace the experimental tests with more efficient and low-cost methods. During the
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past decades, simulation of fracture growth using continuum based methods is studied.
A progressive failure of rock using traditional finite element method (FEM) is modeled
(Tang 1997). With the implementation of boundary element method (BEM), fractures
and faults in the earth’s crust are simulated (Thomas 1993). Zhang et al. (2011)
developed a multi-scale FEM for simulation of thermal conduction in granular mate-
rials. Recently, Rattanadecho et al. (2014) analyzed the heat transport and water
infiltration in a granular packed bed. However, FEM is not the optimal solution to such
problems, since it struggles to deal with displacement discontinuities, different material
interfaces and the consideration of micro- and meso-scope heterogeneities, as grain or
mineral distributions. With the application of discrete element method (DEM), ana-
lytical expressions relating the elastic parameters of the continuous body, such as
Young’s modulus and Poisson’s ratio, are presented (Tavarez and Plesha 2007). In a
different approach, a bonded particle model is implemented to model the fracture in
rocks (Potyondy and Cundall 2004). The application of DEM is also extended to cover
the thermal loading between circular and spherical particles, known as thermal discrete
element method (TDEM) (Feng et al. 2008). The thermal contact model can also
consider the thermal resistance of rough surfaces in a DEM (Kumlutas and Tavman
2006). In this regard, a DEM study on the effective thermal conductivity of granular
assemblies is performed (Karkri et al. 2011).

The lattice element method (LEM) represents a meso-scale medium with series of
spring, truss or beam elements. The LEM is mainly used to simulate the fracture
processes of the heterogeneous medium in microstructures. While using truss elements,
the fracture process in concrete is modeled by Schlangen and van Mier (1992).
In LEM, the heterogeneous medium is presented with 1D lattice elements and while
removing the elements exceeding their strength threshold the fracture initiation and
growth are simulated (Liu et al. 2007). With the extension of LEM into 3D model,
Liu (2001) studied the mechanical behavior of short-fiber reinforced composites using
a 3D springs. The implementation of LEM into thermal loading is recently carried out
by Sattari et al. (2017). The study of effective thermo-mechanical parameters in solid
mechanics is done by Wuttke et al. (2017). In this work, the change of effective thermal
conductivity while increasing the mechanical loading is simulated. In another work
done by Rizvi et al. (2017), the effective thermal conductivity of modified high thermal
backfill material for energy transportation using 3D lattice is estimated. In the rigid
body spring network (RBSN) model the contact between the particles is represented
with three spring elements transmitting the axial, shear forces and moment between the
particles (Bolander and Saito 1998). In this model and while using the Mohr-Coulomb
tension cutoff failure surface, the fracture process is modeled. The 3D three-point-
bending simulation with the pre-existing opening is simulated with RBSN by Yip et al.
(2006). The simulation of the rate dependent fracture in concrete geocomposites is
carried out by Kim and Lim (2011).

The main object of this research is to develop a model which is not only able to
capture the fracture initiation and propagation under thermo-mechanical loads but also
can result in true stress-strain behavior under coupled processes, which can result in
accurate effective thermal conductivity prediction. The application of lattice elements
with spring or beam elements cannot solely represent the expansion of the geomaterial
as well as the increment of compression forces in particles contact surfaces under
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thermal loads. The developed code in geomechanics group of CAU Kiel consists of
following steps: initially, the medium is discretized and the mechanical model for LEM
with interface elements is implemented. Then the thermal model according to Sattari
et al. (2017) is considered and eventually the coupled scheme with integrated fracture
model is applied. The MATLABs parallel computing toolbox is implemented for
reducing the computation costs.

2 Implemented Mechanical Model

In order to begin with LEM, the medium should be discretized into small particles
using vectorized random lattice (Moukarzel and Herrmann 1992) and Delaunay tri-
angulation for generation of lattice elements transmitting the loads between the nodes.
The discretized medium with the mesh size of 20 � 20 is shown below (Fig. 1).

Subsequently, while implementing the Euler-Bernoulli beam elements and mini-
mizing the potential energy of the system, the displacement (U) and forces (F) in the
elements based on assembled global stiffness (K) are calculated. The displacement
method for strain control and softening factor (Bolander and Kobashi 1995) for
modeling quasi-brittle materials are considered. The elements fracture mechanism is
based on Mohr-Coulombs tension cutoff surface (Bolander and Saito 1998) as shown in
Fig. 2. The tensile strength (STS), cohesion (C) and slope of the failure envelope (tan/)
are the input parameters of the fracture mechanism. When an element axial stress (rn)
exceeds its tensile strength threshold (STS) or similarly the element shear stress (rs)
exceeds the shear strength (s) the element is removed from the domain.

(a) (b)                            (c) 

Fig. 1. Descrtized medium with lattice elements shown with blue lines (a) randomness factor
0.9, (b) randomness factor 0.5, and (c) randomness factor 0.1
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FGlobal ¼ KGlobalUGlobal; rn ¼ fn
A ; rs ¼ fs

A ; s ¼ rn tan/þC
if rn [ STS or rs [ s; element breaks

ð1Þ

where, A is the cross-section of elements, fn is the axial force and fs is a shear force.
The simulation of fracture initiation and propagation in a three point-bending test is
shown in Fig. 3. The mesh size of 240 � 60 with Young’s Modulus of 30 GPa (E) and
tensile strength of 1.8 MPa is considered.

As shown in Fig. 4, the lattice elements Li,1 and Lj,2 transfer the axial loads from
nodes to contact interface element (L1,2). These interface elements represent the bond
between the particles.

The same fracture mechanism as in RBSN model is considered and the lattice
elements representing the particles are considered to be not breakable so that the
fracture solely happens in the interface elements. The interface length (L1,2) is assumed
to be 50 lm.

Fig. 2. The Mohr-Coulombs tension cutoff surface

Fig. 3. The three-point bending test and propagated fracture shown with red path
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3 Implemented Thermal Model

The thermal model is based on Sattari et al. (2017), where the lattice elements are used to
transform the thermal and mechanical loads. According to this model, the lattice model
is able to predict the heat flow as well as the change of effective thermal conductivity
under various mechanical loadings in cemented geomaterials such as rock. The fracture
mechanism in this model is neglected and the change of contact area under mechanical
load is the main reason for the change of the effective thermal conductivity. In the steady
state condition, when the sum of heat flux (q) into particle i is equal to zero,

r:ðkrTiÞ ¼
XNc

i¼1

qi ¼ 0; qij ¼ hijðTi � TjÞ; hij ¼ k Lii;jjt � 2
3fnLi;j
4E

� �1
3

 !
ð2Þ

where, Nc is a number of the contacts of particle i, T is temperature, t is thickness, hij is
a heat conductance and k is thermal conductivity of minerals. Similarly, in the transient
condition,

XNc

i¼1

qi ¼ qicivi
dTi
dt

ð3Þ

where, q is density, c is specific heat capacity, v is volume and dTi
dt is temperature

gradient. The effective thermal conductivity (ke) is determined based on constitutive
relation.

q ¼ �kerT ð4Þ

Figure 5 depicts the heat flow in a cemented rock material. While using the image
processing toolbox the microscopic image is transferred into the lattice code. Two
different materials (gray and green) with different thermal properties are considered and
the thermal load is applied from the upper boundary (1 °C) and lower boundary (0 °C).
Figure 6 shows the change of thermal conductivity of metamorphic rock under
mechanical confinement pressure while comparing the LEM and experimental results.
In the experimental results, a cubic sample with the dimension of 43 mm is undergone
a hydrostatic mechanical and thermal loading.

(a)  (b)

1 2

Fig. 4. The (a) lattice element without interface element, and (b) lattice element with integrated
interface element (red element)
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The elongation of the elements Li,1 and Lj,2 will introduce compression thermal
forces (f Tn ) on the interface element L1,2, however with the increment of length (L) and
volume of cells (v), according to Eq. 3, the effective thermal conductivity even without
fracture initiation will decrease. The linear thermal strain can be calculated using the
thermal expansion coefficient (a

0
). Eventually, the total strain (e) will be equal to

mechanical strain (em) plus thermal strain (et).

e ¼ em þ eT ; eT ¼ a
0
DT ; f Tn ¼ EAeT ð5Þ

(a)                                 (b) 

Fig. 5. The 2D meso-scale (a) image processing result in LEM (b) the 2D heat transfer in a
heterogeneous material (Sattari et al. 2017)

(a)                                                 (b)

Fig. 6. (a) The result of image processing of metamorphic rock, (b) the comparison of ETC
obtained from LEM and experimental data for metamorphic rock (Sattari et al. 2017)
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The following steps for determining the effective thermal conductivity of rocks under
coupled thermo-mechanical processes are considered:

(1) Applying the mechanical load on the boundary nodes
(2) Calculating the forces in the elements and determining the heat flow under thermal

loading
(3) Measuring the thermal strain based on thermal expansion coefficient
(4) Applying the thermal expansion as well as mechanical loading and determining

the total strain and stresses under coupled thermo-mechanical processes
(5) Applying the fracture mechanism and removing the failed elements
(6) Increasing the mechanical and thermal loads and repeating the above-mentioned

steps

4 Comparison with Experimental Results

The experimental setup is based on measuring the P and S waves and using analytical
equations to measure the change of mechanical and thermal properties in rock samples
(Motra and Zertani 2018). The multi-anvil apparatus in laboratory of CAU Kiel is able
to apply thermal loads from 20 °C to 600 °C and apply confined hydrostatic pressure
till 600 MPa. A rock sample composed of quartz mineral (Table 1), where its quartz
mass percentage is greater than 95%, is simulated. For an initial load, the k value in
Eq. 2 is 6.2 [Wm−1 K−1]. From the experimental data, the E = 77 GPa and Poisson’s
ratio is 0.071.

Table 1. Quartz rock mineral composition

Minerals composition SiO2 Al2O3 Rest

Percentage (%) 95.11 2.02 <1

(a)                                                                                                      (b)  

Fig. 7. (a) The quartz rock, and (b) comparison of experimental and numerical ETC under room
temperature (20 °C) and confinement pressure increment

272 A. S. Sattari et al.



The effect of mechanical loading on heat flow and change of effective thermal
conductivity (ETC) in Quartz rock is shown in Fig. 7. Similarly for a setup shown in
Fig. 8a, the effect of thermal loading, while keeping the mechanical hydrostatic pres-
sure constant at 200 MPa, on fracture initiation and propagation (Fig. 8b) as well as the
change of effective thermal conductivity (Fig. 8c) is presented. The temperature is
increased from 20 °C to 600 °C and the confinement mechanical pressure (rc) and
thermal loads (T) are applied from all the boundaries of the domain (Fig. 8a). When an

(a)

100 °C 400 °C 600 °C 
(b)

(c)

Fig. 8. (a), (b): For a quartz rock (a) the domain boundary condition for both confinement
mechanical pressure (rc) and thermal loads (T), (b) the heat flow and developed fractures in three
different temperatures (100°, 400°, 600 °C), (c) Comparing the ETC under the mechanical
constant pressure of 200 MPa
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interface element is removed, the thermal conductivity between two cells is broken,
therefore the air thermal conductivity of 0.02 [Wm−1 K−1] is considered in broken
elements. According to the results, it can be said that while increasing the temperature
the effective thermal conductivity decreases. This is mainly due to the expansion of the
medium and re-opened or initiated micro-cracks in the domain. According to Fig. 8b, it
is obvious that with increasing the temperature from 400 °C to 600 °C the generated
cracks result in cooler region in center of the domain while comparing to outer
boundaries. The diameter of this cooler region in 600 °C is way bigger than 400 °C.
According to Fig. 8c, the main drop in ETC happened when the temperature is raised to
400 °C, which is in agreement with the increment of developed fractures in the domain.

5 Conclusion

The developed Lattice Element Method (LEM) with interface elements is able to
predict the change of effective thermal conductivity due to coupled thermo-mechanical
processes. The stress-strain behavior due to implemented coupled model is able to
show the expansion of the medium while increasing the compression forces in the
interfaces. The results show a satisfactory outcome while comparing to experimental
results obtained from multi-anvil apparatus in laboratory of CAU Kiel. It is shown that
with increasing the temperature and keeping the mechanical loading constant, the
effective thermal conductivity is decreased. This is due to development of microcracks
as well as volume expansion in the medium. On the contrary, the mechanical load
increment while keeping the temperature constant causes in effective thermal con-
ductivity increment. This is however due to the closure of microcracks and increment
of contact area between the particles. With the extension of the model in 3D as well as
the implementation of the hydro model in near future, the application of the proposed
method into coupled thermo-hydro-mechanical processes will be investigated.
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Abstract. Hydrogen storage in porous geological formations could be
employed in future energy systems to mitigate shortages due the fluctuating
power production from renewable sources. In this work, hydraulic effects of a
hypothetical large-scale hydrogen storage site using 11 wells are investigated
using numerical scenario simulations. It is found that, the storage site can sustain
a power output of 700 to 1140 MW for one week depending on storage per-
meability. The storage operation is associated with a regional pressure increase
of up to 3 bars in 5 km distance to the storage wells.

1 Introduction

Electricity produced from renewable sources is subject to fluctuations due to changes in
local weather conditions. If the share of renewable power production is significant,
continuous shortage periods of several days could occur (Klaus et al. 2010). The
geologic subsurface, e.g. using porous formations, could provide ample capacity for
energy storage to mitigate shortage periods in such energy systems. One option for this
is the use of hydrogen (H2) as an energy carrier in a power-to-gas concept, an idea that
has already been introduced in the mid-1970s (Sørensen 1975). More recently, the idea
of chemical energy storage using e.g. H2 has regained traction (e.g. Sørensen et al.
2004; Klaus et al. 2010; Schiebahn et al. 2015). A key benefit of utilizing H2 instead of
e.g. CH4 is the higher system efficiency, as no additional methanation process is
required (e.g. Schiebahn et al. 2015).

With the increasing use of the subsurface, e.g. for groundwater abstraction,
geothermal applications and large-scale energy storage as described previously, and the
usable subsurface space being limited, induced effects and impacts of specific usages
should be investigated prior to deployment (Bauer et al. 2013). For this numerical
scenario, simulations can be used with examples being the investigation of compressed
air energy storage (Wang and Bauer 2017) and hydrogen gas storage in porous for-
mations (Pfeiffer et al. 2017). The focus of the latter study was on storage dimension
and induced hydraulic effects in case of a hydrogen gas storage operation in a
heterogeneous sandstone formation in Northern Germany.
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2 Storage Scenario, Simulation Model and Storage Setup

An analysis of hydraulic effects of a storage operation requires the definition of the
underlying storage demand since the magnitude of induced effects will depend on the
required injection and withdrawal rates. The storage demand scenario used in this study
is taken from Pfeiffer et al. (2016, 2017), assuming weeklong shortage periods where
no power production from renewable sources is available. The required delivery rate
the storage must provide is based on the average weekly power demand of the state of
Schleswig-Holstein, Northern Germany, which has a population of around 2.8 million
people. In 2011 the total electricity consumption of Schleswig-Holstein was 42.82
million GJ (MELUR 2013). A weeklong shortage period would thus result in a deficit
of about 0.82 million GJ (228,113 MWh) with the average load at any time being
1358 MW.

The efficiency of the re-electrification process is assumed 60% (e.g. Klaus et al.
2010). With the energy density of H2 being around 125 MJ/kg (Carden and Paterson
1979) and the H2 density at surface conditions (prefix s; defined here as 1 bar and
15 °C) of 0.085207 kg/m3, at least 129 million sm3 of H2 gas must be stored.

The structure used in this analysis (Fig. 1) is based on an existing structure in the
North German Basin (NGB), adapted from Pfeiffer et al. (2016, 2017). The extent of
the Rhaetian beyond the original model domain is determined based on depth infor-
mation of the overlying caprocks given by the large-scale regional model from Hese
et al. (2012) and residual thickness data of the Rhaetian (Baldschuhn et al. 2001). The
size of the resulting structural model is about 41 by 48 km in lateral direction, with the
lateral spatial discretization ranging from 50 m near the storage site to 1000 m near the
model boundaries. The vertical discretization varies from 0.2 to more than 15 m
depending on the local thickness of the individual horizons. In areas where the
Rhaetian strikes out hydraulic closed boundaries are assumed. At the remaining
boundary sections the extent of the Rhaetian beyond the boundary is included by
applying a pore volume multiplier and a permeability reduction factor (equal to the
reciprocal) to the boundary elements of the grid. The extent towards the north is
assumed to increase from 3.5 km in the west to 16 km in the east. The extent beyond
the eastern model boundary is assumed to be 10 km. Towards the south the extent is
estimated at 8, 10, and 3.5 km from east to west in the three sections where the
Rhaetian does not strike out (Fig. 1). The caprocks are assumed tight and are conse-
quently excluded from the simulation.

The hypothetical storage site is placed at the shallower eastern flank of the struc-
ture, with the storage operation being carried out using 11 horizontal wells with screen
lengths ranging from 300 to 425 m (Figs. 1b, 5). The maximum allowable overpres-
sures are calculated using an estimate of the minimum horizontal stress gradient of
15 MPa/km (Röckel and Lempp 2003) in combination with a safety factor 0.9. The
resulting upper BHP limits are in the range of 62.6 to 73.7 bars. The lower BHP limit is
set to 30 bars.

The analysis presented here includes two simulation cases with different hydraulic
permeabilities. The hydraulic properties are based on preliminary simulations investi-
gating different generalization schemes of the heterogeneous simulation ensemble
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described in Pfeiffer et al. (2017). It was found, that generalizing permeability using a
simple arithmetic mean of the values of the heterogeneous ensemble provided simu-
lations results in good agreement of the 75th percentile of the ensemble. Generalizing
permeability by calculating the arithmetic average of the vertical harmonic means of
the ensemble provided results close to the 25th percentile ensemble results. Thus, for
this study these two generalization schemes, from herein referred to the high and low
permeability case, are used (Table 1), which provide an estimate for the spread of
possible results. All remaining reservoir properties such as porosity and the multi-phase
properties are averaged using a simple arithmetic mean in both presented cases from
the values given in Pfeiffer et al. (2017). Capillary pressure is determined using the
formulation by Brooks and Corey (1946); relative phase permeability is calculated
using a Corey-type equation (Burton et al. 2009).

Fig. 1. (a) Structural model of the storage complex and (b) depth of the Middle Sandstone of the
Middle Rhaetian. Well positions are depicted by black circles; the positions of the observations
points are marked on the transect depicted by the black line.

Table 1. Hydraulic properties of the simulation runs based on the heterogeneous scenario
simulations presented in Pfeiffer et al. (2017).

Formation Permeability
[mD]

Porosity [–] Srw [–] krgmax [–] pd [bar]

High Low

Upper Rhaetian 1.81 0.39 0.13 0.53 0.12 9.69
Upper Shale, Middle Rhaetian 120.43 70.85 0.28 0.42 0.37 1.68
Main Sandstone, Middle
Rhaetian

598.36 474.81 0.33 0.35 0.68 0.22

Lower Shale, Middle Rhaetian 1.34 0.02 0.11 0.55 0.09 11.06
Lower Rhaetian 46.87 2.86 0.15 0.52 0.17 8.89
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The simulated storage schedule consists of three phases: an initial injection
of Nitrogen (N2) at 15,000 sm3/d/well for 548 days, an initial H2 injection at 15,000
sm3/d/well for 274 days, and the cyclic storage operation with increasing withdrawal
rates (Fig. 2). Each storage cycle consists of a weeklong withdrawal period with the
final target rate being 1.845 million sm3/d/well, followed by a refilling phase at 225,961
sm3/d/well for 60 days and a subsequent shut-in period of 30 days. Operating at
maximum capacity the simulated storage should be capable to provide H2 equivalent to
251,000 MWh in each storage cycle, with the power output being 1494 MW. The
target N2 volume is set to be 20% of the total cushion gas volume, which itself is set to
60% of the total gas in place (GIP) at maximum storage capacity of 710 million sm3.
The H2 injections are schedule so that the H2 fraction in the total GIP does not fall
below 30% at any time. The multiphase-multicomponent reservoir simulator ECLIPSE
E300 (© Schlumberger) is used for all cases.

3 Simulation Results

All simulation results are reported as pressure change versus a base case without a gas
storage operation. The injection of gas results in a pressure increase of no more than 16
bars at the storage wells, governed by the upper BHP limits. At 500 m distance the
overall pressure increase is less than 10 bars for the low permeability case and around
8.5 bars in the high permeability case (Fig. 3a). At greater distances the pressure build-
up is smaller with an overpressure of slightly more than 2 bars in 5 km (Fig. 3b) and
less than 1 bar in about 10 km (not shown). The perturbations caused by the following
storage operation increase in magnitude with the number of storage cycles as the
applied well flow rates increase (compare Fig. 2). During the withdrawal periods
significant pressure reductions of up to −15 bars occur near the storage wells (Fig. 3a).
This results in a zonation with overpressures in the far field of the storage and pressures
below hydrostatic levels near the wells (Figs. 3, 4). Overall the pressure levels decrease
with time as local pressure differences are compensated for by fluid movements
(Fig. 4).

The injected gas accumulates in the top of the structure due to its lower density
(Fig. 5a). The volume of N2 injected is about 83 to 90 million sm3, depending on the

Fig. 2. Simulated storage schedule and target storage capacity in each storage cycle.
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reservoir permeability. The initial volume of H2 in place is 42 to 45 million sm3. Due to
the injection scheme and the homogeneous parameterization of the storage formation
the H2 fraction in the GIP is more than 90% in most of the gas phase (Fig. 5c). Near the
well connections, the gas saturation varies only slightly, while the gas-water contact at
the bottom of the storage formation moves several meters during each storage cycle
(Fig. 5b). Thus, the GIP is not sufficient to support the storage operation completely
through gas compression and expansion. The fraction of H2 within the gas phase shows
changes of up than 20% near the edges of the gas phase (Fig. 5d). Near the storage
wells changes are minimal. The gas phase distribution as well as the distribution of the
components within the gas phase do not show major differences between the two
considered cases. The overall extent of the gas phase is about 7 km by 750 m in lateral
directions (Fig. 5a).

Fig. 3. Pressure change at (a) 500 m and (b) 5000 m along the transect through the well gallery
for both simulation cases (for position of transect see Fig. 1b).

Fig. 4. Pressure change compared to the initial hydrostatic pressure after the (a) the 12th and
(b) the last storage cycle for the high permeability case. The dashed red line depicts the 1 bar
pressure isocline; the black circles indicate the well positions.
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In the first 9 storage cycles the target well flow rates are achieved for most with-
drawal periods in both simulation cases. The GIP is therefore sufficient to support the
desired flow rates. From the 10th storage cycle onwards the GIP is not sufficient to
support the target withdrawal rates such that a decrease in storage flow rates towards
the end of each withdrawal is observed, with the minimum storage flow rates never
falling below 10 and 16 million sm3/d for the low and high permeability simulation
cases, respectively (Fig. 6a).

Fig. 5. (a) Gas saturation and (c) molar fraction of H2 in gas in the storage formation prior to the
16th storage cycle for the high permeability simulation case and differences during one cycle in
(b) gas saturation and (d) H2 fraction at the end of the withdrawal phase.

Fig. 6. (a) Storage flow rate, (b) H2 fraction in the withdrawn gas, and (c) corresponding H2

flow rate and power output for both simulation cases in the last storage cycle (18th).
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The H2 fraction in the withdrawn gas varies from initially 90% to 78% in the first
storage cycles for the low permeability case. In the following storage cycles, and as the
storage size in terms of gas and H2 in place increases, higher and more consistent H2

fractions are achieved during the withdrawal periods. From the 11th cycle onwards, H2

fractions remain well above 90% throughout all withdrawal periods showing only small
variations indifferent of the simulation case (Fig. 6b).

The power output from the storage is a given by the achieved H2 flow rate which in
turn depends on the storage flow rate and the H2 fraction in the withdrawn gas. While
peak H2 flow rate can be much higher, the minimal H2 flow rate achieved at the end of
each storage cycle can be taken as the sustainable flow rate during that specific cycle. In
the low permeability case the sustainable H2 flow rate is around 10 million sm3/d,
corresponding to a power output of around 700 MW. In the high permeability case the
corresponding values are 15.5 million sm3/d and 1140 MW. In total the storage site can
provide at least 116 and 132 million sm3 of H2 (204,950 and 232,860 MWh) in the low
and high permeability simulation case respectively, which is sufficient to cover 90 to
100% of the defined storage demand.

4 Conclusions

For the simulated storage schedule the achieved H2 flow rates and thus the storage
performance does not vary much during the first cycles, with a storage capacity of 5100
MWh being available after the initial filling. Depending on the permeability of the
storage formation, a maximum of around 205,000 to 233,000 MWh can be withdrawn
within one week after 2450 days build-up time. With that, the storage site can supply
90 to 100% of the defined storage demand. The peak power output from the storage is
1480 MW independent of the reservoir permeability, while the sustainable power
output is found to be around 700 to 1140 MW. Therefore, the storage site can provide
for around 52 to 84% of the average load required in the storage demand scenario of
1358 MW. The offset between the coverage of power and energy demand is due to a
decline in storage flow rate during the withdrawal cycles. This can be attributed to the
gas volume in place being too low, also shown by the changing gas-water contact.
However, as the spill points of the structure are not yet reached more gas could be
injected.

The overall extent of the gas phase is about 7 km by 750 m. The storage operation
induces overpressures in the formation, which can reach more than 10 bars within the
first 500 m from the wells and thus in the region of the injected gas. Beyond the gas
phase, the pressure build-up is significantly reduced with less than 3 bars overpressure
in 5 km and less than 1 bar in 10 km, independent of reservoir permeability. Compared
to the absolute pressure values in these regions, which are above 150 bars, the induced
pressure perturbations are small.
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Abstract. Coupled hydro-thermal phenomena are often relevant to applications
in energy geotechnics, such as nuclear waste disposal and ground heat storage or
transfer. It is then necessary to obtain data for use in and validation of models.
Micro-focus X-ray computed tomography (lCT) has the potential to investigate
hydro-thermal phenomena, both qualitatively and quantitatively. However it is
difficult to obtain representative CT scan data for dynamic processes as a
compromise must be made between image quality and scan time. For example,
in thermally-driven water flow, moisture migration in the pore space could occur
rapidly and over the course of a single scan. Reducing the scan time to obtain
representative temporal data leads to a different set of challenges in terms of
image quality and data processing. This paper investigates the potential of
algebraic reconstruction techniques (ART) to improve the quality of recon-
structed images from fast undersampled scans or noisy projection data, with
reference to a uniformly-graded dry sand specimen. Results using ART are
compared with those obtained using data reconstructed by the conventional
filtered back-projection technique (FBP). In both cases, phase proportions are
determined by Gaussian decomposition (GD) rather than traditional thresholding
methods. It is shown that there is no need to attempt to improve the image
quality by altering the image reconstruction algorithm, because GD is tolerant of
undersampling and noisy data.

1 Introduction

Coupled hydro-thermal flow phenomena are relevant to applications in energy
geotechnics, such as nuclear waste disposal and in-ground heat thermal storage.
However, it is challenging to obtain real data for model evaluation and validation.
Micro-focus X-ray computed tomography (lCT) has the potential to investigate hydro-
thermal flow phenomena both qualitatively and quantitatively, although it can be dif-
ficult to obtain representative data because a compromise may need to be made
between image quality and scan time. For example, in thermally-driven water flow,
moisture movement in the pore space can occur rapidly, over the course of a single
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scan. Reducing the scan time to minimise movement artefacts in the reconstructed
image brings challenges in data processing and image quality.

To improve the image quality from fast undersampled scans or noisy projection
data, it is possible to employ alternative reconstruction algorithms [beyond the de facto
standard of filtered back projection (FBP) (Ketcham and Carlson 2001)]. Previously,
Myers et al. (2011b), based on prior information in Myers et al. (2011a), used algebraic
reconstruction techniques (ART) (Gordon 1974) to study two-phase flow scenario.
They show the potential of ART to offer sensible reconstructed image data from fast
temporal scans, although quantitative data analyses and comparisons were not pro-
vided. This potentially useful reconstruction approach has not been extended to the
X-ray CT applications in geotechnics; this is the subject of our study.

In this article, we investigate the use and present quantitative analyses of algebraic
reconstruction techniques (ART) (Gordon et al. 1970) for fast scans on soils. Com-
parisons are made with analyses based on data from the conventional filtered back-
projection reconstruction (FBP) (Dudgeon and Mersereau 1984), achieved by Gaussian
decomposition analysis; these are also presented.

2 X-Ray CT Reconstruction Approaches

2.1 Filtered Back-Projection Reconstruction Technique (FBP)

Filtered back-projection reconstruction (FBP) is a conventional analytical reconstruc-
tion technique. As illustrated by Ketcham and Carlson (2001), in FBP each view is first
filtered in the frequency domain; the filtered views are then sequentially superimposed
over a rectangular grid back in the direction appropriate to its acquisition orientation, to
produce the reconstructed image data. A view is a 1D attenuation profile based on the
position at the corresponding orientation. Filtration of views will suppress the low
frequencies, resulting in sharp image data; however, the filtered image data can be very
noisy due to the amplified high frequencies [resulting in low contrast-to-noise ratio
(CNR) (BSI 2011)]. FBP works well when a large number of projections are available.
However, it cannot provide high quality data when the number of projections is small
(Chetih and Messali 2015).

2.2 Algebraic Reconstruction Techniques (ART)

As an iterative algorithm for image reconstruction, ART (Gordon et al. 1970) recon-
structs a tomographic slice image from projections by continual approximation. The
projections corresponding to the current estimate are compared with the measured
projections. The result is used to modify the current estimate to create a new
approximation (Gordon 1974). This assumes that the cross sections contain arrays of
unknowns, and the reconstruction process is analogous to solving a set of linear
equations via a finite collection of basic functions (Chetih and Messali 2015), using an
iterative method [SART (Andersen and Kak 1984)].

Image data from ART is less noisy (higher CNR), but may also be less clear [higher
point spread function (PSF) (Ketcham and Hildebrandt 2014)], than that derived from
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FBP under the same imaging conditions. This is because random error (i.e. noise in this
case) during ART reconstruction tensions the resulting matrix, and hence tends to
become minimised.

3 Experimental Design

In our work, ART is the primary reconstruction approach tested for its potential
application to fast scans in geotechnics. A number of experiments was carried out on a
dry sand specimen. Two scans were implemented for comparison; one scan was carried
out at normal scanning settings as the control group (CG), and the other scan as the test
group (TG) in undersampled fast scan conditions.

3.1 Specimen Characteristics

The CT scan experiments were carried out using a dry sand specimen prepared by air
pluviation (Cresswell et al. 1999). This specimen was prepared from uniformly-graded
Fraction E Leighton Buzzard sand (BSI 1998), with an inside diameter of 5 mm and a
height of *10 mm. The solid proportion, determined by gravimetric measurement,
was 60% ± 1% (porosity 40% ± 1%). Air pluviation is known to give suitably
repeatable results.

3.2 Scan Settings

The scans were conducted using the Benchtop scanner at the University of
Southampton l-VIS Imaging Centre (University of Southampton 2017), which features
a standard 160 kVp reflection tungsten target. The scan settings are given in Table 1.
The only difference between the test group (TG) and the control group (CG) was the
number of projections, with all other parameters being the same. Consequently,
scanning for the TG was more than six times faster than that for the CG, with scan
times of about 21 min (TG) and 135 min (CG).

3.3 Protocol of Reconstruction and Processing

The FBP reconstruction was implemented using vendor-specific implementations of the
Feldkamp Davis Kress algorithm (Feldkamp et al. 1984) via Nikon X-TEK CT Pro 3D
(Version XT 2.2 Service Pack 11). Possessing the same algorithm as ART, the simul-
taneous algebraic reconstruction technique (SART) (Andersen and Kak 1984), which is
a superior implementation, was adopted for the algebraic reconstruction. It was
implemented by the X-ray tomography 3D reconstruction software Digisens (2011).

Table 1. Scan settings of CT experiments

Scan Energy Intensity Exposure
time

Frames (per
projection)

Projection
count

Resolution

TG 80 kV 75 lA 1067 ms 4 300 9 lm
CG 80 kV 75 lA 1067 ms 4 1905 9 lm
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As FBP is able to reconstruct image data perfectly provided a sufficient number of
projections is acquired; thus the CG data were reconstructed only by FBP to offer a
basis for the assessment of the TG results. The TG data were reconstructed by both
FBP and ART methods.

Gaussian decomposition (GD) via the Levenberg–Marquardt algorithm (Levenberg
1944; Marquardt 1963) was used to process the reconstructed unsigned 16-bit image
data; although segmentation of the solid and air phases in soil specimen would have to
be performed, this will give good threshold values. GD was carried out using Gnuplot,
a mathematical plotting package (Williams et al. 1986). GD is not normally used in soil
image segmentation, but has recently been shown to be a promising approach when
segmenting three phases in soils from undersampling scan or noisy data (e.g. Liu et al.
2017).

Compared with the implementation of FBP reconstruction for the entire image data,
the ART reconstruction was implemented on a small central range (e.g. 1212 �
1212 � 5 voxels for this case) to save computing resource, with a reconstruction period
in the order of hours for the entire dataset. Primary comparisons and analyses were based
on the same image slice located in the middle of the specimen; global results based on the
entire image data from both TG and CG are also presented for comparison. Typically, the
solid phase fraction is used as the key metric of performance.

4 Analysis and Discussions

4.1 Evaluation of Image Quality

4.1.1 PSF and CNR
Image quality was assessed initially on the basis of the results of PSF and CNR, along
with visual observation of the reconstructed images; they also assist the judgement of
whether the loss in clarity around the boundaries of the solid particles is likely to be
less significant than the possible gain in terms of CNR. A number of small regions of
solid and air phases was selected from the targeted image, and their average grey values
(GVs) used for the calculation of the contrast to noise ratio between solid and air
(CNRsa). For the assessment of point spread function (PSFsa), a straight line was drawn
across the centre of the selected areas from these two phases, perpendicular to their
interface.

The same TG data were evaluated; the CNRsa outcomes from the tested ART
settings are mostly around 8, compared with about 6 from FBP. The PSFsa values from
both reconstruction algorithms were close to each other, at approximately 6.

As the iteration number will influence the reconstruction time, the setting with the
lower iteration number is usually selected, provided a similar image quality can be
guaranteed. In this case, the iterative setting with 10 iterations and a convergence speed
of 0.05 were chosen.
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4.1.2 ART Versus FBP
Using the TG data, the same image slice reconstructed by ART (from the optimal
settings) and the standard FBP are compared. As can be seen from the zoomed-in local
images (Fig. 1), image (i) looks less noisy but more blurred than that from FBP (image
(ii)). This is plausible, as ART is able to denoise and minimise image errors. Although
image (i) is not visually as sharp as image (ii), this can be attributed to the repeated
corrections involved in the iterative calculation algorithm in ART.

4.2 Quantification Analysis

To analyse quantitatively the feasibility of the approach, the solid fraction of the same
image slice from the three different datasets is assessed by GD. The three datasets are
the image reconstructed from the TG by ART, the image reconstructed from the TG by
FBP, and the image reconstructed from the CG by FBP.

The global solid proportions were determined for the FBP reconstructed TG data
(61.2%) and the CG data (60.9%) from the full dataset, excluding slices suffering from
the cone effect. The results are quite consistent with the gravimetric measurement of
60% (±1%).

For the assessment of the local solid fraction, a same image slice reconstructed by
ART and FBP from the TG data and that reconstructed by FBP from the CG scan data
were compared. The FBP reconstructed TG data (61.4%) provides a close result to that
from the CG data (61.3%). This indicates that the GD analysis is reasonably tolerant of
the relatively poor image data. However, a noticeable overestimate from the ART
reconstructed data (67.0%) was obtained. This may be due to a GV error probably
arising from the imperfection of the convergence calculation from the ART recon-
struction, to which the GD may be more susceptible.

(ii)(i)

Fig. 1. Zoomed-in region from the same image; (i) ART and (ii) FBP
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5 Summary and Conclusions

For X-ray CT applications in geotechnology, the challenge of improving the quanti-
tative interpretation of poor quality image data (e.g. undersampled fast scan data) has
not been widely studied. In this article, an alternative type of image reconstruction
technique (ART) was assessed, to explore the possibility of decreasing the scan time
without compromising the image quality by using a different image reconstruction
algorithm.

Based on a study of a dry sand specimen, it was found that the FBP reconstructed
image data are able to provide a sensible result, based on Gaussian decomposition
(GD) analysis. The same GD analysis on ART reconstructed image data gave an
overestimate of the solid fraction, which may be resulting from a GV error due to
imperfect convergence in ART reconstruction.

It can be concluded that GD analysis is able to provide sensible results for the phase
fraction from FBP reconstructed undersampled image data, without the need to explore
the ART reconstructed data.

Finally, it is proposed that for the phase proportion analysis, there is no need to rely
on improving the image quality by altering the image reconstruction algorithm (e.g.
ART). However, a different reconstruction approach (e.g. ART) may still be attempted
and useful, for example when an analysis from the particle morphology perspective is
needed from poor image data (e.g. undersampled fast scan data).
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Abstract. Thermal heat storage in the subsurface can be in the form of latent
heat. In this way heat can be stored in the form of ice, where heat is stored when
ice melts, and heat is extracted by ice formation. We investigate the use of a
borehole device for heat exchange with the subsurface. The main advantage in
comparison with existing underground storage devices is the limited size of the
required excavation. The device is equipped with extraction and recharge cir-
cuits arranged in two concentric helices connected at the bottom of the cylinder.
The performance of the device is predicted with finite element COMSOL
modelling and tested in the laboratory. Some key aspect are identified that will
help optimizing the design and the usage of the system.

1 Introduction

Heat storage is becoming more and more important to facilitate the energy transition. In
order to mitigate climate change, low temperature heat will be used in the built envi-
ronment to replace the traditional gas-fired boilers. The heat can be provided by solar
collectors, for example. However, this energy source is typically not able to produce “on
demand”. Contrary to gas-fired boilers, there can be a mismatch between heat demand
and heat production, for example in winter, when there is not enough solar energy
available for domestic heating. The option of harvesting surplus heat in summer and use
it in winter is therefore of paramount importance for large-scale implementation of
renewable energy systems in domestic applications. One possibility is to simply store
hot water in huge ponds (200,000 m3 or more), in insulated water tanks or gravel-water
tanks (Schmidt et al. 2003). Hot water produced in summer can also be stored in the
underground by pumping it through a closed loop pipe (closed loop geothermal system)
or infiltrating it in the aquifer through a well (open loop geothermal system).

Also storage in the form of latent heat has been investigated (Carbonell et al. 2014;
Winteler et al. 2014). In this case heat is stored when a solid melts and extracted by re-
solidification. One of the advantages is that during the phase transition the temperature
stays the same so that no insulation is needed. Subsurface ice storages so far installed
(Viessman 2013; Punktwissen 2017; SolarEis 2017) have volumes from 10 to 700 m3,
depending on the function and number of the buildings served. They require therefore
large excavations, which is difficult in densely built areas. In this paper, we investigate a
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borehole application. The borehole has a diameter of 0.4 m and a length of 20 to 30 m,
thus minimizing the space usage and the influence on the surrounding (sensitive) objects.

The volume of water/ice in the cylinder is ten to twenty times smaller than in the
abovementioned ice storages. On the other hand the contribution of the ground is
expected to be more important considering both the larger depth and the slenderness of
the cylinder in comparison with previously designed ice tanks.

A finite element numerical model of the ice tank has been developed in COMSOL
Multiphysics with the aim of optimizing the geometry of the tank and circuits as well as
the operation strategy. Moreover, in order to get a better understanding of the physical
processes occurring in the tank and calibrate the numerical model, a physical model has
been built that reproduces on a scale 1:1 the basic unit of the ice tank.

2 Description of the System

The concept design of the heat storage system is shown in Fig. 1. It consists of two
circuits, heat recharge and heat extraction circuit, which are inserted in a cylindrical
tank installed below the ground surface. The tank is hydraulically connected to the
aquifer and the phase change of the groundwater is exploited to extract heat during the
cold period. Heat extraction and heat recharge circuit are arranged in two concentric
helixes and are interdigitated so as to facilitate ice melting. Indeed one major issue with
ice storages is that if the ice layer on the heat exchanger grows too thick, lower and
lower source temperatures are required to satisfy the heat demand, leading to a quick
depletion of the resource. The extraction circuit is connected to a heat pump. The
recharge circuit is connected to absorber panels which exchange heat with the outside
environment mostly by convection. Outer and inner circuit can be connected either in
parallel or in series. The cylinder has a diameter of about 0.4 m and a length of 20 to
30 m. The diameter is based on practical considerations: the cylinder has to accom-
modate all the components but at the same time the effort for the installation must be
kept limited. Moreover, since the operation strategy is keeping the amount of ice
limited, a large volume of phase change material is not needed. The length of the
cylinder has to be determined on the base of the heat demand of the building served and
on the climate. The system is set up of modular components, which means that
additional capacity can be made using extra length or extra cylinders.

Based on both performance simulation (Winteler et al. 2014) and real data
(Punktwissen 2017) related to similar ice storage systems, direct extraction from the
absorber panels is expected to be the main source of heat, while the ice storage will be
mostly used for cold spells. Heat will be extracted directly from the panels until the
outside temperature drops below the temperature in the tank. At that point heat will be
extracted from the tank. When the outside temperature is higher than the temperature in
the tank, the panels can also feed the recharge circuit to store heat in the ground. The
circuits are triggered using data from sensors installed in the tank. The system can also
be used in summer for active/passive cooling. In this case the extraction circuit releases
heat in the ground and the recharge circuit injects cool fluid when the outside tem-
perature drops below the temperature in the tank. Excluding cold spells, the recharge is
expected to occur on a nearly daily basis during the warmest hours (in winter mode) or
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coolest hours (in summer mode). The amount of phase change material is too small to
provide passive cooling for the whole summer but with daily recharge the system can
serve as a buffer between day and night.

3 Physical Model

The experimental facility consists of two 25 mm pipes inserted in a PVC cylindrical
container (Fig. 2). The cylinder has a diameter of 31.5 cm and a length of 100 cm.
Cold and warm fluid can be circulated through the pipes by means of a liquid cooler
and a liquid heater. In the experiments the cylinder was horizontal and filled with water.
A 50% glycol-water mixture at a constant temperature of −10 °C was circulated in the
top pipe for 28 h. The bottom pipe was filled with the glycol mixture but was not
activated. Temperature was measured continuously by means of six type-T thermo-
couples. Three were installed at fixed locations in the cylinder; one measured ambient
temperature and two measured the input and output temperature of the refrigerated
fluid. The sensors inside the cylinder were installed at the same height and increasing
distance from the vertical axis (Fig. 2). A separate thermocouple probe was used to
manually sample temperature in different points inside the cylinder during the
experiment.

Figure 3 shows the results of the first experiment. The profiles of the temperatures
measured at different locations lay are on top of each other, indicating that the tem-
perature is independent of the distance from the cold pipe. After a period of 24 h the
temperature inside the container reached a steady value of 9.8 °C. According to the
measurements performed with the probe thermocouple, the temperature was the highest
at the top of the container (16.1 °C) and the lowest at the bottom (9.5 °C). It was
inferred that stratification took place inside the container due to buoyancy movements.
No ice formation was observed at the outer surface of the cold pipe.

Fig. 1. Schematic view of the ice tank with extraction and recharge circuits.
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4 Numerical Model

A numerical simulation of the experiment was performed using a two-dimensional
model representing a transversal cross-section. The model was developed with
COMSOL Multiphysics. Two different cases were considered: one including free
(density driven) convection and one where convection was not included. The results are
shown in Fig. 4.

In order to counteract convection in the solidified material a volume force has been
added following an approach already adopted by other authors (e.g. Chenzhen et al.
2018). We notice that when free convection is added in the model, all temperatures
follow the same profile, which is in agreement with our experimental results. There is
still a difference in the equilibration time, however. Steady state is indeed predicted by
the numerical model but at a later stage than observed in the experiment. At steady state
the temperature at the wall of the pipe is about 5 °C, therefore no ice develops.

Fig. 2. Scheme of the experimental setup

Fig. 3. Experimental results. Temperature measured at three locations inside the cylinder along
the horizontal diameter: x = 0, x = 0.075 m and x = 0.11 m.
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The velocity field is portrayed in Fig. 5 next to the temperature contours. The water
that is cooled down around the cold pipe moves towards the bottom of the cylinder. In
the lower part of the cylinder continuous mixing occurs, resulting in nearly uniform
temperature; in the top part nearly no mixing takes place so that temperature stratifi-
cation can occur. The calculated heat flux across the wall of the cold pipe is two times
larger in the model including free convection than in the model without convection
(800 W/m2 vs 400 W/m2 after 10 h). Since freezing could not be achieved with the
initial setup, the experiment was repeated after surrounding the cylinder with a 5 cm
layer of insulation material. The results of both the experiment and simulation are
presented in Fig. 6.

The initial temperature is lower than the ambient temperature (22 to 24 °C) because
the cylinder was filled with cool water lower in order to speed up the ice growth.
Around 20 h the temperature in the centre (black line) shows a plateau and the tem-
perature at the top of the cylinder (grey line) becomes lower than the temperature in the
centre. This is the moment when thermal inversion occurs: below 4 °C the colder water
is lighter and moves upwards. After 100 h a layer of about 5 cm had formed around the
cold pipe.

Fig. 4. Comparison between experimental results (grey line) and results from preliminary
numerical model (void markers) and model including free convection (filled markers).
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Fig. 5. Temperature and flow velocity field after 25 h obtained form numerical simulation

Fig. 6. Experimental and numerical results for the experiment with insulation.
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5 Prototype

A full prototype will be installed in the summer 2018 in Eindhoven. It will be used for
heating and cooling a two-storey office building with a total surface of about 200 m2.
The ice storage will be integrated with pipe absorber modules placed on the roof of the
building. The building is currently provided with radiators which require a high tem-
perature source. To exploit the low temperatures delivered by the heat pump a fan coil
unit system will be installed.

Chains of temperature sensors (either PT100 or Fiber Bragg Grating) will be
installed both in the ice storage and in the surrounding soil. The data will be used both
to calibrate simulation parameters and to provide real-time indications for the dynamic
operation of the heating/cooling system.

6 Conclusions

In order to investigate some aspects of a borehole heat exchanger that exploits the
phase change of water a physical model has been developed and two experiments were
run. The experiments have been reproduced using a finite element model developed in
COMSOL. After free convection was included in the numerical model, the latter was
capable to reproduce quite well the important features observed in the experiments.
Combining experiments and numerical modelling, it has been demonstrated that den-
sity driven convection strongly enhances the exchange of heat allowing a higher power
to be extracted and decelerating the ice growth. It follows that the contribution of free
convection should not be neglected in the design of the complete system, although
modelling free convection in complex geometries can be time consuming. Free con-
vection is also expected to cause temperature stratification in the tank. A full prototype
will be installed soon and closely monitored over the whole length to get further
insights.
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Abstract. Porosity is a very important rock property because it controls many
other rock properties. However, not only the total or open porosity but also the
rock pore structure (RPS) is important because of its relation to some rock
properties. The RPS includes characteristics such as the rock pore size and
shape, pore size distribution, total and open porosity, active interior pore wall
surface, and interconnectivity of pores. Not all the RPS characteristics are easy
to identify and express numerically. Porosity is commonly tested in all com-
mercial laboratories of rock mechanics, but the other RPS characteristics are
tested in advanced scientific laboratories only, because their determination
depends on expensive laboratory devices and highly skilled staff. In the paper
we present the practical use of a very simple alternative method of determining
RPS. The method is based on an assumption: if water sorption (adsorption and
absorption) into rock pores is controlled by RPS, then water sorption under
various controlled conditions can determine RPS. The RPS determination is
demonstrated on rock samples, from 80 localities, of eight the most common
rock types widely used in civil engineering practice in Slovakia. All the results
are given as the percentage weight of water in rock pores of four different
categories, which are defined by their size and accessibility to water. The results
also reveal the average values and ranges of RPS for each tested rock type.

1 Introduction

In engineering practice, the total porosity is routinely tested in laboratories (STN EU
1636 2007). However, to understand the relationship with various rock properties and
processes related to the presence and behaviour of water in rock pores, knowing the
total porosity is not sufficient. Also, if we want to predict rock resistivity against
deterioration, it is important to understand the rock pore structure (RPS) (Prikryl 2013;
Moh’d et al. 1996; Benavente et al. 2004; Ruedrich and Siegesmund 2007; Ordónez
et al. 1997; Ondrášik and Kopecký 2014). The rock pore size and geometry, pore size
distribution (PSD), and architecture of pore interconnection are characteristics which
are not commonly studied in engineering and geological practice but are only inves-
tigated in specific research projects focused on the properties of porous material and the
consequences resulting from them (Sun and Scherer 2010; Kaneuji et al. 1980). The
reason for this is that the most common methods of pore structure determination

© Springer Nature Switzerland AG 2019
A. Ferrari and L. Laloui (Eds.): SEG 2018, SSGG, pp. 299–306, 2019.
https://doi.org/10.1007/978-3-319-99670-7_38

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99670-7_38&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99670-7_38&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99670-7_38&amp;domain=pdf


(Anovitz and Cole 2015) are tedious, expensive, and time consuming and require
special laboratory equipment and skilled operator.

In our researches, focused on identification of the role of RPS in rock deterioration,
we identify some of the most important characteristics or features of the RPS by a
simple method similar to the one suggested by Kate and Gokhale (2006). Our method
is based on water sorption under three different conditions and the assumption that if
water sorption (adsorption and absorption) into rock pores is controlled by RPS then
water sorption under various controlled conditions can determine (or indicate) RPS.
Using this method, we present the indicative RPS of eight rock types quarried in
Slovakia for use in civil engineering. The rock samples are from 80 localities.

2 Theoretical Background and Basis

As one of the most important features of the RPS, the PSD is determined by many
methods. Anovitz and Cole (2015) summarized 19 methods. Mercury intrusion
porosimetry and gas sorption are the most commonly used methods. However, like any
of the other methods, they are also limited by assumptions accepted in their theories
regarding the final pore size and PSD calculations and by architecture, and geometry of
pores (Anovitz and Cole 2015; Thommes et al. 2015). These limits can be crucial for
the accuracy of the results, because, as can be seen from the numerous microscopic
images of rock pores published in scientific papers (Kate and Gokhale 2006; Labus and
Bochen 2012; Benavente et al. 2004) and on the Internet, the pores in rocks have any
shape but the ideal cylinder or slot-like shapes with a smooth wall surface.

To avoid the problem of not uniform size and shape of a pore, Brunauer et al. (1967)
suggested using the hydraulic radius for calculating the pore size from water vapour
adsorption isotherms. Based on this hydraulic radius, Kate and Gokhale (2006) sug-
gested a simple modified water vapour adsorption method to estimate a complete PSD.

According to experiences from our researches concerning the influence of pore
water on rock properties, the most important role of the RPS is its influence on the
accessibility of pores to water and the quality and quantity of interactions between pore
walls and water. The pore accessibility controls the presence of water in pores, that is,
the speed of water saturation and degree of saturation. The pore-wall–water interaction
controls the water properties, that is, water with interaction is adsorbed water and water
without interaction is free water. These two types of water have different thermody-
namic properties, which control some of the processes occurring in rock pores, which
are especially strong when the temperature passes the freezing point of water (Powers
1955; Hudec 1991, 1993; Ondrášik and Kopecký 2014).

The pore size classification, which takes into account the presence of adsorbed
water in pores (physisorption), is the one given by IUPAC (Sing et al. 1985).
According to this classification, pores smaller than 2 nm are called micropores, pores
with sizes between 2 and 50 nm are mesopores, and pores greater than 50 nm are
called macropores. Pores entirely filled with adsorbed water are micropores (micropore
filling) and mesopores (monolayer-multilayer adsorption and capillary condensation)
(Sing et al. 1985). Free water (also called bulk water) is found in macropores.

300 M. Ondrášik et al.



The accessibility of pores to water depends on the shapes of the pores, intercon-
nectivity, and pore architecture. Through pores with two ends (openings to external
space) or a pore network with three or more ends (Rouquerol et al. 1994) can be filled
with water instantly. We call them “easily accessible pores”. One-ended pores (blind
pores, ink-bottle pores) or pores with a narrow throat are pores that can only be filled
with water under special conditions. We can call such pores “not easily accessible
pores”. The last type of rock pore is those which are not accessible to water at all. We
call them “closed pores”.

To satisfy our need to understand the basic features of RPS, we have developed a
method for the determination of indicative RPS. It is based on the determination of
(1) micropores and mesopores by water adsorption, (2) easily accessible macropores by
water absorption, and (3) not easily accessible macropores by boiling or vacuum
absorption. Also, the content of (4) closed pores can be determined by using the total
porosity. The content of the four defined categories of pores is given not as the
recalculated PSD in length units but as the percentage weight of water occupying these
pores in relation to the dry rock weight.

3 Tested Rock Samples and Test Methods

A new and simple indicative RPS identification is presented here using data from 80
rock samples collected from 80 localities in Slovakia. The samples included rock types
quarried for the building industry, either as rock aggregates or as construction or dec-
orative stone: granite, andesite, basalt, rhyolite, tuff, sandstone, travertine, and lime-
stone. All the rock samples were “leftovers” from a project, The Engineering Geological
Atlas of Rocks of Slovakia (Holzer et al. 2009), in which rocks from 146 localities from
Slovakia are described in detail, including 20 physical and mechanical rock properties
(basic set of properties required by standards on natural stone). The tested rocks were
dimensioned cubes of 50 � 50 � 50 mm or cylinders of 50 � 50 mm.

The indicative RPS determination presented herein is based on suction tests per-
formed under three different conditions: 59-day water vapour adsorption at 98% RH
(relative humidity), 48 h water absorption under atmospheric pressure, and 3 h water
absorption by boiling.

The 59-day water vapour adsorption test at 98% RH was performed to identify the
content of micropores and mesopores in the rock samples. Usually, a shorter test is
sufficient (hours to three days), but a long time was required for the dimensioned
50 � 50 � 50 mm cubes and 50 � 50 mm cylinders to establish a balance between
98% RH and adsorption; that is, after 59 days there was no gain in the weight of the
tested samples. All 80 samples were tested at one time in a climatic chamber with 98%
RH controlled by a saturated solution of CaSO4 and an electrical fan. The rock weight
gain was measured.

The 48 h water absorption test, carried out according to STN EN 13755 (2003),
was used to identify macropores that were easily accessible to water. The test results
were taken from the project Atlas (Holzer et al. 2009).
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The 3 h water absorption by boiling was performed to identify rock macropores
which are not easily accessible to water. The test was performed according to STN EN
13755 (2003).

For identification of the content of closed pores, the rock total porosity determined
as part of the Atlas project was used. This porosity, determined according to STN EN
1936 (2007) and given as a volume percentage, was converted into a weight percentage
of the dry weight of the rock.

To calculate the content of (1) micropores and mesopores (NADS), (2) easily
accessible macropores (NBULK), (3) not easily accessible macropores (NVOID), and (4)
closed pores of any size (NC) from the test results, the following equations were used:

NADS ¼ NAD98 ½wt:%� ð1Þ

NBULK ¼ N48�NAD98 ½wt:%� ð2Þ

NVOID ¼ NV�N48 ½wt:%� ð3Þ

NCLOSE ¼ n � qw
qd

� NV ½wt:%� ð4Þ

where NAD98 is the content of adsorbed water, N48 is the content of absorbed water after
48 h saturation, NV is the content of water saturated in pores by 3 h boiling, n is the
total porosity as a volume percentage, qw is the density of water, and qd is the apparent
density of dry rock.

The content of the four defined pore types of the indicative RPS is given as a
weight percentage (weight of water occupying the space in the pores related to the
weight of dry rock). This RPS determination has the advantage that no assumptions are
made for the final calculation of the pore size or PSD.

4 Test Results

The indicative RPS of the eight rock types used in civil engineering in Slovakia is
given in Table 1 and in the bar graphs in Figs. 1 and 2. Table 1 gives the indicative
RPS data for each rock type in two lines. The first line shows the number of samples
(n), content of micropores and mesopores (MADS), easy accessible macropores (NBULK),
not easily accessible macropores (NVOID), closed pores of any size (NCLOSE), and total
porosity (n). All the data except the total porosity are expressed as weight percentages.
The total porosity is given as the volume percentage. The second line shows the same
data as the first line but in relation to the total porosity; that is, the contents of
(1) micropores and mesopores, (2) easily accessible macropores, (3) not easily
accessible macropores, and (4) closed pores of any size are expressed as percentage of
the total porosity (recalculated to weight percentage). There are minimal, average, and
maximal values. The average values in one line give sum 100%. The last part of the
second line shows the maximal and minimal values of total porosity as volume per-
centages. The average value is in the line above.
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The graphs present the indicative RPSs of granite (Fig. 1a), rhyolite (Fig. 1b),
basalt (Fig. 1c), tuff (Fig. 1d), andesite (Fig. 1e), sandstone (Fig. 2a), travertine
(Fig. 2b), and limestone (Fig. 2c). For each rock type, there is one graph with four bar
groups. The first bar group represents the content of micropores and mesopores. The
second bar group represents the macropores that are easily accessible to water, the third
represents macropores that are not easy accessible to water, and the fourth represents
closed pores. The content of the pores is expressed as a weight percentage. The bars in
each group have the same order and represent the same rock sample. For example, the
second rhyolite sample is represented by the second bar in the first group of bars
(Fig. 1b), by the second bar in the second group of bars, by the second bar in the third
group of bars, and by the second bar in the fourth group of bars. This means of
visualization of the results of the indicative RPS was used for better presentation of the
RPS of the rock types and not the RPS of the individual rock samples, which are not
the priority of this paper.

For a better understanding of the indicative RPS data in relation to the routinely
tested total porosity, an extra bar graph is given to each indicative RPS bar graph. The
extra graph illustrates the total porosity for each rock sample given as a volume
percentage.

Table 1. Indicative RPS of eight rock types from Slovakia (80 rock samples)

Rock type n MADS NBULK NVOID NCLOSE n

[wt.%] [wt.%] [wt.%] [wt.%] [vol.%]

Granite
#(Ø)"

4 0.16 0.18 0.04 0.04 0.89

28.8 (39.1) 46.3 21.5 (42.1) 59.7 4.6 (9.3) 15.7 0.2 (9.6) 35.5 0.17 () 1.41

Rhyolite
#(Ø)"

5 1.43 2.81 1.14 2.87 17.44

11.3 (17.0) 23.9 12.2 (34.5) 50.3 1.9 (12.4) 29.8 14.6 (36.1) 57.3 15.18 () 21.33

Basalt
#(Ø)"

3 0.67 0.02 0.05 0.26 2.75

56.5 (66.9) 74.9 0.0 (0.3) 9.4 2.1 (6.1) 11.9 13.6 (27.3) 38.8 2.07 () 3.40

Tuff
#(Ø)"

4 7.28 3.63 2.81 3.64 30.62

36.3 (42.7) 55.0 18.8 (21.3) 24.9 6.3 (15.6) 22.8 2.3 (20.4) 35.6 21.13 () 41.61

Andesite
#(Ø)"

17 1.71 0.0 0.18 0.82 6.31

20.2 (70.8) 116.1 0.0 (15.0) 32.2 0.0 (5.2) 14.4 0.0 (33.3) 80.0 0.61 () 16.98

Sandstone
#(Ø)"

12 0.84 0.46 0.16 0.15 3.61

3.5 (56.6) 93.0 8.8 (25.4) 105.9 0.0 (7.0) 40.6 0.0 (11.0) 73.2 1.16 () 8.69

Travertine
#(Ø)"

2 0.71 2.60 1.37 0.23 9.4

10.9 (14.8) 18.6 50.8 (53.2) 55.6 19.0 (27.2) 35.3 3.0 (4.9) 6.7 9.23 () 9.65

Limestone
#(Ø)"

33 0.13 0.29 0.19 0.46 1.93

2.4 (24.1) 87.6 0.0 (30.4) 86.7 6.9 (11.6) 43.8 0.0 (33.9) 94.3 0.11 () 19.24

#(Ø)" = minimal (average) maximal values
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Fig. 1. Indicative RPS of some igneous rocks: (a) granites, (b) rhyolites, (c) basalts, (d) tuffs,
and (e) andesites

Fig. 2. Indicative RPS of some sedimentary rocks: (a) sandstone, (b) travertine, and c) limestone
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5 Discussion and Conclusions

The results of total porosity (Table 1) for the particular rock types were expected
(Matula and Pašek 1986). But the data indicating the RPSs of eight rock types (granite,
rhyolite, basalt, tuff, andesite, sandstone, travertine, and limestone) obtained from 80
localities in Slovakia are published for the first time. The data include the average,
minimal, and maximal values for each of the four defined pore types of the indicative
RPSs of the eight rock types (Table 1) and data for each rock sample from 80 localities
(Figs. 1 and 2).

Comparison of the data suggests that each graph shows a unique indicative RPS
pattern: unique for each rock type and unique for each rock sample. It can be taken as
the rock’s “fingerprint”, which is characteristic for each rock type and for each locality
from which the rock sample was taken. We can also assume that rocks of the same
petrological type with similar rock properties which are controlled by RPS also have
similar indicative RPSs. This assumption can be used for identification or prediction of
the rock properties.

The data from the indicative RPS can be analysed in relation to any other data
(permeability, frost resistivity, uniaxial compression strength, tensile strength, and
many others) and their possible mutual relationship can be identified.

The advantages of the suggested method are that it is simple (no special sample
treatment or laboratory equipment is required), many rock samples can be tested at one
time, and the results can be correlated directly with other rock properties.

Acknowledgement. This article was created with the support of the Ministry of Education,
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Time-Dependent Deformation of Chalk Marl
Under a Triaxial State of Stress

Nuri Al-Mohamadi(&)

Applied Science University, Amman 11931, Jordan
nurimohamadi@gmail.com

Abstract. In recent years considerable effort has been directed to the study of
stress-strain time effects on soil and soft rock, including; creep, stress relaxation,
long term strength of soil and the effect of strain rate on shear strength. These
aspects seem to be very important in design and construction of all underground
structures. However, long term creep data from drained triaxial creep tests on
undisturbed soil samples are very limited in literature. Most of published
research work was concerned with the undrained behaviour. Five triaxial
drained creep tests were carried out. In addition, three drained tests were used as
control tests to determine the drained strength of the material. The applied
constant creep stress level ranged from 30% to 80% of the failure stress. Four
consolidated undrained triaxial creep tests were conducted at stress level of 30%
to 90%. It has been found that the chalk marl is characterised with time-
dependent deformations which cannot be accounted for by the anisotropic
elastic model. Any constitutive relationship which realistically describes the
deformation behaviour of the material must, therefore, include the time factor.
Time-dependent deformations of chalk marl in drained and undrained triaxial
states of stress will be discussed. For undrained triaxial creep tests, the response
of pore pressure during a creep period is also presented. From this study, it can
be mentioned that, for triaxial drained creep tests, the axial strain after 100 days
of sustained stress ranged from 0.94% to 2.22% for stress levels ranging from
30% to 80%. For a creep period of 200 days, the axial strain ranged from 1.0%
to 2.43% for stress levels of 30% and 80% respectively. The proportional
increase of axial strain ranged from 24% to 41% at different stress levels. For
undrained creep tests, the axial strain ranged from 0.45% to 2.16% for stress
levels of 30% to 90%. It can be concluded from this study that time-dependent
deformations (creep) of chalk marl constitute a large percentage of the total
deformation. It must be taken into consideration in the design of important
projects, such as hydro power plants tunnels, nuclear reactor foundations, and
underground metro stations.
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Triaxial tests
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1 Introduction

The main objective of this paper is to study the time dependent deformation of chalk
marl under a triaxial state of stress. It should be realized that the chalk marl displays
anisotropic elastic behavior. Therefore, at least five independent elastic parameters (Ev,
Eh, lv, lh, and Gvh) are required to describe the deformation relationship of the chalk
marl in terms of effective stresses, where; Ev, Eh are elastic moduli in vertical and
horizontal directions respectively lv, lh = Poisson’s ratio in vertical and horizontal
directions, Gvh = shear modulus. In addition, chalk marl displays time–dependent
rheology or viscous deformation. Any constitutive relationship which realistically
describes the behavior of the material must, therefore, include the time factor. Creep
behavior of chalk marl has been studied experimentally by Al-Mohamadi (2017), under
zero lateral strain, and a uniaxial state of stress in specially built creep rigs. In the
present paper, creep behavior in drained and undrained triaxial states of stress, in a
specially modified triaxial creep apparatus will be presented. The experimental results
are discussed. The following triaxial compression tests were carried out in this series:
Five consolidated drained triaxial creep tests under different stress levels, four of which
were on vertical samples and one test was on a horizontal sample. These tests lasted
from 14 days to 330 days. Four consolidated undrained triaxial tests at different stress
levels on vertical samples were carried out, Table 1.

2 Brief Review of Some Important Past Research

In recent years considerable effort has been directed to the study of stress–strain –time
effects in soils, including creep, stress relaxation, long term strength of soils and the
effect of strain rate on shear strength. However, long term creep data from drained
triaxial creep tests on undistributed samples are very limited in literature. Most of the

Table 1. Triaxial testing program.

Test type & no. Orient. Depth m r3 MN/m2 Ub MN/m2 Stress level % Duration

Drained tests
1 V 99.2 1.380 0.690 80 14 days
2 V 25.8 1.380 0.690 50 125 days
3 H 25.9 1.380 0.960 50 113 days
4 V 18.1 0.793 0.552 30 330* days
5 V 18.1 0.793 0.552 80 325* days
Undrained tests
1 V 18.4 0.862 0.621 30 12,660 min
2 V 18.4 0.862 0.621 50 10,000 min
3 V 18.6 0.862 0.621 70 11,300 min
4 V 18.6 0.862 0.621 90 4670 min

r3 = Cell Pressure, Ub = back pressure, V = vertical sample, H = horizontal sample
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published research work has been concerned with the undrained creep behavior. The
reason may be the practical difficulties involved in carrying out long term drained
triaxial creep tests and the long time required to perform such tests. Mitchell (1964)
studied the undrained creep characteristics of San Francisco Bay mud and illite. The
theory of rate process was applied to derive an expression relating different factors. It
was shown that for constant structure, temperature and effective stress, the logarithm of
axial strain rate is directly proportional to the deviatoric stress. Murayama and Shibata
(1964) reported a linear relationship between axial strain and log time during undrained
creep tests on Osaka clay tested at stresses below the upper yield point. The rela-
tionship is concave upward during the whole period of creep when the applied creep
stresses were higher than the upper yield point. Bishop and Lovenbury (1969) pre-
sented a detailed study of the drained creep characteristics of the London clay and
normally consolidated Pancone clay from the tower of Pisa under long term drained
conditions. The axial strain rate with time is characterized by marked instabilities of
strain rate with time which was attributed to the modification in soil structure during
creep. They warned of the danger of using simple logarithmic or power laws relating
strain and time to predict long term creep strain because of the limited period of
applicability of these laws. Davies (1975) presented a comprehensive study of creep
behavior of drained and undrained conditions of several clays. The axial strain rate was
characterized with strain instabilities which are attributed to the internal structural
breakdown of the soil. Al-Mohamadi (1976) studied the strength and deformation
characteristics of chalk marl from the Channel tunnel project, including creep behavior.
Lacasse and Berre (2005–2006), presented a detailed study on the undrained creep
susceptibility of clays. They showed the results of triaxial and simple shear undrained
creep tests on Norwegian clay and compared with them other clay results. They pro-
posed a creep susceptibility diagram for several types of clays. Wang et al. (2014)
studied creep characteristics of saturated clay in the triaxial test, under two stress paths
of axial loading and lateral lightening. They found that volumetric strains were much
smaller than axial strains. The creep coefficient was closely related to deviatoric stress
levels and had no relation to confining pressure and loading path. It can be seen that
these few examples of the past work carried out to investigate drained creep behavior of
undistributed samples are very scarce in literature, most of the published creep research
was on undrained tests.

3 Apparatus and Testing of Drained and Undrained Triaxial
Tests

Samples used in this series were 38 mm diameter and 76 mm long. They were trimmed
carefully from 113 mm diameter cores. Triaxial cells with rotating bushing (to reduce
friction) were used. A dead weight lever system was constructed to apply a constant
creep load. An internal perspex cylinder was used inside the triaxial cell around the
specimen and filled with mercury to prevent any water transfer into the specimen. Axial
strain and volumetric strain were also measured. The samples were consolidated under
back pressure to the desired effective stress for at least one week before applying
creep. The frame of the ring shear apparatus was modified to accommodate the triaxial
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cell. Back press was applied to saturate the samples. Four tests were carried out under
constant creep stress for 7 to 8 days. The sample subjected to 90% stress level failed
after about 5 � 103 min after the last increment was applied. The other three samples
were loaded to failure after the creep period was completed.

4 Time-Dependent Deformations of Drained Triaxial Tests

4.1 Variation of Axial Strain with Log Time

Axial strain, e, was plotted versus log time in Fig. 1. The relationship is linear for only
a limited period of time ranging from 1 to 10 days, when it becomes nonlinear or
changes to another relationship having a different slope. The range of linearity is
greater for tests with low stress levels. The characteristic shape of nonlinear relation-
ship is concave upwards. Non-linearity is more pronounced for creep tests with higher
stress levels (e.g. test no. 5 in Fig. 1). For tests with low stress levels the characteristic
shape of the nonlinear relationship is concave upwards with a tendency to become
concave downwards at periods longer than 150 days (e.g. test no. 4 in Fig. 1). Bishop
and Lovenbury (1969) found that the relationship between e and log t for London clay
is linear for periods up to 100 days for all stress levels and for somewhat longer periods
at low stress levels. For Pancone clay the range of linearity was much shorter, up to
10 days only.

Values of the initial one day strain e1 ranged from 0.7% to 1.5% depending on the
applied stress level and the orientation of the sample. For the same stress level, e1 is 0.7
of the corresponding value of the vertical sample. This implies that the initial secant

2.00E-01

6.00E-01

1.00E+00

1.40E+00

1.80E+00

2.20E+00

2.60E+00

0.01 0.1 1 10 100 1000

A
xi

al
 S

tr
ai

n 
(p

er
 c

en
t)

Time after application of stress (days)

No. 5 V- Stress level (80%)
No. 2 V- (50 %)
No. 3 H- (50%)
No. 1 V- (80%)
No. 4 V- (30%)

Fig. 1. Development of axial strain with time (drained triaxial creep tests)
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modulus of the horizontal specimen Es is 1.44 times that of the vertical specimen.
Values of the proportional increase of axial strain (et − e1) are summarized in Table 2.

At 10 days after application of creep stress, the proportional increase of axial strain,
i.e. (e10 − e1) range from 0.06% to 0.22%. At t = 100 days (e100 − e1) = 0.22% to
0.68%. At t = 300 days (e300 − e1) = 0.29% for test no. 4 subjected to a stress level of
30% and 1.02% for test no. 5 at stress level of 80% see Table 2. It appears that both the
proportional increase of axial strain e with time t, (et − e1) and the proportional
increase in creep ratio Re = (et − e1)/e1 � 100% are stress level dependent, the higher
the applied stress level the greater the value of (et − e1) and Re. This finding is not with
agreement with that of Bishop and Lovenbury (1969) for drained creep tests on London
clay and Pancone clay, who found that (et − e1) was independent at stress level up to
100 days, but for longer periods there was tendency for the lower stress level to exhibit
larger proportional increase of strain.

4.2 Volumetric Creep Behavior with Time

The relationship is characterized with a marked non linearity at high stress levels and a
sharp volume decrease to level off. The horizontal specimen test no. 3, exhibited the
lowest volumetric strain, which is attributed to the greater stiffness of the soil in
horizontal direction: (figure is not shown because of space limitations). Modifications
in soil structure appear to be associated with continuous volumetric strain up to certain
limit, after which the modifications in soil structure continue without significant vol-
umetric strain. The greater the intensity of the sustained creep stress the more effective
it will be in producing structural change and for longer period of time.

5 Time-Dependent Deformations of Undrained Triaxial Tests

5.1 Axial Strain Development with Time

Four consolidated undrained triaxial creep tests were carried out at different stress
levels. All tests were consolidated isotropically to an effective stress of 0.241 mN/m2,

Table 2. Results of drained triaxial tests.

Test
number

Orientation Stress
level
%

Axial strain (Per Cent)
e1 e10 e100 e1000 e10000 e1000�e1ð Þ�100

e1

percent

1 V 80 0.88 1.00 – – – –

2 V 50 1.43 1.60 1.78 – – 24
3 H 50 1.00 1.07 1.21 – – 22
4 V 30 0.72 0.78 0.94 1.00 1.01 31
5 V 80 1.54 1.76 2.22 2.43 2.56 41

*Where e100 denotes the axial strain at 100 days after application of stress and so forth.
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applying a back pressure of 0.621 mN/m2. The specimens were subjected to creep
stress levels of 30, 50, 70 and 90% of failure stress of the control specimen. Figure 2
shows the relationship between axial strain e and log time. The effect of stress level on
this relationship is very clear, the non-linearity being more pronounced as stress level
increases. In test no. 4 subjected to a stress level of 90%, failure occurred after about
5000 min. The nonlinearity relationship of axial strain with log t has been observed by
many investigators, Murayama and Shibata (1964). The proportional increase of axial
strain was summarized in Table 3. At t = 10 min, the proportional increase of axial
strain ranged from 0.03% to 0.07% depending on stress level. At t = 1000 min, the
values ranged from 0.09% to 0.52%. The proportional strain ratio Re = (et − e1)/
e1 � 100% is hardly affected by the applied stress level.

5.2 Pore Pressure Behavior with Time

Information about pore pressure response under sustained stress in undrained triaxial
conditions of over consolidated stiff soils is very scarce in soil mechanics literature.
Most of the reported data of undrained creep behavior were on remolded or undis-
tributed soft soils. For low stress levels pore pressure increases up to 2000 min. then
starts to decrease. At higher stress levels pore pressure decreases shortly after the
application of stress. It was noticed in some tests that after 600 to 1000 min, the pore
pressure started to level off or increase slightly. The decrease of pore pressure may be
attributed to the tendency of the over consolidated stiff material to dilate at low stress
levels (below 30%), or probably due to the transfer of stress from pore pressure to the
friction component of the soil.
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Fig. 2. Axial strain vs. log time (undrained triaxial tests)
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6 Conclusions

Based on the information presented in this paper, the following conclusions can be
made:

6.1 Time-Dependent Deformations in Drained Triaxial Tests

a. The relationships between axial strain and time are linear for a limited period of
time ranging from 1 to 10 days; the higher the stress level, the shorter the range of
linearity, after which the relationships become concave upwards or linear with a
different slope in some cases. The non linearity is more pronounced at higher stress
levels. At all stress levels the curves may become concave downwards at periods
longer than 150 days.

b. In a logarithmic plot of e vs t, the curves are linear and approximately parallel to
each other except during instabilities which are attributed to the breakdown and
modifications of internal soil structure.

c. The relationship between volumetric strain and log time are characterised with
marked non linearity at high stress levels and sharp volume decreases, before it
starts to level off and remains essentially constant.

d. Creep strain at 100 days ranged from 0.94% to 2.22% for stress levels of 30% to
80% respectively.

6.2 Time-Dependent Deformation of Undrained Triaxial Tests

a. The relationship between e and log t is linear up to 1000 min at a 30% stress level
and up to 100 min at a 50% stress level, whereas it is non linear over the whole
creep period at higher stress levels. All curves are concave upwards.

b. Pore pressure increases up to 2000 min at a 30% stress level, then decreases steadily
with time. At higher stress levels, pore pressure starts to decrease shortly after
application of creep stress. The rate of pore pressure decrease is higher for greater
stress level. After about 5000 to 10,000 min pore pressure tends to become steady.

c. The rate of e vs t showed similar behavior to that of drained tests. At t = 1000 min,
e ranged from 0.45% to 2.16% for stress levels 30% to 90%. The proportional strain
ratio, Re, is 25% for tests no. 1, 2 and 3.

Table 3. Results of undrained triaxial tests.

Test no. Stress level % Axial strain (Per Cent)
e1 e10 e100 e1000 e10000 e1000�e1ð Þ�100

e1
percent

1 30 0.36 0.39 0.42 0.45 0.55 25
2 50 0.76 0.80 0.86 0.96 1.19 26
3 70 1.30 1.35 1.46 1.64 2.08 26
4 90 1.64 1.71 1.86 2.16 – 32
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Abstract. Electromagnetic (EM) heating of porous media has recently gained
much interest in the energy and construction sectors in general, and the recovery
of highly viscous bituminous or heavy oils from oil sands and shales in par-
ticular. In this study, a new model for solving the coupled heat transfer and EM
equations using the lattice element method (LEM), to analyze the spatial and
temporal temperature distribution of porous media reservoirs is presented. The
new model provides a good basis for simulating the meso-scale behavior of EM
heated porous media in view of the phenomenon of selective heating, as the
different constituent phases of the porous medium can be modeled as discrete
nodal elements which dissipate applied EM energy according to their loss
content (polarization), which is difficult to model with continuum based models
such as the finite element method (FEM).

1 Introduction

Understanding the coupled heat transfer and electromagnetic (EM) porous media
processes is vital in conducting analysis and modeling operations in various fields of
geomechanics and geotechnics, engineering, geology, hydrology, agriculture, radio-
active decay, food processing, EM radiation on biological tissues, industrial applica-
tions etc. In this regard, knowledge of EM processes and geophysical approaches have
recently gained much interest in solving major problems facing the fields of energy
geotechnics and geotechnical engineering in monitoring the spatial and temporal
variations of temperature and moisture content (Hailemariam et al. 2017), as well as the
recovery of bituminous or heavy oils from oil sands and shales by lowering the vis-
cosity of the bituminous phase by EM heating (Robinson et al. 2009). The focus of this
study is on the latter part, i.e., on the recovery of heavy oils from oil sands and shales
by EM heating.

Conventional methods of processing oil sands, such as ex-situ hot water separation
and in-situ thermal and non-thermal techniques, have limitations, such as restrictions of
depth, formation type and medium permeability, high energy requirements, long pro-
cessing times, difficulty processing clay fines, need for the addition of hot water,
solvents and/or gases etc. EM heating of oil sands provides a greener, economic and
environmentally friendlier alternative, which overcomes these limitations via its unique
ability to heat phase-selectively and volumetrically (Robinson et al. 2009), leading to
the possibility of significant energy savings with smaller process equipments. Con-
sidering the various applications of EM heating, it is vital to develop models for solving
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the coupled heat transfer and EM equations necessary to predict the thermo-dynamic
properties of oil sand reservoirs. Niziołek (2009) reviewed the existing numerical
models for the simulation of EM heating, and specified the strength and weakness of
each model. Majority of the available models fail to include information on the nature
of the porous media fabric at the meso-scale (actual EM and heat transfer paths), do not
include provisions for the natures of selective and progressive heating of the different
phases of porous media and neglect pore-water evaporation effects. To overcome these
shortcomings, a new model for solving the coupled thermo-dielectric porous media
behavior based on the LEM approach is presented in this study.

2 Model Development

2.1 Model Structure

EM heating problems are solved on the basis that the power P absorbed (dissipated) by
the porous medium due to an applied external electric field is the source term in the
heat transfer equations to calculate transient temperature profiles in the porous medium
(Ma et al. 1995). Hence, the Fourier’s conductive heat flow rule can be written as:

qc
@T
@t

¼ r � krTð ÞþP ð1Þ

Due to its effectiveness, lack of anisotropy and simplicity, the vectorizable random
lattice (VRL) technique (Lilliu and van Mier 2003) is used for generating the nodal
elements of the lattice model (Fig. 1a). The nodes are generated randomly according to
the desired volumetric proportions of solids, bitumen and pore-water present in the oil
sand. The corresponding dielectric (polarization and dissipation parameters), thermal
and other constituent properties are then assigned to each node. The Delaunay lattice
elements (connecting the nodes) and the associated Voronoi cells (containing and
representing each node) are then generated via the Voronoi scaling approach using
MATLAB, and the cross-sectional area of the Delaunay lattice elements is calculated.
In the VRL technique of random lattice generation, disorder is introduced at the
geometrical level by placing the nodes inside sub-cells of the original regular sized
meshes (Fig. 1a) via a tunable parameter (known as the randomness factor R). Ran-
domness R is defined as the ratio of the size of the sub-cell A to the main cell (generated
mesh) sm. Hence, the randomness factor R (0 � R � 1) produces lattice elements
with a maximal randomness when R = 1 and a regular reference lattice when R = 0.

2.2 Electromagnetic Part of the Model

Maxwell’s equations and the constitutive relations, which are needed to describe the
coupled behavior of EM fields, are given by Eqs. 2 and 3, respectively. An adequate
approach for solving the magnitude of electric field from Maxwell’s equations is the
plane wave approach (Ma et al. 1995). For a time-harmonic electromagnetic plane
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wave traveling in z-direction of a kth constituent phase (Fig. 1b) of a lossy porous
medium, the electric field vector Ek is expressed by Eq. 4.

r� E ¼ � @B
@t

;r�H ¼ Jþ @D
@t

;r � D ¼ qv;r � B ¼ 0 ð2Þ

D ¼ e�E xð Þ; B ¼ l�H xð Þ; J ¼ r�E xð Þ ð3Þ

Ek z; tð Þ ¼ E0;ke
j xt�k�k zð Þ ð4Þ
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where, E0,k and k�k ¼ k0k � jk00k are the amplitude factor and the complex wavenumber
of the kth constituent phase, respectively. The real part k′ of the wavenumber acts as the
phase constant and determines the wavelength and propagation velocity of the elec-
tromagnetic wave, whereas, the imaginary part k″ of the wavenumber attenuates the
wave. The relations between the wavenumber k�k , relative complex permittivity e�r;k,
index of refraction n�k and propagation velocity mk of the kth constituent phase of a
porous medium are given by Eqs. 5 and 6.

2.3 Thermodynamic Part of the Model

As electromagnetic energy is absorbed by the constituent phases of a porous medium
according to their degree of polarization, the magnitudes of the heat generation term or
the average dissipated power per unit volume Pk and the average temperature rise ΔTk
for a given time step Δt of each nodal constituent phase are obtained from the mag-
nitude of its attenuated electric field intensity using Eqs. 7 and 8, respectively (Ma et al.
1995). The conductive heat transfer between two neighboring Voronoi cells (Fig. 1b)

(a) (b)

Fig. 1. (a) Node generation via the VRL technique, after Lilliu and van Mier (2003), and
(b) thermo-dielectric interaction between two neighbouring Voronoi cells k and l.
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ΔTcond,k can be derived by combining the Fourier’s law and the rate of thermal energy
gain (Terreros et al. 2013) of the constituent phases or Voronoi cells using Eq. 9.

Pk ¼ rk Erms;k
�� ��2¼ 2p f e0e

0
r;k tan dk Erms;k

�� ��2 ð7Þ

DTk ¼
rk Erms;k
�� ��2

qkck
Dt ¼ Pk

qkck
Dt ð8Þ

DTcond;k ¼ Stkkl Tl � Tkð Þ
dklqkckVk

Dt ð9Þ

where, e0 = 8.854187817 F m−1 is the dielectric permittivity of free space, rk, tan dk,
Vk and │Erms,k│ = 0.707│Epeak,k│ are the electrical conductivity, loss tangent,
volume and the root mean square of the magnitude of the peak electric field intensity of
the kth nodal constituent phase, respectively, St, kkl and dkl are the heat transmission x-
sectional area, thermal conductivity and length of the Delaunay lattice element k − l,
respectively, Tk and Tl are the temperatures of Voronoi cells k and l, respectively. Once,
the variations/interactions in temperature of Voronoi cell k with each of its
neighbors/Voronoi cells is calculated separately and stored, its total variation of tem-
perature due to conductive heat transfer is obtained by adding the individual contri-
butions. The process is repeated for every node/Voronoi cell in the domain.

The following boundary and initial conditions are assumed in solving the equations
of the coupled thermo-dielectric model:

• A uniform initial temperature of Tk = Tint (which is the domain/reservoir temper-
ature at the start of EM heating) is assigned to all Voronoi cells.

• The initial nodal electric field strength in the reservoir is zero, Ek = 0.
• A thermal insulation specifying a zero flux is assigned to the outer boundary of the

domain as: n � (k∇T) = 0, where n is a vector normal to the boundary.
• A non-reflecting EM wave scattering boundary condition (SBC) is assigned to the

outer boundary of the domain as: n � (∇E) + jk * E = 0.

2.4 Thermo-dielectric Parameters of the Model

The dielectric (especially of the entrapped pore-water) (Wagner and Scheuermann
2009), thermal (Smith-Magowan et al. 1982) and bitumen dynamic viscosity
(Miadonye et al. 1994) properties of the constituent phases of oil sands are highly
influenced by changes in temperature. The dielectric properties are additionally
dependent on the frequency of irradiation of the EM wave (Hailemariam et al. 2017). In
Table 1, a list of the models for obtaining the temperature and frequency dependence of
the thermo-dielectric and bitumen viscosity parameters is given. The dielectric prop-
erties of water given in Table 1 are for pure-water with no salinity. For saline pore-
water, the modified Debye model for pure water given in Table 1 should be customized
with additional salinity modification factors.
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3 Results and Discussion

A conceptual oil sand reservoir/domain (basic data given in Table 2) with a single well
and an irradiation antenna located at the center of the pay zone is considered for the
application of the 2D EM-LEM heating model. Due to geometrical symmetry, only half
section of the domain is analyzed. The generated nodes, the Delaunay lattice elements
and the associated Voronoi cells representing the nodes are shown in Fig. 2, and the
electrical and thermo-dynamic modelling results of the domain after 1 and 25 h of EM
irradiation are shown in Fig. 3.

When an electric field is applied to the oil sand domain, the pore-water and to a
slight extent the bituminous nodes are heated up at a higher rate when compared to the
solid phases, and hence exhibit a higher initial temperature (Fig. 3g) with an effect on
the overall heat flow path (Fig. 3h) and the reduction of bitumen viscosity (Fig. 3i) in

Table 1. Temperature & frequency dependence of the thermo-dielectric model parameters

Constituent
phase

Model/Quantity Suggested by

Solids ks Tð Þ ¼ kTo � q 1
2

� � To=Tð Þ
kdom T�To

T

� � Hailemariam and Wuttke (2018)

cs Tð Þ ¼ 0:738þ 1:518� 10�3T � 2:026�½
10�6T2�103

Smith-Magowan et al. (1982)

e
0
r;s ¼ 1:01þ 0:44Gsð Þ2�0:062;

tan ds ¼ 0:16� 10�4

Dobson et al. (1985); Oloumi and
Rambabu (2016)

Bitumen kb Tð Þ ¼ 0:1289� 1:3� 10�4T API (1997)

cb Tð Þ ¼ 1:557þ 5:219� 10�3T � 8:686�½
10�6T2�103

Smith-Magowan et al. (1982)

e
0
r;b ¼ 2:5; tan db ¼ 5:2� 10�4 Oloumi and Rambabu (2016)

log lvð Þ ¼ bv= 1þ T�30
303:15

� �Sv þCv
Miadonye et al. (1994)
Bitumen dynamic viscosity

Pore-water kw Tð Þ ¼ kw;298:15 �1:48445þ½
4:12292 T

298:15

� �� 1:63866 T
298:15

� �2�
Ramires et al. (1995)

cw Tð Þ ¼ 95909� 184:43T þ 1:3833� 10�1T2�
2:0119� 107T�1 þ 1:6358� 109T�2

Hirono and Hamada (2010)

e�r;w x;Tð Þ ¼ e1 Tð Þþ De Tð Þ
1þ jxsw Tð Þ � j rDC Tð Þ

xe0
Wagner and Scheuermann (2009)

Table 2. Conceptual reservoir data used for the application of the new EM-LEM model

Property Value Property Value

Pay zone thickness (m) 0.4 Operating frequency (GHz) 2.45
Domain half length, symmetry (m) 0.5 Oil sand grade (–) High
Domain initial temperature (°C) 20 Weight fraction of solids (–) 0.80
Well diameter (m) 0.25 Weight fraction of bitumen (–) 0.13
EM source/antenna height (m) 0.2 Weight fraction of pore-water (–) 0.07
Irradiation time (h) 25 Vol. quartz fraction of solids qf (–) 0.35
Power input (kW) 0.4 Bitumen viscosity @ 30 °C lv,30 (Pa s) 1.45
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(a)      (b)                                          (c) 

Fig. 2. (a) Domain with R = 0.8 & 891 elements, (b) oil sand phases, and (c) Voronoi scaling.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Fig. 3. Spatial distributions of the magnitudes of the different thermo-dielectric fields: (a, c, e, g, i)
after 1 h of irradiation, and (b, d, f, h, j) after 25 h of irradiation.
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the porous medium, the phenomenon which is usually referred to as selective heating
(Robinson et al. 2009). This is primarily due to the higher loss content and dielectric
polarization of pore-water and bitumen as compared to the solids, which results in their
higher rate of heat dissipation. Gradually, heat is transferred via conduction from the
pore-water to the bituminous and solid constituent phases (and to a lower extent from
the bituminous to the solid phases), resulting in a quasi-uniform heating of the overall
domain after 25 h (Fig. 3h). The subsequent heating of the reservoir produces a gradual
reduction in the dynamic viscosity of the bitumen (usually below 0.1 Pa s at temper-
atures above 100 °C, where the heavy oil becomes flowable and can be readily col-
lected (Cerutti et al. 2013)), initially near the irradiating element and gradually
extending deep into the reservoir (Figs. 3i and j).

In terms of the EM properties, the pore-water nodes show a higher rate of
attenuation/decay of the electric field intensity when compared to the solid and bitu-
minous phases due to their comparatively higher complex dielectric permittivity and
polarization (Figs. 3a and b). Overall, an increase in temperature of the reservoir (e.g.
between heating periods of 1 and 25 h), results in a reduction of the complex dielectric
permittivity of the medium at frequencies lower than 10 GHz, which in turn results in
an increase of the nodal/effective wave velocities and electric as well as magnetic field
densities (Fig. 3). When the temperature of the oil sand near the irradiating element
reaches around 100 °C, the nodal pore-water phase starts to evaporate (Cerutti et al.
2013), leading to a subsequent reduction of the effective dielectric loss content and rate
of heat dissipation of the oil sand around the EM source. This enables the EM waves to
penetrate deeper (progressive heating) into the reservoir resulting in an energy efficient
mechanism, providing the technique of EM heating a distinct advantage over con-
ventional methods of recovery of oil sands. The clear interface between the dried and
still wet parts of the irradiated oil sand as well as the changes in the distributions of the
electric and magnetic fields, effective wave velocity and temperature due to the effect of
progressive heating can be seen by comparing the plots after 1 and 25 h of irradiation
(Fig. 3).

4 Conclusions

A new model for solving the spatial and temporal temperature distribution of elec-
tromagnetically heated porous media using the coupled thermo-dielectric equations
with the LEM was presented. The new model provides a good basis for simulating the
behavior of electromagnetically heated porous media reservoirs in view of the phe-
nomenon of selective and progressive heating, meso-scale EM and heat flow paths and
pore-water evaporation effects, which in terms of numerical modeling approaches, can
be effectively and accurately simulated via discrete modeling approaches such as LEM
as opposed to continuum based models.
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Abstract. The reduction of pore water pressures is one of the very effective
measures to improve the stability conditions of marginally stable water-bearing
slopes or to stabilise landslides. For this purpose the trench drains have been
used long since. Like filling material of deep trenches the permeable concrete
can be effectively employed. It presents relatively high hydraulic conductivity,
filtering capacity in order to prevent the internal erosion of the soil in which the
trench drain is installed, enough residual hydraulic conductivity after possible
clogging, sufficient shear strength after a short curing time to avoid the insta-
bilisation of adjacent previously built panels or piles. Results of a laboratory
experimental research on the mix-design, hydraulic conductivity and strength of
pervious concrete are reported in the paper, proving that proper mix-design can
be devised meeting the above requirements. Permeable concrete is a very poor
material and a low energy consumption solution for slope stabilisation.

1 Introduction

Construction industry is responsible for about the 40% of total energy consumption
(e.g. Horvath 2004; Dixit et al. 2010). The optimization of the material design can
significantly contribute to reduce this impact. In this paper, the use of permeable
concrete is presented as an efficient and low energy consumption solution for slope
stability problems. As is well known, the improvement of the conditions of stability of
the slopes in which high interstitial pressures exist can be achieved in a very effective
way by inducing an increase of effective stresses in the ground by reducing the pore
water pressures (Terzaghi 1950; Airò Farulla and Rosone 2014; Ferrari et al. 2011;
Rosone et al. 2018). Many and different measures can be implemented to this end, such
as subhorizontal drainholes, drainage galleries, and draining trenches (e.g. Hutchinson
1977; Kenney et al. 1977; Valore and Ziccarelli 2013, 2015). The draining trenches, or
trench drains, are often the most convenient solution, at least for slopes that are not very
steep. Deep trenches are usually built by using the equipment available for the con-
struction of diaphragm walls and secant piles, whether shallow trenches (whose depth
does not exceed about 5 m) are usually built by means of common excavation tech-
niques and unbonded granular material. In any case, the trenches must be hydraulically
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continuous. Therefore no open discontinuity and no fine-grained material should be
interposed between adjacent panels or between secant piles. This problem can be easily
solved by using permeable concrete since it has sufficient shear strength and stiffness to
permit the excavation of an intermediate panel (or secant pile) in-between two previ-
ously built ones without instabilising the latter. The material used for draining trenches
needs to be sufficiently permeable and to comply with filter requirements that are well
known in the field of earth dams. Another requirement is that the granular particles of
the drain should be only partially bonded so that it has true cohesion but, at the same
time, interconnected pores. Pervious concrete has been used ever since in other fields of
civil engineering such as for draining road pavements. Many researches have been
carried out in that field, focused essentially on no-fines concrete containing very little or
no sand which has high permeability but poor or no filtering properties (e.g. ACI 2011).
Recent researches (Valore et al. 2018; Marzulli et al. 2018; Ziccarelli and Valore 2018)
pointed out that it is possible to devise mix-designs that meet many requirements
simultaneously. Some of such concretes were extensively investigated by means of
laboratory tests. Results concerning the influence of the composition and curing time
on the permeability, strength and other properties are reported in this paper.

2 Requirements of Permeable Concrete for Deep Trench
Drains

Permeable concrete for deep draining trenches must meet the following requirements.
(1) Have relatively high hydraulic conductivity to permit the needed reduction of the
piezometric head inside the trench. This head is to be selected by taking the perme-
ability of the soil mass to be drained, the geometry of the problem (spacing of the
trenches and their thickness) and the boundary conditions into account. The thickness
of the trench must be sufficient to discharge the maximum expected seepage flow rate.
It must not undergo unacceptable reductions in hydraulic conductivity over time, as a
result of clogging by particles coming from the surrounding soil. (2) Act as a filter to
stop the erosion of the soil in which the trench is inserted. (3) Have sufficient strength
after a short curing time to allow the excavation of an intermediate deep vertical panel
between two previously built ones, without instabilising them. Requirement 1 can be
easily satisfied by using no-fines concrete, but it does not comply with requirement
2. Requirement 3 can be satisfied by carefully increasing the cement content and
decreasing the aggregate–cement ratio; however, these two decisions must be ade-
quately weighed up to avoid compromising requirements 1 and 2. The strength of
properly mix-designed pervious concrete is high enough that vertical panels can stand
up tens of meters just after a short curing time. This allows an efficient and cost-
effective organization of the worksite and makes the permeable concrete a very low
energy consumption material for slope stabilisation.

324 M. Ziccarelli et al.



3 Materials

The permeable concrete is a material formed by aggregates (gravel and sand), cement,
water and, when necessary, additives. Four sands and three gravels were used; their
index properties are summarised in Table 1, while their grading is shown in Fig. 1(a).
Sands Sa–Sd and gravel Ga are composed of silica; gravels Gb and Gc are calcareous;
they are almost monogranular with coefficients of uniformity CU ranging from 1.41 to
1.79 for sand and from 1.17 to 1.51 for gravels. The sand and gravel particles are from
sub-rounded to angular. High early strength Portland cement Tecnocem II B-LL 32,5
R, (EN 197-1 – Cem II/B-LL 32,5) was used. Cement composition by mass: Clinker:
65%–79%; limestone: 21%–35%; TOC (total organic carbon) � 0.20%; minor con-
stituents (including sulphates such as SO3, chlorides � 0.10%). The municipal water of
the city of Palermo was used for the concrete specimens, for the permeability tests and
for curing the wet specimens. The composition and properties of the water are the
following. pH = 7.72; electric conductivity: 770 lS/cm at temperature of 20 °C;
alkalinity: 194/mg/l; Sodium: 161 mg/l; sulphates: 161 mg/l; Calcium: 99 mg/l;
chlorides: 48.5 mg/l; Magnesium: 2 mg/l; nitrites: 5.9 mg/l; Potassium: 4.6 mg/l.
Other components are present in quantities lower than 1 mg/l.

Mix-design was selected by trial. It was soon realised that no-fines concrete is not
eligible for trench drains since it does not meet filter requirements. The “common”
permeable concrete (or no-fines concrete) is a composite material consisting of coarse
aggregate made of gravel with no or a very small amount of sand, Portland cement and
water.

The water–cement ratio W/C was varied between 0.3 and 0.5. Although a value of
W/C = 0.3 is sufficient for the complete formation of the chemical bonds, for good
workability a value of W/C equal to about 0.4 is necessary. Larger values of W/C can
result in better fluidity of the concrete and thus a better workability but it can easily lead
to the formation of lenses made of cement paste, that may decrease or even jeopardise
the functionality of the draining trenches. It is commonly thought that pervious, and
especially no-fines concrete, can be dropped from considerable height without causing
segregation. However, this is not the case of permeable concrete containing both gravel

Table 1. Properties of sands and gravels used for permeable concrete. nmin and nmax were
determined according to ASTM standards (ASTM 2004).

Material Gs

(-)
dmax
(mm)

d60
(mm)

d50
(mm)

d10
(mm)

dmin
(mm)

CU
(d60/d10)

nmin
(%)

nmax
(%)

cdmin
(kN/m3)

cdmax
(kN/m3)

Sand Sa 2.65 0.85 0.50 0.45 0.28 0.075 1.79 38.8 47.3 13.7 15.9
Sand Sb ″ 1.41 0.65 0.61 0.46 ″ 1.41 38.1 45.2 14.2 16.1
Sand Sc ″ 2 0.99 0.95 0.60 ″ 1.4 37.7 44.4 14.5 16.2
Sand Sd ″ 2 1.38 1.27 0.96 ″ 1.4 38.2 47.7 13.6 16.1
Gravel Ga 2.7 5 2.55 2.50 2.05 0.3 1.4 38.9 45.5 14.2 15.9
Gravel Gb ″ 20 8 7.7 5.2 2 1.51 39.2 49.4 13.4 16.1
Gravel Gc ″ 38 23.3 22.5 19.9 2 1.17 40.8 50.9 13 15.7
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and sand nor for no-fines concrete: in fact, the cement paste may separate from the
aggregates and tend to form almost impervious lenses. It is therefore clear that in deep
trenches permeable concrete must be poured by the tremie pipe method. The aggre-
gates–cement ratio A/C was varied between 6 and 11, while the cement content
C varies from 115 to 300 kg.

The specimens tested were made by placing the concrete from very small height
and without vibrating or compacting it. Concrete was placed in cylindrical PVC
containers respectively with inner diameter and height of 135 mm and 300 mm.
Specimens were cured in air or submerged into fresh municipal water in the laboratory
at temperatures varying from 20 to 22 °C. The grain size distribution of the aggregates
used for making up the pervious concretes are shown in Fig. 1b. The inspection of the
bases and lateral surface of the specimens as well as the fragments of specimens
brought to failure under uniaxial compression reveal that (excluding sand or gravel
only specimens) each gravel grain is surrounded, almost always, by sand particles only.
The coordination number of individual gravel grains is high and its 2D value varies
from about 10 to 35; it is greater than the one in very dense sands, locked sands and for
sands subjected to very high stress levels (Oda 1977; Valore and Ziccarelli 2009;
Celauro et al. 2014; Ziccarelli 2016; Valore et al. 2017; Ziccarelli et al. 2017). Gravel-
to-gravel contacts are very rare. This implies that the space occupied by the gravel
cannot be crossed by flowlines that have to circumvent the gravel particles, thus
increasing the tortuosity and reducing the hydraulic conductivity of the concrete. The
fact that the seepage takes place prevailingly in small pores of the sand fraction helps to
promote laminar, rather than turbulent, flow conditions.

3.1 Strength and Stiffness of Permeable Concrete

The strength and stiffness of the tested concretes were determined by means of uniaxial
compression tests. The diameter of the specimens range from 95 mm to 136 mm, their
height from 93 mm to 170 mm. Compressive uniaxial tests have been carried out with
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Fig. 1. Initial grading of aggregates (a), and (b) grading of the mixtures of aggregates used to
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a servo-controlled testing machine at a constant loading rate of 0.005 MPa/s. Typical
stress-strain curves are shown in Fig. 2. The compressive strength rf (of the mixture
P36, Fig. 2a) varies from about 1.8 MPa to about 7.3 MPa for C = 230 kg/m3 while
for the specimen P37 (Fig. 2b) rf = 2 MPa for curing time of 28 days and for
C = 140 kg/m3. The compressive strength presents high variability (0.49 � rf
7.44 MPa); it depends on many factors such as the water–cement ratio (W/C),
aggregate–cement ratio (A/C), cement content (C), grading of aggregates and curing
time. These factors are interdependent and determine the structure, texture, unit weight,
porosity, pore size and pore distribution, that are the main features that determine the
values of rf. The influence of the aggregate/cement ratio A/C and the dry unit weight cd
on rf is considerable as shown in Fig. 3. In particular, higher rf values have been found
for high cd and low A/C ratio (high cement content C). These results seem to be
independent from the type of mixture. The mean secant value of Young’s modulus
E ranges from 250 to 1360 MPa. E increases with C and decreases with both A/C and
W/C ratios, it increases, with the curing time, from 225 MPa to 900 MPa and
1200 MPa after 3, 14 and 31 days, respectively. The stiffness of the specimens cured in
wet conditions is lower than that of specimens cured in dry conditions at the same
curing time. The stiffness increases strongly in the first 7 days. Young’s moduli of the
investigated pervious concretes are about ten times lower than those of common
structural concrete, yet it is much higher than that of soils into which most trench drains
are installed. The above results are in good agreement with the data reported in the
literature for no-fines concrete of similar void ratio (e.g. Ghafoori and Dutta 1995;
Zhong and Wille 2016).

3.2 Hydraulic Conductivity

The hydraulic conductivity k was determined on saturated specimens by means of a
falling head permeameter (e.g. Kevern 2008). The explored interval of the hydraulic
gradient i ranges from 0.1 to 6. The values of i relevant for trench drains installed in
fine-grained soils, fall in the interval between 0.1 and 1. The linearity of the relation
between v and i implies that the seepage in the tested concretes follows the Darcy law;
similar conclusions were drawn by Montes and Haselbach (2006). The hydraulic
conductivity k ranges in a wide interval, from 0.019 to 3.08 cm/s for the specimens
used in the experimentation. The values of k depend on the grading of the aggregates,
the water–cement ratio W/C (it increases as the ratio W/C decreases) the aggregates–
cement ratio A/C (k is higher for higher A/C ratios), the cement content C (k is lower for
higher values of C). Figure 4 shows the influence of the curing time on the hydraulic
conductivity k and velocity v for i = 0.1–5.8. These factors are interdependent and all
influence the texture, the distribution and the size of pores, the porosity n of the
concrete and hence the values of k. The residual hydraulic conductivity kr, defined as
the value of k after the number of clogging cycles N (which corresponds to a low
incremental variation of k) is, for N = 30, about 40% of its initial value k0. However,
the value of kr (about 0.12 � 10−2 m/s) is sufficient to satisfy the requirement of a
relatively high hydraulic conductivity of the pervious concrete for the trench drain.
Further tests are in progress on this topic.
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4 Conclusions

An experimental investigation into the strength, the draining and filter properties of
permeable concrete for deep draining trenches was performed. The hydraulic con-
ductivity of all the tested concretes is high and in any case adequate for deep trenches
installed in sandy and fine-grained soils. It is possible to devise the mix-design for
pervious concrete so that it meets filter and residual permeability requirements for the
protection of silty and, hopefully, fine-grained soils, as well as strength and draining
demand. These properties make properly designed permeable concrete convenient and
effective for deep draining trenches. Results of ongoing researches demonstrate that the
tested concrete mixtures are also satisfactory like their filtering capacity and resistance
to clogging. The residual hydraulic conductivity kr is about 40% of the initial one (k0);
however, it is sufficient to satisfy the requirement of a relatively high long-term
hydraulic conductivity. The strength of the pervious concrete is sufficient to build very
deep trenches safely and without long delays in the excavation of in-between panels or
secant piles. Hence, considerable are the advantages in costs and in efficient planning of
the construction site, and, hence, with very low consumption energy to stabilizing
slopes marginally stable or landslides in which high interstitial pressures are present.
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Abstract. In order to deal with sand production problems during the process of
producing natural gas from hydrate-bearing sediments (HBS) with reservoir-
fluid extraction method, a new gravel sizing method named “Hold coarse while
eliminate fine particle (HC&EF method)” was developed for clayey hydrate-
bearing formations. A hydrate-bearing site in Northern South China Sea was
taken as an example to describe detailed gravel sizing procedures. Based on the
analysis of basic particle size distribution (PSD) characteristics of HBS at
SITE Y, the formation sand was divided into two components, which are coarse
component and fine component. Secondly, gravel size for retention of coarse
component and elimination of fine component were calculated, respectively.
Finally, Intersection of those two gravel sizes was taken as the proper gravel size
for marine hydrate exploitation well. The research results show that original
formation at SITE Y is clayey sand with poor sorting and uniformity coefficient
properties, and proper gravel size for upper segment was recommended as 143–
215 lm, while that for lower segment was 240–360 lm. In considering the
difficulty of layered sand control operation on offshore platform, proper gravel
packing size for SITE Y was recommended as 215–360 lm.

Keywords: Hydrate production test � Sand management � Gravel sizing
HC&EF method � Northern South China Sea � Clayey hydrate-bearing formation

1 Introduction

Previous studies have proved the existence of huge amount of natural gas hydrate in
Northern South China Sea (Wu et al. 2011; Zhang et al. 2015), China’s first hydrate
production test has been carried out by China Geological Survey (CGS) since May

Main idea of the paper has been published on the journal of petroleum exploration and
development at 2017, 44(6):1016–1021. This paper is a substantial improvement of the 2017
version.
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10th. During the first eight days of this production test, cumulative volume of natural
gas extracted from hydrate-bearing sediment(HBS) was around 12 � 104 STDm3, with
methane fraction up to 99.5% and average daily production of 1.6 � 104 STDm3 (Guo
and Liu 2017). After that, the production was continued until July 9th, with cumulative
gas volume of 30.9 � 104 STDm3 and average daily production of more than
5000 STDm3 (Chen and Zhu 2017). Reservoir-fluid extraction method was used and
huge amount of production test data was obtained for further study. Both hydrate
production tests and laboratory studies have proved that sand production is unavoidable
for hydrate production formations (Li et al. 2016a; Jung et al. 2012), especially for
marine clayey HBS, which is widely spread in Northern South China Sea (Yoshihiro
et al. 2014; Li et al. 2016b). Sand management strategy plays an important role in
extending hydrate production test duration.

HBS in Northern South China Sea was characterized with shallow bury depth,
weak consolidation and high shale content (Liu et al. 2017), gravel packing (which
include open hole gravel pack, internal gravel pack and pre-packed screen) is one of the
best choice for this kind of reservoirs (Deng et al. 2011, 2012). Under gravel packing
condition, the packing layer acts as both sand blocking mesh and flow channel of
reservoir fluid. Large gravel size leads lower skin coefficient and benefits for improving
well productivity, but it will lead vast sand production and formation deficit simulta-
neously. On the other hand, small gravel size is good for sand retention but it may lead
blockage of near wellbore flow channel, which is fatal for well productivity. Therefore,
gravel size design for clayey HBS should take into account both the requirement of
sand retention and blockage avoidance in the near wellbore flow channel.

At present, gravel sizing for packing operation is always done based on the fol-
lowing two assumptions. The first way is to retain formation sand entirely, and petro-
leum standard recommends less than 0.3‰ of solid content for sand control wells. The
second method was named as moderate sand-control, and field operation should meet
the demand that solid content in wellhead production fluid is less than 0.5‰ (Wang et al.
2011). However, shale content of clayey HBS is more than 30%, which is the main
content that may lead blockage in the near wellbore flow channel (Hu et al. 2004; Valdes
and Santamarina 2006; Dong et al. 2016). For marine clayey HBS, if we keep large
fraction of shale content stay in the near wellbore flow channel to meet the standard of
the above sand-control methods, productivity of hydrate production wells might be cut
enormously. To ensure productivity of hydrate production wells and prolong duration of
hydrate exploitation test, sand management operation should guarantee elimination of
all those shale content. This also means there is more than 0.5‰ solid content in
wellhead production fluid. As a result, both entirely sand-control and moderate sand-
control design method are not suitable for marine clayey HBS. We have to consider sand
management operation in a brand new way for marine clayey HBS.

In this paper, a new gravel sizing method will be proposed, which is specialized for
hydrate production test wells in marine clayey HBS using reservoir-fluid extraction
method. A typical marine clayey HBS SITE Y in Pearl River mouth basin, Northern
South China Sea will be taken as an example to describe detailed design procedures of
the above gravel sizing method. Finally, suitable gravel size for SITE Y will be
suggested.
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2 Gravel Sizing Method

In considering the basic characteristics of marine clayey HBS, main purpose of gravel
sizing for hydrate exploitation test well is: ensure elimination of both shale content and
very fine sand particles, while prevent migration of relatively coarse particles from
formation to wellbore. The new gravel sizing method based on the above criteria can be
called “Hold coarse while eliminate fine particle (HC&EF method)”. In another word,
HC&EF method eliminates fine particles to avoid blockage and improves permeability
of near wellbore formation. Retention of coarse particle is also essential for
improvement of permeability and avoid vast formation deficit.

Detailed gravel sizing implementation steps based on HC&EF method are as fol-
lows. Firstly, analyze the uniformity and sorting characteristics of the HBS via original
particle size distribution (PSD) curve, and set preliminary target and demand for gravel
sizing. Secondly, some mathematical transformation can be used to divide the original
formation solid into two components, which are coarse component and fine component.
Cutoff point of these two components can be defined as critical particle diameter of
formation size partition. Critical particle diameter of formation size partition can be
used to calculate minimum gravel size which can ensure elimination of shale content
and fine sand content. Thirdly, dislodge fine segment from original PSD curve, new
PSD curve only for coarse component can be obtained through afresh cumulative
calculation. Uniformity and sorting characteristics of coarse component can be
obtained. After that, gravel sizing models based on entirely sand-control theory should
be absorbed to calculate the gravel size that can retain coarse component entirely.
Finally, we get two set of size rage, which are determined by fine component elimi-
nation and coarse component retention. Intersection of these two set can be defined as
the proper gravel size for marine clayey HBS based on HC&EF method.

It is noteworthy that the above described HC&EF method should also take the other
factors into consideration, such as shale fraction and layered sand-control demand.
Therefore, gravel size used for real hydrate exploitation wells should be matched
according to the result obtained from HC&EF method and industrial gravel size array.

3 Original PSD Characteristics

PSD characteristics are the base of proper gravel size design for packing operations.
Main properties of marine clayey HBS in Northern South China Sea are shallow depth,
low permeability, weak consolidation and very high shale content. Original semi-log
PSD range of HBS for SITE Y is shown in Fig. 1. It is obvious that median grain
diameter of original PSD locates between 6.0 lm and 15.9 lm. Previous studies also
demonstrate that shale content of HBS for SITE Y is around 25%–36%, in which
montmorillonite fraction is about 38% and illite fraction is around 32%. For this reason,
HBS at SITE Y can be classified into clayey formation. What’s more, as for particle
size of HBS at SITE Y, the deeper the bury depth, the coarser the particle size.
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Except median grain diameter, proper gravel sizing result should also consider the
influence of sorting coefficient and uniformity coefficient. Sedimentologist’s formula
(Eq. (1)) and Berg’s correlation (Eq. (2)) (Oyeneyin 2015) are always used for
determination of sorting coefficient:

F ¼ /84 � /16

4
þ /95 � /5

6:6
ð1Þ

F ¼ /90 � /10

2
ð2Þ

Where, /84 ¼ �log2d84,/16 ¼ �log2d16, /95 ¼ �log2d95,/5 ¼ �log2d5,/90 ¼
�log2d90,/10 ¼ �log2d10.

According to Eqs. (1) and (2), original formation sand can be divided into four
classifications, which are well sorted (F60:5), normal sorted (0:5\F61:0), poor
sorted (1:0\F62:0) and extremely poor sorted (F > 2.0) (Oyeneyin 2015). Then,
sorting coefficient for HBS at SITE Y can be calculated, which is 1.85–2.30 on the base
of Sedimentologist’s formula, while that is 2.35–2.95 on the base of Berg’s correlation.
It is obvious that sorting coefficient obtained from Berg’s correlation is higher than that
obtained from Sedimentologist’s formula. But both of them indicate that sorting
properties for HBS at SITE Y are extremely poor, which increase the difficulty of sand
control operation. Because the poorer the sorting coefficient is, the larger the gravel size
range is needed for sand management. And large gravel size range might lead poor
sand retain efficiency and decrease the ability of anti-blockage for gravel layers.

Uniformity coefficient of formation particles can be calculated via Eq. (3) (Dong
2012):

C¼ d40=d90 ð3Þ

Fig. 1. Original PSD curves of HBS at SITE Y
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Formation sand can be divided into three classifications according to Eq. (3), which
are uniform sand (C \leqslant 5), heterogeneous sand (5\C68) and extremely dis-
tributed sand (C > 8) (Dong 2012) . Uniformity coefficient for HBS at SITE Y is 8.4–
12.3 and original HBS belongs to extremely distributed sand, which also increases the
difficulty of sand-control operation.

Overall, HBS at SITE Y can be defined as extremely distributed clayey fine for-
mation with high shale content and very poor sorting properties. All those properties
gain great challenges for sand-control management.

4 Properties of Coarse Component and Fine Component

4.1 Particle Size Partition of Coarse Component and Fine Component

It has been proved by Markestad that formation sand sample can be divided into two
components normally (Markestad et al. 1995). The first component is fine component
which includes shale content and fine sand content. The second is coarse component.
As for the clayey HBS in Northern South China Sea, when hydrate is decomposed, the
formation becomes very loose. Main skeleton can be viewed to be formed by coarse
component and fine component filled in the pore space formed by coarse component.
Under driving of pressure draw-down, fine component may be carried by water/gas and
flow into the packed layers and wellbore. In order to balance the demand for pro-
ductivity and formation stability, the following two factors have to be taken into
consideration. On the one hand, eliminate fine component to decrease skin factors and
promote hydrate decomposition. On the other hand, keep basic formation skeleton by
retention of coarse component. Detailed methods for formation sand partition has been
described in Li et al. (2017).

It is easy to conclude from the method that demarcation point for upper segment
and lower segment are 5.3 lm and 7.2 lm, respectively.

4.2 Characteristics of Coarse Component

After partition of particle size, in order to calculate gravel size for retention of coarse
component, some critical characteristics like median grain diameter, sorting coefficient
and uniformity coefficient should be analyzed independently for coarse component.

After all fine components can be removed from Fig. 1. New semi-log PSD curves
can be obtained specialized for coarse component at SITE Y, as shown in Fig. 2.

Based on Fig. 3, median grain sizes for coarse component of HBS at SITE Y locate
between 15.9 lm and 24.4 lm. Sorting coefficient based on Eqs. (1) and (2) are
0.9–1.2 and 1.1–1.5, respectively. And uniformity coefficient based on Eq. (3) is 1.98–
2.98. It can be seen from the above parameters that both sorting coefficient and uni-
formity coefficient decrease if fine component is cut off from original formation. Thus it
could decrease the difficulty of sand management and prolong expiration date of sand
management operation.
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5 Gravel Sizing for Packed Layers

5.1 Design of Minimum Gravel Size for Elimination of Fine Component

After systematic drainage experiment on gravel-sand ratio (GSR) matching perfor-
mance, Saucier (1974) concluded that, with irrespective of shale content, formation
sand can be eliminated and pass through gravel layers smoothly if GSR>14. Therefore,
minimum gravel size for packed layers in hydrate exploitation wells should be:

D0
fmin ¼ 14dfmax ð4Þ

Moreover, minimum gravel size for upper segment and lower segment of SITE Y
can be calculated via Eqs. (5) and (6), respectively.

D0
fmin ¼ 14� 5:3 lm ¼ 74:2 lm ð5Þ

D0
fmin ¼ 14� 7:2 lm ¼ 100:8 lm ð6Þ

Except fine component, there exist large amount of shale content in clayey hydrate
bearing formation, which is the main reason that causes blockage of packed layers
(Dong et al. 2011). The more the shale content, the more seriously the blockage of
packed layers. In another words, existence of shale content leads enlargement of
needed gravel size in order to eliminate fine component. It has been proved by previous
work that proper gravel size should be 1.54 times of normal designed size if shale
content is 21.36% in formation sand (Ma et al. 2013).

Fig. 2. PSD curves for coarse component of HBS at SITE Y
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Therefore, the concept of gravel size enlargement factor (represented as Rm) can be
used to describe the influence of shale content. Proper gravel size with consideration of
shale content for packed layer can be written as Eq. (7).

Dfmin ¼ RmD
0
fmin ð7Þ

Finally, minimum gravel sizes for elimination of fine component (including shale
content) are 118.7 lm and 161.3 lm, respectively, for upper segment and lower
segment at sit X.

5.2 Design of Gravel Size for Retention of Coarse Component

Under condition of eliminate all possible fine component, gravel size for retention of
coarse component can be calculated on the base of normal gravel sizing models.

Typical gravel sizing models for coarse component are Karpoff method, Tausch &
Corley method, Saucier method and so on.

Particularly, d50 and d10 on PSD curve are used by Saucier method and Tausch &
Corley method, respectively, to calculate proper gravel size for packed layers. Detailed
calculation equations are shown in Eqs. (8) and (9).

Dcmin ¼ 5d50
Dcmax ¼ 6d50

(
ð8Þ

Dcmin ¼ 4d10
Dcmax ¼ 6d10

(
ð9Þ

On the other hand, both uniformity coefficient and d50 are used for Karpoff model.

Dcmin ¼ 5d50; Dcmax ¼ 10d50 C\3

Dcmin ¼ 4d50; Dcmax ¼ 8d50 C� 3

(
ð10Þ

Based on Fig. 2 and Eqs. (8)–(10), proper gravel size for retention of coarse
component can be predicted, which was shown in Table 1.

Table 1. Gravel size for retention of coarse component at SITE Y

Segment Gravel size/lm
Tausch & Corley method Saucier method Karpoff method

Upper layer 143–215 69–82 69–137
Lower layer 240–360 122–146 122–244
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5.3 Determination of Gravel Size for Sand Management at SITE Y

For clayey hydrate exploitation wells, proper gravel size should meet the demand of
both eliminate fine component and retain coarse component. If the gravel size for
retention of coarse component and elimination of fine component are viewed as two
independent mathematical aggregations, intersection of the above two aggregations can
be used as the proper gravel size for clayey hydrate exploitation well. As an example,
proper gravel size for SITE Y is shown in Table 2. Empty set in Table 2 indicates
unfeasibility of gravel sizing method for clayey hydrate exploitation wells.

It can be concluded from Table 2 that Saucier method is not suitable for SITE Y,
which indicates its unfeasibility for clayey hydrate exploitation wells. Gravel sizing
result based on Karpoff method looks conservative and that based on Tausch & Corley
method is a little bit risky.

Decision of final packed gravel size should be based on balance of productivity
demand and sand management validation. On one hand, if wellbore sand-carrying
condition is restricting, productivity should be sacrificed a little bit to ensure safety of
artificial lift. Then gravel sizing result based on Karpoff method should be used. On the
other hand, if the artificial lift equipment can bear relatively high percentage of solid
content, result based on Tausch & Corley method will be suggested. It is notable that
all the above research results are based on the assumption that gravel packed layer can
retain all coarse component. Therefore, if sand bridge can be formed and exist time-
lessly in the near wellbore, the results based on Tausch & Corley method is enough to
retain coarse component theoretically. Therefore, the result based on Tausch & Corley
method was recommended here for calyey hydrate exploitation wells. According to
Table 2, suggested gravel packing size for upper segment at SITE Y should be 143–
215 lm, while that for lower segment should be 240–360 lm. However, hydrate
always located in the shallow formation and in a limited depth interval. Layered gravel
packing may increase the difficulty of field operation. In order to decrease the difficulty
and take into account of both upper segment and lower segment, gravel size range
should be suggested as 215–360 lm.

With the decomposition and production of natural gas hydrate, formation depletion
may be propelled gradually. Only inner-hole gravel pack operation or pre-packed
screen operation can keep original packing compaction during the whole process of
reservoir fluid extraction. It should be noted that the gravel sizing method provided in
this paper should be only used for inner-hole gravel pack operation or pre-packed
screen operation. For open hole gravel packing operation, gravel size should be
reappraised. It is possible that smaller gravel size is more suitable for open hole gravel
pack operation for clayey hydrate exploitation wells.

Table 2. Gravel sizing result for SITE Y

Segment Gravel size/lm
Tausch and Corley method Saucier method Karpoff method

Upper layer [143, 215] ∅ [118.7, 137.0]
Lower layer [240, 360] ∅ [161.3, 244.0]
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6 Conclusion

New gravel sizing method named “HC&EF method” for clayey hydrate exploitation
wells was provided in this paper. Minimum gravel size was calculated to ensure
elimination of fine component in the formation, and appropriate gravel size for
retention of coarse component can be calculated via different models. Intersection of
the above two aggregations can be viewed as proper gravel size for packed layers in
hydrate exploitation wells.

SITE Y, which located in Pearl River mouth basin, Northern South China Sea was
taken as an example to describe detailed gravel sizing schedule based on HC&EF
method. The research result suggests that gravel size for SITE Y should be 215–
360 lm.

As described above, elimination of fine component is the essence of HC&EF
method. It means all fine components, including shale component, should flow into the
wellbore. For this reason, fluid infusion into the wellbore and keeping sand carrying is
very important for gravel packing wells based on HC&EF method. Coordination of
sand management system is the only way to ensure effective and long-term hydrate
exploitation operation.

Nomenclature:

C Uniformity coefficient offormation sand, dimensionless
d Particle size of formation sand, m
d5, d10, d16, d40, d84, d90, d95 Particle diameter when cumulative mass/volume is

5%, 10%, 16%, 40%, 84%, 90% and 95% on PSD
curve, lm

d50 Median grain size, lm
dfmax Maximum particle size of fine component, lm
Dcmax, Dcmin Maximum gravel size and minimum gravel size for

retention of coarse component, respectively, lm
Dfmin Minimum gravel size for elimination of fine compo-

nent when take into account of shale content, lm
D

0
fmin

Minimum gravel size for elimination of fine compo-
nent except shale content, lm

F Sorting coefficient, dimensionless
M Total sand quality used for particle size analysis, kg
N Total particle quantity used for particle size analysis
Rm Gravel size enlargement factor caused by shale

content, 160%
W Mass fraction for given size in formation sand, %
q Density of formation sand, kg/m3
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Abstract. During methane gas production from hydrate bearing sandy sedi-
ments, fine particles can migrate or clog the pores of sediments. Fines clogging
induces a change in pressure gradient which affects the gas flow pattern and
might induce gas driven fracture. A fundamental understanding of these phe-
nomena is needed to enhance gas production strategies. Effects of fines migra-
tion and clogging on gas flow path and gas driven fracture were studied for
Carbon Dioxide (CO2) using 3D Synchrotron Micro-computed Tomography
(SMT). Multiphase flow experiments were conducted on brine saturated uniform
F75 silica sand mixed with kaolinite at different percentages by weight (2%, 4%,
and 6%). Sand-fines mixtures were deposited into a small acrylic cylinder that
has two ports; one connected to a flow pump to withdraw the brine solution and
the other one was used to inject CO2 gas at a constant pressure (4 psi). The gas
migrated through percolation with no major particle displacement of sand for
low fines concentration (2% and 4%). Moreover, gas driven fracture was
observed for higher fines content. Fines were observed to clog the pores near the
CO2-brine boundary interface. SMT is considered to be a powerful tool that can
be used to monitor and visualize fines clogging and the flow of gas through
sandy sediments.

1 Introduction

The availability of methane hydrates and the expected increase in energy demand
encouraged researchers to consider methane production from methane hydrates as a
potential energy source. It is estimated that more than 95% of methane hydrates occur
in marine environments where the conditions of high pressure and low temperature are
satisfied (Max et al. 2013). The production of methane from hydrate-bearing sediments
requires hydrate dissociation for releasing mobile methane gas in sediments prior to gas
production operation. Multiphase flow is defined as simultaneous flow of two or more
fluids with different states (i.e. gas or liquid). Fines migration and clogging in single-
phase and multi-phase flow have been investigated using two-dimensional (2D)
microfluidic pore models, three-dimensional (3D) porous sediments models, and
numerical simulations (Wan and Wilson 1994; Imdakm and Sahimi 1991; Holtzman
and Juanes 2010; Jung et al. 2017; Agbangla et al. 2012; Jang and Santamarina 2014).
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During methane production, fines may migrate and/or clog through the pore space of
sandy sediments depending on fines concentration, flow rate and geometry and
topology of the pore scale (i.e., pore size distribution, throat size distribution and the
ratio of the size of the pore throat to the size of the fine particle).

It is known that the preferential path of gas invasion for clay-rich sediments usually
takes place through conduit opening or fracturing (Choi et al. 2011; Wiseall et al.
2015). However, Jung et al. (2012) showed that during multiphase flow of CO2 through
saturated sandy sediments with small amount of fines fraction (i.e. *4%), fracture
could also develop due to fines clogging. Therefore, to better explore the mechanisms
of gas production from hydrate bearing sediments, a comprehensive understanding of
the associated physical processes such as fines migration, clogging and gas-driven
fracture is needed.

In this paper, direct visualizations of fines, fines clogging and gas driven fracture
are presented by means of 3D SMT imaging. Multiphase flow experiments were
conducted on brine saturated uniform F75 silica sand mixed with kaolinite at different
percentages by weight. Effects of fines migration and clogging on gas flow paths and
gas driven fracture were studied for CO2 gas.

2 Experimental Setup and Procedure

Uniform F75 silica sand with grain size between US sieve #60 (0.250 mm) and sieve
#70 (0.210 mm) was used in this study. The sand was obtained from the US Silica
Company and has a specific gravity of solids (Gs) of 2.65 g/cm3, a maximum void ratio
(emax) of 0.78 and a minimum void ratio (emin) of 0.50. Dixie Clay Kaolin supplied by
Vanderbilt Minerals Company was used to represent the fines. It has a mean particle
size of 0.6 lm and a Gs of 2.62 g/cm3. Dry sand was first mixed with kaolinite powder
at different kaolinite fraction by weight. The specimens were prepared to be in loose
packing state since gas hydrates in marine environment are deposited in loose sedi-
ments (Hyodo et al. 2014). Then, the sand-kaolinite mixture was deposited in a
9.52 mm (3/8 in.) diameter acrylic cylindrical cell that was partially filled with distilled
water. The cell has two ports; an upper port that was connected to a DigiFlow pressure-
volume actuator (flow pump); and a bottom port that was connected to a pressure
regulator connected to a CO2 gas source.

3 3D Synchrotron Micro-computed Tomography (SMT)

X-ray computed tomography is a powerful non-destructive imaging technique in which
an x-ray beam impinges a rotating object and the passing attenuated x-ray is collected
by a detector. The collected attenuation data are then processed to produce a recon-
structed 3D volume of the object. An enhancement to the conventional X-ray computed
tomography is the use of a synchrotron radiation source that produces higher resolution
images with less noise (Alshibli et al. 2014).

In this study, the SMT scans were acquired at Beamline 13D, Advanced Photon
Source (APS), Argonne National Laboratory (ANL), Illinois, USA. Potassium Iodide
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(KI) was added to the water to serve as a doping agent when analyzing the images to
enhance the contrast of the brine phase and hence facilitate its segmentation in the
images. At each state of the experiments, two different scans at two energy levels were
acquired. The first energy level was below the edge of iodine (33.069 keV) while the
second one was above it (33.269 keV). The resolution of the acquired images was
approximately 3.9 lm/pixel. Six specimens with different kaolinite content (2%, 4%,
and 6%) were scanned at four states. The first scan was acquired at the initial state of
the specimen. The second scan was acquired after pumping out 0.4 ml of brine solution
out of the saturated specimen while injecting CO2 at a constant pressure of 27.6 kPa
(4 psi). Then, another 0.6 ml of water was drained out and the scan was acquired.
Finally, CO2 pressure was increased to 41.4 kPa (6 psi) and the scan was acquired
without pumping out more water.

4 Image Analysis

4.1 Three-Phase Segmentation

Once raw 3D SMT images were obtained, images were processed, enhanced and
segmented using AVIZO 9.4 software. First, anisotropic diffusion filter was applied on
the greyscale images to reduce noise and enhance contrast of edges. Then, user-defined
values of image intensity ranges were input in the interactive thresholding module that
allowed binarizing the images into voxels of values zeros and ones. Images acquired at
the energy level below Iodine edge were used to identify the sand and voids whereas
gas was identified from the other phases using the images acquired at the higher energy
level. Next, arithmetic operations were performed on the binarized images that resulted
in one segmented image where sand particles have a voxel value of two, brine has a
voxel value of one, and gas has a voxel value of zero. Figure 1 presents the steps of the
image segmentation that was performed on the images acquired at the second stage of
the test for the 2% kaolinite specimen.

4.2 Fines Segmentation

Separation of fines from other phases was a challenging task due to their small sizes
and since they are mixed with the water phase. One way to infer regions with high
concentration of fines is by considering regions in the water phase with a higher density
(higher CT number). After selecting the voxels within this region, opening algorithm is
applied to remove small particles. After that, the detected regions with high concen-
tration of fines are highlighted in the filtered image and appear as bright white spots.
Figure 2 shows the greyscale image of 3rd state scan for the 6% kaolinite specimen
with regions of high fines concentration displayed as bright voxels. Both clogging and
gas driven fracture are detected in Fig. 2. Clogging of fines is observed near the
boundary of the CO2 brine interface.
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Fig. 1. Image post-processing steps: (a) filtered image acquired at energy level higher than Iodine
edge; (b) gas phase binarized image; (c) filtered image acquired at lower energy level than Iodine
edge; (d) solids phase binarized image; (e) three-phase segmented image for the 2% kaolinite
specimen acquired at the second stage of the test, sand is white, brine is grey and gas is black
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5 Results

Table 1 presents volume based measurements (porosity, brine saturation, and gas
saturation) of the tested specimens based on the segmented images. The porosity of the
4% kaolinite specimen is slightly higher than those of the other two specimens. Gas
invades the 2% and 4% kaolinite specimens by “percolation” (Fig. 3), while it invades
the 6% specimen by “fracturing” or “conduit opening” (Fig. 2). Gas saturation in the
final state of the 2% specimen is 11.9% while it reaches 16.3% for the 6% kaolinite
specimen. The 4% specimen has gas saturation of 45.6%. For the 2% specimen,
capillary pressure (the difference between gas pressure and water pressure) was slightly
higher than the capillary entry pressure. Increasing fines content will cause an increase
in the capillary pressure. The excessive clogging in the 6% specimen caused the
capillary pressure to overcome the effective stress between sand particle, and fractures
were initiated.

Image-based measurements of fines content during different stages of the tests are
presented in Table 2. The measured fines content using image analyses did not differ
significantly from calculated values based on measured weights during specimens’
preparation. This observation helps to develop confidence in the selected intensity
range used in segmentation of fines. Values provided in Table 2 were calculated based
on volume measurements obtained from the segmented images and using the specific
gravity of solids for sand and kaolinite. The amount of fines for 2% and 4% specimens
decreased as CO2 was injected through the Table 2. Fines migrated through the pores
without observed clogging. On the other hand, the measured fines content for the 6%
specimen was found to increase compared to the initial state by almost 7%. Clogging
was excessive which lead to an increase in the measured fines.

Fig. 2. Greyscale image of the 3rd state scan for 6% kaolinite specimen with regions of high
fines concentration displayed as bright voxels
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6 Conclusions

Production of methane from hydrate-bearing sediments requires hydrate dissociation
for releasing mobile methane gas in sediments prior to gas production operations. Fines
may migrate through or clog the pore space of sandy sediments depending on pore
network geometry. Multiphase flow experiments were conducted on brine saturated

Fig. 3. Three-phase segmented image for 4% kaolinite specimen at (a) initial state; and (b) final
state (sand is white, brine is grey and gas is black).

Table 2. Image-based measurements of fines content at different flow states

Specimen Measured fines content Change in fines content with
reference to load the initial
(1st) state (%)*

1st state 2nd state 3rd state 4th state

2% kaolinite – – – −9.5
4% kaolinite 4.6 −9.4 −18.1 −17.2
6% kaolinite 6.5 7.8 5.3 7.0

*Assuming Gs = 2.65 for sand and 2.62 for kaolinite

Table 1. Image-based measurements of porosity, brine saturation and gas saturation for the
tested specimens

Fines
type

Fines
content
(%)

Initial
porosity
(%)

Initial brine
saturation (%)

Final brine
saturation (%)

Final gas
saturation
(%)

Kaolinite 2 40.8 99.2 89.6 11.9
Kaolinite 4 35.6 99.5 53.6 45.6
Kaolinite 6 39.9 98.3 83.5 16.3
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uniform F75 silica sand mixed with kaolinite and at different percentages by weight
with similar preparation procedure. Direct visualization of fines, fines clogging, and gas
driven fracture were presented in this paper using 3D SMT images at different flow
states.

Fines were segmented by selecting voxels with high CT numbers in the brine phase
of the images. Fines content were calculated based on image analyses and found to be
close to the values that were calculated based on weight measurements during speci-
mens’ preparation. For low fines concentration, fines tend to migrate through the pores
of the sediments. Increasing fines content leads to clogging which increases the pres-
sure gradient within the pores that can lead to a gas driven fracture if it overcomes the
effective stress between sand particles. 3D SMT imaging offers a valuable quantitative
and qualitative analyses of fines migration and clogging during multi-phase flow
through sandy sediments.
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Abstract. This paper aims to analyse the variability of the fracture toughness of
rocks with temperature, which implies a critical parameter for rock fracture
prediction and assessment methodologies. Four types of rocks with different
characteristics and lithologies have been chosen with this purpose: the Floresta
Sandstone, the Moleano Limestone, the Macael Marble and the Carrara Marble.
The research is based on the results obtained in an exhaustive, systematic and
rigorous experimental programme comprising 48 notched specimens tested in
four-point bending conditions both at room temperature and at 250 °C, being
this latter temperature quite common in high enthalpy geothermal applications.
All the test specimens consist of parallelepiped pieces with a U-shaped notch
located in the middle. These notches have a radius of 0.15 mm, which make it
possible to assume that they behave as cracks rather than as notches. Based on
this assertion, the performed tests allow calculating the fracture toughness with
reasonable accuracy. Rock attributes like low- and high-porosity, grain size and
microstructure, together with the temperature, show a direct influence on the
mechanical behaviour of geological materials. For this reason, changes in their
behaviour are studied in this work through the deviations in the already men-
tioned key parameter: the fracture toughness.

Keywords: Temperature � Rock � Fracture toughness � Notch
Crack

1 Introduction

This study aims to investigate the influence of temperature on the mode I fracture
toughness using Single Edge Notched Beam (SENB) specimens of four different types
of rocks: the Floresta Sandstone, de Moleano Limestone, the Macael Marble and the
Carrara Marble. The fracture toughness reflects the rock’s resistance to crack propa-
gation, and therefore represents an important mechanical property that can be used to
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characterize the residual strength of rocks with crack structures. Understanding, con-
trolling and being able to predict rock fracturing is crucial in many underground
engineering fields, where the effect of temperature cannot be considered negligible (e.g.
geothermal extractions, oil-gas exploitations, etc.).

The authors of this paper have successfully applied in previous works different
methodologies for fracture prediction of several rocks at room temperature: the Theory
of the Critical Distances (Cicero et al. 2014; Justo et al. 2017) or the Strain Energy
Density criterion (Justo et al. 2018 – under revision). In all of them, the fracture
toughness turns out to be a key parameter for the fracture assessment, so its correct
characterization is of the utmost importance. Thus, this work aims to analyze the
variation of the fracture toughness comparing the results obtained at room temperature
with those corresponding to 250 °C, which is a common temperature in high enthalpy
geothermal applications.

Different studies can be found in the literature about the influence of temperature on
the fracture toughness of rocks. Meredith and Atkinson (1985), for example, studied
the fracture toughness of a granite and a gabbro and showed that it decreased at
temperatures above 100 °C. The reduction of the fracture toughness of both rocks was
caused by the development of micro-cracks induced by differential thermal expansion
between adjacent mineral particles. By contrast, Al-Shayea (2002) reported a case of a
limestone where the fracture toughness increased at 116 °C by approximately 25%,
probably due to the closure of micro-cracks or pores caused by the thermal expansion.
Similarly, Zuo et al. (2014) focused on the fracture behavior of a siltstone after thermal
treatment and observed that when temperature was below 200 °C, fracture toughness
increased, mainly because of the pore pressure changes induced by temperature. Thus,
it seems evident that the variations in the fracture toughness of the rocks are dominated
by micro-mechanisms derived from changes in temperature. This study aims to provide
further information on different rocks.

2 Experimental Program: Materials

This section provides an individual and detailed microstructural description of each of
the chosen rocks, which were previously studied by the authors of this paper at
Justo et al. (2017). Table 1 gathers some of the most relevant technical properties of the
analyzed rocks:

Table 1. Some technical properties of each material.

(F) (C) (M) (I)

Bulk density (kg/m3) 2320 2500 2715 2709
Open porosity (%) 16.3 6.4 - -
Water absorption (%) 4.8 2.7 0.075 0.15
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2.1 Floresta Sandstone (F)

The Floresta Sandstone can be classified as a sedarenite, consisting of medium-fine
grain (62–500 µm) quartz (monocrystalline, polycrystalline and chert grains) and
abundant medium size carbonated grains (250–500 µm). Carbonates [C] are mainly
subrounded and consist of intraclastic grains (mudstone texture), sparitic crystals and
dolomite. On the other hand, quartzes [Q] are mainly subrounded and subangular
shaped, or angular occasionally. The presence of large packing and dissolution voids
[V] is common, cement [Sp] is very scarce and depositional structures are not recog-
nizable (see Fig. 1a).

2.2 Moleano Limestone (C)

The Moleano Limestone can be classified as an intrasparitic-pelsparitic limestone (Folk
1959) or grainstone (Dunham 1962) that consists of intraclasts, bioclasts, pellets and
sparite crystals as shown in Fig. 1b. Intraclasts [Intra] correspond to the largest
subrounded-rounded shaped grains with sizes varying in the range of coarse sand and
microconglomerate (500–2000 µm), showing a micritic texture. By contrast, bioclasts
[bio] are mainly fragments of bivalves and corals which occasionally show internal
sparitic recrystallization, and pellets [Pel] are the dominant allochemical component.

a)

c)

b)

d)

500 μm 500 μm

500 μm 500 μm

Fig. 1. Microstructure of the analysed rocks: (a) Floresta Sandstone (4x, crossed Nicols),
(b) Moleano Limestone (4x, crossed Nicols), (c) Macael Marble (4x, parallel Nicols), (d) Carrara
Marble (4x, crossed Nicols).
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The size of the latter varies in the range of fine and medium sand (125–500 µm) and
always shows a micritic internal texture. Sparite crystals [Sp] cement to a great amount
the allochemical components, so porosity is much lower than in the case of the Floresta
Sandstone.

2.3 Macael Marble (M)

Macael Marble shows a very well developed granoblastic texture with equidimensional
idiomorphs leucocratic crystals and null porosity (see Fig. 1c). The grain sizes vary in a
wide range of values that oscillate between 200 and 1180 µm.

2.4 Carrara/Italian Marble (I)

The microstructural composition of the Carrara Marble is very similar to the one
described for the Macael Marble. The most important difference is the crystal sizes (see
Fig. 1d), which are smaller and more homogeneous in the Carrara Marble (112–
500 µm).

3 Experimental Program: Fracture Toughness Tests

A wide variety of testing methods can be found in the literature for fracture toughness
assessment of rocks, all of them considering different specimen geometries (e.g.,
Ouchterlony 1988; ASTM-PS70 1997; CEN/TS 14425-1:2003; Kuruppu et al. 2014).
None of the existing tests stands out among the rest from a methodological point of
view, and even those ‘suggested methods for determining fracture toughness of rock’
(Ouchterlony 1988) specified by the International Society for Rock Mechanics (ISRM)
have been frequently questioned or modified.

For this reason, among all the methods collected by Amaral et al. (2008) for rock
fracture toughness evaluation, the CEN/TS 14425-1:2003 standard has been selected
here with some minor geometrical modifications based on the Spanish standard UNE-
EN 13161:2008 dealing with natural stone test methods. It was originally proposed by
Srawley and Gross (1976) for ceramic materials and uses SENB specimens subjected to
four-point bending conditions.

With all this, Fig. 2 shows a scheme of the used fracture specimens in the present
experimental campaign, which consist of 180 � 30 � 30 mm size parallelepiped
beams with a straight U-shaped notch in the middle with a radius (q) equal to 0.15 mm.
The notch is performed using a diamond wire, so the possible slight variations in the
notch length are attributable to the precision of the cutting process. In any case, the
relative notch length (a0), which is defined as the ratio between the initial notch length
(a0) and the total height (h) of the specimen, will always guarantee high confinement
conditions (0.45 � a0=h� 0.55).

All in all, 48 four-point bending tests have been performed for this study, six for
each material and temperature (room temperature and 250 °C). They were all carried
out in displacement control with a constant rate of 0.05 mm/min till failure. In all the
tests, both the applied load and the vertical displacement were recorded.
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The experimental setup is shown in Fig. 3. The rollers of the testing device have
been designed to allow rotation and lateral tilting. This will minimize friction between
them and the specimens and will reduce possible torsion effects that may arise when
opposite faces are not perfectly parallel. Besides, the upper head has a spherical joint
that allows a greater degree of adjustment and ensures a centered load application axis.
Likewise, the apparatus is placed inside an oven that has been previously coupled to the
press, which permits performing the tests under constant temperature conditions. Those
specimens tested at 250 °C were preheated during at least 48 h to ensure an inner
constant temperature of the pieces before testing.

Mode I fracture toughness values (KIC) for the SENB specimens analyzed in this
article can be calculated with the following expression initially developed by Srawley
and Gross (1976) and defined at CEN/TS 14425-1:2003:

KIC ¼ F � Y
b � h1=2 ð1Þ

Fig. 2. Scheme of the geometry of the fracture specimens.

Fig. 3. Experimental setup for fracture toughness tests at different temperatures.
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where F is the failure load obtained in the tests, b is the specimen thickness, h is the
specimen height and Y is the compliance factor given by:

Y ¼ 3 � Lo � Lið Þ � a1=20 � X
2h � 1� a0ð Þ3=2

ð2Þ

with

X ¼ 1:9887� 3:49� 0:68a0 � 1:35a20
� � � a0 � 1� a0ð Þ

1þ a0ð Þ2
" #

� 1:32a0 ð3Þ

Lo and Li being the spans between the supporting rollers and the inner loading points,
respectively (see Fig. 2), and a0 the relative notch length (a0 ¼ a0=hÞ. It is important to
note that fracture toughness testing methodologies are supposed to consider a crack-
type defect (q � 0 mm). However, introducing a proper crack with controlled geom-
etry in rocks is not feasible, so limited finite radii are accepted at the defect tip as long
as the notch effect is negligible. The authors of this paper demonstrated in a previous
work (Justo et al. 2017) that the notches with a radius q = 0.15 mm behave as crack-
type defects, developing the notch effect with larger notch radii (of the order of few
millimeters) in the case of the analyzed rocks.

4 Results and Conclusions

Figure 4 shows the results of each of the performed fracture toughness tests, both at
room temperature (23 °C) and at 250 °C. Dots correspond to the individual results,
while the crosses represent the mean values of the fracture toughness. Two clear trends
can be directly observed: in the case of the Moleano Limestone (Fig. 4a) and the
Floresta Sandstone (Fig. 4b), those rocks with relatively high porosity, the fracture
toughness increases at 250 °C by approximately a 47% and a 21%, respectively. The
experimented increment may probably be caused by the closure of the existing pores
and micro-cracks due to the temperature rise, making the rocks stiffer and more
compact.

By contrast, the fracture toughness of the two analyzed non-porous marbles
(Fig. 4c and d) decreases considerably at 250 °C, around a 40% in both cases. This
clear reduction in the fracture toughness is produced by the development of micro-
cracks as a response to uneven thermal dilation between adjacent confined crystals with
no space for expansion.

The obtained results are consistent with those found in the bibliography (e.g., Al-
Shayea 2002; Gan et al. 2017), where similar fracture behaviors and trends were
recorded for other rocks with comparable properties. In the future, other intermediate
temperatures will be tested to deeper analyze changes in the microstructure.

In conclusion, it is essential to understand the micro-mechanisms produced in the
rocks exposed to heating processes. The changes induced by temperature both in the
internal composition and in the structure of the rocks define their fracture behavior.
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Consequently, the fracture toughness can be considered a key parameter, as it allows to
characterize the residual strength of the rock under those conditions.
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Abstract. Northeast Betara (NEB) field is the biggest producing gas field of
Tertiary sediment reservoir in Jabung Block, South Sumatra Basin. Mesozoic
basement exploration has been anticipated by regional explorationists for more
than a decade. Two deviated-basement-well have drilled the same granite
lithology in 2013 to 2015, but surprisingly they showed different results. NEB
Base-1 have gas and condensate discoveries, NEB Base-2, on the other hand,
where is located 5.7 km away from NEB Base-1, do not have any hydrocarbon
in the basement section. Absence of conventional core data challenges this study
to maximize the utilization of well and 3D seismic data. This paper applies the
fracture model and petrophysical method including integrating the subsurface
datasets to estimate fractured basement reservoir reserves. Fracture model was
created by using Gaussian Random Function Simulation which incorporates
multi-attributes aided by Artificial Neural Network and interpreted well data to
show potential fractured zones. Combination of petrophysical method, well-test
and image log analysis was also performed to calculate reservoir porosity and
permeability. The result shows that edge-detection and ant-tracking attributes
are able to give the distribution of high-intensity fractured zone. It also shows
that the deeper the well, the less conductive fractures exist. The fractures dip-
azimuth have the mean magnitude of >50° which major orientation towards
Southeast direction. The fracture porosity and permeability consecutively ranges
from 0.24% to 18.82% and 1.7 � 10−7 to 2.44 mD. The optimum porosity and
permeability values can be then used to calculate reserves in order to give
reliable results.
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1 Introduction

Fractured reservoirs are more difficult and expensive to evaluate than conventional
reservoirs (Nelson 2001). Therefore, a fully understanding about the fracture distri-
bution and orientation, and its role to basement reservoirs may be the evidence for the
enhanced exploration and production concepts for this hidden source. Owing to exploit
this kind of reservoir, comprehensive study must be done. These are determination of
the distribution, orientation, and morphology of the fractures and possible migration
and trap of the area. How to identify the distribution and the orientation of the fractures
is a difficult problem. Simply, both fault and fractures can be identified using seismic
profiles. This study attempts to quantify the potential reservoir area using seismic
attributes methods and well data (core and image logs). Furthermore, petrophysical
analysis is applied to calculate the reserves area.

1.1 Regional Geology

The research location is located in Jambi Sub-Basin which is included in Betara High
bounded by some other highs such as Tigapuluh Mountain to the West, Kelapagajah
Hill and Marlang Hill to the South and also Sempilang High on to the Southeast.
Stratigraphy succession of Jambi Sub-Basin from oldest to youngest consecutively
(Saifuddin et al. 2001; Ginger and Fielding 2005) are Basement, Lahat Formation,
Talang Akar Formation, Baturaja Formation, Gumai Formation, Air Benakat Forma-
tion, Muara Enim Formation, and Kasai Formation. Granite basement of the area,
portion of the Northern to Eastern region of South Sumatra Basin, is considered part of
the Malacca Microplate formed during late Cretaceous. Tectonic stress and extension,
resulting from northward movement of both the Australian and the India tectonic plate,
and rotation of Borneo (Kalimantan), formed rifts or half-graben complexes along
much of the Southern margin of the Sunda Shelf plate (now Sumatra and Northwest
Java) in the Eocene to Oligocene. Fracture development in Jabung Block is controlled
by structural history and stress character of the area (Risyad et al. 2017). Structural
lineaments found in the research area has trends on NE–SW and NW–SE trends
depicted in Fig. 1. Those two trends are affecting the hydrocarbon accumulation and
migration.

1.2 Methodology and Data

The main data of this study are Post-Stack 3D seismic and image Logs (NEB Base-1
and 2). Among 6 wells, 2 wells are deviated well (NEB Base-1 and 2). Mud logs and
wireline logs, however, were needed for petrophysical analysis and calculation.

As the beginning, the existence of fractures and fault are interpreted from image
logs, and seismic. This step is including picking faults and fractures that could possibly
be detected, fracture characterization and petrophysical calculation. Secondly, selected
seismic attributes were generated to enhance the lateral distribution of minor faults.
Later on, both attributes and fracture intensity are simulated using co-kriging and
combined using Artificial Neural Network (ANN) to give heterogeneity. Finally, a
model is obtained to show the potential zones of interest.
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a. Fracture Characterization
Two fracture zones were created based on image log on Fig. 2. The first zone is
conductive zone, which is found mostly on the shallower depth with lower resis-
tivity, density, gamma ray value, and mostly shows the black sinusoidal on image
log. Whereas the second zone is the resistive one found on the deeper depth, and
have higher resistivity, density, gamma ray value, and shows bright sinusoidal on
image log. Then, aperture of each zones were calculated using Eq. 1 by Luthi and
Souhaite (1990).

Research Location

Fig. 1. Structural Geology of South Sumatera Basin (Ginger and Fielding 2005). Note that the
red box is the location of study
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W ¼ cARb
mR

1�b
xo ð1Þ

Where, W is the fracture aperture, c is constant coefficient, A is the current value of
resistivity, Rm is the mud resistivity, Rxo is the flushed zone resistivity, and b is the
exponent of device. The aperture mainly ranges from 0.17 mm to 63.93 mm,
whereas average dip is 65°, and strike N 15 °E in zone 1 and N 5 °E in zone 2.

b. Petrophysical Analysis
To emphasize the vertical distribution of fractures, based on log characterization and
fracture domination, 2 main zones and 16 detailed zones were separated. Further-
more, porosity and permeability calculated using Eq. 2 by Poupon et al. (1970) and
3 by Tiab and Donaldson (2012).

uf ¼
u2
N � u2

D

2

� �1
2

ð2Þ

Where uf is the fracture porosity, uN is porosity from neutron log (%), uD is
porosity from density log (%). Equation for permeability is given by

kf ¼ 8:33� 10�4w2
f uf ð3Þ

Where kf is fracture permeability (Darcy), wf is the fracture aperture (mm), and uf is
fracture porosity (%).

c. Generating Seismic Attributes
Several structural attributes were chosen to enhance lateral resolution of faults. This
study only takes account on structural attributes since the other attributes cannot
show the pattern of fracture distribution and orientation. Visual inspection is con-
ducted by employing variance, curvature, and ant-tracking seismic attributes.

Classification

Fig. 2. Two main zones on image logs, the red colour shows conductive fracture, where the blue
colour shows the resistive fracture.
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Variance can work on detecting small differences or anomalies of one trace to the
adjacent traces (Juanda 2010). On the other hand, curvature can detect small changes
on horizon, and consider it as fault (Roberts 2001). Therefore, they are very suitable for
basement condition that tends to be below seismic resolution. Ant-tracking is a well-
known attribute for fault mapping and fracture system characterization. All of the
anomaly values from attribute input (variance) will be re-calculated using ant-
algorithm, and stated as fault. Hence, azimuth, dip angle, and lateral density of fracture
system are obtained. Ant-track cube shows good fault imaging and density around two
basement crests (Fig. 3), located around two basement wells.

d. Obtaining Fracture Model
The three different attributes (variance, curvature, and ant-track) were chosen to be
the best attribute to be combined with ANN. The process is supervised by well data
and creating the fracture intensity and lateral porosity model. By using Gaussian
Random Function Simulation (GRFS), intensity fracture model is generated. Fur-
thermore, porosity model is also produced later on.

2 Results and Discussions

From 16 zones on Fig. 4, the most porous and permeable zones are located in 4,700 ft–
5,500 ft SSTVD. The most porous zone is located on the very top of the basement, the
A zone, and the lowest one is the G zone. Generally, A-L zone have a greater con-
ductivity then M-P zone. It also can be stated that high aperture considered as having
high porosity and permeability, as shown in Table 1. Remarkably, most of the fracture
intensity has a high value in conductive zone than the resistive zone, showing that it is a
good potential area. This is because basement reservoir really depends on the sec-
ondary porosity and permeability (Nelson 2001), and the uplifted basement will always

Var-Ant [Realized] 4 (Velocity model well tdr constant)
Seimic-Ant tracking

1.25
1.00
0.75
0.50 
0.25
0.00
-0.25
-0.50
-0.75
-1.00
-1.25

Fig. 3. Ant-Tracking at 5,000 ft TVD
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have fracture intensity decreased along with depth. In other words, in this case, possible
reservoirs are located on the shallow zones.

It also shows from the analysis that relatively the deeper the well, the less con-
ductive fractures exist. Dip-azimuth of the fractures have the mean magnitude of >50°
and major orientation towards Southeast direction. The fracture porosity and perme-
ability consecutively ranges from 0.24% to 18.82% and 1.7 � 10−7 to 2.44 mD.

Several methods have been implemented including Discrete Fracture Network
(DFN), and ANN. However, Halo preserving distance-to-fault attribute of the model is
excluded because it chiefly depends on how much fault that can be interpreted, and
assumes that the porosity remains unchanged along fault planes.

Modeling result merely driven by image logs seems to be too optimistic. Thus,
DFN is embedded to create connectivity between fracture and fault system based on
image logs and interpreted faults. However, DFN has the same drawback since it
cannot afford heterogeneity.

In order to promote the role of seismic attributes in porosity model building pro-
cess, ANN has been applied. This method is able to combine 3D seismic and well data
to produce a porosity model which reflects the vertical and horizontal porosity variation
trends. Based on GRFS modeling, on conductive depth, intensity zones are accumu-
lated highly along NNW-SSE major fault and NEB Base-1. On the contrary, NEB
Base-2 shows a very low value. The porosity model also presents the same condition as
intensity model.

Based on porosity model, depth structure, and intensity model, the possible reservoir
areas are overlaid on each other and concluded on one spot as shown on Fig. 5. For
porosity and intensity model, the yellow to orange spot were picked. For depth model,
potential area is located on crest zone along near NEB Base-1.

Fig. 4. 16 fracture zones based on porosity, resistivity, and density log. Zone A-L are in Zone 1
on the previous interpretation, whereas Zone M-P are in Zone 2. Porosity and Permeability log
were obtained by calculation.
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Deviation for proposed well is also analyzed, it should be optimized that it comes
close to perpendicular to the dominant fractures at the area in order to obtain greater
permeability.

3 Conclusions

Fracture in Jabung Block grew strongly in the top of the basement, and the amount
plunge to the deeper depth. In other words, the deeper the well, the less fracture growth
exists.

From the image logs, it shows that the deeper the well, the less conductive fractures
exist.

The fractures dip-azimuth have the mean magnitude of > 50° with the orientation
of Southeast.

The fracture porosity ranges from 0.24% to 18.82% and the permeability ranges
from 1.7 � 10−7 to 2.44 mD.

ANN is able to represent the condition of dry well using representation of fracture
very well. Thus, the potential are is located near NEB Base-1 and along the NNW-SSE
major fault.

Fig. 5. Intensity model (top left), porosity model (top right), and depth structure map (bottom).
Note that the potential zone is on top of depth structure map (white zone).
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Abstract. The rise in the frequency of anthropogenic earthquakes due to deep
fluid injections is posing serious economic, societal, and legal challenges to geo-
energy and waste-disposal projects. We propose an actuarial approach to miti-
gate this risk, first by defining an autonomous decision-making process based on
an adaptive traffic light system (ATLS) to stop risky injections, and second by
quantifying a “cost of public safety” based on the probability of an injection-
well being abandoned. The ATLS underlying statistical model is first confirmed
to be representative of injection-induced seismicity, with examples taken from
past reservoir stimulation experiments (mostly from Enhanced Geothermal
Systems, EGS). Then the decision strategy is formalized: Being integrable, the
model yields a closed-form ATLS solution that maps a risk-based safety stan-
dard or norm to an earthquake magnitude not to exceed during stimulation.
Finally, the EGS levelized cost of electricity (LCOE) is reformulated in terms of
null expectation, with the cost of abandoned injection-well implemented. We
find that the price increase to mitigate the increased seismic risk in populated
areas can counterbalance the heat credit. However this “public safety cost”
disappears if buildings are based on earthquake-resistant designs or if a more
relaxed risk safety standard or norm is chosen.

1 Introduction

Increasing energy needs mean increased interactions with the underground, such as
fracking activities, gas extraction, waste disposal (wastewater from fracking, CO2

storage), and Enhanced Geothermal Systems (EGS), all potentially inducing earth-
quakes (e.g., Giardini 2009; Ellsworth 2013; van Thienen-Visser and Breunese 2015;
Mignan et al. 2015; White and Foxall 2016). Phasing out of nuclear energy and/or
decreasing the dependence on fossil fuels also infer the increased use of alternative
technologies such as EGS, or for instance CO2 sequestration to cancel fossil fuel
emissions. However, with increasing anthropogenic activity, larger earthquakes,
damaging ones, have now become a real concern (Ellsworth 2013; van Thienen-Visser
and Breunese 2015).
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Solutions exist to limit induced seismicity, so-called traffic light systems (TLS; e.g.,
Bommer et al. 2006). TLSs are based on a decision variable (earthquake magnitude,
peak ground velocity, etc.) and a threshold above which actions must be taken (e.g.,
stopping the injection or reducing injection rates). The definition of this threshold is so
far based on expert judgment and regulations (Bosman et al. 2016). Instead, Mignan
et al. (2017) proposed an actuarial approach to induced seismicity mitigation where the
ATLS (for Adaptive TLS) is defined for a specific risk-based safety standard or norm.
We will describe this new approach below, testing its underlying statistical model on
additional EGS data. The decision-making procedure being autonomous and based on
normative rules (i.e., safety standards), we can foresee a next application, which is the
updating of the EGS levelized cost of electricity (LCOE) taking into account the
“public safety cost”, i.e., the potential cost of injection-wells being abandoned because
of the ATLS. All of these steps provide the vision of an autonomous induced seismicity
risk governance scheme for the geo-energy sector (Fig. 1).

2 Adaptive Traffic Light System (ATLS)

2.1 Induced Seismicity Statistical Model

Mignan et al. (2017) presented an ATLS that evaluates the earthquake magnitude
threshold mth not to exceed to conform with a specific risk-based safety standard or
norm. This threshold can be updated in real time (Broccardo et al. 2017), based on the
temporal forecasting of the induced seismicity rate k(t), function of the known injection
flow profile _V tð Þ:

k t; �mð Þ ¼ 10afb�bfbm _V tð Þ; t� tshut�in

10afb�bfbm _V tshut�inð Þexp � t�tshut�in
s

� �
; t[ tshut�in

�
ð1Þ

The injection phase is described by a linear relationship between seismicity rate and
flow rate in line with previous publications (Dinske and Shapiro 2013; Mignan 2016a;
van der Elst et al. 2016) while the post-injection phase, after time tshut�in, is described

Fig. 1. Induced seismicity risk governance scheme for the geo-energy sector, comprising three
actors: Public, authorities, and geo-energy firm. The full process runs autonomously via an ATLS
and energy price updating, in blue (not considered here, in grey: potential government subsidies
and insurances).
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by a normal diffusion process (Mignan 2015, 2016b; Mignan et al. 2017; Broccardo
et al. 2017). Equation (1) has been validated for a number of fluid injections by Mignan
et al. (2017): 1994 KTB, Germany (KTB94); 1994 Paradox Valley, USA (PV94); 2006
Basel, Switzerland (B06); 2011 Garvin, USA (G11); 2012 and 2014 Newberry, USA
(Nb12, Nb14). In the present study, we further test Eq. (1) on 2003 Cooper Basin,
Australia (CB03; Baisch et al. 2006). Results are shown in Fig. 2 (for further statistical
tests, see Broccardo et al. 2017).

Fig. 2. ATLS statistical model (red curve in central row). Paradox Valley and Basel results
reproduced from Mignan et al. (2017); new results for 2003 Cooper Basin dataset shown with
maximum likelihood estimates afb = −0.6, bfb = 0.97 and s = 0.32 days. Some local variability
in the data cannot be explained by Eq. (1) for constant parameter values (red dots outside the
Kolmogorov-Smirnov confidence bounds on third row; see Mignan et al. (2017) for details).
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It should be mentioned here that the activation feedback parameter afb is analogue
to the seismogenic index R of Dinske and Shapiro (2013). Using afb is preferrable to
remain agnostic as to whether induced seismicity is due to poro-elasticity (R; Dinske
and Shapiro 2013), static overpressure (Mignan 2016a), or any other physical process.
Although afb provides the average activation feedback per stimulation, a Kolmogorov-
Smirnov test shows that Eq. (1) may fail locally (Fig. 2). This can be due to missing
on-site information, pressure changes not linearly correlated to the injection flow rate or
other second-order processes not yet considered in the model. More complex models
could be implemented in the ATLS presented below, if necessary. Broccardo et al.
(2017) also showed that the parameters of Eq. (1) can be updated on-line using a
hierarchical Bayesian framework during stimulation (note that the framework applies
also to the production phase, although the highest seismicity risk occurs during
stimulation).

2.2 Mapping Between Risk-Based Safety Norm and Magnitude
Threshold

Integrating Eq. (1) yields

K �msaf
� � ¼ 10afb�bfbmsaf V tshut�inð Þþ s _V tshut�inð Þ� � � Y �msaf

� � ð2Þ

with Y the safety standard or norm in the magnitude space, i.e. the probability of
exceeding a given (relatively large) magnitude msaf . To avoid exceeding Y, one must
stop the injection when the following magnitude threshold is reached:

mth ¼ 1
bfb

log10 Y � 10afb�bfbmsaf s _V tshut�inð Þ� �þmsaf ð3Þ

based on the condition 10afb�bfbmthV tshut�inð Þ ¼ 1, true if the injection is stopped as soon
as mth is observed (Mignan et al. 2017).

Safety standards and norms defined for diverse hazardous environments (Jonkman
et al. 2003) are often defined in terms of individual risk IR (i.e., the probability that a
statistically representative individual dies). Such standards or norms could also be
applied to geo-energy sites. For any given IR threshold fixed by the authorities, this
value can be mapped to the magnitude space in terms of probability Y of exceeding
msaf . Those parameters then depend on the risk parameters in the region of interest
(mainly the seismic spatial attenuation and building type). Figure 3 reproduces the
ATLS example of Mignan et al. (2017) where Y msaf � 5:8

� � ¼ 10�5 for IR� 10�6

(Basel injection profile simulated with EMS-98 class A building at distance d = 0 km
above z = 4 km borehole, and with seismic intensity attenuation relationship derived
from USGS “Did You Feel It?” (Atkinson and Wald 2007) corrected at the time for
induced seismicity; see macroseismic risk method application to induced seismicity in
Mignan et al. 2015). If the injection is stopped at mth, the safety standard or norm is
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respected in average over many simulations. mth evolves over time since it depends on
other time-varying parameters such as the bfb value, the ratio between small and large
earthquakes, which may dramatically change during fluid injections (as was the case
for the 2006 Basel experiment).

The proposed ATLS is autonomous in the sense that once a safety standard or norm
is selected by the authorities, the decision-making (based on Eq. 3) is done without any
human intervention. All parameters and risk estimates can be estimated on-the-fly in a
hierarchical Bayesian framework (Broccardo et al. 2017) and the decision (mth)
recomputed accordingly. The approach is statistically robust and transparent, which is
an advantage over the standard clinical approach (e.g., Dawes et al. 1989).

3 LCOE Updating in ATLS Context

3.1 New LCOE Formulation for Different Risk Behaviours

If the ATLS were to be used systematically for a safety standard or norm selected by
the authorities, one could in principle estimate the added cost of increased public
safety. This is of importance in energy governance, as a trade-off must be found
between public seismic safety and energy safety (produced by deep geo-energy). This
can be quantified by including the “cost of public safety” in the LCOE, which corre-
sponds to the added cost of wells abandoned due to ATLS injection termination (as
represented in Fig. 3). We will assume that once a stimulation is stopped, the well will

Fig. 3. ATLS in action. Left: Time series without ATLS (in grey) compared to a time series
where the stimulation is stopped by the ATLS (mth in green); Right: Verification that the safety
standard or norm is respected in average when the ATLS is used (bottom curve), in contrast to no
ATLS (top curve) - Recomputed from Mignan et al. (2017).
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not be used again for the foreseeing future, hence requiring the use of another well. We
formulate the LCOE, or price - P = C/E [CHF/kWh] - as the null expectation of the
following Bernoulli trial:

1� pð Þ PE � Cð Þ � pCATLS ¼ 0 ¼ E X½ � ¼ 1� pð Þx1 þ px2 ð4Þ

where C are the standard costs [CHF] (installation, operation, and maintenance), E the
energy or amount of electricity produced [kWh], and p the probability that a well will
be abandoned due to the ATLS with associated costs CATLS [CHF] (note that p = 0
leads back to P = C/E). X = {x1, x2} represents the set of possible outcomes with x1
representing stimulation success and x2 stimulation failure due to too high seismic risk.
Equation (4) is formulated such that the outcome x can be replaced by its utility u(x),
hence taking into account the possible risk aversion of the geo-energy firm to having a
well abandoned with high a priori uncertainty (e.g., based on Cumulative Prospect
Theory (CPT); Tversky and Kahneman 1992). For any non-zero p, the LCOE (price
P) increases.

3.2 Illustrative Example

Let us now estimate the probability p of a well being abandoned and calculate the
change in price P from Eq. (4). We consider the following scenario: volume
V = 40,000 m3 injected during planned stimulation, a maximum possible magnitude
Mmax = 7, and two possible safety standards or norms IR� 10�6 and IR� 10�5 applied
for a building located at a distance d from the borehole (at depth z = 6 km). Hazard
uncertainty is defined from the underground feedback uncertainty (Table 2 of Mignan
et al. (2017), plus our results for Cooper Basin - s = 0 to simplify Eq. 2) and seismic
attenuation uncertainty (from Atkinson and Wald (2007) for the U.S.). Risk is then
computed using the macroseismic risk approach (Lagomarsino and Giovinazzi 2006),
as applied to the induced seismicity context by Mignan et al. (2015) (incl. fatalities in
Mignan et al. 2017), for two types of buildings (EMS-98 class C – reinforced concrete
without earthquake-resistant design, and class D – with earthquake-resistant design).
Some fatality curves are shown in Fig. 4 (left) with p the ratio of curves failing to pass
a safety standard or norm (cases for which the ATLS would stop the injection before
V is reached). As the seismic risk decreases with distance d, so does the price increase,
as illustrated in Fig. 4 (right) (with Pbase = 0.35 CHF/kWh and E = 1.38 109 kWh
from an annual net generation of 46 GWh and a project duration of 30 years, yielding
C = 483 million CHF, and CATLS ¼ Cwell þCfracturing = 20.9 + 1 = 21.9 million CHF;
taken from CH-base case of Hirschberg et al. 2015).
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4 Conclusions

The proposed method provides the basis for an autonomous induced seismicity risk
governance framework in the geo-energy sector (Fig. 1). The public requires safety
from seismicity, which the authorities quantify as a risk threshold not to exceed (safety
standard or norm). This can be enforced by making the geo-energy firm use the ATLS,
which quantifies when a stimulation must be stopped (Eq. 3). For increased public
safety comes more financial risk. This can be quantified by updating the EGS LCOE
for injection-well loss (Eq. 4). The proposed actuarial/algorithmic approach could be
considered in smart electricity markets (e.g., Peters et al. 2013) and in insurance smart
contracts (e.g., Buterin 2013) for induced seismicity risk.
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Abstract. Reservoir-induced seismicity (RIS) might happen when impounding
over a critical level, changing the water load and seepage field. Statics show that
the depth of seismic source increases gradually after thousands of seismicity
inside or near the reservoir, implying that water might be a factor to break the
initial balance and propagate fractures. The process is a coupling of multiple
fields, such as stress field, permeability field and thermodynamic field. This
paper presents a 2D Finite Element Model (FEM) to simulate the effect of
Thermo-Hydro-Mechanical (THM) coupling on a 2-m pre-existing crack placed
at a different inclination. Elastic and damage model are introduced to simulate
generation and propagation of crack under the conditions of different tempera-
ture at the corresponding depth. A discover is summarised that inclination of
fracture could determine length of crack propagation and thermal field definitely
has influence in reservoir-induced seismicity, while the deformation of crack
depends on thermal expansion and softening of rock. When the inclination of
fault is above 45°, either wall will have obvious movement. Therefore, fault will
be triggered to active if the angle is above 45°, relative displacement will rise
with the increasing temperature.

1 Introduction

Fractures in rock mass is a significant character controlling mechanical behavior.
Especially in a reservoir, rock mass beneath is saturated in liquid. Permeability in
fractures controls the seepage field in rock mass. At the moment of impoundment of the
reservoir, a sudden change in pore pressure will alter the distribution of stress and
strain, subsequently causing hydraulic fracturing and break the initial equilibrium of
forces and seepage. Generation and propagation of cracks would release the energy
inside the geological body. At the mean while, this would activate the existing fault and
inducing seismicity. However, fractures will propagate deeper and deeper after
impounding. When reaching thousands of meters, mechanic field, seepage field and
thermal field would enroll in a sophisticating process.

A synthetical damage composed by hydraulic and thermal effects threats the initial
balance and deteriorates rock mass. Rock instability is likely to result from the
superposition of hydraulic and thermal effects because the injection of cold water
would induce thermal stresses due to rock contraction. Simulation shows that when the
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largest confining stress acts perpendicular to the fractures, thermoelastic effects dom-
inate and could trigger induced seismicity (De Simone et al. 2013). The coupled THM
processes in porous geological media has been numerically modeled and validated with
laboratory and field experiments (Chen et al. 2009). A simulation in three dimension
thermo-hydro-mechanical coupled model of fractured media shows variation in the
field of temperature, stress, seepage and fracture aperture during heat variation
(Zhao et al. 2015). An accurate review is provided in hydro-mechanical coupling
within fractured rock as well as the relevance in the geothermal field (Rutqvist and
Stephansson 2003). Overpressure is the main cause of failure during hydraulic stim-
ulation (Parotidis et al. 2004). Especially in geothermal energy production field, seis-
micity occurred on a subvertical, approximately two-dimensional structure which
might reflect a pre-existing fissure of the Rhine-Graven complex (Baisch et al. 2010).
Pure shear slips on pre-existing faults are determined as the source mechanism of
induced seismicity (Šílený et al. 2014).

The relation of solid deformation, seepage and thermal field is complicated,
affecting each other and modifying characteristics until new balance is established. The
reservoir-induced seismicity is determined by the reaction between overpressure of
fluid and seepage in fractures. However, thermal gradient compromise a huge tem-
perature difference from the depth of 0 m to 2000 m. The damage behavior of
hydraulic fracturing might be influenced due to temperature. Many researchers focused
on the energy exchange with the movement of fluid in rock mass instead of considering
the thermal field. This paper would introduce a simulation of reservoir-induced seis-
micity considering thermo-hydraulic-mechanic coupling.

2 Method

Coupled T-H-M numerical simulation is performed to investigate the effect of thermo
field effect on hydraulic fracturing. A 2-m pre-existing fracture is embedded in one
idealized geometry. The inclination of fracture will be changed to figure out the relation
between angle of pre-existing fracture and geostress under different temperature.
Hypothesis are listed in the following. (1) The host rock around the fracture is
homogeneous and linear elastic. (2) Deformations and distribution of stress will be
simulated due to cold water injection, ignoring heat conduction between fluid and rock.
(3) Fluid in the model is incompressive and the phase does not change since the
temperature would not excess 100 °C (372.15 K). Assuming the range of temperature
is 20 °C–80 °C (292.15 K–352.15 K), correspondingly the depth is 0 m–2000 m if the
ground temperature is 20 °C (292.15 K). (4) Permeability either in porous media or in
fracture obeys Darcy’s law. (5) Fluid density is constant.

2.1 Damage of Brittle Materials

We adopt elastic-damage model, characterized by a homogeneous matrix embedding
nested microstructures of different length scales (Pandolfi et al. 2006; De Bellis et al.
2017). Since during the elastic stage, Hook is a common constitutive law that fits in
most conditions. Here we discuss the damage stage for the aperture and propagation of
cracks (Fig. 1).
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Assuming the opening of fault is resisted by cohesive forces during the early stage
of damage, immediately following the inception of the fault (Pandolfi et al. 2006). An
effective opening displacement of the form is introduced in the following (Ortiz and
Pandolfi 1999)

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� b2
� �

D � Nð Þþ b2 Dj j2
q

ð1Þ

Where Dj j is the magnitude or norm of D and b is a material constant which assigns
different weights to the normal and tangential components of the opening displacement
(Pandolfi et al. 2006).

2.2 T-H-M Coupling

Stresses are a function of strain, fluid pressure and temperature according to linear
theory of poro-thermalelasticity (McTigue 1986).

Dr¼KevIþ 2Gðe� ev
3
Iþ 1

2G
Dpf I� 3K

2G
aTDTIÞ ð2Þ

Where r is the total stress tensor. K is bulk modulus. G is shear modulus. v is Poisson
ratio. ev is volumetric strain and I is identity matrix. pf is fluid pressure. aT is the linear
thermal expansion coefficient and T is temperature.

Combining the Eq. (2), kinematic equation, mechanical equilibrium equation,
continuity equation and constitutive laws, an additional equation governing energy
balance can be accounted for thermo-hydro-mechanical coupling (De Simone et al.
2013).

@ csqs 1� /ð ÞT þ cfq/T
� �

@t
þr � �krT þ cfqTqþ cfq/T

du
dt

þ csqs 1� /ð ÞT du
dt

� �

¼ fQ ð3Þ

Fig. 1. Schematic of the assumed kinematics of deformation decomposed in normal component
and tangential component. kn and ks are the normal stiffness and shear stiffness of the fracture.
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cs and cf are the specific heat capacity of the solid and the fluid. qs is solid density. k is
the equivalent thermal conductivity and fQ is external or internal supply of energy. This
equation shows a strong coupling of T-H-M problem (Zimmerman 2000).

3 Simulation

3.1 Establish a Model

To demonstrate the influence of THM coupling on reservoir-induced seismicity, a two-
dimensional model is established with a pre-existing crack. The plane of size 50 m �
50 m is taken to eliminate size effect caused by Saint Venant’s Principle. Both hori-
zontal direction ‘x’ and vertical direction ‘y’ are constrained (Fig. 2). The water head is
100 m, which means the loading is 1 MPa in this model. Pore pressure will be added
according to the water pressure. Different inclination of faults is pre-defined to figure out
the relation between inclination and induced seismicity. The parameters are listed in
Table 1 (Zhao et al. 2015).

Fig. 2. 2D model to demonstrate the simulation, with pre-existing crack at different and
confined plane, mimicking constraints around the test area
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To simplify the model, geo-stress is neglected to demonstrate how thermal field act
on the stress and strain distribution. That is, with the depth increasing, geostress will
not change with it.

Effective stress will reduce on the contrary of rising pore pressure when
impounding according to Terzhagi’s Principle. Therefore, the existing fault could be
triggered at the moment when stress balance is destroyed. The integral homogeneous
rock would be damaged and new crack would be produced and propagate.

3.2 Results and Discussions

According to the models and parameters above, simulations have been completed and
the results are shown in the following (Fig. 3).

Based on the data above, it can be deduced that inclination of existing fracture
determines the length of crack propagation while the opening of crack depend on
temperature. When the fracture is perpendicular to ground, the length of crack is not the
longest, for the hanging wall is rising up, consuming energy of hydraulic injection.
When the inclination of fault is decreasing to 75°, hanging wall will descend below the
origin ground, which would release more energy and make the water pressure become
higher to destroy the rock. This phenomenon is not all the same until a critical value.
Total water head of reservoir is the same when impounding reservoir to a specific
height, but energy will be divided into two parts: one part is to connect the original
crack to the ground; another part is for hydraulic fracturing. Thus the propagation of
crack becomes more difficult as the inclination decreasing. When the pre-existing crack
tends to be parallel to the ground, compression on fissures becomes a dominate
behaviour. Thus the crack length is defined as minus because the fracture is closed
instead of opening. Since the thermal field of this simulation is from 292.15 K to
352.15 K, fluid phase would not change into gas. The rules concluded above will fit in
this range of temperature. Besides, relative displacement of hanging wall and foot wall
will increase linearly, indicating that induced seismicity would be more likely to
produce when the water percolates into the crack.

Table 1. Properties of the fracture and intact matrix

Parameters Fracture Matrix Units

Young’s modulus 2.84 � 1010 4.84 � 1010 Pa
Poisson’s ratio 0.25 0.15
Void ratio 0.1
Permeability 1.0 � 10−7 ms−1

Viscosity 0.0001
Thermal expansion coefficient 1.0 � 10−5 K−1

Thermal conductivity 2.5 1.5 Wm−1 K−1

Specific heat capacity 800 800 J kg−1 K−1
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4 Conclusion

Based on T-H-M coupling method and simulations above, we investigate the relation of
stress field, temperature field and inclination of single fracture. Firstly, inclination of
fracture could determine length of crack propagation. Secondly, thermal field definitely
has influence in reservoir-induced seismicity, while the deformation of crack depends
on thermal expansion and softening of rock. Though the permeability of matrix is
decreasing according to researchers, relative displacements would rise with the tem-
perature increasing. When the inclination of fault is above 45°, neither wall will have
obvious movement. Therefore, fault will be triggered to active if the angle is above 45°.
It is also observed that relative displacement will rise with an increase in temperature.
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Abstract. Industrial pollution is the major source of global warming through
emissions of greenhouse gases (GHG’s) like CO2, CH4, and NO2, causing
noticeable increasing in the world’s temperature. Mineral carbonation is a
method of carbon capture and storage (CCS) through which CO2 is sequestered
with advantage of permanent sequestration and no need for post-storage
surveillance and monitoring through stabilizing the reactive mineral wastes
released from metal industries. This paper applied a simple and an inexpensive
hydration process as a pre-treatment step for the carbonation of Ladle Furnace
(LF) slag, one of the steel production by-products in UAE, followed by direct
gas-solid carbonation in a new designed integrated fluidized bed reactor (FBR).
About (10–15)% by weight of produced steel, alkaline solid residues were
generated, based on the characteristics of the manufacturing process. The inte-
grated FBR was designed to control the flow rate up to 50 l/min with step
accuracy of 0.1 l/min, and temperature up to 200 °C through a double jacket
electrical heater. Operating pressure can be adjusted up to 6 bars. All parameters
are monitored by SCADA system. A mixture gas of 10% CO2, balanced with
air, was used to perform the carbonation process and evaluation the carbonation
efficiency as well. A gas analyzer installed at the outlet of FBR was used to
measure unreacted CO2 gas after leaving the reactor, and calculate the amount of
CO2 captured accordingly. Results of analytical techniques like TGA and XRD
emphasized the sequestration of CO2 and show a high efficient carbonation
process.

1 Introduction

Green house gas (GHG) emissions, the major source of global warming, remain
increasing significantly due to accelerated increasing of human activities such power
generation and industries. There are different ways to mitigate GHG emissions into
atmosphere through reducing the dependence of carbon-source energy. Carbon capture
and storage is one noticeable way to minimize emissions of CO2 gas, the major
contributing source of GHG (Benson and Orr 2008; Huijgen and Comans 2005).
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Mineral carbonation has been showing reasonable method of carbon capture and
storage through geochemical stability and safe storage of mineral carbonates; avoiding
the need to costly gas separation (Lackner et al. 1995; Olajire 2013) This method needs
further work to optimize its conditions and then generalized to be applied in industries.

Alkaline waste materials like steel slag can be used for carbonation due to the
presence of alkaline oxides, hydroxides or silicates in their composition (Huijgen et al.
2005) The mineral carbonation of steel slag involves the reaction of calcium and
magnesium oxides with CO2 to form stable mineral carbonates. Steel industry is
considered as both capital and energy intensive and has high production and long
process chains through many different technologies applied. The aim of this paper is to
investigate the integration of a carbon capture system, based on the pre-treated LF slag,
which is generated as by-product of steel production with usual range of 130–170 kg
per ton molten steel, (EmiratesSteel 2018) as raw materials for mineral carbonation.
The optimum CO2 capture by LF slag will be significantly improved based on the
design of carbonation reactor and the optimised operating conditions.

2 Experiments

2.1 Raw Materials

LF slag was collected from Emirates Steel in Abu Dhabi, UAE. Samples were taken
from open storage piles in a weathering area. The slag was characterized in terms of the
alkalinity, elemental composition, and mineralogy. The mineral phases of the slag were
detected by XRD. It was found that the diffraction peaks of LF slag are composed of
wollastonite (bCaO�SiO2), anorthite CaO�Al2O3�2SiO2, CaS and aAl2O3. The metal
composition was determined using ICP-AES, Table 1. The cumulative grain size
distributions are ranging from 850–38 lm, Fig. 1. Particles with size range from 300 to
38 lm were used in carbonation.

Fig. 1. The cumulative grain size distributions of LF slag
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3 Methods

Two pretreatment steps were performed: hydration by steam (El-Naas et al. 2015),
followed by free drying and sieving, before running carbonation of LF slag into the
integrated FBR through direct gas-solid carbonation reaction with pressurized CO2 gas
mixture existed in a cylinder with 10% (v/v) CO2, balanced with air. This Stainless-
steel FBR reactor has dimensions of 100 cm height and 8 cm ID was fabricated to
achieve direct gas-solid carbonation with pressure up to 6 bar and temperature up to
200 °C by automatic double jacket electrical heater, Fig. 2. Professional controlling
program, SCADA, was installed to control and measure the flow rate up to 50 l/min
and 0.1 l/min precision. Temperature at three positions along the reactor can be
spontaneously measured. Pressure is also measured by the system but controllable
manually by valves. The FBR has excellent feature to measure 10 parameters at a time,
and so it enables good study of many affecting parameters like flow rate, temperature,
pressure and time with wide range levels.

Fig. 2. The new designed fluidized bed reactor (FBR)

Table 1. Chemical analysis of the LF slag using ICP

Metal oxide SiO2 Al2O3 FeO CaO MgO MnO

(wt.%) 30.41 10.12 2.34 51.32 4.33 4.36
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The concentration of the outlet CO2 gas from FBR was measured using a gas ana-
lyzer, CAI-NDIR-600 series. Readings are taken manually or automated via professional
data acquisition program operated by LabVIEW 14 and designed by Dr. Tom Engl,
where time can be set precisely up to a millisecond period scale.

3.1 Optimization of Carbonation in the FBR

The mass uploaded is optimized at 0.5 kg, the particle sizes is ranging between 38 and
300 lm. The flow rate was also fixed at value of 4 l/min, slightly above the minimum
fluidization velocity, Umf, which was determined experimentally through plotting
pressure drop across the bed versus flow rate.

Three levels of carbonation temperature were tried: 25, 50 and 75 °C, beside three
levels of pressure: 1.0, 1.5, and 2.0 bar too.

4 Results and Discussion

4.1 Carbonation Process

Several industrial wastes from metal industries in the UAE have been identified to be
recycled as low-cost materials for carbon capture and sequestration. In this study, the LF
slagwas used as a good source of calcium andmagnesiumoxides. Themeasured pHof LF
slag solutionwas 11.15, total dissolved solid (TDS)was 632 ppmand specific gravitywas
3300 kg/m3. The reactions of these oxides with water are spontaneous and exothermic.
Free lime and magnesia readily react with water, event at ambient conditions, to form
calcium hydroxide (Portlandite) and magnesium hydroxide (Brucite) respectively.

Carbonation of LF slag was performed by the circulation of CO2 through the solid
particles in the new designed FBR. Fluidization occurs when small solid particles are
suspended in an upward flowing stream of fluid. The fluid velocity (Umf) is sufficient to
suspend the particles, but it is not large enough to carry them out of the vessel. The
solid particles swirl around the bed rapidly, creating excellent mixing among them
(Fogler 1981). When the superficial gas velocity increases beyond which the bed is
fluidized, all particles are suspended by upward flowing gas. The frictional force
between particle and fluid counterbalances the weight of the particle (Fogler 1981).
Calculation of Umf was measured experimentally by plotting the pressure difference
across the bed versus flow rate, which represents the velocity.

4.2 CO2 Captured by LF Slag

Mineral carbonation is based on the spontaneous and exothermic reaction of CO2 with
metal hydroxides and metal silicates. The reactions are represented in the following
equations:

CaðOHÞ2 sð Þ þCO2 gð Þ ! CaCO3 sð Þ þH2O lð Þ

4CaO � 3SiO2 � 1:5H2O sð Þþ 4CO2 gð Þ ! 4CaCO3 sð Þ þ 3SiO2 sð Þ þ 1:5H2O lð Þ
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The captured CO2 by LF slag was calculated using gas analyser which is connected
to the FBR, by plotting the instantaneous CO2 concentration difference between inlet
constant CO2 concentration and the outlet ones versus time, as represented in Fig. 3.
Area under the curve of the plot represents numerically the amount of CO2 consumed
(captured) during carbonation reaction.

Carbonation reaction under different pressure 1.0, 1.5 and 2.0 bar indicated that,
there was slight effect of the pressure on the carbonation yield. The most significant
parameter observed was the time needed to reach saturation, where no furthermore
amount of CO2 captured by the slag in the bed. Carbonation reaction under different
temperatures; 25, 50 and 75 °C indicated that, the carbonation enhanced in the studied
higher temperature.

4.3 Reaction Participants and Products

The differences in the physical and chemical properties of LF slag solution before and
after carbonation process is represented in Table 2, which indicates reduction in
alkalinity, significant decrease in both electrical conductivity and TDS that can be
attributed to the consumption of soluble metal oxides and formation of insoluble
carbonates.

The extent of mineral carbonation was determined by thermal gravimetric analysis
(TGA) analyses. Figure 4 shows the weight loss before and after the carbonation of LF
slag. The decomposition of calcium carbonate indicates the carbonate content of the
sample. The percent weight loss of carbonate content before and after carbonation are
0.8 and 6.8%, respectively.

Fig. 3. Trend of CO2 amount: (a) measured by gas analyser, (b) captured by LF slag
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SEM images characterize the LF slag particles, as shown in Fig. 5. These images
disclose that the non-carbonated LF slag enfolds amorphous granules while carbonated
LF slag developed compacted aragonite particles with particle size less than 1 lm.

4.4 Conclusions and Recommendations

From the analytical results, it can be concluded that, the residues of steel-making
industries like LF slag are valuable materials for mineral carbonation, where 1 kg of LF
slag could capture 0.262 kg of CO2, based on calcium content. It can also be concluded

Table 2. Physicochemical properties of LF slag; before and after optimized carbonation

Parameter Before carbonation After carbonation

pH 11.6 10.2
Electrical conductivity (ls) 1288 234
TDS (mg/l) 632 112
Loss on ignition (%) 0.8 6.8

Fig. 4. TG analysis of LF slag (a) before carbonation (b) after carbonation

Fig. 5. SEM images of LF slag: (a) before carbonation (b) after carbonation
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that the new designed integrated fluidized bed reactor has many advantages to perform
inexpensive mineral carbonation professionally, under different parameters like particle
size, flow rate, pressure and temperature. Finally, it is worth to be mentioned that gas
analysers have become a powerful tool for calculations of CO2 captured and then can
be employed to monitoring and calculate the carbonation rate.

References

Benson, S.M., Orr, F.M.: Carbon dioxide capture and storage. MRS Bull. 33(4), 303–305 (2008).
https://doi.org/10.1557/mrs2008.63

El-Naas, M.H., El-Gamal, M., Hameedi, S., Mohamed, A.-M.: CO2 sequestration using
accelerated gas-solid carbonation of pre-treated EAF steel-making bag house dust. J. Environ.
Manag. 156, 218–224 (2015). https://doi.org/10.1016/j.jenvman.2015.03.040

EmiratesSteel: Emirates steel website (2018). https://www.emiratessteel.com/index.php/en/who-
we-are/about-emirates-steel

Fogler, H.S.: Chemical Reactors, vol. 168. American Chemical Society, Washington (1981)
Huijgen, W.J.J., Comans, R.N.J.: Carbon dioxide sequestration by mineral carbonation Literature

Review update 2003–2004, Netherlands (2005)
Huijgen, W., Witkamp, G.-J., Comans, R.: Mineral CO2 sequestration in alkaline solid residues.

Greenh. Gas Control Technol. 7, 2415–2418 (2005)
Lackner, Klaus S., Christopher, H.W., Darryl, P.B., Edward, L.J., David, H.S.: Carbon dioxide

disposal in carbonate minerals. Energy 20(11), 1153–1170 (1995). https://doi.org/10.1016/
0360-5442(95)00071-N

Olajire, A.A.: A review of mineral carbonation technology in sequestration of CO2. J. Pet. Sci.
Eng. 109, 364–392 (2013). https://doi.org/10.1016/j.petrol.2013.03.013

Advanced Mineral Carbonation: An Approach to Accelerate CO2 393

http://dx.doi.org/10.1557/mrs2008.63
http://dx.doi.org/10.1016/j.jenvman.2015.03.040
https://www.emiratessteel.com/index.php/en/who-we-are/about-emirates-steel
https://www.emiratessteel.com/index.php/en/who-we-are/about-emirates-steel
http://dx.doi.org/10.1016/0360-5442(95)00071-N
http://dx.doi.org/10.1016/0360-5442(95)00071-N
http://dx.doi.org/10.1016/j.petrol.2013.03.013


Deep Fracture Zone Reactivation During CO2

Storage at In Salah (Algeria) – A Review
of Recent Modeling Studies

Antonio P. Rinaldi1,2(&), Jonny Rutqvist2, and Victor Vilarrasa2,3,4

1 Swiss Seismological Service, Swiss Federal Institute of Technology, ETH,
Zurich, Switzerland

antoniopio.rinaldi@sed.ethz.ch
2 Energy Geoscience Division, Lawrence Berkeley National Laboratory,

Berkeley, CA, USA
3 Institute of Environmental Assessment and Water Research, Spanish National

Research Council (IDAEA-CSIC), Barcelona, Spain
4 Associated Unit: Hydrogeology Group (UPC – CSIC), Barcelona, Spain

Abstract. We present a review of numerical studies aimed at understanding the
conditions leading to the reactivation of a deep fracture zone, as well as thermal
effects, at the In Salah CO2 Storage Project. Numerical simulations carried out
with the TOUGH-FLAC coupled fluid flow and geomechanics simulator show
that a deep fracture opening can explain the observed deformation at the ground
surface. Accounting for a fractured reservoir with stress-dependent permeability
allows for a better match of the recorded wellhead pressure. Simulation results
including thermal effects show that cooling becomes more significant for long-
term storage, causing a decrease in fracture stability.

1 Introduction

Despite most modeling studies suggest that a proper pressure management may lead to
a safe CO2 storage, i.e., without inducing earthquakes and without causing CO2

leakage, demonstration projects are required to turn Geological Carbon Sequestration
(GCS) storage into a reality. The In Salah CO2 Storage Project, Algeria, was an
industrial scale GCS demonstration project that permitted to test the geomechanical
response of the subsurface to CO2 injection at relatively high injection pressure (White
et al. 2014). About 4 million tons of CO2 were injected from 2004 to 2011 through
three horizontal wells directly into a relatively low-permeable 20 m-thick saline for-
mation, with 900 m-thick caprock preventing the CO2 to escape (Ringrose et al. 2013).
The injected CO2 reached the storage formation at a temperature around 45 °C colder
than the rock.

Being the first on-shore demonstration project, In Salah is well known for the wide-
ranging monitoring, which included, among other things, pressure monitoring and
satellite InSAR data of ground-surface deformation (Mathieson et al. 2010). This latter
showed a ground surface uplift of 5–10 mm per year during the injection phase
(Fig. 1a). Such uplift was initially associated to the vertical expansion within the
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reservoir (Vasco et al. 2008; Rutqvist et al. 2010), with a particularly good represen-
tation at two of the injection wells (KB-501, KB-503). However, as the injection
continued and the InSAR dataset improved, a particular double-lobe uplift was
observed nearby the KB-502 injection wells (Fig. 1b). Such a feature has been inter-
preted as caused by a deep fracture opening, and demonstrated by semi analytical and
numerical modeling (Vasco et al. 2010; Rutqvist et al. 2011; Rinaldi and Rutqvist
2013). The presence of this feature at reservoir depth was also confirmed by seismic
characterization (Zhang et al. 2015). Furthermore, recent inverse semi-analytical and
numerical studies have further demonstrated that the reactivation of a deep fracture
zone could have occurred at all the three wells (Rucci et al. 2013; Rinaldi and Rutqvist
2017; Rinaldi et al. 2017).

In this paper, we summarize and review the results of numerical modeling aimed at
understanding the physical processes leading to the observed ground deformation. The
model simulations were conducted using the TOUGH-FLAC simulator (Rutqvist
2011), linking the multiphase fluid flow TOUGH2 (Pruess et al. 2012) and the
geomechanical simulator FLAC3D (Itasca 2011).

2 Preliminary Modeling at KB-501 and K-B503

Rutqvist et al. (2010) first attempted to reproduce the observed ground deformation at
In Salah by using coupled fluid flow and geomechanics simulation. Their analysis
showed that most of the observed uplift magnitude could be related to poro-elastic
expansion induced by the CO2 injection in a thin reservoir (20 m). The model setup
accounted for a layered model, including a 900 m-thick caprock, with a variable
permeability in the range 10−21 to 10−19 m2. Results showed that a constant injection
rate over a period of 3 years, with an overpressure in the reservoir in the order of
10 MPa (Fig. 2b), could result in a ground surface uplift of 1.2 cm (Fig. 2a).

Rutqvist et al. (2010) also found that some pressure-induced deformations within a
100-m-thick zone of the lower caprock could play a significant role in the observed
ground uplift. Indeed, by setting a lower permeability for the caprock region, the

Fig. 1. (a) Observed ground deformation at In Salah in the period 2003–2010. (b) Double-lobe
uplift observed at KB-502 injection well. (Figure modified after Rinaldi et al. 2017)
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deformation is fully explained by the expansion of the reservoir, and satisfactorily
reproduces data at KB-501 (Fig. 2c). On the other hand, a high permeability in the
caprock allows for a pressurization of the region right above the reservoir, resulting in
larger ground uplift as observed at KB-503 injection well (Fig. 2c).

3 Deep Fracture Zone Reactivation at KB-502

Studies by Ringrose et al. (2009) indicated that the pressure distribution at the injection
well KB-502 and the occurrence of CO2 leakage at a monitoring well (KB-5) could
have been strongly influenced by pre-existing minor faults and fractures, and, to
explain the particular complex observed surface uplift (Fig. 1b), the reactivation of a
deep fracture zone in tensile mode was hypothesized (Vasco et al. 2010).

Rutqvist et al. (2011) tried to reproduce a double lobe uplift by using a model grid
with a 50 m-wide fracture zone with strongly anisotropic elastic modulus that intersects
the injection well and extends about 200 m above the injection zone. Their results
showed a maximum uplift of 2 cm after 2 years of injection, with a surface pattern
featuring two parallel lobes spaced about 1.5 km (Fig. 3). They also analyzed the
simulation results in terms of reservoir stress evolution and the potential for injection-
induced micro-seismicity at Krechba. Results highlighted that the combined effect of
increased pressure and cooling could rise the potential for induced micro-seismicity,
especially close to the cooled injection well, but given the strike-slip stress regime at
Krechba such potential was still estimated to be relatively low.

The preliminary results by Rutqvist et al. (2011) were qualitatively in agreement
with the observation at KB-502, and motivated a more comprehensive modeling of the
deep fracture zone reactivation presented by Rinaldi and Rutqvist (2013). In their
study, they simulated a fracture zone with high permeability and low mechanical
stiffness. In order to correctly reproduce the transient evolution of displacement and

Fig. 2. First coupled geomechanical analysis at In Salah after Rutqvist et al. (2010). (a) Modeled
deformation within caprock and at ground surface, and (b) pore pressure changes. (c) Comparison
with data at KB501 and KB503 for varying caprock permeability.
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pressure, the fracture zone was simulated as reactivating after a few months of injec-
tion, causing irreversible changes in permeability. The computational model closely
followed previous formulations (Fig. 4a), and the fracture zone was simulated as a
highly permeable zone, 80 m wide and cross cutting the 1 km–long horizontal injection
well (Fig. 4b). The 3500 m length and 350 m extent of the fracture zone within the
caprock were determined by model calibration. In order to match the bottomhole
pressure (Fig. 4c), the model included a time-step function permeability, in agreement
with a stress-dependent formulation (Liu and Rutqvist 2013). This formulation allowed
for a detailed representation of both transient evolution of the displacement and pattern
of deformation. Figure 5 shows that the resulting displacement calculated in the
satellite’s Line Of Sight is in good agreement with the measured uplift. The shape of
deformation is similar, with two asymmetric lobes (Fig. 5a and b), and a more detailed
comparison along two arbitrary profiles shows a very good match between data and
simulation, particularly in the double lobe region and with only minor differences in the
far field (Fig. 5c and d, red line for the simulation results and green dashed line for the
InSAR data). The transient evolution of the uplift was also compared to InSAR data
above the injection well (Fig. 5e), with a good agreement between data and simulation
during the uplift phase, while differences arise after shut in.

Overall the analysis by Rinaldi and Rutqvist (2013) supported the notion of a
fracture zone confined within the caprock. A sensitivity analysis confirmed that only a
fracture zone confined within the caprock could allow matching of all available field

Fig. 3. Preliminary forward coupled numerical modeling of CO2 injection with pressure
inflation of the vertical fracture zone (Figure from Rutqvist et al. 2011)

Fig. 4. Detailed modeling of deep fracture zone modeling at KB-502 (figure after Rinaldi and
Rutqvist 2013). (a) Computational mesh. (b) Simulated and measured pressures.
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information, including time evolution of pressure and deformation, and the 3D seismic
indication of a CO2 saturated fracture zone extending for some thousand meters
laterally.

4 Inverse Modeling Approach and Permeability Variation

A recent work by Rinaldi et al. (2017) further improved the formulation of the coupled
analysis of pressure and ground deformation by employing an inverse modeling
approach with iTOUGH2-PEST and TOUGH-FLAC. The forward model was improved
by accounting for a Mohr-Coulomb criterion to determine the time of reactivation of the
fracture zone and onset of permeability changes, which followed a more rigorous stress-
dependent formulation (Liu and Rutqvist 2013; Rinaldi et al. 2014).

Such an improved formulation allowed to extend the study of deep fracture zone
reactivation also at KB-501 and KB-503, as already hypothesized by semi-analytical
models (Rucci et al. 2013). On the one hand, the results confirmed the previous for-
mulation for KB-502, by using a more rigorous approach (Fig. 6c and d). On the other
hand, results also showed that the opening of a deep fracture zone could explain the
observed transient evolution of pressure and displacement at KB-501 (Fig. 6a and b)
and KB-503 (Fig. 6e and f), although a similar good fit could be achieved for the case of
an intact caprock without fracture zone opening.

Fig. 5. (a, b) Modeled and InSAR LOS at KB-502 after about 2 years of injection. (c, d)
Comparison between data and simulation at two arbitrary profiles located at 500 m and 1700 m
from the injection well. (e) Transient evolution of ground surface uplift and comparison with
InSAR data. (Figures after Rinaldi and Rutqvist 2013)
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5 Thermal Effects

Recently, Vilarrasa et al. (2017), evaluated the thermal effects on fracture reactivation
at the KB-502 injection well. By using a 2D model, and by employing the inverse
modeling formulation (Rinaldi et al. 2017), they were able to reproduce the evolution
of the CO2 plume, including indication of early CO2 arrival at the location of the leaky
well KB-5. The proposed model showed that the temperature changes may have
extended within the fracture zone, but their effect in terms of injectivity changes was
probably much smaller if compared to the changes induced by pressure. However, they
also demonstrated that in a hypothetical scenario with low pressure (e.g., larger
reservoir permeability), thermal stress may increase the permeability in fracture zones
resulting in pressure drop (Fig. 7a). As also highlighted by Rutqvist et al. (2011) and
Vilarrasa et al. (2015), the thermal stress changes (Fig. 7b) may cause a decrease in
fracture stability in the long term, which may induce microseismicity. Cooling, which
advances much behind the CO2 plume, causes contraction of the rock matrix, opening
up existing fractures, and thus, leading to an increase in injectivity.

Fig. 6. Inverse modeling of coupled fluid flow and geomechanics with deep fracture zone
reactivation at (a, b) KB-501, (c, d) KB-502, and (e, f) KB-503. (Figures modified after Rinaldi
et al. 2017 and Rinaldi and Rutqvist 2017)
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6 Conclusion

In this paper, we presented recent numerical modeling results obtained with the sim-
ulator TOUGH-FLAC to study the coupled CO2 injection and ground surface uplift at
the In Salah storage site. Results were presented from the preliminary works, which
attributed most of the deformation to inflation of the injection reservoir, up to very
recent results, demonstrating the role of fracture zone reactivation in the framework of
CO2 sequestration as well as thermal effect decreasing fracture stability in the long
term. The present review highlights the importance of complex coupled fluid flow and
geomechanical modeling to properly assess the physical processes occurring at depth
during underground exploitation.
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Abstract. In the context of CO2 geological storage in deep saline aquifers, it is
important to understand the hydro-chemo-mechanical coupling in rock-cement
well interface to assess the safety and efficiency of the storage operation and thus
to prevent possible CO2 leakage. This work concerns a study on the effects of
bacterial nanocellulose (BNC) and glass microspheres (GM) on chemo –

mechanical behavior of cement paste composites when they are subjected to
carbonation. A coupled chemo-poromechanical model implemented in finite
element code has been used. A homogenization formulation is introduced to
account for the BNC and GM in the cement composite. This study aims to
simulate the chemo-poromechanical behavior of a system composed of modified
cement well and the caprock during CO2 injection. Chemical reactions
(carbonation-dissolution) occurring in the system produce variation of the
transport and mechanical properties. The presence of additives in the cement
composite reduces the advancement of the front of carbonation in the short-term
period of CO2 exposure. Comparison between modified and non-modified
cement composites has been analyzed in terms of porosity, permeability and
pore pressure development. These results justify the importance of the coupled
chemo-mechanical numerical analysis for the evaluation of additions to cement
composites subjected to acidic pore fluid.

1 Introduction

Deep saline aquifers offer an interesting alternative for reducing CO2 emissions to the
atmosphere, for its advantage of having large volume storage. Furthermore, the rate of
attack of CO2-saturated brine solutions is the least compared to the attack of wet-scCO2

and CO2-saturated in fresh water (Rimmele et al. 2009).
One of the storage key factors to assess the sustainability and safety of geological

site is the sealing capacity of wellbore system. Cement wellbore annulus or
faults/fracture in cap rock could provide leakage paths of supercritical CO2 (scCO2) to
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upper environment. The reservoir requires sufficient capacity and high porosity which
would allow a good injectivity and a caprock with very low permeability to prevent
CO2 leakage through it. To prevent the escape of gases through the zone near the well
damaged due to drilling, the cement used during the completion of the well must
reasonably resist to the attack of CO2 at supercritical state (temperatures greater than
31.6 °C and minimal pressures of 7.3 MPa).

Geochemical studies of cement paste show that the diffusion of carbonic acid
through cement paste produce principally the dissolution of portlandite CH (calcium
hydroxide – Ca(OH)2(s)) and C-S-H (calcium silicate hydrate), and the precipitation of
calcium carbonate. The first reaction of carbonation corresponds to that of the disso-
lution of CH:

CHþCO2 ! CaCO3 þH2O

whereas the second reaction describes the carbonation of the C-S-H.

0; 625C � S� H1:6 þCO2 ! CaCO3 þ 1:3H2Oþ 0:625SiO2 H2Oð Þ0:5
The characteristic times of the chemical reactions are very small relative to the slow

diffusion of ions in the in-pore fluid so the reactions can be assumed as instantaneous
(Vallin et al. 2013). These chemical reactions will induce changes of porosity and the
mineral composition of the solid phase.

The modification of cements to lower the density is a subject of interest in the
cementing of wells. The objective is to modify the cement matrix, making it lighter but
maintaining a high resistance and low permeability in its hardened state. Preliminary
laboratory studies carried out at ITPN Laboratory (CONICET-UBA) by the authors
(Martin 2017; Martin et al. 2018) show that an adequate combination of glass
microspheres (GM) and bacterial nanocellulose (BNC) appear to achieve the desired
objective although a greater number of tests are required for confirmation. In this work,
a series of samples is presented on hardening Portland cement class G and modified
with bacterial nanocellulose and micro glass spheres subjected to a rich-CO2 atmo-
sphere for 7 days. The study is complemented with the analysis of the behavior of
chemo-mechanics of cement paste modified at laboratory level and in a context of
geological storage of CO2.

2 Preliminary Results on Modified Cement Paste

Laboratory uniaxial tests were carried out on 18 cubic samples (5 cm) and cured during
28 days at 20 °C in water following ANSI/API Specification 10A (Martin 2017). The
composition of 6 samples corresponded to the pattern cement class G, 6 samples to
12% b.w.o.c. addition of glass microspheres and 6 samples to 12% b.w.o.c. glass
microspheres (GM) addition with 0.1% b.w.o.c addition of bacterial nanocellulose
(BNC). Half of the samples from each mixture were carbonated after cured in a rich-
CO2 atmosphere with concentration of 4.08 mol/m3 at environment temperature and
pressure for 7 days, and then, tested.
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UCS results show a decrease of uniaxial compressive strength (UCS) around 17%
for cement samples (CP) after carbonation (Fig. 1). The modified samples present less
reduction on the UCS due to carbonation. Samples with additions of 12% of GM
showed 5% reduction of UCS of sample without carbonation while samples with
additions of 12% GM and 0.1% BNC reduction of UCS was 9%. Some authors
concluded that cement class G is not adequate for storing CO2 in reservoirs (Rimmelé
et al. 2007). New materials are being studied to prevent the cracking of cement and
CO2 leakage.

In order to evaluate the Ca(OH)2 present in the cement matrix before and after
carbonation TGA analyses (Fig. 2) were performed. Table 1 shows, for Non-
Carbonated samples, a small variation in the CP-GM with respect to CP. However,
we can appreciate an important decrease for CP-GM-BNC, this is due to the delay in
the hydration process and the less amount of hydration products generated by the
addition of BNC.

Fig. 1. Compressive strength at 28 days cured for non-carbonated samples (blue) and 28 days
cured plus 7 days in CO2 atmosphere for carbonated samples (red)

Fig. 2. TGA results for non-carbonated (left) and carbonated (right) cement samples
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After 7 days of carbonation, the CP sample has lost 1.33% of Ca(OH)2 mass. If the
process of carbonation is longer, more Ca(OH)2 will be consumed. On the other hand,
the CP-GM sample apparently has leached over 28% of its Ca(OH)2 content, while the
CP-GM-BNC shows a good behavior against the CO2 attack, delaying the leaching
process of calcite to zero at 7 days of carbonation.

The mercury intrusion porosimetry (MIP) tests were carried out over non-
carbonated and carbonated samples at ENPC (Paris) (Fig. 3).

The addition of GM and BNC increases the porosity and the average pore size
(Table 2). After carbonation, the porosity decreases in all samples and the CPGM
sample presents the highest porosity and average pore size for carbonated and non-
carbonated samples. The carbonation is slow due to the small concentration of CO2 in
the environment and the short period of carbonation (seven days). In spite of the TGA
results, the CPGMBNC samples shows a decrease of porosity and the increase of
average pore size. This result would be due to the growth of calcite inside the pores, as
a result of CH decomposition. Further tests are required for confirmation.

Table 1. Ca(OH)2 content [%] in samples

Sample type Ca(OH)2 content [%]
CP CPGM CPGMBNC

Non-carbonated 15 15.4 12.9
Carbonated 14.8 11.1 12.9

Fig. 3. MIP for non-carbonated (Left) and carbonated (Right) cement samples

Table 2. Porosity and average pore size of cement samples

Sample type Porosity [%] Average pore size [lm]
CP CPGM CPGMBNC CP CPGM CPGMBNC

Non-carbonated 11.8 12.8 12.2 1.9 3.58 2.93
Carbonated 11 11.6 11.5 2.15 5.2 3.67
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3 Numerical Modelling

A coupled chemo-poromechanical model (Vallin et al. 2013) implemented in BIL 2.3.0
finite element code (Dangla 2017) has been used to simulate the behavior of the
laboratory samples in rich-environment of CO2. Furthermore, a system composed of
modified cement well and the caprock during CO2 injection was considered. Modifi-
cation on the homogenization formulation has been done to incorporate the BNC and
GM in the cement composite following the work of Ghabezloo (2011) and Martin
(2017).

The model assumed has 1D axisymmetry under plane strain conditions in the axial
direction and C-S-H carbonation does not start until the Portlandite is fully carbonated.
Chemical reactions (carbonation-dissolution) occurring in the system produce variation
on the transport and mechanical properties in both system, on laboratory samples and
well conditions with CO2 at supercritical state.

The first system was modelled as a cement sample of 1 cm in length at atmospheric
conditions for G cement and modified cement samples (12% GM and 0.1% BNC).
Tables 3 and 4 summarize the parameters used. The decrease of CH and C-S-H is due
to the addition of glass microspheres that substitute part of these components in the
cement matrix.

Porosity along radius (Fig. 4) and a single point near the exposed surface (Fig. 5)
are studied. The CaCO3 quantities are less in the modified cement because of the least
amount of Ca(OH)2 and CSH available.

The well-system modelled consisted in a 10 cm cement annulus thickness under
downhole condition of supercritical CO2 with a CO2 concentration of 1800 mol/m3.
The volumetric proportions assumed for cement paste were: porosity 27.94%, CH 18%,
C-S-H 45% and Al 9%. For modified cement paste, following proportions were
assumed: porosity 28%, CH 11.07%, C-S-H 26.93%, Al 5%, BNC 0.058% and GM
29% (Sercombe and Galle 2003). Assuming that CO2 is dissolved in water, water
viscosity (ηvis = 0.5 � 10−9 MPa.s) and water compressibility (KF = 1000 MPa) were
adopted.

Table 3. Initial parameters for the calibrated model of both cements

d0
[Diffusion]
[m2.s−1]

k0 [Intrinsic
Permeability]
[m2]

gvis
[Air
viscosity]
[MPa.s]

KF [Air
compressibility]
[MPa]

Rc

[Compressive
strength]
[MPa]

Rt

[Tensile
strength]
[MPa]

9.9 10−10 4.21 10−20 1.85 10−11 0.142 45 4.5

Molar volumes [cm3/mol]

mSCH mSC�S�H1:6
mSCaCO3

mSSiO2ðH2OÞ0:5 mFH2O

33.1 84.7 36.9 31 18.85
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Porosity decreases, and therefore, permeability will decrease (Figs. 6 and 7). In this
case, the carbonation diffuses faster in the cement due to the high CO2 molar con-
centration (Fig. 8).

Table 4. Parameters CP-GM-BN for the calibrated model

Inclusion Volumetric
prop. CP

Volumetric prop. CP-
GM-BNC

Bulk modulus
[GPa]

Shear
modulus
[GPa]

Porosity 0.11802 0.12244 – –

CH 0.15 0.1289 33.00 14.50
C-S-H 0.63198 0.4082 25.00 18.40
Decalcified
C-S-H

0.00 0.00 5.10 3.20

Aluminates 0.1 0.05 27.00 9.50
Calcite 0.00 0.00 69.00 37.40
GM 0.00 0.2895 30.00 20.00
BNC 0.00 0.00096 27.778 9.259

Fig. 4. Porosity for CP (Left) and CPGMBNC (Right) in atmospheric conditions

Fig. 5. Molar quantities for CP (Left) and CPGMBNC (Right) in atmospheric conditions
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4 Conclusion

This work introduces preliminary laboratory study, carried out at ITPN Laboratory
(CONICET-UBA), on the effects of bacterial nanocellulose (BNC) and glass micro-
spheres (GM) on chemo–mechanical behavior cement pastes composites when they are
subjected to carbonation processes. Short period of gas carbonation does not show clear
trend on the result. The same process was study with a coupled chemo-poromechanical
model implemented in finite element code and modification on the homogenization
formulation is introduced to incorporate the BNC and GM in the cement composite.

A numerical model of the behavior under downhole in the context of CO2 geo-
logical storage in deep saline aquifers is presented to understand the hydro-chemo-
mechanical coupling in rock-cement well interface. Comparison between modified and

Fig. 6. Porosity for CP (Left) and CP-GM-BNC (Right) in downhole conditions

Fig. 7. Permeability for CP (Left) and CP-GM-BNC (Right) in downhole conditions

Fig. 8. Molar quantities for CP (Left) and CP-GM-BNC (Right) in downhole conditions
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non-modified cement composite has been analyzed in terms of porosity, permeability
and molar quantities development. Chemical reactions occurring in the system produce
variation on the transport and mechanical properties. The addition of BNC reduces
significantly the Ca(OH)2 leaching for a relative similar initial porosity and shows
higher compressive strength compared to the CP. In the simulations with modified
cement, the carbonation front is slightly ahead due to fewer initial amounts of CH and
CSH, resulting in a less amount of carbonated products.

More detailed mechanical and chemical tests of the composite with different per-
centage of BNC and different carbonation conditions are needed to study the BNC
addition on cement in the CO2 context.
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Abstract. Liquid retention and patch formation during drainage processes in
porous media are important phenomena in energy geotechnics. These beha-
viours are governed by drainage conditions, properties of different constituents,
and topological structure of pore space. In this study, gravity-driven drainage
processes in porous media are simulated using a modified Smoothed Particle
Hydrodynamics (SPH) method. An inter-particle interaction force is applied to
the liquid-liquid and liquid-solid SPH particles for simulating surface tension
and wettability. The influence of Bond number, characterising gravity and
surface tension, and surface wettability, represented by the contact angle, on
liquid patch formation and retention are investigated. Under a given combina-
tion of Bond number and contact angle, the corresponding residual saturation
and morphological feature of liquid patches are recorded. During drainage, the
formation and evolution of liquid patches and bridges can be observed within
the pore space. The van Genuchten equation and stretched exponential function
are used to capture the dependencies on the Bond number and contact angle,
respectively. The combination of these two theoretical models can lead to
quantitative predictions of liquid retention and its relative change under any
given Bond number and contact angle.

1 Introduction

Multiphase flow problems in porous media are of great significance in many industrial
applications, such as mining (Silva et al. 2013), waste management (Herminghaus
2005), oil recovery (Bautista et al. 2014), and carbon geo-sequestration (Bandara et al.
2011). Understanding such phenomena is the key to optimise applications of porous
media involved in energy geotechnics, where the gravity can play an important role for
the processes of heat and mass transfer. In particular, during gravity-driven drainage
processes, the effective behaviour of porous media depends on the characterisation of
liquid retention and patch formation at the pore scale. These behaviours are generally
affected by gravitation, surface tension and wettability, density and viscous differences
between multiple phases, and topological structure of the pore space.

In this paper, we investigate the relative importance of gravity and surface tension,
represented by the Bond number (Bo) (Edwards et al. 1998), and the contribution of
surface wettability on the liquid retention behaviour during the gravity-driven drainage.
Wettability describes the energy potential at the three-phase contact line, e.g., gas,
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liquid and solid, and it can be quantitatively represented by the contact angle (h),
formed at the contact line.

The simulation of gravity drainage processes is established in a two-dimensional
model composed of mono-disperse grains. A modified Smoothed Particle Hydrody-
namics (SPH) (Li et al. 2018; Bao et al. 2018) is applied to model the interactions
among multiple phases base on an open-source platform PySPH (Ramachandran 2016).
Previous studies on the solid-liquid interactions across multiple scales have been
validated using SPH (Monaghan 2005; Tartakovsky and Panchenko 2016). Here, we
focus on drainage processes under various Bond number and wettability, and propose a
qualitative model to capture the retention behaviour.

2 Numerical Modelling

The SPH method is based on discretising a continuous field function, A rð Þ, at position
ri and representing the field by a convolution integral with the smoothing function,
W r� r0; hð Þ, allowing the value of any function to be obtained at a given point with
neighbouring particles, see Tartakovsky and Meakin (2005), as:

A rð Þ ¼ Z
A r0ð ÞW r� r0; hð Þdr0; ð1Þ

where h is the smoothing length.
By discretising the Navier–Stokes equations, the momentum equation controlling

the motion of each particles can be obtained. The artificial viscosity developed by
Monaghan (1992) is adopted in this work, and the form of momentum equation is
shown as:

dva
dt

¼ �
XN

b¼1
mb

Pa

q2a
þ Pb

q2b
þPab

� �
rWab þ g; ð2Þ

where va is the velocity vector of the a-th particle, mb is the mass, Pa and Pb are the
pressure, qa and qb are the estimated density, Pab is the artificial viscosity, Wab is the
smoothing function, and g is the gravity.

In the gravity-driven drainage model, we consider gas phase as the intruding non-
wetting phase. Since the differences in density and compressibility are significantly
large, the gas phase is ignored in the SPH model. Both liquid and solid phases are
represented by SPH particles, see Fig. 1. An inter-particle interaction force (IIF) with
short distance repulsive force and long distance attractive force (Li et al. 2018; Bao
et al. 2018) is imposed in this SPH model. In practice, the surface tension of liquids is a
physical resultant force at the liquid-gas interface, here modelled by this IIF formu-
lation. The realisation of contact angle is based on Young equation shown as:

csg ¼ csl þ clg cos h; ð3Þ

where csv is the solid-gas surface tension, csl is the solid-liquid surface tension, clg is
the liquid-gas surface tension, and h is the contact angle. The short distance repulsive
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force is implemented at liquid-solid interface to avoid penetration of liquid and solid
particles.

In Fig. 1(a), a 2D porous media is modelled by mono-sized grains (black circles) in
a hexagonal packing. The pore space (consisting of pore and throat) is initially filled
with the liquid. Periodic boundary conditions are imposed along the horizontal axis,
perpendicular to the gravity. The dimensions of the simulation domain are 3.7 mm in
height and 2.35 mm in width. The grain radius is 0.36 mm, and the throat size is
0.14 mm. Note that these dimensions are later normalised by Bond number and
porosity (/ = 37.95%).

In Fig. 1(b), the bottom plate is moving downwards with a constant velocity of
0.05 m/s and the liquid particles in the pore space are flowing down under gravity. The
velocity 0.05 m/s results in a considerable low Capillary number of 2.7 � 10−3,
indicating a negligible contribution of viscosity as compared to the one of the capillary
interactions. With the existence of long distance attractive force among liquid particles
(representing the surface tension), part of the liquid particles is trapped in the throat (in
the form of liquid bridges) or pore (as liquid patches), as shown in Fig. 1(c). Towards
the end of drainage process, the degree of saturation will be calculated based on the
rectangular area shown in Fig. 1(d).

3 Results and Discussion

To investigate the influence of Bo and wettability on liquid patch formation and
retention, 63 drainage simulations have been conducted. Here, Bo is defined by
DqgL2=c, where the density difference Dq = 997 kg/m3, the characteristic length is
taken as the throat size as L = 0.14 mm, and surface tension c = 0.073 N/m. In the
following simulations, the gravitational acceleration g is controlled to vary the Bo
number from the range between 3.26 � 10−3 and 5.21 � 10−2. Contact angles of grain
surface h are set from 10° (hydrophilic) to 151° (super-hydrophobic), or 0.17 to 2.64 in

Fig. 1. The simulated gravity-driven drainage process.
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radian, for varying wettability. The results of liquid patches formation are shown in
Fig. 2 in which h increases horizontally from left to right and a rise of Bo can be found
vertically from top to bottom.

At final drainage stages in Fig. 2, liquid patch patterns can be classified as pendular
(continuous gas and discontinuous liquid phases), funicular (both continuous gas and
liquid phases), capillary (continuous liquid and discontinuous gas phases), droplet
(fully saturated) regimes (Gan et al. 2013). In Fig. 2, the droplet regime can be found
when Bo is 3.26 � 10−3 and h ranging from 0.17 to 1.57. The capillary regime can be

Fig. 2. Pattern diagram for liquid patches under variable wettability and Bo number.
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found at Bond number 3.26 � 10−3 with h equalling 1.92 and 2.64, respectively. When
Bond number is 5.61 � 10−3 and h ranging from 0.17 to 1.57, the funicular regime can
be observed. The residual liquid content continues the downward trend as increasing
the Bond number from 9.78 � 10−3 to 2.61 � 10−2. Correspondingly, residual liquid
can be found in pendular region at Bo 9.78 � 10−3, and almost no liquid bridge exists
(the adsorption regime) after Bo reaches 2.61 � 10−2.

For small Bo ranging from 3.26 � 10−3 to 9.78 � 10−3 and h larger than 2.27, part
of liquid phase is entrapped in the pore showing a rebound for the overall liquid
retention. In simulations, this phenomenon can be interpreted from two perspectives:
(1) the compressibility of the SPH liquid phase, and (2) the SPH mesh of the solid
surface, whereby introducing an artificial frictional contact. However, this phenomenon
is consistent with the experimental results reported by Hu et al. (2017), where liquid
drops can be retained inside the pore space in super-hydrophobic conditions.

The quantitative analysis of Bond number and h is presented in Fig. 3(a) and (b),
respectively. Here, the degree of saturation Sr is defined by the ratio of liquid volume
and pore volume. The four inserts in Fig. 3 represent specific drainage conditions
corresponding to Fig. 2.

The effect of wettability (h) on Sr varies with different Bo. It can be observed in the
Fig. 3(a), for Bo 3.26 � 10−3, the resulting Sr remains constant from h varying from
0.17 to around 1.5. In comparison, cases with Bo from 9.78 � 10−3 to 5.21 � 10−2

demonstrate downward trend for Sr with the increase of h. For Sr at large h, the
rebound at the hydrophobic regime becomes less significant as Bo increases and
residual water patches were observed for Bo larger than 9.78 � 10−3. In general, a
small Bond number can lead to higher liquid retention for given h.

In Fig. 3(b), it can be found that the increase of Bond number can lead to a decline
trend of Sr with almost all h cases. Particularly, with the increase of Bo, the absolute
decrease of Sr is steeper for h ranging from 0.17 to 1.92, and the decline trend is less
significant for Bo larger than 0.01. However, the relative changes respect to the Bo
number are similar. In addition, it is obvious that smaller h can result in higher Sr, for a
given value of Bo.

Fig. 3. Degree of saturation vs (a) h and (b) Bo number.
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To capture the dependency of liquid retention on the Bo and h, we use the formats
of the van Genuchten equation (Van Genuchten 1980) and stretched exponential
function (Zeng and Xu 2017), respectively. The residual saturation is then achieved by
combining the contributions of Bo and h as:

Sr Bo; hð Þ ¼ G Boð ÞE hð Þ ¼ 1þ dBoð Þnð Þ� 1�1
nð Þh i

e�bhc ; ð4Þ

Where Sr Bo; hð Þ is the function of degree of saturation based on variables Bo and
h; G(Bo) is the van Genuchten equation; E(h) is the stretched exponential function; d,
n, b and c are fitting parameters. Note that the original van Genuchten equation for the
soil-water retention curve uses the suction term w = qgh, where h is the head (m),
instead of Bo number used here. Nevertheless, varying Bo number in any given system
indicates different potential states of the porous media, i.e., changing the value of
g. With this proposed empirical model, the simulation results are visualized in a three-
dimensional plot, see Fig. 4(a). The fitting results is verified by goodness of fitting
measures, including the adjusted R-square and sum of squared errors (SSE), which
equals to 0.9718 and 0.1057, respectively, and generally show a good prediction.

The residual error plot is also depicted in Fig. 4(b) for describing the relative error
between simulation results and the predictions of the proposed theoretical model. It can
be found that for small Bo (around 0.01) and large h (around 2 and 2.5), the error is
relatively large compared with other cases. This error may imply that the combination

Fig. 4. (a) Comparison between the predictions of theoretical model and simulation results. The
fitting parameters in the model are b = 1 � 10−5, c = 18, d = 200, and n = 3. (b) The residual
errors of theoretical predictions.
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of these two models are not suitable for some extreme conditions, e.g. scenarios with
small Bo numbers in porous media with super-hydrophobic surfaces.

4 Conclusions

The gravity-driven drainage processes in a model porous medium composed of mono-
disperse grains have been simulated using the modified SPH method. The competition
between surface tension and gravity has been investigated by varying the Bond
number, under different wettability conditions. Based on the results, it can be con-
cluded that the liquid retention can be raised by decreasing the Bond number and h of
solid surface (or increase wettability), which is consistent with the experimental results
reported by Kulkarni (2005). Through the parametrical study, a diagram for the residual
retention has been constructed. An empirical model by combining the van Genuchten
equation and stretched exponential function has been proposed and is shown to be
effective to capture the dependencies of liquid retention on various drainage and
wettability conditions, i.e., Bo and h, although minor deviations for super-hydrophobic
conditions are observed. This study provides beneficial insights into many applications
in the field of energy geotechnics. Typical examples include gas-assisted gravity
drainage (GAGD) oil recovery and CO2 movement during geo-sequestration, where the
gravity-driven drainage process plays a key role. The preliminary results presented here
warrant future studies on gravity-driven multiphase flow using larger geometrical
domains and including microstructural randomness to better represent natural porous
media.
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Abstract. The Boom Clay is considered as one of the potential host rock
formation in Belgium for radioactive waste repository in deep geological layers.
Gallery excavations will induce large hydro-mechanical disturbances around
disposal system that need to be well understood and characterised. This study
discusses particularly the role of interactions between the lining of the galleries
and the host formation in the numerical characterisation of excavations in Boom
Clay. The excavation and the convergence of the connecting gallery of the
HADES underground research facility in Mol is modelled in a hydro-
mechanical framework. Zero-thickness interface elements are used to manage
numerically the contact between the host rock and the lining. Numerical pre-
dictions are compared with strains measurements recorded within the concrete
segments of the lining in the underground research laboratory in Mol. The study
highlights the impact of the anisotropic behavior of the host rock on the
response of the model.

1 Introduction

Repository in deep geological layers is one solution to deal with high level nuclear
wastes. In the Belgian concept for underground nuclear waste storage, the Boom Clay
is studied as one potential host formation. This material is highly plastic and requires
the installation of a lining just after the excavation of the gallery in order to limit the
convergence of the rock. Interactions between the Boom Clay and the lining influence
the stresses redistribution in the clay, the stresses in the lining and the convergence of
the gallery. This clay-lining interaction is time-dependent because of the hydro-
mechanical couplings occurring in the clay and is also highly non-axisymmetric around
the gallery due to different sources of the Boom Clay anisotropy (in-situ stress state,
hydraulic conductivity and elastic stiffness).

The behavior of the lining it-self is also an important factor for the stresses
redistribution in the rock. In particular, the geometry of the discontinuous lining (made
of rectangular and trapezoidal concrete blocks) creates a pre-stressing after the
installation of the key block that strongly impacts the clay-lining interaction. Also, the
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time spent between the excavation and the lining installation controls the convergence
of the rock before the contact occurrence between the rock and the lining, which in turn
has an impact on the stresses redistribution in the rock and the lining.

Salehnia et al. (2015) investigated the role of the lining on the time-dependent
extension of the excavation damaged zone around a gallery in Boom Clay by means of
the modelling of strain localization in shear bands through a finite element second
gradient approach. They concluded that the lining plays a significant role in decreasing
the extension of damaged zone around a gallery. In the present study, strain localization
is disregarded but the attention is focused on the role of Boom Clay anisotropy on the
clay-lining interactions.

Based on long-term in-situ measurements of strains in the concrete lining during
more than 10 years after the excavation of the connecting gallery in HADES under-
ground laboratory in Mol (Belgium), this study aims at assessing the ability of the
current available hydro-mechanical models to reproduce the complex time-dependent
deformation of the concrete lining and so at explaining the highly coupled hydro-
mechanical mechanisms of stresses redistribution in the Boom Clay. To do so, the three
sources of the Boom Clay anisotropy are integrated in a unified hydro-mechanical finite
element framework, including also the modelling of clay-lining contact through hydro-
mechanical zero-thickness interface elements (Cerfontaine et al. 2015).

2 Experimental Data

The connecting gallery in HADES underground laboratory in Mol (Belgium) was
constructed using a tunnel boring machine (Bastiaens et al. 2003; Bernier et al. 2003).
The lining is made of a succession of rings. Each of these rings has a width of 1 m in
the longitudinal direction of the gallery and is composed of 10 rectangular concrete
blocks and 2 trapezoidal concrete key blocks. By pushing these key elements, all the
blocks enter in compression and induce a pre-stressing in the lining (Bernier et al.
2007).

Four rings of the connecting gallery have been monitored with strain gauges to
measure the orthoradial strains in the concrete blocks. The gauges are located at the
inner (Intrados) and outer (Extrados) faces of the block. The magnitude of strains
slightly differs from one ring to another, but globally the same trend of deformation is
observed in each ring (Bernier et al. 2003). In this paper, all the analysis is based on the
strain measurements of ring 50.

The measured orthoradial strains are compressive strains all around the gallery.
That is characteristic of a global convergence of the lining. However, for some blocks,
the intrados deformation is higher than the extrados deformation and inversely.
Globally, the lateral segments have a higher orthoradial strain at the intrados than at the
extrados. This corresponds to a reduction of the radius of curvature of the gallery. At
the opposite, for the top segments, the external strains are higher than the internal ones
which means that the radius of curvature is increasing. For the bottom segment, the
difference between intrados and extrados strain is tight. Those observations indicate
that the lining is submitted to a horizontal ovalisation. This non-axisymmetric defor-
mation is essentially due to the Boom Clay anisotropic behavior (Fig. 1).
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3 Boundary Value Problem

2D plane strain and hydro-mechanical modelling of the host rock convergence after
excavation and contact with the lining have been performed with the finite element
code Lagamine (Collin et al. 2002). For symmetry reasons, only a quarter of the tunnel
is modelled. A 2 m long inner radius for the cavity and a 40 cm thick concrete lining
are considered. Owing to over-excavation induced by the digging technique, a 4.5 cm
gap between the lining and the host rock is introduced in the model.

An initial pore water pressure of 2.25 MPa is considered for the host rock, cor-
responding to the 225 m deep underground research laboratory in Mol. The initial
stress state will be discussed later.

The excavation is modelled by decreasing in 1 day the total radial stress at the host
rock wall from its initial value to the atmospheric pressure. A drained condition is
applied simultaneously at the host rock wall (at the interface between lining and host
rock). Because of the rapid installation of the lining after the excavation, possible
desaturation of the host rock due to gallery ventilation is not considered.

The normal contact between the host rock and the lining is modelled through zero-
thickness interface elements using penalty method (Cerfontaine et al. 2015). This
method allows a limited interpenetration of the two bodies in contact. The corre-
sponding penalty coefficient should be chosen as high as possible to minimize this
interpenetration as to ensure the numerical convergence of the simulations. The fric-
tional contact between the two bodies is treated as an elastoplastic problem. A slipping
condition is activated at the interface between the two bodies when a Coulomb criterion
is reached.

4 Constitutive Laws and Parameters

The mechanical behaviour of the Boom Clay is modelled through an elastoplastic
approach, expressed in Terzaghi’s effective stress and using a Drucker-Prager yield
limit. Hardening of the friction angle (depending on the equivalent plastic strains) is
considered (Collin et al. 2002). An initial friction angle of 5° is assumed, while the final
friction angle is equal to 18°, as suggested by Dizier (2011). An elastic cross-
anisotropy has been also integrated to the mechanical model of the Boom Clay due to

Fig. 1. Horizontal ovalisation of the lining with the main compression forces
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the horizontal bedding planes of the host rock (François et al. 2014). The water
transfers within the host rock are controlled by a generalized Darcy’s law for saturated
conditions. A linear elastic behavior of the concrete is assumed.

The mechanical and hydraulic parameters of the host rock and the concrete lining
for the different cases are presented in Table 1.

5 Numerical Results

First a simplified monolithic concrete lining is assumed, made up of only one circular
concrete segment. An anisotropic initial stress state is considered. In the following, the
model is progressively upgraded by implementing successively the hydraulic aniso-
tropy (anisotropic hydraulic conductivity) and the elastic cross-anisotropy character-
izing the Boom Clay. At the end, a more realistic discontinuous concrete lining is
considered, made up of 12 concrete segments all around the tunnel (as described
hereabove and shown on Fig. 2). The results presented in this paper focus on the
numerical prediction of the orthoradial strains in the upper concrete segments of ring
50, compared with experimental measurements.

5.1 Continuous Concrete Lining - Anisotropic Initial Stress State

Bernier et al. (2007) show that the initial vertical effective stress r0
V in the underground

laboratory in Mol is equal to 2.25 MPa, while the initial horizontal one r0
H corresponds

to 1.58 MPa. This anisotropic initial stress state leads to a vertical ovalisation of the
gallery and so of the lining (Fig. 3(a)). This is due to the earlier entry in plasticity along
the horizontal axis, because the deviatoric stress at the cavity wall increases directly
during excavation. Along the vertical axis, the deviatoric stress at the cavity wall
decreases first before an increase. The numerical strains in the lining shows a time-

Table 1. Mechanical and hydraulic parameters of the Boom Clay (Bernier et al. 2007; François
et al. 2014; Dizier 2011; Timodaz 2010; Bastiaens et al. 2003) and the concrete.

BOOM CLAY
Isotropic elastic modulus 300 MPa
Cross-anisotropic elasticity
(horizontal/vertical Young modulus)

400 MPa/200 MPa

Poisson ratio 0.125
Cohesion 300 kPa
Initial/Final friction angle 5°/18°
Isotropic hydraulic conductivity 4 10−12 m/s
Anisotropic hydraulic conductivity
(horizontal/vertical)

4 10−12 m/s/2 10−12 m/s

Initial porosity 0.39
CONCRETE
Elastic modulus 50 GPa
Poisson ratio 0.2
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dependent evolution, but the long term prediction does not allow reproducing the
horizontal ovalisation of the concrete lining observed in-situ. It is worth to mention that
the contact of the lining with the host rock is reached after less than 1 day of con-
vergence, and a limited numerical interpenetration between the lining and the Boom
Clay is produced.

5.2 Continuous Concrete Lining - Anisotropic Initial Stress State
and Hydraulic Conductivity

The Boom Clay is a sedimentary clay layer with horizontal bedding planes that induces
an anisotropic behaviour of the hydraulic conductivity. This anisotropy is introduced in
the model and combined with the initial anisotropic stress state. The calibration of
numerical model on field measured (see for instance TIMODAZ (2010)) have shown
that the horizontal hydraulic conductivity Kw,H is equal to 4 10−12 m/s, while the vertical
one Kw,V is equal to 2 10−12 m/s. That leads to a lower drainage capability along the

Fig. 2. (a) Monolithic and (b) discontinuous lining

Fig. 3. Comparison between experimental and numerical orthoradial strains for a monolithic
lining (a) for anisotropic initial stress state and for (b) anisotropic initial stress state and
anisotropic hydraulic conductivity
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vertical axis, and in turn a higher convergence at the top of the tunnel. A horizontal
ovalisation of the lining is therefore obtained after 7 days. However, experimental
observations show a much faster ovalisation in-situ. Also, the magnitude of the strains
predicted numerically remains lower than the experimental data (Fig. 3(b)).

5.3 Continuous Concrete Lining - Anisotropic Initial Stress State,
Hydraulic Conductivity and Elastic Cross-Anisotropy

The presence of horizontal bedding planes in the clay justifies also the use of an elastic
cross-anisotropy model, with a higher horizontal stiffness than the vertical one. As
suggested by François et al. (2014) we use horizontal and vertical elastic moduli of
400 MPa and 200 MPa, respectively. This elastic anisotropy accentuates the horizontal
ovalisation of the gallery, now observed after 2 years, as in the experimental data
(Fig. 4(a)). However, the modelling still underestimates the strains.

5.4 Discontinuous Concrete Lining - Anisotropic Initial Stress State,
Hydraulic Conductivity and Elastic Cross-Anisotropy

A more realistic geometry of the lining, made of several concrete blocks, can lead to a
better reproduction of the strains in the lining. Zero-thickness interface elements are
now used both for the host rock – lining contact and the segment – segment contact.

While a technical gap of 4.5 cm is still considered between the lining and the host
rock, the initial condition at the contact between the concrete segments is a real issue.
The installation of the last trapezoidal key segment produces a pre-stressing in the
lining that has to be considered by the model. Due to the lack of information on the

Fig. 4. Comparison between experimental and numerical orthoradial strains for anisotropic
initial stress state and anisotropic hydraulic conductivity and elastic cross-anisotropy for (a) a
monolithic lining and (b) a discontinuous lining
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magnitude and the distribution of this pre-stressing, a constant and homogeneous initial
normal pressure between all the segments of 20 MPa was considered in the model. It
allows obtaining the best calibration between numerical and experimental results.

Considering all the sources of anisotropy presented above (initial stress state,
hydraulic conductivity and elastic stiffness), the hydro-mechanical model provides a
relatively good agreement with the experimental strains in the lining (Fig. 4(b)). The
magnitude of the lining deformation is now consistent with experimental observations.
However, the time evolution of those deformations differs slightly. This could be
attributed to a series of simplification of the constitutive behaviours of clay and con-
crete. In particular, strain softening of Boom Clay (inducing strain localization), ani-
sotropy of its plastic behaviour as well as creep behaviour of Boom Clay and concrete
lining could play a significant role in the clay-lining interaction.

6 Conclusions

The lining plays an important role in the stresses redistribution in the Boom Clay due to
the excavation of the gallery. The problem is complex because it involves different
sources of Boom Clay anisotropy as well as the contact behaviour between lining and
clay and between the lining segments. Numerical modelling allows to highlight and to
understand the impact of those various features.

From a hydro-mechanical finite element approach including interface elements, we
were able to reproduce the horizontal ovalisation of the gallery observed a few years
after the excavation if anisotropy of the hydraulic conductivity and the elastic stiffness
is considered. The time-dependent response is due to the consolidation process
occurring in the clay produced on one hand by the drainage effect of the gallery and on
the other hand by the stress release induced by the excavation. In order to reproduce the
good magnitude of deformation in the lining, it is required to take into account the pre-
stress induced by the installation of the key blocks.

However, only the results in the upper segments of ring 50 have been analysed up
to now. When strains in lateral segments are investigated, it is observed that the
extrados deformation is under-estimated by the numerical model. As a perspective, the
creep effect in concrete lining and in Boom Clay could be considered to improve the
prediction of the model.
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Abstract. The paper presents a comprehensive laboratory campaign carried out
with the aim to asses the residual strength of the Opalinus Clay. Ring shear tests
with vertical effective stress up to 1 MPa were performed on remoulded samples
of two different facies of the Opalinus Clay. Test results show that the «Shaly»
facies is characterized by a low range of variation of residual strength while the
strength of the «Sandy» facies is very sensitive to the variation of grain size
distribution. Microstructural analyses (SEM) suggest that the difference in the
observed mechanical behavior of the two facies can be related to different
particles arrangements along the shear surfaces.

1 Introduction

Opalinus Clay shale formation is being considered as potential host geomaterial for
geological repository for long-term radioactive waste disposal in Switzerland due to its
favourable thermo-hydro-mechanical properties (Favero et al. 2016), self-sealing
capacity of fractures (Gautschi 2017) and the aptitude to prevent the migration of
radionuclides (Bossart et al. 2017). Opalinus Clay is deeply investigated at the Mont
Terri Underground Research Laboratory (Canton Jura, Switzerland). In this deep for-
mation three different facies can be distinguished (Bossart and Thury 2008): a Shaly
facies consisting of mica-bearing marly shales with nodular zones or mm-thick layers
including quartzous silty fraction; a Carbonate-rich Sandy facies characterised by
quartz-bearing calcareous biodetritic layers up to 10 cm thick; and a Sandy facies
which is a light-grey calcareous silty claystone with lenses of laminated silt and bio-
clastic material. The residual shear strength characterization takes on particular
importance in consideration of the fact that a large tectonic fault zone, known as the
“Main Fault”, was observed in the centre of the Opalinus Clay formation at the Mont
Terri site. Due to the geo-material complexity, the difficulties in sampling (fragile in
nature) and shearing in the direction in which shear stress had occurred along the shear
surface in the field (Stark and Hussain 2013), remoulded samples prepared in labora-
tory can be preferred for laboratory residual shear strength testing (Rosone et al.
2018b). Clearly, the fundamental role of the microstructure in the mechanical
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behaviour of soils, both in saturated and unsaturated conditions, should also be taken
into account (Leroueil and Vaughan 1990; Valore and Ziccarelli 2009; Burland 1990;
Celauro et al. 2014; Mandaglio et al. 2016; Rosone et al. 2016, 2018a).

In this contribution, the drained residual shear strength parameters of two different
facies of Opalinus Clay (Shaly and Sandy facies) obtained by means of Bromhead ring
shear tests with vertical effective stress up to 1 MPa are reported. Furthermore, par-
ticular attention is paid on the microstructural arrangements of the material along the
shear surface and on their influence on the residual shear resistance. To this regard,
SEM observations are carried out on samples coming from the ring shear tests.

2 Tested Material

Opalinus Clay formation was formed as a marine sediment deposited in marine envi-
ronments during the Jurassic period (Ziegler 1990). Opalinus Clay Shale presents dif-
ferent facies (Shaly, Sandy and Carbonate-rich Sandy facies) and is characterised by a
multi-scale heterogeneous composition, typical fissile structure with well-defined bed-
ding plane and intrinsic anisotropic behaviour (Ferrari et al. 2016; Favero et al. 2018).
The samples used for the preparation of remoulded specimens are from the Mont Terri
Underground Laboratory (Switzerland), which is located at depth of approximately
300 m, belong both to Shaly and Sandy facies. Some samples were stored in black PVC
tubes filled with resin while other samples were coated with melted paraffin or even
simply wrapped in transparent plastic films. Core sample storage in PVC tubes presented
good condition while other samples were partially air-dried.

The main geotechnical properties and the classification (ASTM D2487) of intact
samples belonging to different facies are reported in Table 1.

3 Experimental Procedures

Ad hoc procedures have been developed to prepare remoulded specimens since no
international standards are available and no protocols have been so far developed and
systematically applied for their preparation. Literature studies on remoulded clay
samples (Burland 1990; Favero et al. 2016) were taken as a reference for the formu-
lation of the preparation technique. Due to the reduced dimensions of the shear test
box, the fraction passing a 0.425 mm sieve was selected for shaly materials while for

Table 1. Index properties and classification (ASTM D2487) of tested samples

Sample Gs (–) wl (%) wp (%) PI (%) A (–) Grain size fraction (%) Class
Gravel Sand Silt Clay

Shaly 1 2.76 45 24 21 0.60 0 4 61 35 CL
Shaly 2 2.68 38 24 14 0.24 0 11 32 57 CL
Sandy 1 2.75 32 20 13 1.07 49 21 18 12 GC
Sandy 2 2.71 25 15 10 0.50 25 19 37 19 CL
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the preparation of remoulded samples of Sandy facies, both the fraction passing
through 0.425 mm and 1.18 mm was considered. Hence, the slurry, having water
content between the liquid limit (wl) and 1.5wl, was prepared by mixing the soil with
distilled water and strongly working with a metallic spatula on a glass sheet. The slurry
was placed in the test box with the aid of a metallic spatula, and small portions of
material were progressively disposed to avoid air trapping as much as possible. Ring
shear tests were carried out by means of a ring shear apparatus, based on the original
design developed by Bromhead (1979). The cell had an inside diameter of 7 cm, an
outside diameter of 10 cm and an height equal to 0.5 cm. The vertical effective stress
applied on the tested samples was in the range r0v = 100 � 1000 kPa. Failure stages
were carried out according to the ASTM standard method (D6467-13), which provides
a pre-shear stage at high strain rate (3°/min corresponding to 2.2 mm/min) to rapidly
accumulate large displacements (about 250 mm) on the shear surface and a second
failure stage at low strain rate (0.024°/min corresponding to 0.018 mm/min), carried
out with the aim to measure the residual strength in drained condition. In order to verify
that the displacement rate was appropriate to ensure the drained conditions, some
preliminary experimental checks were carried out. The failure stage was halted for 24 h
in order to allow dissipation of excess of water pressure, if any. Then, the test started
again with the same rate verifying that the shear strength did not increase. After the
tests the samples were dried at 105�110 °C for 20 min in order to simplify its
extraction from the ring shear test box. For each facies analyzed, two different SEM
(Scanning Electron Microscope) investigations on the same remoulded sample were
carried out. In the first investigation the face of the shear surface was observed while in
the second investigation the section of the same sample, containing the track of the
shear surface was observed. Hence, microstructure analysis was carried out on samples
coming from the ring shear tests. Energy dispersive X-ray analysis was carried out in
order to identify the mineral composition of elements present along the fractured shear
surface.

4 Results and Discussion

In order to highlight the mechanical behaviour of remoulded samples when large shear
strains are accumulated along the shear surface, Fig. 1 reports the ratio between shear
stress and vertical effective stress, s=r0v, and the vertical displacement dv as a function
of the horizontal displacement dh for tests carried out on shaly remoulded samples
according to the ASTM test method. The stress-displacement curves of these specimens
are characterized by a perfectly plastic evolution with nil or negligible volumetric
variations, although horizontal displacements in the order of 250 mm were accumu-
lated already during the pre-shear stage. Figure 1 also reports a test on a shaly spec-
imen carried out with a unique failure stage at low strain rate (0.024°/min). In this way,
peak and post-peak conditions are recognizable and after a slow reduction of shear
strength and a contractive volumetric behaviour, mainly due to soil extrusion, the
residual condition is clearly reached for horizontal displacements higher than 100 mm.
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The comparison between tests carried out on specimens of Shaly facies applying the
two different failure methods proves substantially the equality of test methods in terms
of shear stress at residual condition. Figure 2 reports the result of ring shear tests on
sandy remoulded samples in terms of ratio between shear stress and vertical effective
stress as a function of the horizontal displacement. The comparison between test results
shows that the residual shear strength of Sandy facies is strongly affected by the
considerable variability of its grain size distribution. The Shaly facies is characterized
by a low range of variation in s=r0v. In fact, the ratio of shear stress to vertical effective
stress varies between 0.154 and 0.192 and the corresponding value of the shear strength
angle, for nil cohesion intercept, is u0

r = 8.8° � 10.9°. Instead, the shear strength of the
sandy material is very sensitive to the variation of the grain size distribution, which
characterizes this facies (see Table 1). In this case, the stress ratio s=r0v ranges from
about 0.31 to 0.53 when the selected fraction of specimen subjected to ring shear tests
varies from passing to diameter 0.425 mm to passing to diameter 1.18 mm respectively
(Fig. 2). For the material passing through sieve 1.18 mm the range of variation of the
stress ratio at residual condition may be constrained between 0.40 and 0.53 (Fig. 2). To
support this result, sandy remoulded specimens were subjected to grain size analysis by
wet sieving after the ring shear tests. Results show that the higher ratio of shear stress
may be justified by the higher content in sandy fraction rather than by a vertical
effective stress effect. In fact, for the Sandy facies only the results of the tests carried

Fig. 1. Results of ring shear tests carried out on shaly remoulded samples (*test carried out
according to traditional method): ratio between shear stress and vertical effective stress, s=r0v,
(a) and vertical displacement, dv, (b) in function of horizontal displacement, dh
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out on selected material passing through sieve 1.18 should be considered. In conclu-
sion, the residual shear strength angle, for nil cohesion intercept, to be considered for
the Sandy facies is u0

r = 21.8° � 27.8°.
The SEM observation of shaly sample at 50� (Fig. 3a) shows a slickensided

surface caused by frictional displacements between the two sides of specimen during
the ring shear test. In fact, the surface is clearly striated in direction of the movement
(Fig. 3b). Very high magnification shows that on the shear surface flattened clay
particles are iso-oriented (Fig. 3c), although some rounded silty grains of quartz are
visible. The SEM observations of the section of the same sample reported in Fig. 3d
shows preferential planes (shear band), having thickness of about 20–100 lm, along
which several stacks of iso-oriented clay particles slided. Instead, a stepped surface
opposite to the direction of the shear displacement is showed in Fig. 4a where a SEM
observation at 100� of remoulded sandy sample is reported. Higher magnification
(500� in Fig. 4b) shows the presence on the shear surface of partly rounded edged
dark grey particles, having dimensions of sand and silt, made of some minerals which
are not of clayey nature, i.e. Ca-rich Siderite, Pyrite and Quartz. SEM observations at
5000� (Fig. 4c) show that a well-defined and always continuous shear surface is not

Fig. 2. Results of ring shear tests carried out on sandy remoulded samples: ratio between shear
stress and vertical effective stress, s=r0v, (a) and vertical displacement, dv, (b) in function of
horizontal displacement, dh.
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discernible but also pores having dimension up to 20 lm are visible. Also in the section
(Fig. 4d), a zone having higher porosity is clearly evident at magnification of 250�.
The microstructure of specimens at the end of ring shear tests is different from those of
intact samples (Houben et al. 2013) due to the intense remoulded process applied for
the specimen preparation and the shearing action along the failure surface during the
tests. Furthermore, the SEM image analyses confirm that the mechanism of sliding
mode (Lupini et al. 1981; Skempton 1985) develops on the shear surface in Shaly
facies.

Observations of shear zone in sandy specimens indicate that the shear surface
involve discontinuous sliding shear surfaces and pockets of soil behaving in the tur-
bulent mode. This transitional shear behaviour, as shown in Fig. 2, is able to sustain a
lower reduction of strength at residual condition as reported by Lupini et al. (1981) and
Skempton (1985).

Fig. 3. SEM observations of remoulded shaly sample: a view of the slickenside shear surface at
50� (a) and 500� (b); iso-oriented flattened clay particles with rounded silty grains are visible at
10000� (c). SEM observation of the section of remoulded shaly sample shows preferential
planes (shear bands) along which clay particles slided (d).
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5 Conclusions

The paper pointed out the effects of the large cumulated shear strains on the residual
shear strength of the Shaly and Sandy facies of the Opalinus Clay. The Shaly facies is
characterized by a low variation in residual strength, while the strength of the sandy
material is very sensitive to the variation of grain size distribution, which, by the way,
is a peculiarity of this facies. The microstructural analyses prove that different
arrangements of the material along the shear surface mark the two facies. A slickenside
surface, made of several stacks of iso-oriented clay particles, was observed in the Shaly
facies. Instead, a stepped surface opposite to the direction of shear displacement was
observed in remoulded samples of the Sandy facies. This shear zone was also char-
acterized by heterogeneous particles rearranged in a high porosity system and dis-
continuous shear surface.

Fig. 4. SEM observations of remoulded sandy sample: a stepped surface opposite to the
direction of shear displacement is clearly visible at 100� (a); higher magnifications (500� in b)
show the presence on the shear surface of partly rounded edged dark grey grains, with
dimensions of sand and silt, made of some minerals which are not of clayey nature; SEM
observations at 5000� of remoulded sandy sample do not show a well-defined and always
continuous shear surface (c) but also in section (d) at 250� zones having higher porosity are
visible.
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Abstract. An experimental setup was designed to measure gas permeability
and gas breakthrough pressures in Opalinus clay samples. The confining pres-
sures applied were higher than the maximum in situ stress, and the tests were
performed by slowly increasing the injection pressure whereas backpressure was
kept atmospheric and the outflow was measured. The breakthrough pressure
perpendicular to bedding was generally higher than 18 MPa, which is consistent
with the air entry values deduced from mercury intrusion porosimetry tests for
this material, which was between 19 and 36 MPa. In samples with degrees of
saturation lower than 70% flow occurred for lower gas injection pressures, and
the effective gas permeability measured was in the range from 8 � 10−21 to
4 � 10−23 m2, decreasing with confining pressure. The gas transport mechanism
in those cases was probably 2-phase flow.

1 Introduction

The multiple-barrier concept for underground disposal of radioactive wastes invokes a
series of barriers, both engineered and natural, between the waste and the surface. In
the quantitative assessment of repositories it is necessary, among others, to understand
gas generation and migration in the barrier system. Gas will be generated within the
repository by several mechanisms, such as the anaerobic corrosion of metals, the
microbial degradation of organic wastes and the radiolysis of water. It is expected that
the maximum gas pressure builds up around the container and once gas arrives at the
interface between the engineered barrier and the host rock it will flow along this
interface into the backfill material that closes the galleries, whose gas permeability is
higher. Gas transport along this interface would be guaranteed by the very low per-
meability values of clay host rocks, but this has to be checked and assessed.

The research presented here was conducted in the framework of the European
Commission FORGE project with the aim of providing information on the gas trans-
port characteristics of the shaly facies of the Opalinus clay, a plastic clay chosen as
potential host rock in Switzerland.
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2 Material

The material used in the tests came from a borehole drilled in the Opalinus Clay
Mesozoic formation at the Mont Terri Underground Research Laboratory (URL) in the
Folded Jura mountains (http://www.mont-terri.ch). This formation is a mainly marly
claystone with differing proportions of sand and carbonates around 180 million years
old (Aalenian). At the URL, the Opalinus Clay has a layer thickness of around 140 m.

From a mineralogical point of view the Opalinus Clay consists of 40–80% clay
minerals (including mixed layers of illite and swelling smectite), 10–40% quartz, 5–
40% calcite and smaller proportions of siderite, pyrite and organic carbon. The dry
density range is between 2.20 and 2.41 g/cm3, the water content between 5.0 and 8.9%
and the hydraulic conductivity between 2 � 10−14 and 1 � 10−12 m/s (Marschall et al.
2004).

Of the three facies of Opalinus Clay, the materials used in this investigation belong
to the shaly one, which is a homogeneous, barely visible laminated claystone with low
sand content. For the gas permeability tests a core from borehole BDR-1 was used. The
total suction of this core was measured at laboratory temperature (21 °C) with two
capacitive sensors inserted in a suitable perforated hole. The equilibrium value was
found to be 31.3 ± 0.1 MPa for a dry density of 2.33 g/cm3 and water content of 6.4%
(determined in samples drilled from the same core). The measured grain density for this
sample was 2.71 g/cm3.

The water retention curves of samples from cores BHT-1 and BHG-D1, also drilled
in the shaly facies of the Opalinus clay, were determined under different conditions
(Villar and Romero 2012). Through the fitting of these results to the van Genuchten
expression, a capillary strength parameter, P0, between 6 and 34 MPa was computed.

3 Methodology

A setup was designed to perform steady gas permeability measurements under different
gas pressures (Fig. 1). The cylindrical sample was confined in a stainless steel isotropic
cell that was filled with water and pressurised to the desired confining pressure. A high-
pressure nitrogen source supplied the gas to a 300-cm3 pressurised vessel (gas buffer),
equipped with a pressure transmitter, from which nitrogen was injected on top of the
sample. The gas injection pressure could be independently varied and maintained
constant during the period of time necessary to get steady gas flow, while the gas
backpressure was atmospheric and the outflow was measured. The gas outflow coming
out from the bottom of the sample to the atmosphere was measured using a series of
three gas-mass flowmeters with different ranges: 1000, 100, 10 or 2 STP cm3/min, with
a turndown of 1:50 (minimum value measured with acceptable accuracy 2% FS).
Injection and confining pressures of up to 18 and 33 MPa, respectively, could be
applied. The tests were performed at room temperature. Nitrogen was used as the
permeating gas because it is relatively inert and has low water solubility.

The samples were drilled from the BDR-1 core in the sense perpendicular to
bedding and they were later lathed to smooth the surface and obtain the right diameter
as well as to ensure the parallelism of the cylinders’ ends. The resulting specimens were
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1.2–3.0 cm in height and 9.2 cm2 in surface area. Once the isotropic cell was filled
with water, it was pressurised to 8 MPa, which is a value slightly higher than the
maximum in situ stress at the Mont Terri URL (Corkum and Martin 2007), and gas was
injected at a pressure of 0.5 MPa through the top of the sample. The pressure was
increased by 0.5 MPa every 24 h, until reaching a value of 7 MPa. Then a confining
pressure of 15 MPa was applied, either in steps or at a time. The injection pressure was
also stepwise increased up to a value of 14 MPa. The process was repeated until
reaching maximum confining pressures and injection pressures of 20 and 19 MPa,
respectively. The exact pressure path followed differed between samples.

To compute the effective gas permeability, kig � krg (with kig being the intrinsic
permeability measured with gas flow and krg being the relative permeability to gas), the
outflow measurements were used, applying the following equation for incompressible
media with compressible pore fluids (Scheidegger 1974):

kig � krg ¼
Qm � lg � L� 2Pm

A� ðP2
up � P2

dwÞ
ð1Þ

where Qm is the measured flow (volume of fluid as a function of time), A is the sample
cross-sectional area, lg is the fluid dynamic viscosity, L is the sample length and Pup

and Pdw are the upstream and downstream pressures applied at the top (inlet) and the
bottom (outlet, atmospheric), respectively, of the sample, and Pm is the pressure of the
measured flow (atmospheric pressure, because of the measurement conditions of the
gas mass flowmeters).

Fig. 1. Experimental setup (CF: coalescing filter, FPC: forward-pressure controller, BPC: back-
pressure controller, MFM: mass flow meter)
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4 Results and Discussion

Nine gas permeability tests were conducted, OPA1 to OPA9 (Villar et al. 2015). The
average dry density of the samples was 2.31 ± 0.04 g/cm3 and the water content of
4.5 ± 1.8% (Sr = 69 ± 22%). Hence although the samples tested were quite homo-
geneous in terms of dry density, the range of water contents was broad. The samples
were not saturated prior to or during gas testing. Although no water was supplied
during the tests, the degree of saturation during testing was probably higher than the
initial one, because of the increase in density caused by confinement. This increase was
checked by final measurement of the sample dimensions, since there was no sample
volume control during the tests. Nevertheless the degrees of saturation of the samples
were below 100% at the beginning and end of all the tests.

The total duration of the tests was between 400 and 2800 h. In most of them no
correctly measurable outflow was detected, because the values were below the turn-
down value (accurate detection limit) of the flowmeters used. This would mean either
that the flow was too low to be detected by the equipment used or that no flow took
place because the pressures applied were below the air breakthrough value. In some
instances, even if the flow was below the turndown value of the flowmeter, values
higher than 0 were recorded. This is probably an indication of non-steady flow. In this
sense, the flows recorded could be at least representative of qualitative trends, even if
they are not valid to compute correct permeabilities. This is particularly so in those
cases in which the measurement of small flow was accompanied by pressure decreases
in the upward gas buffer.

In those cases in which correctly measurable flow occurred, the effective gas
permeability could be computed and the values shown in Fig. 2 were obtained. The
three samples in which flow took place had initial water contents below 4% and
degrees of saturation below 70%. The effective gas permeability values were in the
range from 8 � 10−21 to 9 � 10−22 m2 and decreased for each sample as the confining
pressure was higher. The increase in injection pressure resulted in all cases in an
increase in the measured outflow (Qm), but this did not always translate into an increase
in permeability because of the change in other factors affecting the computation of
permeability with Eq. 1 (namely the increase in Pup, which compensated the increase in
Qm). The final water content and dry density of the samples was systematically
checked. Overall, gas testing did not result in major changes in any of these properties.
Only in tests OPA6 and OPA9 the water content of the sample decreased during gas
testing, which would indicate that some water displacement took place in these
instances, but not in the other tests in which no gas flow was measured.

During the test OPA9 the sample consolidated from a dry density of 2.36 to
2.39 g/cm3. At the end of this test the sample was cut into three parts (upper, from
which gas was injected, middle and bottom). Fragments of each part were lyophilised
and their pore size distribution was determined by mercury intrusion porosimetry
(MIP). Figure 3 shows the pore size distribution determined after gas testing at these
levels. Most of the pore sizes were comprised in the range 2–50 nm, i.e. in the
mesopore range, with a dominant pore size mode between 8 and 15 nm, which would
correspond to air entry values calculated from the Laplace’s equation between 19 and
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36 MPa. Only the uppermost sample, which was the one through which gas was
injected, presented a higher percentage of macropores (28%) and these with a larger
pore size mode. The Figure shows also the pore size distribution for a sample of
Opalinus clay from borehole BHG-D1 (Villar and Romero 2012). This sample had not
been submitted to gas testing and its dry density was 2.4 g/cm3 and water content 3.4%
(slightly air-dried). The dominant pore mode (11 nm) would correspond to an air entry
value of 28 MPa. The percentage of macropores was clearly higher (37%) than for the
sample tested, which could be explained by the confining stress to which the OPA9
sample was submitted during gas testing.

Since all the specimens tested came from the same borehole, had similar initial dry
densities and were submitted to similar gas pressure paths, it is remarkable that flow
was measured only in a few cases. The possible effect of the size of the specimens on
flow was checked (Villar et al. 2015), but it was not possible to clearly relate flow and
height of the sample. Hence, except for some experimental artefacts, such as the proper
restraining of the sample in the cell or the slight temperature variations, it is concluded
that the natural variability of the rock and the existence of features such as calcite veins
or cracks, which were observed under a stereomicroscope and could act as preferential
pathways, could be the cause of the different behaviour between samples. The vari-
ability was particularly significant in terms of initial water content and degree of
saturation, and in fact flow was recorded only in those samples with degrees of satu-
ration lower than 70%.

Nevertheless, with the devices available, it was not possible to measure steady flow
in most cases, which indicates that the flow was too low to be measured (maybe
because it was turbulent) or that the gas breakthrough pressure in the sense

Fig. 2. Gas permeability values obtained in samples of Opalinus clay of borehole BDR-1
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perpendicular to bedding was higher than 18 MPa, which was the maximum injection
pressure applied. In fact, this value is below the air entry value deduced from mercury
intrusion porosimetry (Fig. 3), which was between 19 and 36 MPa in the specimen
OPA9 analysed at the end of the test and of 28 MPa in an Opalinus clay sample taken
from core BHG-D1. The air entry value is the suction above which air is able to enter
the pores of the sample, and consequently, above which 2-phase flow can take place in
the soil pore structure. Additionally, the capillary strength parameter (P0) of the van
Genuchten expression fitted to results of the water retention curve of samples from
boreholes BHG-D1 and BHT-1 was between 6 and 34 MPa, and tended to be higher
for the samples tested under 8-MPa stress, in drying paths and when total suction was
used (Villar and Romero 2012). This parameter is interpreted as representing the
capillary pressure at which a continuous gas path is established and is frequently
assimilated to the air entry value. Hence, it seems that the maximum injection pressure
applied in the tests presented here was slightly below the air entry value of the material,
which could explain why flow was only measured in a few instances.

In test OPA4 the sample was saturated with deionised water after the gas injection
test. A hydraulic gradient was then imposed under a confining stress of 1.5 MPa and
the hydraulic conductivity was measured in the direction perpendicular to bedding. The
hydraulic conductivity obtained under effective stress conditions of 0.8 MPa (void ratio
0.24) was 2.7 � 10−14 m/s (corresponding to an intrinsic permeability of
2.7 � 10−21 m2). Afterwards a gas injection test was carried out again. Although no
reliable gas flow was measured before or after saturation (it was too close to the
turndown value of the flowmeters), the tentative flow values recorded were consistently
and considerably lower after saturation.

Fig. 3. Final pore size distribution obtained by MIP at three levels along sample OPA9 (after
gas testing) and for an Opalinus clay sample from borehole BHG-D1
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In the air-injection tests in the sense normal to bedding performed by Senger et al.
(2014) in Opalinus clay samples coming from borehole BHA-8/1, continuous gas flow
occurred at an injection pressure of 12 MPa under an isotropic confining stress of
15 MPa. The P0 van Genuchten parameter for the material used in these tests was
18 MPa (Romero et al. 2012), thus lower than for the material tested here. The different
methodology followed by these authors to perform the gas permeability tests could also
be the reason for the lower breakthrough pressure found by them. They injected air at fast
volumetric-controlled rate and breakthrough took place in less than 10 min. These
authors found that during gas injection, expansion and a corresponding increase in void
ratio occurred associated with gas migration into the pore space of the core samples and
effective stress decrease caused by the pore pressure increase. Gas continued to migrate
into the expanding pores prior to the breakthrough response, which suggests that pref-
erential gas paths were developed at increasing injection pressures, resulting in higher gas
mobility and a corresponding rapid pressure recovery following gas breakthrough.

5 Conclusions

The gas injection tests reported showed that the breakthrough pressure in the sense
perpendicular to bedding of the shaly facies of the Opalinus clay was higher than
18 MPa (for confining pressures of up to 20 MPa), although in a few instances flow
occurred. This happened only for samples with degrees of saturation lower than 70%
and the effective gas permeability (kig � krg) measured in those cases was in the range
from 8 � 10−21 to 4 � 10−23 m2, decreasing with confining pressure. This would mean
that 2-phase flow (without significant deformation of the pore space) was the mecha-
nism for the gas flow observed in the samples with lower degree of saturation (which in
fact slightly dried during testing, probably as a result of water displacement), whereas
macroscopic fracture formation (fracking, dependent on the local stress state of the
material) could be the gas transport mechanism for higher degrees of saturation, this
requiring higher gas injection pressures.

The air entry value deduced from mercury intrusion porosimetry tests for this
material was between 19 and 36 MPa, and this is consistent with the fact that these tests
showed that the breakthrough pressure was higher than 18 MPa. This value is higher
than the breakthrough pressure found for saturated Opalinus clay by other authors,
which could be due to the natural inhomogeneity of the material or to the particularities
of the experimental procedure.
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Abstract. Opalinus Clay shale, the selected host geomaterial of a high-level
radioactive waste repository in Switzerland, was sourced at shallow depth in a
borehole in the northern part of the country. Pairs of specimens, retrieved from
the same depth were prepared to be tested in oedometric conditions, with
loading in the direction either parallel or perpendicular to the bedding planes.
The results showed a marked anisotropy of the material response in the low
effective stress ranges (<10 MPa), with stiffer response in the direction of the
bedding planes. The anisotropy reduced markedly at higher effective stress
levels (� 10 MPa), resulting in similar compressibility in the two loading
directions at the highest investigated effective stress level. Similarly, the com-
puted hydraulic conductivity (via the consolidation theory) revealed larger dif-
ferences in the low stress range, where the hydraulic conductivity is greater in
the direction of the bedding planes.

1 Introduction

Opalinus Clay shale is the geological formation that has been selected to be the host
geomaterial for the deep geological repository for the high-level radioactive waste in
Switzerland. The formation is found all over the northern part of the country, at
variable depths (outcropping at the surface and reaching depths of a few kilometres).
The current depth variability of the formation is related to the geological history of the
area, strongly affected by the forebulge in association of the Alpine orogeny leading to
a southern dip of the Mesozoic strata.

The minimum depth for the construction of a radioactive waste repository is
selected to meet the required isolation period (�106 years) from possible geological
processes (exhumation and erosion) which could affect barrier integrity.

To investigate the effect of exhumation on the barrier integrity, Opalinus Clay was
sourced from a borehole in Northern Switzerland in which the formation is found at a
very shallow depth (<100 m below ground). The current depth of the formation in this
site is the result of an exhumation phenomenon, driven by glacial erosion, which
occurred over the geological timescale, and brought the formation close to the surface
from a much greater depth (likely in excess of 1000 m).
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One-dimensional consolidation tests were performed on several specimens obtained
from various depths. Two specimens, sourced from approximately the same depth were
prepared to be tested in the direction either perpendicular or parallel to the bedding
planes, to compare the results from the two directions, and gather information on the
anisotropy of the material properties. The main findings regarding the anisotropic
behaviour of the Opalinus Clay from shallow depth are discussed in this contribution,
and an example of the obtained oedometric curves is reported.

2 Tested Material

The investigated shale is a sedimentary formation, deposited about 180 million years
ago, that is mainly composed of clay minerals, carbonates and quartz (Mazurek 1999).
The formation is characterized by low porosity, ranging from 0.09 to 0.24 for more
superficial specimens, and low hydraulic conductivity, 10−10–10−14 m/s (Nussbaum
and Bossart 2008). The material is transversely isotropic, with the planes of isotropy
corresponding to the sedimentation planes (also referred to as bedding). The anisotropy
could be attributed to the reorientation of the clay particles, in the bedding direction,
and to the depositional and post depositional phenomena.

A relevant part of the research until now was conducted on cores from the Mont
Terri Underground Rock Laboratory (URL), where Opalinus Clay, estimated to have
reached a maximum burial depth of approximately 1350 m (Mazurek et al. 2006), is
found nowadays at about 300 m depth. Several works, studying the anisotropic features
of Opalinus Clay have been conducted, and highlighted the anisotropy in the
mechanical behaviour (e.g. Bossart and Thury 2008; Favero et al. 2018) and in the
sensitivity to water saturation (Ferrari et al. 2014; Minardi et al. 2016). In particular, the
stiffness of the material was found to be greater when loaded in the direction of the
bedding planes, rather than in the orthogonal direction.

From the mentioned shallow borehole, several samples were sourced at different
depths between 6 and 70 m and part of those were used for a laboratory geomechanical
program. Some preliminary results, presented in Crisci et al. (2017), explored the
similarities in the behavior of samples sourced at different depths.

Complete geotechnical characterization of the specimens was performed. The
obtained geotechnical parameters vary among the specimens in the following ranges:
void ratio e = 0.15–0.31; bulk density q = 2.31–2.53 Mg/m3; particle density qs =
2.74–2.79 Mg/m3; water content w = 5–10%.

Grain size distributions of several samples from various depths were also obtained.
The range of grain size distributions obtained via the mentioned procedure is reported
in Fig. 1. The grain size distribution of sample L8, later mentioned for the oedometric
behavior, is highlighted. The samples showed a higher percentage (70–95%) of par-
ticles with sizes in the silt-clay range, coherent with the expected average mineralogical
composition. Only a small percentage of sand size grains was detected.

The sample microstructure was investigated using the Mercury Intrusion
Porosimetry (MIP) technique on cubic specimens with side of 0.8 cm, showing a single
dominant pore size in the range of 15–30 nm of pore throat diameter.
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3 Testing Methods

The specimens for one-dimensional testing were obtained with a procedure finalized to
minimize the damage to the specimens. A slice of thickness approximately double the
final specimen height was sawed from the core, before removing the PVC tube and
aluminum foil where the core is stored. Then, the slice was cut to obtain a smaller
block, whose surface was smoothed and reduced to the desired size by the use of a
lathe. The sample was finally inserted in the oedometric ring, made of stainless steel,
using a hydraulic press.

A high pressure oedometric cell, designed to perform loading-unloading cycles at
high stress levels (Ferrari and Laloui 2013), was used in this experimental program to
perform one-dimensional consolidation and permeability test. The cell was designed to
hold cylindrical specimens of 35 mm in diameter and 12.5 mm in height. The
oedometer ring was inserted into a rigid stainless steel frame.

In this setup, the loading ram is positioned in the lower part of the system and a
hydraulic jack connected to a volume/pressure controller applies the vertical load. The
maximum applicable vertical total stress to the specimens is about 100 MPa. The
volumetric strains are measured by two LVDTs (with a resolution of 1 lm), which are
fixed to the frame and are in contact with the loading ram. The tests are performed in
incremental loads, and a pore water pressure controller is used to control the pore water
pressure at the bottom and top bases of the specimen.

The specimens were first re-saturated inside the oedometric cell at constant-volume
condition. To constrain the swelling induced by the saturation, the vertical load was
increased in steps to counterbalance axial expansion until equilibrium. Specimen sat-
uration and loading/unloading steps were performed using synthetic water, following

Fig. 1. Grain size distribution range obtained on Opalinus Clay samples from shallow depths;
sample L8 curve is highlighted.
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preliminary results of in situ water analysis (complete recipe in Mazurek et al. 2017), in
order to reproduce closely the chemical composition of the in situ pore water at
different depths. At each loading step, the induced water overpressure was allowed to
dissipate from the two end surfaces of the cylindrical specimen and the settlements
were recorded.

The results in terms of settlements versus time for each loading/unloading step were
interpreted using an analytical solution that extends the one-dimensional consolidation
theory to consider the poroelastic behaviour of shales and the non-instantaneous
loading condition (Ferrari et al. 2016), that is necessary to apply such high stresses.

4 Results

The tests allow estimating for each specimen the swelling pressure generated upon
saturation, the compressibility (Cc) and swelling (Cs) indexes. In addition, from the
analysis of the settlement versus time curve for each loading/unloading step, the
consolidation coefficient (cv), the oedometric modulus (Eoed) and the hydraulic con-
ductivity (k) were computed.

In Fig. 2, examples of oedometric curves obtained for two specimens, from the
same depth, tested in two different loading directions is documented. The results are
reported in terms of vertical deformation, attained at the end of the primary consoli-
dation of each loading step, versus the vertical effective stress applied. Similar curves
were obtained for all the performed tests. The compression tests began at the and of the
saturation phase, therefore the first point corresponds to vertical load needed to con-
strain the swelling induced by the saturation phase (i.e. the swelling pressure), and was
found to be higher for specimens loaded in the direction perpendicular, rather than for
those in the direction parallel to the bedding planes.

Generally, the overall vertical deformations obtained for the specimens tested in the
direction perpendicular to the bedding was found to be higher compared to the
orthogonal direction. A higher rigidity was detected for the specimens loaded in the
direction of the bedding planes, in agreement with findings from previous works.
Moreover, a transition in the behavior were identified as a change of slope in the semi-
log curves (i.e. the apparent pre-consolidation pressure), occurring at a vertical stress
�2–4 times higher in specimens loaded in the direction parallel to the bedding. Above
these stress levels, the differences in rigidity between samples loaded parallel and
perpendicular to bedding reduced, leading to comparable compressibility values.

It can be inferred that at high stress levels the cement bonds, attributed to the
diagenetic process occurred in the Opalinus Clay (Favero et al. 2016), are weakened,
and that the compressibility on which the material behavior relies depends only on the
particle properties and arrangement. As the stress increases, the porosity reduces and
the material compressibility reduces towards the one of the solid particles.

The consolidation theory was adopted to evaluate the hydraulic conductivity of the
tested specimens, in the two loading directions. The obtained results were found to be
in line with results from previous works, with ranges of hydraulic conductivity found in
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the order of 10−11–10−14 m/s for all the tested specimens in a vertical effective stress
range varying from few MPa to 100 MPa.

Concerning the hydraulic conductivity anisotropy, a trend similar to the com-
pressibility response was found. The results of the hydraulic conductivity (k) were
analyzed in terms of ratios of the values obtained for specimens loaded parallel to the
bedding and specimens loaded perpendicular to the bedding ( ). The results for all
the pairs of performed oedometric tests are presented in Fig. 3, in form of the ratio

versus the vertical effective stress at the beginning of the steps.
By and large, the ratios are above 1, highlighting the higher hydraulic conductivity

measured in the direction of the bedding planes. At low stresses the hydraulic con-
ductivity is �2–4 times higher for flows in the direction parallel to the bedding planes
compared to the orthogonal direction. Moreover, a high variability in the results is
observed, while towards high stresses, the variability reduces and the ratios tend to be
closer to the unity. Therefore, the differences among the flow directions are signifi-
cantly reduced at high compaction levels.

Fig. 2. End of primary consolidation curves of two Opalinus Clay specimens from the same
depth tested in the direction perpendicular and parallel to the bedding planes.
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5 Concluding Remarks

In this work, results obtained from an experimental programme on shallow Opalinus
Clay samples were presented. The investigation focused on the hydro mechanical
behaviour of saturated intact shale in one-dimensional loading conditions. Pairs of
specimens from the same depth were obtained to be loaded either parallel or perpen-
dicular to the bedding plane and to compare the results.

The main findings revealed that the compressibility of the saturated samples is
higher for the direction perpendicular to the bedding, and for those same specimens the
change in slope (in the semi-log plane) is detected at lower stress values. Towards high
stresses, on the other hand, the differences between the two loading directions reduced,
and a similar compressibility was found.

The outcomes regarding the hydraulic conductivity, derived from the results of the
primary loading steps, showed similar trends. At low stress level, the differences
between the pairs of specimens, loaded in different directions, is higher, and it is shown
a higher hydraulic conductivity in the direction of the bedding planes. As stress
increases and the porosities reduce, the hydraulic conductivity becomes similar in the
two directions.

Therefore, the anisotropic hydro-mechanical behaviour of Opalinus Clay, in par-
ticular in terms of one-dimensional compressibility and hydraulic conductivity, is
strongly dependent on the range of stress applied, and tends to reduce at very high
stresses towards similar responses in the directions perpendicular and parallel to the
bedding planes.

Acknowledgements. The support of the Swiss National Cooperative for the Disposal of
Radioactive Waste (NAGRA) for this research is acknowledged.

Fig. 3. Ratio of the hydraulic conductivities (in the direction // and ? to the bedding planes)
computed via the consolidation theory, on primary loading steps.
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Abstract. With increasing of offshore wind turbines (OWTs) in recent years,
the supporting structure are needed to suite the cases with water depth greater
than 100 m. In such cases, the effects of wind, wave and current become much
obvious, and jacket support structure are recommended for the OWTs. During
the service period, the soil-pile interaction has a significant effect on the
dynamic response of the OWT structure. Thus, this paper aims to first investi-
gate the characteristics of soil-pile interaction under the cyclic loadings, and then
study the dynamic responses of the jacket support OWTs. Based on the
bounding surface elasto-plastic theory, the cyclic t-z curve is proposed, which
used to simulate the load-displacement relationships along the pile shaft. Related
parameters can be analyzed and calibrated based on the constant normal stiffness
cyclic direct shear test of pile-soil interface. The cyclic t-z curves are pro-
grammed using the software COMSOL, and used in the FEM model for the
dynamic simulation of jacket foundation OWT. Under two-way sinusoidal
regular load case, the dynamic responses of jacket foundation OWT are simu-
lated and studied. The results show that the API t-z curve will underestimate
natural frequency, which leads to insecure design for jacket foundation OWTs.
And the proposed cyclic t-z model can reflect natural frequency degradation
under cyclic loading, which can well evaluate the dynamic response than API
method.

1 Introduction

The soil-pile interaction has a significant effect on the dynamic response of the OWT
structure, including natural frequency degradation, permanent accumulated rotation
(Wei et al. 2015; Carswell et al. 2016). The current design methods are based on the
elastic theory in the API (2007) and DNV (2013) codes, so, the code methods can’t
consider the natural frequency change under cyclic loads. Dong (2012) proposed a p-
y model based on the boundary surface elasto-plastic theory, which can simulate the
soil-pile interaction under cyclic loading. McCarron (2016) proposed a boundary
surface model for soil resistance to cyclic lateral pile displacement with arbitrary
direction.

Compared to monopile, the pile resistance of jacket foundation mainly depend on
the tension and pression which results that the t-z curve has great effect on the dynamic
response of OWTs. This paper aims to first investigate the characteristics of soil-pile
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interaction (t-z curve) under the cyclic loadings, and then study the dynamic responses
of the jacket support OWTs. Related parameters in cyclic t-z model can be calibrated
by cyclic direct shear test of pile-soil interface. The intention is to develop a new
method to evaluate the dynamic response of jacket OWTs.

2 Boundary Surface Model Theoretical Framework

Traditional p-y, t-z curves aren’t suitable for cyclic loading and two-way loading.
Based on the boundary surface theory, this paper developed a t-z model, which has
cyclic weakening effect.

2.1 Elasto-Plastic Cyclic t-z Model

Model Building
The t-z model relating the pile axial displacement z at a certain depth and the pile axial
resistance t for unit area. The displacement increment dz caused by the resistance
increment dt is decomposed into elastic part and plastic part, which are showed in
Fig. 1, and this can be described as:

dz ¼ dze þ dzp ð1Þ

where dze, dzp are the elastic, plastic displacement increment respectively.

For elastic resistance factor: Ke ¼ dt
dze

ð2Þ

For plastic resistance factor: Kp ¼ dt
dzp

ð3Þ

The elastic-plastic resistance factor relating the resistance increment dt and the axial
displacement increment dz is of the form:

Fig. 1. Constitution of soil-pile interactive spring
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Kep ¼ 1
1
Ke

þ 1
Kp

ð4Þ

Firstly, define the boundary,

pmax ¼ pm; ð5Þ

pmin ¼ �pm; ð6Þ

and the boundary length is

q ¼ 2pm: ð7Þ

In the Eqs. 5–7, pm is the maximum soil-pile interface friction in a certain depth in
history. When dp > 0, q is the distance between the minimum boundary −pm and the
current p; When dp < 0, q is the distance between the maximum boundary pm and the
current p. That is to say, when

dp � p[ 0; q ¼ pm þ pj j; ð8Þ

when

dp � p\0; q ¼ pm � pj j: ð9Þ

Dong (2012) gives the plastic resistance factor Kp expression in p-y model:

Kp ¼ hKef ðypÞðpu=pm � �q=q� 1Þ ð10Þ

where h is curve shape parameter, f(yp) is degradation function:

f ðypÞ ¼ ðq=�qÞn þ e�a

R
dypj j
yr ½1� ðq=�qÞn� ð11Þ

where n is model parameters, equal to 10 and a is degradation parameter,
R

dypj j is
accumulated plastic displacement of spring, yr is the reference displacement.

The study found that for the t-z curve in sand, the displacement required for the
soil-pile surface ultimate resistance is far less than that of p-y curve, which meas t-
z curve in sand degradates slower than p-y curve. So, the degradation function in the
reference (Dong 2012) is not suitable for soil-pile surface mechanics in sand under
cyclic loading. In addition, parameters in the p-y model can’t be calibrated using soil
element laboratory tests.

This paper adopt the p-y curve theory framework in reference (Dong 2012) to
develop a t-z model in which the parameters can be calibrated using soil element
laboratory tests. And then, this paper develops a new t-z curve degradation function in
sand, which makes results are in good agreement with the experimental results. The
new degradation function is showed in Eq. 12:
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gðypÞ ¼ 1

1þ
R

dypj j
yr

� �a � b �
Z

dypj j ð12Þ

where a, b are model parameters.

Model Parameters’ Calibration Based on Soil Element Laboratory Tests
In order to fix the parameters in the model at every depth, a certain simplification is
needed to deal with the actual problems. The main assumptions are listed as follows:

(1) The same soil at different depth have the same displacement to reach the ultimate
resistance.

(2) The same soil at different depth have the same friction angle of soil-pile interface.
(3) The same soil at different depth have the same degradation law in soil-pile surface

mechanics.

Based on the three assumptions, model parameters at every depth can be confirmed.

(1) Elastic resistance factor Ke

Elastic resistance factor Ke is the initial tangent modulus for t-z curve, which is a
constant in the model. The relationship between shear stress and shear displace-
ment can be obtained by direct shear test of soil-pile interface, which is called s-
z curve. The initial tangent modulus of the s-z curve is elastic resistance factor Ke.

(2) Capacity pu
pu is the ultimate strength of the soil-pile interface, which can be calibrated by
direct shear test of soil-pile interface at a certain normal stress. In addition, pu also
can be estimated by Eq. 13:

pu ¼ r � tanu � K ð13Þ

where r is effective stress at a certain depth, u is soil-pile surface friction angle,
K is coefficient of lateral pressure, equal to 0.8.

(3) Curve shape parameter h
Curve shape parameter h controls the t-z curve’s shape for monotonic loading,
which can be calibrated through direct shear test of soil-pile interface.

(4) Degraded parameters a, b
Degraded parameter a, b control the stiffness degradation under cyclic loading. The
test results found that the strength of the interface is greatly degraded after first
cycle, and in the subsequent cycles, the strength degradation of the interface is
smaller, as well as the gap between different cycles decreases gradually. Parameter
a controls the strength degradation in the first cycle, b controls the strength
degradation in the subsequent cycles. Through cyclic direct shear test of the soil-
pile surface, parameters a, b can be obtained by fitting date or try method.

In this way, this part explanation can calibrate t-z model parameters based on soil
element laboratory tests.
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3 Engineering Application

This part is an example of engineering application to calibrate t-z model parameters
based on the cyclic direct shear test of soil-pile surface results obtained from reference
(Shang 2016). After parameters calibration, the cyclic t-z curves are programmed using
the software COMSOL, and used in the FEM model for the dynamic simulation of
jacket foundation OWT.

3.1 Introduction About Cyclic Direct Shear Test of Soil-Pile Surface

From reference (Shang 2016), the cyclic direct shear test of soil-pile surface under
constant normal stiffness (CNS) condition has 10 mm shear displacement amplitude
and 20 cycles, and the shear speed is 5 mm/min, the normal stress is 90 kPa. The sand
used in test is China ISO standard sand, which d50 is 0.34 mm, Dr = 90%. The surface
of steel plate is treated with polishing, and the roughness of the surface is close to the
roughness of the steel pipe pile.

3.2 t-z Model Parameters’ Calibration

(1) Elastic Resistance Factor Ke

From the results of soil-pile surface cyclic direct shear test, the relationship between
shear stress and shear displacement in the first loading can be obtained. In Fig. 2(a),
it is can be seen that the first few points are approximated to a linear, so, the line’s
sloop is the elastic resistance factor Ke. In this case, Ke ¼ 3:862� 107 Pa/m.

(2) Curve Shape Parameter h
Due to h control the shape of the stress-displacement curve, we can adjust the value
of h to make the simulated curve fits in well with the first loading curve (before
peak point). Figure 2(b) shows the comparison of simulation curve and test curve
when h = 2.5.

Fig. 2. Calibration of elastic resistance factor Ke (a) and curve shape parameter h (b)
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(3) Friction Angle of Soil-Pile Surface u

Friction angle of soil-pile surface u can be obtained using Eq. 14.

u ¼ arctan
smax

r

� �
¼ arctan

35:21
90

¼ 21:367� ð14Þ

where smax is the peak strength in the first loading, r is normal stress.
(4) Degraded Parameters a, b

Due to the test data isn’t complete, data fitting can’t be carried out to calibrate a, b.
In this case, using try method to calibrate a, b. Figure 3 shows the comparison
between simulation and test date hysteresis loops when a = 0.05, b = 0.55. It can
be seen that the simulation curve coincides with the test curve in general.

3.3 Brief Introduction About the Numerical Model

In this part, using FEM software COMSOL builds a numerical model to study the effect
of cyclic degraded t-z curve to dynamic response of jacket foundation OWT. Some
detail information about the jacket foundation OWT can be found in Table 1. The soil
condition is assumed to the homogeneous sand which is the same with the above tested
sand. The jacket foundation OWT numerical model is built by using the beam element,
and the number of total elements are 224. To study the effect of cyclic t-z curve, this
numerical model is combined with the API p-y, API Q-z and the cyclic t-z.

In this paper, one load case under two-way deterministic condition is investigated.
The load direction is along the diagonal of the jacket structure which is the most
dangerous case, and the point load magnitude acted on the hub is showed in Eq. 15.

F ¼ 5000 � sinð2p � f � tÞ ½kN� ð15Þ

where f is the load frequency, f = 0.1 Hz.

Fig. 3. Calibration of degradative parameters a, b
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4 Results and Discussion

The numerical simulation founds that the first order natural frequency has degraded
from 0.31942 to 0.31743 Hz after 18 cycles. Table 2 shows the initial natural fre-
quencies, natural frequencies’ change after 18 loading cycles and the natural fre-
quencies obtained by using the API t-z curve.

The results show that the cyclic t-z model can consider natural frequency degra-
dation after loading cycles. So, the method is more accurate to reflect the fact. At the
same time, it can be seen that the natural frequencies obtained by using the API
t-z curve is lower. A main problem in the jacket structure design is the global stiffness
over the upper limit, so, using API t-z curve will underestimate natural frequencies
which leads to insecure design.

5 Conclusion

This paper developed a cyclic t-z model based on the boundary surface theory, and
studied the cyclic t-z model’s effects on the dynamic response of jacket foundation
OWTs by using FEM method. The results show that the API t-z curve will underes-
timate natural frequencies, which leads to insecure design. And the proposed cyclic
t-z model can reflect natural frequencies degradation under cyclic loading, which can
better evaluate the dynamic response than API method.

Table 1. Jacket foundation and OWT’s parameters

OWT parameters Value

Rated power (MW) 4
Mass of rotor nacelle assembly (RNA) (t) 243.0
Tower length (m) 73.0
Pile length (m) 54.0
Pile diameter (m) 2.2
Water deep (m) 28.3
Foot distance of jacket bottom (m) 22.0
Foot distance of jacket top (m) 12.0

Table 2. Comparation of first four order natural frequencies

Cycle number First order (Hz) Second order (Hz) Third order (Hz) Fourth order (Hz)

0 0.31942 0.31997 1.6133 2.173
18 0.31742 0.31972 1.6133 2.0884
API t-z 0.31432 0.31501 1.6133 1.9636
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Abstract. Open-ended pipe piles have been the preferred choice for various
foundation applications, and in particularly for offshore wind turbines. The need
to know, well in advance, certain design parameters prior to installation thus
arises, and through numerical analyses, ranges for these installation parameters,
and the behavior of the sand surrounding the pile can be estimated. Offshore
environment poses an additional challenge of taking into account not only the
penetration process and effects of dynamic loading of the sand, but also the pore
pressure built up in the soil skeleton. This paper presents a novel approach to
simulate the dynamic installation process of open-ended piles in saturated soil.
Thus, the simulation also provides the basis to predict the pile behavior due to
axial or lateral loading considering the installation effects. By coupling the
aspects of Lagrangian and Eulerian methods, a particle-based method, called
Material Point Method (MPM), more specifically its extension called Convected
Particle Domain Interpolation (CPDI) method has been employed in the present
work. To simulate saturated media, an extension of CPDI is incorporated in the
form of 2-phase formulation, different velocities for soil and water are consid-
ered and thus able to capture precisely the saturated-soil behavior. A 2-D
axisymmetric model is considered, along with a penalty method formulation to
calculate contact forces between pile and soil. This method, when applied in
conjunction with the hypoplastic constitutive model, provides a framework
which allows us to study detailed effects of pile installation on the surrounding
soil.

1 Introduction

Open ended piles are mostly used for the foundations of offshore wind turbines. The
ease of installation makes this a good option for the foundations. Various installation
methods can be observed such as installation by hammering, vibration or by suction.
During the installation process, soil around the pile is heavily distorted. Density of soil
changes during the process which can be observed by the change of void ratio in the
soil domain. The hypoplastic constitutive model used in the present work, deals with a
concept where the soil stress state is related to the void ratio change. So, the bearing
capacity of the pile after installation can be determined by analyzing the radial stress
development in the soil. By analytical or experimental analysis, the effect of solid pile
installation can be studied in a simplified manner. But the complex geometry of open
ended pile and the dynamic process of installation poses more challenge for testing. In
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such cases, the numerical procedure is more advantageous to estimate the behavior and
understand the effects. Finite Element Method (FEM) which is commonly used in
structural engineering, provides a reliable approach to simulate small deformation
problems. In case of pile installation, there is need to examine the effects in soil which
shows large deformation and material movement. FEM fails to capture this, as the
problem of mesh distortion arises by following Lagrangian formulation. Eulerian FEM
approaches eliminate the mesh distortion problems but with an additional cost. To
overcome this, meshless methods were developed carrying the best features from
Eulerian-Lagrangian approaches. In these methods, the particles represent and store the
material information and calculations are performed in a mesh (generated by particle
connectivity). The continuous mesh generation is replaced with a fixed computational
grid (mesh) in Material Point Method (MPM) developed by Sulsky et al. (1994). Here,
the particles carrying information move over the fixed mesh. So, the MPM emerges as
the best method to simulate large deformation applications.

Material Point Method (MPM) is formulated in a similar way to FEM. The gov-
erning equation is written as,

M a ¼ Fext�Fint

where M is the lumped mass matrix, a is the acceleration vector, Fint and Fext are the
total internal and external forces respectively. The difference is with the procedure of
solving the governing equation. At the beginning of each computational step, the
material information, state variables are mapped to the computational grid from the
particles to solve for governing equation. After calculation, the position of particles is
updated and then the information is mapped back to the particles. Because of this, only
particles can move around over the fixed computational mesh without any problems of
mesh distortion.

By using linear shape functions for the interpolations and mapping, numerical
problems arise with the basic formulation of MPM. Grid crossing error is one such
numerical error observed during the movement of material point from one grid to other.
In MPM, the material points are collocated to a point using Dirac-delta functions. This
concentration of mass causes instability during the crossover initiating oscillations in
the state parameters.

To alleviate this error, there is a requirement of smooth interpolation of information
between the grids. This is provided by distributing the particle mass over a finite
domain. Many variations are obtained by this approach such as Generalized Interpo-
lation Material Point (GIMP), updated-GIMP (Bardenhagen and Kober 2004) and
Convected Particle Domain Interpolation (CPDI) (Sadeghirad et al. 2011). These differ
in the shape of the domain considered for the material point. In this paper, a recent
variant i.e. CPDI is adopted due to its robust and stable computations. In CPDI, the
material point is made of parallelogram shaped domain and the vectors of the paral-
lelogram are updated by the deformation gradient of the particle. As these domains are
only the representation of particle which assists in smooth interpolation, the extensive
deformation of parallelogram domains are restricted by a desired size (Homel et al.
2014). In the present work, axi-symmetric CPDI formulation is considered (Hamad
2016).
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1.1 Two-Phase Formulation for Axi-Symmetric CPDI

Together with the large deformation and material movement during the pile installa-
tion, the water present in the soil plays an important role to select the numerical
approach. The fully saturated soil is required for the soil domain. MPM or CPDI
provides an easy platform to accommodate the effects of water. Depending on the
application, the method offers many possibilities to model saturated soil. For the pile
installation application, a formulation based on the different velocity field (water and
mixture) can be utilised. Here, only a single particle represents the saturated soil. The
formulation involves following steps:

• A single CPDI particle accommodates the mass of soil and water based on the
porosity value.

• Velocity of water is calculated by solving the governing equation and then the
velocity of mixture.

• Using the mixture and water velocities, strain and excess pore pressure are calcu-
lated respectively.

• Finally, the internal force is updated based on the total stress and total water
pressure.

Detailed formulation of two-phase model is described in the work of Jassim et al.
(2013). In the present work, the basic two-phase formulation is extended to CPDI
version of MPM and considerations have been made to accommodate axi-symmetry.

2 Numerical Model and Simulation

The open-ended pile is modelled as a 2D axi-symmetric model as shown in the Fig. 1.
The dimensions are scaled down with respect to a general offshore pile size. Around the
pile surface, more finer particles are considered to have better interaction during the
contact. The computational mesh is also varied in size relative to the particle so that the
particle density in each computational grid remains same. The computational mesh
consists of rectangular mesh as shown in the left picture of Fig. 1 together with the
boundary conditions. The particle distribution and the traction load applied on top of
the pile is shown in the right picture of Fig. 1.

Hypoplastic constitutive model is used for the sand which can capture the stress
change based on the change in void ratio during the installation process. The properties
of the hypoplastic sand are given in Table 1. Medium dense sand with initial void ratio
of eo = 0.55 is considered. The pile is modelled as a linear elastic body with the
material properties: Young’s modulus E = 200 GPa, Poisson’s ratio m = 0.34 and
density q = 8000 kg/m3.

The interaction between pile and soil is modeled by Penalty contact method
(Hamad et al. 2017). In this approach, certain additional linear elements define the
boundary of the bodies which is differentiated as master and slave surface based on the
stiffness of material.

To define the boundaries, 1500 linear elements are considered in the current model.
After the contact pair detection, a very little penetration is allowed into the slave

Numerical Simulation of Open Ended Pile Installation 461



surface and a penalty force is applied to overcome the penetration of the two bodies
thereby avoiding the interpenetration. As there exists a frictional interaction between
soil and pile, Mohr-Coulomb friction criteria is used to limit the tangential forces. In
the present model, friction co-efficient l = 0.25 is taken.

2.1 Simulation

The simulation is performed to prove the capabilities of the numerical approach by
exhibiting the dynamics involved in the process. In the present work pile installation is
made from the surface of soil achieving greater depth of penetration undergoing large

Fig. 1. Initial configuration of the simulation model

Table 1. Hypoplastic parameters used for the soil domain
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deformation in the soil. Sometimes pile is initially embedded into soil to study smaller
section of soil (Galavi et al. 2017).

Three steps are followed to simulate the realistic behavior during installation. First,
the geostatic stress distribution is achieved in the soil domain from the Ko procedure.
Here the total stress at a required height h is calculated according to the equation,

r ¼ qgh

where q is the saturated density which is q = (1 − n) qs+ nqw, here n is the porosity, qs
is the solid density of soil domain and qw is the density of water. According to this
equation, for the current simulation maximum total stress at the bottom is found to be
21 kPa.

Then the pile is allowed to penetrate into sand in the action of gravity. This allows
pile to penetrate to a certain depth. Then, vibration loading is applied on top of the pile
with maximum dynamic force of 1200 N with a frequency of 21 Hz.

3 Result

The soil behavior due to the pile installation is studied by monitoring certain param-
eters such as void ratio, water pressure, stress states etc.

The penetration curve is shown in the Fig. 2. The installation becomes slower with
the depth due to various factors such as skin friction, densification of soil around the pile
and higher stresses at greater depths. Void ratio distribution is shown in the Fig. 4 for the
pile penetration to a depth of 20 cm. Here, it can be observed that the initial void ratio

Fig. 2. Pile penetration curve for 6 s of simulation
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(i.e. eo = 0.55) is maintained in the soil region greater than 1D distance (D – diameter of
pile). But the void ratio has been increased near the surface of pile (around the distance of
pile thickness) to a maximum of e = 0.61. This indicates the loosening or dilation of soil
during the penetration. Similar observations have been observed and studied in the work
of Rodger (1979).

During the installation, the soil region near the pile shaft fails by the shear forces
which lead to loosening. Due to this, void ratio is increased and the hypoplastic model
captures the change in void ratio and accommodates it for the stress change in the soil.
Liquefaction or fluidized zone increases the pore pressure near the surface of pile
(Fig. 3) thereby reducing the effective stresses. This facilitates the motion of pile and
allows a faster penetration. Away from the pile shaft, soil densification can be observed
with the decrease in void ratio as shown in Fig. 4. This provides the bearing capacity
for the pile to withstand the lateral and vertical load after installation.

Fig. 3. Pore water pressure increase during penetration (red - maximum and blue – 0 kPa) (left)
and the soil displacement around the pile (right)
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4 Summary

The paper provides the ability of Material Point Method to simulate large deformation
problems. Specifically, geotechnical case i.e. installation of pile has been simulated
considering the real conditions of offshore and the dynamic process involved. Two
phase CPDI and hypoplastic model clearly captured the soil behavior. Penalty contact
approach provided the realistic interaction between the soil and pile particles defining
the clear boundary.

Oscillations near the surface and along the pile shaft during liquefaction need to be
addressed in future to obtain smoother simulation results. These further optimizations
will allow CPDI to simulate various applications to analyze the effects prior to the field
test.
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Abstract. Suction caissons consist of large cylindrical buckets made from
steel. In order to serve as foundations for various offshore structures, suction
caissons are pushed into the seabed under pressure differential exerted on their
lid by an imposed suction. Despite their wide use in the oil and gas industry,
there are still some uncertainties regarding their installation process as a result of
changes in seabed profiles such as the existence of low permeability layers as
well as the variation in soil properties with depth (e.g. permeability decreasing
with depth due to an increase in soil density). It is known that seepage condi-
tions play a pivotal role in the installation process, particularly in sand. Indeed,
pressure gradients generated by the imposed suction inside the caisson cavity
cause an overall reduction in the soil resistance around the caisson wall and at
caisson tip, thereby assisting the penetration into the seabed. Successful
installation of caisson foundations relies on accurate prediction of soil condi-
tions, in particular soil shear resistance during the installation. Existing
knowledge of the prediction of soil conditions and required suction during
caisson installation has some limitations which often resulted into rather con-
servative design methods. Most design procedures used to control suction
during caisson installation assume an isotropic and homogenous seabed profile.
Moreover, the actual variation of pressure gradient around the caisson wall at
different penetration depths is often ignored, although it significantly affects soil
resistance. Natural seabed can possess a heterogeneous property where it may
comprise of different layers of soils including the presence of layers with low-
permeability i.e. clay or silt. In this paper, the effect of seepage on soil condi-
tions during caisson installation is studied within the frame of the presence of a
substratum that consists of silt. Suction induced seepage described throughout
the installation process and its effects on frictional and tip resistance are con-
sidered. For this purpose, a numerical simulation is conducted on a normalised
geometry of the suction caisson and surrounding soil, at different penetration
depths. The distribution of pressure gradient on both inside and outside of the
caisson wall is taken into consideration in both soil shear and tip resistance.
Particular conclusions will be drawn on the implications of the presence of a low
permeability silt layer on caisson installation.
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1 Introduction

Suction caissons are large upturned bucket structures of cylindrical shape that are
typically made from steel. These structures have recently been considered for foun-
dations of offshore wind turbines (Byrne et al. 2002). To install caissons, water will be
extracted from the hollow space between the caisson lid and mudline (initial pene-
tration into the seabed is achieved with caisson self-weight). In permeable soils such as
sands, seepage occurs as a result of the applied suction which causes an overall
reduction in soil resistance and facilitates caisson penetration (Tran et al. 2007;
Harireche et al. 2014). The effect of seepage in installation has been well documented
for soil profiles with a homogenous nature (Houlsby and Byrne 2005; Harireche et al.
2013, 2014; Mehravar et al. 2017a, b). However, certain soil layer configurations, (e.g.
the presence of a low-permeable layer), can have significant impact on the seepage
mechanism and thereby the installation process. Nevertheless, design procedures in
these particular situations have received less attention (Ibsen and Thilsted 2010). For
instance, there are concerns when suction caissons are installed in sand underlain by a
low permeability soil such as clay or silt. In such a soil profile the low permeability
layer may create a hydraulic barrier in the soil and causes the installation to become
very difficult if not impossible (Raines et al. 2005). Few studies have considered
suction caisson installation in multi-layered seabed profiles (Allersma et al. 2001;
Matusi et al. 2002; Tran et al. 2007; Cotter 2009). It has generally been concluded that
a larger suction is required compared to installations in homogeneous sand. In the
above works, pressure gradients between seabed and caisson tip was used to predict the
hydraulic gradient on both sides of the caisson wall (Houlsby and Byrne 2005; Cotter
2009). Nevertheless, it has been proved that the variation of pressure gradient over the
caisson penetration depth affects the whole installation process both in terms of
reduction in soil resistance and critical condition for piping (Harireche et al. 2014).
Therefore, it is important to investigate the pressure gradient distribution over the
penetration depth throughout the whole installation process. In this paper, a finite
element procedure is implemented in an in-house finite element (FE) code and used to
study the effect of the existence of a low permeability layer on suction caisson
installation in sand. A parametric study is performed to investigate the effect of the
depth of the low permeability layer on the reduction in soil resistance. The results are
compared with those obtained from an installation in homogeneous sand and the
difference will be highlighted and discussed.

2 Formulation of the Normalised Seepage Problem

In this study the model problem of a suction caisson of radius R, and height L is
considered. Dimensions and values of pressure are normalised with respect to the
caisson radius (R) and magnitude of the applied suction respectively. The caisson
penetration depth into the seabed and the depth of a silt layer (from the mudline) are
denoted as h, and hs respectively. Therefore, the following normalized variables are
adopted:
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p� ¼ p
�s

h� ¼ h
R

h�s ¼
hs
R

ð1Þ

Where p�, h� and h�s represent normalized excess pore water pressure, caisson
penetration depth and depth of silt layer from the mudline, respectively. Figure 1, shows
a vertical section of the soil-caisson system. A normalised cylindrical system of coor-
dinates z� ¼ z

R and r� ¼ r
R in the meridian plane is adopted where all dimensions were

scaled with respect to the caisson radius. Due to the axisymmetric nature of the problem,
only half of the caisson is modelled. In order to investigate the effect of the presence and
the location of a silt layer on the caisson installation, four different soil profiles desig-
nated as Case A (h�s ¼ 0), B (h�s ¼ 3h�), C (h�s ¼ 2h�) and D (h�s ¼ h�) are considered.
The soil profile in Case A corresponds to homogenous sand with permeability, ksand. The
other three soil profiles (Case B, C and D) represent a sandy soil profile with a layer of
silt that lies at different depths from the caisson tip. The caisson tip touches the top of the
silt layer when the installation is complete in Case D (h�s ¼ h�).

The permeability of the silt layer (ksilt) in the multi-layered cases (Case B, C and D)
is considered two order of magnitude lower than that of the sand layer (Tran et al.
2007). The relevant sand and silt properties which are considered in this study have
been selected based on the sand and silt sample properties used in the experimental
tests conducted by Tran et al. (2007). These properties are shown in Table 1.

The porewater seepage is described by Darcy’s law: u ¼ �krp where u is the
porewater velocity, k the permeability and rp represents the excess porewater pressure
gradient. The normalized excess porewater pressure p� must satisfy Eq. 2:

r�2p� � @2p�

@r�2
þ 1

r�
@p�

@r�
þ @2p�

@z�2
¼ 0 ð2Þ

and the boundary conditions p� ¼ �1 on OC-, p� ¼ 0 on C+F, FH, BH and @p�
@r� ¼ 0 on

CD and OB (Fig. 1).
The finite element procedure has the advantages of taking into account soil loos-

ening inside the caisson cavity (X1) due to applied suction in a much more natural way
compared to other numerical methods. The effect of soil loosening inside the caisson is
not pronounced at the early stages of caisson penetration ðh�\1Þ. Therefore, a single
permeability on both sides of the caisson wall is considered in this study. Of particular
interest in this analysis, are the effects of the low permeability silt layer and its location,
on soil resistance to caisson penetration. The scaled penetration depth has values:
h� = 0.2 (typical of self-weight penetration), h� ¼ 0:4, h� ¼ 0:6, h� ¼ 0:8 and h� ¼ 1.

Table 1. Soil properties

Soil property Sand Silt

Permeability 1:3� 10�4 m=s 1:3� 10�6 m=s
Saturated unit weight csat 21 kN=m3 20 N=m3
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3 Effect of Silt Layer on the Excess Porewater Pressure
Variation

Generally, porewater seepage produced by suction causes a hydraulic gradient which
on both sides of the caisson wall varies with depth. The contours of the normalised
excess porewater pressure, p� for h� ¼ 1 are shown in Fig. 2. This figure corresponds
to homogenous sand (Fig. 2a), sand with a silt layer located at a depth, h�s ¼ 2h�

(Fig. 2b) and a sandy soil profile with a silt layer at h�s ¼ h� (Fig. 2c). These figures
clearly indicate that the contours of excess porewater pressure have been affected due
the presence of a layer of silt and this consequently has an impact on soil resistance to
caisson penetration.

Fig. 1. Normalized geometry; (a) homogenous sand (h�s ¼ 0Þ, (b) sand overlying a silt layer
(zones X3 and X7)

Fig. 2. (a–c): Excess porewater pressure p� distribution for normalized penetration depth h� ¼ 1
at (a) h�s ¼ 0 (homogenous sand), (b) h�s ¼ 2h�, (c) h�s ¼ h�:
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The vertical component of the normalized hydraulic gradient (g� ¼ @p�=@z�) on
both sides of the caisson wall is represented as a function of the normalized penetration
depth, z� and shown in Fig. 3(a–d). It should be noted that the vertical component of
the pressure gradient on the inner and outer side of the caisson wall are given by
gi R; nð Þ and go R; nð Þ; respectively. Two values of scaled penetration depth, namely:
h� ¼ 0:4 and 0:8 have been considered in conjunction with four different seabed pro-
files defined by h�s ¼ 0; 3h�; 2h� and h� are considered. By comparing the normalized
pressure gradient on both sides of the caisson wall (Fig. 3a–d), It can be seen that:

– Regardless of soil seabed profile, pressure gradient at both sides of the caisson wall
is higher at shallow penetration depths and the maximum pressure gradient occurs
at the caisson tip. The effect of a low permeability silt layer is more noticeable
inside the caisson cavity and becomes more pronounced when the caisson tip
touches the silt layer (h�s ¼ h�).

– There is no significant difference in the gradient magnitude for the first three soil
profiles (Case A to C) on both sides of the caisson wall. However, such a difference
becomes more noticeable once the caisson tip reaches the silt layer (Case D), and
can affect the soil resistance through the increase in soil effective stress.

4 Effect of Silt Layer on Soil Resistance to Caisson
Penetration in Layered Soil

In this study, the effect of the presence and location of a silt layer in a sandy soil profile
on the soil resistance to caisson penetration is studied. For this aim, the reduction in
frictional forces acting on the caisson wall and soil resistance at the caisson tip, due to
applied suction, are calculated. Under seepage conditions produced by an applied
suction, the lateral effective stress ðr0hÞ acting on both sides of the caisson wall at a
depth z, is respectively given by:

r0hi R; zð Þ ¼ K c0z� Zz

0

gi R; fð Þdfþ ~ri R; zð Þ
 !

ð3Þ

r0ho R; zð Þ ¼ K c0z� Zz

0

go R; fð Þdfþ ~ro R; zð Þ
 !

ð4Þ

where the indices i and o indicate the regions inside and outside the caisson, respec-
tively. The parameter K denotes the coefficient of lateral earth pressure, c′ is the
effective unit weight of the soil, ~r is the enhanced effective stress due to the effect of
shear resistance which develops on the soil-caisson interface and gi R; nð Þ and go R; nð Þ
represent the vertical components of the pressure gradient on the inner and outer side of
the caisson wall, respectively.
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Seepage causes an overall reduction (DFs) in the magnitude of the shear force
acting on the caisson wall. This reduction (DFs) can be expressed as a function of the
normalized penetration depth h� as follows:

DFs

2pR2K �s tan d
¼ Zh

�

0

L�i z�ð Þþ L�o z�ð Þ� �
dz� ð5Þ

DF�
s ¼ DFs

ð2pR2K �s tan dÞ ð6Þ

where

L�i z�ð Þ � Zz
�

0

g�i 1; f�ð Þdf� [ 0; L�o z�ð Þ � Zz
�

0

g�o 1; f�ð Þdf�\0 ð7Þ

and d denotes the angle of friction at the interface soil-caisson and the suction mag-
nitude at the mudline inside the caisson cavity is denoted by �s. The normalised

Fig. 3. (a–d): Dimensionless pressure gradient as a function of normalized depth for h� = 0.4
and 0.8, and four different soil seabed profiles
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reduction in frictional soil resistance, DF�
s

� �
is calculated for all soil profiles (Case A to

D) using the results of the FE model and Eqs. (5–7). In addition, the vertical effective
stress at the caisson tip is reduced due to the applied suction, leading to further
reduction in the total resisting force. Assuming the enhanced vertical stress at the
caisson tip not affected by seepage, the reduction of resisting force at the caisson tip can
be calculated by the following equation (Harireche et al. 2014):

DF�
t ¼ DFt

2pRtNq�s
¼ 1

2
L�i h�ð Þþ L�o h�ð Þ� � ð8Þ

Figure 4 shows that in all four soil profile cases, the reduction in both shear and tip
resistance forces increases during caisson penetration. This clearly shows that the
location of the silt layer plays an important role in the reduction of the overall soil
resistance to caisson penetration. The effects of the presence of a low permeability layer
are particularly more considerable when the caisson tip gets closer to the silt interface.
In other words, the difference in the reduction in soil resistance for the first three soil
profiles (i.e. cases A to C) is not considerable. The soil profiles with silt layer located
around the caisson tip, correspond to less reduction, and this is more pronounced in
case D where the caisson tip is closer to the silt interface (Fig. 4a and b)). It can be
observed that, the reduction of shear and tip soil resistance in homogenous sand (Case
A) is approximately 2.7 times higher than in case D. As a result, caisson installation in
multi-layered seabed profiles, in the vicinity of a silt layer (e.g. Case D), requires a
suction magnitude about 2.7 times higher than in homogenous sand (e.g. case A).

5 Conclusion

This study has been motivated by the need for further investigation to predict the effect
of suction induced seepage on soil resistance to caisson installation in seabed profiles
with low permeability layers. Firstly, the normalised model problem of suction induced
seepage around a caisson foundation has been formulated considering the variation of
the pressure gradient around the caisson wall. In order to investigate the effects on
caisson installation, of the presence of a low permeability layer such as silt, four

Fig. 4. Magnitude of the reduction in (a) soil shear and (b) tip resistance
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different soil profiles were considered. A semi-analytical approach has been developed
to calculate the reduction in soil resistance due to applied suction, in each of these soil
profiles. The results revealed that the presence of a silt layer at a certain depth in
homogenous sand, can affect the reduction in soil resistance to caisson penetration and
reduces the benefits of suction induced seepage on caisson installation. Furthermore,
the location of the silt layer plays an important role. It was observed that reduction in
soil resistance due to suction induced seepage becomes significantly smaller when the
caisson tip gets closer to the silt interface, compared to homogenous sand. Finally, this
study suggests that the applied suction in seabed profiles where low permeability layers
exist at various depths, should be increased by about 60% for the caisson installation in
the vicinity of a silt layer to obtain reductions in soil resistance similar to those that can
be achieved in homogenous sand. Implications of such an increase in suction on critical
soil conditions, such as piping, must be considered for the installation process to be
safe. This aspect will be presented in a future publication.
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Abstract. The porous media of oil reservoirs have different layers with wide
range scales which are different in effective scale of fluid flow. To reduce the
calculating time of porous reservoirs modeling, each physical effect should be
treated separately on its scale and area of influence. It is proposed that, the fluid
transport and deformation of solid part of porous media are determined through
separate frameworks. The fluid flow equations are solved using multiscale finite
volume methods. The finite element method is used for solving the solid
equilibriums. The available mesh dimensions is refined for different areas of
solid media in each iteration of the analysis, according to the density of data and
results. The interactions between solid deformation and multiscale multiphase
flow frameworks are instated through iterative coupling. Also, the linear elastic
relationship is considered between stress and strain of solid part and the capillary
pressures parameters between fluid phases are added on fluid flow equations to
increase the accuracy of modeling. Finally, indicative test cases are analyzed and
reasonable results are achieved.

Keywords: Adaptive mesh refinement � Multiscale � Geomechanics
Capillary � Porous media

1 Introduction

The behavior of the porous oil reservoirs can be examined by numerical modeling. If an
oil reservoir is modeled more accurately in the less time, the production management
will be better done. In the past, the production management was carried out only on the
vast and important reservoirs due to the time consuming process of studies and sim-
ulation of the reservoirs as well as the high cost of that. But nowadays, all of the
reservoirs are managed and therefore it is necessary to be simulated and to be modeled.
So, it is essential to increase the accuracy of reservoir modeling as well as reducing the
time and amount of calculations.

Considering that any physical phenomenon influences in a certain scale, the sim-
ulation of oil porous reservoirs includes a wide range of different scales. These scales
are between a micron for the pore size and several kilometers for the reservoir
dimensions (Aarenes et al. 2007). The geological aspects of oil reservoirs are generally
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provided with networks measuring about 10–50 m in horizontal directions and 0.1–
1 m in vertical direction (Wen et al. 2003). In this situation, the number of elements in
an oil reservoir will be greater than the number of elements which a computer will be
able to model with them. So, the simulation of oil reservoirs with pore scale is
impossible. On the other hand, the flow in the oil reservoir is affected by phenomena
that are mainly influenced by larger scales. So, the flow analysis with larger scales is
sufficient in the oil reservoirs. In the multiscale method, every physical phenomenon is
investigated in its scale of influence. So, the computational cost is significantly reduced
without decreasing accuracy. Due to the nature conservative solution and the scales
studied in the modeling of porous reservoirs, the Multi Scale Finite Volume (MSFV)
method for fluid phases is used in the interaction with the finite element method for the
solid phase. Multiphase flow and solid deformation are coupled via a nonlinear iter-
ation loop in each time step. An iteratively coupled approach could reach a fully
coupled results if a restricted condition is considered for iteration.

According to the fact that the mass is conservative in the MSFV, this method is
suitable for modeling the fluid phases of porous oil reservoirs. This method was
founded by Jenny et al. (2003). This model at first was presented for a phase, without
consideration capillary and solvability in a two-dimensional state. The basis functions
were defined in order to account the heterogeneity which is affected by the down-scale
analysis. These functions are obtained by solving the elliptic pressure equations on the
subbases. Also, this method guarantees the mass conservation on a down scales by
defining other basis functions which is very important in solving the flow equations. In
this method, the mass equation is divided to two equations of the pressure and the
degree of saturation. First, the pressure equation is solved on the coarse grid. Then, the
degree of saturation equation is solved after solving the conservative pressures on fine
grid with considering the mass balance rule. The proposed model was upgraded to two
phases mode by Jenny et al. (2004). Lunati and Jenny (2006) optimized the model by
changing the solving method of the conservative pressures. Then Jenny et al. (2006)
provided a model for fully implicit solving the mass equation and obtaining the degree
of saturation in each phase. Also, Tchelepi et al. (2007) presented a model based on the
calculation of basis functions conservatively. Lunati and Jenny (2008) studied the
effects of gravity in the mass equation. Lee et al. (2008) upgraded the model to simulate
the black oil pattern. Lunati and Jenny (2007) presented a method for boundary con-
dition corrections of high anisotropic environments. Hajibeygi et al. (2008) modified
the basic assumptions that were applied locally on the subzones. This method, which
was introduced as an iterative-MSFV method, was promoted by Hajibeygi and Jenny
(2009) to consider the compressibility of different phases and the parabolic nature of
the pressure equation. The proposed model have a good answers for high-heterogeneity
and high anisotropy environments. Dehkordi and Manzari (2013), using the idea of
border region upscaling, presented a multi-resolution multiscale method. In the model
presented by Taheri et al. (2015), deformation of porous media due to the geome-
chanical effects of the surrounding rock of a reservoir is considered. Recently, attempts
have been made to improve the accuracy of the model by using a combined problem
solving with central and local coordinates (Tomin and Lunati 2015). To overcome the
convergence problems and reduce the computational cost, some of corrections were
applied to designing better solvers (Li and Tchelepi 2015). Some researchers improved
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the multiscale method to the multilevel multiscale method. In this method, all areas are
solved with fine mesh network in first iteration. Next, the mesh network will be coarsen
in the areas which do not need a high accuracy in the further iterations (Cusini et al.
2016).

Capillary pressure is the free energy at the levels between phases of a medium,
which is a function of surface tension and pore radius. It is one of the important
parameters for modeling and simulating the multiphase fluid behavior in porous media.
In modeling of oil reservoirs, capillary pressure affects the solid phase stress and
changes the stress-strain behavior. There is also a capillary pressure between the fluid
phases which can causes a change in the relationship between them.

Gravity and capillary forces play an important role in fractured reservoirs. Because
the gravity and the capillary gradients between the cracks and the matrix in fractured
reservoirs is much higher than these gradients in homogeneous reservoirs (Monaghan
1985). Capillary forces are more noticeable in finer pores, while gravity forces enhance
with increasing the height of the solid part of porous media. So, in the presence of large
blocks with coarse pores, gravity forces are more effective and in the presence of small
blocks with fine pores, capillary forces are more effective in a porous medium. Also, a
significant part of oil reservoirs have low production efficiency due to their high
thickness and high pressure gradient. To increase the efficiency of these reservoirs, the
artificial fractures are made in these reservoirs using a hydraulic fracture method. After
creating an artificial fractures, a lot of fine cracks are created in the vicinity of them and
the capillary effect is enhanced.

Most of the equations which were proposed for calculating capillary pressure had
two adjustable parameters. One of these parameters indicates the diameter of the pores
and determines the curvature of the capillary pressure. Another parameter determines
the area below the capillary pressure curve, which is as same as average pressure. In
drained conditions, capillary pressure is an obstacle for flow in the porous medium and
should be overcome to capillary pressure for flowing. Under injection conditions,
capillary pressure is an agree force which absorbs a quantity of wetting fluid into the
media. Since measuring the capillary pressure is time consuming and costly, there is
always interest to predict this property by other parameters. The amount of capillary
pressure obtained in accordance with a difference between the pressure of the two
wetting (pw) and non-wetting (pnw) fluids which are in equilibrium at the contact
surface.

PC ¼ pnw � pw ð1Þ

The tradeoff between numerical accuracy and cost is a crucial issue of both fun-
damental science and practical applications. It is expensive to use fixed fine meshes
based on the maximum accuracy which we need for the entire of a problem. Global
coarse-scale problem has longer conservation time than the local fine-scale problems.
Mesh refinement is required to resolve only the regions that we need more accuracy in
where. An adaptive mesh refinement (AMR) method allows for spatially and tempo-
rally varying resolution. AMR is commonly used to efficiently resolve the problem in
regions which need more accuracy or where resolution is needed. For example, the
finer grids are only used in the vicinity of phase interface and coarser grid is used
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elsewhere. The efficiency of an AMR method can be improved by allowing variable
accuracy along the problem. AMR can be performed at every time-step if necessary.
Interpolation of quantities on refined cells is also relatively simple and is achieved
conservatively both for momentum and volume fraction (Chen and Yang 2014). Crack
propagation in brittle and porous media is currently one of the major research topics in
mechanical, energy, and environmental engineering (Lee et al. 2016). The AMR
method is able to adaptively mesh a highly fractured porous medium with increasing
the mesh density at around the fractures. The AMR method is divided to two categories
of structured and unstructured. The type of refined mesh is as same as coarse mesh with
fixed refinement ratio for all of refinet elements in structured AMR. But, the type of
refined elements and the value of refinement ratio is different in unstructured (Xie et al.
2014). There are some examples for the use of adaptive mesh refinement for structured
meshes in Popinet (2009).

The use of AMR for modelling the flow in porous media is depends on the Rey-
nolds number and behavior (hyperbolic–elliptic or hyperbolic–parabolic) of the flow.
At first, hierarchical AMR was designed for hyperbolic problems. But, it can also be
used for elliptic problems. The standard approach of AMR is to use the grids and grids
data of each level in the next level of refined meshes. The important problem in the
AMR method is the interface between coarse and fine meshes (Lovett et al. 2015).

The purpose of this article is to upgrade the model of Taheri et al. (2015), con-
sidering the capillary pressure in the governing equations of fluid phases and AMR in
deformation calculation of solid phase. To assess accuracy and efficiency of the pro-
posed method, an indicative test case is analyzed and concluded.

2 Governing Equations Considering Capillary Pressure

In this work, three nonlinear, compressible and irresolvable fluid flows consists of oil,
water and gas with deformable solid skeletons are modeled considering capillary effects
between fluid phases. The assumptions which the model equations are based on them
are: 1. The solid particle is incompressible. 2. The behavior of the solid skeleton is
elastic. 3. The deformations are small. 4. Fluid flow obeys Darcy’s law. 5. The effects
of temperature will be ignored. So, we have a nonlinear parabolic pressure equation.
The governing equation in deformable porous media are mass balance and momentum
balance for fluids and solid phases. Substituting the momentum balance of fluid and
solid equations in mass balance equation of fluid, we have the following equation.

/
DS

Dt
Saqa þ Saqa

DS/
Dt

þr: qa
Kkra
la

: �rpa þ qag½ �
� �

þ/Saqa
eVOL
Dt

¼ _ma ð2Þ

where / is porosity, qa is density of phase, Sa is degree of saturation of phase, K is the
absolute permeability tensor, kra is relative permeability, la is the phase viscosity and
_ma denotes sink and source terms. For more comprehensive information, the reader
could refer to Taheri et al. (2015). Given that the number of unknowns is more than the
number of equations in the governing equations, we have some conservation equations

478 H. Ghasemzadeh and M. S. Pasand



such as the continuity of degree of saturation, porosity and density, the equation
between permeability and degree of saturation and relationship between density and
pressure. Also, the pressure of fluid phases are related to each other for considering
capillary pressure as folowing.

pcao ¼ pa � po ð3Þ

The implicit discretization of Eq. (2) with considering the capillary pressure, leads to
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� �
:
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Dt
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ð4Þ

where q is a volumetric sink/source term, n and n + 1 show two sequential time steps.
The above equations have a combination of pressure and volume strain. First, these
equations are solved in fluid phases and the pressure is obtained. Next, the volumetric
strain is obtained in solid phase based on the pressure. The cycle is iterated till con-
verged. The above equations should be multiplied in a to obtain decoupled pressure.
This value is calculated from aa ¼ 1=qnþ 1

a for different phases. Then, by taking the
sum over all phases, the Eq. (5) is obtained.
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After linearization of above equation, the Eq. (6) is obtained.
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g. Also, v and v + 1 show the pressure

in two sequential iterations. The compressibility index (C) and RHS are obtained from
below equations.
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3 Multiscale Multiphysic Mixed Geomechanical Model
with Adaptive Mesh Refinement

In this work, the pressure of fluid phases is calculated by conservative MSFV method
and the deformation of solid phase is obtained by finite element method on coarse grid
considering the AMR method. The MSFV framework relies on two imposed grids,
namely, the coarse grid (solid line in Fig. 1) and the dual coarse grid (dashed line in
Fig. 1). The size of these two grids could be much larger than the underlying fine cells
extracted from the geological model.

The MSFV consists of two main operators. The first operator upscales the fine grid
geological property with respect to integration fine pressure obtained from two sets of
shape functions, that is, basis and correction functions. The second operator also uti-
lizes these two sets to obtain fine-scale pressure and corresponding fine-scale flow over
each coarse volume to obtain conservative fine pressure with original resolution. These
two functions are the general and particular solutions of Eq. (6) with localized
assumptions and reduced boundary conditions on the borders of each dual volume
cells. After obtaining the conservative fluid fine pressure, the deformation of solid
phase is obtained in adaptive mesh refined coarse cells in terms of fluid pressures. The
second term on the right-hand side of the Eq. (9) which is writhed based on finite
element method, is obtained by integrating over all fine cells encapsulated in each
coarse volume.

Z
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BTDB dX

	 

:u_ ¼ �
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u�tdCþ
Z

X
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The coupled procedure of Newton iteration loop is applied to consider interactions
between fluid pressures and solid deformation. Moreover, physical properties such as
degree of saturation and porosity shall be updated in the iterations.

Inability to obtain the exact amount of solid deformation in some areas of reservoir
is one of the reasons for creating the error in the MSFV method. The distribution of the
flow pressure and, consequently, the distribution of stress are different in the reservoir
zones. Also, the mechanical properties of the solid part of the reservoirs are various

Fig. 1. Illustration of (a) coarse grid (solid line), dual coarse grid (dashed line), (b) fine grid in a
coarse cell and (c) fine grid in a refined coarse cell after 1 level refinement
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heterogeneously. It can be determined refined meshes for critical stress locations such
as injector and producer wells or locations which have inhomogeneity in the perme-
ability. So, the determined hardness matrix can take into account the corresponding
deformations. In this regard, we define an error function as following. If the ratio of
solid deformation in iteration n+1 to that deformation in iteration n is more than 1.03 or
less than 0.97 in a coarse cell, the AMR method will be started.

Special care should be taken at coarse-fine interfaces for maintenance of consis-
tency and convergence of the problem. As shown in Fig. 2, the refinement levels start
from level 0 (the coarsest) to level n (the finest). The level 0 covers the whole area of a
problem. The subsequent AMR levels contains smaller and smaller parts of the area.
The refinement ratio between any two AMR levels is fixed. We use a refinement ratio
of 2 between AMR levels in this work. The resuls of each AMR level is maintained in
the grids and can be used in the next AMR level. Each grid level must be in an area of
previous level. The quadratic elements with eight nodes forming a serendipity family is
implemented for coarse and refined cells in solid phase.

4 Numerical Results

A five spot oil reservoir is shown in Fig. 3. The water is injected into the well in the
middle of these reservoirs and the oil is extracted from the four wells at the corners of
the reservoirs. Due to the symmetric shape of these reservoirs, only one quarter of them
is modeled and the results are generalized to other parts. The water is injected into the
lower left corner and production occurs in the upper right corner in the analyzed model
for a quarter of the reservoir.

Water injection in a homogeneous oil reservoir was studied with numerical sim-
ulation to control the accuracy, calculations and efficiency of the proposed model. In
this case, a square domain (44 m � 44 m) is initially saturated with oil. The water is
injected into the lower left corner with rate of 1 � 10−4 m3/s and production occurs in
the upper right corner. The parameters of the simulated oil reservoir are shown in
Table 1. Each coarse cell contains 11 � 11 underlying fine cells, so a coarsening factor
of 121 is considered. Also, each refined coarse cell contains 5.5 � 5.5 underlying fine
cells after 1 level refinement.

Fig. 2. A 2-dimensional AMR example with 2 levels of refinement (Liao et al. 2002)
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To compare the effect of AMR, three simulation types are carried out. In the first
simulation, the reservoir was modeled with only fine cells. In the second simulation, the
reservoir was modeled with multi scale method and in the third simulation, the
reservoir was modeled by multi scale method with AMR. Figures 4 and 5 show the
pressure in the reservoir in three simulation cases after 0.01 and 0.1 pore volume
injection (PVI), respectively. As expected, pressure will increase around the injection
well in each cases. The results of modeling by multi scale method with AMR are
almost similar to the results of simulating by fine cells. On the other side, Fig. 6 shows
the deformation distribution in the reservoir domain by multi scale method with AMR
after 0.01 PVI. It shows that the maximum deformation is rightly occurred on the top of
the injection well.

Considering plastic deformations will be occurred in the solid phase modeling after
adding AMR especially in critical locations such as injector and producer wells,
fractures and heterogeneities. Therefore, it was possible to add elastoplastic strain-
stress models to porous media of oil reservoirs, which will be presented in the next
paper.

Fig. 3. Five spot oil reservoirs and the injector and producer wells

Table 1. The parameters of modeled oil reservoir

Parameter Value Unit

Absolute permeability 2.5 � 10−13 m2

Elastic modulus 5 GPa
Poison number 0.2 –

Porosity 0.2 –

Initial oil degree of saturation 1 –

Oil density 950 kg/m3

Water density 1000 kg/m3

Gas density 100 kg/m3

Oil dynamic viscousity 5 � 10−3 N.s/m2

Water dynamic viscousity 1 � 10−3 N.s/m2

Gas dynamic viscousity 1 � 10−4 N.s/m2
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Fig. 4. The pressure distribution in the square domain of the reservoir (44 m � 44 m) after 0.01
PVI in three simulation cases: (a) simulation by fine cells (b) simulation by multi scale method
(c) simulation by multi scale with AMR method

Fig. 5. The pressure distribution in the square domain of the reservoir (44 m � 44 m) after 0.1
PVI in three simulation cases: (a) simulation by fine cells (b) simulation by multi scale method
(c) simulation by multi scale with AMR method

Fig. 6. The deformation distribution in the square domain of the reservoir (44 m � 44 m) by
multi scale method with AMR after 0.01 PVI
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5 Conclusion

A new model is presented for geomechanical aspects of oil reservoirs. Regarding the
multiscale nature of reservoir porous media, flow of liquid phases and deformation of
solid phase are simulated in the region of influence. Also, multi scale finite volume and
AMR finite element are applied to simulate fluid transport and solid deformation,
respectively. Also, capillary pressure was added to model equations. Indicative test
case is analyzed and reasonable results with high computational efficiency are
achieved. By implementing an AMR method and considering the capillary pressure,
the results almost reach to the fine-scale solution.
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Large Diameter Pile Combined with Micropiles
to Improve the Stabilization of Transmission

Tower Foundations
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Abstract. Taiwan Power Company built power transmission lines all over the
island across the mountains decades ago. Recently, due to global warming and
extreme climate change, transmission tower foundation safety maintenance is
significantly important (Wang et al. 2017). Facing poor conditions, it is difficult
to improve the existing tower foundations. The giant drilling machines cannot
access the restricted spaces inside the frame. Though deep pile foundations can
resist applied loads, the geological instability under the pile foundations must be
also studied. In this work a large diameter pile foundation was built and com-
bined with micropiles. The large diameter pile foundation was 3.5 m in diameter
and 10 m in depth and connected a group of 7 micropiles, 20 m in depth and
15 cm in diameter, which were made of steel pipe and cement. The micropiles
penetrated into the rock layer to increase the stability of the transmission tower.
The stability of the tower had been checked by an inclinometer survey for
several months through the rain season. It could prevent the small scale of
potential landslide underneath the transmission tower foundation and increased
the safety factor of the slope.

1 Introduction

To supply stable power for people and industry in Taiwan, where the forest covers 60%
of the surface, Taiwan Power Company built power transmission lines mostly crossing
the mountains. Taiwan is situated in the Circum-Pacific Seismic Belt and seismic
activities occurred frequently, which caused geological instability in the mountains.
Transmission tower foundation safety maintenance has been vital. Shallow foundations
and grillage foundations were the main type in the early construction of transmission
tower foundations in the mountains as shown in Fig. 1. Facing poor conditions, it is
difficult to improve the existing foundation. It was not feasible for giant drilling
machines in restricted spaces inside the frame. Foundation design had to take into
account vertical loads, horizontal loads and seismic loads. The depth of pile was
designed by analysis of axial bearing capacity and lateral bearing capacity. Though
deep pile foundation can resist the applied loads, the geological instability under the
pile foundation must be checked as well. In this practice we built large diameter pile
foundation combined with micropiles. The large diameter pile foundation after analysis
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was 3.5 m in diameter and 10 m in depth. This was connected to a group of 7
micropiles with 20 m in depth and 15 cm in diameter, which were made of steel pipe
and cement. The micropiles penetrated into the rock layer to increase the stability of the
transmission tower and the safety factor of the slope. The stability of the tower was
monitored by inclinometer survey during several months through rain and Typhoon
season, which prevented the small scale of potential landslide underneath the trans-
mission tower foundation. Building the pile foundation in the mountains was an
extremely difficult task expecially the deeper pile. This practice could be considered
both beneficial and safety.

2 161 kV Kaogang-Nangong #9 Transmission Tower
Foundation Improvement

61 kV Kaogang-Nangong #9 transmission tower is located in Xiaogang district,
Kaohsiung City, Taiwan (R.O.C.). The tower is about 10 m from the slope. According
to the geotechnical investigation report of the tower in November 2014, the subsoil (as
shown in Fig. 3) consists of: a brown gravel layer mixed with sand in 7 m below the
surface, a brown fine sand layer mixed with clay and sandstone from the depth of 7–
17.9 m and the gray mudstone mixed with sandstone on the depth between 17.9 to
30 m. The underground water was at 30 m deep from the surface.

The compression strength (qu) of the sandstone sampling for uniaxial compression
test was 0.87 kgf/cm2 which is typical of a weak rock. SPT-N value of the fine sand
layer mixed with clay was between 17 and 23 and the average value of SPT-N was
above 50.

10 inclinometer surveys were performed between the 1st of June 2015 and the 23rd
of August 2016 including the Typhoon Soudelor in 2015 and Typhoon Nepartak in
2016. The displacement underneath the tower had been trending to the slope slightly.
There was a deformation from 23 m deep as shown in Fig. 2.

Fig. 1. Shallow foundation and grillage foundation
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2.1 The Improvement Structure of the Existing Foundation

The existing foundation below the tower type B-1 (12.5 + 4.5/3, 4.5, 3, 3) was a grillage
foundation built in 1970s. The applied loads on the tower foundation was as follows:
Hx = 14.05 tf; Hy = 23.42 tf; Vz = 41.69 tf; Mx = 430.58 tf-m; My = 161.37 tf-m;
Mz = 41.3 tf-m. Considering the displacement underneath the tower and the stability of
the tower in the long term, the existing foundation was suggested to be improved. With
the contribution of the existing foundation, we applied a 25% reduction in loads. To
resist earthquake forces, we used 0.3 W (selfweight) for the seismic load.

The geological situation of the bottom of pile regarding the geotechnical investi-
gation report was not firm enough in this project. Idealy the pile should penetrate
through the firm rock layer, but a deeper pile would be more dangerous from the
construction point of view.

Due to the deformation from 23 m depth underneath the tower (as shown by
inclinometer survey), the improvement structure type of the tower foundation was
reinforced with the large diameter pile in 10 m depth and combined with several
micropiles in 20 m depth in the bottom of the pile as shown in Fig. 3. The large
diameter pile foundation and the existing grillage foundation could bear the applied
load and provided the stability of the transmission tower. The micropiles penetrating
through the firm rock layer provide more bearing capacity and shear resistance to
decrease the possibility of the small scale potential landslide and increase the stabi-
lization of the slope.

Fig. 2. Displacement from 23 m deep by inclinometer survey
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2.2 The Large Diameter Pile

In this project, the large diameter pile with 3.5 m of diameter and 10 m in depth had to
be constructed in restricted space. Taiwan Power Company referred in this case, to the
technique of manual excavation of deep piles by steel liner plate that has been used
from decades in Japan. Firstly, the cavity from surface to underground was excavated,
afterwards, the liner plates until the design depth was assembled. The role of this plates
was to resist the lateral earth pressure. The gap between the earth and liner plates was
filled by backfill grouting.

2.3 Section of Micropile

Considering the space inside the frame and the kinetic energy of the drilling machine,
the diameter of the micropile was chosen as 15 cm. For the main member, we used the
pipe of 101.6 mm diameter made of steel compying the requirements of CNS4435
G3102 STK400. The steel pipe was grouted with cement inside as shown in Fig. 4.

According to Building Foundation Design Specification in Taiwan (ROC) (Con-
struction and Planning Agency Ministry of the Interior in Taiwan 2012), the pile
center-to-center spacing was not less than the pile diameter plus 1 m. Smaller pile
spacing would impact to geotechnical capacity due to group effects and poor con-
struction. In this practice, the micropile spacing was 1.15 m relative to group of 7
micropiles with the pile in 3.5 m diameter as shown in Fig. 5.

2.4 Evaluated Resistance of the Micropiles

Axial bearing capacity of pile was related to skin friction parameter determined with
Standard Penetration Tests(SPTs), which in practice for micropiles amounts to fS = N/8

Fig. 3. Large diameter pile combined micropiles foundation.
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(Meyerhof 1976). The end bearing capacity was omitted. The evaluated axial bearing
capacity per micropile providing extra capacity to support upper frame, was 19.63 tf.
The shear resistance per micropile amounting to 12.2 tf was calculated based on the
shearing strengthen properties of steel omitting contribution of rebar and cement. The
numerical analysis using the software Midas (Fig. 6) reveals that modified foundation
was able to bear the upper frame and the applied loads.

3 Construction Process

The construction of the large diameter pile combined with micropiles foundation is
schematically shown in Fig. 7.

Geological drilling machine, well drilling machine and drill jumbo are in general
suitable to work in the restricted area. In this project, the well drilling machine, that had
to be slanted to enter inside the tower was chosen (Fig. 8).

Fig. 4. Section of micropile. Fig. 5. Micropile spacing.

Fig. 6. Large diameter pile combined with micropiles analyzed in Midas.
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As shown in Fig. 9, the steel pipes were hung and spliced by welding down to the
designed depth, then grouting with low pressure of 10 kgf/cm2. The large diameter pile
was excavated cavity by manpower from surface to underground and assembled the
liner plates to resist the lateral earth pressure until the design depth. The rebar cage of
pile was assembled after excavating as shown in Fig. 10.

Concrete was poured into the pile after the rebar cage was assembled and then rebar
and formwork of cross beam were arranged. The large diameter pile combined with
micropiles foundation was finished after concrete was poured into cross beam as shown
in Fig. 11.

Fig. 7. Construction process.

Fig. 8. Drilling machine positioning and drilling.
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Fig. 9. Steel pipe spliced by welding and pile grouting

Fig. 10. Pile manual excavation and rebar cage of pile assembling

Fig. 11. Improvement of transmission tower foundation finished
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4 Inclinometer Survey

Inclinometer surveying took place from July 2015 to September 2016 before the
construction. During this period the range of the rate of movement was about 0.6–
1.9 mm per month. After improvement the rate of movement of the slope had sig-
nificantly decreased as shown in Fig. 12.

5 Conclusion

Since existing transmission towers had been constructed almost forty years ago, some
transmission tower in the mountains were considered to be improved. The designed
large diameter pile and the existing foundation could bear applied loads from the tower
but the depth of the pile could not reach firm rock layer even in colluvium. This might
lead to instability of the slope in the long term.

The extension of the length of large diameter pile to penetrate through firm rock
layer was dangerous since construction had to be done manually in restricted frame.
Moreover, the realization of large diameter pile of more than 20 m depth was costlier
with respect to a group of micropiles of the same length. Considering safety of the
construction procedure and stability of the slope, a foundation consisting of a large
diameter pile combined with 7 micropiles was used in this project. It was shown that
this construction was able to bear applied loads while improving the slope stability in
the long term.
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Abstract. This paper presents the results of a series of numerical simulations
predicting the performance of a novel hybrid suction caisson foundation used for
offshore wind turbines under overturning moment. The proposed new winged
foundation is a hybrid foundation system that utilises steel plate sections
attached to a caisson shaft (also steel), to increase its overturning capacity. In
this study, a numerical 3D finite-element model with an elasto-plastic soil
constitutive model, is developed to simulate the soil-caisson interaction and
evaluate the additional overturning capacity provided by the wings. Results
indicate significant contribution of the wings to increases overturning capacity
compared to a simple caisson foundation through changes in the failure
mechanism. The increase in overturning resistance provided by placing wings
on a caisson is illustrated by presenting the results for a suction caisson with
aspect ratio (embedment length/diameter) of 1. The effect of shape and size of
the wing on overturning capacity is investigated.

1 Introduction

Suction caisson foundation (SCF) is a relatively new design concept used for offshore
structures with significant potential to reduce costs of foundations in offshore con-
struction industry. These structures are made of steel in the shape of inverted buckets
and are installed into the seabed via the creation of negative pressure within the caisson
skirt drawing the caisson into the seabed (Harireche et al. 2013). This method of
installation allows for comparatively quick placement and removal making it cheaper
than traditional foundations (Lombardi et al. 2011). Suction caisson foundations with a
small aspect ratio (length to diameter ratio, L=D), due to their easy installation process,
are becoming increasingly viable options for offshore wind turbines (Houlsby et al.
2005).

In general, foundations of offshore wind turbines, including suction caissons, are
subjected to various loadings; vertical, horizontal, and moment loads or combinations
of horizontal-vertical and moment loads. In particular, they experience large over-
turning moments due to the significant horizontal wind pressures acting high above the
foundation level (Gourvenec and Jensen 2009; Houlsby et al. 2005; Villalobos et al.
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2004). Wind turbine foundations are more critical against lateral loads or moments
compared to their vertical load (Kim et al. 2016a). The resistibility of these foundations
under overturning moments is the biggest challenge facing designers (Zhu et al. 2014).
There is a need to enhance the capacity response of OWTs when bearing capacity is
not sufficient for conventional suction caisson to stand stable under overturning
moment.

To address the ever-increasing demand on capacity enhancement of OWTs’
foundations (Lehane et al. 2010), and in order to improve the static and dynamic
performance of offshore wind turbine foundations, a series of novel hybrid systems of
caissons have been proposed in recent years (Dimmock et al. 2013; Fu et al. 2014; Kim
et al. 2016b; Zhang et al. 2016; Wang et al. 2018). The proposed hybrid foundations
include the conventional suction caisson foundation that combined with an external
short skirt (Li et al. 2015; Li et al. 2014), reformed with circular mat (Fu et al. 2014; Li
et al. 2015), equipped with internal honeycomb, and double or multiple skirt (circular
compartment) (Wang et al. 2017; Li et al. 2015; Fu et al. 2014; Mana et al. 2012).

Although the above studies show promising results, these foundations have
remained at the concept level and it is unclear how the benefits of hybrid foundation
systems can be transferred to the real projects. Given the complexity and chal-
lenges associated with uncertainty of the offshore projects, finding novel and practical
ways to increase capacity for foundation of offshore wind turbines whilst efficiency,
and sustainability are ensured.

This paper attempts to address some of the issues associated with bearing capacity
of suction caisson foundation by proposing an innovative design to improve its
overturning capacity.

2 A New Foundation for Offshore Wind Turbines

In this research study, a novel foundation is proposed with the potential for use in
OWT. The proposed foundation is a caisson with four wings attached to the main shaft
in vertical positions at 90° intervals (see Fig. 1). We call this ‘winged suction caisson’.

Fig. 1. Problem under study: direction of lateral load applied for winged caisson; T : wing width;
l: wing height (left); Cross-sectional of a winged caisson (right)
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This paper presents the results of numerical studies performed on the proposed
winged suction caisson foundation installed in sand and subjected to overturning
moment.

In this paper, a series of numerical models are developed using finite element
(FE) method to simulate and predict the behavior of winged suction caissons. The
models are used to understand the mechanisms in which the wings and caisson con-
tribute to supporting the overturning moments. In addition, the models are employed to
study the advantages and benefits of the winged suction caisson over traditional caisson
foundations. To validate the numerical models, a series of experimental tests at normal
gravity condition (i.e. 1 g) was conducted on small scale models of the proposed
winged suction caissons.

A three-dimensional (3D) finite element (FE) analysis was adopted to model the 3D
geometry of both the traditional and winged suction caisson foundations and the
appropriate soil–foundation interaction using ABAQUS/Explicit. Figure 2, shows the
geometry of half of a typical model that was used in the FE to simulate the 1:70 scale
model experiments. The model foundations and the towers were assumed rigid. To
simulate the overturning moment, a lateral load was applied at a height of 220 mm
above the model surface (e in Fig. 2).

To model the sand behavior, Drucker-Prager material was used with parameters
derived from the Mohr Coulomb model as reported in Ciampi (1997). The soil and the
caisson are modelled using the C3D8R solid homogeneous elements available in
Abaqus/Explicit element library, which are 8-noded linear brick elements with reduced
integration and hourglass control. Taking advantage of the symmetrical nature of the
problem, only half of the problem was modelled in the FE model. Figure 3, shows FE
mesh of the winged caisson foundation with the ratio of the skirt length (L) to
the diameter (D) equal to 1. In the numerical model, the foundations are “wished in
place”, assuming that installation effects have a negligible impact on their capacity
behavior. Table 1 shows the properties of the soil used in the numerical model.

Fig. 2. The geometry of half of a caisson model in FE model: L, caisson length; D, caisson
diameter; e: load eccentricity
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3 Results and Discussion

The moment-rotation curves (M − h) obtained from the numerical analysis were
compared with the experiment results conducted in 1g condition. Non-dimensional
parameters proposed by Houlsby et al. (2005) were used to normalize all the results.
Therefore, loads will be proportional to unit weight of the soil cð Þ and to 3R, where R
is radius of the caisson. Similarly, all the moment-rotation curves in this study were
plotted in a space of M=4pR4c against hð Pa

2RcÞ0:5, where Pa is atmospheric pres-
sure (used as a reference pressure). The results obtained experimentally and through a
numerical FEM simulation were compared for traditional as well as winged suction
caissons when wing width equals 30% of the caisson’s diameter (T = 0.3D) (see
Fig. 4). As it can be seen from this figure, the numerical results are in good agreement
with those of the 1 g experimental moment-rotation results. Winged suction caisson
with different wing sizes of 20%, 30% and 40% of the diameter were investigated in
this study. The results from the FE analysis indicated that the width of four wings used
in the proposed foundation has a significant impact on the overturning capacity
improvement. The results showed that the overturning capacity of suction caisson was
increased by approximately 20%, 50% and 72% for winged caissons with T of 0.2D,
0.3D and 0.4D, respectively (Fig. 5).

Fig. 3. Finite element model of the soil and winged caisson

Table 1. Physical properties of sand used in the model tests, Redhill 110 (Kelly et al. 2004)

d10; d30; d50; d60 (mm) 0.08, 0.10, 0.12, 0.13
Coefficients of uniformity, Cu and curvature Cc 1.63, 0.96
Specific gravity, Gs 2.65
Minimum dry density, cmin (kN/m3) 12.76
Maximum dry density, cmax (kN/m

3) 16.80
Critical state friction angle, £cs 36°
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4 Effect of Wing Shape on the Capacity Improvement

A parametric study was conducted to investigate the optimum design of the wings
using FE analyses which was developed based on the small-scale models. In particular,
the analyses were carried out to study the effects of wing height and shape on the
ultimate bearing capacity of the winged caisson with width of 0.4D. The wing height
effect on the capacity improvement was investigated by selecting full and half height of
the wing with respect to the embedment depth of caisson. Different wing shapes were
investigated for a suction caisson with aspect ratio of 1. The variation of wing shape
used for winged caisson is shown in Fig. 6. In the proposed wing geometries, I rep-
resents wing height, T is the ratio of wing width to the caisson diameter (%D), and t is
the smaller base (the top) in trapezium shape of the wing (see Fig. 6f) which was
considered 50% of T. The moment-rotation curves for winged caisson modeled in sand,
with width of 0.4D and various height are presented in Fig. 7. The results clearly
indicates that the wings efficiency depends on its height. The maximum efficiency
obtained by full height of the wings, and the efficiency drops by almost 50% using half
the height of the wing. The capacity enhancement provided by triangular shape is
almost similar to those obtained by rectangular wing with half a height. The capacity
improvement is not significantly altered by changing the position of the half rectangular
wing (top half (c) and bottom half (d) in Fig. 6).

Fig. 4. Comparison of numerical modelling and experimental results for normal and winged
caisson

Fig. 5. Moment-rotation curves from FEM for normal and winged caissons

Finite Element Modelling of the Performance 499



5 Conclusion

The behavior of winged suction caisson subjected to overturning moment in loose sand
was investigated through three-dimensional nonlinear FE analysis. The numerical
modeling was validated by the results obtained from experimental studies on small
scale at 1 g condition. The results showed that a suction caisson reinforced with four
wings provides considerably higher overturning capacity compared with a traditional
caisson. From the results, it is clear that overturning capacity of winged caisson
depends on the wing size and shape. The developed FE models were used to investigate
the impact of the wing geometry on the overturning capacity of winged suction cais-
sons. Overturning capacity improvement depends greatly on width of the wings and
enhanced with increasing the width, as a ratio of the caisson diameter (%D). The
measured enhancement of capacity due to the wing-attachment (T = 20–40%D) is
about 20–72% for sand. In addition, overturning capacity improvement depends sig-
nificantly on height of the wings. For wing width ratio of 0.4D, the maximum
improvement achieved with full height of the wing in rectangular shape.

The proposed winged suction caisson can be used as an alternative for offshore
foundations thereby saving significant costs associated with conventional foundations
such as piles. Winged suction caissons can provide sufficient and reliable overturning
and lateral capacity thereby which makes them a desirable option for wind turbine
projects.

Fig. 6. Schematic dimension of winged caisson with different height and shape

Fig. 7. Moment-rotation curves from numerical modelling for winged caissons
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Abstract. A computational model of bearing capacity and deformation of soil
foundations of energy buildings with vertical elements reinforced under regime
cyclic loading was developed. The bearing capacity of reinforced vertical ele-
ments compressive force base in flow resistance consists of a triaxial com-
pression in the middle zone and shear resistance in the boundary zones.
Deformation of reinforced vertical elements bases is calculated taking into
account the joint deformation of various zones by a summation of layers.

1 Introduction

During the construction of energy buildings and structures, such as buildings of
Cogeneration and nuclear power plants, hydroelectric plants, wind power stations, fuel
storage tanks, etc., the tendency of cyclic loads to increase at the ground bases and the
use of soft ground as a base, contributed to the fact that one of the ways to increase
bearing capacity and reduce settlements is the application of ground, that is reinforced
by vertical elements, as foundation ground bases.

A reinforced ground base foundation is a combination of ground and reinforcing
elements, wherein reinforcing elements change the ground base deformation conditions
by limiting the ground deformation and increasing the overall bearing capacity of base
in general. Herewith, the question of a cyclic load’s influence on the ground base’s,
which has been reinforced by vertical elements, behavior is not sufficiently
investigated.

In the system «foundation - reinforced ground base - reinforcing elements», a
regimented cyclic loading jointly deforms materials with different strength and
deformation properties. In this case, the deformation of all the system elements occurs
in connected conditions.

The authors developed models for calculating the bearing capacity and the defor-
mation (settlement) of the reinforced-by-vertical-elements ground base under regime
cyclic loading.
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2 Bearing Capacity Calculation Model

The bearing capacity calculation model of the reinforced-by-vertical-elements ground
base was developed on the working hypothesis basis; according to which, the resis-
tance of reinforced, in the compressible layer limits, foundation base, consists of
resistance to triaxial compression in the middle zone and shear resistance in the edge
zones (Fig. 1a).

Fig. 1. (a) Design scheme for the reinforced soil base bearing capacity determination,
(b) scheme for calculating the vertical deformation of the reinforced base under regime cyclic
loading
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Based on the proposed hypothesis about the resistance mechanism, the bearing
capacity condition of reinforced soil base is written as:

P Nmaxð Þ� ctgu Nð Þ � Tmax Nð ÞþFmax
c Nð Þ;

where Tmax(N) represents the reinforced soil array resistance to the shift in the edge
zones; Fc

max(N) represents reinforced soil array resistance to compression in the middle
zone; u represents reinforced soil internal friction angle; N represents number of
loading blocks.

The shear strength of the reinforced soil array in the edge zones is composed of the
bending resistance of the reinforcing elements, the crossing soil glide plane and the soil
resistance to compression under the reinforcing elements. In this case, the shear
strength of the edge zones is described by the equation:

TðNÞ ¼ RaeðNÞþRgrðNÞ

where Rae(N) is the bending resistance of the reinforcing element and Rgr (N) the soil
compression resistance (compressive strength) under the reinforcing elements.

The reinforcing element bending resistance depends on the joint deformation
conditions of this element with the surrounding soil and the strength and deformation
characteristics. The deformation of the reinforcing element below the shear line are
defined as they would be for a joist on an elastic foundation, for which the deformation
properties of the soil base, which change with the reinforcing element length, are very
important.

The shear strength calculation of the reinforced soil array in the edge zones is
carried out by taking into account the stress and strain changes in the soil and rein-
forcing elements in the cyclic loading process due to the development of soil vibro-
creep strains under the reinforcing elements in the associated conditions. Then current
stresses in the reinforced soil base shear zone are represented as:

rmax
aeT ðNÞ ¼ rmax

aeT ðN1ÞþDraeTðNÞ; rmax
grT ðNÞ ¼ rmax

grT ðN1ÞþDrgrTðNÞ;

where rmax
aeT ðN1Þ;Drmax

grT ðN1Þ are the maximum cycle stresses at the first cycle of loading
in the reinforcing elements and in the soil respectively; DraeTðNÞ; DrgrTðNÞ are
additional stresses in the reinforced soil base during cyclic loading in the reinforcing
elements and in the soil, respectively.

In the determination of the additional (residual) stresses, two variants of ground and
reinforcing elements joint deformation are considered: (1st) reinforcing element cohe-
sion with the ground in the shear zone is not violated; (2nd) cohesion is violated.

Limiting bearing capacity of the soil under the reinforcing element can be deter-
mined by tensile strength in terms of volume stressed state, because the ground under
the reinforcing element is working in cramped conditions, whereby there will be an
increase in soil resistance to compression. Based on the destruction schemes and soil
stress-strain state zones under triaxial compression proposed in (Mirsayapov and
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Koroleva 2011), the soil strength condition under the reinforcing elements at triaxial
compression is represented as:

4 � rV t;Nð Þ � Ash � cosa1 t;Nð Þþ sV t;Nð Þ � Ash � sina1 t;Nð Þ½ � � rmaxgrT Nð Þ � A1;

where Ash = b2/(4cosa2(t, N)) represents the surface area of the pyramid side faces;
A1 = b2 represents the side face area of a cube; a1 represents the equilibrium limit area tilt
angle to the timemoment t, corresponding to loading cyclesNi;a2 is the shift area tilt angle
to the timemoment t, corresponding to loading cyclesNi;rv(t,N), and sv (t,N) represents
normal and shear stresses at the ultimate equilibrium area, considering the influence of
dilatant stresses rd(t, N).

The limit shear force value, perceived by reinforcing elements under cyclic loading,
is determined from joint deformation conditions of the soil and the reinforcing element
(Mirsayapov and Koroleva 2014, 2015):

RaðNÞ ¼ 3
Mu

LxðNÞ n;

where Mu is the limiting bending moment, perceived by the reinforcing element, which
cross the reinforced array shear plane at the time moment t, corresponding to loading
cycles Ni; n is the number of the reinforcing elements crossing the shear plane.

The maximum value of the cyclic load, perceived by the reinforced soil array in the
neutral zone, depends on the joint deformation conditions of the soil and the reinforcing
elements in the associated conditions, as well as their strength and deformation
properties. As a result of this interaction between the elements, an additional stress state
and redistribution of forces between the soil and the reinforcing elements at the cyclic
loading arises in the reinforced soil base. Then, the current stresses of the reinforced
soil base can be represented as

rmaxae Nð Þ ¼ rmaxae N1ð ÞþDrae Nð Þ; rmaxgr Nð Þ ¼ rmaxgr N1ð Þ � Drgr Nð Þ

where rmaxae N1ð Þ; rmaxgr N1ð Þ are the maximum stress cycle at the first cycle of loading in
the reinforcing elements and the soil, respectively; Drae Nð Þ;Drgr Nð Þ are additional
stresses, arising in the reinforced soil base during cyclic loading, in the reinforcing
elements and in the soil, respectively.

Cramped vibrocreep soil deformation leads to the appearance in the reinforced soil
array of more balanced internal stresses. This causes tensile stresses to arise in the soil
and compressive stress to arise in the reinforcing elements.

Under the influence of the difference between the free vibrocreep soil deformation
egrpl Nð Þ and the cramped vibrocreep reinforced soil deformation eaepl Nð Þ:

Depl Nð Þ ¼ Degrpl Nð Þ � Deaepl Nð Þ

in the soil arise averaged tensile stresses, while compressive stresses arise in reinforcing
elements.
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The equilibrium of internal forces from the additional stress state symmetrically
reinforced soil array has the form

DraeðNÞ � Aae ¼ DrgrðNÞ � Agr;

where Aae is the total cross-sectional area of the reinforcing elements within the
foundation soil base area limits; Agr is the foundation soil base area reinforced by
vertical elements.

After a number of simplifications, obtained analytical expressions to determine the
additional stresses:

– in the soil

DrgrðNÞ ¼ egrpl ðNÞ � Ea
Aaein

Agr

�
1þ EaeðNÞ

EgrðNÞ �
Aae � n
Ar

� �
;

– in the reinforcing elements

DraeðNÞ ¼ egrpl ðNÞ � Eae

�
1þ EaeðNÞ

EgrðNÞ �
Aae1 � n
Agr

� �
;

where egrpl ðNÞ is the soil vibrocreep deformation; Aae1 is the cross sectional area of the
one reinforcing element; n is the total number of the reinforcing elements in the soil
base compression core.

3 Settlement Calculation Model Under Regime Cyclic
Loading

The authors propose a reinforced foundations’ engineering settlement calculation
method, which is based on the layer summation method, in combination with the stress-
strain state of the reinforced soil array. Total reinforced foundation settlement under
regime cyclic loading is written as follows (Fig. 1b):

S Nð Þ ¼ Sn Nð Þþ Sae Nð Þþ Sy Nð Þ;

where Sп (N) is the soil cushion settlement; Sae (N) is the settlement within the limits of
the reinforced zone; Sy (N) is the settlement below the reinforced zone.

Soil cushion settlement is determined by the layer summation method, taking into
account the constraints of a compressible thickness by the soil cushion capacity:

SnðNÞ ¼
0:8

Pm
i¼1 r

cp
zp;iðNÞ � Dn;i

EnðNÞ

where Dn,i is the elementary layer thickness within the soil cushion limits; m is number
of elementary layers within the soil cushions limits.
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To calculate the soil base deformations, Reinforced soil characteristics should be
considered in the reinforcement zone, determined by a previously proposed method
(Mirsayapov and Koroleva 2014, 2015), and for the settlement calculation below the
soil array reinforcement area – accepted initial soil parameters.

During reinforced array settlement calculating within the reinforced zone the
reinforcing element height limits the height of the compressible thickness adopted. The
height of the compressible thickness below the reinforcement zone is determined by the
condition rzp = 0.5rzg (Fig. 1b). Knowing the vertical stress components at different
soil base points, it’s possible to determine the average and the intensity of the stress,
and then the strain tensor invariants increment: the increment of volumetric strain and
strain intensity (Mirsayapov and Koroleva 2011).

4 Conclusions

For the analytical description of non-free deformation system elements, mechanical
state equations for the ground and the system “plate – ground cushion – reinforced soil
base – reinforcing elements” as well as the efforts equilibrium equations were devel-
oped. The simultaneous solution of these equations allows for the calculation of the
desired settlement and bearing capacity values of soil base with reinforced vertical
elements taking into account the redistribution of forces between the system elements
under regime cyclic loads.

The reinforcing elements at the joint deformation, along with the soil, change the
condition of soil base deformation, limiting soil deformation, increasing bearing
capacity and reducing the deformation of the soil base in general. As a result of joint
deformation, redistribution of forces between the reinforced base elements takes place,
and the stress with reinforcing elements increases, whereas in soil it decreases under
cyclic loads.
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