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Abstract

Energy piles are getting more attention for their sustainable and economic potential. The fluid pipes are in-
tegrated in the foundation piles, which makes it cost-attractive, but also relatively new to the Dutch geotech-
nical industry. By lowering the temperature limit of the anti-freeze fluid in the pipes the heat extraction and
thereby also the necessary pile length can be optimized. However, the resulting thermal loads might influ-
ence the structural function and are therefore a main obstruction for the industry. Within this thesis three
aspects of freezing-thawing of an axially compressed end-bearing energy pile are evaluated: (i) frost resis-
tance of concrete, (ii) thermal analysis and (iii) geotechnical analysis. The objective is to work towards a
conclusion on the degradation effects of freezing-thawing processes along the edge of an end-bearing energy
pile and come up with practical advice for the design. The behaviour of the concrete is evaluated by litera-
ture, wherein the concrete thermal conductivity and mixture are key elements. For the thermal analysis a pile
group simulation and a detailed single pile analysis is performed in Comsol Multiphysics. The soil stratigra-
phy is simplified and based on the Western part of the Netherlands. The input originates from the heat-cool
demand of a single household related to the monthly gas usage in the Netherlands. Typical heat extraction
for this specific case, i.e. long-term average amount of 7 W/m, for 7 years did not result in freezing tempera-
tures at the edge of the most critical piles. Freezing occurred after an increased heat extraction until 10 W/m.
Furthermore, the influence of daily cycles in the single pile analysis damped by the thermal resistance of the
concrete pile. The geotechnical analysis is assessed in an axisymmetric model in Plaxis with and without a
fully-coupled thermo-hydro-mechanical (THM) module. The first set of analyses with THM examines the
influence of expansion and contraction of materials including phase changes, but without changes in soil
mechanical and physical properties. Two situations are considered that are different in terms of the position
of their neutral plane and negative shaft resistance. The resulting settlements can be distinguished as initial
structural load and settlements due to thermal seasonal cycles, which fluctuate between 1 mm. A ratcheting
behaviour was observed and resulted in a settlement of 12 and 3 mm over 5 years. However, the volumet-
ric strain accumulation around the pile indicates unrealistic results in the THM module and conclude that
the simulation of freezing-thawing cycles has to be done in a more advanced constitutive model which can
capture freezing-thawing behaviour of soils. Within the second set of analyses the impact of the soil strength
and stiffness due to a freezing-thawing cycle was investigated for the two situations to determine their effect
on the pile behaviour in terms of load-displacement and shear distribution. The results indicate that effec-
tive cohesion is most influencing the pile behaviour and it indicates that no need exist to change the design
approach of end-bearing piles as long as the potential negative shaft resistance along the pile over all layers
above the bearing layer is included in the design calculation and considered fully mobilized.
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Introduction

1.1. Background

Renewable energy sources such as solar, wind and geothermal account for a small part of the global energy
mix. But, they are definitely part of a growing sector in which geothermal energy can take a substantial part.
Over recent years different techniques were established to extract geothermal energy from shallow to deep
subsurface levels. However, shallow and deep geothermal energy structures are quite unknown in the Nether-
lands while there exists a major potential for this technique to help the energy transition. Shallow geother-
mal structures are part of a ground source heat pump (GSHP) system. Energy piles are among these thermal
structures and are used for the heating and cooling of buildings. In cost perspective they are really attractive
compared to the known vertical borehole heat exchanger (BHE), since the fluid pipes are integrated in the pile
foundation. However, in any case the primary function of the energy pile should remain providing structural
support. Besides the heat extraction, it could be used to cool buildings and anticipate on the seasonal energy
demand. According to Laloui et al. (2006) this can even result in a reduction of 50% in energy usage for new
buildings. Therefore, it can definitely stimulate the energy transition that currently takes place in for example
the Dutch society. Before this can happen certain challenges have to be assessed. One of these is the ability of
geothermal structures to match the peak heat demand during the coldest days such that an additional heat
source is not necessary. This could be done by creating higher temperature gradients between the soil and
the fluid pipes and allowing subzero fluid temperatures. By using this approach, the necessary pile depth
could also be reduced (Eslami-nejad and Bernier, 2012). Another challenge is the unknown soil behaviour,
which could effect the performance of the pile foundation. Therefore a research project at Delft University
of Technology is conducted at the time of writing including numerical, laboratory and full-scale tests. The
main objective here is to capture the behaviour of thermal cyclic loading and create a guideline for the Dutch
construction industry. The differences with previous tests and numerical approaches in other countries are
that these tests (i) will happen in soft Dutch soil layers, (ii) will go through some freezing-thawing cycles and
(iii) are able to capture freezing-thawing phenomena (Arzanfudi and Al-Khoury, 2018; Golchin et al., 2019).

1.1.1. Practice

Experience from full-scale tests, numerical simulations and applications in other countries are helpful for the
development of energy piles in the Netherlands. Well-known tests are performed in countries such as the UK
and Austria with promising results for their specific soil conditions. Despite these tests it is still a challenge
to prospect the occurring phenomena in soft (Dutch) soil conditions. Especially with its thermal loading
aspect, which is one of the main challenges to overcome for the design. As result of heating and cooling an
alternating effect at the soil-pile interface could develop (Amatya et al., 2012; Bourne-Webb et al., 2013). The
behaviour of energy piles during cyclic loading with subzero temperatures is also of major interest to optimize
the capacity of existing projects. After all, a reduction in fluid temperature might reduce the necessary pile
length compared with common BHE. In Katzenbach et al. (2013) an experimental analysis on freeze-thaw
performance of a BHE is performed and in Brandl (2006) a case is described in which fluid temperatures
below zero occurred. In the latter case no freezing phenomena are described in the soil. However, according
to Brandl (2006) and Knellwolf et al. (2011) such processes should also be avoided to prevent thaw-induced
defects and changes in engineering properties of the soil.
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1.1.2. Guidelines

The uncertainty of pile behaviour during thermal loading is an obstruction for contractors to apply energy
piles in projects. Even though some companies are applying the technique with success, there remains a
sceptical attitude towards this innovation since it could lead to extra costs, risks and it requires certain con-
struction skills. Apart from that, there exist no detailed design method yet for (Dutch) contractors that con-
siders the complex thermal-mechanical phenomena (Knellwolf et al., 2011). Similar manuals exist for BHE
such as Geelen and Witte (2017) or a well-known German standard Sanner et al. (2013). There also exist a con-
cise research report on energy piles in the Netherlands Geelen et al. (2003). This report discusses the energy
pile projects performed in the Netherlands before 2003 as well. But among these examples no additions on
practical design criteria for cyclic thermal behavior are discussed, let alone the behaviour of freezing-thawing
around the pile. Instead of clear guidelines, designs are based on empirical considerations (Boénnec, 2009;
Ng et al., 2014b) or some conservative safety procedures to ensure that the geotechnical functionality of the
pile is not negatively affected (Boénnec, 2009; Knellwolf et al., 2011; Rotta Loria, 2018; Suryatriyastuti et al.,
2014). To avoid freezing phenomena at the soil-pile interface a temperature limit is often mentioned for the
fluid. This limit brings down the efficiency of the heat transfer since the lower the inlet temperature during
heating mode the more efficient the operation of the GSHP system can be (Banks, 2012; Loveridge and Powrie,
2012). It is also on the safe side when considering that the concrete pile acts as a buffer, since there could be
a significant temperature difference between the pipe and the pile wall (Loveridge and Powrie, 2012).

1.2. Project relevance

Unknown thermal soil behaviour remains an uncertainty in energy pile projects despite the research that has
been done so far. Especially due to the combination of mechanical and thermal loading. Since during thermal
variations all materials try to change shape and structure, which is definitely not in favour of a foundation.
And, in the case of excessive heat extraction freeze-thaw phenomena might occur at the soil-pile interface.
This can happen due to peak extraction in winter, reduced pile lengths, malfunctioning systems, competitive
use with other GSHP and the change of use of a building (Sass et al., 2016)). Therefore, most guidelines
recommend not to go below a certain fluid temperature. The main concerns are the deterioration of the
shaft resistance, reduction of the bearing capacity and high thermal stresses within the pile. However, from a
heat point of view the freezing-thawing cycles might be attractive and research has shown that the currently
used temperature limits in many cases could be adopted (Loveridge and Powrie, 2012). A clear evidence on
the mentioned processes except from early observations in a study of Brandl (1998) on the consequences of
freezing-thawing cycles is missing. This makes the subject of this thesis, which will focus on freezing-thawing
circumstances of an end-bearing energy pile and with that a clarification on the physical and mechanical soil
behaviour during severe conditions.

1.3. Research objective and questions

The objective is to work towards a robust conclusion on the degradation effects of freezing-thawing along the
edge of an end-bearing energy pile and propose practical additions to the design procedure if needed. The
main research question is as follows:

What is the influence of freezing-thawing cycles on the geotechnical performance of an end-bearing energy
pile?

To be able to answer this question, the sub questions below will be answered throughout this report.

1. What is the likelihood of freezing around an energy pile?

2. What is the influence of freezing-thawing on the concrete material?

3. How can these processes be quantified in terms of change in geotechnical pile behaviour?
4.

To what range is it possible to incorporate these quantifications in the pile design approach or to give
an indication for limiting situations?

1.4. Thesis constraints

This study will focus on the thermal, mechanical and water flow aspects in freezing-thawing soils, which is
necessary to investigate the behaviour of an energy pile. The report describes these aspects by literature and
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numerical modelling. However, due to a lack of data in this study realistic assumptions are made to analyse
general situations and give qualitative conclusions. This includes a Dutch soil stratigraphy, a pile plan for
a semidetached house, a monthly heat extraction based on gas demand. In spite of these assumptions, it
will help the reader to understand the obstructions encountered in the design of an energy pile in potential
freezing-thawing conditions.

1.5. Thesis outline

The report comprises seven chapters in total. The main structure of the report is build around three main
subjects: (1) the freezing-thawing resistance of concrete, (2) the thermal analysis and (3) the geotechnical
analysis. See figure 1.1 with a schematic overview. The first chapter gives a concise introduction about the
subject with the project relevance and the corresponding research questions. Chapter 2 is a literature study
which describes the principles of heat transfer related to geothermal energy, freezing-thawing of soils and
piles, freeze-thaw resistance of concrete, pile design procedures and two full-scale tests. Furthermore, it will
briefly explain constitutive modelling with the thermo-hydro-mechanical (THM) module of Plaxis. The im-
portant remarks from literature are then summarised in its latest section. Chapter 3 simulates the thermal
behaviour of a pile group based on the heat demand of a single household in a simplified Dutch soil stratigra-
phy. The results are used for a more detailed single pile analysis. Within chapter 4 the results of two existing
full-scale tests are used to validate and to understand the performance of the THM model in Plaxis. In chapter
5 the freezing indication and its corresponding extraction cycle from chapter 3 are used as an input bound-
ary for the geotechnical analysis of a single end-bearing pile. Thereby two cases are considered in which the
whole shaft contributes to the shaft friction and a case wherein the upper Holocene layers contribute to the
negative shaft friction. The results and discussion is also described within this chapter. The second approach
in chapter 6 changes certain soil cohesion and stiffness parameters by extra construction phases in the model.
It also distinguishes between a case with totally positive shaft friction and partly negative shaft friction. The
report ends with the conclusion on the thermal and the mechanical behaviour and at last the corresponding
recommendations for further research in chapter 7.

Introduction

Literature study (1) Freeze-thaw resistance of concrete

Analytical solution

Y Fully-coupled THM module
{3) Geotechnical analysis

Soil strength and stifiness vanation

\ 4

Conclusions and recommendations

Figure 1.1: Visualization of the thesis






Literature study

This chapter addresses previous research on energy piles and other topics related to heat transfer in soils
and constitutive modelling. For freezing and thawing a division is made in a section for soil behaviour and
concrete pile behaviour. In this latter section the concrete durability in terms of frost action is also assessed.
From there the design methods for a foundation pile, borehole heat exchanger and for an energy pile are
elaborated in the pile design section. Hereafter two well-known full-scale tests are shortly described. The last
section summarises the literature study.

2.1. Principles of heat transfer

A complex heat transfer mechanism is present in the soil that includes conduction, convection, radiation and
latent heat by phase-changes (Brandl, 2006). Within this part these heat mechanisms and thermal properties
of soils are elaborated and basic equations are given. Also some other factors (e.g. groundwater flow, soil
moisture content and pile dimensions) that influence the performance of an energy pile will be discussed.
Important decisions for the design of energy piles are based on these properties (Brandl, 2006; GSHP As-
sociation, 2012; Loveridge et al., 2013; Sani et al., 2019) and could help to determine potential freezing and
thawing locations.

2.1.1. Geothermal energy

As climate change is a main topic in many parts of the world, alternative energy sources or energy saving
techniques are hot topic. Geothermal energy is one of these sources and its development the last years is
increasing. A division can be made by the depth from where it is extracted. At a depth between 2-4 km
the term deep geothermal is used, while on the other side of the spectrum just below the subsurface it is
called shallow geothermal (<200 m). The temperature at this shallow depth in most European countries varies
between 10 and 15 °C, but due to seasonal and daily temperature variations this changes steadily throughout
the year close to the subsurface, see figure 2.1.
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Figure 2.1: Soil temperature fluctuation with confidence interval (CI) for air temperatures (Alberdi-Pagola, 2018)
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The temperature fluctuation is dependent on the specific soil thermal properties and could be simulated
by periodic function in which T},¢4, is the mean annual temperature, A is the temperature amplitude and P
is the time period in equation 2.1. The temperature at a certain depth z could be calculated with equation 2.2
with «a as the soil thermal diffusivity (Andersland and Ladanyi, 1994).

. (27t
T(t) = Thean + Ax Sin 7 2.1)

= A pPl— j xmt - (2 2)
I =T + A X eX] Z X Sin Zy / .
z,t mean < Si P %< P

Many different shallow geothermal systems exist as can be seen in figure 2.2. The system is considered
shallow when the upper few meters of the soil are used for space heating or cooling. Besides, a distinction
can be made between an open or closed system. Two closed systems are more elaborated in this section, the
vertical borehole heat exchanger and the energy pile. For a vertical borehole heat exchanger common depths
are between 50 and 200 m, while for energy piles we consider the depths of foundation piles.

Open loop

\\ < b(irehole
\\‘}L Z/Uj—,

o

|\ [Ssiateon ] 75 (T TR

- Closed loop )
borehole

Figure 2.2: Shallow geothermal sources (Loveridge and Powrie, 2012)

Heat pump

Many different heat pumps exist and they all have their most efficient range of temperatures in which they
work. It is important to distinguish the three sources of a heat pump: air, surface water and the ground. A
heat pump takes care of the lift of fluid temperatures, so it is useful in for example household heating, but also
for cooling by reversing the process, i.e. heating the subsoil. The heat pump contains a fluid with a very low
boiling point which turns into a vapour when it is in contact with the heat from the fluid pipe. By compressing
this vapour the temperature of the fluid increases sufficiently to heat up the water used in the heating network
of a structure, the so-called secondary circuit. It controls a constant heat gradient among the inlet and the
outlet and heat exchange values per meter of energy piles are often held between 20 and 100 W/m. The
effectiveness of a heat pump is often described with the coefficient of performance (COP), which is higher
when less electricity is needed for a unit of heat since it is the ratio between the energy extracted and the
energy input. Common economical values of COP are above 4. The COP reduces slightly when temperature
goes down. Another measurement method for its efficiency over a year is the seasonal performance factor
(SPF), which is the ratio of heat energy output of a year over its used electricity.

Output heat energy after heat pump
COP = : — (2.3)
Input energy for operation (electricity)
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The total energy extracted or injected E can be calculated by measuring the inlet and outlet temperature
T of the fluid. The energy injected is calculated with equation 2.4 with Q rate of fluid flow, ¢, the specific heat
capacity in [kJ/(kgK)] and t as operational time in seconds.

E=Q><Cpx(Tin_Tout)>< t (2.4)

Sometimes a combination of energy sources is used to cover the heat demand of a structure. The so-called
B-factor describes the portion of the ground source heat pump over the total heat supply. When 100% of the
heat demand is supplied by the heat pump f is equal to 1.

The temperature of the liquid that is sent back into the heat pipes, exchanged its absorbed energy P,ps0rped
and decreases in temperature according to equation 2.5.

Papsorbed
Tliquid,out = Tliquid,in I e — (2.5)
Qpump * Cfluid

2.1.2. House heat demand

To get an idea about the heat demand of some typical houses in the Netherlands and what kind of heat pumps
are used, a small overview is given below in table 2.1. It is important to mention that mainly low temperature
heating is possible with heat pumps, up to 35°C.

Type Gas usage [m3] Energy [kWh]
Apartment 870 8961
Terraced house 1240 12772
Corner house 1480 15244
Semidetached house 1750 18025
Detached house 2300 23690

Table 2.1: Gas usage for mainly heating in the Netherlands (CBS, 2016)

The demand given in the overview is not divided equally over the year, the heating demand in the winter
months lies significant higher than in the summer months as July and August. It is especially the peak demand
in the coldest months that decides if a heating system can run solely on its energy piles or if it needs an extra
source to meet the demand. This is often determined with the maximum capacity that the piles can extract
from the subsoil. As rule of thumb the extraction limit is often taken as 50 W/m or as a limit in terms of a
fluid temperature, which makes the heat pump in some cases not suitable. Another important limit is the
soil thermal stability, which can be disrupted by a single system, but even faster when interaction between
multiple ground source heat pump systems are considered. To get a better idea about the potential energy
pile extraction during a cold winter day a short simplified derivation for a house with a heat demand of 84
kWh is done. Assume that the heat pump runs for 12 hours a day, this means that 7 kW (84/12) is asked every
hour. Taking into account the limit of 50 W/m for the energy piles, a total pile length of 140 m is necessary
(7000/50). The desired length of the heat pipes could be reduced by allowing higher extraction rates, i.e. lower
fluid temperatures. By doing so half of the mentioned pipe length is required when 100 W/m is extracted and
also peak demands could be covered in this case.

2.1.3. Soil thermal balance

Energy cannot be created or destroyed, it will follow the law of energy conservation. For a stable thermal
operation within the subsoil it is of great importance that there is a balance between the input and output of
energy. Any deflections could cause significant changes in temperature of the subsurface and affect the over-
all performance of the system. The chance of any thermal degradation around an energy structure is often
low since current designs are based on the thermal capacities of the soil including certain safety boundaries.
On the other hand there are enough reasons that could lead to an imbalance in long term soil temperature
due to excessive heat extraction in areas with a high heat demand or due to excessive heat injection when
more cooling is demanded. To prevent thermal imbalance the total system has to be in balance after 5 years
and after that every 3 years at least once according to the Dutch government (Kleefkens, 2014). For potential
freezing a heating season (winter) is picked where heat is absorbed from the soil.
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2.1.4. Heat transfer mechanism

The total heat flow including the primary and secondary circuit is shown in figure 2.3. The paths of the pri-
mary circuit that are involved in the heat transfer in energy piles are the soil, the concrete of the pile, the pipes
and the fluid within the pile. The corresponding heat transfer mechanism for these paths are thermal con-
vection between the fluid and pipe wall, thermal conduction between concrete and soil, and the conduction
in the soil itself. Convective heat transfer in the pore water could also play a role in especially course grained
soils (Rees et al., 2000). However in reality the soil is not homogeneous and therefore properties may vary.
The main driving force for energy exchange is the thermal gradient that is created between the fluid in the
pipe and the soil. Besides this temperature difference the transfer is also controlled by the properties of the
concrete material between the two media. The most common pile material used is concrete because of its
good thermal storage capacity and heat transfer capabilities (Brandl, 2006). As the fluid flows from the inlet
to the outlet it increases (heating mode) or decreases (cooling mode) in temperature.

SOIL — PRIMARY CIRCUIT —» HEAT PUMP —» SECONDARY CIRCUIT

heatfluxto __  heatfluxto __ heattransportto __ heatexchange __ heattransportto __ heat flux for

energy pile absorber pipes heat pump within heat pump heating installation room heating

Figure 2.3: Energy pile system (Brandl, 2006)

The response of the soil due to a change in temperature requires an understanding of heat conduction,
convection, heat capacity, thermal diffusivity and latent heat. These processes vary with the (un)frozen water
content, degree of saturation and soil density (Andersland and Ladanyi, 1994). The reader is referred to the
sections below for more information about which processes are included in the heat transfer.

Heat conduction

Heat conduction is the transfer of heat without displacement of particles. The rate of heat flow by conduction
between the pile and surrounding soil is calculated according to Fourier’s law and may be written as equation
2.6, where Gconduction is the conductive heat flux and A is the thermal conductivity of multiphase system
(solid, water, gas) (Rees et al., 2000). Heat conduction is the most important mechanism that moves the heat
in the soil from high to low temperature areas.

Geonduction = —AVT (2.6)

Heat convection

The soil can be seen as a porous media which contains a solid material and pores filled with air or fluid that
is able to flow. The movement of all particles in this fluid is seen as convection, which is a combination of
heat diffusion and heat advection. Advection describes the movement of particles through the total heat flow,
while advection is the movement of particles that go with the heat flow, so from higher to lower temperature
or density areas. The convection process could be described by Newton’s law of cooling 2.7 with h as heat
transfer coefficient, Ty, and Tryiq the pile and fluid temperature (Loveridge and Powrie, 2012). The heat
transfer coefficient h is dependent on fluid density, heat capacity and the flow velocity, see equation 2.8.

qconvection = h(Tpile - Tfluid) 2.7
Gconvection = Cfiuid X P fluid * Vfiuid * (T —To) (2.8)
Radiation

Heat radiation is the process that describes energy transfer by electromagnetic waves, so no particle move-
ment is involved. In soils the heat transfer by radiation is often neglected. This is not the case for heat transfer
at the soil surface.

Latent heat
Pore water can exist in three phases, which are the gas state (vapour), liquid state (water) and solid state (ice),
see figure 2.4. When a material goes through a phase change from liquid (water) to solid (ice) latent heat
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Figure 2.4: Phase changes of water

is released, this is also called the latent heat of fusion AHf,s (Andersland and Ladanyi, 1994). The thermal
energy which was stored in the molecular structure is released when the material reaches the phase transi-
tion temperature, so instead of creating a temperature change, the energy changes the materials molecular
structure. The latent heat of water is often quantified as 334 [kJ/kg] (Andersland and Ladanyi, 1994). For
heat transfer models the contribution of vapour diffusion and latent heat due to ice forming should be con-
sidered. The total latent heat L is determined with equation 2.9 with p; as dry soil density, L' as the mass
latent heat [k]J/kg], w the total water content and w,, the unfrozen water content (Andersland and Ladanyi,
1994). The propagation of the freezing front is mainly controlled by the latent heat during freezing (Nagare
etal., 2012). Latent heat is in many models not taken into account, which results in wrong estimations of the
ground temperature since latent heat slows down the decrease in the return temperature to the heat pump.

w—wy

100 29

L=pgxL x

2.1.5. Thermal properties
The performance and the efficiency of the heat exchange are dependent on the thermal properties of the soil
described below.

Thermal conductivity
Thermal conductivity A describes the ability of a material to conduct heat and can range from 0.2 to 5 W/mK
(GSHP Association, 2012). According to Loveridge and Powrie (2012); Raouf et al. (2015) it is also the ther-
mal conductivity of a soil that determines the heat exchange. A higher value results in a system that is more
efficient. The thermal conductivity of a pile is often higher, which results in a low temperature difference be-
tween the pipe and the pile edge. Hence this is the critical case where subzero temperatures in the pipe could
lead to freezing around the pile (Loveridge and Powrie, 2012). The thermal conductivity and heat capacity for
a specific soil with or without ice is related to the mineralogy, salinity, dry density, pore fluid, degree of satu-
ration, temperature, water- and ice content. Especially the degree of saturation controls the conductivity.
Three methods to determine the thermal conductivity are from Kersten (1949) in equation 2.10, from De
Vries (1963) in equation 2.11 and Johansen’s (1975) method, equation 2.12 and table 2.2, which gives the best
results for soils in frozen and unfrozen state (Andersland and Ladanyi, 1994). Freezing increases the thermal
conductivity significantly since it fills the pores with ice (Brandl, 2006), A ,,4¢¢r = 0.57 W/mK and A, = 2.18
W/mK.

A =0.1442(0.7]0og (w) + 0.4] x 10°-6243pa (2.10)
1= AXwAWw+ Faxala+ FsxsAs 2.11)
Xw+Faxa+Fs)s

A= Asar —Aary)ke + Aary (2.12)
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Unfrozen Frozen

Fine grained K.=10gS+1.0 S,
Coarse grained K, =0.7logS+1.0 S,

Table 2.2: Thermal conductivity of mineral soils (Andersland and Ladanyi, 1994)

Heat capacity

The total volumetric heat capacity of the soil C [J/ (m3K)] according to Harris (1995) for unfrozen fully satu-
rated soil is a summation of the capacity of the grains, the unfrozen water, ice and air present in the pores. It
is the amount of heat that can be stored in a unit volume of soil per unit change in temperature. See equa-
tion 2.13 for a weighted average y of all components with latent heat L taken into account with w,, as ratio
of unfrozen water content with dry weight (Rees et al., 2000). The heat capacity of a soil depends mainly on
the water content and the void ratio (Andersland and Ladanyi, 1994). Besides the volumetric variant of heat
capacity, the specific heat capacity c [J/kgK] is used as well. This is the amount of heat needed to raise 1 kg
of material with 1 °C. The heat capacity decreases with a lower temperature and freezing since ice has a lower
capacity than water.

1 2 dw
C = Csoi1Xs0il + CiceXice t Cwater Xwater + Cair Xair + f L—=dT (2.13)
AT Jry oT

Thermal diffusivity

The thermal diffusivity D or « is a measure of how easily heat can spread through the soil mass (Sani et al.,
2019) and depends on the specific heat capacity c,, conductivity A and the density p. It shows the rise in
temperature that will occur due to a heat exchange, so a material with a high a will change its temperature
quickly. The ice in frozen soils causes an increase in the thermal diffusivity, so a soil in thawed state changes
slower in temperature than in a frozen state (Andersland and Ladanyi, 1994).

A
o= (2.14)
pxc
Thermal properties summarized
A range of the thermal properties of all main soil components is presented in table 2.3 by Andersland and
Ladanyi (1994).

Material ~ Heat Capacity [kJ/(m®K)] Thermal Conductivity [W/(mK)] Latent Heat [k]/m®]

Air 1.297 0.026 -
Water 4.16 x10° 0.56 333.5x 10°
Ice 2.20x 10° 2.21 333.5 x 10°
Clay 3.0-3.6x10° 0.85 - 1.40 1.1-2.5x10°
Silty-Clay 29-3.3x103 1.10 - 1.60 1.5-2.0x10°
Silt 2.4-33x10% 1.20 - 2.40 0.8-2.0x10°
Sand 25-3.2x10% 1.50 - 2.60 0.8-1.7x10°

Table 2.3: Range thermal properties unfrozen soil and other components (Andersland and Ladanyi, 1994)
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2.2. Freezing-thawing of soil

The soil around an energy pile is subjected to thermal cycles during its lifetime. These variations in temper-
ature can affect the physical, hydraulic, mechanical and dynamic properties of a soil such as the void ratio,
pore water pressure, hydraulic conductivity and shear strength parameters (Andersland and Ladanyi, 1994;
Steiner et al., 2018). The tests described in literature are mostly performed with positive temperatures to
investigate changes on the behaviour of the soil-pile interface. These tests are used to predict mechanical
behaviour and soil degradation phenomena of the soil, however the information of soil behaviour around a
pile under freezing conditions is rare. Katzenbach et al. (2013) describes the damage inside the materials and
the alternating contact surface between soil and the borehole wall.

Within this section the characteristics of freezing-thawing soil are elaborated such that practical problems
for an energy pile can be distinguished. First of all, the properties influencing the frost susceptibility of a soil
and thereby methods to describe this are evaluated. From there two separate parts go through the processes
towards a frozen and thawed soil state from initiation of ice crystal nucleation to fully-frozen soil pores until
thawing settlement. To be able to describe the soil changes four different subsections are presented, which
elaborate on the physical, hydraulic, mechanical and dynamic behaviour.

2.2.1. Frost susceptibility

In figure 2.5 the frost susceptibility for different soils is depicted and based on three properties that are
the percentage of particles smaller than 0.02 mm, soil type and a laboratory freezing test (Andersland and
Ladanyi, 1994).
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Figure 2.5: Frost susceptibility soils (Andersland and Ladanyi, 1994)

This is a first indication, but many other factors influence the freezing within a soil layer and the figure
does not include the influence of an earlier experienced freezing-thawing cycle. Another classification table
of the U.S. Corps of Engineers is given in Appendix A. They distinguish four frost groups. The freezing point of
soils in not constant, but depends on factors summarised below. Taking into account these factors can help
to predict the freezing volume and strength behaviour of a soil.

* Water content
The water content determines the amount ofice in the pores and thereby it also determines the strength
properties of the soil medium. More ice will result in a stiffer soil.
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* Rate of freezing
A low rate of freezing has a positive effect on the formation of ice lenses. It determines how uniform
and fast an ice lens is formed. On the other hand a high freezing rate will lower the effect of the cryo-
genic process, which results in a lower pore pressure build up and a more uniform ice lens distribution
(Steiner et al., 2018). For freezing around energy piles a relatively high rate is expected (Arzanfudi and
Al-Khoury, 2018).

¢ Groundwater flow
Inflow of new unfrozen water will decrease the frost susceptibility around the pile.

* Salinity
The freezing point of water is reduced when water with a higher salinity is present. This is an advan-
tage as freezing around the pile is undesired. In Andersland and Ladanyi (1994) a relation is given by
Patterson and Smith which describes the influence of salinity on the freezing point of water.

¢ Soil type
The grain size determines the amount of unfrozen/frozen pore water when the soil is exposed to sub-
zero temperatures. The common rule states that a reduction of soil particle size results in a depression
of the melting point. The formation of an ice lens happens also rather in low permeable soils (Anders-
land and Ladanyi, 1994).

e Stress distribution
An increase in effective stress with depth results in a reduction of freezing phenomena (Katzenbach
etal., 2013).

Melting point depression

The unfrozen water content is an important property and according to Wettlaufer and Worster (2006) there
are two mechanisms which control the ice content in a soil: (i) the curvature induced premelting, also called
the Gibbs-Thomson effect, and (ii) the inferfacial premelting, see figure 2.6. The first mechanism is the result
of surface tension and holds the grains together, the latter one occurs due to disjoining pressure and acts
as a repelling force between the ice and grains. Since in soil the specific surface area (SSA) can be high and
the curvature small, these processes are important in the amount of unfrozen water in the soil at freezing
temperatures (Arzanfudi and Al-Khoury, 2018).

Ice

Curvature-induced
premelting

Interfacial premelting

Ice

Figure 2.6: Two mechanisms that keep water in its unfrozen state (Ghoreishian Amiri et al., 2016)

More unfrozen water is expected in fine grained soils compared to coarse grained soils at temperatures
below freezing point due to the low hydraulic conductivity and as result a limited water supply to the freezing
area. The relationship between unfrozen water content and the freezing temperatures of the pore water for
different soils is represented in a soil freezing characteristic curve (SFCC), see a typical example in figure
2.7 with different grain sizes. It can be described by using the van Genuchten en Clapeyron equation, see
equation 2.15 and 2.16. With S; the water saturation, ¥, the pressure head and m, n and «a are soil structure
dependent parameters. The Clapeyron equation takes care of the description of the ¥, in terms of the phase
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change to ice with L, as latent heat of fusion (334 kJ/kg) and ¥; as ice pressure. When considering ice

pressure zero and combining the two equations, then the relationship for the SFCC curve is found.

1 m
S=|— 2.15
! (|a\vm|"+1) 219
L
\sz(L)xTWi 2.16)
273.15% g

The SFCC curve can also be determined by making use of a thermo-time reflectometer, looking at the
soil water characteristic curve (SWCC) described in Ren et al. (2017) and by the relation between particle size
distribution described in Appendix § D.2.5 by Aukenthaler et al. (2016). The influence of the stress state is

shown in figure 2.8.
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Figure 2.7: Typical SFCC (Davis, 2002) Figure 2.8: Influence of pressure on SFCC (Plaxis, 2015)

2.2.2. Freezing and thawing sequence

It is hard to compare the freezing of porous media with for example the freezing of pure water since different
interactions are taking place. The process of ice forming in pores is also highly dependent on the components
present in the soil. The following steps of soil freezing are considered and some processes are explained more

in detail below:

1. The temperature reaches a value below the pore water freezing point such that ice crystal nucleation

starts within the frozen fringe, see figure 2.15. The frozen fringe is the transition zone between the
frozen and unfrozen zone, its propagation through a soil is controlled by latent heat (Nagare et al.,
2012).

2. During this ice formation energy is required, the so-called latent heat of fusion. This energy slows down
the cooling process.

3. Negative pore pressure develops due to water being attracted by ice, so-called cryogenic suction.
4. Atlower temperatures more pore water will freeze and the unfrozen water content reduces.

5. Water expands 9% when it freezes, while the grains do not expand, this results in the expansion of pores,
increase in pore pressure and potential destruction of the bonds in cohesive soils.

6. The result is a volume increase, which might result in the so-called frost heaving.

Thawing is initiated when a frozen soil heats up. It will increase the amount of unfrozen water and the
strength of the soil depends on how easy the water can drain away from the frozen layer. In low permeable
soils the water could cause a higher pore water pressure during the heating, which will reduce the effective

stress. The following steps are considered for the thawing stage:
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1. Reduction of cryogenic suction since water is not attracted anymore by the frozen fringe.
2. Water transforms back to the unfrozen state.

3. Excess pore pressure develops in low permeable soils in undrained conditions. This can also be the
result of the bigger expansion coefficient of pore water than the coefficient of solid grains (Gawecka
etal., 2017; Hueckel et al., 2009).

4. A reduction in effective stress and thereby a reduction in the undrained shear strength is expected
(GSHP Association, 2012).

5. The dissipation of pore water can result in thermal consolidation. However this depends on the stress
history of the soil.

6. Cohesive soils can loose their bonds during freezing and act remoulded when thawing starts, which is
irreversible and can result in thawing settlement. Especially soils with high OCR will be affected.

2.2.3. Physical behaviour

The physical behaviour of soil during freezing-thawing cycles can be described according to their change in
structure, porosity and density. These are related to the type of soil and their particle arrangement. A division
in this section is made by coarse and fine grained soils.

Coarse grained

For freezing of coarse grained soils a small volume expansion can be expected during freezing. This expan-
sion is relatively small compared with fine grained soils, but should definitely be considered when freezing
occurs in a confined space such as in artificial ground freezing. A drained behaviour during freezing is often
considered which prevents excess pore water pressure to build up, hence a insignificant effect by temperature
variations is expected Alberdi-Pagola (2018).

Fine grained

When looking at a fine grained soil such as a clay the structure is built out of peds, i.e. aggregates of soil
particles, with micropores and between the peds there are macropores. During temperature variations (irre-
versible) volume changes can be induced due to differences in thermal expansion/contraction coefficients,
see figure 2.9 with two different alternating temperature tests without freezing.
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Figure 2.9: Volumetric strain of fine grained soils after thermal cycles (Ng and Zhou, 2017)

The process of freezing begins in the macropores and water is attracted from the micropores. At a specific
moment ice lenses are initiated which can compress the peds and break some of the bonds that hold the
peds together. When these freezing-thawing processes happen multiple times a fissured structure in clay will
be visible (Steiner et al., 2018). For the thawing process of fine-grained soils processes such as thermal con-
solidation and dehydration have to be considered. The total freezing-thawing process depends also on the
loading history of the soil (OCR) and on the earlier exposure of freeze-thaw cycles. The change is dependent
on the initial structure, the moisture content, the rate of freezing and the lowest temperature (Harris, 1995).
The changes in structure are described below by void ratio, strain development and creep behaviour.
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Void ratio

The void ratio of a soil changes after freezing-thawing cycles according to (Qi et al., 2006). This is dependent
on the overconsolidation ratio (OCR) of the soil. For normally consolidated soils the void ratio will decrease
after a FT cycle (thermal contraction), while for overconsolidated soils an increase can occur (thermal ex-
pansion), see figure 2.11. Dense soils become loose and vice versa. In figure 2.10 the change in void ratio is
visualized for a single freeze-thaw cycle for a fine grained soil. Different stages of the cycle are marked (Nixon
and Morgenstern, 1973):

(A) initial unfrozen state

* (B) frozen state void ratio increased due to freezing. Simultaneously, freezing water expands 9%, which
is more than the expansion of solid grains.

(C) fully thawed state with reduction in void ratio (i.e. thawed strain)

» (D) This represents the existence of negative pore pressure during thawing since this should result in
an increase in effective stress.

(E) The soil is capable to absorb the free water and results in the residual stress state with a slight in-
crease in void ratio compared with D. Undrained situation. However the path continuous to C due to
the free drainage which consolidates back to the the initial effective stress (the reloading path).
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Figure 2.10: Change of void ratio in closed system with Figure 2.11: Void ratio after multiple freezing-thawing cycles
freezing thawing cycle (Nixon and Morgenstern, 1973) (Qi et al., 2006)

Another method found to describe the behavior of frozen soils is by using the the pore ice ratio e;), (Zhang
and Michalowski, 2014). Vi,;;45 is the volume of the soil skeleton and V;;, describes the volume of ice present
in the pores, which can be calculated from the decrease in unfrozen water from the soil freezing characteristic
curve.

o (wo—w) x P
eip = Vip! Viotias 2.17) ¢ip = (Wo —w)>x - nx 1.09 (2.18)
Strain development
Equation 2.19 shows the strain development of all solid components (including ice particles) in a frozen soil.
For pore water that goes through a phase change the development in strain is expressed as in equation 2.20
with Bin 2.22. For gas equation 2.21 can be used with y =1.22 x 1073
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ow,,

€c=ax6T (2.19) €pn=Pp— 0T (2.20) €gas=y*x6T (2.21)

1
p=—5 Wi vw)(1=n) % pa (2.22)

Creep

Deformation of a soil under constant stress is called creep and happens by the compression of the solid struc-
ture and is experienced sooner in frozen than in unfrozen soils. Creep or relaxation test are usually used to
check the mechanical behaviour of frozen soils. This time-dependent behaviour is subdivided in three stages:
primary (strain hardening), secondary (constant strain rate) and tertiary creep (strain softening) (Arenson
et al., 2006), see figure 2.12. The curve is dependent on the stress state and the temperature of the soil (An-
dersland and Ladanyi, 1994). According to Andersland and Ladanyi (1994) the secondary and tertiary stage
might not occur when the stress on the soil is lower than the long-term strength of frozen soil. In Abdulghader
and Mohammad (2018) an experimental study was carried out on adfreeze strength and creep behavior of pile
foundations in warming permafrost, which might be of value for the research on creep behaviour in frozen
soils around energy piles.
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Figure 2.12: Stages of soil creep (Arenson et al., 2006)

Plastic and liquid limit

Since the viscosity of water in the pores is temperature-dependent, this has also an effect on the Atterberg
limits of cohesive soils. When temperature rises water becomes less viscous and the plasticity index (PI) and
liquidity index (LI) reduces (GSHP Association, 2012). In Dagesse (2015) the influence of freezing and thawing
cycles of clayey soils on the Atterberg limits is investigated and concluded that there is not a clear evidence
that these cycles affect the soil plasticity measured by the Atterberg limits.

2.2.4. Hydraulic behaviour

Water and soil tend to change volume when temperature changes. Water is special, since it expands during
freezing (9%), but also above 4 °C. The coefficient of thermal expansion describes this behaviour for different
temperatures T under constant pressure p, see equation 2.23. The coefficient of water at 0 and 10 °C is —0.5 x
1074/C and +8.8 x 107*/C respectively. In fine grained soils it is difficult for water and ice to expand, which
results in a pressure build-up since the thermal expansion of the pore water is much higher than of the grains.
This has an effect on the effective stress and has to be dealt with during freezing and heating of soils.

1.9 (2.23)
b=~ :
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Excess pore water pressure

Excess pore water pressures can be induced by temperature variations in the soil and this is mainly depen-
dent on the hydraulic conductivity and the heating rate. It will happen faster in fine grained than in course
grained soils due to the ability for the pore water to dissipate. In Ghaaowd et al. (2015) the influence of tem-
perature variations in undrained conditions on excess pore pressure is described for thermal drain systems.
Equation 2.24 by Campanella and Mitchell (1968) mentioned in Ghaaowd et al. (2015) describes the genera-
tion of excess pore water pressure with a, a,, and m, the thermal volumetric expansion coefficient of solids,
of water and the soil compressibility respectively. Furthermore n is the porosity of a saturated soil. Since a,,
is a magnitude bigger than a,, a change in pore water pressure is expected.

AT (a5 —
Au= M (2.24)
my
Thaw consolidation

Thermal consolidation happens due dissipation of excess pore pressure in the soil as result of thermal ex-
pansion and contraction. A thawing soil could also induce extra settlements as result of excess pore water
pressure by the attracted water during its freezing stage (Golchin et al., 2019). The total change in strain that
occurs during thawing of a frozen soil exist out of strain induced due to phase change from ice to water and
strain that occurs due to the compression. Since in the freezing state the ice lenses were part of the solids
and the void ratio decreased, the soil skeleton has to change again during thawing to a new equilibrium (An-
dersland and Ladanyi, 1994). Excess water is trying to escape from the soil at a certain rate which depends
on the melting of the ice and the hydraulic properties of the soil (Zhang, 2014). Due to this outflow of water,
the soil starts to consolidate under the load of the soil layers above this specific layer. The overall settlement
of this layer is called the thaw settlement. In Andersland and Ladanyi (1994) an equation by Crory estimates
the thaw settlement based on dry soil densities in frozen and unfrozen state. A distinction in the settlement
of different soft soil types can be made when looking at the over-consolidation ratio. Normally consolidated
soils could have a larger settlement due to thawing than the heave induced by freezing. For over-consolidated
soils, i.e. soils that experienced in the past higher loads than the loads it is experiencing now, there could still
some heave be present after a thawing phase. Figure 2.13 shows an example of thawing permafrost damage.

Figure 2.13: Uneven settlement due to thawing permafrost in Alaska (by Vladimir Romanovsky)

Hydraulic conductivity

The unfrozen water content in a freezing soil decreases and thereby the permeability. This results in a reduc-
tion of the hydraulic conductivity (Andersland and Ladanyi, 1994). In coarse grained soils this reduction is
larger due to faster ice formation (Burt and Williams, 1976; D’Cunha et al., 2009), see figure 2.14.



18 2. Literature study

T

£ 10,

g

>

> e o

-g \‘i—_L‘_‘—'—h*_‘—-A
= T~

G S

P \\“I—-____1
= * -

@© -~ e
2 0.01 .

I 0 -5 -10 -15 -20 -25

Temperature (Degree Centigrade)

—#—Coarse Sand —®—Fine Sand —&—Fairbanks Silt

Figure 2.14: Hydraulic conductivity at freezing temperatures for three soil types (D’Cunha et al., 2009)

After thawing the the permeability changes substantially. In fine grained soils the amount of micro-
fissures and internal pore spaces increases due to expansion of frozen water (Chamberlain and Gow, 1979;
Harris, 1995; Li et al., 2012). According to Harris (1995) the largest change in permeability occurs during the
first freeze-thaw cycle.

Cryogenic suction

Cryogenic suction plays an important role in the initiation of an ice lens. It is defined as the pressure differ-
ence between ice, P;., and unfrozen water, Py, 4z0r (Amiri et al., 2016). It develops in response to the temper-
ature gradient in the frozen fringe, see figure 2.15 and can be described by the Clausius-Clapeyron equation
2.25 (Ghoreishian Amiri et al., 2016). The suction S in this equation is related to the density of ice, the freezing
temperature Ty at the given pressure and the latent heat L during the phase transition from water to ice. It can
be seen that a lower temperature results in a more negative pore pressure (Arzanfudi and Al-Khoury, 2018).

T
S=Pice—Pwater = —Pice X L x ln? (2.25)
0

Frozen fringe
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Figure 2.15: Water migration (cryosuction) in frozen fringe (Arenson et al., 2008)

2.2.5. Mechanical behaviour

Temperature and phase changes in soils often result in variations in engineering properties and soil behaviour
(Chamberlain and Gow, 1979; Roman et al., 2017). The increased strength and stiffness of a frozen soil are a
big advantage during the construction of certain projects, however thawing behaviour could result in strength
degradation. The instantaneous increase in strength of a frozen soil is formed mainly by the cohesion of the
ice matrix (Harris, 1995), because of sticky and adhesive forces. Figure 2.17 can give an indication of the
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cohesion of frozen soils. For example for ice-rich varved clay, i.e. laminated sediment consisting main of
clay, the cohesion can reach values of approximately 500 kPa at -4°C. Sand has a higher strength than clay in
general and the lower the temperature the higher the strength. The behaviour is dominated by temperature,
confining pressure, unfrozen water and creep effects. In figure 2.16 the influence of confining pressure and
different freezing temperatures is visualized by Yuanming et al. (2010).
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Figure 2.16: Stress-strain curves of frozen silt under subzero

Figure 2.17: Long-term cohesive strength of frozen soils (Weaver
temperatures (Yuanming et al., 2010)

and Morgenstern, 1981)

Whether the undrained shear strength of soils after a cycle increases or decreases depends on the overcon-
solidation of the clay. Harris (1995) mentions that a reduction of strength mostly takes place for cemented
and overconsolidated clays. A decrease in cohesion is often mentioned in literature, while for the internal
friction angle the results differ and a small increase as well as a constant value is observed.

Shear behaviour

The friction between the particles, the interlocking of particles and cohesion contribute to the shear strength.
Only the solid parts can sustain shearing, so when ice is present it will contribute together with the shear
strength created by the grains. The ice actually acts as a bonding agent that holds the grains together, so the
presence of pore ice is the cause for the strengthening of frozen soils. In Xiao et al. (2018) the interface shear
strength was investigated with a modified thermal borehole shear test. The radial displacement by expan-
sion and contraction in combination with the temperature cycles caused a significant change in the interface
shear strength. The strength of a frozen soil to withstand shear resistance can be divided into two compo-
nents. One is the resistance of the frozen water content to deformation, this one is sensitive to temperature
change and will be influenced when thawing occurs. The other one is the friction components of the solid
grains, which is a function of the characteristics of the grains. The temperature influence for the shaft resis-
tance is in Amatya et al. (2012) quantified during a cooling and heating phase. While Brandl (2006) states that
appropriate operating conditions of energy pile installations, where the temperatures range from 5 to 20 °C,
hardly affect the shaft resistance of the pile. Maximum thermally-induced stress change in a pile could be
an indicator for changing shear stress on the pile shaft (Bourne-Webb and Bodas Freitas, 2018). To be able
to predict the mechanical behaviour after a certain amount of freezing and thawing cycles a correlation be-
tween mechanical behaviour and the amount of cycles is necessary. With this prediction the geotechnical
properties of the soil model around the pile can be modified in a simulation. As mentioned earlier freezing
and thawing will influence certain strength parameters and destroy the structure of soft soils. In (Li et al.,
2012) a study has been conducted on the effect of freezing-thawing cycles on compacted fine grained soils.
By performing laboratory test Li et al. (2012) found that the unconfined compression strength reduced by
11%, the elastic modulus by 32% and the most notable change occurred at the cohesion that decreased in
some cases by 84%. Figure 2.18 depicts the decrease in cohesion found. The increase in pore pressure during
expansion of water as result of freezing could lead to a reduction in effective stress. As the shear strength of a
soil is dependent on the effective stress, this can result in shear failure.
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Figure 2.18: Decrease in cohesion for a compacted fine grained  Figure 2.19: Soil stiffness of Illite clay after FT cycles (Steiner
soil according to Li et al. (2012) etal., 2018)

Steiner et al. (2018) also investigated the influence of FT cycles on the shear strength of a highly frost
susceptible illite clay. Figure 2.20 shows the mobilised shear strength for samples subjected to FT cycles with
a freezing temperature of T = -20 C°. Steiner et al. (2018) concluded that most of the soil stiffness decreased
during a change in soil structure. Alongside this conclusion most of the strain softening took place after one
FT cycle and lower freezing temperatures result in larger ice lenses and weaker soils. In case of a conservative
freeze-thaw design, the lowest shear strength value should be used, which in this case developed after one FT
cycle.

“ —— Ty =20, 20 cycles .
. — Ty =—20, 10 cycles U~

Mobilised shear strength: kPa

31/ p ’,’ — Ty =-20, 7 cycles - —jl.q_dg__ I
== Ty =-20,7 cycles

5 — - Ty ==20, 5 cycles
— Ty = =20, 3 cycles

| — + Ty =-20, 3 cycles

1 — Ty =20, 1 cycle
— - Ty =-20, 1 cycle

0 —— Never-frazen

0 2 4 [ 8 10 12 14 16 18

Axial strain: %

Figure 2.20: Mobilised shear strength for illite clay samples subjected to FT cycles (Steiner et al., 2018)

Stiffness

Soil stiffness is an important design property of foundations. Therefore it is necessary to understand the
change in stiffness during its design life. In Steiner et al. (2018) the decrease of soil stiffness due to the dam-
aged soil structure after subjection to freezing and thawing cycles is shown, see figure 2.19. The stiffness is
influenced by parameters as void ratio, effective stress, plasticity index, OCR and also cyclic properties such
as the amount of cycles and their strain amplitudes.

2.2.6. Dynamic behaviour

Soils behave as an elastoplastic material when stress is applied. During cyclic loading as with thermal cy-
cles, the soil shows a loading-unloading-reloading behaviour as in figure 2.21. After reloading the soil has
experienced some sort of permanent deformation, the plastic strain. After multiple loops the plastic strain
increment decreases, this happens due to the closure of voids between the particles (Yuanming et al., 2010).
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The loops are called hysteresis loops, see figure 2.22. The G is the secant shear modulus, which represents
the average shear modules of one complete loop. The backbone curve is another characteristic that helps to
describe the loop. The backbone curve follows the path of the peaks of multiple loops and goes through the
origin.
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Figure 2.21: Cyclic loading of frozen silt by Yuanming et al. Figure 2.22: Hysteretic behaviour in the Hardening-soil small
(2010) strain (HSS) model (Brinkgreve et al., 2007)

The secant modulus G; follows the backbone curve and the steepest slope of the backbone curve, so the
slope at very small strain and elastic part, is called the Gy or G;,4x. There are two curves to which is often
referred to when talking about cyclic behaviour of a soil and determining the backbone curve, these are the
shear modulus reduction curve and the damping curve. Both are needed to predict how the soil stiffness
degrades during cyclic shear straining. The shear modulus reduction curve can be determined in a shear
test in which the soil stiffness decreases when the strain increases, this is mostly represented in a normalized
graph with G;/Gy, see figure 2.23. As mentioned before, high strains are shown at the very low strains. An
approximation of the curve, equation 2.26, is given in Brinkgreve et al. (2007) with the shear strength as in
2.27

G
Gs= —OY (2.26)
1+ 0.385m T=Gsxy (2.27)

The modulus reduction curves are mostly together with damping curves. For each cycle a damping ratio
can be determined and combined they form a curve, see figure 2.48. As the strain increases, the soil loses its
stiffness, becomes damaged and will have an increase in damping.
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2.3. Freezing-thawing of a foundation pile

Not only the soil is affected by thermal loads, but also the pile itself behaves in a different way. In this section
the physical behaviour of the concrete and the mechanical behaviour of the pile is described. Also the soil-
pile interface is affected and described in this section. To get a first idea of the mechanisms a freezing and
a thawing stage is stepwise elaborated like in the previous section. Thereafter the mechanical and dynamic
behaviour are discussed. The physical behaviour of the pile is described in the concrete durability part.

2.3.1. Freezing-thawing sequence

For the freezing stage, which means cooling of the pile, the following processes below are experienced by the
concrete energy pile. Important to mention that the pile is mechanical loaded on top (fixed) by a structure
and its bearing capacity is a summation of the shaft resistance in soft layers and tip resistance in a stiff sand
layer. Furthermore no countermeasure are taken for frost and thaw behaviour within the concrete of the pile
(e.g. air entrainment agents).

1. Thermal contraction in radial and axial direction during cooling of the concrete.

2. Lower part pile moves upward, which may result in decrease in base pressure and mobilization of neg-
ative skin friction.

3. Pile settlement occurs due to load on top.

4. Positive shaft resistance mobilized again

5. Water present within the concrete pores expand during phase change
6. More water is attracted around the pile

7. Chemical bonds in concrete might be broken

For the same conditions the thawing sequence can be described as below. The heating of the pile happens
due to the stop of thermal extraction or even regeneration in warmer summer months.

1. Thermal expansion of pile in all directions, but constrained by a structural load at the top and in stiff
sand layer.

2. Increase in axial stress, but very unlikely that it reaches axial strength of concrete pile.

3. Increase in base and head pressure

2.3.2. Mechanical behaviour
A well-known issue with temperature change of materials is the volume reduction and expansion that occurs.
This change also develops within energy piles, since the aggregates in the concrete will cause a temperature-
dependent volume change of the pile in radial and axial direction (thermal load). Three pile head conditions
can be considered, there is the free head pile for piles under flexible structures, the fixed-head pile which is
founded under a rigid structure and an intermediate situation (Habert et al., 2019). For the computation of
the radial expansion and contraction, the diameter, the thermal expansion coefficient and the temperature
difference of the pile are necessary.

When the expansion of the pile is stored as free strain €7_ £y, i.€. the pile is unrestrained (Knellwolf et al.,
2011), equation 2.28 can be used with « as coefficient of thermal expansion and AT as change in temperature.

€T—-free = A x AT (2.28)

However, the volume change does not occur under free expansion conditions. Due to the presence of the
soil around the pile, i.e. the stiff base layer and the structure on top of the pile, a thermally induced stress
develops and the pile will not be able to fully expand. The strain that is observed and not transformed to a
load is called the observed strain €7_,pserveq- The ratio between the observed and free strain is the degree of
freedom n (Knellwolf et al., 2011). From this follows equation 2.29 and the difference between the free and the
observed strain is called € 7_,¢5;rained- By now assuming a linear elastic behaviour of the pile, the temperature
induced stress can be calculated by equation 2.30 with Ej,;, as the stiffness. The additional load on the pile
is then found by multiplying the stress with the cross sectional area of the pile (Bourne-Webb et al., 2013).
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€T—observed = N X A X AT (2.29) 01 = Epile X €T-restrained (2.30)

Since the pile will not be totally restrained, the expansion forces induced by heating will tend to mobilize
the extra developed load in the form of shaft resistance gy f;, as in figure 2.25a and 2.25b. So in case of stiffer
base layer, more load is developed and less shaft resistance is mobilized.
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Figure 2.25: Restrained pile during heating and cooling (Bourne-Webb et al., 2013)

The earlier analysis is without a mechanical load on top of the pile, which in a real situation needs to be
included. The effects of these combined loads without restraints are depicted in figure 2.26a and 2.26b. The
mechanical load on itself creates, in case of a homogeneous layer around the pile, a linear decreasing load
profile from the top and a constant shaft friction along the pile.
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Figure 2.26: Restrained pile during heating and cooling plus mechanical loading (Bourne-Webb et al., 2013)
2.3.3. Dynamic behaviour
During the lifetime of an energy pile it will experience multiple thermal cycles, which causes a variation in

stresses in the pile and mobilized shaft resistance at the soil-pile interface. The following phenomena can be
considered:

¢ Redistribution of axial stress in the pile
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¢ Ratcheting
Ratcheting is displacement of the pile. Due to expansion and pile fixed at top, the pile expands down-
wards. Small failure in soil at the bottom can occur when this base pressure increases. A new cycle will
go further through soil and whole process is repeated. After multiple cycles a substantial pile displace-
ment can occur.

* Freeze-thaw fatigue damage in concrete

For ratcheting the steps can be as follows: (i) the pile is lifted due to contraction, (ii) load P is constant and
causes the pile to settle more in the end-bearing layer, (iii) in case of frictional piles, more shaft resistance
will be mobilized around the shaft, and (iv) if this process repeats as a result of expansion-contraction cycles,
ratcheting takes place.

Ngetal. (2014a) observed ratcheting settlement of piles in clays and mentions that it is a main problem for
the serviceability limit state (SLS) design of energy piles. In figure 2.27 the ratcheting mechanism is visualised
with the shaft resistance fully mobilised. In the first step (a), a force F is applied that is bigger than the ulti-
mate shaft resistance, so some extra base resistance is necessary to balance E Due to this extra resistance, the
pile will settle a little bit yy. In case of cooling (b), the pile will contract while no shaft resistance can be mo-
bilised anymore above the neutral plane, while under the neutral plane the shaft resistance will be reduced.
The base resistance has to increase again to compensate the loss of shaft resistance, this effect will lead to
a small settlement of the pile y;). When a heating cycle follows (c) and the load F is still present, the pile
will expand. This expansion reverses the shear stresses above the neutral plane and will mobilise more base
resistance, resulting in even more settlement yj ). After one heating/cooling cycle, another cooling phase
is introduced, this leads to contraction of the pile and less mobilized base resistance. The cyclic behaviour
which has led to accumulative displacement, shown in graph e as result of increasing base resistance, is called
ratcheting.
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Figure 2.27: Ratcheting (Bourne-Webb and Bodas Freitas, 2018)

2.3.4. Soil-pile interface

The performance of a pile foundation is highly dependent on the properties of the interface (Li and Lu, 2011).
During thermal loading a variation in radial contact pressure can develop at the interface, which could be one
of the reasons of the change in shaft resistance. An experimental and numerical study was done by Olgun et al.
(2014) on this phenomena. They checked if this could be the reason for the increase in pile capacity during
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heating. One of the findings was an increase of less than 15 kPa in radial contact pressure, which was not
significant enough to explain the increase in shaft resistance that occurs during the heating. In figure 2.28 the
increase in contact pressure is depicted as elastic soil and pile, which can be represented with two springs.
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Figure 2.28: Expansion of pile in free, fixed and actual condition during heating (Olgun et al., 2014)

Adfreezing effects

Adfreezing forces can result in upward displacement of the pile foundation. This happens due to the ice for-
mation and by water movement to the freezing area (Henry, 2000), i.e. cryosuction. Research is mainly done
at permafrost areas. The adfreeze bond strength 7, is the parameter used for the pile design in permafrost
described as equation 2.31 with ¢, cohesion at the interface, ¢, friction angle at the interface and p, normal
stress acting on the interface (Andersland and Ladanyi, 1994).

Ta=Cq+putan(dy) (2.31)

According to Andersland and Ladanyi (1994) it is difficult to predict the magnitude of these forces since
it depends on many variables. An example that can help to indicate the forces F [kgf] (kilogram x force)
on a pile is described by equation 2.32 by Dalmatov in which L [cm] is the perimeter of the pile in contact,
hq [cm] the thickness of the frozen zone, Ty, [°C] the minimum soil temperature in the frozen zone and b
and c are experimentally determined (Andersland and Ladanyi, 1994). Table 2.4 shows some values for b and
¢, but they should be used with care since these are still pile and site specific. The ice forming process will
continue unless there is not enough water left in the soil, this plays a crucial role in the occurrence of frost
heave (Arenson et al., 2008; Tian et al., 2014). Frost heave is dependent on the freezing rate, soil properties
and the overburden pressure. A low freezing rate could cause more frost heave (Henry, 2000).

F=Lha(c—0.5bTy) (2.32)

Table 2.4: b and ¢ parameters from (Morgenstern et al., 1975)

Soil type c [kgf/cmz] b [kgf/cmz]
Morane loam 0.5 0.12
Silt loam 0.4 0.10
Heavy silt loam with sand 0.4 0.16
Silty loam 0.5 0.18

Sandy loam 0.7 0.22
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2.4. Freezing-thawing resistance of concrete

The strength, thermal conductivity and its resistance to frost degradation are important factors that have to
be considered during the design of an energy pile. The heat transfer of a thermal concrete structure is mainly
dependent on the thermal conductivity and together with the dimensions of the pile it determines the ther-
mal resistance. The thermal conductivity of concrete ranges between 1-4 W/mk and is mostly dependent
on its aggregate (GSHP Association, 2012). The strength and frost resistance of concrete depends on its mix-
ture, i.e. aggregate, water, cement and admixtures. Research has been done on concrete exposed to severe
conditions, e.g. (Copuroglu, 2006). Typical deterioration effects mentioned are surface scaling and internal
cracking. Surface scaling is the loss of a surface portion of concrete and internal cracking results in more ex-
pansion cracking and decreases the mechanical properties of concrete (Copuroglu, 2006). The basic process
of frost action is initiated by water present in the concrete pores that is able to expand beyond the constraints
and exceeds the tensile strength of the concrete during freezing. When the pressure, generated as result of
freezing, accumulates every cycle due to a higher saturation, it can cause more permanent damage on the
concrete structure (Sahin et al., 2007). According to Yu et al. (2017) the water in the concrete pores freezes
below a temperature of around -3°C, but this is also dependent on the solutes present.

2.4.1. Aggregates

Aggregates make around 70% of a concrete mixture and must be selected to be durable and produce consis-
tent strength and workability. The strength is an important factor in the selection of aggregates. A well-graded
aggregate increases the strength, reduces the permeability, which results in more frost resistance. Since it is
the main component, the choice of aggregate type also determines the thermal conductivity.

2.4.2. Water-cement ratio

The behaviour of concrete during freezing is mainly determined by its water-cement (W/C) ratio. Its resis-
tance to freezing increases as the ratio decreases. Since a high ratio will lead to a higher permeability and
thereby an increase in capillary forces as well. This even changed the Dutch standard of concrete mixtures,
wherein it was allowed to use mixtures without air entrainment agents for concrete mixtures with a water-
cement ratio lower than 0.45 (Copuroglu, 2006), see XF4 table 2.5. However, it is important to bear in mind
that a change in water-cement ratio also influences the final strength and workability of the concrete. A lower
W/C ratio will decrease the workability and increase the final strength. It is therefore important to know how
much water is present, or what W/C ratio is used in the concrete pile.

2.4.3. Admixtures

Additives such as fly ash are used to replace a certain amount of cement and also increase the concrete
strength. The fine ash improves the workability of the concrete and thereby decreases the need of water
for the workability. Its fine characteristic helps to reduce the permeability.

2.4.4. Air entrainment

To improve the resistance to severe conditions air entrainment admixtures are often used. Air entrainment
makes the concrete more resistant to the frost damage by providing small air pores (=300 pum), which prevents
that water can intrude by capillary forces. It also provides an extra space for the release of pressure during
the expansion of ice. However, it also results in a decrease in density of the concrete, which reduces the
thermal conductivity and the concrete strength. This reduction in strength can be counteracted by reducing
the water-cement ratio.

2.4.5. Environmental classes

In NEN8005 the amount of air entrainment and other components are mentioned for concrete in different
environmental classes. These four exposure classes are based on the natural occurrence of water and the
amount of solutes already present. In table 2.5 the requirements for concrete exposed to freeze-thaw cycles
are summarized described in NEN8005. Many available guidelines advice to use a water-cement ratio less
than 0.5 for concrete exposed to freezing and thawing conditions.

¢ XF1, moderate water saturation without salt

¢ XF2, moderate water saturation with salt
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» XF3, high water saturation without salt

» XF4, high water saturation with salt

Table 2.5: Concrete requirements freeze-thaw environments

Max Max grain

. Min . Air content
Environmental class water-cement factor / . size
. cement / binder [% of volume]
water-binder factor [mm)]
XF1 0.55 300 - -
63 3.0
31.5 3.5
XF2 0.55 300 16 40
8 5.0
XF2 0.45 300 - -
XF3 0.50 300 - -
63 3.0
31.5 3.5
XF4 0.50 300 16 40
8 5.0
XF4 0.45 320 - -

2.4.6. Overview
The overview below summarises the effect of the concrete mixture on the design factors thermal conductivity,
concrete strength and frost resistance.

Thermal conductivity Concrete strength  Frost resistance
Aggregate (Well-graded) 2 (limestone) - 7 W/mk (quartz) Increase Increase
Increase in W/C ratio Decrease Decrease Decrease
Air-entrainment agent (AEA) | Decrease Decrease Increase
Fly ash / silica fume Decrease Increase Depends on mixture

Table 2.6: Effect on thermal conductivity and frost resistance of concrete

2.4.7. Dynamic modulus of elasticity

In literature several papers exist that describe the change in concrete strength after a certain amount of freez-
ing and thawing cycles based on the dynamic characteristics of the pile, e.g. (Li and Lu, 2011; Yu et al., 2017).
In Wotherspoon et al. (2010) a test with seasonal conditions (-10°C until 23°C) is described and found that the
effective stress during frozen conditions increased with 170%. An equation is proposed in (Yu et al., 2017),
which describes the freeze-thaw fatigue damage of concrete after certain amount of cycles. The dynamic
modulus of elasticity E,, is chosen here as damage variable, which describes the deformation resistance of the
pile foundation exposed to dynamic loads. Furthermore, two environmental conditions are distinguished, a
natural water environment and a saline environment. The equations below consider the natural water con-
dition, wherein Ej is the initial dynamic modulus of elasticity, N is the fatigue life of concrete and n is the
amount of freeze-thaw cycles the concrete is exposed to. In equation 2.34 the material parameter £ is intro-
duced, this parameter relates many concrete properties (e.g. water-cement ratio, compressive strength, air
content, etc.) to the frost susceptibility. The lower S, the better it is resistant to the freezing circumstances.

ﬂ _ 0.6log(N) (2.33) f= 0.4
Ey log(N)-0.4log(N—-n) log(N)

(2.34)
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2.5. Design of pile foundations

Foundations are constructed in various ways and exist in many types. To begin with the manufacturing of
a pile foundation could take place in-situ or as precasted pile. Another difference is its loading, this could
be compression, tension and/or lateral. Apart from that there are different methods of transferring a load,
which could be via the shaft, tip or both. For the calculation of the bearing capacity of a pile foundation and
taking into account the mechanical properties such as the cohesion and the internal friction angle, Brinch
Hansen or the Koppejan method could be used in combination with cone penetration tests. Another option
that results in the best prediction of the pile capacity is by making use of a test load, however this option is in
most cases too expensive due to the high loads that have to be applied on the pile (Verruijt, 1990).

Piles in the Netherlands are designed according to the Dutch and European norm, NEN (2017) and Eu-
rocode 7. The foundation types in the Netherlands differ according to the location and its geological history.
In the western part of the Netherlands the bearing layer is often reached by using pile foundations, while
in other parts of the Netherlands a concrete slab is mostly sufficient to transfer the loads to a bearing layer.
This is also visible in figure 2.29. The stiff sand layers from Pleistocene often represent the foundation for
many structures. Above these sand layers the soft Holocene layers are found, which mainly consist of marine
clays with sometimes a peat layer in between. The pile length depends on the type of structure, but varies
between 10 to 20 m for most constructions. Large constructions such as high buildings could even demand
pile lengths of +50 m.

Figure 2.29: Top of Pleistocene from NAP level Netherlands (TNO, 2013)

2.5.1. Bearing capacity

In practice most formulas for bearing capacity are based on the cone penetration test (CPT), which is used
as preliminary soil test for foundation design. A correlation is found between the results from a CPT test
and the bearing capacity of a pile foundation. The (positive) shaft resistance (Rspqf; in equation 2.40) and
tip resistance (R;;p in equation 2.36) contribute both to this total bearing capacity (R;o4;) in equation 2.35).
However, since there exist a positive shaft friction, the negative variant has to be considered as well. It has to
be subtracted from the tip and positive shaft resistance.

Riotal = Rtip + Rshaft,pos - Rshaft,neg (2.35)
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Tip resistance

The method used in the Netherlands for the calculation of the tip resistance is established on experience. This
method is called the Koppejan method in which the parts contributing to the pile tip capacity are taken into
account. Equation 2.37 represents the formula of the tip resistance gtip;max. q1, g2 and gs are respectively
the average CPT values 4D below the tip, at 0.7 and 8D above the tip, see figure 2.30. a, is the pile class factor,
B is the factor for the shape of the foot of the pile and s is takes the cross section of the foot into account, see
appendix B (Mw, 2012).

Riip = Atip X qrip (2.36)

1 qc;1;avg 1 qe;2;av
qtip;max = > X@px fxsx (% + qc;S;aug) (2.37)
N
1l \ 3
'\\ 8 Deg
/, L 0,7a4 Deq
Il |

Figure 2.30: 4D/8D method

Another method mentioned earlier is the method of Brinch Hansen, which can be chosen when CPT re-
sults are not available. Brinch Hansen included the shape of the loaded area, inclination load and inclined
soil surface, see equation 2.38. Furthermore, the bearing capacity coefficients N; and N, which are a func-
tion of the friction angle, are also necessary. This equation can be used for the bearing capacity of the tip of a
foundation pile in which ¢ and c are from the sand layer and q is the load imposed by the weight of the soft
layers above. For an axial compressed pile (i; = i = 1) equation 2.39 is used.

, , .1
p=icsccNe+igsqqNg+ lySYEYBNY (2.38)
’ .1 ,
qtipymax =0 X Ng X SgXig+ zyBefNylysy (2.39)
Shaft resistance

The bearing capacity of a pile is also derived from the part with positive shaft resistance pmax;shafzs;pos» S€€
equation 2.40 and 2.42 with a; as correction factor for installation type, which is different for each soil type,
see NEN (2017), and g, the cone resistance. In sand this shaft resistance comes from the friction between the
pile material and the soil, while for a clay this is caused due to the adhesion between the pile material and the
clay particles. For the mobilization of the shaft resistance a small slip in the order of mm is often sufficient,
while the tip needs more displacement before it is mobilized (e.g. 10% of pile diameter as rule of thumb). A
simple method to analyse this process is by using load-displacement curves. Another way to come up with
the behaviour of a pile is by making use of the finite element method in which the pile foundation and soil
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are dividing it into elements. These elements represent the soil and structural characteristics. The measured
resistance is directly related to the maximum shear force along the pile. The mobilized shaft friction can then
be determined by a load-settlement curve.

Pmax;shaft;pos = ®s X {c (2.40)

There is also negative shaft resistance which is observed mainly in soft soils as a result of consolidation
due to dissipation of excess pore pressure. It is considered negative since it acts in the other direction to the
positive upward skin friction formed by pile settlement relative to the soil. The consolidation increases the
effective stress in the soil, which results in an increase in shear stress on the pile. The negative skin friction is
the most common problem in the design and construction of pile foundations in compressible soils. It could
be the result of loads on the surface, lowering of groundwater level and consolidation of the soil. In case of
tension piles it occurs when the surrounding soil heaves. These processes will pull on the pile wall, which
causes a dragload. This dragload is increasing when the tip resistance is also increasing, since in this case
the neutral plane also lies closer to the tip. The slip method is mainly used to determine this dragload, see
equation 2.41, wherein Ky = 1 — sin(¢) and § is equal to ¢’ for cast in-place or is equal to 0.75¢’ for prefab
piles (NEN, 2017). In the guideline of the United States Army Corps of Engineers (USACE) the § is also given
in figure 2.31 for different pile materials. In appendix B an example calculation for the negative skin friction
is performed.

!
Pmax;shaft;neg =Koxtandxo, (2.41)
Rshaft=Opilefopmax;shaftdz (2.42)
Pile Material i)
Steel 0.67 ¢ to 0.83 ¢
Concrete 0.90 ¢ to 1.0 ¢
Timber 0.80 ¢ to 1.0 ¢

Figure 2.31: Values of §

Neutral point

The depth at which positive and negative shaft resistance switch is called the neutral point, see figure 5.7. At
this location of the pile no relative displacements between pile and soil take place and the axial stress of the
pile is at its maximum. The neutral plane in the Netherlands lies often at the boundary between the soft layers
and the bearing sand layer, but its position could change. Since the pile is often embedded in the stiff sand
layer no substantial displacements are normally expected that are able to move the neutral plane upwards.
But when this happens it is possible that a part of the negative shaft resistance turns into additional positive
shaft resistance, i.e. more shaft resistance is mobilized, which then results in a new stability equilibrium of
the pile. In the calculation according to the norm NEN (2017) this does not happen since the total bearing
capacity is only calculated with the shaft resistance from the bearing layer. In D-foundations the bearing
capacities of piles can be calculated with different neutral planes and safety factors according NEN (2017).
The behaviour of the neutral plane during thermal loading is also important to look at since expansion and
contraction of the pile happens below and above this neutral location. This also counts for a degradation of
the interface friction, this might change the distribution of shaft resistance along the pile as well.
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Figure 2.32: (a)Position of neutral plane, (b) settlements pile and soil, (c) No negative skin friction, (d) negative skin friction (Briaud,
2013)

Precautionary measures downdrag

In the Dutch norm (NEN, 2017) axial compressed piles are only designed on the mobilized shaft and tip
resistance of the bearing sand layers, the resistance from the soft layers above these bearing layers is not
included. For tension piles in (NEN, 2017) a reduction factor exist in case of flipping between tension and
compression. If the load is completely flipping a reduction factor is applied. In case of small cyclic load
variations a smaller reduction factor is used.

2.5.2, Static pile load tests

General behaviour of a pile is visualized with help of a load test. In a load test the settlement of a pile is
observed during the application of load steps. The settlement behaviour determines the ultimate bearing
capacity, which is for coarse grained soil determined at a load that causes a settlement of 10% of the diameter
of the pile. For fine grained soils this is visible at the start of the non-linear part of the load-displacement
curve, where plastic deformations start to occur. The settlement of a pile is a summation of the settlement in
the tip and the compression of the pile. The compression of the pile depends on the average load B, the length
L of the pile, the cross sectional area A, and its stiffness E);;,, see equation 2.43.

PxL

(2.43)
Apite x Epile

Stop = Stip t+

The curve is often represented by a linear elastic perfectly plastic curve in which the first elastic part can
be represented by equation 2.44 with spring constant k.

(2.44)

Within this research a single pile is used and tested under different conditions. To be able to compare the
results of thermal loads on the pile a good prediction of the bearing capacity is necessary.

2.5.3. Limit state design

There are two important limit states considered in foundation design: (i) the ultimate limit state (ULS) for
safety of the foundation against soil failure and (ii) serviceability limit state (SLS) for minimizing the settle-
ments of the foundation such that there is no loss in functionality. For the ULS the resistance from the shaft
and the tip must be sufficient to handle the load. The SLS checks whether the foundation has a certain safety
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against excessive settlements under a predetermined load. To ensure that a pile foundation sustains a certain
load, safety factors y are used within the calculation. This is done with a safety factor over the load and a
factor for the calculated resistances, see 2.45. For the resistance part it is possible to apply safety factors over
the material properties instead of applying it over the total resistance.

v x load <y x Resistance (2.45)

The ultimate bearing capacity for a compression pile is a combination of the tip and shaft resistance:

Fr;max = Fr;max;tip + Fr;max;shaft (2.46)

Frimax;tip = Atip X Primax;tip (2.47) Frimax;shaft = Op;avg X @shaft X qc % 1 (2.48)

2.5.4. Geotechnical design process

In figure 2.33 the design process of a mechanical loaded pile is shown with some additions for a thermal-
mechanical loaded (energy) pile. As mentioned earlier it is the structural behaviour of the foundation that
determines the pile size, so first the pile is calculated with the ULS and the corresponding safety factors. The
next step is to check the SLS of the pile, which includes also the thermal loads on the pile. Hereafter a decision
is made on the dimensions.

B Common pile design B Thermal pile design
Pile design (ULS)
FoS around 2

(peCl

EEFINGg-ing

h 4

Displacements soil and pile (SLS)
Thermal expansion / coniraction, exira pile
stresses. Free or fived head

h
Check concrete stresses = concrete sirengih

I not acceptable, increase sizg andfor siifiness

and che
Check settlement due to thermal creep

v

Include cyclic live loads

Figure 2.33: Geotechnical design process of an energy pile

2.5.5. Vertical borehole heat exchangers (BHE)

An analysis of the design standards of a borehole heat exchanger is useful for the research on energy piles.
Borehole heat exchangers can be found in many places including the Netherlands. The inlet temperature
and flow rate are often the main design parameters, but these also depend on the pipe-layout of the heat
exchanger and on the heat demand of the structure. An example of the lay-out of a pile is depicted in figure
2.34. When embedded in concrete the pipe has often a U-shape, but there are also situations where W-shapes
or multiple U-shapes are applied. The expected heating and cooling demand of a building determines how
many piles are necessary, but also the depth of the piles and their configuration.
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Figure 2.34: Pile lay-out including heat transfer pipes in U-shape Figure 2.35: Building supported by energy piles
(Olgun et al., 2015) (Olgun et al., 2015)

2.5.6. Energy piles

The system contains two parts of which one is the heating system in the building (secondary) and the other
part is the pipe within the foundation pile (primary), see figure 2.35. Both parts are connected by a heat
pump. The piles are either prefabricated driven piles or cast-in-place piles. The method of installation is
influencing the conductivity of the soil, since for a soil displacement pile the conductivity of the soil along
the pile will increase due to the densification. The depth of the energy piles is dependent on its structural
function and not adjusted for its heat exchange function. Its cyclic loading is new for the industry and differs
in the way that behaviour during design life should be incorporated, see figure 2.33. It demands a pile design
that is capable of handling short-term and long-term temperature variation, 15-20 °C (GSHP Association,
2012). The variation in this temperature results in a change of axial stress and mobilized shaft resistance.
The designer should also evaluate the live load such as freeze-thaw cycles in combination with other loads
that could affect the piles capacity. Figure 2.36 shows the three designers that are responsible in the design
process of an energy pile system and their responsibilities.

Desk Study (5.2) Desk Study (5.2) Desk study (5.2)
Thermal loads Sl Data (5.3) Sl data (5.3)
(5.5) Thermal loads (5.5) Pile loads (5.4)
‘ ‘ ‘ Factor of Safety
- GHSP - Pile Designer [IEREIPHT. 'Y
A — Designer A — Guldance Notes)

* Heating/ cooling Heat demand » Load requirements
requirement (thermai Heat transfer » Settlement assessment
load profile) Heat storage + Temperature range agreed

« Ground heat storage Pile/soil interface temp. with GSHP Designer

» Renewables [ carhon agreed with Pile Designer « Cyclic effect of large AT
reduction assessment Pile/concrete thermal = Shaft friction

properties * Limiting concrete stress
COPs | SPFs

Figure 2.36: General energy pile design approach according to (GSHP Association, 2012)
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Cyclic behaviour

The cyclic behaviour observed in energy piles is comparable with the behaviour of offshore structures under
cyclic wave loading. The variation in axial pile loading is therefore investigated before(Sutman et al., 2019).
The difference between the energy pile and a pile offshore is the deformation of the pile itself, since in offshore
the pile as a whole moves, while the energy pile is cyclically loaded due to thermal expansion and contraction.
Another difference is the frequency of the load, which is for energy piles daily and seasonal.

Existing guidelines

Guidelines for ground source heating systems developed already in the 80s in Austria, Germany and Switzer-
land (Sanner, 2017). Most consider horizontal and vertical BHE, but among those some also mention energy
piles, even though the structural functionality is not assessed. It is important to bear in mind that each guide-
line is often meant for local climate and soil conditions. An overview of some guidelines with their important
freezing remarks is shown below in table ??. Some precautionary measures mentioned are a temperature
limit of the fluid, overdimensioning the piles and calculating the heat demand of a peak demand year. They
are not all really cost attractive due to the extra material or loss in efficiency and they often miss a scientific
basis. For more information on the development of guidelines the reader is referred to Sanner (2017).

Table 2.7: Existing guideline and their freezing remarks

Guidelines Included Freezing soil remarks
Netherlands

TNO (2003) Energy pile Trluid > -2°C
ISSO-Publicatie 73 (2005) | BHE Tfluid >-3°C
BodemenergieNL BHE Trluid >-3°C
Germany

VDI4640-1 (2010) BHE Tshafe > 0°C

Sweden

Normbrunn 16 (2016) Deep BHE Northern part Sweden Trluid <0 °C allowed, rest is T>0°C
Austria

OWAV RB 207 (2009)

Spain

UNE 100715-1 (2014) BHE Triuia > -2°C

United Kingdom

MIS 3005 (2017) BHE Tfiyia >0°C

GSHPA (2012) BHE, Energy pile  Tsnar:>0, Triuia>2
Switzerland

SN 546 384/6 (2010) BHE Tfiyia > 0°Cand Tgpqp>0°C
USA and Canada

NHBC (2010) BHE Triuia > 2°C

Europe

CEN EN1SO 17628 (2015) | BHE
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2.6. Full-scale tests

The behaviour of energy piles is also studied in full-scale and laboratory environments. The tests are nec-
essary to build confidence in the construction market, but also to allow validation for example energy pile
simulations. Two well-known experimental full-scale tests are described below. The tests did not take place
in soil conditions as in the Netherlands, but more in homogeneous stiff soils or piles founded on rock layers.
They are used for many other projects due to the extensive data and literature that is available. The test were
able capture certain phenomena related to the thermal cycles of an energy pile. The first study about the
Lausanne pile considers an end-bearing pile, while the London variant is a floating pile in the stiff London
clay. More information about the two famous tests is explained below.

2.6.1. Energy pile in Lausanne

At the Swiss Federal institute of Technology a full-scale experiment of an energy pile took place (Laloui et al.,
2006). During this test the pile was subjected to thermal-mechanical loading. The objective of this test was to
better understand the change in pile axial stress due to the thermal load applied on the pile. Several sensors
measured the uplift, mobilization of the side friction and stress generated inside the pile, see figure 2.37 for
soil profile and instrumentation of test pile. The tip of the pile reaches a rock layer, which makes this pile
an end-bearing pile. Figure 2.38 shows the imposed cooling and heating cycle in AT to the pile, while a
temperature of the ground of 15 °C is assumed and the mechanical load on top is constant at 1300 kN. The
characteristics of the pile are mentioned in table 2.8.

Table 2.8: Pile characteristics Lausanne

Length [m] Diameter [mm] Density [kg/m3] Stiffness E [MPa]

Pile 25.8 880 2500 29200
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of 15°C (Laloui et al., 2006)

Figure 2.37: Soil profile test site Lausanne (Laloui et al., 2006)

In figure 2.39 and 2.40 the temperature after the heating-cooling cycle and the vertical stress in the pile is
shown. For more test results the reader is referred to Laloui et al. (2006).
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Figure 2.39: Temperature results of experimental pile Lausanne

2.6.2. Energy pile in London
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Figure 2.40: Vertical stress within pile

At Lambeth College in London an energy pile test is conducted over a period of seven weeks (Bourne-Webb
et al., 2009). During this test the behaviour such as the concrete stress change of the pile in London stiff clay
is observed. The pile obtains its bearing capacity mainly from the shaft resistance, which is different from the
Lausanne pile as mentioned before. This resistance is considered high enough to handle the shear stresses
mobilised at the soil-pile interface during the imposed thermal cycles, which also means that the affect on
the capacity of the pile is rather low. In figure 2.41 the thermal load on the test pile is shown. The pile is also
mechanical loaded with an initial loading test of 1800 kN, after which the pile is unloaded. Then during the
cooling and heating cycle the pile has a constant head load of 1200 kN. Figure 2.42 and 2.43 show the axial

load induced by the heating and by the cooling cycle.
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Figure 2.41: Imposed thermal cycle London energy pile
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2.7. Constitutive Modelling

Constitutive soil models aim to approximate real soil behaviour by describing the response during loading.
For each situation one of the models is more appropriate than others, so their characteristics, e.g. limita-
tions, have to be clear beforehand. An appropriate constitutive model will define at least how stresses and
strains are related. This section describes the thermo-hydro-mechanical (THM) modelling of soil, particu-
larly into the finite element program Plaxis 2D and its limitations with respect to freezing-thawing. Hereafter
the Hardening Soil-Small (HSS) model is explained.

2.7.1. Thermo-Hydro-Mechanical coupling

To approach the multi-physical behaviour of soils around energy piles it is essential to use a THM model.
Many interactions during thermal variations have to be considered, see figure 2.44 for an overview of phe-
nomena when considering freezing-thawing. Many processes are influenced by each other. Examples men-
tioned are ice formation, latent heat, change in ice-water balance, unfrozen water in frozen soil, volume
change due to ice formation and suction.

Thermal conduction
considering latent heat

Effective stress change
due to pore pressure change

*

Pore pressure change
due to volumetric strain

Figure 2.44: THM processes in frozen and unfrozen soils (Li et al., 2009)

The standard thermal add-on module of Plaxis without considering a constitutive model for frozen-unfrozen
soil is not capable of investigating all processes. However, one important process that is captured, indepen-
dent of the constitutive model, is the thermal expansion of water. The expansion is significant during phase
change (Plaxis, 2015) and could result in variations in pore pressures and more plastic strains. In Auken-
thaler et al. (2016) a user-defined soil model for Plaxis is introduced that is able to simulate the behaviour of
frozen and unfrozen soils by including suction and temperature-dependent stiffness and strength. However,
many parameters are necessary and their determination is cumbersome. So either quite a few guesses have
to be made for the parameters or some processes are manually included, e.g. by extra construction phases.
Table 2.9 shows the phenomena captured in the THM with a HSS model of Plaxis. In Appendix §D.2.5 an
explanation is given on how some processes work in Plaxis fully-coupled THM model. About phase changing
materials the Plaxis manual also warns in terms of numerical stability (Plaxis, 2019b):

"The heat transfer behaviour becomes highly nonlinear when phase change occurs. This high non-linearity
may create numerical instability. To achieve convergence the number of iterations can be increased."
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Table 2.9: Important modelling features in THM Plaxis with HSS model

Included in THM with HSS model NOT included in THM with HSS model
Thermal dependent fluid and ice properties | Creep behaviour of frozen soils

Conductive and convective heat transfer Thermal softening of soil

thermal expansion/contraction materials Temperature dependent plastic yield functions
Latent heat Temperature dependent expansion coefficients
SFCC curves Cryogenic suction

Vapour diffusion (for unsaturated soils) Adfreezing forces

Hysteresis Change in stiffness and cohesion after cycles

2.7.2. Hardening Soil with Small-Strain

The most commonly used models are the Mohr-Coulomb (MC) and the Hardening Soil (HS) model. The
MC model is often preferred for fast calculations, but it does not cover the behaviour of soils such as stress-
dependent stiffness and irreversible strains during primary compression. The HS model, an elastoplastic
model with isotropic hardening, takes this into account. An extension of this model, the Hardening Soil
Small-Strain (HSS) model, goes even further by also considering the higher soil stiffness at very small strains,
figure 2.45, and thereby also the simulation of hysteresis of soil. At very small shear strains the soil might
behave as a linear elastic material and at increasing strains a non-linear decrease in stiffness is expected.
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Figure 2.45: Stiffness-strain soil behavior Figure 2.46: Stiffness parameters of HSS in a triaxial test
(Skels and Bondars, 2017) (Brinkgreve et al., 2017)

Certain features in soil behaviour are important to address to simulate thermal cycles around a pile. In
the first place the soil behaves in nature non-linear, which is captured by the HS model. However, due to
the exposure to thermal cycles unloading-reloading behaviour is expected and the expansion coefficient are
within the range of small to very small strain ranges, so the HSS model is recommended by Plaxis. One of
the differences between the MC and the HSS model is the use of the parameters that describe its stiffness
behaviour with secant stiffness Esg, tangent stiffness E,.; and unloading-reloading stiffness E,, see figure
2.46. Table 2.10 shows all parameters used and their derivation for in the HSS model.
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Table 2.10: Required soil parameters HSS model

Parameter Explanation Derivation (Brinkgreve et al., 2017)

E;i{; Tangent stiffness in oedometer test E;ig = 30090 [cpa

Esrgf Secant stiffness in drained triaxial test E;gf = ZEZE i [kPa]

E,r;;f Unload/reload stiffness in drained triaxial test E ,r;f = 3E£§f [kPa]

Ggef Shear modulus at very small strain range Ggef =(2.5-10) x G,rfrf or Ggef =33 x W [kPa]
ref . N ref E er;f

Gy, Unloading/reloading shear modulus Gur = 3w [kPa]

Vur Poisson’s ratio for unloading/reloading -

m The rate of stress dependency of stiffness 0.5(sand) - 1.0(soft clay)

Yo7 Shear strain level at 72% of G, (1-2)x107*

pref Reference stress level Default set at 100 [kPa]

The unloading/reloading stiffness is considered elastic and for the first unloading cycle the same as the
initial tangent modulus of the whole loading curve. By using a modulus reduction curve the HSS model in
Plaxis is able to simulate hysteretic damping during cyclic loading, see figure 2.47 and 2.48 (Brinkgreve et al.,
2007). It shows the degradation of shear stiffness with shear strain and as long as the G,,; is not reached during
cycling the damping can increase. Higher value of cyclic shear strain is also related to a higher damping factor.
However, the HSS model is not able to cover the accumulation of irreversible volumetric straining.

250000

0.722 GO

200000

150000 17

Shear modulus

100000

Damping ratio

50000

NG o Gs

0.00001

0.0001
Shear strain

0.001

Figure 2.47: Reduction of the secant and tangent shear modulus in
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2.8. Literature summary

The overview of the literature study is divided by soil-, pile- and interface behaviour. The last part of this

section is dedicated to the expected implications and their influence on design.

2.8.1. Soil behaviour

Within the literature study several freezing and thawing consequences related to the physical, mechanical
and hydraulic behaviour are reviewed. Table 2.11 gives an overview of those consequences. A subdivision is

made on the state of the soil (i.e. frozen, thawed, multiple cycles) and the grain size as in fine or coarse.

Table 2.11: Soil behaviour during freezing, thawing and multiple cycles

Frozen soil

Thawed soil

Freeze-thaw cycles

Fine Coarse
(+) Pore pressure
(+) Void ratio
Cryogenic suction

(-) Hydraulic conductivity
(+) Soil stiffness

(+) Thermal conductivity
(-) Heat capacity

(+) Soil strength

(+) Volume*

Fine Coarse

(+) Excess pore pressure
(-) Cohesion

(-) Void ratio

(+) Micro fissures

(-) Soil stiffness
(-) Soil strength
(-) Volume!

Fine Coarse

(-) Cohesion
(+) Plastic strains

(-) Soil stiffness
(-) Soil strength
(-) Volume*

1 Volume change is dependent on permeability. Expansion happens if ice growth goes faster than drainage of the soil.

2.8.2. Pile behaviour

Table 2.12 shows most relevant factors related the behaviour of a pile foundation exposed to freezing and

thawing conditions. The pile considered is fixed at the top and its tip is placed in a stiff sand layer.

Table 2.12: Pile behaviour during freezing, thawing and multiple cycles for a constrained pile

Freezing

Thawing

Freeze-thaw cycles

Contraction

Decrease in stress at head/tip

Frost heave

Broken chemical bonds in concrete

Expansion
Increase in stress head/tip

Ratcheting
Redistribution of stresses
Fatigue damage in concrete
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2.8.3. Visualisation of characteristics during non-isothermal conditions
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Figure 2.49: Visualisation of important pile and soil characteristics during non-isothermal conditions

2.8.4. Expected influence on settlements
During the operation of an energy pile many processes that affect the soil and pile take place due to its thermal
variation. Understanding whether these affect the functioning of a pile positive or negative is important. So
far the cyclic interactions are not fully understood and covered. In table 2.13 an overview is given of the
effect of phenomena on the serviceability limit state (SLS). An example of freezing-thawing is the negative
shaft resistance developed during thawing or the stresses developed by frost heaving forces during freezing.
A check of the ultimate limit state (ULS) could be performed on the shaft behaviour, when fully mobilized the
ultimate shaft resistance is reached. Furthermore, the ULS is reached when a settlement of 0.1D (10% pile
diameter) occurs.

Table 2.13: Influence of freezing and thawing on the SLS

Phenomena Potential result Influence on SLS
Freezing

Pile contraction Tendency of downward movement unfavourable
Ice formation Increase in solid contact pressure favourable
Increase in soil stiffness Hardening of soil favourable
Thawing

Pile expansion Upward movement unfavourable
Thaw consolidation Negative shaft resistance soft layers unfavourable
Excess pore pressure Decrease in effective stress unfavourable
Freezeing-thawing cycles

Ratcheting Permanent downward movement unfavourable
Soil structure degradation | Softening of soil (remoulded character) unfavourable
Decrease in soil cohesion Loss of shear strength unfavourable
Decrease in soil stiffness Softening of soil unfavourable




Thermal Analysis

An estimation of the amount of heat extraction until freezing around the pile is necessary for the geotechnical
analysis of freezing-thawing soils. First an analytical solution is used to get an idea about the extraction.
Hereafter, Comsol Multiphysics is used for the heat transfer in a pile group and around a single pile. This
choice is based on the ease of implementing thermal boundaries in the model, the use of 3D analysis for pile
groups and fluid pipes and the comparison of three methods to do temperature analyses, see appendix § C.3.
The modules for heat transfer through porous media, heat transfer in pipes and Darcy’s law are selected to
simulate the physics, e.g. conduction and convection. It will not consider the mechanical and structural
behaviour of the soil yet.

3.1. Analytical

The analytical solution in figure 3.1 could help to identify freezing at a certain distance of a thermal line
source. The solution is evaluated for different initial soil temperatures and pile diameters. It does not ac-
count for freezing and thawing by means of latent heat. The result is based on a continuous extraction of 12
months and only conduction is considered. As is shown for the single piles used with a diameter of 0.4 m,
temperatures below zero occur around 46 W/m continuous extraction for a year when considering an initial
soil temperature Tj of 12 °C.
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Figure 3.1: Freezing indication at the pile shaft based on 12 months of continuous extraction with A¢concrere = 2.33 W/ (mK)
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3.2, Pile group

The analytical indication did not include the group effect of thermal heat exchangers. A pile group model
in Comsol can help to identify this difference. The heat transfer in porous media module is selected for the
sand, clay and concrete domains. By setting a volume fraction of solids less than 1 it is possible to take the
convection into account. The geometry and its top view based on the semidetached house in figure 3.5 is
shown in figure 3.2. The domain size of the model is 60 m by 45 m with a depth of 22 m, which is considered
large enough to ignore any boundary effects for the chosen time of extraction, see Appendix § C.3. The initial
ground temperature is set at 12°C. The simplified soil stratigraphy is based on soil strata in the western part
of the Netherlands with soft Holocene layers on top and a stiff Pleistocene sand layer as base. The piles are
considered end-bearing at -16 m NAP in the so-called second sand layer.
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Figure 3.2: Geometry and top view Comsol pile group model

3.2.1. Boundary conditions

By setting a yearly temperature cycle at the top boundary the influence of the seasons is included, see figure
3.4. The other boundaries on the sides and bottom of the model are insulated, i.e. no heat flow across the
boundary. The influence of this insulated condition and the corresponding domain size can be neglected as
is shown in Appendix § C.3 in figure C.2 and C.3. All piles are activated as energy piles. The heat extraction by
the fluid in the heat pipes is simplified by considering a heat flux on the surface of the piles, see figure 3.3.

Figure 3.3: Simplified heat source Comsol 3D
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Figure 3.4: Thermal top boundary condition Comsol model

3.2.2. Heat demand

A realistic input can be acquired by taking the low temperature (35°C) heat demand of a household. The
heat and cool demand data is provided by Witteveen+Bos and shows the characteristic values of half of the
semidetached house shown in figure 3.5. The yearly low temperature heat demand is 20 x 10* MJ and cool
demand is 2430 MJ. However, for the analysis the heat and cool demand are taken for the total semidetached
house, i.e. 40 x 103 and 4860 MJ. The demand is divided over 12 months and in July and August only cooling
takes place. The extraction distribution for half of the semidetached house based on a Dutch gas demand is
depicted in figure 3.6 (CBS, 2016).

Figure 3.5: Semidetached house
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Figure 3.6: Monthly heat extraction based on gas demand (CBS, 2016)
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3.2.3. Soil and pile properties
Table 3.1 gives an overview of the pile and soil properties used in the single pile model. It also indicates where
the values are based on.

Table 3.1: Pile group parameters

Parameter Value Unit Based on

Pile

Foundation piles 12 - Symmetric pile plan

Pile spacing x 3 m Realistic spacing

Pile spacing y 5 m Realistic spacing

Activated piles 10-12 - Case 1 and 2

Diameter piles 0.4 m Assumption on limit to fit in heat pipes

Length piles 16 m 1 m penetration in second sand layer

Soil

Density sand 1900 kg/m®  Table2.bin (NEN, 2017)

Density clay 1750  kg/m®  Table2.bin (NEN, 2017)

Porosity sand 0.30 [-] Assumption

Porosity clay 0.15 [-] Assumption

Thermal conductivity sand 2.0 W/(mK) Within range mentioned in Sanner et al. (2013)
Thermal conductivity clay 1.8 W/(mK) Within range mentioned in Sanner et al. (2013)

Specific heat capacity sand ¢, 800 J/(kgK)  Sanner et al. (2013)
Specific heat capacity clay ¢, 875 J/(kgk)  Sanner et al. (2013)

3.2.4. Phase change

By enabling phase change in the soil domain the introduction of latent heat is possible around a specific
freezing point. This will give a sort of extra capacity of the soil to transfer heat, but will also cause an abrupt
change in specific heat. This will makes it hard to converge for the numerical model during the increase in
energy by latent heat (334 kJ/kg). To overcome this sudden variation, the phase change is introduced over
a temperature range, see figure 3.7. For the clay this range is larger (6°C) than for the sand (2°C) due to the
freezing point depression for water in finer soils. Besides this difference the freezing point of clay is set at -3°C,
while for sand it is -1°C. Important to mention that the freezing point in this figure has no specific physical
meaning, it is just a point which helps to define the SFCC curve.

Temperature
range
Bwater 1 < >
0 | :
Freezing T[]
point

Figure 3.7: Smooth applied phase change of water

3.3. Results pile group

The model is able to determine the temperature evolution through the different types of soil. The most critical
piles in the group are the two center piles, i.e. number 6 and 7. Figure 3.8 shows the temperature curves of the
edges of pile 6 and 7 in the first clay layer. The computation comprises a seven years analysis. 1.0Q (7 W/m)
stands for typical heat extraction from the model settings given in figure 3.6 and table 3.1. The increased heat
demands are denoted by 1.5Q, 2.0Q and could contain a +sign to indicate that the model does not include
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regeneration during the summer. Figure C.5 in Appendix § C.3 shows a 3D image to give the reader a better
idea about the temperature state in the model after 7 years.
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Figure 3.8: Average temperature at the pile edge of pile 6 in the first clay layer

The blue curve indicates that typical heat extraction in this pile group does not result in freezing circum-
stances at the center piles. Freezing conditions are reached at an increased extraction until an average of 10
W/m, i.e. 1.5Q. Although, the analytical approach for a simplified line solution gave a value of 46 W/m to
reach freezing. This is mainly caused by the group influence and the more enhanced model. The introduc-
tion of latent heat in the clay layer when the temperatures are further reduced is visible by the fluctuations
created by the numerical model. The cross section in figure 3.9 shows a slight reduction of the unfrozen water
content around the pile at the clays layers.

Unfrozen water
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Figure 3.9: Phase indication with cross section through piles 5, 6, 7 and 8 at day 1850
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3.4. Single pile

A single pile model is set up to get an idea about the temperature values for a single pile and if they corre-
spond with the analytical solution. It will also give a better understanding about the thermal resistance of
the concrete pile during the fluctuation of the fluid temperature. The soil stratigraphy, soil properties and
boundary conditions are kept the same. However, in the pile group analysis the heat transfer pipe and con-
crete pile were considered as one cylindrical source with a heat flux on the surface, see figure 3.3 and in this
single pile analysis the pipe with fluid flow is included.

3.4.1. Heat pipes

To be able to check the behaviour within the pile, a detailed analysis with a single pile is performed. As in
equation 3.1 the energy exchange between the tubes and the surrounding concrete and soil can be calculated
with extraction Q [W] as input and V4 as the volumetric flow rate (m3/s].

Q
Tinter = Toutler — 3.1
Pfluid * Cfluid * Vfiuid

The amount of pipes, the location from the edge and the distance between the inlet and outlet pipe can
be adjusted and are listed in table 3.2. See figure 3.10 with the embedded pipe and its temperature gradient
between the inlet and outlet.

Table 3.2: Plastic pipe properties single pile analysis

Parameters Value Unit
Pipe length 15.5 m
Pipe diameter 30 mm
Pipe wall thickness 2 mm
Pipe separation 250 mm

Thermal conductivity 0.18 W/(mK)
Specific heat capacity 1470  J/(kgK)

as 15,8

Figure 3.10: Temperature gradient within the fluid pipe

An anti-freeze solution is needed to prevent the freezing of the fluid in the pipe, but it should also have
good thermal performance. The disadvantage is a increase in viscosity of the fluid, which is not in favor for
the pumping power and thereby the overall systems efficiency. For the optimal heat transfer of the fluid in the
pipes a low thermal resistivity between the fluid and the pipe surface is preferred. This is possible by making
the flow between laminar and turbulent, i.e. transitional. Important to bear in mind that fluid flow within the
pump should be laminar. For the transitional flow the Reynolds number Re has to be around 3500, it can be
calculated according equation 3.2. In this case study a 35% monopropyleenglycol solution is chosen with a
freezing point at -15.5 °C. The parameters for a 35% monopropyleenglycol solution are summarized in table
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3.3. With the internal pipe diameter D equal to 26 mm this results in a average flow velocity v of 0.21 m/s and
a flow rate of 0.11 1/s. Furthermore, p is the density of the fluid and p is the dynamic viscosity.

vxDxp
u

Re=

(3.2)

Table 3.3: Properties 35% monopropyleenglycol solution at -10 °C

Parameters Value Unit
Density p 1043.9 kg/m3
Dynamic viscosity p =~ 1.582 x 1073 Paxs
Thermal conductivity A 0.398 W/(mx K)
Heat capacity ¢ 3713 JI(kg x K)

3.4.2. Domain and mesh sensitivity

Three main domains are considered: the concrete pile, the embedded heat pipe as a single u-tube and the
surrounding soil. The domain size influences the thermal results and its sensitivity is shown in figure 3.11a
with the temperature results at the pile edge of four different domains after 1 year extraction of 30 W/m. The

used soil properties are given in table 3.4.

Table 3.4: Soil properties sensitivity model

Properties Unit Concrete Sand Clay
Porosity [-] - 0.2 0.1
Specific heat capacity  [J/kgK] 800 850 700
Thermal conductivity [W/mK] 2.33 2 1.8
12 4 | —-7m-x-7m 12 4~ —— Coarse, comp. time = 188 s
! 10m x 10m Normal, comp. time = 210 s
_ 10 e ——— 1 By X 15M 10 1 —— Fine, comp. time = 305 s
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Figure 3.11: Temperature of pile edge

Also the mesh influences the results as is shown in figure 3.11b with in figure 3.12 the different meshes.
The phase change is ignored and the heat extraction is constant at 60 W/m. The results are shown in terms
of the average temperature at the pile shaft in the second layer and the amount time it took to compute. The
curves indicate an equal temperature result. Although, the computing time for the coarse mesh (188 s) until
the extremely fine mesh (1146 s) differs substantially. Based on these results and considering the increase in
computation time for this simplified model, the fine mesh will be used in the single pile analysis.
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Figure 3.12: A coarse (4656 elements), normal (12669 elements), fine (106284 elements) and extremely fine (689454 elements) mesh

3.4.3. Heat demand

For the extraction values in the single pile analysis a daily cycle is introduced on the data by imposing a
sinusoidal function on the average extraction with an amplitude of 4 W/m and a period of 24 hours. This will
enable a more realistic fluctuation of the heat demand during the days as can be seen in the results below.

3.5. Results single pile

3.5.1. Fluid temperatures

The inlet fluid temperature and the difference between the inlet and the outlet is shown in figure 3.14 and
3.13. The difference between those curves is the energy that is extracted from the soil, which is similar as
the heat demand at a specific hour. This can be checked with equation 3.1. In case of three times the heat
extraction (21 W/m) subzero fluid temperatures of -4 are generated in the end of the year.
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Figure 3.13: Fluid temperature difference outlet-inlet during typical heat extraction
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Figure 3.14: Fluid inlet temperature
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3.5.2. Temperature of the pile

The results of 1 year two and three times typical extraction without regeneration (2.0Q+ and 3.0Q+) are shown
below in figure 3.15 and 3.16. The daily and seasonal cycle are clearly visible in the temperatures. Thereby
freezing conditions are not reached in both cases at the edge of the pile. This indicates the influence of a pile
group compared with a single pile. Even with the temperature of the fluid reaching -4, the pile edges in the
sand and remain unfrozen.
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Figure 3.15: Temperature evolution at different parts of the single pile analysis during increased heat extraction
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Figure 3.16: Temperature evolution at different parts of the single pile analysis during increased heat extraction

3.6. Discussion

The analytical solution gives an approximation for the extraction amounts necessary to reach 0 °C at a certain
distance from a line source. However, only conduction and no latent heat of fusion is considered. For 1 year
continuous extraction with a pile diameter of 0.4 m and an initial temperature of 12 °C a value of 46 W/m is
found.

Freezing is allowed in the pile group analysis to take advantage of the extra capacity offered by the latent
heat of fusion. The analysis resulted in a freezing situation along the most critical piles (6, 7) edge during
an increased extraction of 1.5 times the typical extraction Q, i.e. 10 W/m. The value represents an average
year extraction, so it includes the regeneration in the summer. The interaction between the piles is taken into
account, but no quantification of this influence can be concluded from the results.

The more detailed single pile analysis with fluid pipes indicates the damping characteristic of the concrete
by damping the temperature fluctuation of the fluid. A fluctuation of approximately 0.3 °C is found at the
edge, while the pipe has a value of 1.5°C with this specific pipe configuration. The extraction until freezing
does not take into account the group effect. The fluid temperature is also measured at the inlet and outlet of
the pipe. The extraction of three times the typical extraction and no regeneration 3.0Q+ (21 W/m) results in
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subzero fluid temperatures of -4 °C. The maximum fluid temperature difference with this extractionis 1.75 °C.
A change in temperature gradient at freezing point is visible as freezing occurs, explained by the introduction
of latent heat. The heat extraction is not effected constant, which makes the phase transition beneficial.



Validation and understanding THM
module

Ideally the thermal and geotechnical behaviour would be validated by comparing the temperatures and
stresses with sensors around the specific energy pile. Unfortunately, this data is not available yet for a freezing-
thawing situation. Therefore, the two case studies described in the literature study are selected to validate and
understand the axisymmetric THM model in Plaxis without freezing. The soil layers differ in these two cases,
which makes the London pile a floating pile, while the Lausanne pile is considered as an end-bearing pile.

The heat pipes within the pile are not modelled, only a thermal boundary is applied at shaft of the concrete
volume element.

4.1. London pile

The pile is subjected to a cooling and heating cycle. A static load of 1200 kN was applied at the top of the pile
(Bourne-Webb et al., 2009). In figure 4.1 the imposed prescribed temperature scheme is shown and in figure
4.2a the axisymmetric model with a refined mesh around the pile is depicted. The initial temperature is 20

°C and the groundwater table is found at 3 m below ground level. The pile has a diameter of 550 mm and a
length of 23 m.
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Figure 4.1: Thermal and mechanical loading scheme London pile

4.1.1. Model settings

The thermal line source is applied as temperature boundary at the pile surface. The axisymmetric bound-
ary is closed for heat transfer, while a constant temperature of 20 °C is applied at the bottom, top and right
boundary. The soil and concrete properties used in the numerical model can be found in Appendix § E.2. For
the London clay an overconsolidation ratio (OCR) of 15 is used. The concrete pile is simulated as a linear-
elastic material, the made ground as MC model, London clay and the terrace deposits as the HSS model.

Furthermore, the interface reduction factor R;;., is set at 1 and 0.67 to cover a range of soil-pile interface
behaviour.
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Figure 4.2: Characteristics model London energy pile

4.1.2. Construction phases
The following phases are considered:

—

Initial phase - kO procedure.

Pile wished in-place with soil temperature at 20 °C - plastic

Initial static load test 1800 kN - plastic

Unloading - plastic

Cooling with constant load 1200 kN at day 4 - fully coupled flow-deformation
Heating with constant load 1200 kN at day 35 - fully coupled flow-deformation
Variable cycle with constant load 1200 kN at day 46 - fully coupled flow-deformation
Load test 3500 kN - fully coupled flow-deformation

© ® N o g e WD

Heating until final day 62 without load - fully coupled flow-deformation

4.1.3. Results

The results are compared with the experimental outcome, see figure 4.3a and 4.3b. The first figure shows the
vertical head displacement, which is mainly a result of pile deformation due to its expansion and contraction.
The simulation is done for an interface reduction R; ., value between 0.67 and 1.0, for a bored pile a value of
0.67 is recommended by Plaxis. The results of the full-scale test and the numerical results agree over time, but
a slight difference is found between day 30 and day 40. The sharp settlement of the test is the result of a steep
cooling curve during these days. The pile in the Plaxis model behaves much stiffer during this cooling time
compared with the full-scale test. In figure 4.3b the thermal distribution is evaluated at 0.5 m distance from
the pile 9 m below ground level. The numerical result shows a similar trend, but still too much difference to
validate the temperature distribution. This may be due to anisotropic soil properties, the ground water flow
characteristic or another input problem. Also the use of a constant temperature boundary of 20 °C will have
some impact.
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Figure 4.3: Results London pile

4.2, Laussanne pile

This end-bearing pile is subjected to the thermal load depicted in figure 4.4. In this case no mechanical
load is applied on the pile, which allows the pile to change volume mainly in the upward direction. For more
information about this in-situ test the reader is referred to Laloui et al. (2006), wherein also a numerical model
is described.
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Figure 4.4: Thermal loading scheme Lausanne pile

4.2.1. Model settings

The geometry of the model is shown in figure 4.5a. The parameters of the pile and soil layers used in Plaxis
are summarized in Appendix § E.2. The initial temperature is 15 °C and the groundwater level is set at the
top. The thermal boundaries are closed except for the top boundary with a constant temperature of 15 °C
and the thermal load, which is applied on the soil-pile interface. The bedrock is a sandstone, which is like
the concrete pile modelled as a linear elastic material. The MC model is used for the other layers since these
parameters are known and also used in the model of Laloui et al. (2006).

4.2.2. Construction phases
The following phases are considered:

1. Initial phase - kO procedure.
2. Pile wished in-place - plastic

3. Thermal load - fully coupled flow-deformation
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Figure 4.5: Characteristics Lausanne energy pile

4.2.3. Results

In figure 4.6a and 4.6b the results of the full scale test, the coupled multi-physical finite element approach of
Laloui et al. (2006) and the Plaxis results are compared. No significant tip displacement is expected due to
the stiff rock layer, but rather the pile deformation due to temperature change is computed. The first graph
shows the vertical head displacement during the heating-cooling or expansion-contraction cycle. The other
graph shown the expansion of the pile in radial direction, this also corresponds quite well with the measured
values. The results almost coincide with each other, which confirms the working of the THM module in terms
of volumetric changes of materials and their related stresses and strains.
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4.3. Concluding remarks

The results of the floating pile (London) in a stiff clay layer and the end-bearing pile (Lausanne) are both simu-
lated in an axisymmetric model with the THM module of Plaxis. Both piles show a similar trend in the vertical
head displacement compared with their full scale measurement data. This displacement is mainly caused by
the deformation of the piles during the thermal fluctuations. For the temperature distribution slightly differ-
ent results were computed, which is probably caused by the assumptions for the thermal boundaries and the
difference in thermal properties in the full-scale test compared with the input for the model. Freezing be-
haviour in the module is also not validated, but the trend in soil and pile behaviour during thermal variations
is clarified.



Geotechnical THM analysis

Within this chapter the geotechnical behaviour of a pile during freezing-thawing cycles is analysed with the
fully-coupled THM module together with the Hardening Soil with Small-Strain (HSS) model. This will help to
understand the pile behaviour when exposed to thermal volume changes and resulting plastic deformations
in a Dutch soil condition with an end-bearing pile. Two situations are distinguished: situation 1 with neutral
plane at the top of the pile, i.e. all positive skin friction along the shaft, and situation 2 with neutral plane at the
top of the first sand layer and above fully mobilized negative shaft resistance. The latter situation includes the
negative skin friction as is mentioned in NEN (2017). In the results the changes in volumetric strains, excess
pore pressures, vertical displacement of the pile head, shear stress along the shaft and axial stress in the pile
are visualized during non-isothermal conditions. The thermal results until a freezing situation from chapter
3 are used to ensure that freezing-thawing situations along the edge of the pile occur.

5.1. Model settings

The model is axisymmetric with a radius of 15 m. The soil parameters are based on Dutch soil layers from
the North-South metro line project in Amsterdam, see Appendix I with red marked layers. Furthermore, the
groundwater level (GWL) is constant at -0.5 m NAP. The pile is simulated as a volume element, this replaces
the soil with pile material, i.e. wished in-place. A service load is applied on top of the pile and its base is placed
1 m deep in a stiff sand layer. The displacement boundary conditions are set as follows: the symmetry axis
and the right boundary are horizontally fixed, while the bottom is fully fixed and the top is free to move in all
directions, see figure 5.1. The fluid pipes are simplified and modelled as a heat flux boundary at the soil-pile
interface. This thermal boundary begins 0.1 m below surface level and ends 0.5 m above the tip of the pile.
This choice is based on current pipe settings, but pipe might go deeper to increase heat extraction potential.
The thermal boundary at the symmetry axis is closed, while at the bottom and right axis the boundary is
set at a constant soil temperature of 12 °C. The thermal boundary at the top of the model simulates a yearly
temperature cycle similar as in figure 3.4. The groundwater flow is closed at the symmetry axis and open for
other boundaries. For the concrete pile a linear-elastic (LE) model is used. The drainage conditions of the pile
are set as non-porous, for the sands drained and for the clays undrained. The mesh is made with 15 nodded
triangular elements and is refined as much as possible at the soil-pile interface to cope with the numerical
instability in case of phase changing materials. A vertical line is introduced in the model at 0.3 m from the
pile to have an extra refinement in the vicinity of the pile. The rest of the model is set at a course mesh size to
reduce the computation time.
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Figure 5.1: Modelling domain with thermal and displacement boundary conditions

5.1.1. Soil-pile interface

Interface elements are used to simulate the soil-pile behaviour by allowing relative displacements as slipping
or gapping. The interface consist out of node pairs which interact as a linear elastic-perfectly plastic spring.
The elastic and plastic state are given by equation 5.1 and 5.2.

IT| < —0pn xtan(Pinter face) + Cinter face (6.1 |7l = —0pn xtan(Pinter face) + Cinter face (5.2)

It is defined by R;;.r and relates the shear strength of the interface to the soil (Plaxis, 2019a). The value
of R;nzer lies between 1 and 0, respectively fully able to transfer shear stress and zero transfer of shear stress.
Hence adjusting R; ;e gives a reduced interface friction and cohesion. In this study a bored pile is considered
and according to the Plaxis manual a value of 0.67 can be taken for R;er-

5.1.2. Dilatancy cut-off parameters soil

The soil will reach its critical density due to unloading-reloading. Therefore it is necessary to include a di-
latancy cut-off in the HSS model when the maximum void ratio is reached, see figure 5.2. The minimum,
initial and maximum void ratio are asked as input for each material. In case of extreme dilation in the model
during shearing a cut-off is activated at the decided value of the maximum void ratio. Otherwise the soil will
continue dilation when shear deformations occur. The initial void ratio e for the first and second sand layer
are 0.5 and 0.4 respectively. It is further assumed that the minimum e;,;;, value is 0.35 and maximum e, 4 is
0.9.
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Figure 5.2: Dilatancy cut-off in drained triaxial test (Plaxis, 2019b)
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5.1.3. Thermal properties

It is important to know if the thermal input considers the whole medium or only the solid parts. Plaxis uses
geometric means over the soil, water and ice content to compute the overall thermal properties. The following
thermal material properties are asked (Plaxis, 2019b):

Property

Table 5.1: Thermal soil parameters asked in Plaxis

‘ Symbol ‘ Unit

|

Explanation

Thermal conductivity
Specific heat capacity
Solid thermal expansion

Vapour diffusion coeffi-
cient

Thermal diffusion en-
hancement factor

As
Cs

Qv,x,y,z

Dy

fTU

W/mK
J/kgK
[-]

[-]

-]

Thermal conductivity of a solid material
Specific heat capacity of a solid material

Total soil volume change either in all directions v or in
an anisotropic direction x,y,z
Controls the diffusion in a medium. When zero no mass

flux of vapour will happen
Influences of temperature on the heat flux of vapour.

Table 5.2 shows the thermal and hydraulic properties used in this study. The hydraulic conductivity is
taken from the North-South line data in Appendix F) and the thermal parameters are taken within the ranges
mentioned in literature. Important to mention that they are not the same as in the thermal analysis in chapter
3. The heat flux is a stepwise function from the thermal analysis and represents an excessive heat extraction
to induce freezing-thawing, see figure 5.4. The extraction is considered negative. Figure 5.3 shows the two
soil freezing characteristic curves (SFCC). This is an assumption and as described earlier dependent on many
variables, e.g. pressure, salinity.
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Figure 5.3: Soil freezing characteristic curve (SFCC) for sand and clay

Table 5.2: Thermal and hydraulic soil properties

Parameter  unit Pile Backfill Clay 1 Clay 2 Sand 2 Sand 3
kx m/s - 1.0x10° 1.0x107%* 1.0x1071® 15x107% 1.0x107%
ky m/s - 1.0x107° 1.0x10™* 1.0x107'% 15x107* 1.0x107*
Cs J/kgK 800 850 878 878 800 800

A W/mK 2.3 2.0 1.8 1.8 2.0 2.0

as 1/K  85x107% 1.7x107° 1.7x107° 1.7x107° 1.5x107° 1.5x107°
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Figure 5.4: Heat flux boundary at edge of pile

5.1.4. Mechanical properties

Two types of material models are used, a linear-elastic (LE) model for the concrete pile and a more advanced
HSS model for the soil layers. The HSS parameters in table 5.3 are based on the red marked soil layers of the
North-South line project in appendix F and the small strain parameters are chosen within the range presented
in table 2.10.

Table 5.3: Mechanical soil properties

Parameter unit Pile Backfill Clay 1 Clay 2 Sand 1 Sand 2
Model - LE HSS HSS HSS HSS HSS
Ysat kN/m3 24 18.4 16.9 18.5 20 20
B kN/m? - 20x10°  10x10° 8400 40x10°  35x10°
Eng kN/m? - 20 x 103 5x10° 3500 30x10°  35x103
E{fj kN/m? - 60x10°  25x10°  36x10°  200x10° 190103
m - - 0.8 0.8 0.8 0.5 0.5
G! - - 100x10°  24x10°  24x10® 120x10° 120x10°
p'el kN/m? - 100 100 100 100 100
Yo.7 - - 1.0x107% 1.0x107% 1.0x107% 1.0x107% 1.0x107%
E kN/m?  30x108 - - - - -

v - 0.2 0.2 0.2 0.2 0.2 0.2
Cref kPa - 0 6 0 0 0

& ° - 30 26 32 33 35

v ° - 2 0 0 3 5

) kg/m3 2500 2500 2500 2600 2600 2600

5.1.5. Service load

D-foundations is used to to determine the bearing capacity of the pile before thermal loads are activated and
to check if the values found in Plaxis are in the same order. In the first situation the top of the positive shaft
friction and the bottom of the negative shaft friction are set at surface level, so no negative shaft friction is
considered. For the second situation the top of the positive shaft friction and the bottom of the negative
friction are set at -9 m. D-foundations gives the tip, the positive and negative shaft resistance for the two sit-
uations, see table 5.4. Furthermore, two load-displacement curves are computed in Plaxis to check how the
pile behaves with the interface reduction, see figure 5.5 and 5.6. These results can then be used to choose a
realistic service load, which is kept on top of the pile during thermal variations. The ultimate bearing capacity
read from the curve is around 900 kN for the first situation and 1250 kN for the second situation. The differ-
ence is found in the negative shaft resistance that can be mobilized an create extra positive shaft resistance.
In Appendix B the negative shaft resistance of all layers above the end-bearing layer is calculated. For the
service load in the model a value of 600 kN on the pile is chosen.
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Head displacement [mm]

Table 5.4: Bearing capacity result in D-foundations

Situation Base [kN] Positive shaft [kN] Negative shaft [kN] Total [kN]

1 1174 1105 0 2279
2 1174 674 75 1773
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Figure 5.5: Load-displacement curve situation 1 in Plaxis Figure 5.6: Load-displacement curve situation 2 in Plaxis

5.1.6. Calculation phases

The different steps in energy pile modelling are defined as construction stages in Plaxis. A difference between
the approaches occurs after the initial loading stage until SLS. The pile with the neutral plane on top is directly
thermally loaded via b (situation 1), while for the other model a surface load on the soil beside the pile is
placed such that negative shaft resistance of the Holocene layers is considered (situation 2). The following
stages are used for the two model situations:

1.

4.

Initial phase

This phase introduces the start of the model wherein the weight of the soil and the state of stress are
established. Since the soil layers are horizontal the Ky procedure is chosen as calculation type. The
pore pressures are calculated according to the phreatic level of -0.5 m NAP.

Pile wished in-place - plastic calculation
In this phase the pile is activated as a volume element (wished in-place) with the interfaces R;;zer 0.67
at the side and bottom of the pile. The installation effects of the pile are not considered here.

Loading pile until SLS - plastic calculation

By resetting the deformations of the previous phase the pile loading phase can start. By loading it until
ULS the load-deformation curve is generated. A parallel calculation is performed of a pile loaded until
SLS. This load is also kept on the pile during the thermal analysis such that only thermal effects are
evaluated.

(a) Surface loading - plastic calculation
To move the neutral plane towards the top of the first sand layer a surcharge on the soil is applied
of 25 kN. The difference is visible in figure 5.7 with on the left the shear stress of the model without
surface load and on the right with surface load.

(b) No surcharge

Thermal operational phase - fully THM coupled 5 years
The loading on the pile is kept constant and the water flow and thermal boundaries are activated. This
analysis is time-dependent and results in freezing-thawing situations along the pile shaft.
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Figure 5.7: Neutral plane position for situation 1 on the left and position after surface load for situation 2 on the right

5.1.7. Expectation of results

The seasonal variation will be visible throughout the domain with each year one cooling (two parts) and one
heating cycle. Thermal loads will probably result in reversible volume changes of the pile and soil. Due to
shearing of and phase expansion in the soil plastic strains might develop as well. These strains result in a new
stress distribution dependent on the load applied to the pile and shear resistance at the shaft. Furthermore,
an increase in excess pore water pressure is expected in the low permeable layers if freezing occurs. This
will reduce the effective stress and thereby the shear stress on the pile. Considering the dynamic load char-
acteristics of this thermal load variation a slight ratcheting behaviour might be visible due to shear induced
settlements over the years. The unloading-reloading principle of the soil along the pile during pile expansion

and contraction is visualized in figure 5.8.
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Figure 5.8: Schematic loading-unloading-reloading behaviour of the pile due to expansion and contraction
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5.2. Results THM temperature distribution

To get an idea about the changes in the model during thermal operation of the energy pile 4 months based
on the seasonal variation are picked from each year. The months are April, July, October and December.
Furthermore, specific nodes and stress points along the pile are picked to be able to determine the changes
in behaviour, see figure 5.9.

oA Sand

Sand

Figure 5.9: Specific measurement locations in the domain

Figure 5.10 gives an idea about the temperature distribution of the four months in year 3. In Appendix G
figure G.1 the distribution is shown for all months within the five computed years. The energy pile is visible
on the left side of the model and the thin white line represents the freezing front. Within the first months of
all years, so during the cooling stage, most of the interfaces along the pile are frozen. It begins with the edge
in the upper clay layer and continuous with the second clay and first sand layer as is expected according its
SFCC and its position nearby the subsurface, i.e. lower pressure. The temperature curves over time of points
A, B, C, D and E along the shaft are shown in figure 5.11. It indicates that the soil domain is partly regenerated
during the heating stages in the summer months, but there is a slight reduction of temperature over the years.
The peak of point A in the backfill layer is the result of the imposed surface temperature boundary and the
initial condition of the model set at 12 °C.

Figure 5.10: Year 3 of operation
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Figure 5.11: Temperature along the shaft at measurement locations

5.3. Situation 1: results THM module without surcharge

This section describes the influence on the pile with positive shaft friction along all edges of the pile, i.e. neu-
tral plane on top. The working of the THM model was evaluated for non-freezing situations in the previous
chapter. To evaluate an extension of the THM module with freezing and thawing the volumetric strains and
pore pressures are computed in the chosen points along the shaft.

5.3.1. Volumetric strains

Figure 5.12 presents the strain increments by the freezing of pore water. This is the result of the increase in
ice saturation which correlates with the stepwise increase of the volumetric strain. The plastic failure points
created by the expansion are shown in figure 5.13. The freezing in the two clay layers results also in more
volumetric strain in the specific point compared with freezing in the sand layers, but the plastic strains in the
sand spread at more distance from the pile due to its low freezing temperature in the SFCC. For the thawing
moments the volumetric strain just slightly drops, but is not clearly visible in the graph. Plastic deformations
are expected when ice forms in the soil (frost heave), some deformation will not be recovered completely in
a thawing state (figure 2.21). However, the amount and the accumulative character is remarkable and shows
that the previous expansion has no influence on the future freezing cycles. Freezing in the bearing layer, point
E, does not occur in this case and is probably caused by the absence of the thermal boundary at these depths.
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Figure 5.12: Volumetric strains and ice saturation in the case without surcharge situation 1
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Figure 5.13: Plastic points before thermal, after the first year and after the fifth year situation 1

5.3.2. Pore pressure distribution

The excess pore pressure in figure 5.14 shows a negligible fluctuation during ice formation and thawing in
the soil. The increase in excess pore pressure during the thermal loading cycles is the result of expansion
and contraction due to ice formation and low hydraulic conductivity. The increase in pressure in the clay
layer is therefore also prospected. The other layers show a more drained behaviour like in point C or are
not freezing as in the upper layer, point A and E. The induced pore pressures are also really low and will not
make a substantial difference in the pile behavior. Especially when considering that the fluctuation of the
groundwater level will give a much bigger value in clayey soils. However, it indicates the formation of ice
in the THM module of Plaxis. Important to bear in mind that the cryosuction is not included in this THM
analysis.

100
0.471 — point A, Backfill Ice saturation in points
—— point B, Clay 1
0.31 — point C, Sand 1 l 80
& —— point D, Clay 2
= 029 — pointE, Sand 2 -
g £
= L
2 014 60 <
g p=]
= o
v 00 \ B
g g‘ tao &
2 ~0.11 g
[
15
>
W -0.21 L 20
_0_3 4
T T T T 0
0 1 2 3 4 5

Time [years]

Figure 5.14: Excess pore pressure along the pile shaft situation 1

5.3.3. Pile deformation and displacement

A node at the head and tip of the pile are analysed over time, see figure 5.15. The figure shows the varying set-
tlement of the pile during heating-cooling cycles and the initial settlement caused by the mechanical service
load of 600 kN. The pile deforms by expanding and contracting over the seasons and causes the tip to go up
and head to go down in a cooling situation and vice versa in a heating stage. The varying settlement gives a
clear view on the settlement that can be expected over the seasons. The thermal expansion and contraction
of the pile can be determined and also the extra settlement after each cycle is visible. The pile displacement
increases over the years, which is called the ratcheting and it is the result of degradation of shaft friction The
displacement over 5 years is 11 mm for situation 1 with the neutral plane on top of the pile.
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Figure 5.15: Vertical displacement of the head and tip of the pile during 5 years of operation with neutral plane at stop situation 1

5.3.4. Mobilized shear stress

In figure 5.16 the shear stress along the pile is depicted. During the thermal variations and freezing volu-
metric strains occur along the pile. In December of year three the substantial amount of frozen water in the
sand layer increases the effective stress and in that way the shear stress on the pile. Since the expansion is
symmetric the upper part of the sand 1 layer moves upwards, while the lower part downwards. This results in
a decrease in positive shaft mobilization at the bottom and an increase in the top of the layer.
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Figure 5.16: Shear stress along the pile situation 1

5.4. Situation 2: results THM module with surcharge

This section describes the influence of thermal cycles on a pile in situation 2 with the neutral plane on top of
the first sand layer and above the neutral plane negative skin friction.
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5.4.1. Volumetric strains

The expansion and contraction of the soils due thermal variations and freezing inside the pores is shown in
figure 5.17 by the volumetric strain in the different points along the pile edge. It indicates again a continuous
expansion due to ice forming, but does not show a notable reduction in the thawing phase. Remarkable is the
difference in the steep expansion of clay in year 3, which is not in line with the freezing.
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Figure 5.17: Volumetric strains plus ice saturation situation 2

5.4.2. Pore pressure distribution

Figure 5.18 represent the excess pore pressure with the ice saturation in the different layers. It shows a similar
trend as in the previous situation.
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Figure 5.18: Excess pore pressure in the soil along the pile shaft situation 2

5.4.3. Pile deformation and displacement

The displacement and deformation of the pile is also in this situation measured by a node on the head and
tip of the pile. The initial settlement is larger due to the surface load in combination with the service load
applied in this case. The surface load on the soil pulls the pile downwards and creates at the same time some
negative shaft resistance. The influence of the thermal cycles on the displacement of the pile is much smaller
compared with the previous case. This is expected as the soil around the pile is more compacted due to the
surcharge and the
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Figure 5.19: Vertical displacement of the head and tip of the pile during 5 years of operation with neutral plane at second sand layer
situation 2

5.4.4. Mobilized shear stress

The stresses in the pile are continuously changing during temperature variations. The expansion and con-
traction of the pile are causing a big part of it, but the soil volume change at the shaft also influences the
distribution of the stresses. Figure 5.20 shows the shear stress along the pile depth in year 3.
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Figure 5.20: Shear stress at the shaft of the pile situation 2

The shear stress above the neutral plane changes from negative to positive due to the increase in effective
stress on the soil as result of volumetric strains. The behaviour in the sand is again a bit strange as it shows
that no shear or even negative shear resistance is mobilized in that layer. The reason behind is also explained
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in situation 1 and is probably caused by the symmetric expansion that causes a upward displacement at the
top of the sand layer. Thus more mobilization, and a downwards displacement at the bottom of this layer,
so less mobilization. This difference is clearly visible as the layer keeps expanding over the years. The shaft
resistance can be determined by multiplying the shear stress values with the periphery of the pile.

5.5. Discussion

The THM module without a special unfrozen-frozen model of Plaxis is in some extent able to show freezing-
thawing in different soil types. The seasonal cycles are visible and the change in pore pressure together with
the change volumetric strain indicates that phase expansion due to freezing took place. However, a significant
accumulative strain development over the years is visible, which is remarkably high and constant during
each freezing and thawing cycle. Plastic deformations during freezing in the pores will indeed result in some
strains, but according to literature and reality this will have a certain influence on the strain development of
future cycles. In this way also the shear along the pile keeps increasing due to the volumetric strain increase
and becomes dependent on the amount of frozen water content in the soils. It seems that plastic volumetric
strain is generated in the form of expansion. This can be explained by the reduction in effective stress due to
the increase in pore pressure. When the soil shears again the yield surface is reached earlier and thus plastic
volumetric strain in the form of expansion will occur. This is a limitation of choosing a constitutive model that
is not able to simulate temperature dependent strength, stiffness and the remoulded character of thawed soft
soils. A more advanced model that could take into account these effects would improve the reliability of the
results.






The impact of change in soil cohesion and
stiffness due to freezing-thawing

The previous chapter used a fully-coupled THM model in which soil strength and stiffness variations during
freezing-thawing cycles were not captured. However, these changes will probably have an effect on the pile
bearing capacity. Within this chapter the most favourable and unfavourable conditions in terms of soil co-
hesion and stiffness are imposed along the shaft. This analysis uses the same soil stratigraphy and boundary
conditions. The soil parameters are also taken from the North-South Line data presented in Appendix F in
which the chosen layers are marked with red. Two methods are distinguished, the first one represents a pile
behaviour with the shaft resistance positive along the whole shaft. The second method approaches the be-
haviour of the pile with considering negative shaft resistance as is shown in figure 5.7. Both situations and
their approach in the Plaxis model are visualized in figure 6.1 below.

Method 1 Method 2
Induced negative shafl resistance
Pasitive shaft resistance along pile above first sand layer by surcharge
on soil beside the pile
¥ 4
[ Initial state ‘ | Initial state l
¥ ¥
‘ Pile wished in-place as volume element ‘ | Pile wished in-place as volume element |
¥ ¥
\ Service load of 600 KN ‘ | Service load of 600 kN I
¥

Surcharge of 150 kN an the soil baside the pile|

! l { | ]

Slituation 1 Situation 2 Situation 1 Situation 2
Change soil stiffness and cohasion Change soil stiffness and cohesion Change soil stiffness and cohasion Change soil stiffnass and cohesion
of clay 1 of clay 1, sand 1 and clay 2 of clay 1 of clay 1, sand 1 and clay 2

Load until failure Load until failure Load until failure Load unfil failure

Figure 6.1: Plaxis approach for impact on soil strength and stiffness variation

The soil strength and stiffness are manually adjusted in an extra construction phase by changing the soil
material around the edge of the pile, see figure 6.2. The first analysis is done for the situation where only the
upper clay layer is frozen and thawed. According to the thermal analysis and the literature study it is the first
place where freezing will occur. The second analysis will freeze and thaw both clay layers and the first sand
layer along the shaft. The thickness of the soil material that is changed along the edge is based on a simplified
geometry and the earlier results in the thermal analysis. Therefore a rectangular layer with a thickness of 20
mm is taken around the pile in clay 1, sand 1 and clay 2. Furthermore, a vertical service load of 600 kN is
applied on top of the pile. Situation 2 with negative resistance in the soft Holocene layers is simulated by a
surcharge of 25 kN which is placed on top of the soil beside the pile.
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Figure 6.2: Locations with manually changed sections along the shaft

The values are varied separately and based on the parameters mentioned in table 6.2. For all parameters
three phases are considered: initial, frozen and thawed. By comparing the resultingload-displacement curves
with the reference curve that did not experience any freezing-thawing changes the stiffness behaviour of the
pile is found, see figure 5.5 and 5.6 for the first and second method. The settlements are summarised in the
end for each method.

6.1. Soil stiffness and cohesion variation

The change in Young’s modulus E during temperature variations for frozen soils are measured in Morgenstern
et al. (1975). The following relations for sand (equation 6.1), silt (equation 6.2) and clay (equation 6.3) are
found. Important to mention that these relations are only valid until -5°C for silt and clay and -10°C for sand.
Furthermore, the reference stiffness are 400 and 500 MPa. The significant increase is caused by the presence
of ice and its high Young’s modulus, i.e. at 0°C approximately 9 GPa. The importance of the unfrozen water
content is visible in the relation as the values 4.2, 3.5 and 0.46, since for a clay more will stay unfrozen at
a certain freezing temperature. For the soil stiffness in the thawed state a reduction could occur for soft
layers. As in figure 2.19 the stiffness of a highly frost susceptible clay became half of the initial stiffness. To be
conservative this reduction is also used in this analysis for the two clay layers in case of thawing.

E=500(1+4.2|T)) (6.1) E =400(1+3.5|T)) (6.2) E=500(1+0.46|T1) (6.3)

The relation 6.4 mentioned in Plaxis (2015) between E, E,.4 and v is used to transform the Young’s modu-
lus to Ejeq. From there the E5g and Ey.¢ for the HSS model are determined. For the Poisson’s ratio v in frozen
soil the value of ice is used, which is equal to 0.31 (Wu et al., 2010).

E1-v)

= (6.4)
A+v)Q-2v)

oed

The change of cohesion is based on frost heave results of Wu et al. (2010) in table 6.1 and on figure 2.17
described in the literature study.
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Table 6.1: Mechanical soil parameters at freezing temperatures (Wu et al., 2010)

Soil type Mechanical parameters —20°C —10°C —5°C —2°C 0°c 20°C

Clay in active layer Density (kg/m?) 1920 1920 1920 1920 1920 1920
Elastic modulus (Mpa) 200 100 50 234 6 6
Poisson's ratio (Mpa) 032 032 032 032 0.35 035
Cohesion (Mpa) 0.6 0.6 0.6 0.57 015 015
Angle of internal friction {degree) 26 26 26 26 24 24

Clay in permafrost layer Density (kg/m®) 1834 1834 1834 1834 1834 1834
Elastic modulus {Mpa) 500 300 100 70 3 3
Poisson's ratio (Mpa) 0.15 015 0.15 0.15 0.2 02
Cohesion (Mpa) 13 13 1.3 13 0.1 02
Angle of internal friction (degree) 20 20 20 20 18 18

6.1.1. Volumetric strain

For the expansion of pure water to ice a value of 9% is often mentioned. Assuming a saturated soil with an
average void ratio e of 0.5 for all layers, the porosity n used to determine the volumetric expansion of the soil
volume is 0.33. By multiplying the increase in volume of water 9% with the water present and comparing it
with the initial condition, it results in a volumetric increase of 3%. To simulate this expansion the freezing
clay volume expands with 1% volumetric strain for the reduction until -2°C and 2% for the reduction until
-4°C. During contraction, i.e. thawed state, this expansion is reversed by a prescribed volumetric strain of
-3%. For the sand layer no change is applied by considering that the drainage capability of the layer is high
and therefore less pressure is build up within the pores.

6.1.2. Soil parameters

To simulate a freezing-thawing cycle three stages are considered. The first stage is the reference state in
which no thermal effects are considered. The second stage simulates a frozen pile edge with a temperature
of -4°C. The last stage changes the parameters of the soil towards a thawed state. But before the change of
parameters a service load is applied to both situations and a extra vertical load is placed on the soil in the
negative resistance situations. The parameters used in the different stages are shown in table 6.2 below.

Table 6.2: Change in soil strength and stiffness

Parameter unit Pile Backfill Clay 1 Sand 1 Clay 2 Sand 2

T>0 °C reference

E kN/m? 30 x10° - - - - -

B! kN/m? - 20x10° 10x10%  40x10®  84x10® 35x10°
;Z; kN/m? - 20x10%  4x103 30x103  3.5x10° 35x103

E" kN/m? - 60x103 25x103 200x10%  35x103 190x 103

m - - 0.8 0.8 0.5 0.8 0.5

v - 0.20 0.15 0.15 0.20 0.15 0.2

Cref kPa - 0 6 0 0 0

& ° - 30 26 33 32 35

T=-4°C frozen

E kN/m? - - 67x10° 481x10° 59x10° -

BT kN/m? - - 187x10°  666x10% 164 x103 -

E;i; kNIm? - - 93x10°  666x10°  82x103 -

E.; kN/m? - - 561x10° 1998 x 10° 491 x 10° -

m - - - 0.8 0.5 0.8 -

v - - - 0.31 0.31 0.31 -

Cref kPa - - 570 300 300 -

& ° - - 26 33 32 -

T>0°C thawed

E kN/m? - - 2x10° 27 %103 3x10° -

B! kN/m? - . 4x10%  30x10°  3.5x10° -

E;Z; kN/m? - - 2x102  30x10°  2x10° -

E" kN/m? - - 12x10°  90x10®  10.5x10°

m - - - 0.8 0.5 0.8 -

v - - - 0.15 0.20 0.15 -

Cref kPa - - 0 0 0 -

& ° - - 26 33 32 -
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6.2. Situation 1: positive shaft resistance over all layers

The shaft resistance acts at all layers in this first situation. The load-displacement over the pile is compared for
the three stages or reference (initial), frozen and thawed. The impact of the different stages are distinguished
below for the influence of the change in soil cohesion, soil stiffness and the location of the freezing.

6.2.1. The influence of soil cohesion

The soil cohesion increases during ice formation in a soil. Two cases are considered in which only the first clay
layer is frozen or both clay layers plus the first sand layer is frozen. To simulate a remoulded clay without any
cohesion after thawing the value is set at zero, see table 6.3. Figure 6.3 of clay 1 shows an extra settlement of 6
mm in a thawed state when considering a service load of 600 kN. In case of frozen soil no significant reduction
in the prospected settlement compared with the reference is found. For the influence of all layers figure 6.4
indicates a settlement of 10 mm compared with the reference curve. The frozen state gives a reduction of 1.5
mm in settlement compared with the reference curve.

Table 6.3: Cohesion of frozen and thawed states

State Clayl Sand1l Clay2
Frozen T=-4°C 570 300 300
Thawed 0 0 0
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Figure 6.3: Influence of cohesion of clay layer 1 Figure 6.4: Influence of cohesion of all layers

6.2.2. The influence of soil stiffness

For the soil stiffness the same approach is used. Table 6.4 shows the values used in the analysis. The stiffness
for the clay layers is reduced with 50% to capture the worst case scenario for the stiffness after one cycle as
mentioned in (Steiner et al., 2018). The curves for the thawed state in figure 6.5 and figure 6.6 indicate an
increase in the settlements of 3 and 1 mm respectively. In case of all edges frozen along the pile an reduction
of 2 mm is expected at the service load of 600 kN.

Table 6.4: Stiffness of frozen and thawed states

State Clayl Sand1 Clay2
Frozen T=-4°C

Es5o [MPa] 187 666 164
Eyeq [MPa] 93 666 82
E,; [MPa] 561 1998 491
Thawed

E50 [MPa] 4 40 4
Ejeq [MPa] 2 30 2

E,r [MPa] 12 200 18
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Figure 6.5: Influence of stiffness of clay layer 1 Figure 6.6: Influence of stiffness of all layers

6.2.3. The influence of soil stiffness and cohesion

In this section the previous results are combined for the two cases. The sensitivity is determined of the loca-
tion that is affected. Figure 6.7 and 6.8 show the load-displacement results for freezing in clay 1 and freezing
in all three layers respectively. In the first situation a settlement difference with the reference curve is in the
range of 1 mm at 600 kN and the second situation wherein all layers are involved a range of 2 mm is visible.
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Figure 6.7: Influence of cohesion and stiffness of clay layer 1 Figure 6.8: Influence of cohesion and stiffness of all layers

6.2.4. Overview

The impact of the change in cohesion, stiffness and location is evaluated and below an overview of the ex-
pected settlements is given for only clay 1 as affected layer (table 6.5) and for clay 1, clay 2 and sand 1 as
affected layers (table 6.6

Table 6.5: Pile displacement when clay 1 is affected

State Cohesion Stiffness Cohesion and stiffness
Reference 7.0 mm 7.0 mm 7.0 mm
Frozen 6.5 mm 6.0 mm 5.5 mm

Thawed 14.0mm 10.0 mm 7.5 mm
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Table 6.6: pile displacement when clay 1, clay 2 and sand 1 are affected

State Cohesion Stiffness Cohesion and stiffness
Reference 7.0 mm 7.0 mm 7.0 mm
Frozen 5.0 mm 5.0 mm 6.0 mm
Thawed 17.0mm  7.5mm 8.0 mm

6.3. Situation 2: negative shaft resistance in Holocene layers

The shaft resistance is set negative in the layers above the first sand layer by a surcharge load on the soil
beside the pile. This will also drag the pile downwards. The new reference situation and thereby the dis-
placements are measured from this state. Furthermore, the axial stress over the pile is also computed for the
three situations to evaluate a change in load transfer through the soil via the shaft. The cohesion and stiffness
parameters are varied as mentioned in the table 6.2 of the previous section.

6.3.1. The influence of soil cohesion

In figure 6.9 and 6.4 the influence of cohesion is shown for the second situation. The curves indicate that more
shaft resistance can be mobilized and less displacement is expected for the same service load. The reduction
in cohesion in the negative shaft resistance does not influence the load-displacement curve. For the change
in cohesion for the second clay layer however, the increase in cohesion leads to more shaft resistance. The
linear part of the graph shows a stiffer behaviour than the reference curve.
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Figure 6.9: Influence of cohesion of clay layer 1 Figure 6.10: Influence of cohesion of all layers

6.3.2. The influence of soil stiffness

When only the stiffness in the first clay layer is affected no substantial change in load-displacement occurs as
visible in figure 6.11. However, when all layers are affected the pile displacement acts stiffer again as visible
by the less steep curve in figure 6.12 for frozen state.
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6.3. Situation 2: negative shaft resistance in Holocene layers
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6.3.3. The influence of soil stiffness and cohesion

|
ES
[=]

Figure 6.12: Influence of stiffness of all layers

Figure 6.13 and 6.14 show the results of changing both parameters in only clay 1 or in all the layers. It is
actually summation of the two graphs for clay 1 above and also for all layers above. In the first graph not
much difference is found compared with the graph where only soil cohesion changed, see figure 6.9.
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6.3.4. Overview
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Figure 6.14: Influence of cohesion and stiffness of all layers

The impact of the change in cohesion, stiffness and location is evaluated and below an overview of the ex-
pected settlements is given for only clay 1 as affected layer (table 6.7) and for clay 1, clay 2 and sand 1 as

affected layers (table 6.8

Table 6.7: Pile displacement when clay 1 is affected

State Cohesion Stiffness Cohesion and stiffness
Reference 6.5 mm 6.5 mm 6.5 mm
Frozen 6.5 mm 6.0 mm 5.5 mm
Thawed 6.5 mm 7.5 mm 7.5 mm




78

6. The impact of change in soil cohesion and stiffness due to freezing-thawing

Table 6.8: pile displacement when clay 1, clay 2 and sand 1 are affected

State Cohesion Stiffness Cohesion and stiffness
Reference 6.5 mm 6.5 mm 6.5 mm
Frozen 5.0 mm 4.5 mm 4.5 mm
Thawed 7.0 mm 8.0 mm 8.0 mm

6.3.5. Influence on shear stress
The shear stress is computed after one freezing-thawing cycle along the edge of the pile, so in its thawed state.
Important to mention that negative indicates positive shear stress in Plaxis and vice versa. The left graph is the
impact of change in soil stiffness or soil cohesion at clay 1, the middle graph shows the impact at all the layers
and the right graph compares the two when the soil stiffness and the soil cohesion are changed. This latter
variant shows the influence of the location of freezing. First of all, the soil cohesion reduction in clay 1 visible
in the first graph shows an increase in shear stress due to the negative shaft resistance which is converted into
positive due to the settlement of the pile as result of cohesion. In this case more shaft resistance is mobilized.
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Figure 6.15: Shear stress along pile in situation 2 in its thawed state

6.4. Discussion
Comparing both situations it seems that the cohesion of the first clay layer has more affect on the stiff be-
haviour of the pile in situation 1. This can be explained by the initial negative shaft resistance in situation 2
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at this layer, which is in case of zero cohesion actually disappearing. In the first situation positive shaft re-
sistance was mobilized in this layer and by reducing the cohesion it also reduced the positive resistance. In
this way the pile settles more. The stiffness shows more impact than the cohesion on the linear part of the
load-displacement in situation 2.






Conclusions and recommendations

This chapter describes the conclusions of the three different aspects of this thesis and gives recommendations
for field of practice and further research. First the main research question is answered and hereafter the sub
questions formulated in the introduction are covered.

7.1. Conclusions

The behaviour of an energy pile during temperature variations with phase changing circumstances is anal-
ysed. The freezing-thawing effect on the concrete material is assessed by a literature study. Furthermore, a
thermal analysis in Comsol and a geotechnical analysis in Plaxis are done. which is as follows:

What is the influence of freezing-thawing cycles on the geotechnical performance of an end-bearing en-
ergy pile?

The results presented in this thesis and the literature review are computed and written for specific con-
ditions, e.g. soil stratigraphy and thermal loads. Considering the design approach in the Netherlands and in
particular for an end-bearing pile, the freezing-thawing around the interface has no significant effect on the
bearing capacity of the pile. The piles are mostly designed on the tip resistance. Furthermore, the negative
shaft resistance which might be induced in the soft layers is either already added as extra load on the pile or
subtracted from the determined bearing capacity. In addition, freezing in the sandy end-bearing layer is a
will not result in any loss in cohesion. Thereby, the loss of cohesion along the top layers might even cause
a decrease in negative shaft friction, which would increase the safety factor if the negative shaft friction is
initially subtracted from the bearing capacity.

7.1.1. Frost resistance of concrete
For the impact on concrete and the influence of its characteristics the following sub question arised in the
introduction:

What is the influence of freezing-thawing on the concrete material?

This is dependent on the mixture of the concrete material and the temperature ranges it is exposed to. The
most harmful consequences are internal cracking and surface scaling. These phenomena could be prevented
by using a proper mixture of concrete. A high water-cement ratio is the main cause of the increase in frost-
susceptibility. Air entrainment agents could help to reduce this susceptibility by lowering the capillary forces
with air voids. These voids also help to release pressure in case freezing occurs, so no tensile stress in the
concrete can occur and thereby no internal cracks.

7.1.2. Thermal analysis

The thermal analysis is done in Comsol Multiphysics to answer the sub question below. The study is based
on assumption of a pile plan for a semi-detached house.
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What is the likelihood of freezing around an energy pile?

The thermal analysis within Comsol indicated that no freezing occurred at the shaft of the pile with this
specific soil stratigraphy and heat demand. Freezing occurred in the situation with long-term excessive heat
extraction, which was reached at two times the typical heat extraction. Furthermore, the clay layers are more
frost-susceptible, but a sharp decrease in unfrozen water content is expected in the sand during subzero
temperature conditions.

7.1.3. Geotechnical analysis

The following questions below were formulated for the geotechnical analysis.

* How can freezing-thawing processes be quantified in terms of change in geotechnical pile behaviour?

» To what range is it possible to incorporate these quantifications in the pile design approach or to give an
indication for limiting situations?

Most of the freezing-thawing takes place along the shaft of the pile and it mainly affects the cohesion of
the soft layers after thawing. This will reduce the amount of shaft resistance and will move more load to the
tip. However, in case of more settlement along the shaft due to freezing and thawing and a design approach
without including full mobilization of the negative shaft resistance in the soft layers there is a chance that
layers that were first not considered as negative resistance will in a new situation induce an extra load on the
pile for which is not designed for in the initial case. This effect can be ignored if the design already took all
the soft layers as negative shaft in the design of the pile. To refer back to the first question asked, the potential
negative shaft friction due to thawing could be used as quantification of the effect on the pile loads.
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7.2. Recommendations
This chapter addresses the recommendations following from this thesis for further scientific research and for
the application of end-bearing energy piles.

7.2.1. Recommendations for further research

First of all, it can be stated that in this report specific assumptions are made that have to be validated by fur-
ther research. It would be interesting to find a more generic thermal and geotechnical approach to determine
the effects of freezing-thawing around energy piles.

Frost resistance of concrete

Laboratory experiments could be performed to check the frost-resistance of concrete with different concrete
mixtures and with freezing-thawing from the inside. Hereafter the optimal concrete mixture in terms of frost
resistance and thermal conductivity can be established.

To quantify potential damage within the concrete it is recommended to check the effect of the amount of
cycles on the strength of the concrete material. The equation proposed in the literature study for the dynamic
modulus as damage variable could be used to describe its changed state after freezing-thawing.

Thermal analysis

This report investigates one type of pile group and household. A study into the effect of pile group configu-
ration, i.e. separation and number of activated piles, will help to understand the group influence on freezing
situations. From there a generalized solution for common pile groups in the Netherlands will help the con-
struction industry to decide on the use of energy piles and fluid temperature ranges.

In this study the groundwater flow and groundwater salinity has been ignored. The frost susceptibility of
the soil will decrease due to the regeneration by the inflow of water. Furthermore, the groundwater salinity
will bring down the freezing point. More research will help to quantify the influence of groundwater flow and
salinity on thermal evolution and thereby also frost-susceptibility around an energy pile at a specific location.

Besides, the fluid solution in the pipe increases in viscosity with percentage of anti-freeze. It would be
interesting to see what the effect is of using the increased viscous anti-freeze on the efficiency of the heat
exchange and the pump.

Geotechnical analysis

First of all, important phenomena are ignored in the THM analysis without a proper unfrozen-frozen soil
model such as cryosuction, strength reduction and stiffness variations. For further research it is recom-
mended to incorporate these phenomena.

Secondly, this report discusses the result of change in soil strength and stiffness within a single freezing-
thawing cycle. The change in parameters is based on limited data from literature and the expansion and
contraction of the pile and soil material is also not included in the analysis. Further research is required to
establish the validity of the changing pile volume and soil parameters.

Additionally, the thesis focused on one specific pile and subsoil, but it is recommended to perform the
same analysis for different piles to generate a generic solution. For example a different approach would be
needed for floating piles compared with the investigated end-bearing pile within this thesis. Also the effect
of installation of the pile on future frost-susceptibility along the shaft is not assessed and might be valuable if
the installation type could reduce this susceptibility.

7.2.2. Recommendations for field of practice
For the three aspects assessed in this thesis certain practical recommendations can be given for the design of
end-bearing energy piles in case of potential freezing-thawing situations.

Concrete mixture

The mixture should be chosen based on appropriate thermal conductivity and its frost resistance. Air entrain-
ment agents and a low W/C ratio can definitely help to prevent deterioration effects such as internal cracking
and surface scaling.
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Thermal settings

For end-bearing energy piles with the tip in clean sands it is recommended to place the heat pipes over the full
length of the pile to optimize the extraction potential since freezing will not effect the bearing layer according
to the literature study.

Geotechnical settings

It is recommended to design an end-bearing energy pile with freezing potential of full mobilization of neg-
ative shaft resistance at the layers above the end-bearing layer. Preloading of subsoil besides the pile could
help to reduce future settlements along the pile in soft compressible soils and in that way solve the negative
shaft development.
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This appendix supports the literature study in chapter 2.

Literature

Amount finer than

Frost susceptibility” Frost group Kind of soil 0.02 mm (wt %) Typical soil type under uscs
Negligible 1o low NES® a. Gravels 0-1.5 GW, GP
b. Sands -3 SW, 5P
Possibly prst a. Gravels 1.5-3 GW, GP
b, Sands 3-10 S5W, 5P
Low to medium 51 Gravels -6 GW, GP, GW-GM, GP-GM
Very low to high 52 Sands 36 SW, 5P, SW-5M, 5P-5M
Very low to high Fl Gravels =10 GM, GW-GM, GP-GM
Medium to high F2 a. Gravels 10-20 GM, GM-GC, GW-GM, GP-GM
Very low tor very 11[5]1 b. Sands 6-15 SM, SW-5M, 5P-5M
Medium to high F3 a. Gravels =20 GM, GC
Low o high b. Sands except very fine silty sands =15 5M, 5C
Very low to very high ¢. Clays, I, > 12 — CL,CH
Low to very high F4 a. All silts — ML, MH
Very low to high b. Very fine silty sands =15 5M
Low to very high ¢ Clays, [, > 12 — CL, CL-ML

Very low ta very high

. Varved elays and other fine-grained

banded sediments

CL and ML; CL, ML, and 5M; CL,
CH, and ML; CL, CH, ML, and S\

* Based en laboratory frost-heave tests.
b3, gravel; 5, sand; M, sil; C, clay; W, well graded; H, high plasticity; L, low plasticity.

¢ Non-frost susceptible

U Bequires labaratory frost-heave test to determine frost susceptibility.

Figure A.1: Frost design soil classification of U.S. Corps of Engineers (Andersland and Ladanyi, 1994)
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Negative skin friction Eurocode

The negative skin friction is calculated below according to Eurocode 7. The calculation is based on the soil
stratigraphy used in this thesis with the pile resting on the second stiff sand layer. In the norm the layers above
this sand layers are taken as compressible layers, which all contribute to the negative skin friction. hy;;3.4 is
the thickness of the compressible layers, Ky = 1 — sin(¢) is at rest natural ground pressure, O'IU is the effective
pressure at the bottom of the layer, § = ({)' is friction angle between non-displacement pile and soil and O; is
the circumference of the pile. The values used are summarized in table B.1.

1 /
Fsnik = ((51 x Ko;1 x UU;1(51)

@, +0,,)
+ hy x Ko:p % %(52)

, / (B.1)
(UV'Z +Uv'3)
+ hg x Ko,z x # x tan(ds)

! !
(0,3+0,,)

+ hy x Ko % 2 x tan(64)) x Og

layer  Soiltype thicknessh[m] ¢andd Ko O"U [kPa]  Fgpp:x [kN]

Layer1  backfill 2 30 0.50 18.38 5.30

Layer 2 Clay 7 26 0.56 68.71 83.25
Layer 3 Sand 2 33 0.46 89.09 47.14
Layer 3 Clay 4 32 0.47 123.85 125.08

Table B.1: Negative skin friction for conceptual model

With O; = 1.26 m, this results in Fg,r.x = 1.26x (5.30 + 83.25 + 47.14 + 125.08) = 328 kN From there the
design value for negative skin friction of a single pile is calculated as below with y f,,x = 1.0, which of course
does not change the result.

Fui;a = Fnkr x Y fink (B.2)
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Comsol Multiphysics

Extra information and additional results are presented here to support the thermal analysis in chapter 3. The
first part with thermal verification supports part of the choice of Comsol. The second section indicates that
the chosen model domain has no influence on the temperature results for the extraction duration of 7 years.

C.1. Thermal verification

The temperature distribution of a simplified model is determined with three different methods: (i) An ana-
lytical solution, (ii) a model in Comsol and (iii) a Plaxis simulation. The geometry and soil stratigraphy of the
model is simplified by choosing one homogeneous layer such that many parameters are held constant in the
different methods. Like in Plaxis, the energy pile is simplified by seeing it as a cylindrical heat sink (axisym-
metric) and implemented as a line source. In all performed simulations the model has the following input
parameters:

Length line source [m]  Tiniriqr (K1  p [kg/mB] AW/mK)] c[J/kgK] QI[W] Time [days]
10 285.15 1900 2.8 1800 500 730

Table C.1: Input parameters temperature verification model

Equation C.1 shows the analytical solution for a continuous operation of extraction. The solution for the
first days is manually changed to Tj,;;iq;, since for low t the equation will increase the temperature even
when energy is extracted. After a certain time the reduction in temperature at a distance r is calculated again.

Q1 40t
T= Tinin‘al—zm ln%—OE)?? (C.1)

The curves below show the numerical and analytical approach of temperature evolution around an energy
pile. The three results show that the numerical solutions overlap, while the analytical solution shows a higher
reduction of temperature.
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Temperature evolution due to conduction

290
—— Analyticr=1.0 m
—— Comsol r=1.0 m
2881 —— Plaxis r=1.0 m
286 1
284 A
=)
[
282 1
280 A
2781
276 T T T T T T T
o] 100 200 300 400 500 600 700
Time [days]

Figure C.1: Temperature evolution at 1 m

C.2. Domain influence

The influence of the domain size is evaluated with two models depicted in figure C.2. Figure C.3 indicates
that the influence of the insulated boundary conditions can be neglected.

W

Figure C.2: Normal and enlarged domain size pile group model
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Figure C.3: Sensitivity of domain size pile group model

C.3. Extra results

In figure C.4 below the average shaft temperature of the center piles of the group is checked with an analysis
of 10 year. In figure C.5 the distribution for typical extraction 1Q and increase extraction of 2Q is shown.

—1.0Q (7 W/m) large domain
—1.0Q (7 W/m)

i
[
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o
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'
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o

Figure C.4: 10 years heat extraction
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Figure C.5: 3D temperature evolution at t = 2560 days (7 years)






Thermo-hydro-mechanical in Plaxis

This appendix shortly assesses certain aspects of THM Plaxis and describes the input.

D.1. solving sequence

In freezing a volume increase is expected, but due to the limited pore size this volume change is resisted.
The result is an increase in excess pore pressures and a reduction of permeability. Due to an increase in
pore pressure the effective mean stress decreases. This general behaviour is described by the THM module.
Important to bear in mind that this is not dependent on the constitutive model. The constitutive model
determines how the effective stress changes with deformation or vice versa.

Within the fully-coupled THM module three equations have to be solved for pore water pressure AP,
displacement AU and temperature AT. The coupling means that the three are linked to each other, which
is more realistic, but also makes things more difficult and time consuming. The solution of the equations is
estimated by solving all three in a loop. For the change in temperature the energy balance is also necessary,
which checks that the change in temperature corresponds well with the flux that is pulled-out.

D.2. Thermal settings

D.2.1. Temperature dependent properties

By enabling the temperature-dependent fluid parameters in the project properties window of Plaxis, the den-
sity, thermal conductivity, specific heat capacity and the dynamic viscosity of the fluid are changing during
thermal temperature variations. Another important adjustment is the water temperature that flows into the
model, the default value is 20 °C, but can changed to any other value.

D.2.2. Thermal expansion and contraction
The thermal expansion of water and ice are defined in the project properties window. The coefficients for the
other materials should be changed in the material input.

D.2.3. Latent heat

The introduction of latent heat in the model is possible such that a phase change unfrozen water in the pores
to ice is simulated. The bold part in equations below represents this latent heat term. The equations for
specific heat capacity pC and thermal conductivity A change to equation D.1 and D.2 (Plaxis, 2015):

pC=(1—n)ps+nSpw(Cw+l%)+n(l—$)pycu (D.1)

A=Q1-n)As+nSlwydy +A—wy)dil + n(1-S)Ag (D.2)
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96 D. Thermo-hydro-mechanical in Plaxis

D.2.4. Melting point depression

In Aukenthaler et al. (2016) a relation for the SFCC is described between the particle size distribution and the
void ratio, see equation D.5, D.4 and D.3. The specific surface area (SSA) is here a measure of the area of all
the grains per unit mass and is calculated with an empirical function based on the mean of particle diameters
dgrains. In a permeable coarse soil such as a sand, the water will freeze significant faster than in a clay.

ww = P8 0 p(0.2618 +0.5519 x [n(SSA) — 1.4495(SSA) 2 x I1(Tfr00zing — T)) (D.3)
Psoil
_ —0.905
SSA=3.89 x dgmins (D.4)
dgrains = exp(mclaylndclay + mgjrelndsi + Msanalndsana) (D.5)
where:
Meiay,silt,sand = are the mass fractions (%) of the clay silt and sand

dclaysilt,sand = are the grain size limits of the fractions.

Important to keep in mind that this produces a rather steep curve, which could result in significant com-
puting time and sometimes not converging solutions. By introducing a smooth curve this is prevented.

D.2.5. Thermal influence on load-displacement

Different temperatures are imposed to a simple pile model to understand the influence of expansion and
contraction of the pile and soil constituents on the load-displacement behaviour. Freezing is disabled, so
only the soil particles and pore water change in volume due to temperature changes. The load-displacement
curves are shown in figure D.1. As the pile and soil constituents expand the effective stress increases at the
interface, this results in an increase in the shear strength and thereby an increase in the shaft resistance.

load [kPa]
0 1000 2000 3000 4000 5000
0 i i i i
E
E —27
-
=
: 4
]
[]
1]
a —6 A
o
5
T
=10

Figure D.1: Load displacement curves with different temperatures at the interface



E.1. London

Parameters Validation

Table E.1: Soil properties London pile model in Plaxis (Bourne-Webb et al., 2009; Gawecka et al., 2017)

Parameter unit Pile Made Ground Terrace Deposits London Clay
Model - LE MC HSS HSS
Y sat kNIm3 24 18 20 20
BT kNIm? - - 20 x 10° 35 x 10°
B kN/m? - - 20 x 103 20 x 103
E;i? kN/m? - - 60 x 103 75x10%
power(m) - - - 1.0 0.75
Gr! - . - 42 x 103 52 x 103
pref kN/m? - - 100 360
Yoz - - - - 3.0x1074
E’ kN/m?>  40x 10° 10 x 103 - -
v - 0.3 0.2 0.2 0.2
Cref kPa - 0 0 5
¢ ° - 30 35 25
v ° - 0 17.5 12.5
kx m/s - 1.0x107° 1.0x 1074 1.0x10°10
ky m/s - 1.0x107° 1.0x107* 1.0x 10710
Cs J/kg/K 800 863 890 900
A W/m/K 2333 1400 1400 1790
) kgim3 2500 2780 2500 2600
as 1/K  85x107° 1.7x107° 1.7x107° 1.7x107°
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E.2. Lausanne

Table E.2: Soil properties Lausanne pile model in Plaxis (Bui et al., 2019)

Parameter unit Concrete Pile Soil A1 Soil A2 Soil B Soil C Soil D
Ysat kN/m3 25.0 26.0 25.35 21.27 22.18 25.5
E’ kN/m? 2.92 x 107 26x10°  26x10° 84x10* 9.04x10* 2.6x108
v - 0.1769 0.1461 0.1461 0.4 0.4 0.1517
Cref kPa - 5 3 6 20 -
¢ ° - 30 27 23 27 -
v ° - 7.5 7.5 7.5 7.5 -
ky m/s - 20x107% 7.0x1077 1.0x107° 2.0x10710 -
ky m/s - 20x107% 7.0x1077 1.0x107> 2.0x1071° -
Cs J/kg/K 800 863 863 890 890 784
As W/m/K 2.1 1.8 1.8 4.45 4.17 1.1
0s kgim3 2500 2780 2780 2735 2740 2550

as 1/K 1.0x 1072 1.0x107° 1.0x10™* 1.0x107* 1.0x107* 1.0x107°®




Parameters North-South metro line
Amsterdam
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Figure G.1: Temperature distribution over five years
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