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Abstract

The transition to renewable energy has lead to many new ways of energy produc-
tion, such as wind and solar energy. For solar energy power, there is an excess of
energy during summer and an deficiency of it during winter, which is reversed for
the energy consumption. In order to amend this problem, there is an introduction
of new ways of energy storage in the form of heat for domestic and industrial use.
One of these is the use of Underground Thermal Energy Storage (UTES). These sys-
tems make use of the underground to store heat during summer and extract heat
during winter by using a fluid as the heat transferring agent. There are many differ-
ent ways of UTES installation, however there are two which are widely used in the
Netherlands: 1) Aquifer Thermal Energy Storage (open systems) which are based
on heat-transfer by convection and 2) Borehole Heat Exchangers (closed systems)
which are based on heat-transfer by conduction. While the way of transferring
heat differs, they both need vertically drilled boreholes to reach a certain storage
depth. These boreholes are drilled close to, or underneath, pile-founded buildings.
The drilling of boreholes influence in-situ soil stresses around them, which might
influence the bearing capacity of the piles. The aim of this thesis is to investigate
the influence of installing UTES systems on the bearing capacity of piles. This is
done by: 1) investigating the stress changes in sand due to the drilling of boreholes
(stress analysis) and 2) the influence of these stress changes on the bearing capac-
ity of piles (bearing capacity analysis). All of the modelling was done in PLAXIS, by
using the 2D-axisymmetric model for the first part and the 3D plane strain model for
the second part. An advanced soil model for sand was used, with soil mechanical
behavior according to the Hardening Soil small strain model. The stress analysis
consists out of a parameter sensitivity analysis, including the key parameters: back-
fill grout shrinkage and expansion, Over-Consolidation Ratio and Relative Density.
After this, the influence of the borehole fluid pressure and borehole diameter on the
stress states were investigated. As not all boreholes are drilled perfectly, the last
part of the stress-analysis takes into account drilling complications. The bearing
capacity analysis includes simulations of static pile load tests of non-displacement
piles. Load-displacements curves are produced for several scenario’s: 1) perfectly
drilled boreholes, 2) boreholes with drilling complications, 3) influence of a soft soil
layer and 4) displacement piles and the influence of a varying installation phasing.
The results indicate no large effects of perfectly drilled boreholes on bearing capac-
ity of piles located outside a zone of 1.5 times the borehole diameter. For boreholes
with drilling complications, the bearing capacity is influenced for piles located in a
zone of influence of only several meters (2-6m), depending on the severity of the
complication. At last, loaded piles of existing buildings are extremely sensitive for
stress changes due to the drilling process, which will cause severe loss of bearing
capacity.
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Radial stress = stresses acting perpendicular to the borehole wall (𝜎፱፱)

Vertical stress = stresses acting in the vertical direction of the borehole wall (𝜎፳፳)

Tangential stress = stresses acting tangential to the borehole wall, equal to hoop
stress

Zone of influence = radial zone around the borehole wall in which the stress state
is less than 95 percent its initial value (at the same depth)

MC model = Mohr-Coulomb model

HSs model = Hardening Soil Small Strain model

HS model = Hardening Soil model

LE model = Linear-Elastic model

CPT = Cone Penetration Test
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1
Introduction

1.1. Project Relevance

The quick and definite depletion of fossil fuels and the adventitious global warming gave rise
to a demand for new ways of energy sources during the late 20ᑥᑙ century. These new en-
ergy sources attempt to decrease the carbon dioxide emission and find alternatives for fossil
fuels, called renewable energy sources. Two of those renewable energy sources with high
potential are from wind and solar sources.. The total share in wind and solar power in the
Netherlands has manifolded by a factor 3 from 2016 to 2019 (CBS, 2019 and Schoemaker
et al., 2020). Next to this, the governmental cabinet has set agreements to meet the goals
of the Paris Climate Agreement and decrease the emission of greenhouse gasses. One of
these agreements for the heating of domestic houses is to fully knock off the use of gas and
strive for new systems to heat houses (Ministry of Economic Affairs and Climate Policy, 2020).

Solar energy sources are becoming increasingly popular for the supply of domestic heat as
an alternative for fossil fuel based energy resources. One of the main problems that arises
from using solar energy for domestic heat supply, is the seasonal variability between energy
power and heat demand. During winter, the heat demand is extremely high while the solar
energy power is relatively low. This is the exact opposite for the summer period. In order
to amend this seasonal variability, an efficient way of energy storage is needed. In this way,
the surplus solar power can be stored in terms of heat. One of the popular and relatively
payable storage systems is by using Underground Thermal Energy Storage (UTES) systems.
In Europe, an increase of 50 percent of usage of UTES systems was seen from 2004 to 2006
(Gao et al., 2015). In the Netherlands, this trend was more or less equal and kept growing
strongly until 2010. A growth of 10 percent per year was seen for the past three years (CBS,
2019). The use of UTES systems to store energy is popular for both domestic and industrial
energy demands. Many existing buildings switch from fossil fuel heated systems to heat from
solar energy power in combination with UTES systems.

As these UTES systems are used in different geological settings, they exist in many dif-
ferent forms. For all of them, vertically drilled boreholes are used for the transport of a
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heat carrying fluid, which is transported to a certain depth. At this required depth heat ex-
change can occur in many different forms. In the Netherlands, however, two main types of
UTES systems exist: 1) the Borehole Heat Exchange systems (BHE systems) or closed sys-
tems in which the subsurface is used to exchange heat by means of conductivity and 2) the
Aquifer Thermal Energy Storage systems (ATES systems) or open systems in which heat is
exchanged by convection in an aquifer (Nilsson, 2020). Due to a high variety in groundwater
aquifers in the Netherlands, ATES (open systems) are favoured over closed systems. Next
to this, ATES systems are mostly used for higher energy power demands (Fleuchaus et al.,
2020). In order to make these systems economically feasible, a lot of investigations and
studies focus on the efficiency of the systems. These studies give a clear picture of how the
technical aspects of the systems need to be installed in varying geotechnical circumstances
to reach a high efficiency (Fleuchaus et al., 2020, Rad and Fung, 2016, Welsch et al., 2016,
Gao et al., 2015 and Reuss, 2015). The studied technical aspects include: spacing, depth,
the amount of boreholes per array and which kind of system is used (open or closed). All of
these studies do not focus on the effects of the installation process of the UTES boreholes on
the subsurface. There is knowledge on how the drilling of boreholes for wells in petroleum
engineering change the stress states in cemented, highly consolidated and often rocky sand
formations (Press et al., 1993, Zhang, 2019, Vaziri and Byrne, 1990 and Aadnøy and Looyeh,
2019). However, these studies focus more on rock mechanics instead of poorly consolidated
sand and soft soil layers in the shallow subsurface. This shallow subsurface is of such rel-
evance because piles for foundations are embedded in these layers and the in-situ stress
states will determine the bearing capacity of the piles. The UTES systems for domestic and
industrial use are often installed close to the pile foundations.

1.2. Problem
In the close future, many new UTES systems are used for domestic and industrial heat. A lot
of these systems need to be installed in old neighbourhoods were free space is scarce and
houses are constructed at small spacing. This means that the boreholes that are drilled for
both systems are drilled close to, or underneath, the existing houses or buildings. Next to
this, a great portion of the new residential areas built in the future will have a UTES system
for energy storage. This is why a better understanding of the influence of borehole drilling
processes on the direct subsurface is required. Many of the houses built on soils containing
soft layers, a large percentage of buildings are constructed on piles. Previous studies only
pay scarce attention to potentially negative effects of the borehole drilling process on the
bearing capacity of pile foundations. Only a rough and outdated rule of thumb is used
for the required spacing between borehole and piles exist (Spegelaere M., 2019). A better
understanding of the influence of borehole drilling on the bearing capacity of piles will help
to improve security and available knowledge.
There are several different aspects contained by this specific problem. It is known that the
drilling of boreholes causes changes in the stress state and strength of the surrounding soil.
The exact effects are still very unexplored in literature and are part of this study. Next to
this, drilling complications can occur during the borehole drilling process, aggravating the
changes in stress state and strength. The bearing-capacity of pile foundations depends on
complicated soil features, which are influenced by both short- and long-term processes. Next
to this, the difference of displacement and non-displacement piles play an important role.
In addition, the phasing of the installation of these piles are an important factor in these
processes. The combination of the effects caused by the borehole and pile construction is
an extensive study, which depends on many different input parameters and geotechnical
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features. To obtain a better understanding of this problem, all of these factors need to
be studied separately first after which the influence on the individual factors need to be
investigated.

1.3. Research objective and questions
The main goal of this study is to investigate the influence of boreholes for UTES systems on
the bearing capacity of pile foundations. As mentioned above, this influence is determined by
many different input parameters and geotechnical features. This is why the problem must be
considered conceptually in order to understand the complex problem. After this understand-
ing was obtained, an extended model has been designed in the software program PLAXIS.
in this extended model, every parameter and feature can be investigated separately. This is
done by means of a study focusing on the key parameters and their influence on the stress
states around boreholes. After this, the stress states around boreholes are investigated for
different drilling processes and borehole diameters. At last, the influence of these changes
in stress states on the bearing capacity of piles is needed. In this way, a qualitative and
quantitative understanding of the problem is obtained. Next to this, an understanding of
which parameters and stress redistribution have what effect on the bearing-capacity of piles
is acquired.

The main aim of this study is contained in the main research question:

What is the influence of the installation of shallow BHE and ATES systems on
the bearing capacity of piles?

In order to answer this research questions, the following supporting sub-questions are an-
swered:

1. What is the influence of drilling boreholes for ATES and BHE systems on the stress-
strain state and strength of soils and how is this influenced by:

a. Over-Consolidation Ratio
b. Shrinkage or expansion of grout bodies
c. Relative Density
d. Borehole diameter
e. Drilling complications

2. What is the influence of the installation of ATES and BHE systems on the bearing ca-
pacity of piles and how is this influence by:

a. Drilling complications
b. Installation type of pile
c. Different soil types

3. Can the extended models developed in this research be validated with a practical case
in the Netherlands ?





2
Literature study

2.1. Principles of ATES and BHE systems
The BHE and ATES systems are also called seasonal thermal energy storage systems, which
make use of the difference in seasonal energy power. During summer, there is a surplus in
solar energy power which is used to warm up a heat carrying fluid. This relatively warm fluid
is then pumped down to a certain depth. Heat is stored at this specific depth by different
means (depending on the type of system). At this depth in the subsurface, temperatures
are relatively constant over time allowing for a relatively efficient way of heat storage. The
heat is extracted whenever needed by means of inverting the system.

For BHE systems, heat is transferred by conduction, warming up a volume of soil or rock
surrounding the boreholes. This is achieved by pumping a heat carrying fluid, normally a
mix of water and glycerol against the freezing, to a depth of around 30-200m in vertically
drilled boreholes. This depth depends on the location of a suitable rock or soil formation and
the system geometry. The most important geotechnical features to suit a BHE system are
(Rad and Fung, 2016):

• Drillable soil or rock

• Groundwater favourable

• High heat capacity

• High thermal conductivity

• Low hydraulic conductivity

• Suitable rock or soil formation within 30-200 m depth

For ATES systems, the fluid (groundwater) is pumped down to an aquifer where heat is
transferred by means of convection, warming up volume of pore water around the BHE. Due
to small energy losses over time, this warmth can be used in winter by extracting heat from
this aquifer volume. During summer, cool groundwater can be pumped up in order to cool
down the building. For these systems in the Netherlands, spacing is highly situation depend
and the depth varies between the 50 - 200m (CBS, 2019). In addition, the most important
geotechnical features for ATES systems are Fleuchaus et al., 2020:
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• Drillable soil or rock

• Low hydraulic conductivity

• Confined aquifer (thickness depends on energy demand)

Usually, the storage volume can be described by the approximate volume of soil or rock
confining the part where heat exchange occurs. For BHE systems this is the entire area
surrounding the array of vertical boreholes. For ATES systems, this is the aquifer volume
surrounding the BHE.

The efficiency of the system is mainly determined by the heat loss from the storage field. The
magnitude of this heat loss is determined by many parameters like: the storage geometry
(size and shape), average store temperature, soil properties and the borehole spacing (for
closed systems)(Nilsson, 2020). As spacing is important for this research, more information
is given in chapter 2.1.2.

2.1.1. Open and closed systems
The storage volume can be used in two different ways. As an open system, in which the heat
carrying fluid is in direct contact with the storage medium and is transferred by convection.
And as a closed system, in which the heat is transferred from the heat carrying fluid to the
storage medium by means of heat conductivity.

The open system makes use of a large diameter HDPE pipe running through the borehole.
The annulus between the pipe and the borehole wall is then back-filled with gravel. A bore-
hole diameter of 0.3m and 1.0m is used (SIKB, 2019). In order to exchange water from the
storage medium (aquifer) to the boreholes a Borehole Heat Exchanger is used. This is in-
stalled over the complete aquifer length and transfers water from the system to the aquifer.
It is of great importance that this is installed properly. This type of system is only used in
specific sand aquifers. Due to environmental reasons, this system is only used in formations
where there is no leakage to the environment and when pure and clean water can be used
as heat transfer fluid. In the Netherlands, open systems exist out of two borehole wells
with a minimal horizontal spacing of 50-100m (SIKB, 2019). Due to seasonal differences in
temperature a warm and a cold well is generated. Warm water is extracted from the warm
well, while cold water is injected in the cold well during winter. In the summer season this
is completely reversed, as can be seen in fig. 2.1.

In the case of closed systems, double U-pipes, single U-pipes or concentric pipes are in-
stalled in the borehole, as illustrated in fig. 2.2. For a double U-pipe system there are two
inlet and outlet pipes while for a single U-pipe system there is only one of each of them.
These pipes are made of synthetic material (like HDPE) due to its high thermal conductivity.
For the double U-pipe installation type, boreholes have an overall diameter is 0.2m. For
the single U-pipe installation type, the borehole diameter differs between 0.1 and 0.2m. As
can be seen in fig. 2.2, after the installation of the pipes, the boreholes are back-filled with
thermally enhanced grout. This allows for proper heat conduction in order to extract heat
from the soil surrounding the boreholes. The soil surrounding the boreholes is also called the
storage volume. In order to generate a large storage volume, multiple borehole wells are
drilled to a large depth. The amount, exact depth and spacing depend on the required heat
extraction and available project area. During summer times, warm water is injected in the
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Figure 2.1: Left: Open system making use of two borehole wells. Right: Closed system making use of
multiple borehole wells (WKO Nederland, 2020)

Figure 2.2: Left: Concentric pipe, Double U-pipes and Single U-pipes. Right: Overview of BTES system
(Rad and Fung, 2016)

storage medium, generating a warm storage volume. During winter, this heat is extracted
from the storage volume. During winter, heat depletion might occur which allows for cold
water extraction during summer, as can be seen in fig. 2.1 (Rad and Fung, 2016).

2.1.2. Borehole spacing
The spacing between two boreholes for the open systems is between 50-100m, which means
spacing is not a relevant parameter. For the closed systems, parametric studies are performed
to find the highest efficiency of the system. The spacing and the amount of the boreholes
determines the total storage volume and highly influences the thermal interaction between
the boreholes. When borehole spacing is very large, the temperatures in the storage volume
do not reach the required height for extraction. On the other hand, when borehole spacing
is very small, efficiency drops due to lost potential energy for storage. In fig. 2.3 can be
seen that for six different cases (each having different input parameters), the BHE efficiency
has a peak between 3-4m (Nilsson, 2020). This spacing is confirmed by other studies, like
by Welsch et al., 2016.
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Figure 2.3: Borehole spacing versus: a) injected energy (MW); b) extracted energy (MW); c) Borehole
efficiency (Nilsson, 2020)

2.2. Boreholes for ATES and BHE systems
For both systems, vertically drilled boreholes are necessary to reach a certain storage depth.
Both systems have a different way of drilling and finalizing the boreholes. In this section, the
drilling techniques for both systems are considered. At finalization of the boreholes consists
out of the back-filling process, which is explained afterwards. Next to this, the stress changes
in the soil around a drilled boreholes are discussed. Drilling complications are an important
factor for the research and are included at last.

2.2.1. Drilling techniques
The companies installing BHE and ATES systems hire drilling companies to do research on
the possibilities of installations considering the soil characteristics, the soil structure and the
accessory way of drilling. These drilling companies do not focus on the heat exchange of the
system but on the borehole stability. In the Netherlands, there are many different techniques
of drilling holes. The most well-known drilling techniques are: straight-flush rotary drilling,
reversed-flush rotary drilling and pulse drilling (J. Desmedt, 2009).

Not all drilling techniques are applicable for all types of soils. Straight-flush rotary drilling and
reversed-flush rotary drilling are applicable in most types of soils, but not in rock formations.
Pulse drilling is not applicable in very stiff clay layers or rock formations.

During straight-flush rotary drilling. the drilling fluid is pumped down through the drilling-bit.
The drilling-bit destroys the soil which is forced upwards between the shaft of the drilling-
pipe and the borehole wall. This upward moving water takes along the destroyed sediments
and, most of all, provides borehole stability due to water pressure and cementing of the
borehole wall by clay particles or grout suspension (J. Desmedt, 2009). An overview is given
in fig. 2.4. The drilling-pipe consists out of segments. This means that during drilling a new



2.2. Boreholes for ATES and BHE systems

2

9

segment of drilling-pipe has to be connected to the existing drilling-pipe. For the drilling
of boreholes for closed systems (BHE), only relatively small diameter boreholes are drilled,
varying from 100-200mm. Next to this, a large amount of boreholes need to be drilled. This
is why the drilling speeds are of great importance due to economic reasons. For this reason,
the straight-flush rotary drilling method is used for the drilling of closed system boreholes
(J. Desmedt, 2009).

For reversed-flush rotary drilling, the drilling fluid is pumped in the reversed direction. It
is pumped down between the shaft of the drilling-pipe and the borehole wall and is forced
up within the drilling-pipe. In this way, the drilled sediments stay more or less intact, allow-
ing for a better logging of the drilled soil. This drilling technique can reach higher depths and
larger diameters due to the application of air-lifting. Next to this, it can be noticed whenever
the aquifer is reached due to soil logging (SIKB, 2019). This is extremely important for the
drilling process of open systems. Next to this, it required relatively large diameter boreholes.
Due to these requirements the reversed-flush rotary drilling mechanism is needed.

A third method is pulse-drilling. This method is problematic when drilling stiff clay formations
and does not reach the required depth (J. Desmedt, 2009). This is why it is almost never
used in the Netherlands.

Figure 2.4: A schematic overview of straight-flush rotary drilling (J. Desmedt, 2009)
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2.2.2. Back-fill boreholes
In order to keep the borehole stable on the long-term and to allow for the continuity of
aquitards, boreholes are back-filled with soil-like material after borehole drilling is complete.

For open systems, the drilling process is completed by installing an HDPE pipe which has
a slightly smaller radius than the borehole. A small annulus exists between the HDPE pipe
and the borehole wall, which is back-filled with soil. This can be either gravel, sands or clayey
material, dependent on the accessory sedimentary layer at a specific depth. In general, soil
layers consisting out of aquifers are back-filled with gravel. The aquitards are back-filled
with a material with more or less equal properties, like mikolit. It is attempted to obtain soil
mechanical properties of the back-fill material that is equal to the surrounding soil layer. The
drilling companies mainly focus on the continuity of aquitards rather than the soil stiffness
and strength. The back-fill material always exists out of less stiff and strong material than
its initial material before drilling.

For closed systems, all boreholes are completely back-filled with grout. The grout mate-
rial has to be thermally conductive because this is the heat-exchanging process active in the
closed systems. These types of grout material consist out of cement and bentonite which
are mixed by water. Silica sands and graphite are added to the grout mixture for thermal
enhancement (Lee et al., 2010). Due to the mixing of water, an emulsion is formed which
is easy to inject in the borehole. After injection a cementitious hardening process causes a
strong and stiff material to form. The thermally-enhanced types of grout are relatively new
with no laboratory research on physical characteristics. For many other types of grout there
are, like in the studies of Rostislav and Magdaléna, 2018 and Afzal et al., 2014, shrinkage and
expansion strains occur between -10 and +10 volumetric strains (𝜀ᑧᑠᑝ). This is dependent
of the exact material and the hardening process. In the contrary, more practical knowledge
from drilling companies show no visible grout shrinkage of the grout body.

2.2.3. Stress state around a borehole

Figure 2.5: The zone of disturbed soil around a borehole in sand with: ፑᑚ = radius of the borehole, ፑᎲ
= radius from borehole center to outer-boundary, ፑᑔ the radius from borehole center to plastic-elastic
boundary (Risnes et al., 1982)
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Many studies focus on the stress state around boreholes in rock formations and thus are
infeasible for this research. The stress state around a borehole in sand can be explained
analytically by the study of Risnes et al., 1982.

This analytical model relies on a simplification of real-life conditions. The following assump-
tions are made in the analytical model:

• Stresses around the wellbore are isotropic and perfectly elasto-plastic

• A homogeneous sand with fully saturated pores is used

• The Coulomb failure criterion is used

• The stresses and deformations around the wellbore are stead-state

A horizontal circular section of the sand is chosen, as illustrated in fig. 2.5.

The initial stress states inside the soil is in equilibrium and normally consolidated. When
drilling a cylindrical hole through this soil, the radial stress of this soil decreases while a same
amount of the hoop stress (tangential) increases. This stress redistribution depends on the
soil properties, the in-situ stresses, the pore water pressure and the operational techniques
of drilling. Next to this, the stress-strain state in the soil changes, causing two distinct zones
around the borehole to occur: 1) a plastic zone (𝑅ᑚ<𝑟<𝑅ᑔ) and a 2) a non-linear elastic zone
(𝑅ᑔ<𝑟<𝑅ᑠ). The used input parameters are for sand formations at great depth and stress
values are not realistic for this research, as this research focuses on the shallow subsurface.

A distinction can be made between uncased and cased boreholes, which affect the extend of
the plastic zone significantly. For uncased boreholes, the hoop, radial and horizontal stresses
all decrease to the level of the drilling fluid pressure at the borehole wall. This means that
the extend of the plastic and non-linear zone will be high as seen in fig. 2.6.
For cased boreholes, the stresses at the borehole wall increases which will decrease the ex-
tend of the plastic and non-linear elastic zone, as seen in fig. 2.7.
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Figure 2.6: Stresses versus radial distance from borehole wall for uncased boreholes (Risnes et al., 1982)

Figure 2.7: Stresses versus radial distance from borehole wall for cased boreholes (Risnes et al., 1982)

Another possibility is the condition in which the mud pressure inside of the borehole is less
than the pore pressure in the sand. In this case, the pore fluid will flow into the borehole,
changing stress states in the sand and extending the plastic zone.
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A change in soil strength, expressed in terms of inherent shear strength, will affect the
extend of the plastic zone as well. An inherent shear strength of ten times the initial value
will decrease the extend of the plastic zone to almost the situation with a cased borehole,
as seen in fig. 2.8.

Figure 2.8: Stresses versus radial distance from borehole wall for a high inherent shear strength (10
times initial value) (Risnes et al., 1982)

In general, the following conclusions can be made considering this analytical approach to
stresses around a borehole. The extend of the plastic zone decreases significantly for the
situation with a: cased borehole, high inherent shear strength and high pore pressures in
the borehole. The distribution of the stresses in the plastic zone will change for changes in
soil parameters like the Poisson’s ratio. By using this analytical model, the influence of soil
parameters on the stress state can be investigated. It must be stressed that this research
is meant for wellbores in petroleum engineering and that many assumptions are made for
deep boreholes.

2.2.4. Drilling complications

During the perfect drilling of a borehole, the stress redistribution will be as given in chapter
2.2.3. In order to perfectly drill a borehole, the pressure of the drilling-fluid inside the
borehole is more or less equal to the horizontal total stress in the soil (Press et al., 1993).
In practice, however, this is almost never the case. Two types of drilling complications
can occur during the drilling of a borehole in sediments, namely circulation problems and
mechanical problems. Mechanical problems come in many different forms and usually cause
complete failure of the drilling process. Additionally, these problems are severe and are likely
to be noticed by the drilling master. Circulation problems, on the other hand, occur in many
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different extents and are less likely to be noticed by the drilling master. In this way, it can
imperceptibly change the stress state around the borehole. The following consequences of
circulation problems might occur:

• A water-pressure drop can occur due to a water channel break-down or during the
installation of a new drilling-pipe segment, as explained in 2.2.1. This can cause
partial collapse of the borehole. During a severe water pressure drop, sediments
will pile up. In this case, over-pressure must be applied to flush away the piled up
sediments causing erosion of the borehole wall.

• An over-pressure can occur due to the overestimation of in-situ stresses. In this case,
an excess of sediment is drilled away increasing the borehole diameter or it produces
hydraulic fracturing of the borehole wall.

All of the above mentioned drilling complications occur during drilling and occur due to: 1)
a pressure differential between the wellbore and the formation and 2) a formation with flow
channels or holes (Austin and Austin, 1983). These flow channels or holes can be present
naturally, in the form of highly permeable, unconsolidated or fractured zones within stronger
sediments. Next to this, the channels can be induced due to earlier stages of the drilling
process, which are then aggravated. The way of fracturing can occur in many different forms
which is dependent on soil characteristics, as given in fig. 2.9.

Figure 2.9: An overview of different types of fracturing (Austin and Austin, 1983).

Drilling complications might also occur in different stages of the UTES borehole installation
process. Partial collapse or full collapse can occur in the time between the drilling of the
borehole and the back-filling of the boreholes. Severe collapses can be measured by the
drilling master by measuring and comparing the borehole depth.
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For all these complications, higher amount of stress re-distributions (2.2.3) occur due to
higher amounts of excavated or lost soil. Next to this, deformations can occur in the soil
around the boreholes due to this lost material. The exact extend of drilling complications are
not exactly known because drilling companies do not scan the borehole wall after drilling to
look for excess lost material. Next to this, the collapse and fracturing might occur in many
different forms. This means, that boreholes that seem stable and did not collapse completely
are mostly seen as successful by the drilling companies.
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2.3. Pile foundations
2.3.1. Type of piles
The material of the piles used for foundations depend on the type of material available, the
magnitude of the loading, the soil type and the environment in which the piles are installed
(e.g. chemical soil properties). The following types of piles are found (Budhu, 2010), with
an overview given in fig. 2.10:

Concrete piles
There are different types of concrete piles which are used for many different environments
and loading magnitudes. The cast-in-place concrete piles are constructed by installment of
a steel shell into the soil after which they are filled with concrete. The steel shell only has
constructional purposes and does not contribute to the bearing capacity of the pile. Normally
steel is only added to the pile construction when moments and lateral forces are involved.
There are two ways of installment of these steel shells: 1) screwing, which is done for the
Fundex-piles and 2) driving, which is done for Vibro-piles.
The most well-known pile in the Netherlands is the prefab concrete pile (or similar) which is
used when the exact depth of the piles is known before installment, which is driven into the
soil.
Micro-piles are (grouted) piles with an maximum diameter of 340mm, which are mostly used
in Belgium and France. In the Netherlands, these piles are less frequently used and mainly
for foundation recovery projects.

Steel piles
Steel pipes come in many different shapes like cylindrical and H-profiled. These piles can
have an open or closed pile tip when driving in weak soils or a conical tip when driving in soils
with boulders or rocks that have to be penetrated. When the piles are driven and the loading
capacity has to be increased the soil plug is excavated and filled with concrete, as shown
in fig. 2.10c. In the Netherlands, small diameter steel piles are often used for foundation
improvement.

Timber piles
Timber piles are not widely used due to their moderate length of around 12m. Next to
this, they are very susceptible to environmental features like rotting and degradation by
(micro-)organisms. However, many historical houses in the Netherlands have timber piles as
foundation.
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Figure 2.10: Different types of piles each with their: diameters, shaft resistance and cross-sections
(Budhu, 2010)

Pile installation types
There are many different installation techniques from driving piles. For now, we consider the
end-spectra of the different types. The way of installing a pile determines the stiffness of the
soil underneath a pile and the soil disturbance around the shaft of the pile. The following
types are distinguished:

• Displacement piles: these are closed-end or precast reinforced piles (Prezzi and Basu,
2005). Due to there closed-end they displace soil laterally when driving them into the
ground. This means that the stress-strain circumstances will change and a plastically
deformed zone will occur around the shaft of the pile. Next to this, the soil underneath
the piles will behave stiffer than there initial state before driving.

• Non-displacement piles: these are bored piles or drilled shafts (Prezzi and Basu, 2005).
A cylinder of soil is removed after which, for example, concrete or other reinforcement
material is put in place. These types of piles will have more settlement after loading
due to less stiffer soil underneath it combined with lower skin friction .
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2.3.2. Soil disturbance due to the installation of piles
As mentioned in chapter 2.3.1, displacement piles cause significant soil disturbances during
installation. This disturbance is caused by the driving of the pile into the soil, changing
the stress-strain state of the surrounding soil. There are two main regions in which soil
disturbance takes place: 1) in the lateral direction influencing a radial area around the pile
and 2) underneath the tip of the pile. Next to this, a displacement pile can be either pushed
or driven into the soil. For the pushing of the pile a static axial stress is applied at the pile.
A dynamic axial stress is applied for driven piles.

Changes in stress underneath base of pile
For a displacement pile, the stress condition at this base is due to the installation of the pile
and the loading after installment. The installation can be performed continuous in which the
pile is pushed or it can be dynamic in which the pile is driven. The driving of a pile involves
impact loading, unloading and impact reloading. During impact loading the element of soil
beneath the pile would deform plastically and soil will flow towards the edges of the pile.
However, overburden pressures restrict this movement of soil towards the edges and pushes
the soil into the radial direction. The deformation into the radial directions depends on the
soil characteristics but is normally very contained due to the expanse of the soil in the lateral
directions. During unloading, the soil behaves perfectly elastic and will force the pile to re-
bound. This movement is restrained by the self-weight of the pile and the possible negative
skin friction formed by reconsolidation of the soil along the pile skin. In this way, there is a
certain residual stress kept in the soil during unloading. The amount of this residual stress
(from A to O in fig. 2.2.3) depends on the swelling stress (rebound stress) of the soil.

So, for a displacement pile, the soil underneath the soil is pre-stressed to point B in fig.
2.12. When the displacement pile is loaded the stress-strain response of the soil is very
stiff util the load reached point B. After that this, the stress-strain response continues to be
elasto-plastic, from B to D in fig. 2.2.3. The extent of D depends on the amount of loading
and the design of the pile foundation. In general, driven piles densify loose soils and loosen
dense soils around the pile tip (Beijer Lundberg et al., 2013).
For non-displacement piles, the stress conditions changes are only due to loading after in-
stallment, which means they do not experience the loading and unloading behavior. No
pre-stressed soil occurs at the pile of a non-displacement pile. Next to this, they do not
displace soil during installment, so the soil at the base does not harden or soften (Prezzi and
Basu, 2005).

When the soil underneath displacement piles consists out of a fine-grained soil with a low
hydraulic conductivity, the excess negative pore pressures that are built up during installa-
tion will not dissipate quickly. This means that during the short-term installation process,
the saturated mass of soil acts as an incompressible mass. This is due to the built up of
negative excess pore pressure underneath the base of the pile which leads to an increase
in effective stress (Verruijt, 2010) during driving. This can lead to an overestimation of the
load capacity of the pile for the long-term. This has to be considered when performing a
single pile load test. Also, it is an important feature for the long-term due to consolidation
processes in which the excess pore pressure might dissipate causing settlements. These
processes determine the base displacement in the long-term.
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Changes in stress around pile shaft
Next to the changes in stress around the pile tip, there are changes in lateral direction when
installing displacement piles. As the pile is driven or pushed into the soil, a shear zone is
developed between the pile shaft and the soil. High shear stresses built up for vertical pile
displacements due to skin friction. For fine-grained soils, dilatancy occur at some point ex-
tending the shear zone and allowing for smaller shear stresses acting on the pile shaft. After
complete installation of the pile, a filly expressed shear zone has developed around the pile
shaft. Due to this shearing a zone around the pile is deformed, as illustrated in fig. 2.13.
Due the installation of displacement piles the mobilized shear strength is high, which means
that the shaft resistance is high for small pile displacements during the first loading stages
(Fleming et al., 1985).

For non-displacement piles the shear zone between pile and soil exists out of a shear band
parallel to the pile wall. No shearing exists between the concrete and the soil, which has
to do with the interlocking of the in-situ placed cement and the soil particles. This means
that the mobilized shear strength is low after installation and required relatively high pile
displacements for high mobilized shaft resistance (Fleming et al., 1985).

Figure 2.11: a) Vertical stress versus compressive strains. b) Applied load versus base displacement
(Budhu, 2010)

.
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Figure 2.12: Overview of stresses acting on pile shaft and pile tip

2.3.3. Bearing capacity of a single pile
The total bearing capacity of a single pile consists out of the following resisting components:
the shaft resistance, which is built up due to the skin friction between the pile shaft and the
soil and the tip resistance, which is due to the stiff soil underneath the tip of the pile. This
can be summarized in the following general formula for the bearing capacity of a single pile
(Briaud, 2013):

𝐹ᑦᑝᑥ = 𝐹ᑤᑙᑒᑗᑥ,ᑡᑠᑤᑚᑥᑚᑧᑖ + 𝐹ᑥᑚᑡ,ᑣᑖᑤᑥ − 𝐹ᑤᑙᑒᑗᑥ,ᑟᑖᑘᑒᑥᑚᑧᑖ (2.1)

It is clear that the sum of the two components make up the total bearing capacity of the pile.
However, the distribution between shaft en tip resistance depends on: the initial effective
stresses in the soil, the mechanical characteristics of the soil, the physical characteristics of
the foundation and the way in which the pile is installed (Meyerhof, 1951).

Tip resistance
The tip resistance is due to the mobilization of soil strength during loading of the pile. For
the end-bearing of piles, the plastically deformed soil around the pile tip is illustrated in
fig. 2.13. This plastically deformed zone will create a shear zone and obtains strength for
the end-bearing of the pile from mobilization shear strength. The ultimate limit state of
the tip resistance is reached when the soil in this zone is at critical state. The magnitude of
this ultimate state of tip resistance depends on soil and pile characteristics (Meyerhof, 1951).
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Figure 2.13: The plastic soil deformation as a result of mobilized end-bearing for a single pile (ignore
”Previous Theory”) (Meyerhof, 1951)

The first way of determining the tip resistance is by means of the Koppejan Method (Ver-
ruijt, 2010) which is used and prescribed for soils in the Netherlands (Normalisatie-Instituut.,
1995). This Koppejan Method is based on analytical studies and relies on the plasticity theory
by Meyerhof, 1951, as given in fig. 2.13. This plastic zone around the pile tip is described by
the 4D/8D rule. This rule subdivides the plastic zone into three different zones, as illustrated
in fig. 2.14, each having different averaged values of CPT cone resistance.

Zone I and II extend 0.7 to 4 times the pile diameter below the tip. Zone III extends 8
times the pile diameter above the pile tip. The total tip resistance as calculated by the
Koppejan method is contained in the following formulas (Verruijt, 2010):

𝑝ᑥᑚᑡ =
1
2 × 𝛼 × 𝛽 × 𝑠[

1
2(𝑞ᑔᎳ + 𝑞ᑔᎴ) + 𝑞ᑔᎵ] (2.2)

𝑅ᑥᑚᑡ = 𝐴ᑥᑚᑡ × 𝑞ᑥᑚᑡ (2.3)

In which 𝑞ᑔᎳ, 𝑞ᑔᎴ and 𝑞ᑔᎵ are the average cone resistance values for zones I, II and II
respectively. The factors: 𝛼, 𝛽 and 𝑠 take into account the variety of pile characteristics.
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Figure 2.14: A simplified presentation of the soil deformation due to the mobilization of end-bearing of
a single pile according to the Koppejan Theory. I: Zone 1; II: Zone 2; III: Zone 3 (Verruijt, 2010)

Next to a determination by means of CPT data, a static analysis can be performed. This was
done by multiple researchers, like Brinch-Hansen and Vesic, 1975, given by equation (2.4)
and (2.5) respectively.

𝑝ᑥᑚᑡ = 𝑖ᑔ𝑠ᑔ𝑐𝑁ᑔ + 𝑖ᑢ𝑠ᑢ𝑞𝑁ᑢ + 𝑖ᒈ𝑠ᒈ
1
2𝛾𝐵𝑁ᒈ (2.4)

Formula (2.4) is based on the cohesion (𝑐), weight of foundation (𝐵) and the volumetric
weight of the soil (𝛾). Next to this, it includes correction factors for the inclination of the
foundation (𝑖ᑔ,ᑢ,ᒈ) and for the shape of the loaded area (𝑠ᑔ,ᑢ,ᒈ).

𝑝ᑥᑚᑡ = 𝜂𝑞(𝑁ᑢ − 1)𝑑ᑢ (2.5)

Formula (2.5) takes into account a correction factor for the depth of the foundations in a sand
layer (𝑑ᑢ). The factors 𝑁ᑢ, 𝑁ᑔ and 𝑁ᒈ correct for the bearing capacity and all depend on the
internal friction angle of the bearing sand layer. The sub-equations belonging to equations
(2.5) and (2.4) are given in appendix A, together with values for the correction factors.

Shaft resistance
The shaft resistance arises from the skin friction between the pile material and the soil. Most
of the times, the skin friction has a high contribution to the total bearing capacity in sandy
soils while in soft, clayey soils the contribution of skin friction to the total end bearing is very
unreliable (Verruijt, 2010). The skin friction can be positive, acting upwards and thus con-
tributing to the total bearing capacity of the pile or it can be negative, acting downwards and
counteracting the total bearing capacity. Positive skin friction in sand is mobilized because
the soil around the pile shaft has a lower vertical displacement than the pile which causes
frictional forces acting upward. For clayey soils, this is due to the adhesion between the pile
material and the soil. The magnitude of this friction depends on the soil properties. Negative
skin friction can be mobilized by consolidation processes in sandy soils while in soft, clayey
soils this is mobilized by means of settlements after installation.
For displacement piles in sandy soils, reconsolidation of the soil around the pile causes neg-
ative skin friction. Due to the lateral compression during the driving of the piles, excess
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negative pore pressures built up. After some time (depending on the hydraulic conductivity
of the soil) the excess pore pressure dissipates creating a negative skin friction which re-
duces the load capacity of the pile. However, the soil strength increases due to the increase
in effective stress after the dissipation of excess pore pressures (Budhu, 2010).
For displacement piles in soft, clayey soils, settlements after installation called downdrag,
may cause negative skin friction. Downdrag occurs when the soil around the upper part of
the pile shaft has a larger vertical displacement than the pile itself. The so-called neutral
point can be found where there is no relative settlement between pile and soil. This is the
point where negative skin friction shifts to positive skin friction again (2.15) (Briaud, 2013).
This depends on the relative settlements between pile and soil as explained earlier.

Figure 2.15: a) Shear stresses along the pile shaft. b) Position of the neutral point (Budhu, 2010)

The full shaft resistance is mobilized when a displacement pile has reached a vertical dis-
placement between 2.5 and 10𝑚𝑚. For non-displacement piles this vertical displacement
has to be higher due to no mobilization of shaft resistance during installation. The amount
of vertical displacement is dependent on the stiffness and strength of the soil. This does not
mean, however, that with an vertical displacement of 10𝑚𝑚 the full end bearing resistance
of the pile is mobilized. Usually this is achieved when the vertical displacement is about 10%
of the pile diameter for displacement piles (Budhu, 2010). For non-displacement piles this is
about 20% of the pile diameter.
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The contribution of the shaft resistance to the bearing capacity is determined by means of
CPT cone resistances. As above mentioned, the shaft resistance is divided into positive and
negative magnitudes, which are determined by means of formula (2.6) and (2.7) respectively
(Normalisatie-Instituut., 1995).

The positive shaft friction is determined by the means of the cone resistance (𝑞ᑔ) and a
correction factor (𝛼ᑡ), which takes into account the difference between in installation type:

𝑝ᑤᑙᑒᑗᑥ,ᑡᑠᑤ = 𝛼ᑤ × 𝑞ᑔ (2.6)

The negative skin friction is dependent on the tip resistance as this increases the drag
load. The slip method is used for the determination of this dragload, in which𝛿 depends on
the internal friction angle. Some values for 𝛿 are given in appendix A. The negative skin
friction is given by:

𝑝ᑤᑙᑒᑗᑥ,ᑟᑖᑘ = 𝐾Ꮂ × 𝑡𝑎𝑛𝛿 × 𝜎ᖤᑧ (2.7)

This skin friction is mobilized over the complete shaft of the pile and thus depends on the
total surface of the pile. Next to this, the positive and negative skin friction will counteract
each other and need to be subtracted. This is explained in Normalisatie-Instituut., 1995 and
is contained in formula (2.8):

𝑅ᑥᑚᑡ = 𝐴ᑡᑚᑝᑖ × (𝑝ᑤᑙᑒᑗᑥ,ᑟᑖᑘ + 𝑝ᑤᑙᑒᑗᑥ,ᑡᑠᑤ) (2.8)

The influence of soil structure on bearing capacity
The contribution of the mobilized shaft resistance and tip resistance to the bearing-capacity
depends on the soil structure in which the pile is installed. There are three main types of soil
structures important for bearing-capacity calculations (Tomlinson and Boorman, 1995):

1. A completely soft soil in which most of the bearing capacity is mobilized by the shaft
resistance.

2. A soft soil with a relatively stiff soil at the base of the pile in which the bearing capacity
is mobilized by a combination of the shaft- and tip resistance.

3. A very stiff soil (or rock) at the base of the pile in which most of the bearing-capacity
is mobilized by the tip resistance.

In the Netherlands, the most common situation is illustrated by fig. 2.3.3b. The higher the
contribution of the tip resistance, the higher the extend of the plastically deformed zone
around the base of the pile, as given in chapter 2.3.3.



2.3. Pile foundations

2

25

Figure 2.16: The three different types of soil structures influencing the way of end-bearing: a) bearing-
capacity from skin resistance b) bearing-capacity from both skin- and foot resistance c) bearing-capacity
from foot resistance. Also the equivalent height of a raft foundation is given with D = diameter pile
(Tomlinson and Boorman, 1995)

2.3.4. Bearing capacity of piles in groups
Most foundations exist out of pile groups in order to achieve a safe foundation which can
carry the load of the structure without creating unacceptable amounts of settlements. Piles
within groups can be placed within square, circular or octagonal arrangements as illustrated
in fig. 2.17. Pile caps are installed on the heads of the pile groups which may be in direct
contact with the top of the soil or on small elevations (Budhu, 2010). Pile caps, as illustrated
in fig. 2.17, in touch with the soil carry a part of the load of structure directly to the soil,
decreasing the required bearing capacity of the pile groups.

Figure 2.17: Most common types of pile group configurations (Budhu, 2010)

The bearing capacity of piles in groups is determined by an efficiency factor, which expresses
the difference in the ultimate bearing capacity of single piles and piles in groups. This is de-
termined by the unique relation of the s/R-ratio (spacing/diameter ratio) of the pile group
arrangement and the resulting changes in the strength properties of the soil in which the
piles are embedded.
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For example in sandy soils, this efficiency factor is determined by the s/R ratio and the
relative density of the sand. In loose sands the load on the piles will densify the soil around
the piles producing an relatively high efficiency factor. This might be the direct opposite for
dense sands (Briaud, 2013), in which strain-softening might occur. In fine-grained soils in
general, the piles in the outer region of the groups carry more load than the piles in the cen-
ter, while this is the direct opposite within coarse-grained soils. All these soil characteristics
have an effect on the efficiency factor (Budhu, 2010).
Furthermore, when piles are driven in sandy soils, they produce horizontal stresses allowing
to mobilize higher shaft resistance when driven in groups. A single pile driven in sand locks
a certain residual point load. When more piles are driven close to that initial pile it releases
the locked-in residual point load and decreases its beneficial effects (Briaud, 2013).

Piles in groups do not only fail because of the difference in ultimate bearing capacity be-
tween single piles and piles in groups. Another important failure mode is the block failure
mode, in this case the block of piles fails as a whole. This type of failure occurs when the
pile tips are in a strong layer producing an high ultimate bearing capacity for a single pile
but for a group of piles under heavy loading this layer is too thin, as illustrated in fig. 2.18.

Figure 2.18: Left : a) Group failure due to closely spaced piles. b) Group failure due to a too thin strong
(stiff) layer. Right: High extend of the zone of influence due to piles in groups (Briaud, 2013)
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2.4. Literature summary
The existing UTES systems come in many different designs, the most common systems used
in the Netherlands are ATES (open) and BHE (closed) systems. These systems store excess
energy power in the form of heat by means of using a fluid as a heat transferring medium
running through vertically drilled boreholes to a depth between 30 - 200m. The open sys-
tems use normal ground water for heat convection which is stored in an aquifer at a certain
depth in the underground and exist out of one or two wells with a diameter between 0.3m
and 1.0m. Closed systems warm up a water-saturated soil volume around multiple boreholes
with a varying diameter between 0.1 and 0.3m. The spacing between closed system bore-
holes varies between 3 - 8m, while for open systems these vary between 50-100m. Open
systems are back-filled by an HDPE pipe surrounded by clay and/or gravel. Closed systems
are back-filled with thermally-enhanced grout. This grout body might experience shrinkage
and expansion.

Boreholes for UTES systems are drilled by straight-flush rotary drilling or reversed-flush ro-
tary drilling techniques. These differ in the way of drilling fluid circulation and due to this,
differ in drilling speed. A third drilling technique is pulse-drilling which is problematic for
drilling through stiff clay layers and thus less frequently used in the Netherlands. By drilling
these vertical circular excavations, the stress state around the soil is redistributed. This stress
state changes from an equilibrium condition to a plastic and non-linear zone for a specific
extend around the boreholes. Soil parameters, in-situ stresses and borehole casings strongly
influence the extends of these zones.

Foundation piles are found in many different shapes and materials. A pile can either be
a non-displacement (bored) or displacement pile (driven). By driving a displacement pile,
the stresses around the pile shaft and underneath the pile tip are pres-stressed. This causes
the bearing capacity of displacement piles to increase. The bearing capacity of piles is mobi-
lized by the tip resistance and shaft resistance of piles, which magnitudes are dominated by
the in-situ horizontal and vertical stresses acting on the pile. The determination of bearing
capacity magnitude depends on many different factors like soil characteristics and the pile
installation method. To determine the bearing capacity of a pile, Cone Penetration Tests are
performed and its results included in different existing empirical methods, like the Koppejan
method. The bearing capacity of piles in groups differs from that of single piles, which is
expressed by means of an empirically determined efficiency factor.
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Method

This chapter explains the methods that were used in order to solve the main research prob-
lem. The problem is visualized and explained by means of the conceptual model which is
supported by the hypothesis. The method section starts with a general approach on how
the research aim is achieved and by means of which instruments. Secondly, the performed
analyzes are explained in more detail. Hereupon the numerical model setup is explained,
taking into account the performed simulations. At last, the numerical model is verified by
means of an analytical solution and different mesh configurations are checked on accuracy
and efficiency.

3.1. Hypothesis and conceptual model
The research problem can be contained in a conceptual model consisting out of two main
aspects: a borehole and a pile located close to each other. It was expected that the stress
redistribution induced by the drilling of the borehole will decrease the bearing capacity of
the pile. The cartoon in fig. 3.1 gives a step-by-step illustration of this process, with a clear
scientific explanation of the soil stress changes that occur due to drilling the borehole:
1. The stresses in the soil are in equilibrium and are given in a distribution between a
vertical and horizontal stress, as illustrated in fig. 3.1-1b. A pile is present which
obtains bearing capacity from shaft- and tip-resistance, dominated by 𝜎ᑙᎾᑣ and 𝜎ᑧ
respectively, fig. 3.1-1a.

2. During the excavation of a borehole, the stresses (pressure) inside the borehole de-
crease due to the loss of support. The equilibrium state of stress is lost and reversible
(elastic) deformations occur with a change of stress in the elastic range . These
changes will decrease the magnitude of the principal in-situ stresses acting on the
pile, as given in fig. 3.1-2a. A decrease in in-situ stresses acting on the pile will prob-
ably decrease the bearing capacity of the pile.

The three principal stresses are given by the vertical, radial and hoop stress given
in a vertical cross-section, fig. 3.1-2b. In the elastic zone, the hoop stress increases
when approaching the borehole, this is caused by the circular shape of the borehole.
The vertical and radial stresses decrease gradually when approaching the borehole
wall.

29
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3. Additional stress redistribution causes irreversible (plastic) deformations in a region
directly around the borehole, as illustrated in fig. 3.1-3b. This causes a destructive
decrease of the principal in-situ stresses in the plastic region. The in-situ stresses
acting on the pile will reduce even more. as given in fig. 3.1-3a. These higher stress
reliefs will decrease the bearing capacity of the pile even more.

4. The borehole is finalized by back-filling with gravel or grout which has no significant
influence on the stress state. With time, however, creep might occur which reduces
the deviatoric shear stresses (in the plastic zone) induced by the stress redistribution
from step 1-3. The final reduction of the horizontal and vertical stresses acting on the
pile have reduced the shaft- and tip resistance, illustrated in 3.1-4a. This causes a loss
of bearing capacity. In general, the stress redistribution in the elastic and plastic zone
reduces the soil strength and thus the bearing capacity.

The behavior of the soil, like strength, will influence the magnitude and the way of rear-
rangement of stresses. Next to this, an important factor in this process is the pressure inside
the borehole during drilling. All these aspects influence the extend of both the plastic and
elastic zone. This extend is an important feature due to the loss of soil strength within these
zones. By using the right soil mechanical model for its behavior, these stresses can be plot-
ted against the radial distance from the borehole wall, as performed in the analytical solution
by Risnes et al., 1982.
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Figure 3.1: Overview of the drilling process of a borehole influencing the bearing capacity of a foundation
pile. Blue-dotted line is the outer boundary of the elastic zone. Red-dotted line is the outer boundary
of the plastic zone. Fig. 2b, 3b and 4b give a horizontal cross-section of the problem.
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3.2. General approach
The aim of this research is to investigate the influence of the installation of ATES and BHE
boreholes on the bearing capacity of pile foundations. A numerical model was required which
simulates the installation process of a borehole and which includes the features of foundation
piles. Next to this, it must contain stress-strain behavior of the soil in which the boreholes and
piles are installed. The modelling software PLAXIS was chosen as the appropriate modelling
program to simulate required geotechnical features as stated above. PLAXIS is a, Python
based, geotechnical modelling software which enables a wide variety of soil behavior, struc-
tures, water conditions and numerical features to be implemented in the model. Next to this,
the output provides detailed graphs, tables and cross-sections allowing for an user-friendly
data analysis.

In order to achieve the main aim, several analyzes were performed: 1) a parametric analysis,
2) a stress analysis and 3) a bearing capacity analysis:

The parametric analysis (explained in chapter 3.3.1) includes sensitivity analyzes on input
parameters with varying values that were expected to significantly influence the final results.
By performing these sensitivity analyzes, a more quantitative insight in the influence of these
parameters on the stress-strain behavior of the soil was obtained.

The stress analysis (explained in chapter 3.3.2) investigates the influence of the borehole
drilling process on the stress-strain state around the borehole. In order to investigate this,
the main aspects of the drilling process were examined, which include: 1) the drilling fluid
pressure, 2) the borehole diameter and 3) possible drilling complications.

The bearing capacity analysis (explained in chapter 3.3.3) investigates the influence of these
stress-strain states around drilled boreholes on the bearing capacity of piles. As piles exist
in many different forms, the two main types of installation were considered, including a dis-
placement and non-displacement pile. Static pile load tests were simulated in this analysis
in order to obtain the bearing capacity of piles.

A 2D-axisymmetric numerical model was used for the first part of the research. To start
with, the borehole drilling process was simulated in a simplified conceptual model. This con-
ceptual model includes a single borehole with a drilling fluid pressure to keep the borehole
stable and was developed in the 2D-axisymmetric model of PLAXIS. The simulation of the
borehole drilling process in this conceptual numerical model was verified by means of an an-
alytical theory in order to be sure that the results were reliable and accurate, as explained in
chapter 3.4 and 3.5. After this was achieved successfully, extended 2D-axisymmetric models
were built including more realistic simulations. These extended models include: complex soil
behavior, adding back-fill materials and boreholes with drilling complications. By means of
using these extended 2D-axisymmetric model, results were obtained for the parametric and
stress analyzes.

A plane strain 3D model was necessary for the bearing capacity analysis, as both (non-
)displacement piles and boreholes were included. Again, a conceptual model was built con-
taining a single borehole with a drilling fluid pressure to keep the borehole stable. Similar
to the verification of the 2D model, the results were verified by means of the same analyt-
ical solution, explained in chapter 3.4 and 3.5. This model was used for all the simulations
contained in the bearing capacity analysis.
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3.3. Research analyzes
3.3.1. Parametric analysis
Several key parameters used within the models required extensive investigation before im-
plementation in further research. This included a sensitivity analysis of the following param-
eters: grout shrinkage and expansion, the Over-Consolidation-Ratio (OCR), Relative Density
and the magnitude of drilling complications. The goal of these sensitivity analyzes was to
investigate the influence of a variation of values on the stress-strain state of the soil around
the boreholes, given in chapter 3.3.1. All drilling processes of the parametric analyzes are
drilled with a drilling fluid pressure of −10.5𝑘𝑃𝑎/𝑚, as was determined in chapter 5.

Grout shrinkage and expansion
The most important aspect for the completion of the closed systems is the back-fill process
of the borehole. The entire borehole is filled with thermally enhanced grout. The grout
body might show shrinkage or expansion during the hardening process. This shrinkage and
expansion are expressed as volume strains and varied from +10 to -10 vol. percent. The
simulation of this in the numerical model is explained in chapter 3.4.3.

Over-Consolidation Ratio
The in-situ far-field principal stresses are another important factor, especially for situations in
the Netherlands. Due to over-consolidation, the horizontal in-situ stress can be three times
higher than in normally consolidated situations, which is expressed in the over-consolidation
ratio. For Dutch sands, this over-consolidation ratio can have values between 1.0 (normally-
consolidated) and 4.0 which is highly over-consolidated (Peels and Dijkstra, 2010). So, the
OCR was varied from 0 to 4, which is a range of values found for Dutch sands. This can
easily be implemented in the numerical model as an input parameter.

Relative Density
The relative density is an important parameters for sand strength and influences its behavior.
A magnitude of Relative Density of 30%, 50%, 70% and 90% were chosen. This was done
by adjusting the input parameters for the Hardening Soil Small Strain model. These input
parameters include the stiffness and strength parameters (𝐸, 𝑐ᖤ, 𝜙). which can be directly
implemented in the numerical model as input parameters, as explained in chapter 3.4.2.
The exact input parameter values are given in appendix B and were determined by means
of empirical relationships.

Magnitude of drilling complications
Drilling complications might occur during the drilling process of boreholes. The occurrence
of drilling complications is known in practice, however is not studied very comprehensively in
literature. This is caused by the limited receptivity of drilling companies, which are not keen
on sharing their incompetence. Next to this, the actual measurement of drilling complica-
tions are complicated in practice. For this reason a sensitivity analysis is performed on the
magnitudes of drilling complications. The volumetric strains, simulating the drilling complica-
tion, were −25%, −50% and −75% for a borehole with 0.3m in diameter. These volumetric
strains can be expressed as a percentage of excess soil volume loss. This conversion and
the simulation in the numerical model are explained in chapter 3.4.3.
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3.3.2. Stress analysis
The stress analysis takes into account the influence of the drilling process on the stress-
strain state around the borehole. The aspects of the drilling process included in this analysis
were: the affect of the drilling fluid pressure, borehole diameter, drilling complications and
the introduction of multiple boreholes in the same model. The changes of the extend and
magnitude of the stress redistribution by varying these aspects, as given in chapter 5, are of
significant importance for the bearing capacity of piles.

Drilling fluid analysis
The drilling fluid pressure keeps the borehole stable during the drilling process, and is seen as
an important factor influencing the stress-state around the borehole. The required magnitude
of the drilling fluid is determined by: the borehole diameter, borehole depth, soil type and
soil behavior. As for this research only one type of soil is used, only the borehole diameters
influence the magnitude of the drilling fluid pressure. For every borehole diameter two
pressures magnitudes were investigated: 1) the pressure at which the plastic zone was
minimized and 2) the lower limit at which the borehole was about to fail. These limit pressures
were found for borehole diameters varying from 0.3 to 1.0m.

Borehole diameter
The ’zone of influence’ (see chapter ) around a borehole is of great significance for this
research, as the bearing capacity of piles is highly influenced by changes in in-situ stress
state. For the installation location of piles it was necessary to know the extends of these
zone of influences. The extends of the zones of influences for varying borehole diameters
was investigated. This was done by keeping the soil type (and input parameters) constant
and using a low-limit drilling fluid pressure to obtain conservative results. These results gave
the amount of stress redistribution and the zone of influence around the borehole wall for
boreholes with diameters: 0.3, 0.6, 0.8 and 1.0m. For the 0.3m diameter borehole, the zone
of influence was determined with grout shrinkage of 2 𝑣𝑜𝑙.% and without grout shrinkage.

Multiple boreholes
In order to investigate the stress conditions due to the construction of closed systems, several
scenarios with different borehole arrays were built. All boreholes for these scenarios have
a diameter of 0.3m and a depth of 60m. Next to this, a grout body was included with a
shrinkage of 2 𝑣𝑜𝑙.%. The amount of boreholes per array were chosen to be 2 and 4. To
investigate the effect of this spacing on the soil stress state, a horizontal distance of 2, 3
and 4 meters between the boreholes was chosen for the 2 borehole array. For the four
borehole array, a spacing of 2m and 5m were chosen between ever pile. These scenario’s
are illustrated in appendix C.

Drilling complications
The most interesting and realistic drilling complication was chosen by means of the paramet-
ric analysis. Now, the drilling complications were simulated at different depths to investigate
the effect on the depth of the pile tip. This was done by means a negative volume strain
over a borehole length of 10m. The following scenario’s were simulated:

• A total of −50% volumetric strain over a borehole length of 10 meters between a depth
of 0 to -10 meters

• A total of −50% volumetric strain over a borehole length of 10 meters between a depth
of -15 to -25 meters
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• A total of −50% volumetric strain over a borehole length of 10 meters between a depth
of -30 and -40 meters

These depths are chosen such that one of the drilling complications occur above, next to
and beneath the location of the pile tip at -20m depth. Next to this, all scenario’s were
investigated for a borehole with a diameter of 0.3m and a diameter of 0.8m. The simulation
of these drilling complications in the numerical model are explained in 3.4.3.

3.3.3. Bearing capacity analysis
The bearing capacity analysis investigates the influence of the stress changes on the actual
bearing capacity of piles, and is given in chapter 6. The mobilization of the bearing capacity
of piles is a complicated process which depends on a lot of variables. The most important
variables being: the dimensions, shape and material of the pile. For this research, there is
no interest in how these different variables influence the bearing capacity of the piles. That
is why the dimensions, shape and material of the pile are kept constant for every calculation.
The installation method of the pile, in the contrary, is of interest because it alters the stress
state of the soil and thus might influence the effect of the borehole drilling process on the
bearing capacity. So, static pile load tests are performed for one type of displacement pile
(driven pile) and one type of (non-)displacement pile (wish-in-place pile). Static pile load
tests were performed for the following situations: bearing capacity of a pile in unaffected
soil, bearing capacity of a pile near a perfectly drilled borehole and a borehole with drilling
complications. In addition, the effect of changes in installation phasing were investigated for
displacement piles.

As there are many possible combinations of using these different piles, phasing and boreholes
multiple scenario’s have been chosen that will cover most of the possible combinations.

Bearing capacity of a pile near a perfectly drilled borehole
For this analysis only two borehole diameters were chosen, namely: 0.3m and 0.8m as
multiple results are available from previous analyzes. The location of the pile (location A
and B) depends on the elastic and plastic regions around the two boreholes. These regions
were investigated and given in chapter 5. On this basis, the following two scenario’s were
considered:

• A 0.3m borehole with a grout shrinkage of 2 𝑣𝑜𝑙.%. Static pile load tests were per-
formed at a distance of 0.6m (location A) and 1.0m (location B) from the borehole
center. Location A is located at the elastic-plastic boundary while location B is located
in the middle of the non-linear elastic zone. The pile tip is located at a depth of -20m
and consists of a wished-in-place (non-displacement) pile.

• A 0.8m borehole back-filled with gravel. Static pile load tests were performed at a
distance of 0.6m (location A) and 1.0m (location B) from the borehole center. For this
borehole size, location A is now located in the middle of the plastic zone while location
B is located at the elastic-plastic boundary. The pile tip is located at a depth of -20m
and consists of a wished-in-place (non-displacement) pile.

The results from both scenario’s are plotted as load-displacement curves in the same graph
in order to determine the difference in bearing capacity.
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Bearing capacity of a pile near a borehole with a drilling complication
Again, only two borehole diameters were chosen, namely: 0.3m and 0.8m. The magnitude of
the drilling complication was determined by means of the sensitivity analysis, given in chapter
4. The location of the pile (location A and B) and the depth of the drilling complications
depend on the extends of the stress redistribution, as investigated and given in chapter 5.
On this basis, the following two scenario’s were considered:

• A 0.3 diameter borehole back-filled with grout and no shrinkage. A drilling complication
with a magnitude of 50% volumetric strains was applied between -15 and -25m in
depth. Static pile load tests were performed 1.0m and 2.0m away from the borehole
center. The pile tip is located at a depth of -20m and consists out of a of a wished-in-
place (non-displacement) pile.

• A 0.8 diameter borehole back-filled with gravel. A drilling complication with a mag-
nitude of 50% volumetric strains was applied occurring between -15m and -25m in
depth. Static pile load tests were performed 2.0m and 4.0m away from the borehole
center. The pile tip is located at a depth of -20m and consists out of of a wished-in-
place (non-displacement) pile.

The results from both scenario’s are plotted as load-displacement curves in the same graph
in order to determine the difference in bearing capacity.

Bearing capacity of a displacement pile near a single borehole
The installation process of displacement piles will influence the stress state around the pile.
It is expected that the phasing of the pile installation process relative to the borehole drilling
process will influence the eventual bearing capacity. In order to investigate the influence of
phasing on the bearing capacity of piles, three situations were chosen:

A. Phasing A: the pile installation process is simulated before the simulation of the bore-
hole drilling process (including possible drilling complications)

B. Phasing B: the simulation borehole drilling process (including possible drilling compli-
cations) occur before the simulation of the pile installation process

C. Phasing C: the pile installation process is simulated first. After this, a construction is
simulated by loading the pile by half its Initial bearing capacity, as given in the results
of chapter 6. At last, the borehole drilling process is simulated.

Phasing A and B were performed for a borehole with a 0.8m diameter and a drilling complica-
tion (−50 𝑣𝑜𝑙.%) occurring between -15m and -25m depth. A pile-borehole spacing of 2.0m
was chosen in order to investigate the influence of phasing under a large stress redistribution.

For phasing C, no drilling complication was applied as this caused a soil collapse error or
a severe divergence error in PLAXIS. For this phasing C, the pile-borehole spacing was var-
ied from 2.0m to 4.0m. A borehole of 0.8m in diameter was used.

In this way, an advice can be given in which of the three scenario’s different ways of phasing
the installation processes is the most harmless for the bearing capacity. Again, the results
are all given in load-displacement curves for the final analyzes.

Influence of soft soil on bearing capacity
All of the above mentioned analyzes contain a soil structure with only sand. In real-life, piles
are used for the foundation of constructions when the soil at ground level is not suitable
enough. In most of the cases, and especially in the Netherlands, these are soft soils. The
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borehole drilling process through soft soil layers is not captured within the analyzes performed
in chapter 4 and 5. This means that there is only scarce understanding of the processes
and parameters that will influence the borehole drilling process through soft soil instead of
through sand, like time-dependent behavior. A Dutch clay type is chosen for this scenario,
modelled by a simplified soil model, as explained in chapter 3.4.2. For this scenario, the
simulation contains the following:

• A 0.3m borehole back-filled with grout shrinkage of 2 𝑣𝑜𝑙.%
• A wished-in-place (non-displacement) pile with tip at -20m depth

• No drilling complication

• A relatively small spacing of 0.6m between the borehole and the pile

• Clay layer between 0 and -15m depth

• Sand layer from -15m depth to lower boundary of model

3.3.4. Real-life case
The extended model and its results were validated by means of their application on a practical
case. This practical case was chosen to be the Lisse project, which contains a borehole closely
drilled to pile foundation locations. Fugro has performed CPT’s before and after the drilling
of the boreholes. These CPT results show an significant decrease in cone resistance of the
soil around the boreholes. The aim of the validation is to give advice on whether the drilling
of the borehole has influenced the bearing capacity of the piles when compared to the initial
bearing capacity.

3.4. Numerical model setup
The PLAXIS software from Brinkgreve, 1994 is used in order to perform all the analyzes given
in section 3.3. At first, a conceptual model was built which only included the simulation of
the drilling process, performed in the 2D and 3D model. This required a specific domain size
and boundary conditions. After this, the model was extended by introducing complex soil
behavior, back-fill materials and (non-)displacement piles. All of these structural extensions
are considered in this section. Next to this, the simulation of some special analyzes are
included, like changes in soil volumes and applying static pile load tests. At last, different
mesh configurations used for the FEM numerical model are verified by an analytical solution.

3.4.1. Model design
Dimensions and boundary conditions
The numerical model was built as a 2D-axisymmetric model and a plane strain 3D model.
The domain size of the models were chosen such that the stress-strain changes due to the
borehole drilling process were minimized at the boundaries. The domain differed for the
conceptual model (only one borehole) and extended models (> 1 borehole, drilling com-
plications or piles included) but were equal for the 2D and 3D models (the 3D model was
chosen such that 𝑥 = 𝑦), as given in table 3.1.
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Model Width Depth

𝐶𝑜𝑛𝑐𝑒𝑝𝑡𝑢𝑎𝑙 5𝑚 −50𝑚
𝐸𝑥𝑡𝑒𝑛𝑑𝑒𝑑 30𝑚 −60𝑚

Table 3.1: Domain sizes for the conceptual and extended model

The general boundary conditions that can be applied to PLAXIS models constrain: 1) defor-
mations, 2) dynamics and 3) groundwater flow and precipitation. For all of the developed
models in PLAXIS, these boundary conditions are kept at their default settings as given in
Brinkgreve, 1994 and are given in table 3.2. For the overall water-conditions, the water-table
were set at ground level. For the simulation of the drilling process, manually adapted water
conditions were used within the boreholes, which are explained in 3.4.3.

Boundary type Setting

𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛𝑠 𝑁𝑜𝑟𝑚𝑎𝑙𝑙𝑦 − 𝑓𝑖𝑥𝑒𝑑
𝐷𝑦𝑛𝑎𝑚𝑖𝑐𝑠 𝑉𝑖𝑠𝑐𝑜𝑢𝑠

𝐺𝑟𝑜𝑢𝑛𝑑𝑤𝑎𝑡𝑒𝑟 − 𝑓𝑙𝑜𝑤 𝑂𝑝𝑒𝑛
𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑁𝑜𝑛𝑒

Table 3.2: Default boundary conditions for the conceptual and extended model

Mesh
The PLAXIS model is based on a Finite Element Model (FEM) in which different meshes can
be used. Every scenario that is modelled has a specific sensitivity for a mesh type. The three
main mesh types were: medium, fine and very-fine, for both the 2D-axisymmetric and 3D
plane strain model, shown in fig. 3.2 and fig. 3.3, respectively. All three types of meshes
were refined locally where large stress-strain changes would occur. So, this local refinement
was done around boreholes and underneath piles. The mesh of the model was converged in
such a way that maximum time efficiency and result accuracy were achieved. The accuracy
of the model was verified by means of the analytical solution, as given in chapter 3.5.



3.4. Numerical model setup

3

39

Figure 3.2: Left: 2D-medium mesh, middle: 2D-fine mesh, right: 2D-very fine mesh

Figure 3.3: Left: medium mesh, middle: fine mesh, right: very fine mesh

3.4.2. Model materials
Soils
The stress-strain changes due to borehole drilling are dominated by the soil behavior. There
are numerous different models to describe the behavior of soils numerically. In PLAXIS, the
behavior of soils is captured in constitutive soil models, described in Plaxis, 2015. As for the
first part of the research only sand is used, only two types of soil models were used. For
the last part, a clay layer is introduced and described by a soil model which simplifies the
behavior of this clay. All the soil models require input parameters, which were derived from
real deposits and obtained from research by Fugro.
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For the conceptual part, which was used to verify the PLAXIS model with the analytical model,
the Mohr-Coulomb model was used with parameters as given in table 3.3. These input pa-
rameters equal those of the analytical solution, as will be discussed in chapter 3.5.

Parameter Value Unit

𝛾፬ፚ፭ 20 𝑘𝑁/𝑚ኽ
𝛾፮፧፬ፚ፭ 18 𝑘𝑁/𝑚ኽ
𝐸ᖣ 361 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝑣 0.3 -
𝑐ᖣ 6.5 𝑘𝑁/𝑚ኼ
𝜙 33 𝑑𝑒𝑔𝑟𝑒𝑒
𝜓 0 𝑑𝑒𝑔𝑟𝑒𝑒

Table 3.3: Input parameters used for the MC model representing sand in PLAXIS

The goal of the constitutive models, however, is to model the behavior of real sand deposits.
This is why the Hardening Soil Small Strain model (HSs model) (Plaxis, 2015) was chosen
as the best fit for sand deposits in the Netherlands. This model has strength parameters,
𝑐, 𝜙 and 𝜓, which are common for sands. Next to this, it allows for plastic strains due to
compressive and deviatoric loading which also counts for very small strains (𝐺Ꮂ and 𝛾Ꮂ.7).
Also, it has a stress dependent stiffness which is common in thick sand deposits (𝑚). At last,
it has the Over Consolidation Ratio (𝑂𝐶𝑅) which determines the initial in-situ stress condition
of the sand. This allows for 𝐾Ꮂ conditions in which the horizontal stress is higher than the
vertical stress. The input parameters used for the extended models are given in table 3.4. To
show the significant difference in soil behavior between the Mohr-Coulomb and Hardening
Soil Small Strain model, a graph is made showing the difference between both solutions, as
given in fig. 3.4.

Parameter Value Unit

𝛾፬ፚ፭ 20 𝑘𝑁/𝑚ኽ
𝛾፮፧፬ፚ፭ 18 𝑘𝑁/𝑚ኽ
𝐸኿ኺ 45 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝐸፨፞፝ 45 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝐸፮፫ 180 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝑝𝑜𝑤𝑒𝑟 0.5 -
𝑐ᖣ 0 𝑘𝑁/𝑚ኼ
𝜙 33 𝑑𝑒𝑔𝑟𝑒𝑒
𝜓 3 𝑑𝑒𝑔𝑟𝑒𝑒
𝑦ኺ.዁ 0.08 ∗ 10ዅኽ -
𝐺ኺ 180 ∗ 10ኽ 𝑘𝑁/𝑚ኼ

Table 3.4: Input parameters used for the HSs model representing sand in PLAXIS
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For the simulation of static pile load tests, the Hardening Soil Small Strain model gave nu-
merical errors with extremely small displacements for high loads. This is why for these
calculations, the Hardening Soil model (HS model) was chosen in order to overcome the
numerical problems. The Hardening Soil model has the exact same parameters as the Hard-
ening Soil Small Strain model but without the 𝐺Ꮂ and 𝛾Ꮂ.7 parameters. In order to prove the
minimal difference in output, a cross-section is given that compares the the outcome of the
models in fig. 3.5.

Figure 3.4: Graphs showing the total stress versus the radial distance from the borehole center com-
paring a solution for the Mohr-Coulomb model and the Hardening Soil Small Strain model

Figure 3.5: Comparison of the stress states after drilling a 0.3m borehole in HS and HSs modelled soil

In the bearing capacity analysis, some calculations were performed including a clay layer.
The soil behavior is explained by the HSs model and not by the Soft Soil Model (Plaxis,
2015) because for this research there is no time-dependent behavior included. The input
parameters used for the clay layer are given in table 3.5.
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Parameter Value Unit

𝛾፬ፚ፭ 20 𝑘𝑁/𝑚ኽ
𝛾፮፧፬ፚ፭ 18 𝑘𝑁/𝑚ኽ
𝐸኿ኺ 45 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝐸፨፞፝ 45 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝐸፮፫ 180 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝑝𝑜𝑤𝑒𝑟 0.5 -
𝑐ᖣ 0 𝑘𝑁/𝑚ኼ
𝜙 33 𝑑𝑒𝑔𝑟𝑒𝑒
𝜓 3 𝑑𝑒𝑔𝑟𝑒𝑒
𝑦ኺ.዁ 0.08 ∗ 10ዅኽ -
𝐺ኺ 180 ∗ 10ኽ 𝑘𝑁/𝑚ኼ

Table 3.5: Input parameters used for the HSs model representing clay in PLAXIS

Back-fill material
For both open and closed systems, different back-fill materials exist. For closed systems,
thermally-enhanced grout is used. The exact strength parameters of this material is not
known. Despite the ability to use the Concrete Model, it was chosen to use a non-porous
linear elastic material in PLAXIS for this grout (Plaxis, 2015). This was assumed because it
is not in the scope of this research to include the influence of installing piles on the back-fill
materials of UTES boreholes. The input parameters for stiffness and density of the material
were obtained from Fugro and rely on practically determined values of grout bodies. The
input parameters for the grout body are given in table 3.6.

Parameter Value Unit

𝐸 2 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝑐ᖣ 0 𝑘𝑁/𝑚ኼ
𝜙 33 𝑑𝑒𝑔𝑟𝑒𝑒

Table 3.6: Input parameters for the Linear Elastic model representing the grout body as back-fill material
for closed systems

For the open systems, an HDPE pipe is placed in the center of the borehole and the annulus is
back-filled with gravel material. The gravel material is strong and very stiff. It was assumed
that the effect of the HDPE on the results is negligible. This is why for the simulation, the
whole borehole is back-filled with gravel material, represented by the Mohr-Coulomb Model
in PLAXIS (Plaxis, 2015). The input parameters for the gravel material are given table 3.7.
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Parameter Value Unit

𝐸 50 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝑐ᖣ 0 𝑘𝑁/𝑚ኼ
𝜙 45 𝑑𝑒𝑔𝑟𝑒𝑒

Table 3.7: Input parameters for the Mohr-Coulomb model representing the gravel as back-fill material
for open systems

Foundation pile
Next to soil material, a pile is necessary for the bearing capacity analysis and the belonging
static pile load tests. For the pile material simulation, a non-porous linear-elastic material
(Plaxis, 2015) was used. This is used because the pile has to be extremely stiff material and
cannot deform plastically. This was assumed because it is not in the scope of this research
to include the effects of the pile material on its bearing capacity. The material parameters
used for the pile are given in table 3.8.

Parameter Value Unit

𝛾 25 𝑘𝑁/𝑚ኼ
𝐸 30 ∗ 10ዀ 𝑘𝑁/𝑚ኼ
𝑣 0.1 𝑘𝑁/𝑚ኼ
𝑅።፧፭ 0.5/0.75 -

Table 3.8: Input parameters for the Linear Elastic model representing a pile

3.4.3. Model simulations
Real-life geotechnical processes, included in the analyzes given in chapter 3.3, are simu-
lated by means of numerical models in PLAXIS. The following simulations of geotechnical
processes are explained: borehole drilling process, grout shrinkage and expansion, drilling
complications, pile simulation and static pile load tests.

Drilling process
Drilling a borehole can be simplified to the process of excavating a cylindrical segment of
soil. In order to keep the excavated part of the borehole stable, a drilling fluid is added. It
assumes a perfect removal of soil segments and does not take into account the effects of
the mechanical drilling process.
In order to simulate this perfect excavation of soil segments, a step-by-step removal of soil
segments is performed. In PLAXIS 2D model, as illustrated in fig. 3.6, the removed soil
segment has a width equal to the borehole radius. In the PLAXIS 3D model, as illustrated
in fig. 3.7, the boreholes can be simulated completely. As PLAXIS works with calculation
phases, every enumeration stands for a calculation phase:

1. Deactivation of first cylindrical soil segment, which length can be chosen arbitrarily.
Change the water-conditions in the soil segment from Global level to User-defined and
application of an incremental drilling fluid pressure, as determined in chapter 5.1

2. Deactivation of second cylindrical soil segment and application of an equal incremental
drilling fluid pressure
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3. Repetition of the previous steps until the required borehole depth is reached

4. Activation of back-fill material (3.4.2) for all borehole segments. Water conditions in
all soil segments back from User-defined to Global level.

Figure 3.6: The simulation of the drilling process in a 2D-axisymmetric model of a borehole with a 40m
depth

Figure 3.7: The step-by-step drilling process for a 3D model with a borehole depth of 60m and borehole
segments of 10m



3.4. Numerical model setup

3

45

Drilling complications and grout body volume change
Drilling complications might occur when the drilling process is not performed perfectly. The
drilling processes simulated in this research, only include partial collapse or erosion of bore-
hole walls. This type of drilling complication is simulated by means of negative volumetric
strains, in x- and y-direction, applied at a soil segment. This is simulated by means of the
following PLAXIS calculation phases:

1. Perform the drilling simulation steps as given in chapter 3.4.3

2. During step 4, simulating the back-filling of the borehole, assign a negative volumetric
strain with a magnitude as given in table 3.9 to the soil segment with the required
depth

3. Apply further simulations, like static pile load tests

The only way to measure drilling complications is by estimating the excess soil volume loss
found at the bottom of the borehole between two drilling stages. For simplicity, these excess
soil volume losses were expressed in volume percentage of the required excavated borehole
volume. In order to simulate these, the volume percentages of soil were computed towards
strains, as given in table 3.9. The simulation of grout shrinkage and expansion relies on the

ε፯፨፥. % ε፱,፲ % Excess soil volume %
−25 −12.5 23
−50 −25 43
−75 −37.5 60

Table 3.9: Excess soil volume (%) computed to volume strain (%)

same method, as it simulates soil volume change. The volume strain, in the contrary, was
applied over the complete grout body instead over a specified soil volume. Next to this, the
volume strains were much smaller and vary between -10 to 10 %.

Simulation of piles
All the simulated piles had a constant circular shape and dimensions with a depth of 20m
and a radius of 0.2m.

Non-displacement piles are simulated by giving a soil volume with the dimensions of the
pile the Linear Elastic material as given in table 3.8. As the non-displacement piles were
wished-in-place, no installation effect was modelled except for the interface between soil
and pile, as mentioned in 2.3.1. This shear band was simulated by means of an interface
in PLAXIS. This can be given as an strength reducing input parameters (𝑅ᑚᑟᑥ) for the inter-
face between the soil and pile materials (Plaxis, 2015). For a wished-in-place pile a realistic
strength reducing factor of 0.5 was chosen due to relatively small mobilized shear strengths.

The simulation of a displacement pile had to include rearrangements in the stress state
of the soil. This was done according to a method found performed in an earlier study, by
Dijkstra et al., 2006. As the methods in this study were performed for a 2D-axisymmetric
model and for this research a 3D model is used, it was not possible to perform the best-fit
simulation method. However, the following simulation gives a first-order estimation of the
stress rearrangements for the simulation of pile driving. This was simulated in PLAXIS by
applying the following steps:
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1. A horizontal prescribed displacement of 7.5 percent the pile radius is applied at the
surface representing the pile shaft.

2. A vertical prescribed displacement of 0.5m in the z-direction is applied at the pile tip.
3. The displacements produced by the prescribed displacements are set to zero, this is
done to make sure that only the soil stresses are affected by the installation simulation.

4. The interface strength reduction factor (𝑅ᑚᑟᑥ) must be set to 0.75 in order to simulate
the shear zone that occurs between soil and pile shaft.

5. The volume representing the pile can be set to the pile material, as given in table 3.8

Static Pile Load Tests
For all calculation containing pile load test simulations, the soil is modelled by an Hardening
Soil model instead of an Hardening Soil Small strain model, as explained in chapter 3.4.2.
The bearing-capacity of both displacement and non-displacement piles were simulated by
means of a static pile load test in PLAXIS by performing the following steps:
1. Introduce a displacement or non-displacement pile in the soil, as given in chapter
3.4.3.

2. Load the pile with a surface load that exceeds the actual load capacity. For simulations
containing non-displacement piles, it was set at 6000𝑘𝑁/𝑚Ꮄ, while for simulations
containing displacement piles it was set at 40000𝑘𝑁/𝑚Ꮄ.

3. Plastic failure will occur at the tip of the pile and a load-displacement curve can be
made.

The ultimate bearing-capacity is the total load value at maximum displacement point (failure
point). In this way, the failure mechanisms were derived and a qualitative conclusion on the
bearing capacity was drawn.

3.5. Model verification
In this section, the numerical model is verified by means of the an analytical model. Next to
this, a mesh analysis for both 2D-axisymmetric and the plane strain 3D model is performed.
Different mesh types are checked on accuracy and efficiency.

Analytical model
In order to make sure that the extended models built in PLAXIS give reliable results, the
conceptual model was verified by an analytical theory. For this verification, the study on
sand stresses around a borehole by Risnes et al., 1982, as described in chapter 2.2.3, was
used. This paper provides an analytical solution for the stress state around a borehole with
a soil which behaves steady-state, linear-elastic and has a Mohr-Coulomb failure criterion.
The formulas used for the analytical solution are given in appendix D.
The input parameters that were used for the analytical solution are given in table 3.10 and
simulates a slightly cemented sand, which is contained by the soil parameters 𝑆Ꮂ, 𝛼, 𝑣 and
𝛽. The initial (in-situ) stress states were determined from a K0-calculation in PLAXIS and
are due to unit weight, contained in soil stress parameters 𝜎ᑣᎲ and 𝜎ᑫᎲ. In order to keep
the 0.6m diameter borehole stable, fluid pressures play an important role. The drilling fluid
pressure (𝜎ᑣᑚ) is chosen a bit higher than the horizontal stress (𝜎ᑣᎲ) for borehole stability.
The fluid pressure at outer boundary (𝑃Ꮂ) is the hydrostatic pore pressure in the sand layer.
At last, the outer boundary radius (𝑅Ꮂ) was chosen such that 𝑅Ꮂ > 10 × 𝑅ᑚ, which is a rule
of thumb used for the zone of influence (Spegelaere M., 2019).

The graph in fig. 3.8, gives the solution for a depth of -30m.
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Parameter Value Unit Meaning

𝑆ኺ 6.5 𝑘𝑁/𝑚ኼ cohesive strength
𝑃ኺ 300 𝑘𝑁/𝑚ኼ fluid pressure at outer boundary
𝑅። 0.6 m borehole radius
𝑅ኺ 4 𝑚 radius outer boundary
𝛼 61.5 𝑑𝑒𝑔𝑟𝑒𝑒 failure angle
𝑣 0.3 − Poisson’s ratio
𝛽 1.0 − compressibility
𝜎፳ኺ 600 𝑘𝑁/𝑚ኼ initial total vertical stress
𝜎፫ኺ 436 𝑘𝑁/𝑚ኼ initial total radial stress
𝜎፫። 315 𝑘𝑁/𝑚ኼ fluid pressure in borehole

Table 3.10: Input parameters used for the analytical formulas as given in appendix D
.

Figure 3.8: The analytical solution for the total stress state around a borehole with a 0.6m diameter at
a depth of -30m

Numerical model verification
The conceptual PLAXIS model consists out of one borehole with a 0.6m diameter and a depth
of 60m, modelled as given in 3.4.3. The drilling fluid pressure, was set such that at a depth
of -30m it was equal to 𝜎ᑣᑚ, as given in table 3.10. Next to this, the soil parameters used in
the Mohr-Coulomb model in PLAXIS, as given in table 3.3, were set equal to the analytical
input parameters. In this way, all input parameters were set equal and output could be
compared.

This calculation was performed using the three different meshes. The radial, hoop and
vertical stresses were plotted against radial distance from the borehole center. This was
done for both 2D-axisymmetric and 3D-plane strain models. The mesh analysis of the 2D-
axisymmetric models are given in fig. 3.9 to 3.11. The mesh analysis for the 3D-plane strain
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models are given in fig. 3.12 to 3.14. In this way, the best fit with the analytical solution
was chosen by means of an error calculation.

Figure 3.9: Total stress versus radial distance from the borehole center (at x=0m) for a refined medium
mesh compared with the analytical solution in a 2D-axisymmetric model

Figure 3.10: Total stress versus radial distance from the borehole center (at x=0m) for a refined fine
mesh compared with the analytical solution in a 2D-axisymmetric model
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Figure 3.11: Total stress versus radial distance from the borehole center (at x=0m) for a refined very-fine
mesh compared with the analytical solution in a 2D-axisymmetric model

Figure 3.12: Total stress versus radial distance from the borehole center (at x=0m) for a refined medium
mesh compared with the analytical solution in a 3D plane strain model
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Figure 3.13: Total stress versus radial distance from the borehole center (at x=0m) for a refined fine
mesh compared with the analytical solution in a 3D plane strain model

Figure 3.14: Total stress versus radial distance from the borehole center (at x=0m) for a refined very-fine
mesh compared with the analytical solution in a 3D plane strain model

The graphs for the 2D-axisymmetric model have more smooth lines, which is due to a better
mesh configuration for the circular borehole drilling simulation. The 3D models have way
more data points due to which some more local errors exist.
For the 2D graphs it is clear that the solutions get better with finer meshes. However, for
the 3D graphs this is less clear, especially between the fine and very-fine mesh. The details
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of the 3D mesh analysis show that the most smooth lines exist in the results for the fine
and very-fine meshes. For the medium mesh a significant error exist for the hoop stress
close to the borehole wall (𝑥 < 0.5𝑚). In order to get a quantitative insight in the accuracy
of the different 3D meshes, an error calculation was performed. The mean deviation from
the analytical solution for a depth of -30m in the plastic zone was determined for the three
principal stresses separately, as given in table 3.11:

Mesh Stress Error Total error

Medium 𝜎፱፱ 18.3𝑘𝑃𝑎
𝜎፲፲ 77.2𝑘𝑃𝑎 154.7𝑘𝑃𝑎
𝜎፳፳ 59.2𝑘𝑃𝑎

Fine 𝜎፱፱ 8.0𝑘𝑃𝑎
𝜎፲፲ 35.4𝑘𝑃𝑎 74.5𝑘𝑃𝑎
𝜎፳፳ 31.2𝑘𝑃𝑎

Very-fine 𝜎፱፱ 6.6𝑘𝑃𝑎
𝜎፲፲ 29.5𝑘𝑃𝑎 59.2𝑘𝑃𝑎
𝜎፳፳ 23.3𝑘𝑃𝑎

Table 3.11: Error calculation for the three principal stresses for a medium, fine and very-fine mesh

As can be seen from table 3.11, the very fine mesh has the best fit with the analytical so-
lution, and thus is the most accurate mesh to use for the calculations of this research. The
difference between the computation times are negligible for this simple conceptual model.
For more complex models including more structures and more complex soil models, these
computation times may be a reason to use the fine mesh.
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In this parameter analysis, the effects of four parameters on the stress state around a bore-
hole are analyzed: grout body shrinkage and expansion, Over-Consolidation Ratio, Relative
Density and drilling complication magnitudes. Input values rely on real-life appearances, as
explained in chapter 3.3.1.

4.1. Grout shrinkage and expansion
In this section, the influence of grout shrinkage and expansion of the grout body is inves-
tigated. The stress states around a 0.3m diameter borehole are considered. The borehole
is drilled with a drilling fluid pressure increment of −10.5𝑘𝑃𝑎/𝑚. The effective radial (𝜎ᖤᑩᑩ),
hoop (𝜎ᖤᑪᑪ) and vertical (𝜎ᖤᑫᑫ) stresses are plotted against the radial distance from the bore-
hole center and given in fig. 4.1 to 4.3. All stress states are taken at a depth of -30m.

The effective radial stress (𝜎ᖤᑩᑩ) in fig. 4.1 is more affected by the shrinkage of the grout
body than the expansion of it. A shrinkage of −2% shows an effective stress relief of 11𝑘𝑃𝑎
at a radial distance of 1.0m from the borehole center. The effective stress changes caused
by an expansion of +2% are negligible. For higher shrinkage magnitudes of −10&, stress
release can increase up to 41𝑘𝑃𝑎 at 1.0m distance, which is more than 30% of the initial
horizontal stress.

The effective hoop stresses (𝜎ᖤᑪᑪ) in fig. 4.2 experience an equal but opposite stress re-
distribution. The extend of the plastic zone can be analyzed from this graph. The plastic
zone is the zone from the borehole wall to the peak of the effective hoop stress.
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Figure 4.1: The effective radial stress (kPa) versus the radial distance (m) for the sensitivity analysis of
the expansion and shrinkage of the grout body, for a borehole with a 0.3m diameter

Figure 4.2: The effective hoop stress (kPa) versus the radial distance (m) for the sensitivity analysis of
the expansion and shrinkage of the grout body, for a borehole with a 0.3m diameter.

Figure 4.3: The effective vertical stress (kPa) versus the radial distance (m) for the sensitivity analysis
of the expansion and shrinkage of the grout body, for a borehole with a 0.3m diameter
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The effective vertical stress (𝜎ᖤᑫᑫ) in fig. 4.3 is not affected by expansion at all. For shrinkage,
on the other hand, it will experience an higher stress relief with increasing volume percent-
ages. The affected radial area does not increase due to higher shrinkage values.

4.2. In-situ stress
In this section, the influence of the OCR on the stress states around a 0.3m diameter
borehole is investigated. The borehole is drilled with a drilling fluid pressure increment
of −10.5𝑘𝑃𝑎/𝑚. The effective radial (𝜎ᖤᑩᑩ), hoop (𝜎ᖤᑪᑪ) and vertical (𝜎ᖤᑫᑫ) stresses are plotted
against the radial distance from the borehole center at a depth of -30m and given in fig. 4.4
to 4.6,

Figure 4.4: The effective radial stress (kPa) versus the radial distance (m) for the sensitivity analysis of
the OCR, for a borehole with a 0.3m diameter

Figure 4.5: The effective hoop stress (kPa) versus the radial distance (m) for the sensitivity analysis of
the OCR, for a borehole with a 0.3m diameter
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Figure 4.6: The effective vertical stress (kPa) versus the radial distance (m) for the sensitivity analysis
of the OCR, for a borehole with a 0.3m diameter

It can be seen that by increasing the OCR from 1.0 to a value of 4.0, the horizontal in-situ
stress increases from 136𝑘𝑃𝑎 to 321𝑘𝑃𝑎 respectively. For the OCR value of 4.0, the hori-
zontal stress is higher than the vertical stress. The vertical in-situ stress is not influenced by
the OCR and has a constant value of 300𝑘𝑃𝑎.

The effective radial stress (𝜎ᖤᑩᑩ) in fig. 4.4 shows stress relief for all OCR values when ap-
proaching the borehole wall. The radial zone of influence increases with increasing OCR
values. The zone of influence are 0.85m, 1.4m, 1.66m and 1.85m for an OCR of 1.0, 2.0,
3.0 and 4.0 respectively.

The effective hoop stress (𝜎ᖤᑪᑪ) in fig. 4.5 shows an equal but opposite behavior. It can
be seen that the extend of the plastic zone increases for higher OCR values.

The effective vertical stress (𝜎ᖤᑫᑫ) in fig. 4.6 shows no relief up to a point 25 cm from the
borehole wall for an OCR > 1.0. For an OCR of 1.0 the relief of the vertical stress starts
starts at a higher horizontal distance form the borehole wall.

4.3. Relative Density
In this section, the influence of the RD on the stress states around a 0.3m diameter bore-
hole is investigated. The borehole is drilled with a drilling fluid pressure increment of
−10.5𝑘𝑃𝑎/𝑚. The effective radial (𝜎ᖤᑩᑩ), hoop (𝜎ᖤᑪᑪ) and vertical (𝜎ᖤᑫᑫ) stresses are plot-
ted against the radial distance from the borehole center at a depth of -30m and given in
fig.4.7 to 4.9.
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Figure 4.7: The effective radial stress versus the radial distance for the sensitivity analysis of the Relative
Density, for a borehole with a 0.3m diameter

Figure 4.8: The effective hoop stress versus the radial distance for the sensitivity analysis of the Relative
Density, for a borehole with a 0.3m diameter

The effective radial stress (𝜎ᖤᑩᑩ) in fig. 4.7 shows an higher stress relief for lower Relative
Density values. At a radial distance of 0.65m from the borehole center, the 30% RD curve
shows a stress value of 100𝑘𝑃𝑎 while the 90% RD curve shows a stress value of 180𝑘𝑃𝑎.

The effective hoop stress (𝜎ᖤᑪᑪ) in fig. 4.8 shows an higher peak value for higher Rela-
tive Density values. The extend of the plastic zone is larger for high RD values. This means
that the stresses at the elastic-plastic boundary are higher for higher RD values.

The effective vertical stress (𝜎ᖤᑫᑫ) in fig. 4.9 shows an equal relationship with Relative Density
as the radial stress. Again, the stress values at a distance of 0.65m from the borehole center
are higher for higher RD values.
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Figure 4.9: The effective vertical stress versus the radial distance for the sensitivity analysis of the
Relative Density, for a borehole with a 0.3m diameter

4.4. Drilling complication
In this section, the influence of different magnitudes of drilling complications on the stress
state is investigated. The borehole is drilled with a drilling fluid pressure increment of
−10.5𝑘𝑃𝑎/𝑚. The effective radial (𝜎ᖤᑩᑩ), hoop (𝜎ᖤᑪᑪ) and vertical (𝜎ᖤᑫᑫ) stresses are plotted
against the radial distance from the borehole center at a depth of -30m and given in fig. 4.10.

Figure 4.10: The effective vertical stress versus the radial distance for the sensitivity analysis on drilling
complications, for a borehole with a 0.3m diameter

As can be seen from fig. 4.10, there is significant increase in the extend of the zone of
influence when drilling complications are simulated. The extend of the plastic zone increases
from 0.4𝑚 to 1.5𝑚 and 2.5𝑚 for a drilling complication with −25 𝑣𝑜𝑙.% strains and −50
𝑣𝑜𝑙.% strains respectively. For a drilling complication with −75 𝑣𝑜𝑙.% strains, the PLAXIS
gave an instability and a borehole collapse error. The plastic zone was extended by such
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a magnitude, that no effective stresses were present in the soil to keep it stable. This is
why for further research it was chosen to simulate drilling complication with the maximum
magnitude possible in simulations, namely −50 𝑣𝑜𝑙.% strains.

4.5. Summary
For increasing shrinkage, the extend of the plastic zone increases significantly. The plastic
zone increases from 0.15m for 0 percent shrinkage to 0.68m for -10 percent shrinkage. Next
to this, it will increase the non-linear zone around the borehole wall. For expansion, it will
only cause a decrease in stress redistribution for very high volume percentages. The extend
of the plastic zone is not affected by expansion of the grout body.

The OCR will determine the extend of the zone of influence for the hoop and radial stresses.
This zone will increase with increasing OCR values. For the vertical stress this zone of influ-
ence will decrease with higher OCR values. This is due to the decrease in deviatoric stresses
in the plastic zone.

For higher Relative Density values hoop stresses show higher peaks at the elastic-plastic
boundary due to higher stiffness of the soil. Overall stress redistribution behaves more
overexcited with higher soil stiffness. A higher RD will decrease the extend of the zone of
influence and the stress reliefs, which has to do with the strength of the soil. A decrease in
strength (and in RD) will cause a decrease in the extend of the plastic zone.

The extends of the zone of influence increases extremely when drilling complications oc-
cur. For drilling complications with a magnitude of −75 𝑣𝑜𝑙.% strains, the soil body collapses
due to a serious loss of effective stresses in the soil. For this reason, the maximum possible
magnitude of drilling complication was chosen for further research with a value of −50 𝑣𝑜𝑙.%
in strains. This is equal to an excess soil volume loss of 43%.
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conditions

To understand the influence of the drilling process of boreholes on the bearing capacity of
piles, it is important to analyze its effect on the soil stress state. In this chapter, results
of this investigation are given. First, the drilling fluid analysis is performed as this is the
major aspect effecting soil stress conditions around the boreholes. Next, the influence of the
borehole diameter on the stress state around perfectly drilled boreholes are investigated.
After all, drilling processes including a drilling complication is considered.

5.1. Drilling fluid pressure analysis
The drilling fluid pressure in boreholes has an upper and lower limit. The upper limit is the
pressure at which a borehole burst-out will occur, which is not interesting for this analysis.
The most desired drilling fluid pressure in the borehole at a certain depth is equal to that of
the total horizontal stress at that depth in the soil and is diameter independent. The lower
limit is the drilling fluid pressure at which the borehole wall is about to become unstable at
which borehole collapse occurs.

For the soil type that is chosen, as given in table 3.4, the total horizontal stress at a depth
of -30m is equal to 435𝑘𝑃𝑎. In order to obtain an equal counter-pressure from inside the
borehole, an optimal drilling fluid pressure increment of 14.5𝑘𝑃𝑎/𝑚 is required (such that
14.5 × 30 = 435𝑘𝑃𝑎). In practice, however, such a constant pressure is unrealistic. The
lower-limit for each borehole diameter is found by lowering this pressure increment from
14.5𝑘𝑃𝑎/𝑚 until a borehole collapse occurs.

As an example, fig. 5.1 shows the stress-state for a drilling simulation with lower-limit
drilling fluid pressure (−10.28𝑘𝑃𝑎/𝑚) and the desired drilling fluid pressure of 14.5𝑘𝑃𝑎/𝑚
for a borehole with a diameter of 0.3m.
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Figure 5.1: Stress state around the borehole for drilling at low and high limit drilling fluid pressures

It can be seen that the stress redistribution of the drilling with the lower-limit is significantly
higher than that with the optimal drilling fluid pressure. The stress state around the borehole
is highly dependent on the drilling fluid pressure during drilling and the plastic zone around
the borehole can be completely minimized for the results in this model. For this research the
changes in stress state are of interest, which are only caused for lower-limit drilling pres-
sures. This way of drilling, however, produces very fragile and unstable boreholes. This
is why for further research, it is chosen to increase the drilling fluid pressure increment by
−0.5𝑘𝑃𝑎/𝑚 for all simulations.

An overview of the lower limits of drilling fluid pressure increments for boreholes with varying
diameters are given in table 5.1:

Diameter (m) Lower Limit (𝑘𝑃𝑎/𝑚)
0.3 10.28
0.4 10.34
0.8 10.35
1.0 10.36

Table 5.1: The lower limit of the drilling fluid pressures for boreholes with varying diameter

The required pressure is constant for all different boreholes as it depends on the horizontal
stress at a certain depth which is determined by the unit weight of the soil. In the contrary,
the lower limit pressure shows a non-linear relationship with the borehole diameter. The
larger the borehole diameter, the less additional drilling fluid pressure has to be added. It can
be seen that increasing the diameter from 0.3 to 0.4m, a pressure increment of 0.06𝑘𝑃𝑎/𝑚
has to be added. While for an increase from 0.8 to 1.0m, it only needs 0.01𝑘𝑃𝑎/𝑚. These
are extremely small differences and it is doubtful whether this is not a numerical problem
caused by mesh dependency.



5.2. Stress state around perfectly drilled boreholes

5

63

5.2. Stress state around perfectly drilled boreholes
After the determination of the lower-limit and required drilling fluid pressures, the stress
states for boreholes with varying diameter can be investigated. First, the stress state of sin-
gle boreholes with a diameter varying from 0.3 to 1.0m are provided. After this, the stress
state around arrays of two boreholes and four boreholes are given.

Stress states for single boreholes with varying diameter
Fig. 5.2 to 5.5 gives the effective stresses versus the radial distance from the borehole center
for single boreholes with varying diameter. The cross-sections are taken at a depth of 20m,
because this is the pile tip depth used for the bearing capacity analysis.

Figure 5.2: The effective stress state for a borehole with a diameter of 0.3m at a depth of 20m with
total deformations |u| versus the radial distance from the borehole center

Figure 5.3: The effective stress state for a borehole with a diameter of 0.6m at a depth of 20m with
total deformations |u| versus the radial distance from the borehole center
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Figure 5.4: The effective stress state for a borehole with a diameter of 0.8m at a depth of 20m with
total deformations |u| versus the radial distance from the borehole center

Figure 5.5: The effective stress state for a borehole with a diameter of 1.0m at a depth of 20m with
total deformations |u| versus the radial distance from the borehole center

The magnitudes of the stress redistribution are equal for all borehole diameters. The hoop
stresses all reach a more or less maximum value of 130𝑘𝑃𝑎 at the plastic-elastic boundary.
Next to this, the vertical and radial stresses decrease when approaching the borehole wall.

The radial zone of influence around the boreholes, however, is influenced by the borehole
diameter. As can be seen in fig. 5.2 to 5.5, there is difference between the zone of influence
of the vertical stress and horizontal stress. This zone of influence is defined as the radial
extend around the borehole in which less than 95% of the initial in-situ stress is present.
The zone of influence per borehole diameter is given for the horizontal and vertical stresses
separately in table 5.2.
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Diameter (m) Zone of influence 𝜎፡ (m) Zone of influence 𝜎፯ (m)
0.3 1.2 1.0

0.3 (grout) 1.7 1.45
0.6 1.7 1.5
0.8 2.7 2.3
1.0 3.2 2.8

Table 5.2: The zones of influence around the boreholes with varying diameters for the horizontal and
vertical stress separately at a depth of -20m. The 0.3 (grout) stands for the case in which the grout
body has experienced a shrinkage of ዅኼ፯፨፥.%

For the 1.0 diameter borehole, the stress redistribution is significant for a radial distance of
only 3 meters around the borehole. For the boreholes with a diameter of 0.3, the zone of
influence only becomes significant when there is shrinkage of the grout body. This means
that for perfectly drilled boreholes, the bearing capacity analysis has to be performed very
close to the boreholes (<3.0m) in order to investigate the influence of the stress redistribu-
tion on the bearing capacity of the piles.

Stress states for a two borehole array
Fig. 5.6 shows the effective vertical stress versus the depth at location (x, y) = (15, 15)
which is in the middle of the two boreholes. The stress states at this location for varying
borehole spacing is given and compared to the initial stress state.

Figure 5.6: Graph showing the vertical stress versus depth at location (x, y) = (15, 15) in between two
0.3 diameter boreholes

There is a significant vertical stress relief for a spacing of 2m. The vertical stress relief at
the same location for a borehole spacing of 4m is almost negligible. The horizontal stresses
in x-direction and horizontal stresses in y-direction experience an equal but opposite stress
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redistribution, these graphs are given in appendix E.

For a spacing of 2 meters between the boreholes, the vertical stress redistribution is notice-
ably higher than with situations performed with larger spacing. This is due to the intersection
of the non-linear stress zones of both boreholes. A minimum spacing of 5 meters between
the borehole and the pile location is necessary in order to obtain initial stress conditions at
the location in the middle of those. For boreholes with higher diameters, this spacing is
higher due to the higher extend of the non-linear zone.

Stress states for a four borehole array
Fig. 5.7 provides the effective vertical stress versus depth at the location x,y = (10;10) in
the middle of four boreholes. The spacing this location and the borehole is 2m.

Figure 5.7: Graph showing the vertical stress versus depth at location (x, y) = (10, 10) in the middle of
four 0.3 diameter boreholes

The effective vertical stress does not experience any stress relief. This also counts for the
horizontal stress in x- and y-direction, for which the graph is provided in appendix E.

Fig. 5.8 gives the effective vertical stress versus the depth in the middle of two boreholes in
a four borehole array configuration. The spacing between the two boreholes is a little more
than 2 meters. In the graph this is compared with the situation in which a two borehole
configuration is used.
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Figure 5.8: Graph showing the effective vertical stress versus the depth in between two boreholes for a
two borehole array and a four borehole array

It is clear that there is a small stress relief of 6% the initial stress at 40m depth for the two
borehole configuration. The configuration with four boreholes has a slightly smaller stress
relief.

5.3. Drilling complications
Fig. 5.9 to 5.10 give the effective vertical stress relief due to a drilling complication at differ-
ent depths for a 0.3m and 0.8m diameter borehole, as explained in chapter 3.3.

Figure 5.9: Graph showing the effective vertical stress versus depth for a borehole with a diameter of
0.3m and an excess loss of soil volume between 0 - 10 meter depth with varying distances from borehole
center
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Figure 5.10: Graph showing the effective vertical stress versus depth for a borehole with a diameter of
0.3m and an excess loss of soil volume between 15-20 meter depth with varying distances from borehole
center

Figure 5.11: Graph showing the effective vertical stress versus depth for a borehole with a diameter of
0.3m and an excess loss of soil volume between 30-40 meter depth with varying distances from borehole
center

For 0.3m diameter boreholes, the zone of influence due to the drilling complication is 4 meters
from the borehole center. For locations closer to the borehole center (2 meters distance),
the vertical effective stress will experience the highest stress relief at the pile tip for drilling
complications occurring between 15-25m. For deeper or more shallow drilling complications,
the stress relief at the pile tip is negligible.
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Figure 5.12: Graph showing the total deformations |u| versus the radial distance from the borehole
center at the pile tip depth of 20m for drilling complications occurring at different depths. For a borehole
with a 0.3m diameter.

Figure 5.13: Graph showing the effective vertical stress versus depth for a borehole with a diameter of
0.8m and an excess loss of soil volume between 15-25 meter depth with varying distances from borehole
center
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Figure 5.14: Graph showing the effective vertical stress versus depth for a borehole with a diameter of
0.8m and an excess loss of soil volume between 30-40 meter depth with varying distances from borehole
center

Figure 5.15: Graph showing the total deformations |u| versus the radial distance from the borehole
center at the pile tip depth of 20m for drilling complications occurring at different depths. With a
borehole with a 0.8m diameter.

For larger borehole diameter, with more excess soil volume loss, the stress redistribution
is more serious. The zone of influence is more or less 7 meters away from the borehole
center. The stress relief is very high at a distance of 2m away form the borehole center. At
this distance, the stress relief at the pile tip is extremely high for the drilling complication
occurring between -15m and -25m and is negligible when occurring between -30 and -40m.
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It is noticeable that for a horizontal stress redistribution happening more than 2m away
from the borehole center, a relief of radial stress is compensated by an increase in hoop
stress. This means that it will not effect the shaft resistance of the pile and thus bearing
capacity in this region depends only on vertical effective stresses.

For drilling complications occurring at a depth of 30-40m, the deformations at the depth of
the pile tip (-20m) are highest and have an almost constant value of 0.02m. For the drilling
complications occur at more shallow depths, these deformations are less than 0.01m.

5.4. Summary
The drilling fluid pressure in the borehole during drilling has significant influence on the
stress state around the boreholes. A required drilling fluid pressure can be calculated from
soil dependent in-situ horizontal stresses. For the soil used in this research, an increment
of −14.5𝑘𝑃𝑎/𝑚 was required to minimize the zone of influence around the borehole. The
lower-limit is the minimum drilling fluid pressure necessary to keep the borehole stable dur-
ing drilling. The pressure increments need to be raised with 0.08𝑘𝑃𝑎/𝑚 for an increase in
diameter from 0.3m to 1.0m. These might be caused by mesh dependency as magnitudes
are very small. All drilling processes executed in this research are performed at a drilling
fluid pressure increment 0.5𝑘𝑃𝑎/𝑚 higher than their lower-limit in order to be conservative.

As soil and drilling fluid pressure is kept constant, stress states around different borehole
diameter can be analyzed. The stress states around the boreholes with varying diameters
are almost identical except for the zone of influence and deformations. The peak of the hoop
stress points out the elastic-plastic boundary and lies at 130𝑘𝑃𝑎 for all borehole diameters.
The deformations increase in the plastic zone and are negligible outside the plastic zone. A
zone of influence is found for the vertical and horizontal stress and is given in table 5.2.

Stress states in between two boreholes will not interfere with each other when the spacing
is > 4𝑚. In the middle of four boreholes, the spacing between the middle and all boreholes
need to be > 2𝑚.

Drilling complications occurring will initiate extreme stress reliefs close to the borehole. For
drilling complications occurring at shallow depths (< 15𝑚), these stress reliefs are small. For
drilling complications occurring deeper (> 15𝑚), the stress reliefs are extremely high close
to the borehole. The zone of influence for an 22% excess soil volume loss can reach up to
4m for 0.3m diameter boreholes and up to 7m for 0.8m diameter boreholes. At a depth of
the pile tip (20m), the far-field deformations are highest for drilling complications at a large
depth. For a pile located < 4𝑚 away from the borehole, a drilling complication occurring
between 15-25m depth has highest deformations.
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Impact of installing UTES

boreholes on bearing capacity
of piles

In the previous chapter, the influence of installing UTES boreholes on the stress conditions
was investigated. In this chapter, calculations are performed concerning the influence of
the stress states on the bearing capacity of piles. Due to the complexity of the bearing
capacity of piles, this is done by means of pile load test simulations. The results of these
pile load tests are provided as load-displacement curves. First, the bearing capacity of the
pile in a soil with no boreholes is determined by means of an analytical solution and a pile
load test simulation in 2D and 3D models. After this, the effect of spacing between pile and
borehole on the bearing capacity is analyzed for perfectly drilled boreholes and a borehole
with a drilling complication. Finally, the effect of: 1) using driven (displacement) piles instead
of wished-in-place (non-displacement) piles and 2) varying installation phasing on bearing
capacity is investigated.

6.1. Bearing capacity of a pile in unaffected soil
In order to compare the change in bearing capacity due to change in in-situ stress states, an
initial value of the bearing capacity is obtained. This initial value is the bearing capacity of
a single pile with a specified depth and dimension in unaffected soil. All parameters rely on
those of the HS-model as given in chapter 3.4.3. At first, a first-order estimate was made by
performing an analytical calculation. After this, the initial bearing capacity is determined by
means of simulating a static pile load test in an axisymmetric 2D model and a plane strain
3D model. In addition, different meshes were checked on accuracy for further research.

Analytical solution
For the analytical solution, the method of Véric is used for the tip resistance, as given in
appendix A. The formula (2.5) is used for this analytical approach with the input parameter
values given in table 6.1. These input parameters are obtained from the HSs-model given in
table 3.4. The shaft resistance was obtained by using formula (2.8).
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Parameter Value Unit

𝜙 33 𝑑𝑒𝑔𝑟𝑒𝑒𝑠
𝐾ኺ 0.4554 -
𝑁፪ 14 -
q 200 𝑘𝑁/𝑚ኼ
L 20 𝑚
B 0.4 𝑚

Table 6.1: Input parameters for the analytical calculation of the bearing capacity of a pile with a depth
of -20m and a width of 0.5m

This analytical solution gives a tip resistance of 1588𝑘𝑁 and a total shaft resistance of
2261𝑘𝑁. The analytical solution gives a total bearing capacity of 3849𝑘𝑁.

2D and 3D model
A 2D-axisymmetric model was built, as explained in chapter 3.4.3, to obtain quick and coher-
ent results and perform a mesh sensitivity analysis. This analysis was performed for different
mesh types, which are given in appendix F. The same static pile load test with equal input
parameters was performed for these different mesh types and the result is given in fig. 6.2.
In order to check which of the load-displacement curves are the most realistic, the failure
pattern was studied for every mesh. The failure pattern was expressed best around the pile
tip of the finest mesh and is given in fig. 6.1.

Figure 6.1: Mobilized shear strains (left) and incremental shear strains (right) at pile tip of finest mesh
model



6.1. Bearing capacity of a pile in unaffected soil

6

75

Figure 6.2: The 2D-axisymmetric load-displacement curves for different types of meshes

For further calculations with static pile load tests including boreholes, the model was extended
to 3D. In order to obtain the exact same load-displacement curves as in the 2D-axisymmetric
model, very-fine locally refined meshes were required. This 3D very-fine mesh type had very
high computation times (> 16 hours). For time efficiency, a coarser mesh was tested and
compared with the 2D-axisymmetric model. As given in fig. 6.3, the results of this coarser
mesh have an acceptable deviation from the 2D results with a value less than 10%. This is
an acceptable deviation and thus this coarser mesh will be used for further calculations in
3D models.

Figure 6.3: Comparison between the 2D and 3D load-displacement curves
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As can be seen from the load-displacement curve in fig. 6.3, the 2D model gives a bearing
capacity of 630𝑘𝑁 while the 3D model with a coarse mesh gives a bearing capacity of 660𝑘𝑁.
Every different type of calculation in this chapter has its an identical mesh. For this reason,
the initial bearing capacity is calculated separately for every calculation type to raise accu-
racy in comparisons. As a reference, the 3D load-displacement curve as given in fig. 6.3 is
illustrated as Reference curve for all given results.

The difference between the analytical and numerical models can be explained by the type of
installation for the numerical model. The results given in fig. 6.3 give the bearing capacity
of a wished-in-place pile, while the analytical model takes into account a different type of
pile installation.

6.2. Bearing capacity of a pile near a single borehole
In this section the influence of a perfectly drilled borehole on the bearing capacity of a pile
is investigated. This is done by performing the same static pile load tests at two different
distances from the borehole center. These distances are based on the elastic and plastic
zones from the stress states given in chapter 5.2.

For the 0.3m diameter closed borehole, location A is at the elastic-plastic boundary and
location B is in the middle of the non-linear elastic region. These pile locations were: 0.6m
(location A) and 1.0m (location B) away from the borehole center. The effective stress dif-
ference (Δ𝜎ᑩᑩ,ᑪᑪ,ᑫᑫ) from the initial values, due to the borehole drilling process, are given in
fig. 6.4 and fig. 6.5.

Figure 6.4: Changes of in-situ stresses from initial values at location A (0.6m) due to borehole drilling
of a 0.3m diameter borehole
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Figure 6.5: Changes of in-situ stresses from initial values at location B (1.0m) due to borehole drilling
of a 0.3m diameter borehole

In order to investigate what influence these stress differences given in fig. 6.4 and fig. 6.5
have on the bearing capacity of piles, the load-displacement curves are compared and given
in fig. 6.6.

Figure 6.6: Load-displacement curve of a pile located at location A and B near a single 0.3m diameter
borehole

The load-displacement curves show that the bearing capacity at location A will decrease with
52 kN (= 7 percent of initial). At location B this decrease is only 7 kN, which is a negligible
amount. The part with high increments of load for displacements are due to the mobilized
shaft resistance of the pile. It can be seen that the shaft resistance of the pile at location A
is mobilized completely at a lower load. Next to this, the loss of bearing capacity increases
with higher loads and displacements for the pile at location A.
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6.3. Influence of drilling complications on bearing
capacity

Next to a perfect drilling process, which is assumed for the results given in chapter 6.2,
drilling complications might occur. These drilling complications are simulated for two sce-
nario’s as explained in chapter 3.3.3.

For the 0.3m diameter borehole, location A and location B are located 1.0m and 2.0m away
from the borehole center. The effective stress differences (Δ𝜎ᑩᑩ,ᑪᑪ,ᑫᑫ) from the initial values,
due to the drilling complication, are given in fig. 6.7 and fig. 6.8.

Figure 6.7: Changes of in-situ stresses from initial values at location A (1.0m) due to borehole drilling
of a 0.3m diameter borehole

A significant stress change has occurred due to the drilling complication, as illustrated in fig.
6.7. The small spacing between the pile and the borehole has caused a significant decrease
in stresses for all three principal stress directions. A substantial vertical effective stress de-
crease has occurred at the pile tip of −150𝑘𝑃𝑎.

A larger spacing between the pile and the borehole is illustrated in fig. 6.8. For this spacing,
the radial stress decreases while the hoop stress increases, but with a different magnitude.
The vertical stress still decrease, but with significantly lower magnitudes, which has a maxi-
mum of −55𝑘𝑃𝑎 at the pile tip.
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Figure 6.8: Changes of in-situ stresses from initial values at location B (2.0m) due to borehole drilling
of a 0.3m diameter borehole

In order to investigate what influence these stress differences given in fig. 6.7 and fig. 6.8
have on the bearing capacity of piles, the load-displacement curves are compared and given
in fig. 6.9.

Figure 6.9: Load-displacement curve of the pile for drilling complications between -15m and -25m for
0.3m diameter borehole

For a relatively large spacing (location B) the stress changes of the hoop and radial stresses
are opposite and will compensate each other, the bearing capacity is mainly determined by
the decrease in the effective vertical stress at the pile tip. A decrease of 50𝑘𝑃𝑎 in effective
vertical stress will cause a decrease of only 35𝑘𝑁 in bearing capacity.
A small spacing for location A in the plastic zone, will cause all stresses around the pile tip to
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decrease, which has a more harmful effect on the bearing capacity. No compensation of the
radial stress decrease by the increase in hoop stress occurs. Next to this, the magnitudes
of stress decrease are significantly higher. An effective vertical stress decrease of −150𝑘𝑃𝑎
will now cause a decrease of 265𝑘𝑁.

For the 0.8m diameter borehole, location A and location B are located 1.0m and 4.0m away
from the borehole center. The effective stress differences (Δ𝜎ᑩᑩ,ᑪᑪ,ᑫᑫ) from the initial values,
due to the drilling complication, are given in fig. 6.10 and fig. 6.11.

Figure 6.10: Changes of in-situ stresses from initial values at location A (1.0m) due to borehole drilling
of a 0.8m diameter borehole

Similar to the 0.3m diameter borehole, a small spacing of only 1.0m will cause extremely
high stress decrease, even for the hoop stresses which normally increase. In order to obtain
equal stress redistribution to fig. 6.11, the spacing between borehole and pile has to be
2.0m more for 0.8m diameter borehole.
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Figure 6.11: Changes of in-situ stresses from initial values at location B (4.0m) due to borehole drilling
of a 0.8m diameter borehole

In order to investigate what influence these stress differences given in fig. 6.10 and fig. 6.11
have on the bearing capacity of piles, the load-displacement curves are compared and given
in fig. 6.12.

Figure 6.12: Load-displacement curve of the pile for drilling complications between -15m and -25m for
0.8m diameter borehole

Again the small spacing causes a serious decrease in effective vertical stress which decreases
the tip resistance of the pile. Next to this, the decrease in radial stress is not compensated
for by an increase in hoop stress, which was is seen in fig. 6.11. This causes less mobilized
shaft resistance. A combination of the decreases in resistances will cause a total decrease
in bearing capacity of 355𝑘𝑁.
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For a distance of 4m between the pile and borehole center, an effective stress decrease of
−50𝑘𝑃𝑎 causes no change in bearing capacity and thus will contain its initial bearing capacity
magnitude. However, the mobilization of the shaft resistance differs from all other curves,
which can be explained by the deviating hoop stress around the pile.

6.4. Bearing capacity of a displacement pile near a
single borehole with a drilling complication

The type of installation in previous results have been a non-displacing way (wished-in-place).
The displacement piles are simulated by means of the method explained in chapter 3.4.3. In
this section, the stress changes around and underneath the pile due to the installation process
will be visualized first, as given in fig. 6.13. Hereafter different scenario’s are considered for
the analysis, as described in chapter 3.3.3. These scenarios consider the effects of installing
a displacement pile for several types of phasing.

Figure 6.13: Upper: total mean stress (፩). Lower: deviatoric stress (፪)
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Boreholes with drilling complications result in very high stress releases, as was seen in fig.
6.10. In the following results, the effect of phasing and use of displacement piles is inves-
tigated as explained in chapter 3.3.3. Situation A and B are contained in load-displacement
curves given in fig. 6.14.

Figure 6.14: Load-displacement curve of a displacement pile in situations A and B

It can be seen that the initial bearing capacity of a displacement pile is significantly higher
than for a non-displacement pile with a bearing capacity of 4600𝑘𝑁 and 660𝑘𝑁 respectively.

It is clear that the phasing in situation B is the most harmful for the bearing capacity of
a displacement pile. The displacement pile in situation B experiences bearing capacity loss
of 3360𝑘𝑁. For a situation A, which has the same phasing as for the results in chapter 6.4.
The bearing capacity for a displacement pile in situation A experiences a loss of 1140𝑘𝑁,
which is 25% of the initial bearing capacity. In comparison the bearing capacity losses for
non-displacement piles, displacement piles are more sensible to changes in stress states.

Next to situation A and B, static pile load tests were performed for displacement piles in
situations C1 and C2. During the realisation of phasing C in scenario’s with drilling complica-
tions no calculation maintained stable during loading. Soil collapse or severe divergence of
the pile occurred. This means that situation C is the most sensitive for stress changes when
compared with situation A and B.

The load-displacement curves for situations C1 and C2 are given in fig. 6.15.
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Figure 6.15: Load-displacement curve of a displacement pile in situations C1 and C2

It can be seen that even when placing the pile at a distance of 4m away (situation C2) from
the borehole with no drilling complication, there is still serious loss of bearing capacity. This
means that the spacing between an existing building founded on driven piles and a 0.8m
diameter borehole has to be significantly larger than 4m.

6.5. Bearing capacity of a pile in a soft soil layer
Foundation piles in practice are used to built on soft soils, with the pile tip situated in stiff
sand layers. This is why a situation is considered as described in chapter 3.3.3, with a soft
soil (clay) layer from 0 to -15m depth.

The effective stress differences (Δ𝜎ᑩᑩ,ᑪᑪ,ᑫᑫ) from the initial values, due to the drilling pro-
cess in this soft soil situation, are given in fig. 6.16.

Figure 6.16: Changes of in-situ stresses from initial values in soft soil due to borehole drilling of a 0.3m
diameter borehole
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The stress changes due to the drilling of the borehole through soft soil differs from the situ-
ation with only sand, as given in fig. 6.4. The magnitudes of stress changes are smaller in
the clay layer, when compared to sand. A clear boundary can be recognized at -15m depth,
in which clay turns into sand. The configuration of stress redistribution, on the other hand,
does not differ from the stress redistribution in sand. Around the tip situated in the sand
layer, the stress redistribution and magnitudes are equal to that in fig. 6.4.

In order to investigate what influence the stress redistribution in the clay layer has on the
bearing capacity of the pile, the load-displacement curves are given in fig. 6.17.

Figure 6.17: Load-displacement curve of a pile in a soft soil situation for a 0.3m diameter borehole

The load-displacement curve differs a lot from the reference curve which is caused by an-
other way of mobilizing shaft resistance. Different magnitudes of in-situ effective stresses
in the clay layer cause lower bearing capacity than for a pile in only sand. When compared
to the initial bearing capacity, the difference is almost negligible. As can be seen in fig.
6.16, the stress differences due to the drilling process are very small in the clay layer, with
magnitudes around 15𝑘𝑃𝑎. This will cause a negligible decrease in the shaft resistance.
The decrease in bearing capacity for the soft soil situation is 47𝑘𝑁, while for the situation
with only sand it is 41𝑘𝑁. This means that adding a soft soil layer will not influence the
decrease in bearing capacity due to the drilling process.

6.6. Summary
For boreholes which are perfectly drilled, the stress redistribution magnitudes around the
boreholes are small, with a small zone of influence. For this case, piles need to be placed
very close to a borehole (0.6-1.0m) in order to be located in this zone of influence. For a
pile located at the elastic-plastic boundary or somewhere in the non-linear elastic zone, the
decrease in radial stress is compensated by an increase in hoop stress. This compensation
of horizontal stresses leads to an unaltered shaft resistance. The effective vertical stress,
however, decreases with only 50𝑘𝑃𝑎 which will cause the bearing capacity to decrease by
only 35𝑘𝑁. So, for non-displacement piles located outside the plastic zone, the loss of bear-
ing capacity has negligible values.
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When drilling complications occur between -15m and -25m, the magnitude of stress redistri-
bution increases. The extend of the zone of influence, due to the drilling complication, will
increase with increasing borehole diameter. The extend reaching a distance of 2.0m for a
0.3m diameter borehole and 4.0m for a 0.8m diameter borehole. For piles located at these
distances from the borehole, the bearing capacity maintains its initial value.
For piles located within the plastic zone, both radial and hoop stresses decrease with the
same magnitude. The vertical stress decreases with an even higher magnitude. This de-
crease in effective vertical stress reaches a magnitude of 150𝑘𝑃𝑎 for a 0.3m diameter and
up to 200𝑘𝑃𝑎 for a 0.8m diameter. The sum of both horizontal and vertical stress decrease
causes a decrease in shaft resistance and a significant decrease in tip resistance. For a bore-
hole to pile spacing of 1.0m, this entails a decrease in bearing capacity of 265𝑘𝑁 and 357𝑘𝑁
for 0.3m and 0.8m diameter boreholes respectively.

The change from a wished-in-place (non-displacement) pile to a driven (displacement) pile
will increase the bearing capacity significantly, with a magnitude of more than 3940𝑘𝑁. For
the exact same simulation, the percentage of bearing capacity loss was higher for the dis-
placement pile than for the non-displacement pile. This means that displacement piles are
more susceptible for in-situ stress changes due to drilling processes. Furthermore, situation
B is more harmful for the bearing capacity than situation A. This means that installing a
displacement pile before drilling the borehole is the safest installation phasing.
Next to phasing A and B, phasing C was investigated. Two situations (C1 and C2) were
considered, differing in borehole-pile spacing. In general, phasing C is more susceptible for
borehole drilling processes than phasing A and B. Next to this, a large borehole-pile spacing
(significantly more than 4m) is necessary for the pile to obtain its initial bearing capacity.

The drilling process of a borehole through a soft soil layer will cause a smaller magnitude of
stress redistribution than in sand. For the exact same spacing, installation type and phasing
the bearing capacity for this situation and the situation with only sand is equal. This means
that adding a soft soil layer will not influence the effect of the borehole drilling process on
the bearing capacity. The loss of 47𝑘𝑁 in bearing capacity is due to the stress redistribution
in the sand layer rather than in the clay layer.
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Case study: Lisse ATES

project

7.1. Introduction
In this chapter, a real-life case study in investigated in order to validate the model results
given in previous chapters. The case study is from a project in Lisse, which is a village in the
Netherlands close to Amsterdam and Haarlem. This means that it is located in a typical Dutch
polder with an interesting soil stratigraphy. The case consists out of a mono-well ATES (open)
system which is to be installed close to foundation piles. This case is considered relevant
and interesting due to the following aspects:

• The well is drilled at a distance of 3.5m from the closest foundation pile to the borehole
wall, which is a very close spacing.

• The well is drilled with plain groundwater, with no additives (e.g. bentonites) that
might increase borehole stability.

• CPT-data is available before and after the drilling process of the well.

• Displacement piles are to be installed after the installation of the ATES well.

The aim of this case study is to investigate the influence of the drilling of this well on the
stress state of the surrounding soil and the bearing capacity of the surrounding piles. In
addition, an advice is given on: 1) the potential hazards and where these are most likely to
occur and 2) how to prevent these hazards from occurring.

7.2. Method
As stated above, there are numerous reasons to closely investigate the case study. In order
to start investigating, an overview must be provided on the setting of the case.

A mono-well is installed with a diameter and drilling bit of 0.8m, this means that the borehole
diameter will most likely be higher, but not much if drilling is performed correctly. For the
calculations, the borehole diameter is assumed to be 0.8m over its complete length because
earlier results have already been given on boreholes with an equal diameter.
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Three displacements piles are to be installed by means of the driving method. These piles
are squares with dimensions of 400𝑚𝑚 × 400𝑚𝑚 and a depth of 20m. As square piles pro-
duce simulation problems due to the inability to include interface, the piles are assumed to
be circular piles. It is not expected that this assumption influences any of the advice and
allows for an easy model building process in PLAXIS. A complete overview of the situation is
given in fig. 7.1 with the center-to-center spacing between closest pile and borehole included.

The soil stratigraphy at Lisse is simple, with a series of sand, peat and clays, which is typ-
ical for Dutch soils. The pile are driven to a depth of 20m, where the second sand layer is
present. As was seen in the results from chapter 6.5, the stress changes due to borehole
drilling in the bearing sand layer are not influenced by the introduction of a clay layer on top
of the sand layer. For this case, the interest lays in the bearing capacity of the sand and
that is why the complete soil stratigraphy is modelled as sand with equal input parameters
as given in table 3.4.

Figure 7.1: Schematic overview of the situation in Lisse with the location of the mono-well, piles and
taken CPT’s (Hogervorst and Hoefsloot, 2020)
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7.3. Results
Zone of influence of perfect drilling process
For the 0.8m borehole, the stress-states in the surrounding soil after drilling are provided in
fig. 7.2. As the distance between the pile and borehole is known, an advice can be given.

Figure 7.2: The effective stress state for a borehole with a diameter of 0.8m at a depth of 20m with
total deformations |u| versus the radial distance from the borehole center

This analysis is for a perfect drilling process, in which no complications have occurred. When
looking at these results, the pile distance of 3.9m from the center of the borehole, is outside
the zone of influence. This means that the bearing capacity of the pile is not affected by the
installation of the mono-well. The pile will maintain its initial bearing capacity. In order to
conclude this, the degree of perfection of the drilling process must be known. There is no
information provided by the drilling master that there were any visible drilling complications
or borehole collapses. This lack of information means that there is no guarantee that there
were no drilling complications and thus more investigation on this is required.

CPT data
In order to investigate possible drilling complications around the borehole, CPT data is used
for an first estimate. This is because the in-situ stress state can be linked directly to cone
resistance. An in-situ stress decrease will influence the experienced cone resistance and its
pathway to the required depth. The CPT’s have been taken before and after the drilling
process of the well. There are two interesting CPT’s taken after the drilling process that
show deviations from the CPT-data taken before the drilling process. These deviations have
occurred over the length of the sand layer (-18 to -25m) in which the piles are to be installed.
The deviations were found in DKM-103 and DKM-108. The locations with respect to the well
and pile can be found in fig. 7.1 and are 1.8m and 2.25m from the well for DKM103 and
DKM108 respectively.
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Figure 7.3: Cone resistance of DKM108 (right) compared with cone resistance of DKM107 (left)

Figure 7.4: Cone resistance of DKM103 (right) compared with cone resistance of DKM102 (left) (Hoger-
vorst and Hoefsloot, 2020)

As can be seen in fig. 7.3 and fig. 7.4, a bisection of the cone resistance has occurred
over the length of the sand layer. The CPT data from DKM103 and 108 are compared with
corresponding CPT data in order to visualize the lost cone resistances.
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Figure 7.5: Skew angles of the CPT’s seen from west (left) to east (right) (Hogervorst and Hoefsloot,
2020)

Next to a decrease in cone resistance, there is another way of determining changes in-situ
stress states from CPT’s. This is done by looking at the relative skew angles of the driven
pathways to a certain depth, as given in fig. 7.5 and fig. 7.6.

Figure 7.6: Skew angles of the CPT’s upper view
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It is clear that all CPT’s have a skew angle in their pathways, which is usual for natural soils.
The skew angle of DKM108, however, needs more attention. A very sharp angle in found
in the pathway of DKM108 in which it experiences a change in direction of 270 degrees,
visualized in fig. 7.5. After this abrupt change in direction, it continues following the same
path towards the borehole, visualized in fig. 7.6. So this means that a strong resisting
force has been subdued by the cone, indicating a strong deviation in stress state. This indi-
cates a weak zone located close to the borehole probably caused by the borehole installation.

There are three more CPT’s taken at an almost equal distance (180cm) from the borehole
wall; DKM100, DKM101 and DKM102, as given in fig. 7.1. The results from these CPT’s do
not show the same deviation in cone resistance or the same distinguishable skew angle as
DKM108. This, in combination with the axisymmetric results given in fig. 7.2, it must be a
local weak zone at the location of DKM103 and DKM108.
On basis of 19 additional CPT’s taken within the project area before the drilling of the bore-
hole, it must be stated that there is a significant chance that the weak zone has a natural
cause. In fig. 7.7, there are three more CPT results that represent a similar deviation pattern
of the cone resistance and were taken far outside of the possible zone of influence of the
drilling process.

Figure 7.7: Three more CPT results taken at the Lisse project area (Hogervorst and Hoefsloot, 2020)

A PLAXIS model is built to investigate the extend and magnitudes of a weak zone caused
by the drilling process instead of natural causes. No information was provided from which
the degree of perfection of the drilling processes can be deducted. This is why the par-
tial borehole collapse or erosion can be of any magnitude. The cone resistance data from
DKM108 and DKM103 show a strong decrease between a depth of -15 and -25m. This is
why it is very feasible that the partial collapse or erosion has occurred over the same bore-
hole length. This is investigated in PLAXIS by applying three different degrees of excess soil
volume losses. Volumetric strains of 10%, 20% and 30% were applied in the direction of
DKM103 and DKM108 between -15m and -25m borehole depth. These results are compared
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with the cone resistances of DKM103 and DKM108. It is assumed that a bisection of the cone
resistance is equal to a bisection of the vertical effective stress , which is based on empirical
theories by Baldi (Cabal and K.L., 2015).

Figure 7.8: The vertical effective stress relief by 15 percent volume loss between -15m and -25m depth
for the borehole in Lisse

The amount of excess soil volume that was lost due to a possible drilling complication (ero-
sion or partial collapse) determines the vertical effective stress at the locations of DKM103
and DKM108. The PLAXIS simulation with a volume strain of 15 percent gives a bisection
of the effective vertical stress at the location of DKM103 and DKM108, given in fig. 7.8.
This simulation might explain the stress in-situ cone resistances found by the DKM103 and
DKM108. Next to the vertical effective stresses found at the CPT locations, it was also plotted
at the pile location, 3.7m from borehole wall. The vertical effective stress relief at the pile
tip (-20m depth) is more or less 20𝑘𝑃𝑎. This means that a possible weak zone affecting the
stress states at the locations of DKM103 and DKM108 has minimal influence on the stress
states at the pile location.

7.4. Advice
The research done on this project on the basis of various CPT’s and PLAXIS simulation gives
a reliable amount of evidence to advice on further construction works. The following has
been concluded based on the evidence given in chapter 7.3:

• A perfect drilling process of the borehole will have a zone of influence that will not
effect the in-situ stress state at the pile location.

• A local weak zone is present located between and -15m and -25m stretching out
towards the location of DKM103, DKM108 and the location of the pile

• The weak zone might have a natural cause, based on three more CPT’s with equal
cone resistance deviation patterns.

• A weak zone induced by the drilling process can cause significant weakness and stress
redistribution at the location of the location of DKM103 and DKM108, however will
have only minimum influence at the location of the pile (Δ𝜎ᑫᑫ = −20𝑘𝑃𝑎).
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Based on the results given above, the weak zone at the location of DKM103 and DKM108 will
not cause a decrease in bearing capacity of the piles. All the CPT’s taken at the pile locations
give expected results with normal cone resistances. Even when the weak zone is caused by
a drilling complication, it has not extended far enough to cause bearing capacity decrease at
the pile locations. In addition to this, the piles are driven and will function as displacement
piles. This way of installing will increase stiffness at the pile tip, which will easily amend the
20 kPa decrease in vertical effective stress.
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Discussion

8.1. Parametric analysis
Shrinkage of the grout body causes a serious increase in the zone of influence for both hori-
zontal and vertical stresses. Next to this, the horizontal stresses experience an higher stress
redistribution. The vertical stresses experience an higher stress relief, which decreases the
bearing capacity of piles. Next to this, an increase in the zone of influence will increase the
risky zone for pile locations.
The magnitudes of the grout shrinkage and expansion were chosen arbitrarily. In practice,
no clear evidence exists for large volumetric shrinkage magnitudes. This is why for further
research a magnitude of −2% shrinkage was applied to the grout body, to be conservative
for further calculations. There is a lot of variation in the choice for back-fill materials for
closed systems, as there are many aspects influencing efficiency. They vary in: thermal
conductivity, permeability, strength and workability and exist out of conventional or modern
natural or chemical substances (Javadi et al., 2018). When new materials are used as back-
fill grout, a test on the amount of shrinkage is useful as large shrinkage will influence the
stress states around the boreholes.

High OCR values, in general, will decrease the vertical stress relief and increase the hori-
zontal stress relief. For piles that obtain their bearing capacity from end-bearing at the pile
tip, a higher OCR value is probably favoured due to lower stress reliefs. On the other hand,
stress redistribution of the horizontal stresses (hoop and radial) increases with higher OCR
values and might influence the mobilized shaft resistance of a pile.
For this analysis, the OCR was varied for one type of soil stiffness and strength. In prac-
tice, highly over-consolidated soils will have high stiffness and high strength, influencing the
results. In this thesis, only the ratio between horizontal stress and vertical stress with a
constant stiffness and strength was considered. Furthermore, the effective in-situ stresses
are very high, which are susceptible for vibrations and deformations during installation of
piles (Peels and Dijkstra, 2010).
Naturally, highly over-consolidated deposits only exist in the northern part of the Nether-
lands. This is why for practical applications the OCR is not very significant and needs more
detailed investigation.
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The higher the Relative Density of sand, the stronger the sand behaves. Stronger and
stiffer sands show less stress relief and a smaller zone of influence. The amount of stress
redistribution at a specific location within this zone of influence is higher for lower Relative
Densities. So, the stress state around the borehole is favorably influenced by stiffer and
stronger sands in relation to the bearing capacity of piles.

8.2. Stress analysis
It is clear that by using the right drilling fluid pressure, which is required to equal the total
horizontal stress at a certain depth, the stress redistribution around the borehole can be
minimized. This means that using a drilling fluid pressure at the lower-limit will increase the
zone of influence and stress reliefs around the borehole. The decision to drill at lower-limit
pressures has given conservative results.
Drilling companies, in the contrary, will never drill at lower-limit pressures. And it is hard
to keep the pressure constant at all times due to heterogeneity of the soil and mechanical
issues. This is why the conservative results will always give a criterion for the possible stress
redistribution during drilling at low-limit pressures. The simulation of the drilling fluid pres-
sures in PLAXIS, however, is not in accordance with reality. Pressure increments were used,
with higher densities than water, producing unrealistic hydrostatic pressures. This might
simulate a drilling fluid pressure with additives allowing for heavier unit weights. So, by
increasing the pressure increment, the model simulates a heavier drilling fluid due to more
additives. Next to this, the plastering effect of drilling mud additives is not contained in the
model. Small amounts of clay or bentonite will cause a layer cake on the inner borehole
wall decreasing the risk of circulation control loss. Next to this, state of the art additives
exists,which allows for drilling through very difficult soil layer, like shale (Bloys et al., 1994)

The variation of the stress magnitudes in the plastic and elastic regions are equal for all
borehole diameters and depend only on the initial stress state. The radial extends of these
plastic and elastic regions, in the contrary, are diameter dependent. This means that a
relationship between the borehole diameter and the extend of the redistributed stress re-
gion can be developed. For this zone of influence the following rule of thumb can be applied:

𝑍𝑂𝐼 = 𝐵𝐻 − 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 × 4 (8.1)

In which 𝑍𝑂𝐼 is the zone of influence (95 percent of initial effective stress value at a specific
depth) and 𝐵𝐻 − 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 the excavated borehole diameter. This relationship is based on
many assumptions and involves many constraints. The relationship only holds:

• For single boreholes with diameters between 0.3m and 1.0m

• When no shrinkage of the grout body occurred

• For perfectly drilled boreholes with no drilling complications

• For sand characteristics as given in table 3.4

This equation is based on results from the model, which are based on many assumptions.
Next to this, the constraints for which the rule of thumb is applicable are hard to abide in
practice.

The assumptions that were made in the model can influence the results on which the rela-
tionship in equation (8.1) is based. First of all the drilling process is modelled as a perfect
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excavation of the borehole segments. No effect of the mechanical drilling process are in-
cluded and might increase the plastic zone around the borehole. Mechanical drilling will
cause an inconsistent borehole diameter over its whole length. The provoked deviations in
borehole diameter, however, are relatively small and thus will only minimally influence the
zone of influence given in the results.
Secondly, the back-fill process simulations in the model are simplified. The material behavior
is based on simple soil models, like the linear elastic and Mohr-Coulomb models. The exact
behavior of back-fill grout and gravel in the soil can be described by more constitutive mod-
els. Especially the hardening process of the grout in the soil body over time can have large
influence on borehole stability and stress states. As there is significant time between the
completion of the drilling process and the back-filling process, the time-dependent behavior
of the soil influences the borehole stability significantly. In this time, swelling of clay layers
might occur. Next to this, partial collapse of the borehole might occur.
Furthermore, there is a complex soil stratigraphy with naturally occurring sands. These sands
will not be as homogeneous as simulated in the model. Biological or human remains may
have a large effect. Next to this, the transition between soft soils and sands or gravels are
not as distinct as modelled. Many circulation problems occur at these soil boundaries due to
abrupt changes in horizontal in-situ stresses.
The accuracy of the drilling processes in practice is not examined in such extend to secure
the above mentioned constraints with certainty. Especially the occurrence of drilling compli-
cations can easily reject this rule of thumb. The occurrence of drilling complications and its
effects is discussed later in this chapter.

Despite that the relationship only holds for the above mentioned constraints and relies on
results based on many assumptions, conservative results were used. The drilling fluid pres-
sure during the drilling process was set at the lower limit. In practice, it is aspired never to
reach the lower limit. Next to this, the relationship is based on the horizontal stresses instead
of the vertical stresses. This leads to conservative results because the zone of influence is
larger for horizontal stresses than for vertical stresses. Earlier studies state that the zone of
influence extends to a distance of 10 times the borehole diameter (Spegelaere M., 2019). For
perfectly drilled boreholes, this relationship is excessively conservative and will tend more to
equation (8.1).

For closely spaced borehole arrays, that exist for some closed systems (BTES), the non-linear
elastic zones can interfere. This means that stress redistribution in the area of interference
might be higher than in the non-linear elastic zone around single boreholes. The additional
stress redistribution, however, is negligibly small and will not influence the bearing capacity
of piles. A spacing of 2m between boreholes used for closed systems (diameter <0.3m) is
enough to eliminate interference.

A drilling complication in x- and y-direction with a total 𝜀ᑧᑠᑝ of 50% will cause serious stress
reliefs around the boreholes. Next to this, the zone of influence of these stress reliefs can
extend up to 7m. There is a plastic zone around the borehole segment of the drilling compli-
cation which can extend up to several meters. These plastic zones are denoted by relatively
large deformations. In these plastic zones, both vertical and horizontal stresses show ex-
tremely high reliefs. In the non-linear elastic zone, with relatively small deformations, the
reliefs in radial stresses are compensated by an increase in hoop stresses. For the bearing
capacity of piles, drilling complication occurring at the depth of the pile tip will influence the
in-situ stresses acting on the pile the most. Next to this, drilling complications occurring at
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shallow depths will have small influences on these in-situ stresses.

The simulations of drilling complications in the model were exactly into x- and y-direction
with known magnitude. This might simulate erosion of the borehole wall with a known loss
of soil and a consistent dimension. In real-life, drilling complications can be cracks or holes
with unknown direction and magnitude. The only measurements that can be done in real-
life to detect drilling complications is by measuring the excavated soil per meter depth. The
exact direction of stress relief, however, will be unsure. The boreholes for UTES systems are
often drilled close to pile foundations. From the results it it can be deduced that drilling com-
plications are a key factor in bearing capacity loss. This is why a study focusing on drilling
complications is necessary. A better understanding of which drilling complications occur in
what type of soil is required. Many of the studies on borehole stability in literature focus
on highly consolidated sediments or rock masses, like the studies by Press et al., 1993 and
Haimson and Kovacich, 2003. Instead of this, methods for modelling drilling complications
and the influence on the stress state in shallow sediments need to be developed. As PLAXIS
is FEM based and does not allow large strains to occur, other numerical models need to
be used, for example a Discrete Element Method. Now, drilling complications can only be
detected when performing Cone Penetration Tests in the surrounding soil.

8.3. Bearing capacity analysis
The results for a perfectly drilled borehole gave small stress changes at the pile location,
when the constraints and assumptions discussed in chapter 8.2 are fully met.
For a non-displacemet pile in the non-linear elastic zone, the loss of bearing capacity was neg-
ligible. This minimal loss can be explained by a constant effective horizontal stress (𝜎ᑩᑩ,ᑪᑪ)
acting on the pile. The loss of radial stresses were compensated by an increase in tangential
stresses, keeping the shaft resistance unaltered. In addition, the relief of effective vertical
stresses were relatively small, keeping the bearing capacity unamended. This is because a
non-displacement pile obtains most of its bearing capacity from shaft resistance.
For non-displacement piles in the plastic zone, where both tangential stresses will drastically
decrease in magnitude, loss of bearing capacity will be more severe. It is, however, very
unlikely that piles will be placed in this very small plastic zone due to the possibility of other
hazards to occur. During pile loading, obliqueness can occur when the pile tip is willing to
drag towards the weaker zone. Next to this, the grout and gravel may deform plastically due
to high pile loads causing excessive stresses around the pile tip. At last, a wished-in-place
pile that is installed in real-life will be bored, whereupon it is filled with reinforced concrete.
During this installation process small plastic and elastic zones will occur around the pile shaft
(due to soil excavation). The in-situ stress condition may change from a 𝐾 value of 1.5 to 1.1
after installation (Moor, 1994). In the PLAXIS simulations these installation effects are not
modelled and might influence the eventual bearing capacity and soil behavior around the pile.
For further research, the installation effects of bored piles need to be included and simulated.

For the boreholes with a drilling complication, the above mentioned relationship between
stress release and bearing capacity is confirmed. For large spacing between pile and bore-
hole, small vertical effective stress releases occur, leading to negligible or minimal loss of
bearing capacity. Smaller spacing situations, with piles located in the plastic zone, show
rigorous releases in horizontal and vertical effective stresses, leading to dangerous losses in
bearing capacity of more than half its initial value.
The overall uncertainties of drilling complications were discussed in chapter 8.2 and are ap-



8.3. Bearing capacity analysis

8

99

plicable for these results as well. In addition to these, the depth of occurrence and its harmful
effect on the bearing capacity is an important factor. For the given results, the drilling com-
plication occurred at the pile tip depth. Drilling complications above the pile tip may have
less harmful effects, as only the effective horizontal stresses will influence the shaft resis-
tance as given by Han et al., 2017, Lehane and White, 2005 and Loukidis and Salgado, 2008.
So, decreases in effective vertical stress will not influence the shaft resistance. Generally,
as the pile is located outside the plastic zone, the shaft resistance will not decrease due to
unamended effective horizontal stresses.
The depth of drilling complications in practice, as was discussed in chapter 2.2.4, is most
likely to occur due to drilling fluid circulation problems. Piles are usually drilled through soft
soil layer with 25% of the pile length in the sand layer, which means the boundary between
the soft soil and sand is at a depth of 75% the pile length. This boundary is where it is most
likely for circulation problems to occur due to over or under estimating the necessary fluid
pressure. As this is relatively close to the pile tip, it is crucial for the drilling company to drill
with additional caution. Next to this, the exact depth of this boundary has to be investigated
before the drilling process.

For displacement piles, the overall bearing capacity is significantly higher than for non-
displacement piles. In the simulation results, the bearing capacity of the displacement pile
(driven) in unaffected soil is 4600𝑘𝑁 while for a non-displacement pile (bored) it is only
680𝑘𝑁. The effect of a borehole with a drilling complication on the bearing capacity of a non-
displacement pile was significant, decreasing it by more than 50%. This non-displacement
pile was installed and loaded after the drilling process (phasing B). For a displacement pile
with the same phasing (phasing B), the loss of bearing capacity is more than 70%. A dis-
placement pile is more susceptible for high stress releases than a non-displacement pile.
This difference might be explained by the substantial loss of in-situ stress and strength of
the soil before pile installation, making it impossible to increase stresses around the pile tip
during driving. This lower degree of pre-stressed soil is the cause for the relatively high loss
of bearing capacity. So, a displacement pile is more susceptible for changes in the stress
state than a non-displacement pile.
Phasing A and B, simulated a scenario’s in which the pile was unloaded during borehole
drilling and thus the foundation was still under construction. Phasing C, in the contrary, the
pile was loaded during borehole drilling, simulating an existing buildings founded on displace-
ment piles. Phasing C is most susceptible for the borehole drilling process. Pile failure will
occur for very small drilling complications and thus this phasing is most harmful with respect
to the bearing capacity. Phasing A is more harmful than phasing B. For further construction
works, it is best to first install the pile without loading it after which the boreholes can be
drilled.
The simulation of the displacement piles was a first-order estimation and does not completely
simulate the effects of driving piles, further implementation of installation effects can be done
when using 2D axisymmetric models or Material Point Methods, like described in Dijkstra et
al., 2006 and Phuong et al., 2016. For a 3D FEM model, such simulations are unexplored and
need more investigation. Next to this, there are several degrees of soil displacement during
pile installation. For this research, only the two extremes were considered while there are
many more installation types in between both, that are of interest for practical knowledge.
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Conclusion and

recommendations

In this chapter a conclusion will be drawn on the results obtained in this research. First,
the main research question will be answered. After this, the sub-questions are answered to
obtain a more detailed insight in the conclusions. At last, recommendations will be given
which can be used for further research or more practical issues.

9.1. Conclusion
The chapters with the results from this research are sub-divided into four main parts and
focus on: key parameters, stress states, bearing capacity and a case study. The results from
these four chapters will give an answer to the research questions as given in chapter 1.

What is the influence of installing UTES boreholes on the bearing capacity of
piles?

The drilling of boreholes will influence a ’zone of influence’ around the borehole. The extend
of the zone of influence is affected by the borehole diameter, soil properties and above all
the drilling process. A minimum borehole-pile spacing of 6m is necessary to minimize the risk
of bearing capacity loss. When locating piles at closer spacing, a successful drilling process
without any complications is indispensable. Within the zone of influence, a stress redistribu-
tion will occur, containing a non-linear elastic zone and a plastic zone. Piles that are placed
within this plastic zone experience a severe loss of bearing capacity. For piles within the
non-linear elastic zone a negligible loss of bearing capacity occurs. Displacement piles are
more susceptible to effective stress losses than non-displacement piles. For minimum bear-
ing capacity loss of displacement piles, they need to be driven first, then the borehole can
be drilled after which the pile can be loaded. Pre-loaded (driven) piles of existing buildings
are extremely vulnerable for in-situ stress changes and require relatively large borehole-pile
spacing.
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9.1.1. Influence of key parameters

What is the influence of drilling boreholes for UTES systems on the stress-strain state and
strength of soils and how is this influenced by Over-Consolidation Ratio?

A variation of Over-Consolidation Ratio’s have given different results for the effective tan-
gential stresses (𝜎ᖤᑩᑩ and 𝜎ᖤᑪᑪ) and the effective vertical stress (𝜎ᖤᑫᑫ). The results indicate that
for the tangential stresses, an increase in OCR will increase the zone of influence and the
extend of the plastic zone. Next to this, the stress relief increments are higher for sands with
higher OCR. For the vertical stress, a higher OCR means a decrease of the zone of influence.

What is the influence of drilling boreholes for UTES systems on the stress-strain state and
strength of soils and how is this influenced by Relative Density?

The Relative Density of a sand determines its strength parameters. An increase in the Rel-
ative Density of sand means a smaller zone of influence and a smaller extend of the plastic
zone, due to the higher strength of the sand. For the horizontal stresses, it also means that
the elastic stress redistribution will be concentrated at the plastic-elastic boundaries.

What is the influence of drilling boreholes for UTES systems on the stress-strain state and
strength of soils and how is this influenced by shrinkage or expansion of grout bodies?

During the hardening process of grout material, it might experience shrinkage. The results
denotes that even small amounts of shrinkage (2 volume percentage), will increase the zone
of influence and the magnitude of stress redistribution significantly. For thermally-enhanced
grouts, which are usual for closed systems, no such shrinkage has been experienced in prac-
tice. However, as the systems are still unexplored, other types of grout may be used as
back-fill material. Grout material experiencing shrinkage will most likely increase stress re-
distribution and is suggested to be less suitable as back-fill material for UTES boreholes.

9.1.2. Influence of UTES boreholes on stress state

What is the influence of drilling boreholes for UTES systems on the stress-strain state and
strength of soils and how is this influenced by borehole diameters?

For a perfectly drilled borehole (no drilling complications), an increase in borehole diam-
eter will increase in the zone of influence. A conditional rule of thumb can be deducted from
the results in this research. This rule of thumb on the zone of influence is given by:

𝑍𝑂𝐼 = 𝐵𝐻 − 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 × 4 (9.1)

In which 𝑍𝑂𝐼 the zone of influence (less than 95% of initial effective stress value at a specific
depth) and 𝐵𝐻 − 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 the excavated borehole diameter.
The relationship is very conditional and only holds for the following constraints:

• For single boreholes with diameters between 0.3m and 1.0m

• When no shrinkage of the grout body

• For perfectly drilled boreholes with no drilling complications
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• For sand characteristics as given in table 3.4

What is the influence of drilling boreholes for ATES and BHE systems on the stress-strain
state and strength of soils and how is this influenced by the drilling process?

The drilling process itself has serious effect on the stress states around boreholes. There
are two main aspects of the drilling process which have high influence: 1) the drilling fluid
pressure and 2) the degree of perfection of drilling. The drilling fluid pressure inside the
borehole must always equal the value of the total horizontal stress acting on the borehole
wall. In this way, the zone of influence can be minimized to negligible extends. A small
plastic zone will always be present directly around the borehole wall. Losses of excess soil
volumes due to drilling complications will cause severe reliefs of in-situ stresses around the
borehole. Both tangential and vertical stresses are affected in the directions of at which ex-
cess volume loss occurred. The extend of the severe stress reliefs, however, is not extremely
large. In relatively strong sands as used in simulations for this research, the capability of
stress recovery in radial direction is large.

9.1.3. Influence of UTES boreholes on bearing capacity

What is the influence of the installation of ATES and BHE systems on the bearing capacity of
piles and how is this influenced by drilling complications?

Only the tip resistance will by effected by the borehole drilling process for piles in the non-
linear elastic zone. This causes a negligible loss of bearing capacity. In the plastic zone, both
tangential and vertical stresses will have high reliefs, causing high bearing capacity loss. It
is not advised to place piles in this region.
For boreholes with drilling complications, the plastic and non-linear elastic zones have large
extend in horizontal direction. The stress relief in the plastic zone is significantly higher than
with perfectly drilled boreholes, increasing the loss of bearing capacity.

What is the influence of the installation of ATES and BHE systems on the bearing capac-
ity of piles and how is this influenced by the installation type of piles?

The results show that the bearing capacity of displacement piles is higher than that of non-
displacement piles. In addition to this displacement piles as simulated in this model, are
more susceptible for changes in in-situ stress state and are highly influenced by the phasing
of installation processes. Especially piles loaded by half the ultimate bearing capacity fail or
diverge due to borehole drilling processes. In general, it is advantageous for the bearing
capacity of a pile to install it before drilling the borehole.

Can the extended models developed in this research be validated with a practical case in
the Netherlands ?

The Lisse Project included the exact same problems as were treated in this research. The
developed PLAXIS model works for boreholes drilled in sandy soils. The model can give the
zone of influence for the drilled borehole in different types of sand (which is an essential
aspect in practice). Next to this, the model can predict the changes in stress states for an
loss of excess soil volume due to drilling complications. At last, load-displacement curves
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can be produced and changes in the bearing capacity of piles can be calculated due to stress
changes in the soil. As the model runs on several assumptions, it always has to be combined
with CPT’s or other project specific data. By the combinations of these two a more reliable
and precise advice can be given on the problem.

9.2. Recommendations for practical use
There are several general recommendations for practical use that can be endowed from the
conclusion of this research:

• New types of grouts for closed systems require investigation on shrinkage behavior as
this can significantly increase the extend of the zone of influence around boreholes

• Borehole stability must be secured at all times when drilling at a depth around the pile
tip (over a length of 5m below and 5m above the pile tip)

• For small horizontal borehole-pile spacing (<6m), the use of non-displacement piles is
preferred over displacement piles

• The most favourable phasing for displacement pile installation is: 1) pile driving, 2)
borehole drilling and 3) pile loading

• Existing foundations are extremely susceptible for borehole drilling processes and re-
quire relatively large borehole-pile spacing.

As borehole stability is very important for specific sections of the borehole length. The
following measures can be undertaken to increase stability in this area:

• When passing this borehole section and leaving it at night, make sure to check the
depth of the borehole when starting to drill in the morning.

• Keep track of the drilling fluid pressures and inflow-outflow equilibrium at this section
of the borehole

• With very high uncertainties about borehole stability in this section of the borehole,
use a casing (although vibrations can aggravate the problem)

• Make use of drilling fluid additives to secure the borehole stability at this section of the
borehole minimally (especially for closed system borehole for which these additives
will not influence the efficiency of the heat exchange system)

The degree of perfection of boreholes is very unsure and complete borehole stability during
the drilling process is hard to confirm. Especially for projects with small borehole-pile spacing
this becomes of high significance. A higher degree of certainty can be obtained by performing
Cone Penetration Tests before and after the borehole drilling process. Based on this research,
the following recommendations can be given for pre-post Cone Penetration Tests:

• Take multiple CPT’s into the direction of the pile(s), with one CPT at the location of
the pile

• Perform CPT’s up to a minimal depth of 5m underneath the pile tip

• The bearing sand layer is of highest interest because it is most susceptible to drilling
complications

• For a known depth of a drilling complication, take several CPT’s around the borehole to
identify its direction. After this, take CPT’s into the direction of the drilling complication
to identify its extend



9.3. Recommendations for further research

9

105

9.3. Recommendations for further research
There are several recommendations for further and extended research on this subject, espe-
cially when modelling with PLAXIS. The assumptions that have been made during modelling
need better simulations and further investigation. Next to this, there are several subjects
that have not been covered in this thesis that might be of interest.

Soils
Most of the research has been performed with a very simplified soil structure. These soil
structures consist out of sand completely. The stress states around a borehole in soft soils,
however, has hardly been investigated. Piles are mostly driven though clay in order to reach a
sand deposit, the stress changes in this clay layer may influence the shaft resistance of piles.
Furthermore, soft soils exhibit complex behavior, like time-dependent creep and swelling
processes. At last, hydrological processes are not included. The water level can be beneath
ground level or fluctuating over time. Next to this, consolidation processes due to changes
in pore pressures are not considered in this research.

Drilling process
Next to this, the simulation of drilling complications was very limited. Further research on
the causes, magnitudes and dimensions of drilling complications is necessary. Scans of
borehole walls after drilling processes may be an option. In this way, the simulation of
drilling complications can be performed with higher accuracy and with results showing the
consequences on stress-states and deformations. The modelling in PLAXIS will be hard,
however, due to limited strain. The effects of drilling complications can be modelled by
means of other numerical methods, like the Discrete Element Method. Next to this, only the
stress redistribution due to excavating soil was considered for this research. The effects of
the mechanical part of the drilling process is not included and can be included by further
simulation of the drilling process.

Piles
There are many different types of pile installation, influencing soil stress conditions. For
this research, a full-non-displacement pile and a full-displacement pile have been chosen.
The simulation of the full-displacement pile was only a first order estimate and can be im-
proved. Next to this, different installation types might be of interest due to different stress
rearrangement around the piles.
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A.1. Analytical bearing capacity
Tip resistance by Vesic

𝑝ᑥᑚᑡ = 𝜂𝑞(𝑁ᑢ − 1)𝑑ᑢ (A.1)

𝜂 = (1 + 2𝐾Ꮂ)/3 (A.2)

𝑑ᑢ = 1 + 2𝑡𝑎𝑛𝜙(1 − 𝑠𝑖𝑛𝜙)Ꮄ𝑡𝑎𝑛ᎽᎳ(𝐿/𝐵) (A.3)

Tip resistance by Brinch-Hansen

𝑝ᑥᑚᑡ = 𝑖ᑔ𝑠ᑔ𝑐𝑁ᑔ + 𝑖ᑢ𝑠ᑢ𝑞𝑁ᑢ + 𝑖ᒈ𝑠ᒈ
1
2𝛾𝐵𝑁ᒈ (A.4)

𝑠ᑔ = 1 + 0.2
𝐿
𝐵 (A.5a)

𝑠ᑢ = 1 +
𝐿
𝐵𝑠𝑖𝑛𝜙 (A.5b)

𝑠ᒈ = 1 − 0.3
𝐿
𝐵 (A.5c)

Shaft resistance
𝑞ᑤᑙᑒᑗᑥ,ᑟᑖᑘ = 𝐾Ꮂ ∗ 𝜎ᖤᑧ ∗ 𝑡𝑎𝑛𝛿 (A.6)
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Figure A.1: Bearing capacity correction factors (Verruijt, 2010)

Figure A.2: Delta values for shaft resistance (USACE, 1977)
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B.1. Input parameters used for Relative Density vari-
ation

Parameter Value Unit

𝛾፮፧፬ፚ፭ 16.2 𝑘𝑁/𝑚ኽ
𝛾፬ፚ፭ 19.2 𝑘𝑁/𝑚ኽ
𝐸኿ኺ 18 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝐸፨፞፝ 18 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝐸፮፫ 80.4 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
power 0.606 -
c’ 0 𝑘𝑁/𝑚ኼ
𝜙 31.75 degree
𝜓 1.75 degree
𝑦ኺ.዁ 0.17 ∗ 10ዅ3 -
𝐺ኺ 80.4 ∗ 10ኽ 𝑘𝑁/𝑚ኼ

Table B.1: Input parameters used for the HSs model for a Relative Density of 30 percent
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Parameter Value Unit

𝛾፮፧፬ፚ፭ 17 𝑘𝑁/𝑚ኽ
𝛾፬ፚ፭ 20 𝑘𝑁/𝑚ኽ
𝐸኿ኺ 30 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝐸፨፞፝ 30 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝐸፮፫ 90 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
power 0.544 -
c’ 0 𝑘𝑁/𝑚ኼ
𝜙 34.25 degree
𝜓 4.25 degree
𝑦ኺ.዁ 0.15 ∗ 10ዅ3 -
𝐺ኺ 94 ∗ 10ኽ 𝑘𝑁/𝑚ኼ

Table B.2: Input parameters used for the HSs model for a Relative Density of 50 percent

Parameter Value Unit

𝛾፮፧፬ፚ፭ 17.8 𝑘𝑁/𝑚ኽ
𝛾፬ፚ፭ 20.8 𝑘𝑁/𝑚ኽ
𝐸኿ኺ 42 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝐸፨፞፝ 42 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝐸፮፫ 126 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
power 0.481 -
c’ 0 𝑘𝑁/𝑚ኼ
𝜙 36.75 degree
𝜓 6.75 degree
𝑦ኺ.዁ 0.13 ∗ 10ዅ3 -
𝐺ኺ 107.6 ∗ 10ኽ 𝑘𝑁/𝑚ኼ

Table B.3: Input parameters used for the HSs model for a Relative Density of 70 percent

Parameter Value Unit

𝛾፮፧፬ፚ፭ 18.6 𝑘𝑁/𝑚ኽ
𝛾፬ፚ፭ 21.6 𝑘𝑁/𝑚ኽ
𝐸኿ኺ 54 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝐸፨፞፝ 54 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
𝐸፮፫ 162 ∗ 10ኽ 𝑘𝑁/𝑚ኼ
power 0.419 -
c’ 0 𝑘𝑁/𝑚ኼ
𝜙 39.25 degree
𝜓 9.25 degree
𝑦ኺ.዁ 0.11 ∗ 10ዅ3 -
𝐺ኺ 121.2 ∗ 10ኽ 𝑘𝑁/𝑚ኼ

Table B.4: Input parameters used for the HSs model for a Relative Density of 90 percent
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C.1. Overview of scenario for multiple boreholes

Figure C.1: Overview of scenario for two boreholes. Spacing is varied from 2 to 5 meters point to point.
Possible location of the pile location is in the center of the domain (x, y) = (15, 15)
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Figure C.2: Overview of scenario for four boreholes. Spacing is varied from 2 to 5 meters point to point.
Possible location of the pile location is in the center of the domain (x, y) = (10, 10)



D
Appendix

D.1. Formulas used for the analytical solution

Figure D.1: Analytical formulas for the elastic part of the solution for the three principal stresses
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Figure D.2: Analytical formulas for the plastic part of the solution for the three principal stresses



D.1. Formulas used for the analytical solution

D

115

Figure D.3: Analytical formulas for the plastic part of the solution for the three principal stresses
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E.1. Two boreholes with varying spacing

Figure E.1: Graph with the effective radial stress versus the depth for two boreholes with a varying
spacing from 2m to 5m
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Figure E.2: Graph with the effective hoop stress versus the depth for two boreholes with a varying
spacing from 2m to 5m

E.2. Four boreholes with varying spacing

Figure E.3: Graph with the effective radial stress versus the depth in the middle of an four borehole
configuration
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Figure E.4: Graph with the effective hoop stress versus the depth in the middle of an four borehole
configuration

Figure E.5: Graph with the effective radial stress versus the depth between two boreholes in an four
borehole configuration
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Figure E.6: Graph with the effective hoop stress versus the depth between two boreholes in an four
borehole configuration
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F.1. 2D model mesh configurations for static pile
load tests

Figure F.1: Coarse mesh (left) and coarse mesh-moderately refined (right)
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Figure F.2: Medium mesh - highly refined (left) and Very fine mesh - highly refined (right)
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