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Abstract

This thesis examines the load distribution on 60 m long piles under gradual static loading, con-
sidering the POST Rotterdam high-rise building as the study project. The research employs
fibre optic (FO) instrumentation on site to monitor strain changes in the piles over time and
assess load transfer mechanisms. This data is integrated into a Plaxis 3D model of the build-
ing’s foundation to validate existing approaches on soil structure interaction (SSI), optimize
SSI modelling, and assess the high-rise building’s impact on nearby structures. Results show
that at early stages, the resistance contribution comes from the shaft in contact with the Pleis-
tocene sand layer. However, as loading progresses and the Kedichem clay layer consolidates,
most of the resistance shifts to the tip and the shaft located in the deeper sands. The FO strain
measurements follow a similar trend to the site stratigraphy, but there is high uncertainty about
the results at early load stages. The latter requires further investigation to corroborate once the
building is finalised. The piles were incorporated into the Plaxis 3D model by means of EBR
with a layer-dependent force distribution. The resulting spring stiffness of various pile groups
reveals the significance of the group effect. Regarding the impacts of POST loads on the adja-
cent Old Post Office building, an angular distortion of 1/555 in 50 years was obtained, which
indicates a conservative result of slight damage in the structure. For the Timmerhuis build-
ing, a resulting angular distortion of 1/1428 indicates no damage. This study addresses gaps
in understanding load distribution in 60 m long piles, offering a practical modelling approach
and recommendations for future research. It contributes to optimizing design and safety pro-
tocols as the use of such piles becomes more common in Rotterdam. By utilizing advanced
sensing techniques like FO, this research may lead to more accurate pile design and criteria,
potentially reducing construction costs and enhancing safety for high-rise buildings and their
surroundings.

ii



Nomenclature

Abbreviations
3D Three-dimensional
BOTDA Brillouin Time Domain Analysis
BOTDR Brillouin Time Domain Reflectometry
c− c Centre-to-centre
CPT Cone Penetration Test
EBR Embedded beam row
FC/APC Ferrule Connector/Angled Physical Contact
FE Finite element
FO Fibre optic
HS Hardening Soil
NAP Amsterdam Ordnance Datum or Normaal Amsterdams Peil
SLS Serviciability limit state
SSC Soft Soil Creep
SSI Soil structure interaction
SSM Soft Soil Model
ULS Ultimate limit state

Suffixes
b Base
conc Concrete
lat Lateral
pile Pile
ref50 Reference secant
refoed Reference oedometer
refur Reference unload/reload
sat Saturated

Symbols
αp Factor for base resistance calculation
αs Factor for shaft resistance calculation
∆σ Stress increment
∆Fb Tip resistance increment
∆Fs Shaft resistance increment
∆s Soil displacement increment
∆u Pile displacement increment
∆ub Pile tip displacement increment
∆urel,b Soil-pile tip relative displacement increment
∆urel Soil-pile relative displacement increment
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Nomenclature iv

∆us,b Soil displacement increment at the pile tip
γ Soil unit weight
κ∗ Modified swelling index
λ∗ Modified compression index
µ∗ Modified creep index
ν Poisson’s ratio
ϕ′ Friction angle
ϕinter Friction angle of the interface
ψ Dilatancy angle
σ′p Preconsolidation stress
σ′v Effective stress
τ Unit shaft resistance
ε Strain
A Area
c′ Cohesion
cinter Cohesion of the interface
D Diameter
Db Material stiffness matrix of the pile tip
Dr Relative density
E Stiffness
Fb Tip force
Fs Shaft resistance
fs Cone sleeve friction
H Layer thickness
I Moment of inertia
Knc

0 H/V stress ratio in normally consolidated 1D compression
m Power for stress-level dependency of stiffness
N Axial force
OCR Overconsolidation ratio
POP Pre-overburden pressure
qb Unit base resistance
qc Cone tip resistance
Qult Ultimate bearing capacity
Rinter Relative stiffness between modelled pile and soil
s Settlement
t Thickness
Tskin Material stiffness matrix of skin interface
u Pile displacement
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1
Introduction

1.1. Problem statement

The escalating trend of constructing tall buildings in densely populated urban areas is increas-
ingly shaping the contemporary urban landscape. In the Netherlands, Rotterdam is the leader
of this transformative wave, in which the increment of high-rise buildings in the city aims to
improve the quality of urban living while addressing the housing shortage.

However, the pursuit of vertical expansion is accompanied by geotechnical challenges. A
typical soil profile in Rotterdam is composed of intercalations of dense sands and compressible
clays. While piles reaching the Pleistocene sand layer at -30 m NAP have long served as the
foundation solution for various structures in Rotterdam, this approach becomes unsuitable for
high-rise buildings in the city centre, where the building density is significant. The elevated
stress concentration in the Pleistocene sand could trigger important consolidation within the
underlying Kedichem clay layer, leading to unfavourable differential settlements (Schippers
et al., 2021) that could damage the surrounding buildings over time. Consequently, the de-
mand for innovative foundation methodologies has prompted the exploration of alternatives,
i.e., the installation of screw-displacement piles that penetrate the deep dense sand layer at
approximately -65 m NAP.

Nonetheless, this alternative presents additional challenges; when loaded, the deep clay
layers will undergo consolidation gradually, leading to changes in the soil-structure interaction
(SSI) behaviour. With this, the accuracy of the currently available modelling techniques be-
comes uncertain, and existing knowledge on these unique foundations is limited for the Dutch
ground conditions.

1.2. Scope and objective of research

This thesis addresses the soil-structure interaction within the context of foundation engineering
for high-rise buildings. The main objective is to study load distribution along 60 m long piles
subjected to gradual loading during construction, considering the POST Rotterdam high-rise

1
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building as the study project. Through the application of FO instrumentation on the POST site,
the study aims to capture the strain development of these piles over time, and thus evaluate
load transfer mechanisms. This information will contribute to verify what is the best way to
model the 60 m long piles, in order to predict their behaviour in the short and long term. With
more high-rise projects to be constructed in Rotterdam, understanding the load distribution of
this foundation alternative is vital.

1.3. Research questions

The research questions to be answered are shown below.

• How does stress distribute in very long piles, in the short and long term, considering
Rotterdam’s soil profile?

• How accurate are the predictions of stress distribution of the current existing approaches?
• What is the best way to model the soil-structure interaction of these very long piles?

These questions will be reconsidered in the last chapter based on the obtained results.

1.4. Outline

The thesis is developed as follows. Chapter 2 examines definitions of soil-structure interaction,
Dutch pile design, and recently proposed adjustments to the methodology, plus their applica-
tion in currently designed Rotterdam’s high-rise buildings.

Then, in Chapter 3, the study project is presented. POST Rotterdam’s project details, in-
cluding soil profile and pile installation, are mentioned, along with a description of the instru-
mentation process on site, and interpretation procedures.

Next, Chapter 4 includes the construction of simplified single spring models using NEN
methodology, comparing INTER and D-Pile Group software results, and assessing parameter
sensitivity. Parameters marked by a high uncertainty in soil-structure interaction calculations
are analysed, and their effect on final load distribution and pile displacement outcomes is dis-
cussed, aiming to optimize further complex modelling.

Subsequently, Chapter 5 covers Plaxis 3D modelling, including general aspects, constitu-
tive models and soil parameters, progressing from single pile to group modelling.

Following, Chapter 6 presents fibre opticmeasurement interpretation, their correlationwith
group models, and identifies the optimal pile modelling method.

Further, Chapter 7 includes the final complete high-rise foundation model, predicting long-
term behaviour and structural impact on the adjacent buildings.

Finally, Chapter 8 concludes and offers recommendations, contributions, and future im-
pacts.



2
Literature review

2.1. Soil structure interaction

Soil structure interaction (SSI) accounts for the connection between a foundation or structure
and the soil or rock under it. When a structure is built, it transmits the loads to the soil under-
neath it, thus, the soil responds to these loads by deforming and exerting reaction forces on the
structure (Kausel, 2010).

In pile foundations, piles are installed in order that the tip reaches a competent deep soil
layer where it can develop optimum base and shaft resistance forces while minimizing reac-
tion deformations on the structure and the surroundings. Thus, the soil-structure interaction
becomes a complex iterative system in which, when the piles are loaded, they need some dis-
placement with respect to the soil in order to develop skin friction (with the surrounding soil)
and therefore give resistance to the building through the shaft. Likewise, piles can also develop
base resistance at the tip by moving against the ground. Furthermore, there are two types of
skin friction to consider for SSI analyses: On one side, positive skin friction is an upward force
that contributes to the reaction forces against structural loads. On the other side, negative skin
friction is a downward force that occurs when the shallow soft soil layers on site consolidate
and act as a down drag on the foundation (Rajapakse, 2016).

There are several methodologies for calculating resistance, however, this thesis will fo-
cus on the α method described by NEN 9997-1 (2017), as it is the most widely used in the
Netherlands.

2.2. Current Dutch design approach

The pile design established in the NEN 9997-1 (2017) is based on the use of cone penetration
tests (CPT) tip resistance, and constant reduction factors for the determination of tip and shaft
bearing capacity. These values account for the maximum resistance the pile can develop:

3
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τf = αsqc (2.1)

qb = αpqc (2.2)

where:
τf : unit shaft resistance (kPa)
qb: unit base resistance (kPa)
αs: factor for calculating shaft resistance in compression (-)
αp: factor for calculating base resistance (-)
qc: CPT tip resistance (kPa)

The ultimate axial bearing capacity (Qult) is given by the sum of shaft and base resistance1.

Qult = τfAlat + qbAb (2.3)

where:
Alat: lateral area (m2)
Ab: area of pile base (m2)

Bearing capacity can be affected by several factors (Bica et al., 2014), such as the soil type
and its stress state, the installation method, the degree of soil displacement during installation,
residual loads, the geometry of the pile, and set-up and time-related effects. The installation
method is considered in the NEN 9997-1 (2017) methodology by the αs factor as stated in
Table 2.1.

Table 2.1: Reduction factors for pile resistance calculation (adapted from Gavin et al., 2021).

Pile type αp αs αt

Pre-cast concrete closed-end 0.7 0.01 0.007
Steel tube closed-end 0.7 0.01 0.007
Steel tube open-end 0.7 0.006 0.004
Screw injection pile 0.63 0.009 0.009
Continuous flight auger 0.56 0.006 0.0045
Bored pile 0.35 0.006 0.0045

In the Dutch approach (NEN 9997-1, 2017), the normalized load-settlement curves (Figure
2.1) are used to calculate the pile settlement under different load magnitudes depending on the
pile types, which are classified as follows:

1. Type 1: Displacement piles.
1Unit shaft and unit base resistances can be transformed into force when multiplied by the pile lateral area or

the pile base cross-section, respectively.
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2. Type 2: Partial displacement piles, in which the soil is partly removed around the pile
shaft during installation.

3. Type 3: Piles whose installation results in a significant disturbance to the surroundings,
but also provide a large bearing capacity.

With this, it is possible to determine the safe load-carrying capacity and estimate the ex-
pected settlement under specific design loads. In Figure 2.1, the first graph shows the rela-
tionship between the force on the pile tip and its sag, both as normalized values2. Likewise,
the second graph presents the relationship between shear force (normalized value) and tip dis-
placement (in mm).

Figure 2.1: Load settlement curves of piles (NEN 9997-1, 2017).

Translation note: Figure 7.n: Relationship between the force on the pile tip, expressed in percentage of the
maximum force on the pile tip at the ultimate limit state or serviceability limit state and the sag of the tip, as a
percentage of equivalent pile diameter. Figure 7.o: Relationship between the shear force on the pile shaft, as
a percentage of the maximum shear force on the pile shaft, at the ultimate limit state or the serviceability limit
condition and the sag of the tip in mm.

It must be emphasized that the load-settlement curves are intended for safe design purposes
(Frissen, 2020) and therefore may not fully capture the complexities of real conditions at all

2In the first graph of Figure 2.1, axes correspond to normalized values; the force is expressed as a percentage
of the maximum force on the tip, and the sag of the tip is included as a percentage of the pile diameter.
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times. NEN 9997-1 (2017) was calibrated by means of experimental data (Ter Steege, 2022)
obtained from typical Dutch foundation projects and subsoil conditions, but uncertainty is
introduced when either the project specifications or the site materials are out of the scope.

In addition, Duffy, Gavin, Askarinejad, et al. (2022) and Ter Steege (2022) present research
on screw displacement piles with grout injection by means of the interpretation of existing load
tests, performed in several sites in the Netherlands. The main improvement proposals for the
designed process are discussed as follows: First, it is stated that the measured load tests data
has a better fit to the load-settlement curve of type 2 piles (Figure 2.1), differing from the indi-
cations of NEN 9997-1 (2017) to follow a type 1 behaviour. This indicates that there is a softer
mobilisation of shaft fiction and the base mobilisation is larger than 10% of the cross-section
diameter. Second, it is shown that limiting the qc values on the bearing capacity calculations re-
sults in a more conservative design but deviates the calculations from the measured data. Third,
the calculated αp values from load tests result in values ranging from 0.23 to 0.35, which are
considerably lower than the value stated in the code for screw-displacement piles (0.63). Re-
sults show the load-settlement curve of NEN 9997-1 (2017) overestimates the base resistance
(as shown in Figure 2.1), and therefore αp values should be lowered.

2.3. Group effect

When piles are installed in groups, the individual behaviour can be influenced by the presence
of the neighbouring piles, depending on spacing, soil properties and structural requirements
(Poulos, 1968).

When soil pressures overlap in the pile cluster, their behaviour gets affected. On one side,
the group gains efficiency: When pile groups are closely spaced, there is an overall increase
in the bearing capacity of the individual piles (Poulos, 1968), as there is a more efficient load
distribution between them. On the other side, neighbouring piles can also cause negative in-
terference (Bowles, 1997); if there is excessive compaction of the soil among the group, its
stiffness will increase, which can decrease the relative soil-pile displacement from the inner
piles and therefore reduce their capacity. Likewise, the settlement of an individual pile can in-
duce additional settlement or changes in load distribution on the adjacent piles (Poulos, 1968).
Further, the group effect may also have impacts in the presence of lateral loads; depending on
the pile spacing, geometry, and soil conditions, lateral stiffness and resistance can be altered.
Increasing the spacing between piles in a group results in a decrease in the stress intensity
from overlapping stressed zones. However, large pile spacings are impractical in reality, as
pile groups are commonly covered by a pile cap to support the column base and distribute the
load to multiple piles within the group (Bowles, 1997).

Estimating soil stresses from multiple piles in a group is challenging for several reasons.
Pile caps often introduce uncertainty as they share the load with all the piles within the group
(Bowles, 1997). The distribution of friction effects along the piles is often unknown, making
it hard to recognize specific loads. Assessing the overlap of stresses from neighbouring piles
is difficult, as well as considering the impact of pile driving on the surroundings. Moreover,
time-related factors such as consolidation, changing loads, and groundwater level variations
further complicate load estimation.
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2.4. High-rise buildings design experience in Rotterdam

This section describes the experience of building in Rotterdam and applying the above guide-
lines, as well as the considerations that have been made according to stratigraphic conditions
and project requirements. The soil profile in this area typically consists of several distinct lay-
ers (Woestenburg, 2020): Near the surface, there is a sandy layer of 3 m thick extending until
approximately -6 m NAP. Below this, there is a soft soil sequence comprising clay and peat,
forming a layer of 7 m in thickness, from -6 m to approximately -18 m NAP, known as the
Holocene pack. Subsequently, there is a 20 m thick layer of dense sand, commonly referred to
as the Pleistocene sand layer, ranging from approximately -18 m to -33 m NAP. Underneath
lies the Kedichem clay, occupying a depth from -33 m to -45 m NAP, characterized by alter-
nating layers of hard overconsolidated clay and dense sand. Further exploration reveals the
presence of a dense sand layer with hard clay from -45 m to -58 m NAP, followed by a very
dense sand layer (part of the Wad formation) extending from -58 m to -85 m NAP3.

While most of the existing structures in Rotterdam are founded on piles whose tip reaches
the Pleistocene sand layer, this is not a viable solution for high-rise buildings. The large addi-
tional stresses could cause significant consolidation of the Kedichem clay layer, which would
lead to settlements on all the layers above Kedichem that will mainly affect the surrounding
structures (Schippers et al., 2021), with special attention on the Old Post Office historical build-
ing. Consequently, it has been necessary to look for alternatives, such as the construction of
diaphragm walls (Robbemont and Janssen, 2018), or the installation of special foundations,
the latter being the most popular in the design of upcoming high-rise projects. Due to this,
a foundation alternative was defined, which involves the installation of screw-displacement
piles that reach the deep dense sand layer, at approximately -65 m NAP. This solution has
been implemented in major high-rise building projects, such as Zalmhaven (Schippers et al.,
2021), De Sax and Tree House Rotterdam.

These buildings, until now, have followed a bearing capacity calculation methodology
based on the NEN 9997-1 (2017) with some modifications considering the pile installation,
as shown in Figure 2.2. When grout injection is applied during drilling, it is assumed that the
borehole diameter in the lower sand layers corresponds to the pile tip diameter (0.95 m). This
assumption is based on the fact that the sand layer above this diameter is fully mixed with
grout and remains stable during drilling. The αs value specified in NEN 9997-1, 2017 for type
1 is employed for this purpose. For the intermediate clay layers, an increased shaft friction
coefficient is applied. To address potential issues related to incomplete mixing and clay layer
deformation during grout hardening, a reduction in pile diameter is necessary. In this case,
the average casing and pile tip diameter of 0.85 m is utilised. Regarding the upper section of
the pile, factors such as the installation method, grout cover thickness and quality and precise
pile diameter cannot be definitively determined. Consequently, a reduced αs value is adopted
for the upper sands, taking into account the smallest value provided in NEN 9997-1, 2017.
Similarly, a conservative assumption is made, setting the pile diameter equal to 0.762 m in the
upper clay layers (negative skin friction zone).

3The last dense sand layer hereby mentioned corresponds to the deepest registered geotechnical explorations
done for the aforementioned high-rise buildings.
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Figure 2.2: Current bearing capacity calculation methodology for high rise buildings (adapted from Schippers
et al., 2021).



3
Study project

3.1. General aspects

The study project consists of the restoration of the old Post Office building and the construction
of a 155 m tall high-rise building in its courtyard. The new concept, shown in Figure 3.1, will
convert the site into a multicomplex including a hotel, apartments, catering, shops and a public
passage (POST, 2021).

Figure 3.1: POST Rotterdam (POST, 2021).

The site is located in the city centre of Rotterdam, as shown in Figure 3.2. The City Hall and
the Stadhuisstraat lie to the north, while Meent street and theWorld Trade Center are located to
the south. Rodezand street, Timmerhuis building, and local businesses are situated to the east,
and Coolsingel street is found to the west. The project will occupy an area of approximately
936 m2.

9
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Figure 3.2: Project location (adapted from Google Maps).

3.2. Soil profile

To investigate the site stratigraphy, six CPT up to a depth of -75 m NAP were carried out
between 2018 and 2021 (Schippers and Broekens, 2021). The complete ground investigation,
as well as the location of the CPT, is available in Appendix A. The soil profile is described
below.

• Clean sand. From ground level to -6.8 mNAP, fine clean sand is shown, with an average
cone resistance of 5 MPa.

• Holocene pack. From -6.8 m NAP to -16.0 m NAP, a series of soft materials are found.
First, a sandy clay is shown, with a cone resistance of 0.8 MPa. Following, peat is found
with a cone resistance of 0.8 MPa. Further, the soundings present a soft clay with an
average cone resistance of 0.7 MPa.

• Pleistocene sand. From -16.0 m NAP to -34.0 m NAP, a medium-dense to dense sand
is found, with an average cone resistance of 15 MPa.

• Kedichem clay. From -34.0 m NAP to -48.2 m NAP a layer is found that consists of
sandy clays interspread with packed sand, with an average cone resistance of 4 MPa. It
must be highlighted that from -36.4 m NAP to -38.2 m NAP, a medium-dense sand is
present, whose cone resistance is 12 MPa.
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• Deep dense sand. From -48.2 m NAP to the final CPT depth a very dense sand is found,
with a variable cone resistance from 12 MPa to 30 MPa.

Likewise, based on the drainage recommendation of the project (Schippers and Broekens,
2021), a water level of -1.4 m is assumed.

3.3. Geotechnical overview

3.3.1. Piled foundation

Since the high-rise building construction will lead to important differential settlements in the
area, in order to reduce them, the foundation design considers the installation of piles that
reach the deep dense sand layer. The degree of differential settlement is important for the Old
Post Office not only for its historical value, but predicted economic losses related to damage
to buildings range from 5 to 45 billion euros by 2050 in the country (Hoogvliet et al., 2012;
Van den Born et al., 2016; Kok and Angelova, 2020).

In accordance with the project specifications (Schippers and Broekens, 2021), soil displace-
ment screw piles with lost steel casing and grout injection were implemented, commercially
known as Tubex piles with grout injection. They have a shaft diameter of 762 mm and a tip
diameter of 950 mm. The pile tip is set to be at -65.0 m NAP, while the pile head will be at the
bottom of the basement (-5.0 m NAP), which means the piles are 60 m long. Soil displacement
piles are vibration-free, soil-displacing concrete piles, consisting of a permanent steel tube that
is screwed to depth (Fundex Verstraeten BV, 2021). As the foundation is not driven, but drilled,
noise and vibration nuisance in the surroundings is minimized. Likewise, since the permanent
steel casing does not need to be extracted, it is possible to install them at significantly deep
levels (Ter Steege, 2022).

3.3.2. Geotechnical construction stages

Construction stages were planned as follows, according to Schippers and Broekens (2021) and
The POST Bouw (2023). Appendix B includes a detailed photographic report.

1. Demolition of the existing wall adjacent to Rodezand street.
2. Installation of the four sheet pile walls to form the building pit.
3. Installation (and instrumentation) of screw-displacement piles.
4. Lowering of the water level from -1.0 m NAP to -2.5 m NAP.
5. Excavation from 0.75 m NAP to -2.0 m NAP.
6. Installation of struts at -2.0 m.
7. Lowering the water level to -7.0 m NAP.
8. Excavation until -5.6 m NAP.
9. Casting of the concrete slab.
10. Removal of the struts.
11. Construction of basement and ground floor.
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12. Construction of the rest of the building.

3.3.3. Pile installation

For the standard pile installation (Figure 3.3) first, a steel tube that has a steel drill tip (with a
diameter slightly larger than the tube) is placed on the ground level. Next, the pipe is screwed
by applying an axial pressure and a torque, until desired tip level is reached. Parallelly, a grout
mixture is injected from the base to reduce friction while screwing (Ter Steege, 2022), and to
fill the overcut, since the pile tip has a larger diameter than the shaft. Later, the steel tube can
be cut to the exact height. The reinforcement cage is placed inside the tube, and concrete is
poured (Fundex Verstraeten BV, 2021).

Reinforcement Concrete

Figure 3.3: Installation of Tubex piles (adapted from Fundex Verstraeten BV, 2021).

Since the Tubex piles have a maximum length of approximately 30 m, for this project, the
installation was done in two sections, as described by Schippers and Broekens (2021). The
pile tip level is on average at -65.0 m NAP, and the pile head level must be at approximately
-5.0 m NAP (at the basement level). A scheme of the pile installation is shown in Figure 3.4.

Installation of 
pile’s first 
section

Grout mix comes 
from the tip

After
hardening

Drilling of first 
section with 
bentonite

Concrete pouring 
to avoid buoyancy 
of first section

Welding of the 
second section 
for installation

Drilling of the 
second section 
with a grout 
mixture injection

Concrete 
pouring of the 
second section

Figure 3.4: Installation process of piles on site (adapted from Schippers and Broekens, 2021).
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The first pile section of 33 m in length was drilled to depth implementing bentonite, and
later filled with concrete to avoid buoyancy. Further, the second section was welded to the first.
After some hardening of the concrete (usually on the next working day), the second section is
drilled in, injecting the shaft from the drilling tip with cement grout during drilling to the final
depth.

During installation, the following uncertainties arise:

• First, the installation of the piles is carried out in two parts that follow different proce-
dures. In the lower part, from -65.0 m to -33.0 m NAP, the pile is screwed and grout is
directly injected. However, the grout injection comes from the bottom when installing
the upper part of the pile. Therefore, there is uncertainty in the thickness and quality of
the grout fill (Schippers et al., 2021).

• Second, there is uncertainty about the quality of the attachment of the two parts of the
pile.

• Third, due to the heterogeneous soil profile, the grout diameter may vary along the pile
depending on the surrounding soil (Schippers and Broekens, 2021). At the sand layers,
the diameter may approximate the tip diameter, as the grout envelope forms around the
case during the downward drilling of the pile. However, at the parts in contact with clay,
the soil may push back after screwing, leading to grout deformation and reduction of its
cross-section during hardening.

• Fourth, the Tubex piles consist of concrete, the steel casing and grout, with the concrete
being the material that occupies the largest percentage of the cross-section. While all
of the materials are prefabricated and account for specific design strength and stiffness
values, it is possible that slight variations in the concrete’s stiffness impact the final
performance of the pile.

3.4. Pile instrumentation

3.4.1. Background

The project of POST Rotterdam was an opportunity to carry out a study on stress distribution
along very long piles by means of fibre optic (FO) instrumentation. The goal is to measure
the strain development of the piles in time, as the structure is being built on top. With this,
the load transfer from the pile to the soil is studied and therefore, it can be understood how
stress distributes along these piles (in time) in the city centre of Rotterdam. Thus, current
design approaches will be verified, and suggestions to improve their accuracy, along with their
implications, will further be developed.

The instrumentation was done jointly by the piling company (Fundex Verstraeten BV), the
foundation design bureau (Geobest BV), the main contractor (Besix) and the instrumentation
providers (Gemeente Rotterdam and TNO).
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3.4.2. Fibre Optic (FO)

FO consists of a glass core, an outer layer called cladding and a plastic coating around it (van
Overstraten Kruijsse, 2019). The cladding has a refractive index slightly smaller than the glass
core. Consequently, if a light pulse is sent through the FO, when it hits the cladding at a shallow
enough angle, it can be completely reflected by it instead of passing through. Therefore, the
light pulse travels in a zigzag pattern until it reaches the end of the fibre (Kechavarzi et al.,
2019).

While it is possible to obtain information on temperature and strain with the FO, for this
project, the technology is implemented for strain measurement only, by means of the reflec-
tometry interrogation methods Brillouin Time Domain Reflectometry (BOTDR) and Brillouin
Time Domain Analysis (BOTDA). In both processes a light pulse is sent through a silica fibre,
generating a Brillouin scattering signal (Bilgen and Günday, 2021). Part of the light pulse is
reflected back, while the rest propagates along the rest of the fibre. As the scattered light trav-
els back, it has a nonlinear interaction with strain-induced acoustic waves (van Ravenzwaaij
et al., 2018), which can alter the light frequency. This process is recorded in time through-
out the entire fibre length to extract the Brillouin frequency shift (Duffy, Gavin, Lange, et al.,
2022). With this, it is possible to determine the strain distribution. A scheme of the measuring
mechanism is shown in Figure 3.5.
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Detection of scattered light Fibre optic

Figure 3.5: Measurement mechanism (adapted from Zhang et al., 2004).

The difference between BOTDR and BOTDA is that when applying BOTDA, a second
light pulse is sent from the opposite end of the fibre, in order to amplify the reflection that is
generated within the cable. Due to the amplification, the signal of BOTDA is stronger and
therefore, the measurements have a longer sensing range, a higher resolution, and more sensi-
tivity towards strain measurements, as well as a faster reading (Ismail et al., 2019). Nonethe-
less, it is only possible to apply it when there is access to both ends of the FO. In contrast,
BOTDR provides a lower reading resolution, but can be applicable when only one end of the
fibre is reachable (Bilgen and Günday, 2021), which is common in geotechnical engineering.
Additionally, measurements can still be taken even if the cable breaks.

The implementation of FO represents several advantages such as spatial resolution, long
sensing distances and the ability to provide a profile of continuous data at a low cost per read-
ing (de Battista et al., 2016). This technology has had multiple applications of monitoring in
geotechnical and structural engineering in recent years, such as local strain measurements in
foundations and geogrids, pipe deformation, load distributions along anchors, tracking of the
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casting process, reactivation of old inclinometer casings, and could also be used as an alterna-
tive to traditional extensometers (van Ravenzwaaij et al., 2018). Nonetheless, its use involves
challenges such as equipment selection and integration, accurate data interpretation, and FO
careful handling at all stages.

3.4.3. Instrumentation on site

Instrumentation consisted of the installation of FO cables throughout the whole length of four
piles on site, referred as piles 18, 31, 92 and 97 in the piling plan shown in Figure 3.6.

Figure 3.6: Location of instrumented piles on site (adapted from Pieters Bouwtechniek, 2021).

The instrumentation was carried out after the installation of the second section of the pile,
while the grout was not hardened yet. The FO was attached to a 65 m rebar and introduced into
the grout-injection tube by means of a crane until reaching the end of the pile. While the piles
were planned to be constructed until the bottom of the basement level (-5 mNAP to -7 mNAP),
the instrumented piles were extended to surface level, and cut, to be able to take measurements
at the desired level, after excavation of the basement (Figure 3.7a). Special attention had to
be taken in order to cut the steel case without damaging the FO. Likewise, the FO included an
extra PVC layer for protection. FO inside of the pile can be seen in Figure 3.7b.
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(a) Pile cutting while protecting the FO. (b) FO inside the pile.

Figure 3.7: Process of pile cutting and protection of the FO.

It is worth noting that in a regular pile load test, the basic measurements to be taken are
load-displacement and load-transfer (Bica et al., 2014). However, in this case study, only load-
transfer instrumentation is available. Although valuable information about the load distribution
on piles can be obtained, it would be ideal to have instrumentation to quantify and verify pile
displacement.

3.4.4. Measuring process

Depending on the construction works the access to the piles has been different, i.e. when the
baseline measurements were taken the top of the piles were exposed to the surface (Figure
3.8a), as there was nothing built on top. However, as the construction works progressed, the
piles were covered by the basement slab and by load-bearing walls and columns, and therefore,
a small box was built inside the structures to facilitate access to the FO of each pile (Figure
3.8b). In the future, the Municipality of Rotterdam plans to make an installation to recover
strain data remotely, however, during the development of this project, all data was gathered
physically on site.

(a) FO access on the surface. (b) Connection box inside a wall.

Figure 3.8: Access to the FO on site.
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The measuring process is shown in Figure 3.9. First, the pile is located (Figure 3.9a and
subsequently, the cable is cut, and the plastic coat is removed in order to expose the fibre (Fig-
ure 3.9b). The FO is attached to a set of pigtails, so that it can be connected to the interrogator
through an FC/APC Patch cable. The cables used in this project include two fibres (blue and
red coloured) to measure strain, and therefore it is advised to make pigtail connections to both
for redundancy. When the set-up is finalised (Figure 3.9c), real-time readings can take place
(Figure 3.9d), in which all data is sent to the reading unit and gathered in a laptop. FO in-
terrogation, the sensing cable and the installation technique must be appropriately adjusted to
guarantee the quality of the measurement results (Monsberger et al., 2020). Likewise, it is im-
portant to avoid sharp bends along the FO cables to avoid loss of signal (Kania and Sorensen,
2020), and to keep the working area at a warm temperature to prevent cable damage due to
cold1.

(a) Locating the instrumented piles. (b) Preparation of new connection.

(c) Cable setup for FO measurements. (d) Gathering data

Figure 3.9: Process of gathering FO data of pile 97 on site.

1While there is not a specific minimum temperature at which FO cables can bemanipulated, it is recommended
to maintain a controlled temperature in which the cable remains flexible and thus, less susceptible to damage. The
specific temperature tolerance of every cable may depend on its composition and the manufacturer’s specifica-
tions.
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3.4.5. Interpretation of FO readings

The pile is expected to show displacement downwards during loading, and therefore develop-
ing shaft and base resistance. Shortening occurs along the pile (Matic et al., 2019), which is
captured by the FO as strains and can be transformed into axial force as:

N = εEpileApile (3.1)

where:
N: axial force (kN)
ε: strain (µε - microstrain)
Epile: pile stiffness (kPa)
Apile: pile cross-section (m2)



4
Single spring models

4.1. General aspects

The goal of this chapter is to investigate SSI on single spring models, as stated by NEN 9997-1
(2017). By gaining a deeper understanding of these factors, it will be possible to better in-
terpret FO measurements and develop more accurate finite element models in the next steps.
This chapter presents an analysis of single spring models built in INTER and D-Pile Group
programs, simulating the study project conditions. In addition, the performance of both pro-
grams is compared. Further, a series of sensitivity analyses are carried out on the parameters
whose uncertainty is higher, and their impact on the final SSI results is assessed.

4.2. INTER

INTER is a code developed in the 1990s with the aim of better describing SSI. Since its initial
development, the program has played an important role in predicting the load-deformation
behaviour of piles in various projects. The following data is used as input:

• Diameter of the pile.
• Equivalent diameter of steel in the pile.
• Pile type to be considered at the shaft and at the tip (NEN 9997-1, 2017).
• Depth levels of each soil layer.
• Maximum shear force to be mobilised at each defined depth level.
• Maximum end bearing capacity.
• Loads acting at the pile head.
• Soil settlements per layer.

An in-depth description of the operation of the program is given by van Dalen et al. (2014).
With the input information, INTER creates a pile that is divided into smaller elements, each
with a specific relationship between the specified mobilised shear force and deformation rela-
tive to the ground. The program calculates the shortening or elongation of each element and

19
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the respective mobilised shear force based on the deformation and axial force at the top of
each element. The iterative process begins with an estimated deformation of the pile head to
which a known axial force (pile loading) is applied. By performing the iteration process, a
load-deformation diagram of the pile is calculated.

4.3. D-Pile group

D-Pile Group is a software program part of Deltares’ D-series designed to analyse individual
piles and groups, along with their interactions with the cap and surrounding soil under spec-
ified loads. The program represents the SSI by means of axial and lateral soil springs along
the pile length (Deltares, 2020). It establishes the non-linear correlation between force and dis-
placement by means of a standard methodology (i.e. API or NEN Dutch standard) or through
custom force-displacement curves. In D-Pile Group, the interaction analysis involves the con-
nections between the cap, as well as the adjacent soil, considering various interaction models
(Poulos, Plasti-Poulos, cap-soil interaction, cap-layered interaction, dynamic model). These
interaction models are based in linear elasticity and can be combined with the aforementioned
pile-soil relationships, finding a balance between the accuracy of the results and efficiency in
computation time. The following data is used as input:

• Selection of the interaction model.
• Soil materials and selection of their force-displacement correlation method.
• Depth levels of each soil layer.
• Pile material, stiffness and geometry.
• Pile tip curve values.
• Position of the pile and cap.
• Load stages acting at the pile head.
• Soil displacement profiles.

4.4. Comparison of software features

Several distinctive aspects emerge in both programs that could influence their applicability and
results.

First, INTER is a user-friendly code with a straightforward interface and simple data input
requirements. Compared to D-Pile Group, INTER needs fewer user interactions and selections.
D-Pile Group offers a wider range of features and options, which comes with a steeper learning
curve.

Second, when considering the application of horizontal loads, INTER offers limited adapt-
ability, as it only considers vertical loads, settlements and displacements in the z-direction.
While this simplifies the input, it also limits its adaptability for horizontal load cases. In con-
trast, D-Pile Group delivers results in 3D, offering a wider comprehension of pile behaviour1.
Nonetheless, to study static conditions, it is only possible to input loads and bending moments

1Horizontal load cases are out of the scope of the graduation project.
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at the pile top or cap for both softwares (except for the dynamic model in D-Pile Group, as
stated by Deltares, 2020). For the analyses hereby presented, the cap interaction model from
D-Pile Group is the one comparable with INTER, the rest of the interaction models cannot be
used.

Third, the calculations on INTER rely on the load-settlement curves specified by NEN
9997-1 (2017), which is a limitation when confronting design standards outside the realm of
NEN. In contrast, in D-Pile Group is possible to carry out analyses implementing NEN 9997-1
(2017) curves, API methodology, or any user-specified load-settlement behaviour (Deltares,
2020).

Fourth, INTER operates with shaft force values which require recalibration every time pa-
rameters such as layer depths or pile diameters. Moreover, it considers constant pile properties
and geometry throughout its whole length, which simplifies modelling but fails to capture vari-
ations that could occur throughout the pile length. While it is possible to add this feature in
the code, this increases the complexity of the input. In contrast, D-Pile Group offers a sim-
pler approach to modifications in the model by considering unit shaft and tip resistance, and
normalized curves in the analysis, as well as the ability to input pile segments with different
defined properties. This serves to enhance the precision and authenticity of the model.

Fifth, hysteresis is considered in INTER by specifying a percentage of mobilisation from
the NEN 9997-1 (2017) load-settlement curves (van Dalen et al., 2014). This behaviour is
captured by some interaction models of D-Pile Group, which offer several interaction models
for users to choose from, including simpler cap interaction models, as well as more intricate
alternatives that even incorporate FEM. In addition, iteration parameters in INTER should be
calibrated before starting calculations since they could alter the accuracy of results.

Finally, both programs share several common attributes in their single spring pile models.
These include a constant unit weight of water, the exclusion of sloping ground surfaces from
calculations, the disregard of excess pore water pressure effects, and the representation of the
pile as a linear elastic beam capable of addressing compression and bending.

4.5. Standard single pile model

4.5.1. Building the standard model

The process of creating a standard single spring pile model in INTER and D-Pile Group is
described below.

4.5.2. Program input

For this calculation, the characteristics of the project foundation were considered: A pile of
0.762 m in diameter and 60 m in length, whose tip reaches -65 m NAP in a typical Rotterdam
soil profile.

The soil layers and maximum shear force to be mobilised are detailed in Table 4.1 for IN-
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TER. The soil profile was defined according to the available site information, while the shaft
resistance of sand layers was calculated as stated by NEN 9997-1 (2017) for screw displace-
ment piles (type 1 shaft and tip curves), considering the αs and qc values hereby presented.
Moreover, the maximum mobilised shear force from clay layers was obtained considering the
sleeve friction (fs), as presented in Table 4.2. In both cases, the force to be input in INTER
was calculated by multiplying shaft resistance by the lateral area of each pile element.

Table 4.1: Soil layers and maximum mobilised shear force for sand layers (INTER input).

Layer Depth (m NAP) αs qc (MPa) τ (kPa) Fs (kN)
Sandy clay -5.0 -7.1 -
Peat -7.1 -9.6 -
Soft clay -9.6 -16.0
Pleistocene sand -16.0 -34.0 0.009 10 90 3878.1
Kedichem clay I -34.0 -36.4 -
Kedichem sand -36.4 -38.2 0.009 12 108 465.4
Kedichem clay II -38.2 -48.2 -
Dense silty sand -48.2 -56.1 0.009 12 108 2042.5
Dense sand -56.1 -65.0 0.009 20 180 3835.0

Table 4.2: Maximum mobilised shear force for clay layers (INTER input).

Layer Depth (m NAP) fs (MPa) Fs (kN)
Sandy clay -5.0 -7.1 0.03 150.8
Peat -7.1 -9.6 0.05 299.2
Soft clay -9.6 -16.0 0.02 306.4
Kedichem clay I -34.0 -36.4 0.10 574.5
Kedichem clay II -38.2 -48.2 0.06 1436.3

Likewise, tip resistance was defined according to NEN 9997-1, 2017 for type 1 piles, de-
termined in the usual traditional way with Koppejans’ method. Therefore, an αs value of 0.63
was chosen, getting a pile tip force equal to 5746 kN. Further, the stiffness of the piles was
calculated considering a weighted average of the concrete, the steel casing and the surrounding
grout as explained in Table 4.3. For the concrete, short and long term stiffnesses were varied
(Gilbert, 2013).

Table 4.3: Calculation of pile stiffness.

Diameter t E A I EA EI
(m) (mm) (kPa) (m2) (m4) (kN) (kN m2)

Grout 0.856 0.0470 2.0x106 0.119 9.81x10−3 2.39x105 1.96x104
Tube 0.762 0.0088 2.0x108 0.021 1.48x10−3 4.16x106 2.95x105
Concrete (short term) 0.744 - 3.1x107 0.435 1.51x10−2 1.30x107 4.70x105
Concrete (long term) 2.0x107
Total (short term) 2.97x107 0.570 2.64x10−2 1.79x107 7.82x105
Total (long term) 2.34x107 1.30x107 6.16x105
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The model set-up of D-Pile Group is equivalent to the one specified in INTER, with some
considerations accounting for the software differences. In order to make both models equiv-
alent, the simple cap interaction model was chosen, as it only considers cap interaction with
elastoplastic pile-soil interaction (Deltares, 2020). Additionally, each soil layer was defined
with a specific load-settlement curve, which was built considering the maximum mobilised
shear force (Tables 4.1 and 4.2) and the normalised shaft curve from NEN 9997-1 (2017) (Fig-
ure 2.1). Likewise, the pile tip force is not an input value like in INTER, but is introduced as a
load-settlement curve. The latter was defined similarly to the shaft load-settlement curves, by
considering a maximum mobilised force of 5746 kN and the normalised tip curve from NEN
9997-1 (2017) shown in Figure 2.12.

Several combinations of loads and soil settlements were carried out to study different SSI
scenarios and will be further described.

4.5.3. Load input

For the standard single pile model, a load of 6700 kNwill be considered, which is themaximum
load discharged from the finished building, in accordance with Schippers and Broekens (2021).

4.5.4. Settlement input

The settlement profile, referred to as the greenfield condition, was calculated considering a
load of a 0.5 m tall embankment of sand with a unit weight of 20 kN/m3. This load is a
representation of a standard fill and levelling in the centre of Rotterdam, which could occur on
the POST site surroundings over the years. The settlement profile was calculated in Plaxis 3D
for the short term (right after the embankment was finished) and for the long term (after 20,000
days, when consolidation and creep occurred on the clay layers). Further, it was verified by
means of the 1D equation:

s =
∆σ

Eoed

H (4.1)

where:
s: settlement (m)
∆σ: stress increment (kPa)
Eoed: oedometric stiffness (kPa)
H: layer thickness (m)

For the above, the stiffness of all the materials of the soil profile was defined based on lab-
oratory test results, the site CPTs and the available information of other projects in Rotterdam.
The stiffness parameters are shown in Table 4.4, and the greenfield settlement profile is shown
in Figure 4.2. It must be noted that this settlement profile is a starting point for the single pile
analyses since SSI is a complex phenomenon that requires iteration between input loads and

2It must be noted that INTER works with force units (kN), while the D-Pile Group input considers unit shaft
and tip resistance (kN/m).
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soil displacements.

Table 4.4: Stiffnesses of soil profile (for settlement calculation).

Layer Depth (m NAP) E50 (MPa)
Backfill sand 1.0 -4.7 20
Sandy clay -4.7 -7.1 3
Peat -7.1 -9.6 3
Soft clay -9.6 -16.0 4
Pleistocene sand -16.0 -34.0 60
Kedichem clay I -34.0 -36.4 25
Kedichem sand -36.4 -38.2 60
Kedichem clay II -38.2 -48.2 25
Dense silty sand -48.2 -56.1 60
Dense sand -56.1 -65.0 100
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Figure 4.1: Standard settlement profile.

4.5.5. Results from the standard model

Both calculations were first calibrated without a settlement profile, as shown in Figure 4.2. At
this stage, both programs display equivalent results of a pile displacement of 11 mm.
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(a) Axial force vs depth. (b) Pile displacement vs depth.

Figure 4.2: Results of the standard single pile model without displacement profile, using INTER and D-Pile
Group.

Further, Figure 4.3 presents SSI results in the short term for INTER and D-Pile Group. It
can be seen that pile behaviour is consistent in both programs; in the short term, the largest
force development occurs in the Pleistocene sand, while the deeper sand layers barely develop
shaft and tip resistance. Figure 4.3a shows some differences in axial force distribution in the
Holocene pack and the first Kedichem clay: For instance, at the first Kedichem clay results
of D-Pile Group show there is little to no contribution of said layer, while INTER presents
some force mobilisation at the same depth. Nonetheless, Figure 4.3b shows both programs
calculated a similar pile displacement, with 1.6% of difference between each other.
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Figure 4.3: Results of the standard single pile model in the short term, using INTER and D-Pile Group.

Likewise, Figure 4.4 presents results for the long term for INTER and D-Pile Group. In
both cases, over time, there is a shift of stresses from the Pleistocene sand layer to the deeper
sand layers, and the pile displacement is approximately double than in the short term. This
occurs because when the Kedichem clay consolidates and settles, it affects the Pleistocene
layer. As the sand also settles, its contribution to shaft resistance development is reduced.
Consequently, the pile has to carry more weight than initially and therefore it requires larger
pile displacement to mobilise such resistance.
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Figure 4.4: Results of the standard single pile model in the long term, using INTER and D-Pile Group.

Both programs exhibit numerical differences when a settlement profile is input, which may
be attributed to the incorporation of hysteresis in INTER’s code; it attempts to recover the initial
state before the application of the settlements and then calculates the SSI. Moreover, there is
uncertainty in the coding of hysteresis in D-Pile Group. Nonetheless, in the short and the long
term, both programs showed the same SSI behaviour, where there is a shift of stresses from
the shaft to the pile tip over time.

4.6. Sensitivity analyses

While some of the parameters involved in the foundation modelling are fixed and given by the
project design, such as the dimensions of the piles or loads of the structure, others contain high
uncertainty. Due to this, sensitivity analyses were made with the purpose of studying the effect
of their variations on the load distribution and pile displacement results, and thus approach the
optimal modelling. The parameters considered are:

• The stiffness of clay layers.
• Factors of tip resistance.
• Factors of shaft resistance.
• Pile diameter.
• Pile stiffness.

The first sensitivity analyses were made by implementing the single spring model in IN-
TER, as single spring models are a simple and resourceful tool for studying SSI. The effects
of certain parameters will further be explored by Plaxis 3D.
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4.6.1. Clay stiffness

First, a sensitivity analysis of the stiffness of the clay materials present at the site was per-
formed, i.e. the Holocene and Kedichem layers. For this, the greenfield settlement profile was
considered (section 4.5.4).

Further, the stiffness of the clay layers was changed independently, to calculate different
settlement profiles to be compared to INTER, and therefore study their effect on the final
results of axial force and pile displacement. The standard settlement profile against which the
comparisons are made is shown in Figure 4.1.

Holocene clay
The Young modulus of the Holocene clay layer was varied with values of 0.5 MPa, 1 MPa, 2
MPa, 3MPa, 6MPa and 10MPa (being 3MPa the original set value). With this, the settlement
profile was recalculated. Results are shown in Figures 4.5 and 4.6 for the short term and the
long term (20,000 days after the construction finalised) respectively. When inputting a smaller
stiffness, the axial force plots exhibit a larger negative skin friction, and consequently, the pile
displays a softer behaviour. Likewise, since the pile is carrying an additional load, the total pile
displacement increments approximately 9% in short and long term, when reducing the Young
modulus by 16%.
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Figure 4.5: Short term sensitivity analyses of the stiffness of the Holocene clay layer.
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Figure 4.6: Long term sensitivity analyses of the stiffness of the Holocene clay layer.

Kedichem clay
Following, a sensitivity analysis was also carried out for the Kedichem clay stiffness, consid-
ering values of 10 MPa, 20 MPa, 30 MPa, 40 MPa, 60 MPa and 70 MPa, being 25 MPa the
original reference value. SSI results are shown in Figure 4.7 for the short term and in Fig-
ure 4.8 for the long term (20,000 days after the construction is finalised). The results of the
Kedichem clay show that variations in the stiffness lead to a wide span of variations of axial
force and pile displacements. In Figure 4.7a it can be seen that in the short term when a large
value of stiffness is chosen, the axial force displays an almost linear behaviour. For 30 MPa to
70 MPa, the results show an equivalent behaviour. However, when a smaller value is chosen
(conservative design), the force contribution from the deep dense sand layers quickly becomes
significant, as and the pile displacement increases (Figure 4.7b).
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Figure 4.7: Short term sensitivity analyses of the stiffness of the Kedichem clay layer.

5

10

15

20

25

30

35

40

45

50

55

60

65

D
ep

th
 (m

 N
A

P)

100008000600040002000
Axial force (kN)

5

10

15

20

25

30

35

40

45

50

55

60

65

E=25 MPa
E=10 MPa
E=20 MPa
E=30 MPa
E=60 MPa
E=70 MPa

(a) Axial force vs depth

5040302010
Pile displacement (mm)

5

10

15

20

25

30

35

40

45

50

55

60

65

E=25 MPa
E=10 MPa
E=20 MPa
E=30 MPa
E=60 MPa
E=70 MPa

(b) Pile displacement vs depth

Figure 4.8: Long term sensitivity analyses of the stiffness of the Kedichem clay layer.

A maximum reduction of 40% of the Young modulus, leads to an additional 22% of set-
tlement, with respect to the standard model. A similar conclusion can be obtained from the
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analyses in the long term (Figure 4.8b), where from 30 MPa to 70 MPa the behaviour is equiv-
alent. Nonetheless, when considering a stiffness 40% smaller than the standard value, the pile
displacement increases by 35%. The effect of different stiffnesses of the Kedichem clay will
be further studied by means of Plaxis 3D.

4.6.2. Pile tip factors

An analysis was also made for the type of pile tip to be considered. Type 1 accounts for soil
displacement piles, in which there is a stiff response of the foundation and therefore, the pile
needs less displacement to mobilise full axial force. Parallelly, type 2 includes auger piles
or relatively small soil displacement piles, where more displacement needs to occur in order
to develop full bearing capacity. In this analysis, only the tip consideration was varied, for a
load of 6700 kN in the short and long term. Results are shown in Figures 4.9 and 4.10 for
the short and long term. It can be seen the type of pile tip influences the load distribution in
the long term, more significantly than in the short term. The latter complies with the expected
behaviour of this pile; as in the short term, most of the pile resistance comes from the shaft and
the base resistance is not fully developed yet. The effects of pile tip factors can be disregarded
for this load input.
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Figure 4.9: Results of the short term sensitivity analyses of pile tip types.
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Figure 4.10: Results of the long term sensitivity analyses of pile tip types.

4.6.3. Pile shaft factors

The effects of using different factors αs for the calculation of the maximum mobilised shaft
force for sand layers are explored, taking into account the calculation method established in
NEN 9997-1 (2017).

The Pleistocene sand layer and the deep sand formation is evaluated independently, calcu-
lating their maximum mobilised shaft resistance with different α values. Since a type 1 pile is
being considered, the standard value of alpha is 0.009, however, in this analysis,±30% of this
value will also be used, i.e. 0.0063 and 0.011. This percentage was chosen in accordance with
the proposal of Ter Steege (2022).

Pleistocene sand layer
The maximum shaft resistance to be considered at the Pleistocene sand is shown in Table 4.5.
The rest of the layers will remain with the specified values from Table 4.1.

Table 4.5: Maximum mobilised shaft resistance per layer considering different αs values.

Layer Depth (m NAP) qc (MPa) Maximum mobilised shaft resistance (kN)
αs = 0.009 αs = 0.0063 αs = 0.011

Pleistocene sand -16.0 -34.0 10 3878.11 2714.68 4739.91

Results are shown in the short term (Figure 4.11) and in the long term (Figure 4.12).
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Figure 4.11: Results of the sensitivity analyses of αs for Pleistocene sand layer for 6700 kN in the short term.
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Figure 4.12: Results of the sensitivity analyses of αs for Pleistocene sand layer for 6700 kN in the long term.

By comparing these results, it can be seen that in the short term, decreasing the αs value
by 30% leads to 4.8% more displacement, whereas a 30% αs increment decreases the pile
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displacement by 2.5%. Moreover, in the long term, decreasing the αs value by 30% leads to
1.3% more displacement, whereas a 30% αs increment decreases the pile displacement by 2%.
The variations in the Pleistocene sand resistance are more significant in the short term, as in the
long term, the maximum mobilisation occurs at the pile end. However, variations are small.

Deep dense sand
The maximum shaft resistance to be considered for the deep dense sand analyses is shown in
Table 4.6.

Table 4.6: Maximum mobilised shaft resistance per layer considering different αs values.

Layer Depth (m NAP) qc (MPa) Maximum mobilised shaft resistance (kN)
αs = 0.009 αs = 0.0063 αs = 0.011

Dense silty sand -48.0 -56.1 12 2042.47 1429.73 2496.35
Dense sand -56.1 -65.0 20 3835.02 2684.51 4687.24

Results are shown in the short term (Figure 4.13) and in the long term (Figure 4.14) below.
It can be seen that in the short term, decreasing and increasing the αs value by 30% leads to
5% more and less displacement, respectively. Parallelly, in the long term, decreasing the αs

value by 30% leads to 1.2% more displacement, whereas a 30% αs increment decreases the
pile displacement by 0.9%. It can be seen that differences in the αs value increase in the long
term, however, as resistance is not fully mobilised yet, at 6700 kN effects are still not evident.
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Figure 4.13: Short term sensitivity analyses of αs for the deeper dense sand layer for 6700 kN.
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Figure 4.14: Long term sensitivity analyses of αs for the deeper dense sand layer for 6700 kN.

4.6.4. Pile diameter

The influence on the diameter of the pile was studied in four cases:

• The pile diameter is equal to the shaft of the Tubex pile (0.762 m) and it is constant
throughout the whole pile.

• The pile tip diameter is considered for the sand layers (0.95 m) and the shaft diameter
(0.762 m) for the clay layers.

• An average diameter between shaft and tip is considered for the pile segments surrounded
by clay (0.85 m), and in the sand layers the tip diameter is used (0.95 m)3.

• The whole pile length is considered equal to the pile tip diameter (0.95 m).

When calculating these piles in INTER, the effects of the diameter are taken into account
in the stiffness input (EA) and the maximum mobilised shaft resistance. Results are shown in
Figures 4.15 and 4.16 for the short and long term, respectively. It can be seen that the diameter
influence in the short term is small, as the load distribution of all calculations is fairly equivalent
and pile displacement maximum difference is 9%, between the results of diameters 0.762 m
and 0.95 m. However, important differences are seen in the load distribution in the long term,
mainly attributed to an increase in the tip bearing capacity. Nonetheless, pile displacement
maximum difference is 7%when comparing results of calculations considering the tip diameter
and shaft diameter.

It should be highlighted that diameter variations may be significant in the interpretation of
3This case was considered by Schippers and Broekens (2021) for bearing capacity calculations.
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FO strain measurements once the final load has been reached.
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Figure 4.15: Results of the short term sensitivity analyses of pile diameter.
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Figure 4.16: Results of the long term sensitivity analyses of pile diameter.
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4.6.5. Pile stiffness

The last sensitivity analysis was carried out considering ±20% of concrete average stiffness
for the short and long term. While the Tubex pile is conformed by concrete, the steel case
and grout with designed strength and stiffness values, it is possible that concrete’s stiffness has
slight variations. These values were used for the calculation of the whole pile stiffness and
further used in the estimation of pile displacements and forces (as shown in Table 4.7).

Table 4.7: Pile stiffness calculation for different concrete stiffness values.

Term Diameter I (m4) A (m2) Econcr (GPa) EApile (kN)

Short 0.744 0.015 0.435
25 1.52x107
31 1.79x107
37 2.06x107

Long 0.744 0.015 0.435
16 1.14x107
20 1.31x107
24 1.48x107

Results for the short-term stiffness are shown in Figure 4.17 immediately after a jump load
of 6700 kN. At this load stage, the concrete stiffness variation does not have a significant
impact on the SSI results.
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Figure 4.17: Short term sensitivity analysis of concrete stiffness of the pile with no settlement profile.

Further, Figure 4.18 shows results of axial force and pile displacement on the long term.
The concrete stiffness variation does not have a significant impact on the SSI results. However,



4.7. Implications of sensitivity analyses for pile modelling 38

its effect is significant when interpreting the FO strain measurements (Equation 3.1).
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Figure 4.18: Long term sensitivity analysis of concrete stiffness of the pile inwith no settlement profile.

Once the load distribution has been studied, and a sensitivity analysis has been carried out
for all the involved parameters that may present uncertainty, more complex calculations can
be developed and adjusted in accordance with these results.

4.7. Implications of sensitivity analyses for pile modelling

The outcomes of the sensitivity analyses have revealed practical implications for advanced pile
modelling, which are discussed below.

First, the stiffness variations within the Holocene layer had a range from 0.5 MPa to 10
MPa. Results lead to a maximum difference of 9% in the final output in the long term, for
values between 0.5 MPa and 3 MPa. Moreover, the stiffness of the Kedichem clay layer was
varied from 10 MPa to 70 MPa. This parameter resulted pivotal since the analyses displayed
maximum variations of 35% for stiffness values between 10 MPa and 25 MPa for the long
term. As it clay consolidates, it leads to an important stress redistribution from the upper to
the lower part of the pile. This will be further studied through Plaxis 3D modelling.

Next, changes in pile tip factors have more impact in the long term, leading to a shift in
stress distribution where bottom pile resistance dominates. However, for gradual loading and
short-term scenarios, the influence of pile tip type is minimal, as tip force is not mobilised in
early load stages.
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Then, αs values were varied 30% for both existing sand layers. The effect of variations in
the Pleistocene sand is more significant in the short term, while the alterations of said values
in the deep dense sands are visible in the long term, which coincides with the shift of stresses
the pile will undergo over time. While this effect is not as influential as the Kedichem clay
stiffness for this case, variations in the αs values may be considered for refining the models to
fit FO site measurements, according to the propositions of Ter Steege, 2022.

After, when studying the pile diameter influence on SSI, important differences are seen in
the load distribution in the long term, mainly attributed to an increase in the tip bearing capacity
along with an increase of pile diameter. Nonetheless, pile displacement maximum difference
is 7% when comparing results of calculations considering the tip diameter and shaft diameter.
The consistent trend is that D=0.95 m results in the lowest displacements, while the other three
cases show very similar behaviour within them. Further, it may be important to consider the
diameter influence on the FO measurement interpretations.

Finally, pile stiffness may be significant for the interpretation of FO measurements.

These implications provide a foundation for the upcoming chapter on pile modelling in
Plaxis 3D. They guide the exploration of load distribution in the context of very long piles.



5
Plaxis 3D modelling

5.1. General aspects

This section describes the procedure for developing the finite element (FE) modelling of the
case study using the Plaxis 3D software. First, an overview of the modelling process is given.
Then, the constitutive soil models selected for implementation will be described, considering
their advantages and limitations. Subsequently, the soil parameters are presented. Next, an
explanation of the process of creating various models of single piles using different elements is
given; this includes volumetric piles and the simplified embedded beam row (EBR) tool, along
with a thorough comparison of the obtained results. Finally, the modelling of the pile group
using both techniques will be covered, including a comparative analysis of their respective
outcomes.

5.2. Modelling process

The process of building a Plaxis 3D model is outlined in Figure 5.1. Geometric boundaries
are first defined, followed by setting the soil profile by inputting material parameters and spec-
ifying the sequence of soil layers. Next, structures, structural loads, and structural material
parameters are then defined. Subsequently, a mesh is generated with a specific mesh density.
Following, initial water flow and boundary conditions are entered. Construction stages to be
employed are specified. Numerical calculations are then conducted for all construction stages.
Finally, analysis results are obtained in the form of charts or tables.

40
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Geometric boundary settings

M odel buiding: soil
Definition of material parameters and soil 

profile

M odel building: structure
Definition of material parameters, structures 

and loads

M esh density setting

Definition of initial flow and boundary 
conditions

Definition of construction stages (calculation 
steps)

N umerical calculation

Output of analyses results

Figure 5.1: Flowchart of Plaxis 3D modelling process (adapted from Chen et al., 2023).

It was necessary to ensure the quality of the model set-up by doing a sensitivity analysis of
the model geometric boundaries and mesh density, prior to the SSI analyses. The latter were
carried out by considering different values of model limits and mesh sizes, and evaluating how
different their results were, in comparison with the results obtained from the model with the
finest mesh and the wider geometric boundaries. With this, it was possible to find the most
efficient model set up, that gives accurate results with an optimal computation time. Since
the geometrical model set-up is not part of the project scope, the aforementioned analyses are
not included in this chapter. Nonetheless, in the following sections, the optimal model setup
implemented for every different calculation will be briefly described.

5.3. Constitutive soil models

For this project, the Hardening Soil (HS) constitutive model was chosen to model all of the soil
profile layers, except for the Kedichem clay layer, which was defined by means of Soft Soil
Creep (SSC). In accordance with Schippers and Broekens (2021), as well as the analyses from
Chapter 4, the Holocene clay layers are less relevant for the study case SSI results and there-
fore, are modelled with HS parameters like all sandy materials. Both are constitutive models
that are commonly used in practice in the Netherlands due to the presence of soft soils and re-
quire parameters that are easy to calculate with the information currently available. Likewise,
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there is plenty of experience with their implementation in other cases of high-rise building
foundation models (Frissen, 2020; Schippers and Broekens, 2021; Schippers and Broekens,
2022; Hartman, 2023).

5.3.1. Hardening soil (HS)

In the HS model, the behaviour follows the Mohr-Coulomb failure criterion, but the soil con-
siders changing stiffness during loading represented by a hyperbola. The model accounts for
two types of hardening: shear hardening; which is the generation of plastic deviatoric strains
by mobilization of the internal friction, and compaction hardening; the generation of plastic
volumetric strains due to primary compression (Brinkgreve, 2020). Likewise, compression
hardening includes the difference between loading and unloading stiffness and therefore ac-
counts for the stress-dependency of all these stiffness moduli (Gouw, 2014). To consider these
effects, the model needs four parameters additional to the Mohr-Coulomb criterion:

• Mohr-Coulomb strength parameters c’, ϕ’: cohesion (kPa) and friction angle (°).
• Eref50: Secant stiffness in standard drained triaxial test (MPa).
• Erefoed: Oedometer stiffness (MPa).
• Erefur: Unloading/reloading stiffness (MPa).
• m: Power for stress-level dependency of stiffness (-).

This constitutive model presents the following advantages (Brinkgreve, 2020): It shows
a good non-linear formulation of soil behaviour for soft and hard soils, it differentiates pri-
mary loading from unloading / reloading behaviour, it considers several stiffnesses for different
stress paths and it memorizes pre-consolidation stress, making it better for overconsolidated
soils. As limitations, Brinkgreve (2020) indicates that: Softening behaviour and creep are not
included, there is no accumulation of strain or pore pressure in cyclic loading, the material is
considered isotropic and it is not suitable for very soft soils.

5.3.2. Soft soil creep (SSC)

The SSC model is suitable for highly compressible soils. It is similar to the Soft Soil model
(SSM) but considers time-dependent effects such as creep. In this model, elastic strains are
calculated according to Hooke’s law, plastic strains are considered by Mohr-Coulomb criteria
and there is also generation of time-dependent deformations (creep or secondary compression)
(Brinkgreve, 2020). The model will calculate creep as long as there is effective stress, which
is generally dominated by initial stresses due to self-weight in foundation design (Hartman,
2023). The model parameters are mentioned below:

• Mohr-Coulomb strength parameters c’, ϕ’: cohesion (kPa) and friction angle (°).
• λ∗: Modified compression index (-).
• κ∗: Modified swelling index (-).
• µ∗: Modified creep index (-).
• νur: Poisson’s ratio for unloading/reloading (-).
• ψ: Dilatancy angle (°).
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• Knc
0 : H/V stress ratio in normally consolidated 1D compression (-).

The advantages of the SSC model are that irreversible strains are formulated as viscoplas-
tic instead of plastic, time-dependent behaviour is included in terms of creep, and considers
compression-induced and shear-induced creep (Brinkgreve, 2020). Likewise, there is stress-
dependency of stiffness, distinction between primary loading and unload/reload, and memory
of preconsolidation stress.

The limitations are that anisotropy is not considered, as well as softening behaviour, and the
parameters need careful calibration as it is a sensitive model;Knc

0 has a significant influence on
the deformation behaviour, while the overconsolidated ratio (OCR) or pre-overburden pressure
(POP) parameters impact the initial creep rate (Brinkgreve, 2020).

5.4. Soil parameters

This section develops the definition of soil parameters for the FE model. Table 5.1 presents the
parameters of the entire soil profile (except the Kedichem clay). The HS parameter definition
was done based on laboratory test results and available information on other projects in Rotter-
dam such as Zalmhaven (MOS GRONDMECHANICA BV, 2016), The Sax (GEOSONDA,
2018), and the A16 Noord (MOS GRONDMECHANICA B.V., 2022), as well as the site CPTs
from POST (Schippers and Broekens, 2021). Derivation of parameters and the obtention of
reference stiffnesses were done according to Lunne and Christoffersen (1983) and Brinkgreve
(2022a).

Table 5.1: HS parameters for soil modelling.

Layer
Depth

(m NAP)

qc

(MPa)

γ

(kN/m3)

γsat

(kN/m3)

σ′v

(kPa)

c′

(kPa)

ϕ

(°)

ψ

(°)

E ′
50;ref

(MPa)

E ′
oed;ref

(MPa)

E ′
ur;ref

(MPa)

Backfill sand (dry) 1.00 -1.00 5.0 18 20 18.00 0 30 0 10 10 40

Backfill sand -1.00 -4.70 5.0 19 20 35.00 0 30 0 10 10 40

Sandy clay -4.70 -7.10 0.8 15 15 40.45 0.6 22.5 0 5 5 20

Peat -7.10 -9.60 0.8 11 11 41.94 1 15 0 3 2 8

Soft clay -9.60 -16.00 0.7 14 14 55.35 2 17.5 0 4 4 16

Pleistocene sand -16.00 -34.00 15.0 19 20 138.06 0 31 1.3 40 40 160

Kedichem clay I -34.00 -36.40 4.0 19 20 149.08 13 22.5 0 - - -

Kedichem sand -36.40 -38.20 12.0 19 20 157.36 0 26 0 27 27 108

Kedichem clay II -38.20 -48.20 3.0 19 20 203.31 13 22.5 0 - - -

Dense silty sand -48.20 -56.10 14.0 18 20 235.66 0 30 0 39 39 158

Dense sand -56.10 -65.00 24.0 19 21 276.55 0 32 2 45 45 180

Note: qc represents cone tip resistance, γ is soil unit weight, γsat is saturated unit weight, σ′v is effective vertical
stress at the middle of the layer, c′ is cohesion, ϕ is friction angle, ψ is dilation angle, E′

50;ref is reference secant
stiffness modulus, E′

oed;ref is reference stiffness oedometric modulus, and E′
ur;ref is reference stiffness modulus

at unload/reload.

Further, the SSC parameters from the Kedichem clay are shown in Table 5.2. The latter
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were derived from laboratory testing of the aforementioned projects (MOSGRONDMECHAN-
ICA BV, 2016; GEOSONDA, 2018; MOS GRONDMECHANICA B.V., 2022), information
from De Rotterdam subsoil conditions (Hoefsloot and Wiersema, 2020), and the oedometer
tests database from the Municipality of Rotterdam (Gemeente Rotterdam, n.d.). It must be
highlighted that the POP value was defined as 150 kPa in accordance with the oedometer
tests from Gemeente Rotterdam (n.d.), and considering the geotechnical experience of the site,
which takes into account the water levels being 15 m lower during the last ice age (LGM)
20,000 to 25,000 years ago.

Table 5.2: Plaxis 3D soil parameters for modelling of the Kedichem clay layer with SSC model.

Layers Depth
(m NAP)

κ∗
(-)

λ∗
(-)

µ∗
(-)

POP
(kPa)

Kedichem clay I -34.00 -36.40 0.01112 0.03331 0.00135 150
Kedichem clay II -38.20 -48.20 0.01112 0.03331 0.00135 150

Note: κ∗ is the modified swelling index, λ∗ is the modified compression index and µ∗ is the modified creep index.

5.5. Calculation stages

The calculation stages are presented in Figure 5.2.

Initial phase: after excavation

Pile installation

Gradual filling and levelling of the 
surroundings

Pile gradual loading stages until the structure 
is finished

Consolidation stage: 20000 days after 
completion of the building

Figure 5.2: Flowchart of Plaxis 3D modelling of the construction stages.

The initial phase is taken after excavation to the basement level (-5 m NAP). The decision
not to model excavation stages is rooted in the fact that the excavated material results in an
overburden effective pressure of approximately 45 kPa, which is a small stress when compared
to the load to which the piles are subjected due to the high-rise building. Notably, including
the excavation process does not alter significantly the final outcomes of single pile modelling
when studying the SSI at the completion of the building and further. However, it might become
relevant when evaluating early loading stages.
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Subsequently, the pile installation phase is defined. Then, the surface load stage simulates
the gradual filling and levelling of the surroundings around the POST site. Next, diverse pile
loading stages are included, up to the maximum static load per pile at 6700 kN (Schippers and
Broekens, 2021). In each step, loads are applied as jump loads, with a duration of 0.1 days.
Finally, the consolidation stage is defined, which lasts 20,000 days to allow for the gradual
consolidation of clay layers.

5.6. Single pile modelling

This section describes the modelling process of a single pile in Plaxis 3D by considering a
3D solid pile and the EBR tool, including the same geometry and characteristics stated by the
study project.

5.6.1. Solid 3D pile

The 3D solid pile is modelled as a finite volume inside the soil block and is the most realistic
way of modelling the pile, soil and pile-soil interaction. Nonetheless, the challenges and lim-
itations on their use are the following (Brinkgreve, 2022b): First, 3D solid piles may lead to
an inefficient mesh, as there are too many elements that could be flawed in their shape. Sec-
ond, there is a computational efficiency limitation that arises when modelling a large number
of piles to be modelled. Third, the interaction between soil and structural elements may be
restricted (locking of interfaces), leading to full bonding, or no relative displacement between
them. Fourth, installation effects are not considered, although some features can be used in
order to mimic them. Fifth, since the pile and soil elements have a large difference in stiff-
ness, there is significant numerical instability (Frissen, 2020), which results in convergence
problems and long computation time. A representation of the model is shown in Figure 5.3.

Figure 5.3: Scheme of a 3D solid single pile modelled in Plaxis 3D.

In order to build the Plaxis model, first, the pile must be defined. This can be done by
either drawing a circle and then extruding it to create a volume, or importing a cylinder from
CAD software. Next, an interface must be made at the pile shaft and the tip (bottom surface)
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to model interaction properties. Following, the material set is defined, containing the pile
properties (Table 5.3). Further, at the calculation phase, the pile must be enabled in the cor-
responding construction stage by assigning pile properties to the pile volume (replacing soil),
and activating the interface responsible for the relative soil-structure displacement.

Table 5.3: Material set properties of 3D solid pile.

Constitutive model Unit weight (kN/m3) Stiffness (GPa)
Linear elastic 24 29.7

It should also be noted that structural forces1 result from the integration of stresses in vol-
ume elements, thus, they are not directly obtained from the cylinder. An alternative for getting
results is to introduce an EBR (of equivalent pile length) inside the pile volume to obtain its
output. This element may have its own material properties (Table 5.4) considering a slightly
smaller diameter, and a much lower stiffness with respect to the 3D solid pile. Likewise, an
elastic plate should also be considered, connecting both elements to avoid mesh-dependent
results for the internal forces of the EBR (Brinkgreve, 2022a).

Table 5.4: Material set properties of the auxiliary EBR inside the 3D solid pile.

Constitutive model Unit weight (kN/m3) Stiffness (GPa) Diameter (m)
Linear elastic 24 0.001 0.7

In this case, axial skin resistance was set as layer-dependent and the tip force was de-
fined with the same value obtained with the calculation from NEN 9997-1 (2017). However,
Brinkgreve (2022a) states that when contained in a volume solid, the EBR will not follow
the specified axial force distribution (i.e. linear, multilinear or layer-dependent), but will be
influenced by the cylinder behaviour instead.

A summary of the modelling process of the solid 3D pile is shown in Figure 5.4.
1Axial force, shear force and bending moment.
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Define geometry

Extrude the shape to create a 
volume

Define a surface around the 
volume to later create an interface

Define a surface at the tip to create 
an interface

Assign material properties

Define loading stages

Define an EBR at the centre of the 
volume

Assign geometry and material 
properties, different from the solid 

3D pile

Define an elastic plate connecting 
EBR with the volume

Enable the pile properties and 
interfaces at the corresponding 

construction stages

Figure 5.4: Flowchart of Plaxis 3D modelling process of a 3D solid pile.

5.6.2. Embedded beam row (EBR)

The EBR model was developed with the aim of reducing complexity and preventing numeri-
cal instability problems (Engin and Brinkgreve, 2009). It consists of beam elements connected
to the existing soil block by introducing new interface nodes where the intersections between
pile and soil occur; at the shaft and the tip. The beams are 3-node-line elements and six de-
grees of freedom per node, including three translational and three rotational degrees of free-
dom (Brinkgreve, 2022a). The element stiffness matrices are numerically integrated from four
Gaussian integration points. These elements can account for beam deflections and changes in
length when subjected to axial forces (Brinkgreve, 2022a). In this way, the interaction is given
by the relative displacements between newly generated pile nodes and soil nodes (Engin and
Brinkgreve, 2009). The shaft friction is defined as:

∆Fs = Tskin∆urel (5.1)

where:
∆Fs: shaft resistance increment at the integration points (kN)
Tskin: material stiffness matrix of the new skin interface (kN/m)
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∆urel: relative displacement between the soil and the pile (m), obtained as

∆urel = ∆up −∆s (5.2)

where:
∆u: pile displacement increment (m)
∆s: soil displacement increment (m)

Likewise, the tip force is determined as:

∆Fb = Db∆urel,b (5.3)

where:
∆Fb: base resistance increment (kN)
Db: material stiffness matrix of the spring element at the pile tip (kN/n)
∆urel,b: relative displacement between the soil and the pile tip (m), obtained as

∆urel,b = ∆ub −∆us,b (5.4)

where:
∆ub: pile tip displacement increment (m)
∆us,b: soil displacement increment at the tip (m)

The EBR does not occupy a real volume inside the soil block, instead, an elastic region
is created at the soil region within the pile, which has the size of the input pile diameter (En-
gin and Brinkgreve, 2009). This approach reduces the mesh-dependent effects (Engin and
Brinkgreve, 2009). The interface properties for the EBR are obtained by using the Rinter pa-
rameter. The latter represents the relative stiffness between the modelled pile and the adjacent
soil (Brinkgreve, 2022a), and is implemented to determine their interaction as follows:

• Rinter = 0: No bonding, there is no pile-soil interaction or load transfer.
• Rinter = 1: Full bonding, there is no relative pile-soil displacement.
• 0 < Rinter < 1: Partial bonding, depending on the input value.

The interface strength properties are then calculated as:

τ = cinter + σ′
vtan(ϕinter) (5.5)

where:
τ : shear strength (kPa)
cinter: cohesion of the interface (kPa)
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σ′
v: effective stress (kPa)
ϕinter: internal friction angle of the interface (°)

cinter and ϕinter are obtained as:

cinter = Rinterc
′ (5.6)

tan(ϕinter) = Rintertanϕ (5.7)

where:
c′: soil cohesion (kPa)
ϕ: soil internal friction angle (°)

Furthermore, the bearing capacity of the EBR must be an input. The tip resistance maxi-
mum value is defined by the user, and the shaft resistance can be defined as linear, multilinear,
or layer-dependent. The linear distribution interpolates between defined top and bottom val-
ues, while the multilinear interpolates between several defined skin friction values along the
shaft. Likewise, the layer-dependent distribution relates the skin friction to the strength of each
adjacent soil layer (Engin and Brinkgreve, 2009).

The EBR model has the following advantages against 3D solid piles (Brinkgreve, 2020):
it has a more efficient computation time, it presents accurate results for axial loading, it is
possible to consider a large number of piles and structural forces and pile displacements are a
direct element output. A representation of the model is shown in Figure 5.5.

Figure 5.5: Scheme of an EBR as a solid single pile modelled in Plaxis 3D.

Nonetheless, it has the following limitations: First, installation effects are not included
(Brinkgreve, 2020) and therefore are suitable for piles that cause a limited disturbance of the
surrounding soil during installation. Second, it presents limitations when applied to lateral
loading, due to full bonding (Brinkgreve, 2020). Third, the elastic region approach has reduced
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the mesh-dependent effects, but they are not completely mitigated (Frissen, 2020). Fourth,
the pile tip calculations may present singularities, as the tip force is only calculated with one
spring (Frissen, 2020) and it has a relatively soft response (Brinkgreve, 2020). In order to
overcome the latter, a new formulation was developed by Smulders et al. (2019) in which the
SSI interaction is evaluated at the pile circumference, instead of the centreline. With this, the
mesh sensitivity is reduced and the behaviour at the base is calculated as stress, instead of a
single-point force.

The model build-up works as follows. First, a line must be created and transformed into
an EBR element. Second, pile material properties, as well as interface properties, are defined
as shown in Table 5.5 and assigned to the respective geometry.

Table 5.5: Material set properties of the EBR pile model.

Constitutive model Unit weight (kN/m3) Stiffness (GPa) Diameter (m) Rinter(-)
Linear elastic 6 29.7 0.762 0.7

It should be noted the EBR does not occupy a volume inside the soil block but overlaps it.
Thus, the pile unit weight to be input must be the difference between the soil unit weight and
the real pile unit weight, to compensate for overlap (Brinkgreve, 2022a). A summary of the
modelling process of an EBR pile is shown in Figure 5.6.

Create an EBR of 60 m long

Define the geometry and materials

Assign an axial load distribution: layer-dependent, 
multi-linear or linear

Assign a maximum value of pile tip force

Define the loading stages

Enable the pile at the corresponding construction 
stages

Figure 5.6: Flowchart of Plaxis 3D modelling process of an EBR pile.

Two EBR models were calculated; one was built considering a layer-dependent axial re-
sistance calculation, and a fixed tip force of 6000 kN (calculated according to NEN 9997-
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1 (2017)), and another one considering a multi-layer distribution calculated with the alpha
method from NEN 9997-1 (2017). In both cases, the optimal model consisted of a medium
size element mesh (in accordance with Frissen (2020) and Hartman (2023)) and a 40x40 m
Plaxis 3D model.

5.7. Comparison of results of single pile models

In this section, the results obtained from single pile models, in terms of axial force and pile
displacement, are shown. For comparison, results were taken into account in the short term,
after inducing a jump load of 6700 kN (Figure 5.7), and in the long term, 20,000 days after the
construction is finalised (Figure 5.8).
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Figure 5.7: Results of single pile calculations in the short term by several modelling elements.

Figure 5.7a and Figure 5.7b show the results in the short term of axial force and pile dis-
placements, respectively. First, the results of INTER and D-Pile Group are included, which are
in accordance with the standards specified by the NEN 9997-1 (2017) and correspond to the
traditional Dutch pile design. In both programs, 20 mm of pile displacement was calculated for
a jumpload of 6700 kN. Next, the volumetric pile is defined, which is the most realistic way of
modelling in FE, but due to its complexity, it shows some numerical instability in the results
and its computation time was significantly larger. The SSI shows a similar load distribution to
D-Pile Group or INTER, and a pile displacement of 19 mm. Nonetheless, it can be seen that
solid 3D pile mobilised more resistance in the Pleistocene sand than the NEN 9997-1 (2017)
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models. Further, the EBR results with a layer-dependent distribution show a softer response;
there is less force development in the Pleistocene sand, and more in the deeper dense sand. It
also has a higher pile displacement than the other models, 21 mm. Finally, the EBRmodel that
implements the multilayer distribution adjusted according to the NEN 9997-1 (2017) presents
an axial distribution similar to the 3D solid pile, but also a displacement of 16.5 mm, smaller
than the rest of the models.

Following, Figure 5.8a and Figure 5.8b show the results in the long term of axial force and
pile displacements, respectively. In all the results it is evident a force shift towards the bottom
of the pile, as well as the presence of negative skin friction. This phenomenon occurs as a
consequence of the Kedichem clay consolidation (Schippers and Broekens, 2022), which also
leads to the settlement of the Pleistocene sand and Holocene pack.
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Figure 5.8: Results of single pile calculations in the long term by several calculation means.

First, it is observed that the calculation performed with single spring models presents a
final pile displacement of 40 mm for INTER and 38 mm for D-Pile Group, whose differences
are attributed to the hysteresis modelled in INTER’s code (van Dalen et al., 2014). Then, the
3D solid pile shows a stiffer response than the D-Pile Group in which most of the axial force
develops in the deeper dense sand. It also presents a tip resistance of 2000 kN, i.e. almost
half of the value presented by D-Pile Group or INTER. Likewise, the 3D solid pile had a
displacement of 35 mm, being the smallest value of all models. However, the volumetric
pile results still show numerical instability in the long term, and it was the model with most
computation time. Further, the EBR with a layer-dependent axial distribution showed a soft
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response in which significant force is developed at the tip and end of the shaft, as well as a
displacement of 43 mm. Finally, the EBR with a multi-layer force adjustment presents a stiffer
axial force, similar to 3D solid pile and DPile Group results, with a displacement equal to 40
mm.

5.8. Pile group modelling

Pile group models corresponding to the corners of the construction site are built, as each group
contains an instrumented pile that will be used to verify the accuracy of the modelling. The
groups are shown in Figure 5.9. Since the project is symmetrical, only two groups are consid-
ered. Group 1 considers eight piles in a trapezoidal arrangement; first, there is a row of three
piles adjacent to the sheet pile wall, with a centre-to-centre (c-c) separation of 2.1 m. Next,
there is another row of three piles with a c-c separation of 1.45 m between them and a c-c dis-
tance of 1.398 m from the first pile row. Finally, the group contains another row of two piles
with a c-c distance of 1.463 m between them, and a separation of 1.382 from the second pile
row. Similarly, Group 2 is composed of six piles organized in three rows and two columns,
forming a rectangle. The average c-c distance between rows is 1.435 m, and between columns
is 1.4 m. All the piles considered in this project have the same geometry.

Figure 5.9: Modelled pile groups (adapted from Pieters Bouwtechniek, 2021).

The models were created by means of 3D solid piles and EBR. Likewise, loads of 6700
kN were considered for each pile, equivalent to the average final static load from the high-rise
building per pile. The results of these models are shown in the following sections and will be
compared with the FO measurements and adjusted as needed to match the real-site scenario in
Chapter 7.
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5.8.1. Group 1

Results of the middle pile of group 1 are presented in this section, as it is the instrumented pile
on site. The short term behaviour is evaluated in Figure 5.10, where the single pile behaviour
is also included for ease of comparison. It can be seen that all the group models display an
equivalent load distribution (Figure 5.10a). Nonetheless, the pile displacement plot (Figure
5.10b) shows important differences: The volumetric pile has a total displacement of 30 mm,
and onlymobilises 2mm in the tip, presenting a very stiff behaviour. Further, themodel created
with EBR and a layer-dependent force distribution has a middle pile displacement of 30 mm,
and 11 m on the tip. Likewise, the EBR pile group, considering a multilayer load distribution
has the same tip displacement as the former model (11 mm) but presents a softer response with
a total displacement of 43 mm. In both plots, the group effect is evident when compared to
the single pile behaviour, as there is a significantly less mobilised force in the Pleistocene sand
from the groups, and consequently a higher displacement (Bowles, 1997).
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Figure 5.10: Results of pile group 1 calculations in the short term by several modelling elements.

The long term behaviour is shown in Figure 5.11 for the middle pile in group 2, where it
can be seen results are similar to the short term. While load distribution is equivalent between
the three models, there are important differences in the pile displacement; The volumetric pile
shows 46 mm throughout its entire length, but only 2 mm on its tip. Further, the model created
with EBR and a layer-dependent force distribution has a middle pile displacement of 44 mm,
and 19 m on the tip. Likewise, the EBR pile group, considering a multilayer load distribution
has the same tip displacement as the layer-dependent model but its total displacement is 59
mm. When compared to the single pile results, it can be seen that the group limits the normal
force the middle pile could potentially develop, in comparison with a single pile.
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Figure 5.11: Results of pile group 1 calculations in the long term by several modelling elements.

5.8.2. Group 2

The results of the middle pile of group 2 are presented in this section. Figure 5.12 includes the
short term behaviour. In this group, the volumetric pile shows considerable numerical instabil-
ity in the axial force results (Figure 5.12a), but the EBR layer calculations prove to be stable
and similar to the results of pile group 1 (Figure 5.10). Moreover, the pile displacement plot
(Figure 5.10b) shows the volumetric pile model has a total displacement of 36 mm, and a tip
displacement of 17 mm, which is larger than the tip displacement of group 1 model displayed.
Further, the model created with EBR and a layer-dependent force distribution has a middle
pile displacement of 31 mm, while the EBR model considering a multilayer load distribution
displaces 42 mm, showing the softest response of all models. In both plots, the group effect is
evident when compared to the single pile behaviour, as there is a significantly less mobilised
force in the Pleistocene sand from the groups, and consequently the displacement is 1.5 to 2
times higher.
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Figure 5.12: Results of pile group 2 calculations in the short term by several modelling elements.

The long term behaviour is shown in Figure 5.13 for the middle pile in group 2.
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Figure 5.13: Results of pile group 2 calculations in the long term by several modelling elements.

The three models follow their respective displayed behaviour from the short term anal-
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yses. The axial force distributions (Figure 5.13a) are equivalent, with the volumetric pile
model showing important numerical instability. The group effects are evident. Further, in
the pile displacement plot (Figure 5.13b) all models show significant differences: the EBR
layer-dependent pile has a similar total displacement to the single pile model (41 mm), but at
the tip the displacement is 2 times larger than the latter. Likewise, the EBR pile group, consid-
ering a multilayer load distribution has the same tip displacement as the layer-dependent model
but its total displacement is 59 mm. The volumetric pile shows a very large displacement of
79 mm, which suggests it is a product of numerical instability and should not be considered in
further analyses of group 2.



6
Results of site measurements

6.1. General aspects

This chapter presents the FO strain measurements results upon gradual loading, as well as the
axial force calculated from Equation 3.1. The baseline measurement was taken in the four piles
on September 30th 2022 when there was no load on top of the foundation yet. The piles were
installed and cast 28 days before the readings, thus the concrete had already reached its design
strength.

Further, measurement 21 was carried out on July 4th 2023 for three piles: 97, 31 and 18, as
pile 92 was inaccessible on-site at that moment. The fourth level of the high-rise building was
being built, and therefore the site load was composed of the basement, the initial slab together
with the load-bearing walls and columns, and two levels, as shown in Figure 6.1.

Figure 6.1: Construction progress (July 4th, 2023).

1This data set is further referred to as measurement 2, as in January there was a failed attempt to measure pile
97. While the latter is not considered in this interpretation explanation, it still produced (incorrect) results.

58
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The baseline and measurement 2 are considered for the axial force calculation hereby pre-
sented, for piles 97, 31 and 18. This chapter presents only the results of FOmeasurements upon
gradual loading, a detailed explanation of the interpretation process of the FO measurements
is included in Appendix C.

6.2. Estimation of the current load on site

The assumptions and calculations to determine the load at the site at the time of the measure-
ments are presented below. According to the structural information of the POST Rotterdam,
the basement slab has a thickness of 0.5 m, and the aforementioned concrete base box (load-
bearing walls and columns) has an average height of 5.3 m. Further, the piles located in the
west of the site have a 2 m thick cap on top of them. With this information, a stress of 187.2
kPa is obtained for pile group 1, and 139.2 kPa for pile group 2.

Following, according to the structural plan, group 1 is subjected to an additional 7728 kPa,
while pile group 2 carries 6231 kPa, which accounts for the total static load of the high-rise
building, respectively. Considering that the structure has 43 floors at the time of the analysis
(according to the latest information from Habitat and Urban (2023)), means group 1 will carry
179.2 kPa per floor, while group 2 will be subjected to 144.9 kPa per floor. On July 4th, 2023,
when strain measurement 2 was obtained, only two levels were constructed and therefore, a
surface load of 545.6 kPa is assumed for pile group 1, and 429.0 kPa for pile group 2.

It must be noted that this is an educated estimation with the limited available information,
as it is a real-time measurement and not a controlled load test. It is possible that the actual load
is slightly smaller since at that date, the concrete structure was built without details. However,
this information is sufficient to be able to perform the FO interpretation work from data on-site.

6.3. FO measurements (upon gradual loading)

6.3.1. Pile 97

Figure 6.2 shows the results of strain and force for pile 97, which corresponds to the middle
pile of group 2. The FO has demonstrated robust performance by surviving installation and
manipulation on site. In Figure 6.2a, strain measurements indicated a continuous compressive
behaviour from -11 m NAP to the pile’s end, whereas at the top, readings indicate tension
jumps. The axial force (Figure 6.2b) analysis revealed variations in accordance with the exist-
ing soil profile. Major axial force contribution occurred between -15 m NAP and -37 m NAP,
corresponding to the Pleistocene sand layer depth. From -40 m NAP to -55 m NAP, the graph
displayed a concave curve with negligible force, as expected for Kedichem clay under small
loads. At the pile bottom, between the dense silty sand and dense sand, some uniform force
developed, though less significant than in the Pleistocene sand layer.
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Figure 6.2: Strain and axial force results of pile 97.

While the strain measurements of pile 97 follow a similar trend to the site stratigraphy,
there is high uncertainty on the results at early load stages. In the first place, from 0 to -11 m
NAP, there are high jumps in the readings suggesting tension. While the reason is uncertain,
hypotheses include the following:

• Tension readings are a consequence of some construction procedure, i.e. the curing
effects during the casting of the basement slab, non-uniform concrete curing of the pile
throughout its entire length, or uplift of the basement slab after pumping stopped.

• The FO could be misaligned from the centre of the pile and thus bending strains are
introduced in the readings.

• It is possible that the piles are undergoing tension at the top due to the unloading from
the excavation since the structural load at the moment is very small.

• Structure load is small and therefore is currently being carried by the slab.

Second, Figure 6.2b shows resistance from the bottom of the pile equivalent to the Pleis-
tocene sand layer contribution, whereas, at this stage, axial force at the deep dense sand layer
is expected to be negligible.

Third, the cable of this pile is only reachable per one end, thus, readings were carried out
by using the BOTDR interrogation method. Therefore, the measurements have a resolution
of 50 µε, which indicates that the cable struggles to measure strain changes smaller than the
aforementioned, resulting in unclear or noisy data (Güemes et al., 2014). This might stem
from factors like sensor sensitivity or reading equipment accuracy, leading to widely spaced
readings and data noise.
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6.3.2. Pile 31

Pile 31 corresponds to the middle pile of group 1, and thus may be comparable to the results of
pile 18. It is the only pile that has a full FO cable loop, which means every measurement takes
two mirrored readings, for redundancy. Likewise, the full cable loop allows to implement the
BOTDA interrrogation method for taking measurements, and thus the readings’ resolution is
6 µε, which is higher than in BOTDR (50 µε). Figure 6.3 includes the strain results of pile
31, referred to as measurements a (Figure 6.3a) and b (Figure 6.3b), since the cable has a full
loop. It should be noted that there is a shift between the readings of each side of the loop
and therefore the results shown below fall into two different ranges; Measurement (a) exhibits
results from -1000 µε to -600 µε, while measurement (b) range is from -200 µε to 200 µε.
Nonetheless, in both cases, the strain increment between measurement 0 and measurement 2
is equivalent.
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Figure 6.3: Strain results of pile 31.

Further, Figure 6.4 shows axial force for both mirrored data sets. The results show a stable
force behaviour from -16 m NAP to the pile’s end. Just like pile 97, axial force patterns align
with the site soil profile (Figure 6.2), but less noise is introduced, as the cable of pile 31 has a
better resolution. It should be observed that there is an axial force bulge of approximately 2000
kN, between -16 m NAP and -32 m NAP, corresponding to the Pleistocene sand layer depth.
Likewise, under this loading scheme, the contribution of the underlying layers (Kedichem clay,
dense silty sand and deeper dense sand) is almost zero, as most of the resistance comes from
the Pleistocene sand.
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Figure 6.4: Axial force results of pile 31.

However, some discrepancies appear in the measurements. For instance, the site strain
measurements exhibit a particular trend from 0 to -23 m NAP, with a tension jump at -23 m
NAP (Figure 6.3a). This region shows less strain increment compared to the depth range from
-23mNAP to -65mNAP, which contradicts the expected behaviour for a small load in the short
term. Under this loading stage, it is expected to see more axial force developed on the top of
the pile instead of at the bottom. Similarly, the axial force plot indicates nearly negligible force
between -5 m NAP and -16 m NAP, which corresponds to the Holocene pack depth. While
the contribution of this layer is expected to be small, the force should be consistent with the
Pleistocene sand force results.

In order to study this effect, further investigation is needed over time. However, since
the scope of this project is to study the soil-structure interaction while the high-rise building is
being built, the gradual loading limits the pace of data collection, necessitating several years to
validate any changes over time. Nevertheless, some hypotheses are included to help understand
the latter, which also applied to pile 97.

• Tension readings may be a consequence of some construction procedure, i.e. excavation,
the curing effects during the casting of the basement slab, uplift of the slab after the
pumping stopped, or non-uniform concrete curing of the pile throughout its entire length.

• It is possible that there is a misalignment of the FO cable from the central axis, which
could introduce bending strains into the measurements.

• The installation of adjacent piles might influence the radial stresses acting on this zone.
• Given the pile’s considerable length, variations in curing time, especially in the upper
part, could have led to an improper baseline measurement, which should have been taken
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afterwards.
• Different hydrodynamic and radial stress conditions could be present within the Pleis-
tocene sand, which could impact the grout cover of the pile, resulting in different cross-
sectional geometries compared to the surrounding clay layers, influencing the force
bulge size and altering measurements in the upper clay layers.

• Negative skin friction in the Holocene clay layers could be transferring load to the Pleis-
tocene sand faster than expected.

• Since the structure load is currently small, it is possible that the piles are undergoing
tension at the top due to the unloading from the excavation. The present load may not
be large enough to counteract the excavated material.

• Structure load is small and therefore is currently being carried by the slab.

6.3.3. Pile 18

Figure 6.5 includes the results of strain and force for pile 18. Results present similar inconsis-
tencies to pile 97. First, contrary to the anticipated behaviour during the initial load stages of
the pile, a larger strain increment is shown from -35 m NAP to the bottom of the pile (6.5a),
in comparison with the measurements from 0 to -35 m NAP. This leads to unexpected trend
results in the force profile (Figure 6.5b), as it presents a higher force development at the bottom
than at the top. Moreover, pile 18 was also measured by means of BOTDR and consequently,
readings are noisy and widely spaced.
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(b) Axial force results vs depth.

Figure 6.5: Strain and axial force results of pile 18.

The reason for this unusual behaviour remains unclear, and no concrete explanation has
been established to explain the discrepancy. The possibility of inaccurate results cannot be
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ruled out at the moment, as further measurements are required to ascertain the accuracy of
these readings and identify any potential sources of error. Nonetheless, hypotheses formulated
for pile 97 and pile 31 also apply for this case: First, tension readings are a consequence of
some construction procedure; second, the FO could be misaligned from the centre of the pile
and thus bending strains are introduced in the readings; third, as the structure load is currently
small, it is possible that the piles are undergoing tension due to unloading from the excavation;
finally, the structure load is small and therefore it could be currently carried by the slab.

6.4. Comparison of models to FO measurements in the short
term

In this section, the middle pile of the previously calculated group models is compared with the
force obtained from the site.

6.4.1. Group 1

The behaviour of the middle pile of group 1 is analysed. Figure 6.6 includes the axial force
results obtained by means of Plaxis 3D modelling (modelled as a 3D solid pile and as an EBR),
and the force calculated from the strain measurements of pile 31 (equivalent to the middle pile
of group 1). The decision to exclude the results of pile 18 relies on the analyses presented in
section 6.3. Results from pile 31 are expected to be more reliable than those from pile 18, as
they were taken with the BOTDA method.
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Figure 6.6: Comparison of axial force results of middle pile by several calculation means against FO results (of
pile 31).
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Pile 31’s trend aligns with the adjacent soil profile. Despite noisy data, an evident axial
force bulge is identifiable at the Pleistocene sand depth. At the underlying layers, relatively
constant uniform measurements are shown, indicating lower axial force in the lower pile sec-
tion. However, some inconsistencies are present; First, measurements display tension at the
pile’s top from -5 m NAP to -17 m NAP. Second, the readings from -33 m NAP until the end
of the pile do not behave as expected from the analyses in Chapter 5. Calculations showed that
for the short term, there is no significant force mobilisation from the layers under the Pleis-
tocene sand, while the FO results show an approximately constant reading of 500 kN. With
the information available at the moment, it is not possible to make conclusions regarding the
latter.

Due to the above, when comparing the FO force results to the model calculations (Figure
6.6) it is not possible to choose which is the best way to model this foundation. Nonetheless,
it can be observed that the 3D solid pile results have a good match with pile 31 measurements
from -33 m NAP to -65 m NAP and thus, this model can explain that at this loading stage, the
middle pile of group 1 is undergoing a large group effect in which force is barely mobilised.

6.4.2. Group 2

The axial force obtained from the middle pile’s Plaxis 3D models is compared against the axial
force results of pile 97 and shown in Figure 6.7.
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Figure 6.7: Comparison of axial force results of the middle pile by several calculation means against FO results
(of pile 97).

As mentioned in section 6.3, pile 97 presents noisy readings and current unreliable mea-
surement. Although at the moment it is not possible to validate the modelled piles, the mea-
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surements show a trend that is consistent with the site soil profile; most of the axial force can
be seen to develop in the Pleistocene sand depth, while the force is negligible at the depth of
the second Kedichem clay. Moreover, pile 97 exhibits unusual behaviour at the part in contact
with the deep dense sand, as measurements show resistance developed at that point, which is
not expected during this loading stage. Inconsistencies also emerge at the top part of the pile
(from -5 m NAP to -17 m NAP), implying tension at the pile’s top.

At the moment, it is not possible to determine which is the best way to model these 60 m
long piles from the FO data, since the measurement results differ widely from the models, and
in order to analyse them, or to determine if there was any error in the instrumentation, it will be
necessary to continue measuring on site over time. Nonetheless, when comparing the results
of group 1 models against group 2, it can be seen that both groups have equivalent behaviours,
and thus it could be stated that they can be modelled using the same elements.

6.5. Implications of FO measurements on pile modelling

Initially, it was proposed to carry out some adjustments to the pile models in order to have a
better fit to the output results of the FO measurements. However, as mentioned above, at this
loading stage it is not possible to determine which is the best way to model these 60 m long
piles, since the measurement results differ widely from the models. In order to analyse them,
or to determine if there was any error in the instrumentation, it will be necessary to continue
measuring on site over time.

Previous hypotheses (section 6.3) explore potential factors such as instrumentation, work-
site activity, and geotechnical effects influencing these deviations. Noisy readings are common
at low load levels, and were also anticipated during this project’s development. To comprehen-
sively study this effect, more site measurements under varied load schemes are essential. Yet,
since this is not a load test in which time and load (or displacement) variables are controlled,
obtaining additional measurements will require substantial time, as the construction works of
the high-rise building need to progress to have more load on the foundation.

As for selecting the EBR layer-dependent model, a provisional choice based on the cur-
rent understanding of both pile groups is made. The building’s future heavier loads will offer
insights into model performance. Notably, volumetric piles provide the most realistic mod-
els, and as shown in 6.4.1, they could even explain inconsistencies in the force behaviour.
Nonetheless, they also present numerical instability and inefficient computation time, leading
to the present adoption of the EBR approach with a layer-dependent force distribution. For
future analysis, a short-term model comparison is recommended within a few years with the
aforementioned modelling tools. In future evaluations, volumetric pile models are expected to
be the most accurate, but would also represent higher computational costs.

Due to the latter, and since both pile groups appear to behave similarly, EBR layer-dependent
is implemented to model the high-rise building foundation, in order to predict the SSI of the
whole foundation in the long term in Chapter 7.



7
Results of models and implications on design

7.1. General aspects

A model was developed considering the entire foundation of the POST Rotterdam high-rise
building, in order to study the impact of the SSI of the POST building on the final design and
its surroundings. First, the construction of the final models is described. Then, the spring stiff-
nesses of the piles corresponding to groups 1 and 2, obtained in the final model, are calculated.
A comparison is made with respect to the spring stiffness of a single pile model (obtained from
previous chapters). Further, the 50-year settlement curve of the area caused by the construction
of POST Rotterdam is obtained, and the differential settlement implications for the surround-
ing buildings are described. Next, a simplified model is built and its results are discussed and
compared to the ones obtained with the final detailed model. Finally, a sensitivity analysis
is carried out considering variations in the stiffness of the Kedichem clay layer for the whole
model, as discussed in Chapter 4.

7.2. Plaxis 3D model of POST Rotterdam

A detailed structure was elaborated according to the actual specifications of the study project,
as shown in Figure 7.1. Hereby, the complete box containing the basement slab and the ground
floor is represented, which includes the structural walls and columns that connect the building
to its foundation and are responsible for transmitting the load to it.

The structure (Figure 7.1a), adapted from the model in Schippers and Broekens (2021) has
a surface of 34 x 26 m, in which the basement slab is located at -5 m NAP, with a thickness
of 0.5 m. Underlying, 2 m thick blocks are locally modelled on top of the pile groups. Subse-
quently, all the piles were modelled as a series of EBR with a layer-dependent load distribution
(Figure 7.1b), as mentioned in Chapter 6. In addition, distributed loads are applied to the top
of the structural box to represent the permanent structural loads, which deviate slightly from
the average point load of 6700 kN per pile.

67
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(a) Structure.

(b) Geotechnical model.

Figure 7.1: Plaxis 3D model of POST Rotterdam.

7.3. Calculation of spring stiffness of various piles

This section presents the pile displacement calculated for all the piles of groups 1 and 2. With
this, the spring stiffness of each pile is calculated in the short and long term, and compared
with the one calculated with a single pile. Following, the group effects are evaluated, as well
as the structural implications of the pile displacement.

It must be noted that in practice, this comparison is not often done. Piles are generally
incorporated into the structural model as single springs (Hartman, 2023), and the difference
in displacement between the single spring models and the foundation of the whole building
is dealt with in the structural design. Nonetheless, the calculations hereby presented had the
purpose of analysing the SSI behaviour of different piles within the same pile groups, which
could be further verified by monitoring measurements.
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7.3.1. Single pile model

In the previous chapters, a series of single piles were modelled using various methods. The
average pile displacement was 21 mm for a jump load of 6700 kN (plus an estimated 300 kN of
negative friction according to Schippers and Broekens (2021)) in the short term, and 39 mm in
the long term (20,000 days after the termination of the high-rise building). The spring stiffness
calculated for a single pile is equal to:

• 333.3 MN/m in the short term.

• 179.48 MN/m in the long term.

Due to the particular conditions of these foundations, the spring stiffness changes over
time. Although the long-term displacement of the piles is not only due to the load but also
from negative skin friction, consolidation and creep, it is important to specify it for structural
and future monitoring purposes.

7.3.2. Pile group 1

The pile displacements of the two pile group types at the corners of the high-rise building were
evaluated to understand the group effect in this foundation and to verify if the short and long-
term spring stiffness is comparable with that of single pile models. In this section, the results
of group 1 are discussed. Table 7.1 presents the displacements and spring stiffness of group
1. In all cases, a load of 6700 kN plus an estimated 300 kN of negative friction (according to
Schippers and Broekens (2021)) was considered.

Table 7.1: Calculation of spring stiffnesses of the piles of group 1 using a detailed structure model.

Pile Displacement (mm) Springs (MN/m)
Short term Long term Short term Long term

Pile 14 59.90 63.03 116.86 111.06
Pile 15 59.69 62.87 117.27 111.34
Pile 16 59.38 62.62 117.88 111.79
Pile 30 58.43 61.55 119.80 113.73
Pile 31 58.31 61.46 120.05 113.90
Pile 32 58.08 61.27 120.52 114.25
Pile 41 57.06 60.17 122.68 116.34
Pile 42 56.82 59.97 123.20 116.73

Piles situated along the building’s edges exhibit greater stiffness compared to those located
at the centre of the group or nearer the building’s core. The pile group, as a whole, demonstrates
more substantial displacement when contrasted with individual piles. While the SSI behaviour
follows the same trend as the single pile behaviour, the spring stiffness results are three times
lower than the results of the single pile in the short term, while in the long term, the results are
approximately 70% higher than those of the single pile.
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7.3.3. Pile group 2

Results for group 2 are shown in Table 7.2. The group effect is also evident in this case, since
according to the results, the piles with the greatest displacement are those closest to the centre
of the building, while those in contact with the edge of the site have a stiffer response. This
group presents smaller displacements in both terms than group 1.

Table 7.2: Calculation of spring stiffnesses of the piles of group 2 using a detailed structure model.

Pile Displacement (mm) Springs (MN/m)
Short term Long term Short term Long term

Pile 89 47.10 50.01 148.62 139.97
Pile 90 46.11 49.09 151.81 142.60
Pile 97 46.03 48.98 152.07 142.92
Pile 98 44.96 47.98 155.69 145.89
Pile 105 45.00 48.00 155.56 145.83
Pile 106 45.00 48.00 155.56 145.83

7.3.4. Comparison with the design calcuations

The study conducted by Schippers and Broekens (2021) develops a model of half the building,
a valid approach given the building’s symmetry. In this model, results show that the spring
stiffness of a single pile is applicable to represent all the piles within the building. However,
the analyses presented here reveal different results. The latter indicates that while single pile
models provide a good representation of SSI behaviour for the study case, piles modelled as a
complete group exhibit a softer response compared to a single pile. It is important to carry on
a single pile and pile group verification since the different responses can lead to discrepancies.
Moreover, differences in the models can be partly attributed to their respective geometries. In
this analysis, the Plaxis 3D models were extended to -80 m NAP, which is equivalent to 19
times the diameter of the design pile. This depth is greater than the 4 times the diameter (4D)
recommended by the NEN 9997-1 (2017) and therefore, boundary effects may be present in
the results.

7.4. Settlement in the surroundings

The settlement of the area is determined in order to study the effect that the high-rise building
will have on the area in 50 years (20,000 days), in terms of differential settlement, which may
represent important damage to the Old Post Office. The settlement profile follows section
A-A’, traced in Figure 7.2. Plaxis 3D results are shown in Figure 7.3.
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Figure 7.2: Location of A-A’ section.

Figure 7.3: Settlement profile of Plaxis 3D detailed model of POST Rotterdam.

Figure 7.4 shows the calculated settlement profile of the area. The model presents a max-
imum settlement of 6.4 cm in 50 years. At the Old Post Office side, a maximum differential
settlement of 18 mm over 10 m is calculated (1/555), while the Timmerhuis building shows a
maximum differential settlement of 7 mm in 10 m (1/1428). The assessment and prediction of
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damage generally involves differential settlement, rotation, relative rotation, deflection ratio,
tilt and induced strains in the building (Prosperi et al., 2023). Moreover, NEN 9997-1 (2017)
describes various limits of angular distortion depending on the settlement profile, that range
from 1/2000 to 1/200 (Prosperi et al., 2023), being 1/500 for this case, a slight damage.

Figure 7.4: Settlement profile of the POST site 20,000 days after completion of POST building.

It should be noted that the adjacent buildings were modelled using surface loads, and their
stiffness was not taken into account in the calculations. Like most old historic buildings in the
Netherlands, the Old Post Office has a masonry structure which is capable of reducing stress
changes by creep and relaxation of the material (Prosperi et al., 2023), and thus, it can hold
differential settlements at some degree. In addition, it is supported by wooden piles, which
have relatively low spring stiffness, making them flexible and capable of absorbing tension
from the structure. Consequently, the results presented above may be considered conservative
and represent the maximum potential angular distortion.

Nevertheless, given the historical significance of the Old Post Office and the economic
loss rate from building damage (Prosperi et al., 2023), it is important to continue the structural
monitoring (Quattro Expertise BV, 2021) to prevent significant damage arising from differ-
ential settlements, which could either be traditional instrumentation or by means of air-borne
methods (Prosperi et al., 2023). The damage assessment will be dependent on the availability
of measurements and monitoring information (Prosperi et al., 2023). In addition, the model
shows a small differential settlement for the Timmerhuis building, whose effect is not detri-
mental to the structure.

7.5. Simplified model

A second model was developed in which the structure is represented with simplified loads,
instead of the building stiffness (Figure 7.5). The basement slab was defined as a plate with
concrete properties, and the total building load was taken as static uniform point loads of 6700
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kN on top of the slab at the head of each pile. Further, the foundation was input as a series of
EBR with a layer-dependent load distribution, as described in Chapter 5. This simplification
was done to help the calculations run faster and verify how these considerations differ from a
model with a detailed structure, as in Schippers et al. (2021).

Figure 7.5: Plaxis 3D simplified model of POST Rotterdam.

Spring stiffnesses were also calculated for the piles conforming groups 1 and 2, as shown
in Tables 7.3 and 7.4, respectively.

Table 7.3: Calculation of spring stiffnesses of the piles of group 1 using a simplified model.

Pile Displacement (mm) Spring stiffness (MN/m)
Short term Long term Short term Long term

Pile 14 70.21 74.36 99.70 94.14
Pile 15 67.17 71.36 104.21 98.09
Pile 16 63.82 68.25 109.68 102.56
Pile 30 69.33 73.34 100.97 95.45
Pile 31 67.15 71.23 104.24 98.27
Pile 32 67.90 71.95 103.09 97.29
Pile 41 67.90 71.95 103.09 97.29
Pile 42 65.94 70.14 106.16 99.80
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Table 7.4: Calculation of spring stiffnesses of the piles of group 2 using a simplified model.

Pile Displacement (mm) Springs (MN/m)
Short term Long term Short term Long term

Pile 89 66.92 70.67 104.60 99.05
Pile 90 65.56 69.42 106.77 100.84
Pile 97 66.92 70.67 104.60 99.05
Pile 98 64.14 68.11 109.14 102.77
Pile 105 63.87 67.94 109.60 103.03
Pile 106 62.60 66.77 111.82 104.84

In the simplified model, the loads are directly transferred to the foundation without affect-
ing the surrounding soil, resulting in more pronounced displacement. Likewise, in the model
that includes the entire structure, the loads are distributed throughout it, requiring less pile dis-
placement to mobilise forces. In either case, both models show smaller spring stiffness values
than those calculated with a single pile, suggesting a higher overall pile displacement.

The settlement profile of the area was also obtained with the simplified model, as presented
in Figure 7.6.

Figure 7.6: Settlement profile of Plaxis 3D simplified model of POST Rotterdam.

According to the latter, a maximum settlement of 8.4 cm in 50 years is calculated, which
is higher than the 6.4 cm obtained with the detailed model. At the location of the Old Post
Office, a maximum differential settlement of 35 mm over 10 m is expected. With this esti-
mation, an angular distortion of 1/285 is obtained. Likewise, for the Timmerhuis building a
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differential settlement of 12 mm over 10 m was calculated (angular distortion of 1/800). A
stiffer foundation results in less settlements of a high-rise building structure.

As aforementioned, in practice calculations are not reported this way; the building stiffness
is not commonly included in the geotechnical model, as it tends to be assessed by structural en-
gineering. However, newmethods have been investigated to model the building as an infinitely
stiff plate, effectively integrating geotechnical and structural models into a unified calculation
(Hartman, 2023). The calculations hereby presented have the purpose of analysing the SSI
behaviour of different piles within the same pile groups, which could be further verified by
monitoring measurements, even if in practice it is not commonly reported in this way.

7.6. Sensitivity of the stiffness of the Kedichem clay layers

From Chapter 4, it was seen that the Kedichem clay stiffness is the uncertain parameter that
has a higher influence on the SSI of a single pile. In this section, the stiffness and creep
parameters are varied in the whole model, considering ± 30% of the chosen values, with the
aim of evaluating their effect in the area surrounding the POST Rotterdam. The different
parameters are presented in Table 7.5.

Table 7.5: Variations of the stiffness and creep parameters of the Kedichem clay.

Stiffness κ∗ (-) λ∗ (-) µ∗ (-)
Standard 0.01112 0.03331 0.00135
Higher 0.00778 0.02332 0.00094
Lower 0.01445 0.04330 0.00175

The effects of settlements in 50 years are evaluated at -18 m NAP, since that is the pile
tip level of the adjacent structures (Schippers and Broekens, 2021) that will be affected by the
high-rise building. Results are shown in Figures 7.7, 7.8 and 7.9 for the standard, higher, and
lower stiffness parameters, respectively. When comparing Figure 7.7 and Figure 7.8, it can be
seen the maximum soil settlement reduces by 0.7% if a stiffer clay is considered. Likewise, the
maximum settlement increases by 5% if a softer material is input. With this, it is possible to
observe that for the complete model, the stiffness variations of the Kedichem clay do not have
as much impact on the settlement calculation of the building area, as they do for the single pile
analysis, and that an adequate parameter choice was made for the development of this study.
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Figure 7.7: Settlement profile of Plaxis 3D detailed model of POST Rotterdam, with standard stiffness.

Figure 7.8: Settlement profile of Plaxis 3D detailed model of POST Rotterdam, with higher stiffness.
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Figure 7.9: Settlement profile of Plaxis 3D detailed model of POST Rotterdam, with lower stiffness.



8
Conclusions and recommendations

8.1. Conclusions

This thesis addressed the SSI behaviour of foundation engineering for high-rise buildings. The
main focus was to study load distribution along 60 m long piles subjected to gradual loading,
considering the construction of the POST Rotterdam high-rise building as the study project.
The key findings can be summarized as follows:

First, during the initial phases, most of the resistance contribution comes from the shaft,
particularly evident at the Pleistocene sand layer, while the deeper dense sands barely mo-
bilise any shaft and tip force. Gradual loading observations from the POST construction site
corroborate this behaviour, demonstrating the shaft’s dominance during this stage. However,
as loading progresses and the Kedichem clay layer consolidates, a noticeable shift in load dis-
tribution appears, in which significant resistance quickly mobilises at the bottom of the pile.
This occurs because, when the Kedichem clay layer starts consolidating, settlements occur in
all the layers on top of it. Therefore, when the Pleistocene sand layer settles, its capability to
mobilise shaft resistance is limited and resistance has to be developed at the deeper sands, as
stated by Schippers et al. (2021) and Schippers and Broekens (2021). The latter answers the
first research question, on how soil is distributed in very long piles, in the short and long term,
considering Rotterdam’s soil profile.

Second, uncertain parameters impacting SSI modelling include Kedichem clay stiffness
and creep, affecting axial force distribution and pile displacement. Additional parameters,
including the stiffness of the Holocene clay layer, shaft αs factors for sand layers, pile diameter,
and pile stiffness, exert secondary influences on the results.

Third, FO strain measurements were taken from POST Rotterdam foundation piles. Read-
ings indicated cable resilience despite manipulation and work activities. While the strain mea-
surements follow a similar trend to the site stratigraphy, there is high uncertainty about the
results at early load stages. For instance, readings exhibit high tension jumps, and axial force
development at the bottom of the pile shows, which was expected to be negligible at this stage.
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While the reason is currently uncertain, hypotheses include the following:

• Tension readings are a consequence of some construction procedure, i.e. the curing
effects during the casting of the basement slab, non-uniform concrete curing of the pile
throughout its entire length, or uplift of the basement slab after pumping stopped.

• Misalignment from the centre of the pile and thus bending strains are introduced in the
readings.

• Pile tension at the top due to the unloading from the excavation since the structural load
at the moment is very small.

• Structure load is small and therefore is currently being carried by the slab.

Opportunities for site enhancement are given as future recommendations.

Fourth, EBR layer-dependent piles were provisionally chosen to model the foundation of
the entire POST building. The analyses of corner pile group spring stiffness reveal the sig-
nificance of the group effect in both cases. In practice, piles are generally incorporated into
the structural model as single springs (Hartman, 2023), and the difference in displacement be-
tween the single spring models and the foundation of the whole building is dealt with in the
structural design. Nevertheless, the calculations hereby presented have the purpose of being
further verified by monitoring measurements.

Fifth, the impacts of POST loads on neighbouring structures were evaluated over 20,000
days. At the Old Post Office side, a maximum differential settlement of 18 mm over 10 m is
calculated (1/555), while the Timmerhuis building shows a maximum differential settlement
of 7 mm in 10 m (1/1428). For this case, this angular distortion indicates slight damage in the
structure, however, these calculations may be taken as a lower limit of differential settlements,
as the stiffness of the surrounding buildings (Schippers and Broekens, 2021; Prosperi et al.,
2023; Hartman, 2023) was not considered in the model.

Moreover, modelling a stiffer foundation results in fewer settlements of the high-rise build-
ing structure. Although in practice, the building stiffness is not included in the geotechnical
model but is incorporated in the structural model, new methods have been investigated to
integrate geotechnical and structural models into a unified calculation (Hartman, 2023). Op-
portunities for model verification are given as future recommendations.

Nevertheless, the calculations hereby presented have the purpose of being further verified
by monitoring measurements. Opportunities for model verification are given as future recom-
mendations.

Finally, the stiffness and creep variations of the Kedichem clay do not have as much impact
on the settlement calculation of the building area, as they do for the single pile analysis. An
adequate parameter choice was made for the development of this study.
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8.2. Recommendations

A list of recommendations for modelling, instrumentation practice and future research is shown
below.

Modelling

1. Single pile and pile group verification: As highlighted by this research, variations be-
tween single pile and pile group behaviour underscore the need to validate both scenarios
independently. The different responses can lead to discrepancies if not considered ap-
propriately.

2. Model bottom boundary: In this analysis, the Plaxis 3D models extended to 15 m below
the pile tip level, which is equivalent to 19D of the design pile. This length is consid-
erably longer than the 4D specified by the NEN 9997-1 (2017), however, there is still
uncertainty about the effect of this distance on the pile displacement and soil settlement
results.

3. Alternativemodelling approaches: Exploring other software tools andmodellingmethod-
ologies other than Plaxis 3D, could provide alternative insights into the load distribution
of very long piles.

4. Block foundation: In this research, the possibility of modelling the foundation as an in-
finitely rigid block, instead of individual piles, was not explored. While this approach
cannot be verified by means of the instrumented piles on site, it could define an upper
limit on the expected SSI behaviour in the future. It must be noted that for this analy-
sis results are essential to carry out a sensitivity analysis on the model background, as
mentioned above.

Site instrumentation and data processing

1. Instrumentation quality: Ensuring the acquisition of high-quality FO measurements on-
site is important for accurate data interpretation. As the FO cables are susceptible to
site activities, careful handling and minimal interference are vital. Likewise, having the
possibility of measuring temperature with the FO cables could provide more accurate
data and insights into behaviour.

2. Additional instruments: In this case study, only load-transfer instrumentation was avail-
able. Furthermore, installing strain gauges on the piles would provide valuable informa-
tion about the pile displacement.

3. Site measurements: Areas of improvement include more control of the site schedule.
A real project is harder to coordinate as it is highly dependent on the site construction
schedule. Better coordination would have led to acquiring more quality data, significant
to this investigation. Likewise, the possibility of accessing remotely to FO readings in
the future will ease the measuring/schedule conflicts.

4. For future instrumentation of high-rise buildings with FO, it would be beneficial to con-
sider the installation of FO both in the middle pile and the edge pile in order to further
study the group effects and the springs of different piles.
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Future research

1. To expand the scope of this work beyond static loads, dynamic wind loads could be
integrated into the analysis, providing insights into the influence of high-rise building
dynamics on pile behaviour. For the latter, it is recommended to wait until the high-rise
building construction is finalised.

2. Further FO readings could resolve uncertainties and validate observations related to the
current anomalies in measurements. At the moment, the gradual loading limits the pace
of data collection, necessitating several years to validate any changes over time.

3. This case study may offer the possibility of verifying the newly integrated geotechnical
and structural model (mattress model) in the future, by means of the site instrumen-
tation. For the latter, waiting until the high-rise building construction is finalised is
recommended.

4. A deeper understanding of the behaviour of Kedichem clay could be attained through a
more extensive testing campaign and laboratory results.

5. With theOld Post Office’s historical value inmind, as well as the cost of building damage,
continued structural monitoring, either traditional or new air-borne methods, is essential
to prevent significant damage from differential settlements.

8.3. Contributions and future impact

This study addresses gaps in understanding load distribution within very long piles, propos-
ing a practical modelling approach and extending valuable recommendations and avenues for
prospective investigation. As the use of very long piles becomes more prevalent in Rotterdam,
this research contributes to the optimization of the design and enhancement of safety protocols.
In summation, it contributes to the comprehension of load distribution in very long piles.

By implementing modern sensing techniques, such as FO, the stress distribution along the
piles can be studied more accurately. In the future, along with extensive validation research,
this study may contribute to the optimization and standardisation of the design of long-piled
foundations in Rotterdam. Current approaches can be adjusted in order to make a less conser-
vative design and more uniform criteria. This will result in a positive economic impact in the
construction costs and safety of the high-rise building and the surroundings.
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B
Construction progress of POST Rotterdam

This appendix includes an up-to-date photographic report of the construction progress of POST
Rotterdam. Images hereby presented were collected from online archives as well as taken
during site visits while developing this thesis.

Figure B.1: Demolition of the existing wall adjacent to Rodezand street and preparation of the work site (from
Arch Daily, 2023).
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Figure B.2: Installation of the sheet piles and delimitation of the building pit (from The POST Bouw, 2023).

Figure B.3: Installation (and instrumentation) of screw-displacement piles. Excavation level at -2 m NAP is
taking place.
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Figure B.4: Installation of struts at -2.0 m (from The POST Bouw, 2023).

Figure B.5: Excavation up to -5.6 m. Pile heads become visible at this depth.
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Figure B.6: Basement slab is visible.

Figure B.7: Installation of reinforcement for future casting of basement and ground floor.
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Figure B.8: Groundfloor and first two floors are built (from Arch Daily, 2023).



C
Fibre optic interpretation process

This appendix includes an additional explanation of the interpretation process of the FO strain
measurements on-site (Figure C.1), in accordance with Chapter 6. To this date, the baseline
measurement was taken in all four piles after their respective installation (September 2022).
Further, measurement 21 was carried out on July 2023 for three piles: 97, 31 and 18, as pile
92 was inaccessible on site at that moment. Both measurements are considered for the data
processing hereby presented, thus this section contains results of piles 97, 31 and 18.

Figure C.1: Location of instrumented piles.

1It is called measurement 2, as in January there was a failed attempt to measure pile 97. While the latter is not
considered in this interpretation explanation, it still produced (incorrect) results.
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C.1. Pile 97

First, the baseline measurements of pile 97 are presented in Figure C.2. Three readings were
obtained and later averaged.
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Figure C.2: Distance vs baseline strain measurements of pile 97.

Following, the second measurements are presented in Figure C.3. It should be noted that
readings on site were taken separately from the two fibres inside the cable, as a way of ver-
ification of results, and due to this, it can be seen two sets of magnitudes of strain in Figure
C.3, which, at the measurement stage, there is uncertainty of which one is correct. However,
when comparing these results to the baseline measurement, the first set (Readings 1, 2 and 3)
is approximately 1000 µε larger than it, which would lead to an unrealistic result of approx-
imately 17,000 kN when transformed to axial force. Therefore readings 4, 5 and 6 are taken
as the correct measurement, which lead to an average difference of 140 µε with the baseline
measurement.
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Figure C.3: Distance vs second strain measurements of pile 97.

Next, the distance results of measurement 2 were shifted to match the strains of the baseline
measurement, and further cut to account for the length of the pile and eliminate readings of
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the rest of the cable. When shifting measurement 2, it was important to match specifically
the bottom of the graphs, under the hypothesis that the pile tip is expected to have almost
null displacement during the construction stage of the building. To achieve this, the shift was
indicated with a millimetric precision. Further, the strain of measurement 2 is interpolated to
depths specified by the baseline measurement. The strain difference is calculated and used to
get the axial force as expressed in Equation 3.1. Figures C.4a and C.4b show the results of
strain and force for pile 97, respectively. These plots are also shown in Chapter 6.
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(a) Strain measurements vs depth.
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(b) Axial force results vs depth.

Figure C.4: Strain and axial force results of pile 97.

C.2. Pile 31

Pile 31 has a full loop of FO cable and therefore every reading outputs twice the pile profile.
Therefore, the interpretation of readings is divided into measurement (a) and measurement (b)
as shown in Figure C.5.
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Figure C.5: Scheme of the full loop readings.

Baseline measurement readings are shown in Figure C.6. It can be seen that the results are
consistent except for reading 1, which was eliminated from the average calculation of baseline
measurement readings.
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Figure C.6: Distance vs baseline strain measurements of pile 31.

Readings of measurement 2 are shown in Figure C.7. It can be seen there is a slight offset
between measurements (a) and (b), and therefore both will be processed to verify the final
accuracy of axial force calculation.
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Figure C.7: Distance vs second strain measurements of pile 31.

Next, the results of measurement 2 were shifted to match the shape of the baseline mea-
surement on a millimetric precision, and further cut to account for the length of the pile and
eliminate readings of the rest of the cable. When shifting measurement 2, it was important to
match both pile tips. Further, the strain of measurement 2 is interpolated to depths specified
by the baseline. The strain difference is calculated and used to get the axial force. Figure C.8
shows the results of strain for pile 31, showing both profiles built with measurements (a) and
(b), while Figure C.9 show the resultant force profiles, which are analysed in Chapter 6.

5

10

15

20

25

30

35

40

45

50

55

60

65

D
ep

th
 (m

 N
A

P)

1200 1000 800 600 400 200 0 200
Strain,  (  )

5

10

15

20

25

30

35

40

45

50

55

60

65

Baseline
Measurement 2

(a) Strain vs depth: Measurement (a).
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(b) Strain vs depth: Measurement (b).

Figure C.8: Strain results of pile 31.
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Figure C.9: Axial force results of pile 31.

C.3. Pile 18

Baseline measurements of pile 18 are presented in Figure C.2. Three readings were obtained
and later averaged.
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Figure C.10: Distance vs baseline strain measurements of pile 18.

Following, the second measurements are presented in Figure C.11. Similarly to pile 97,
readings on site were taken separately from the two fibres inside the cable, resulting in two sets
of magnitudes of strain as seen in Figure C.3. When comparing these results to the baseline
measurement, it can be seen readings 5 to 8 are the ones to be considered for further study.
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Figure C.11: Distance vs second strain measurements of pile 18.

Next, the distance results of measurement 2 were shifted to match the tip of the strains of
the baseline measurement, and further cut to account for the length of the pile and eliminate
readings of the rest of the cable. Finally, the strain of measurement 2 is interpolated to depths
specified by the baseline measurement. The strain difference is calculated and used to get the
axial force. Results are shown in Figure C.12 and evaluated in Chapter 6.
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(a) Strain measurements vs depth.
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Figure C.12: Strain and axial force results of pile 18.
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