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Abstract

This thesis investigates the behavior of tension pile foundations and their failure mechanisms. The objective was
motivated by the incident that occurred in the entrance ramp of the Prinses Margriet tunnel, which was caused by
the failure of the tension pile foundation. The cause of the failure is believed to be stress corrosion in the
reinforcement of the tension pile. Given that there are several tunnel entrances with a similar tension pile
foundation to the Prinses Margriet tunnel, motivated the initiation of a project by Rijkswaterstaat in which these
tunnels are investigated on this particular failure mechanism. One of these tunnels is the First Heinenoordtunnel
which is analyzed in this thesis as a case study.

The stress corrosion in the reinforcement caused premature brittle failure of the steel, which causes the tension
pile to lose its connection with the tunnel floor, making the pile lose its tensile capacity completely. For stress
corrosion to occur in tension pile reinforcement, three main conditions are defined. Firstly the utilization of a
high quality steel, secondly an environment in the subsoil which enables corrosion and thirdly the amount &
variation of tensile stress in the material. For the First Heinenoordtunnel, these conditions are all met and the pile
failure due to stress corrosion should be taken into account as a failure mechanism.

The design methodology of this tunnel and the general design methodology of tension piles in the Netherlands is
summarized. This information is used to validate models, to define and model the geometry of the critical
element along with its tension pile foundation. The safety philosophies between the time of construction of the
tunnel and now are compared as well. Here it is found that more complex tension pile calculation models allow
for lower safety factors, which cause the calculated capacity of the tension piles with current models ended up
having a higher capacity

The development of stress corrosion in the tension piles is difficult to detect due to the coverage of the tunnel
floor and daily traffic. The development of a numerical model made it possible to monitor the stress corrosion
based on the displacement of the tunnel floor/walls.

The geometry of the critical tunnel entrance elements along with the soil profile and tension pile foundation of
the First Heinenoordtunnel are modelled numerically in the Plaxis3D software. There are two critical tunnel
elements defined, namely in the northern entrance element 3N and southern entrance element 3Z.

In order to simulate the failure mechanism, a Python algorithm was used to set up a Monte-Carlo analysis in
which the tension piles fail sequentially, in random sequences as the distribution and development of stress
corrosion in the tension piles is unknown.

DFoundation software was used to validate the numerical models using the NEN 9997-1 norm. The outcome of
this validation was satisfactory resulting in an overestimation of 1.7% and 17% of the safe capacity and 21% and
10% of the limit capacity for north and south respectively.

The algorithm was used to perform a total of 50 Monte-Carlo iterations for both elements 3N and 3Z. The result
was the displacement profile of the tunnel floor and walls as piles fail sequentially in randomly determined pile
sequences. When analyzing the results of the analysis it is found that the numerical models fail when roughly 60-
70% piles have failed due to stress corrosion. The model failure occurred at displacement values up to 25 mm for
north and 60 mm for south. The profile of displacement of the tunnel floor/walls as more piles fail sequentially
can be used for monitoring the uplift failure mechanism due to stress corrosion.

Warning values for monitoring the critical moment of failure were defined based upon the tunnel floor
displacement profiles. For element 3N a signal value of 4 mm was determined and an intervention value of 7
mm. For element 3Z a signal value of 5 mm was determined and an intervention value of 10 mm. It was found
that for element 3Z displacements increase more rapidly as the failure mechanism progresses comparing to
element 3N.

It is found that there is no imminent risk of the uplift failure due to stress corrosion for the tunnel entrances of
the First Heinenoordtunnel using available INSAR-data trends. However, the monitoring should continue as it is
very difficult to determine the current state of stress corrosion in the tension piles and therefore unknown how
fast the mechanism actually progresses. The monitoring of displacement of tunnel floor/walls can be used for the
monitoring of stress corrosion in the tension piles utilizing the models made for this research.
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1. Introduction

On December 13% 2022, an incident occurred in the Prinses Margriettunnel, which is a tunnel providing the
connection of the highway A7 between Sneek and Joure in the north of the Netherlands. It was observed that one
of the access ramp element in the western entrance of the Prinses Margriettunnel had moved upwards. This
happened as a result of the foundation of the element failing. After carrying out the required investigations, it
was observed that the reinforcement of some of the installed tension piles had failed, which resulted in a loss of
their tensile bearing capacity. The loss of bearing capacity resulted in a disruption of the vertical equilibrium,
which eventually resulted in the upward movement of an element in the access ramp of the tunnel, as the tension
pile foundation with a reduced number of active tension piles was not able to withstand the upward force exerted
on the tunnel element by the groundwater. The tunnel had to be closed for an extended period after this incident,
which caused large unplanned time delays and costs. As of 29" of March 2025, the tunnel is yet to be reopened
completely and the restoration works for the foundation are still ongoing.

The Prinses Margriettunnel was constructed in 1976 as an immersed tunnel. This immersed tunnel has both an
open and closed part. The open part consist of the entrances of the tunnel, and the closed part is submerged under
the waterway. The maximum depth of the tunnel entrances is around NAP — 12 meters, which approximately 11
meters under the ground water level. Apart from the construction of the tunnel entrance itself, there is no
surcharge weight present in the tunnel entrances. The tunnel has to withstand buoyant forces due to the water
being retained from the tunnel entrances (Rijkswaterstaat, 2024). Since there is no surcharge weight present, a
different method has to be applied to resist the upward water force. For this tunnel specifically, it was achieved
through the application of a tension pile foundation connected with the floor of the tunnel entrance. The tension
pile foundation was applied at the locations the upward force exerted by the groundwater was expected to exceed
the self-weight of the tunnel, resulting in a vertical upward resultant force. The function of the tension pile
foundation at these locations is to maintain vertical equilibrium. If these tension piles do not fulfill their function,
the resultant vertical force on the tunnel element will cause an upward movement.

The specific type of tension piles used are so called ‘Vibropalen” which are cast-in-place concrete tension piles
with a thin rod of high quality steel as reinforcement with a diameter of around 32 mm. These steel rods are
generally coated with grease or asphalt as a protective measurement for corrosion. These piles are put in place to
withstand upward force and maintain vertical equilibrium during the lifetime of the tunnel (Borsje & Schuring,
2023).

The main cause of the tension piles breaking has been identified by TNO as stress corrosion of the reinforcement
steel. Stress corrosion can occur in specific materials under specific circumstances. In this case specifically, the
main constituents of stress corrosion are the combination high quality carbon steel withstanding high varying
tensile stresses in a corrosive environment. Due to traffic loads, the stresses are varying in the tension piles. The
corrosive environment is created through either presence of chlorides or an acidic or alkaline environment
around the material (Bonfix, 2023).

Failure due to stress corrosion occurs through the formation and propagation of cracks in the material. In the case
the tensile stress in the material is varying, the stress corrosion process is accelerated. Chlorides have possibly
come in contact with the reinforcement steel due to salt intrusion in the tension piles. The acidic or alkaline
environment is formed through the presence of low and high pH solutions in the subsoil around the tension piles.
The stress corrosion cracking eventually led to a brittle failure of the reinforcements of the tension piles,
ultimately causing the failure of the tension piles (Borsje & Schuring, 2023). The reinforcement rods in the
tension piles are coated with grease as a measure for corrosion protection (Stevelink, 1969). This measure
however has not proven to provide enough corrosion protection, as the stress corrosion still took place in the
reinforcement steel. The exact cause for this corrosion still happening is yet to be determined and is still being
researched.
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The ongoing restoration works of the tension pile foundation consists of the installation of 1.150 new tension
piles (Rijkswaterstaat, 2024). This is a very costly operation in terms of time and money. This incident has also
been harmful for the reputation of Rijkswaterstaat. In order to maintain the level of mobility of the Dutch
transport network, it is desired that certain links of this network not become unavailable due to infrastructural
components such as the Prinses Margriettunnel failing. Especially when this unavailability is unplanned. This
will cause heavy delays and costs for both the maintaining and exploiting stakeholders. Also, the tunnels failing
pose a risk of safety for the road users.

In November, 2010 a similar incident had already happened with the Vlaketunnel, located in the Netherlands.
The applied tension pile foundation of the Vlaketunnel was designed in a similar fashion to that of the Prinses
Margriettunnel, specifically the use of the same type of tension piles used in the Prinses Margriettunnel. At the
time the incident occurred, it was decided by Rijkswaterstaat that the incident had happened due to local
environmental effects and that there was no further research necessary for objects with a similar foundation
method. (Borsje & Schuring, 2023). The second calamity regarding the tension piles which happened in the
Prinses Margriettunnel however, motivated Rijkswaterstaat to analyze the applied tension pile foundation
methods of other tunnels in the Netherlands, in order to determine whether the same foundation method as the
Vlaketunnel and Prinses Margriet tunnel was applied and thus the same risk for stress corrosion occurring was
present.

After the tunnels where the similar foundation type is applied were identified, initiative was taken by
Rijkswaterstaat to start research into preventive and corrective measures in order to prevent or mitigate a similar
calamity from happening in the future to another tunnel.

Eventually, a total of four tunnels under the maintenance by Rijkswaterstaat have been identified to have a
similar foundation to that of the Prinses Margriet tunnel and Vlaketunnel (Rijkswaterstaat, 2024). One of these
tunnels is the First Heinenoordtunnel. This tunnel provides the connection of the highway A29 and is an
important link between the western and southern part of the Netherlands (Wegenwiki, 2023). The First
Heinenoordtunnel is abbreviated as ‘EHT’ in this report.

This thesis aims to analyze the potential failure mechanisms of the tension pile foundation applied for the EHT,
as well as analyzing the reliability of the current tension pile foundation at the critical location of the tunnel
entrance and investigate whether imminent failure can be detected and possibly prevented before full failure
happens. To achieve this, known failure mechanisms for tension pile foundations are researched, also relevant
analytical calculation methods of tension pile foundations throughout the years are reviewed. Also, a numerical
model of the most critical section of the tension pile foundation of the EHT is constructed in order to perform
simulations. The analytical and numerical models are then used to determine the interplay of forces of the
tension pile foundation, analyze the safety in different scenarios and to analyze the potential failure mechanism
of the entrances of the EHT.

Based on this aim and method, two main research questions for this thesis are posed as follows:

‘What is the relevant potential failure mechanism for the tension pile foundation of the EHT and to what extent
can its reliability be assessed?’

‘How can a numerical model assist in the monitoring of a tunnel element, in order to assess possible detection
levels of the progress of a failure mechanism?’

In order to answer this research question properly, a set of sub-questions are formulated.

‘What types of corrosion are relevant for tension pile failure to what extent are they a relevant failure mechanism
for tunnels?’

“To what extent can the type of failure mode of the incident be modelled/predicted using analytical models and
or numerical methods’

‘What is the impact of changes in design methods of tension piles between time of construction of the EHT and
design methods used currently?’

‘What is the factor of safety against uplift failure for the EHT?’
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‘What is the impact of the failure of tension pile(s) on the factor of safety against uplift?’

‘How does the current factor of safety obtained from current methods against uplift failure compared to the
factor of safety as employed during the original design of the tunnel?’

‘To what extent can a warning mechanism that signals whether tension piles are failing be derived from the
numerical model?’

‘How does the failure mechanism of the tunnel progress as tension piles are gradually failing?’

‘How many tension piles can fail in order for the whole foundation as constructed in the numerical model to
fail?

The numerical model is used to extract information of the failure mechanism of the EHT. This information could
be used to define warning levels for monitoring the tunnel. This supports in the development of the preventive
and corrective measures necessary to guarantee the structural safety of the tunnel and on a larger scale the
infrastructural integrity of the Dutch transport network.

The model is limited to the section of the tunnel entrance ramp where tension piles are used, as here the most
resultant upward force is present and thus the highest risk for heave is present. The geotechnical conditions and
the design of the tension pile foundation are analyzed in order to formulate the model. The model will be limited
to a static analysis to limit both the project scope and computational load of the numerical model solving.

The numerical model is used to simulate different loading scenarios on the geometry of the tunnel entrance and
analyze the response of the tunnel in terms of unknowns, such as present deflections and stress. The factor of
safety of the tension pile foundation based on different amounts of failed tension piles in the foundation is be
simulated. This information is used to perform a failure analysis on the tension pile foundation of EHT.

To validate the numerical model, known analytical calculation models for tension pile foundations can be used.
Also settlement monitoring strategies such as total stations or satellite data can be used to measure actual
deflections, with which the numerical model can be validated.
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2. Pile foundations

Pile foundations are generally applied in construction projects where the bearing soil layers are situated
relatively deep. The pile is cast or driven through the existing soil layer until the desired pile tip level. The pile
bearing capacity is mobilized by the combination of pile tip resistance in the bearing soil layer and the shaft
friction resistance between the soil and pile along the length of the pile.

Pile foundation can be loaded both in compression and tension. Compressive forces generally originate from
downward forces such as self-weight of the structure resting on the foundation. Tensile forces generally originate
from upward forces such as water pressures acting on the foundation or structure.

This research will focus on tension piles, as this is the scope of this specific research. This chapter will go over
the practical application of tension piles and which methods/techniques are used most commonly in the
application of a tension pile foundation in practice.

The capacity of a tension pile is mobilized through the friction between the shaft of the installed tension pile and
the surrounding soil along the length of the pile. The pile tip resistance is mobilized for piles in compression, for
tension piles there is no tip resistance mobilized.

Three main types of construction exist in geotechnical engineering for foundation piles. These are; driven
concrete piles, auger piles and methods combining these two. Each of these alternatives have their own benefits
and the different methods can be employed for different geotechnical challenges.

The bearing capacity of the pile is influenced by many factors such as shape of pile, type of installation and
roughness of material used. Many different combinations of these factors exist and provide different capacities.
This influence in bearing capacity is highly dependent on the soil disturbance that is happening during
installation. For example installation methods which compact the soil lead to relatively higher bearing capacities
than installation methods which loosen the soil.

Another structural object is that is designed to resist tensile forces is the ground anchor. The main difference
between a tension pile and an anchor is that the former is also able to resist compressive forces and the latter is
only able to resist tensile forces. Tension piles are used when compressive and tensile forces are expected in the
piles during their lifetime. This study will focus on different types of practically applicable tension piles.

2.1 Driven piles

These type of piles are driven into the ground using a hammer, vibrations or a pushing method.

With the driving of the pile, the compaction of the soil that is caused by the pile driving increases the stresses
around the pile, which increase their total bearing capacity. The method is also relatively simple, cheap and not
as time consuming as other methods.

As the pile tip level goes deeper, more force is needed to drive the pile due to the increased stresses at the tip.
This limits the maximum depth of driven piles. Also driven piles are known to produce sounds and vibrations in
the neighboring soil which results in possible settlements and/or damage to buildings/infrastructure.

For the driven piles both pre-cast concrete piles or steel profiles are used for driving. However, concrete is used
more often due to its cheaper application and lower sensitivity to corrosion in comparison to steel. Steel however
is able to resist more extreme loads. After installation these piles can be loaded under compression or tension.
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2.2 Auger piles

Auger piles are types of piles that are constructed in-situ through the use of a soil auger. A hole with the desired
pile diameter is dug out to desired depth. In some methods a steel casing is installed in the drill hole to prevent
collapse of the hole. The reinforcement of the pile is lowered into the hole and concrete is poured into the hole.
After the pouring of concrete, the steel casing is removed and the concrete is compacted and cured. This method
is very flexible in both desired pile length and amount of piles. This installation method also causes very little
nuisance in terms of vibrations and noise. The construction of the auger piles is more time consuming than
driven piles due to construction process including the drilling and the need of in-situ curing of concrete.

As mentioned, the auger piles are more flexible in design such as pile length and amount of piles, but generally
the bearing capacity of the pile is lower than driven piles because the soil is not compacted in the driving process
and the stresses around the pile are generally lower.

2.3 Combined methods

Lastly there are methods for foundation piles that combine the driven and cast methods. Two methods that are
commonly applied are the Vibro and Vibro-combination method. The Vibro method includes driving a steel tube
with a detachable closed-end to a desired depth in the subsoil. In this steel tube, reinforcement steel is installed
and concrete is poured. After the pouring of concrete, the closed end of the steel tube is detached from the steel
tube and the tube is driven out of the ground. This assists in the compaction of concrete and guarantees a strong
connection between the subsoil and concrete.

The Vibro and Vibro-combination methods are very similar. The main difference is that with the Vibro-
combination method, instead of the reinforcement steel being installed in the steel tube, a prefab concrete pile is
installed instead. High quality concrete is poured to fill the voids between the steel tube and concrete pile. This
method guarantees a high quality core of the pile and is not as dependent on the quality of compaction and
curing of the concrete.

This combined method profits from the benefits of both driven and cast piles. Due to the driving of the steel
tube, the soil around the pile is compacted which results in higher bearing capacity of the pile. The option also
exists to screw the steel tube, which results in little to no vibrations or noise during construction. This method
offers a lot of flexibility in terms of pile design.

Figure 1 depicts the construction phases as explained for a tension pile according to the Vibro method.

FIGURE 1: VIBRO INSTALLATION METHOD STEP-BY-STEP
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3. Failure mechanism

The cause of the calamity that happened to the Prinses Margriettunnel was the loss of bearing capacity of the
tension piles. The loss of bearing capacity happened due to the failure of the reinforcement of the tension piles
caused by plastic deformation and fracture of the material. These tension piles are installed in the tunnel
entrances to resist the water pressure on the tunnel. An extensive research was carried out by TNO and Deltares
for Rijkswaterstaat in order to find the cause for the reinforcement of the tension piles breaking. The provisory
result from this research was the occurrence of stress corrosion in the reinforcement steel of the tension piles,
which ultimately led to brittle failure of the reinforcement rods.

The tension pile reinforcements installed for the Prinses Margriet tunnel have the same dimensions as those
installed for the EHT. The tension piles are constructed according to the Vibro method with a steel rod as
reinforcement a diameter ranging from 32 to 36 mm. The reinforcement consists of a high steel quality of QP
105 steel surrounded by concrete with a total diameter of 450 mm. (RWS directie sluizen & stuwen, 1962). The
difference is the utilized corrosion protection for the steel. For the Prinses Margriet tunnel a grease coating was
applied on the reinforcement, and for the EHT asphalt was used to coat the reinforcement.

3.1 Background

After the calamity, it was found that some of the reinforcements of the tension piles had failed in both the
northern and southern entrance of the Prinses Margriettunnel. This was discovered by uncovering the tension
piles in the tunnel and loading them with a tensile force. Due to the failed reinforcements rods, the connection
between the tension piles and the floor of the tunnel element vanished. Since only one rod was installed per
tension pile, this meant that the total bearing capacity of the tension pile was lost due to the failure. The loss of
tensile bearing capacity resulted in the uplift of tunnel elements.

Research has been carried out for the cause of the failure of the reinforcements by TNO and Rijkswaterstaat.
This was done by removing the reinforcements from the tension piles and analyzing them in the laboratory of
TNO. The rods have been inspected visually and the fracture surfaces in steel have been researched through
fractography and metallography. This in order to find the cause of the breakage of the reinforcements.

Figure 2 shows an example of the fracture surface of a reinforcement. The darker areas of the surface in the
figure show the initial corrosion areas of the section. It is expected that these corrosion areas eventually led up to
the brittle fracture of the rod section.

(a) Overzicht

{c) Initigle scheur 2, ca 1.2 mm

FIGURE 2: FRACTURE SURFACE OF STEEL REINFORCEMENT (BORSJE & SCHURING, 2023)
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Extensive research has been done on these fracture surfaces by TNO and it was stated that all the reinforcements
showed a similar failure mechanism. Different factors that could have caused this failure mechanism have been
considered by TNO.

The research showed that the probable cause for the breakage of the steel rod was stress corrosion induced by a
base environment induced by lye. This conclusion was motivated by the nature of the development of the
fracture in steel and the presence of secondary fractures in the rod above the fracture surface. (Borsje &
Schuring, 2023) The next section will focus mainly on this phenomenon.

3.2 Corrosion in steel

When constructing in the subsurface, corrosion is a relevant failure mechanism. Corrosion in soils, or
underground corrosion is applicable to a wide range of different components in civil engineering such as
pipelines, steel sheet piles, storage tanks and most importantly for this research, the reinforcement of
underground objects such as ground anchors and foundation piles. In the soil, the materials are exposed to a wide
range of different conditions imposed by the soil which can result in different types of corrosion. The
consideration of a civil engineering object subjected to corrosion must address the constituent of corrosion
present in the soil site, which can either be induced by naturally present constituents or contaminated by human
processes. Also the utilized material which is in the subsoil should be considered. (Martin & Bastidas, 2022)

This research will focus on one specific type of corrosion, namely stress corrosion. This type of corrosion is
researched and assumed to be the constituent for the incident that happened to the Prinses Margriet tunnel as
mentioned in the introduction. Added to the corrosive environment of the soil site and the utilized material of the
object, stress corrosion is also caused by the presence of tensile stress in the material. This makes up a total of
three main constituents of stress corrosion happening in civil engineering objects in the subsoil.

Stress corrosion in itself is a corrosion mechanism that can lead to unexpected failure of metal alloys subjected
to a tensile stress when not monitored properly. The tensile stresses in the material cause very small cracks
which propagate due to the presence of a corrosive environment in the subsoil. This process degrades the
material. In the case of reinforcement rods applied in the tension piles, the propagation of cracks within the
material causes a decrease of effective cross section. The decreasing cross section causes an increasing stress.
This increase of stress could possibly reach above the designed resistance designed with the original cross
section which could end up in the failure of the reinforcement rods such as brittle failure. (ASM international,
1997)

In this chapter the three main constituents of stress corrosion for underground tension piles applied are discussed.
Also possible prevention and detection methods for the case of a tension pile installed in the subsoil are
analyzed. For stress corrosion to initiate, the following constituents should all be present.

Utilized material should be susceptible to corrosion

There are many different materials that are susceptible to corrosion. Ferrous alloys such as various types of iron,
steel, aluminum, etc. are subject to various types of corrosion in the subsoil.

For the type stress corrosion specifically, generally higher quality types of steel are more susceptible. This is due
to the higher quality steel type allowing a higher tensile stress in the material, which in turn increases the amount
of cracking in the steel, which in turn increases the chance of corrosion propagating. Also the microstructures of
these types of steel are more sensitive to external influences causing corrosion, increasing the probability of
corrosion happening in the material.

Generally tension piles exist of a reinforcement rod covered in concrete reaching into the subsoil. The
reinforcement rod is connected to a construction which transfers its tension forces into the tension pile. In order
for the reinforcement rod to resist high tensile forces, a high quality steel is used. This means that in the
application of these tension piles, the material used is susceptible to corrosion and thus is a relevant failure
mechanism to analyze.

Page 7 0of 97



Master thesis An analysis of tension pile foundations for immersed tunnels

The environment of the subsoil should be able to enable corrosion

Presence of corrosive environments in the subsoil where a material is installed is necessary for stress corrosion
cracks to propagate. These environments are constituted by the presence of acidic or alkaline substances
dissolved in the subsoil. Different types of environments are able to enable and increase probability of stress
corrosion occurring.

The most common types of stress corrosion induced by the environment are acidic-, alkaline and chloride stress
corrosion. The presence of a high concentration of either acidic or alkaline substances in the environment is able
induce their respective stress corrosion type. High concentrations of chlorides in the subsoil environment can
cause salt intrusion in the utilized material which are able to induce and accelerate corrosion. (Bylapudi, Mondal,
Spearing, & Bhagwat, 2015)

An extra type of environmental assisted corrosion which is relevant is hydrogen embrittlement. The hydrogen
embrittlement is relevant when hydrogen atoms from the environment are able to migrate into the utilized
material, which then cause the embrittlement of the material.

The consequence of the steel being present in an environment which enables corrosion is the expected material
behavior of the steel changes. This change happens due to the composition of the steel being manipulated by the
hostile environment. An example for this is the embrittlement of steel. Embrittlement was for example seen in
the failure patterns of the steel researched of the Prinses Margriettunnel which showed failure. Here the steel
rods showed a sudden brittle failure instead of the plastic yielding behavior which is generally expected upon
loading steel. This makes it very important to take the environment of the subsoil into account.

In the case of the tension piles, both the cement present in the concrete surrounding the steel rods and water from
its voids create an environment that enables stress corrosion due to their alkaline nature. For this reason, the steel
rods are coated by a medium such as grease or asphalt to prevent this alkaline fluid from reaching the steel.
However due to imperfections in the corrosion protection coating, this alkaline environment could still develop
around the steel rods, eventually leading up to stress corrosion in the steel rods. (Martin & Bastidas, 2022)

Dependent on the environment around the tension piles, there could also be acidic substances present which
increases the probability of corrosion initiating and propagating.

Also due to the presence of water, hydrogen atoms could migrate into the steel reinforcement rods causing
hydrogen embrittlement. Hydrogen embrittlement of steel increases the hardness values of steel and thus reduces
ductility. Upon loading, this could cause the steel to skip the yielding zone and experience brittle failure.

Amount and variation of tensile stress in the material

The cause and speed of propagation of stress corrosion cracking is influenced by the amount of tensile stress in
the utilized material. The tensile stress is the constituent of the first cracks in the material. This tensile stress
originates from external loading and residual stress in the material. For example the external loading could
originate from the resistant force of a tension pile connected to a tunnel floor on which a buoyant force is
imposed. An example of residual stress in the material is from plastic deformation or the prestressing of the
material.

On top of the amount of tensile stress in the static situation, dynamic loading also has an influence on the
development of stress corrosion. This dynamic loading causes stress variations in the material. The stress
variations cause fatigue in the material, which enables the cracks in the material to propagate even further.

Corrosion fatigue is relevant when the utilized material is subjected to cyclic loading. The cyclic loading causes
fatigue in the utilized material, which also causes embrittlement. This embrittlement makes it more susceptible to
corrosion cracking or eventually corrosion failure (Giorgini, 2024). It depends on the share of stress variation
compared to the total stress whether corrosion fatigue is a relevant failure mechanism.

For the case of tension piles installed in tunnel entrances, static tensile stresses are generally very high due to the
large buoyant forces on the tunnel floor which are transferred to the tension piles. Also in case the reinforcement
rods are prestressed, a residual tensile stress is present. Possible stress variations for these tension piles mainly
exist out of three different sources, namely traffic loads, tidal loads and thermal expansion loads. It is analyzed
further on what the amounts of static stresses and stress variations are and to what extent they can cause micro
cracks in the material.
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Also based on the cyclic nature of the stress variations, the mechanism of corrosion fatigue should be taken into
account as a component of the corrosion failure mechanism. It will be analyzed further on in this thesis to what
extent the quantity of stress variations cause an influence on the initiation and propagation of stress corrosion in
steel. Research done on the expected strain level of steel at which stress corrosion crack initiation happens in
environments where chlorides are abundantly present showed that a strain level as small as 0.4% is sufficient to
initiate stress corrosion cracks (Miller, Mintz, He, Pabalan, & Pan, 2013). This number will be used in
calculations in order to assess whether the stress variations have an influence on the initiation and propagation of
stress corrosion cracking.

The material in which stress corrosion cracks are able to propagate is not always observable, it is important to
utilize prevention methods to the material and environment. Also detection techniques should be put in place to
prevent unforeseen failure due to this mechanism. In the case of the steel reinforcement rods installed in tension
pile, the material is buried in the soil beneath the tunnel floor. This makes conventional detection methods such
as visual inspection very impractical. However there are methods which make the detection of stress corrosion in
the subsoil possible.

The three constituents of stress corrosion as discussed above all contribute to the probability of stress corrosion
cracking initiating and/or propagating. A combination of all three constituents is required. However it depends to
what extent the constituent is present in order to determine its effect on stress corrosion occurring. This means
for stress corrosion to initiate; a susceptible material should be used, which is installed in a corrosive
environment and is loaded with high tensile stress. A more susceptible material, or a more corrosive environment
or a higher tensile stress will increase the probability of stress corrosion occurring.
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3.2.1 Prevention & detection methods

The studies by TNO have shown that stress corrosion is a very probable cause for the failure of the tension piles.
For the maintenance of the tunnels with a similar tension pile foundation method, it is relevant to research both
prevention and detection methods for stress corrosion in the tension piles. This in order to control the risk of
unexpected brittle failure of the steel rods by detecting the corrosion beforehand and putting prevention or
mitigation in place before the failure takes place.

3.2.1.1 Prevention

In materials engineering, stress corrosion is a known species of corrosion. Hence many ways to prevent this type
of corrosion have been researched. The works by done on stress corrosion cracking (Jones, 2017) suggest
various methods to prevent stress corrosion on steel elements. For each method, the feasibility for usage on the
tension piles is analyzed.

Preliminary design

In the specific case of the tension piles a prevention method is to design the tension piles with materials that are
not susceptible to stress corrosion in the given environment. For this the presence of stress corrosion agents in
the environment should be researched. An alternative is to neutralize corrosive agents in the subsoil before the
construction of the tension piles are initiated.

Lowering/changing tensile stress

In the case the tension piles with susceptible material are already installed in the subsoil and the corrosion agents
are not able to be neutralized, a possible prevention method is to reduce the amount of static stress and stress
variation on the material. The static stress can be reduced by creating extra support structures on the main
construction which relieve the tension piles of their stress by for example installing more tension piles. The
possibility of reducing of stress variations are dependent on the source of the dynamic loading. For the
previously discussed main three dynamic loads on tunnel entrances, reduction methods are available but very
costly. The magnitude of these dynamic loads should be determined first in order to conclude if reduction of
these loads will be effective.

Cathodic protection

Cathodic protection is a method where corrosion of metals in the subsurface is prevented by obstructing the
outflow of electrical current out of the anodic locations (Mink, 1975). In terms of the steel rods, it could be made
fully cathodic by connecting an electrical circuit to a more base metal, which becomes the anode in the circuit. If
it can be stated that a steel rod is still intact, cathodic protection could be a worthy measure to prevent or slow
down stress corrosion from happening

Inhibitors

Inhibitors are mediums that are able to influence the environment around the steel rod to reduce stress corrosion
cracking propagation of the steel. However it would be difficult to get the medium around the steel rod and keep
it there, due to for example leakages in the concrete. The inhibitor is able to neutralize the acidic environment
around the steel rod, which could prevent or slow down the propagation of stress corrosion.

Coating

To protect the utilized material from external corrosive agents, a protective coating may be used. For this
coating, many different materials viable materials exist. Coating is achieved through applying a protective layer
to the material sensitive to corrosion, effectively separating it from the environment. The coating method for
corrosion protection is used in both the tension piles of the Prinses Margriet tunnel and the EHT. For the Prinses
Margriet tunnel, grease was used to coat the prestressing rods. For the EHT asphalt was used. No big difference
between the performance of these coating agents are known as of yet and it is assumed that they are able to
protect from corrosion as long as they provide full coverage on the steel.

TNO expects that the stress corrosion in the steel rods took place through the coating because of imperfect
application around the steel rods. It is recommended that this phenomenon is analyzed further (Borsje &
Schuring, 2023).

Page 10 of 97



Master thesis An analysis of tension pile foundations for immersed tunnels

These preventive measures could also be used as corrective measures to the existing tension piles in order to
protect them from stress corrosion.

3.2.1.2 Detection

One of the bigger challenges in the research of the breakage of steel rods is the detection of stress corrosion
before brittle failure has happened. This in order to be able to control the risk more. This chapter will go over
some stress corrosion detection methods in steel. These methods could be used to gain insight into the amount of
steel rods that have actually failed in the foundation of the tunnels.

Since visual inspection is quite impractical for the detection of stress corrosion cracking of underground tension
piles, other detection methods are developed in order to do this inspection. These detection methods are either
destructive or non-destructive.

The non-destructive methods are more interesting in existing construction as it does not require the tension piles
to be destroyed.

Pile load testing

The most common destructive detection method for tension piles is performing a pile load test to its design pile
load. If the pile would fail prematurely, it can be assumed that the early failure happened due to stress (or some
other type of) corrosion cracking.

Further detection methods are considered that adhere to nondestructive evaluation.
Ultrasonic detection

The ultrasonic detection is a way to find cracks caused by stress corrosion in steel using high frequency loading.
This method can either be carried out through the usage of a laser or sound waves. A transducer is used to send
the high frequency waves through the material. These waves are reflected when they encounter an anomaly in
the material such as a crack or void. By analyzing the return time of these waves, the presence of stress corrosion
can be determined.

In research done on ultrasonic detection (Hernandez-Valle, Clough, & Edwards, 2014), an experiment was
carried out which analyzed whether ultrasonic detection could be used for the detection of stress corrosion
cracking in steel. In this experiment, a laser scans along the surface of the steel sample and through time-
frequency analysis of the generated wave modes of the laser, it is determined whether stress corrosion cracks are
present in the steel. Figure 3 shows the results of this experiment. It can be seen that the defect in the material is
identified through this experiment. This shows the effectiveness of the method for very small cracks which are
not observable by the naked eye.

Frequency (MHz)

Amplitude (nm)

Agrival time (ps)
(a) Reference

Fraguency (MHz)

Amplitude (am)

Aurival time (ps)

(b) Enhanced

FIGURE 3: CORROSION DETECTION USING ULTRASONIC DETECTION (HERNANDEZ-VALLE, CLOUGH, &
EDWARDS, 2014)
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This detection method could be relevant as a use for detecting stress corrosion in the steel rods. However, a large
downside is that the steel surface has to be analyzed, which means the steel rods have to be removed from the
subsoil in order to analyze them. This detection method cannot be performed in situ, as the concrete and subsoil
surround the steel rod which block the laser.

Acoustic emission

A method to detect stress corrosion in steel is the acoustic emission technique. This technique is defined as the
class of phenomena whereby transient elastic waves are generated by the rapid release of energy from localized
sources within a material’ (Ramadan, Gaillet, Tessier, & Idrissi, 2008). The method involves detecting acoustic
signals from a pre-stressed steel element undergoing stress corrosion. From the acoustic response can be detected
whether there may be cracks forming. This method is a continuous method, and thus can be seen as a monitoring
method.

An experiment was carried out on a pre-stressed steel cable in a highly alkaline environment. The goal was to
analyze whether stress corrosion is detectable using acoustic emission. Figure 4 depicts the results of this
experiment.
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FIGURE 4: CORROSION CRACKING DETECTION USING ACOUSTIC EMISSION (RAMADAN, GAILLET,
TESSIER, & IDRISSI, 2008)

After a total of 815 hours, significant change in accumulated acoustic activity was seen in the experiment. This
acoustic activity is depicted on the y-axis. Zone A, B and C in the figure are depicted as the initiation,
propagation and failure zone respectively. It can be seen that after 815 hours of no activity, the total failure of the
sample took place in only three hours.

Because detection of the crack initiation to failure of the sample happens so suddenly, this method is not very
suitable for monitoring tension piles continuously. However this method could be useful to detect whether a steel
rod has failed already, but for this the acoustic emission must have been measured before the stress corrosion
causes breakage of the steel rods (Djeddi, Khelif, Benmedakhene, & Favergeon, 2013).

Electrochemical impedance

Electrochemical impedance spectroscopy is a method which can be used to detect stress corrosion cracking in
steel samples. Impedance is a measure of resistance and reactance of a circuit. It is used to characterize how a
circuit responds to signals with alternating current. An electrical circuit can be set up with a steel element
possibly subjected to tension corrosion included. Targeted research on electrochemical impedance on stress
corrosion (Bosch, 2005) has made such a setup.

Their main findings were that the phase shift of two different similar samples at certain imposed frequencies
could be related to the presence of stress corrosion cracking. For the steel rods of the tension piles, if it is able to
be included in an electrical circuit, impedance measurements can be performed on it. This method could be used
to locate stress corrosion cracks in the steel rods. More research should be done on how the impedance
measurements could be used for the identification of stress corrosion cracking.
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4. Capacity determination tension piles

Throughout the years, much research has been carried out in order to determine the geotechnical capacity of a
tension pile in the world. For the Netherlands specifically, from 1991 onwards, the findings of this research have
been collected in the form of the NEN-norms (NEN, 2023).

This chapter will give an overview of the development of the available design methodologies for the capacity of
tension piles in the Netherlands. There are three main time periods. The first period is before the first
geotechnical NEN-norm, in which the EHT was designed. The second period is when the first NEN norm came
out. The third period is when the Eurocode 7 was published, with a national appendix for the Netherlands in
which the previous knowledge from the NEN norms was applied. The overview includes a background summary
of the applicable norm, the calculation method for tension pile capacity and applicable safety factors for
calculated characteristic values.

Furthermore applicable tension pile capacity determination methodologies are touched upon, and their suitability
for utilization in the Netherlands and especially the case study of EHT is discussed.

4.1 Dutch methods throughout the years

4.1.1 Before 1991 — Grondmechanica Delft

In the period before 1991, there were no normative or publicly accepted calculation methods for determining the
geotechnical capacity of a tension pile. There were models which could determine the capacity, but there was
still a lot of uncertainty about the outcome as the models were not validated sufficiently. To solve this, generally
a relatively high global safety factor was used on the calculated capacity of the tension pile in order to address
this uncertainty (van Noortwijk, Everts, & Janse, 1994).

Grondmechanica Delft (now Deltares) was responsible for the calculation and design of the tension pile
foundation of the EHT. Since the EHT is the relevant case for this research, the calculation method and applied
safety factors for the tension piles used by GD at the time are reviewed.

A calculation method used for determining the geotechnical capacity of the tension piles in this period was the so
called q.-method. The g, value is obtained by measuring the resistance on the cone tip of a cone penetration test
(CPT). CPT’s are relatively easy to carry out in Dutch subsoil. Because of this, the g.-method was regularly used
in this period in the Netherlands. The geotechnical capacity of the tension pile is obtained from this g, value
(van Noortwijk, Everts, & Janse, 1994).

Tpile= s *xqc* 0 *L

Where Ty is geotechnical capacity of a single pile and a is an empirical value that is determined through the
test loading of tension piles. The correction factor a, is dependent on the installed pile type and soil type. O is
the circumference of the pile and L is the length of contact surface between pile and ground layer.

The effect of piles in a group was accounted for by taking into account the effective weight of the soil clod
surrounding a single pile. The geotechnical capacity of a single pile should not exceed this value. The soil clod
around the tension pile is assumed to be shaped as a silo. The effective weight of this shape is calculated through
the following formula. (Stam & van der Poel, 1994)

Vsae*a*bx(Waxb—15xd)
3 *tan (¢’)

—_ !
Gclod =axb *0 pz=h —

Where a and b are the horizontal and vertical center-to-center distances of the pile plan, ', ,_is the vertical
effective stress at the pile tip level, y',,; is the effective volumetric weight of the soil at the pile tip level, d is the
diameter of the pile and ¢’ is the effective internal friction angle of the soil at pile tip level.

A partial safety factor of 1.2 is applied to the weight of the soil clod. This means the weight of the soil clod must
be equal to at least 1.2 times the geotechnical capacity of a single tension pile in order to satisfy this condition.

The schematization of the silo shaped soil clod is shown in Figure 5.
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FIGURE 5: SILO SHAPED SOIL CLOD DIMENSIONS (VAN NOORTWIJK, EVERTS, & JANSE, 1994)

It is not known whether there were more influences accounted for in the calculation design of the tension piles of
the EHT. The calculation reports of this tunnel have not been made publicly available.

It is known that for the tension pile design of the EHT an overall safety factor of 2.5 was used. The calculated
capacity of the tension pile is divided by this overall safety factor in order to obtain the design value for the
tension pile foundation (Stam & van der Poel, 1994).

In 1974, an installed tension pile foundation of Verolme-Dok in the Netherlands failed. The foundation capacity
was recalculated and the overall safety factor was calculated to be 1.7. Still the foundation failed, this showed
that the calculation models for tension pile foundations at the time were not adequate (van Noortwijk, Everts, &
Janse, 1994).

The unexpected failure resulted in the initiative of more research in tension piles and possible influences on the
calculated geotechnical capacity of the piles. In this period, a lot of extra research was carried out in geotechnical
engineering. The findings of this research resulted in the development of the first norm relevant for geotechnical
engineering in the Netherlands.

4.1.2 1991-2005: TGB 1990 + NEN 6740 series + CUR 98-9

The first NEN-norm that was relevant for geotechnical engineering in the Netherlands was the NEN 6740:1991.
This NEN norm was based on the ‘TGB 1990 — Geotechnical engineering’ norm, which is an abbreviation for
‘Technische Grondslagen Bouwen (Technical basis for building)’. A supplement to the NEN6740 is the
NEN6743, this NEN norm goes into detail on the design and safety philosophy of foundation piles in
compression. There were no calculation rules or models available in the norm for the design of tension piles.

The NEN 6740 norm however, did give partial safety factors for the geotechnical capacity of tension piles. The
norm also introduced a correction factor based on the amount of piles in the foundation and the amount of CPT-
tests performed. This correction factor & should be multiplied with the calculated capacity of a single tension
pile. Table 2.2.1 shows the distribution of quantities for this correction factor (NEN 6740, 1991).

TABLE 1: CORRELATION FACTOR BASED ON M TENSION PILES AND N CPT’s (NEN 6740, 1991)

M N
1 2 3 4 5 10 =10
1 0,75 0,78 0,79 0.80 0,81 0,82 0,83
2 0,78 0.81 0,83 0.83 0,84 0.86 0,87
3-10 0,81 0,84 0,86 0.87 0.87 0,89 0,90
=10 0,82 0.86 0.87 0.88 0,89 0.9 0,92

The partial safety factor y,, ;, for a tension pile in the NEN6740 is equal to 1.4. This is a large decrease from the
overall safety factor of 2.5 that were applied for the tension piles of the EHT in 1970.

The design geotechnical capacity of the tension pile is calculated using the following formula.

T _ Tpile,max
pilemax,d — E *
Ymp
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In 2001, CUR 2001-4 — Design rules for tension piles was issued. In this report, a multi-step plan is proposed to
design the geotechnical capacity of a tension pile. This design method builds on the earlier mentioned q.-
method. The updated version of the NEN 6740 that came out in 2006 refers to this CUR report to calculate the
bearing capacity of tension piles (CUR98-9, 2001).

This report was issued because there was no consensus in the different available calculation methods for the
geotechnical capacity of tension piles, while tension piles are commonly applied for foundations in the
Netherlands. In the calculation model presented by the CUR 2001-4, two different criteria are tested. These two
criteria are the mobilization of sleeve friction along the circumference of a single tension pile and the
mobilization of self-weight of soil around the tension. (CUR98-9, 2001)

The calculation method for the geotechnical capacity of a tension pile following the CUR 2001-4 is derived from
the proposed method for the capacity of a pile under compression from the NEN6743. The correction factor for
shaft friction in compression o, which is dependent on the pile installation method is used in the NEN6743 to
calculate shaft friction in compression. In the CUR calculation model, a new correction factor o is introduced,
which is the same correction factor for shaft friction, but meant for shaft friction under tension. The o, value is
generally lower than the original as value. The values for o, were obtained by performing tension pile tests for
different pile installation types. Table 2 shows some o, values for different pile installation types. The pile type
used for the EHT is the “vibro- en vibrocombinatiepalen’.

TABLE 2: ALPHA VALUES FOR DIFFERENT PILE INSTALLATION TYPES (CURY98-9, 2001)

- —

paaltype gemiddelde o variatieco&fficiént |
prefab beton . 0,0071 0,33 |
stalen palen met ges'lﬂtﬂn punt | 0,0082 0,38
vibro- en vibrocombinatiepalen 0,0148 0,25
stalen palen, weinig grondverdringend | 0,0046 10,34
MV-palen i 0,012 036

In the CUR 2001-4, the effects of installing piles in a group are incorporated in the formula for the geotechnical
capacity of a tension pile. Here both the compaction of the soil due to installation and the decrease of vertical
effective stress due to tensile stresses from the pile are taken into account. These effects are represented in the
constants f; and f> respectively. The geotechnical capacity of a single tension pile following the CUR 2001-4 is
done through the following formula.

In the CUR 2001-4, the effects of installing piles in a group are incorporated in the formula for the geotechnical
capacity of a tension pile. Here both the compaction of the soil due to installation and the decrease of vertical
effective stress due to tensile stresses from the pile are taken into account. These effects are represented in the
constants f; and f; respectively. The geotechnical capacity of a single tension pile following the CUR 2001-4 is
done through the following formula.

L

Fr,trek,d = f 9eza * f1 * fZ * Op,z * OthZ
0

Where F,. 1k q 1S the design value for the geotechnical capacity of a tension pile, L is the total length of the pile,
qc,z,q 1s the adjusted value for the cone resistance at relevant depth, constants f1 and f; account for the influence
of piles in a group, O, , is the circumference of the pile and a; is the correction factor based on pile installation
type as earlier mentioned.

The constants f; * f, are only relevant for sandy soils. For cohesive soils like clay or peat, these factors should
besetequalto 1; f; = f, = 1.

The adjusted value for cone resistance is obtained by adjusting the measured cone resistance from a CPT. The
first adjustment is based on the OCR value of a soil layer. The measured cone resistance q. , should be adjusted
according to the following formula.
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1

qC,Z,NC = qC,Z,OC * OCR

Then, the newly obtained q. , ¢ should be adjusted for the excavation of the structure, this adjustment is done
through the following formula.
U’v,z,ongtr

qc,z,ontgr = qC,Z,NC !
g v,2,0

The ratio of effective stresses is obtained by dividing the effective stress distribution in the soil after excavation
by the original effective stress distribution in the soil before excavation. The g, ; ontgr should be limited at 15
MPa if a layer has a qc ; ontgr value larger than 15 MPa for more than 1 meter. The value should be limited at 12
MPa if it holds a value larger than 12 MPa for less than one meter.

The design value of g, ; onegr is calculated by incorporating the safety and correlation factor using the following
formula.

qc,z,ontgr
Aecza = & *
ym,var,qc * ym,b

Ymvar,qc 1S @ factor dependent on the nature of loading, for static loading, this factor is 1. For varying loads, this
factor is calculated using the difference between acting varying forces on the soil. The values of the correlation
and safety factors are the same as in the NEN 6740. Namely y,,,, = 1.4 and § is found using the Table 1 based
on number of piles and CPT tests performed. The values of the factors are the same, but in the CUR the factors
are applied on the measured and adjusted g, ; on¢gr» NOt on the calculated geotechnical capacity of the tension
pile Tyite max- The application of the factors on the g, ; ont gy results in more accuracy approximating the eventual
geotechnical capacity of the tension pile.

Factor f; incorporates the effect of installation of the pile on the q. , 4 value in sand. The factor is calculated
through the change in relative density of the sand using the following formula.

n
Y1 e (r—6) (1+ey)
— p3*4Re ; ARe = Ne = —
fi=e with ARe e —e 3 and El e °c * 0

With ARe being the change in relative density. This value is calculated through the relative change of void ratio
in the soil sample. The value r is the center-to-center distance to the closest pile in a pile group.

Factor f; incorporates the effect of the tension force exerted by the pile on the soil on the q. , ; value in sand.
The factor is calculated per distinguished layer of the soil profile.

_Mi + \/Miz + (2 * O-’v;d;j;O + y’d:i * dl) * (2 * O-,v;d;j;O + y,d;i * di - 2 * Zi;:lo Td;n

fZ,' = ’ 1
' (Z*O-v;d;j;0+y d;l‘*di)

With M; being a factor per layer calculated using the formula:

fui * Opi * & * qg;q; * 1000 = d;
A

Mi=

Once the factors f,; and M; have been calculated per layer, the total geotechnical capacity of a single pile in a
group can be calculated by summing up the shaft friction force per acting layer i.

m

Frtreka = A * Z M; *fZ,i

i=1

In this formula, A is the effective area in which the tension pile acts. For a regularly spaced pile plan, this is the
squared product of the center-to-center distance. The maximum value for F, ;.o 4 is limited by the clod criterium
as earlier mentioned in the directives by Grondmechanica Delft. The clod criterium in the CUR 2001-4 is
calculated through the following formula. The volumes of the soil clod are schematized in Figure 5.
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!
_ ’ : r Y
Fr,trek,max - (Vcone + chlinder) *y d Wlth Y d Ymig

Below excavation level, a partial safety factor is applied to the soil weight of y,,.,= 1.1, because the soil weight
has a favorable effect for the tension piles (CUR98-9, 2001).

Finally, the self-weight of the tension pile should be added to the total capacity of the pile F; ¢¢y 4. This self-
weight is calculated through:

Ypile

Gpile = Vpile * ( = Ywater)

m;g
Using this calculation scheme, the geotechnical capacity of a single tension pile standing alone or in a pile group
can be calculated. The CUR report is used widely in the Netherlands for the calculation of tension piles. Because
of this, an initiative was taken to combine the existing NEN 6740 norm with the CUR 2001-4 report. When the
Eurocodes, which are building norms relevant for Europe, were set as normative in the Netherlands following
Bouwbesluit 2012 (BWT, 2012) a Dutch annex for this Eurocode came out in which the NEN 6740 and CUR
2001-4 among some other reports were incorporated.

4.1.3 2005 — present — Eurocode 7 + Dutch Annex NEN 9997-1

The Eurocode 7 for geotechnical engineering officially was released in 2005. But as earlier mentioned, was not
implemented as normative for application in the Netherlands until the Bouwbesluit 2012. In the original
Eurocode 7, no calculation method for the geotechnical capacity of a tension pile was included. However with
the Dutch Annex of Eurocode 7 which first came out in 2009 called NEN 9997-1, the calculation method
originating from the CUR 2001-4 report was included. This calculation method has not been changed from the
original 2001-4 report in the current version of the NEN 9997-1 (NEN 9997-1, 2023).

In this norm, the definition of o, makes distinction between sandy soils and soft soils in addition to the used pile
type. Table 3 contains the values of o, for sand and o, values of soft soils.

TABLE 3: ALPHA VALUES FOR DIFFERENT TYPES OF INSTALLATION PILES AND SOILS (NEN 9997-1,
2023)

Paaltype Paalklassefactor =

Type |Nadere specificatie Wijze van ap as ae
installeren

Beton- | Geprefabriceerd; met Geheid 0,7 0,010 | 0,007 .
paal constante dwarsafmeting

In de grond gevormd met | Geheid; de 0,7 0,014 |0,012¢|
een gladde mantelbuis op| mantelbuis wordt '
een voetplaat, waarbij terugheiend in

het beton direct tegen de | combinatie met
grond drukt statisch trekken uit
de grond verwijderd;
de voetplaat blijft in
de grond achter

In de grond gevormd met | Geheid; de 0,7 0,012 0,010
een gladde mantelbuis op| mantelbuis wordt '
een voetplaat, waarbij trillend in combinatie
het beton direct tegen de | met statisch trekken
grond drukt uit de grond
verwijderd; de
voetplaat blijftin de
grond achter

Grondsoort Gezgem o en g
MPa
Klei =25 =003
=20en<25 0,02 % (Gegen - 1)
<2 0,02
Sterk zandige leem Wrijvingsgetal b met een
maximum van 0,025
Zwak zandige leem 0,025
Veen 0
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In the original Eurocode 7, the partial safety factors are given in Annex A. These are sets of partial factors which
are used for the assessment of a geotechnical structure. The partial safety factors for the tension pile capacity
(Ym,p) of these sets range from 1.1 to 1.6. This is quite a broad range. In the latest Dutch version of the Eurocode
7, NEN 9997-1, this Annex containing partial factors is replaced by a Dutch version. In this case the partial
safety factors for tension pile capacity ranges from 1.25 to 1.35. Where 1.25 is applicable for a tension pile
which has been load-tested and 1.35 for a tension pile which geotechnical capacity has been determined using
soil tests. This is a slight decrease from the partial safety factor of 1.4 from the previously applicable NEN 6740
series (CUR98-9, 2001) (NEN 6740, 1991) (NEN 9997-1, 2023) (Eurocode7, 2006).

Furthermore application the correlation factor § is changed compared to the CUR 2001-4. The value qc 4 is
calculated in the NEN 9997-1 as follows:

qc,z,ontgr

Aczad =
Vm,var,qc * ym,b * 24

Here the correlation factor &, is relevant for the determination of geotechnical capacity of a tension pile based on
soil tests. This value is dependent on the amount of performed CPT tests. The values can be found in Table 4,
where n is the number of CPT tests performed.

TABLE 4: CORRELATION FACTORS FOR N CPT’s (NEN 9997-1, 2023)

Correlatiefactoren £voor een stijf bouwwerk

Evoorn = 1 2 3 4 5 7 10
£ya 1,26 | 1,20 1,18 1,17 1,17 1,15 1,14
£y 1,26 | 096 0,94 0,93 0,93 0,92 0,91

1 De factor 1,1 volgens NEN-EN 1997-1+C1+A1:2016, 7.6.2.3 (7) is al verwerkt
in de factoren van tabel A.10b.

A timeline of the applicable global, partial and correlation factors throughout the years is shown in Table 5.

TABLE 5: HISTORICAL TIMELINE OF GLOBAL AND PARTIAL SAFETY FACTORS IN DUTCH NORMS

Type Before 1991 1991-2005 2001-2005 2005-present
(GD) (NEN 6740) (CUR 2001-4) (NEN 9997-1)

Global safety 3 1.4 - -

factor

Partial safety - - 1.4 1.35

factor

Partial safety 1.2 1.1 1.1 1.1

factor

Correlation factor - 0.83-0.92 0.83-0.92 0.91

for Ncpt =10

Using the latest mentioned calculation model for the geotechnical capacity of a tension pile and its and safety
factors, the tension pile foundation of the EHT is recalculated. The results of this analytical method will follow
in the Chapter 7.2. This capacity of a single tension pile alone and in a group is recalculated using the newest
available code applicable for the Netherlands, which is the NEN9997-1.

This calculation scheme to obtain the pull out resistance for a single tension pile or tension piles in a group is
incorporated in the software DFoundation made available by Deltares. This software could be used in order to
determine the pull out resistance relevant for the chosen case study following the latest applicable norms relevant
for the Netherlands.
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4.2 Other methods

In Europe generally the Eurocodes with respective national annexes are used to design and assay different kinds
of constructions as explained in the previous chapter. Outside of the Eurocodes however, different methods exist
for design of a tension pile. This chapter will delve into alternative design methods for the capacity of a tension
pile that are used in practice. Their applicability is also analyzed for the situation in the Netherlands.

4.3.1 Empirical methods
Empirical methods for determination of pull out capacity of tension piles are based on observed data originating
from performed experiments and/or field tests.

The most straightforward empirical method that is used is the pull-out test for tension piles. In this test, a tension
pile is installed in the ground and it is loaded in tension by for example a hydraulic jack. The exerted tension
force is measured and if the pile tip reaches a certain heave, the tension loading is stopped and the pull out
capacity is determined by the exerted tension loading on the tension pile.

This is a quite simple and effective method to get an idea of the pull-out resistance of tension piles, as long as the
pull out tests are performed at the projected location of the to-be installed tension piles. A limitation of this
method however is that it is quite time consuming and expensive. For the case study EHT, these pull-out tests
were performed on the relevant site. This information will be used in the parametric study of the calculated
capacity of the tension piles in a further chapter.

4.3.2 Semi-empirical methods

By combining empirical research and correlations through theory, semi-empirical methods are developed. As the
name suggests, these semi-empirical methods combine existing correlations between soil-pile parameters with
empirical data performed on the capacity of the tension pile. The empirical data is generally represented in the
formula as a factor. Two known examples of semi-empirical methods in tension pile practice are the o and B
methods.

This semi empirical method uses of correlation between parameters relevant to the tension pile capacity to be
calculated. The a and p methods are relevant for piles in cohesive and granular soils respectively (Tomlinson &
Woodward, 2008);

Fy trekmax = @ * ¢y * A (cohesive soils)

Frtremax = B * o', * A (granular soils)

An advantage of using this method is that it is easy to calculate as long as the a and § parameters are estimated
correctly and the other soil parameters are known. Different proposals have been done in order to estimate the
empirical parameters o and . This is however out of scope for this research, as the methods are deemed too
simple to model pile soil interaction compared to the method described in Chapter 4.1

The outcome of the formulas are easy to interpret and does not consume a lot of time. A limitation however is
also its simplicity. In the design of a tension pile plan more complexity is generally desired to model the soil-pile
interaction more accurately. The simplicity of this method is a limitation.

A more rigorous method to accurately model pile-soil interaction and the pull out capacity of the pile is the use
of a numerical method. The possibility of applying numerical methods to determine pull out capacity of a tension
pile is explained in the following chapter.
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5. Numerical design

In addition to the analytical, empirical and semi-empirical methods discussed in the previous chapter, another
more accurate but rigorous method exists to estimate the axial capacity of a tension pile. This method is the
numerical method. The most common numerical analysis methods are Finite Element Method (FEM) and the
Finite Difference Method (FDM). The main difference between one another is that the FEM is regarded as
superior for handing complex geometries and non-linear material behavior. FDM is more suitable for time-
dependent or dynamic problems and performs best when the geometry of the problem is relatively simple.
(Zienkiewicz, Taylor, & Zhu, 2013)

Regarding the scope of this specific research, where the complex geometry of the tunnel element and its tension
pile foundation is modelled, FEM seems more suitable than FDM. Also the main interest of this specific research
scope is the pull-out resistance of the tension piles in the static domain. Time dependency and dynamic effects
are assumed to be neglected for the simplicity of modelling purposes. For this research, the application of the
FEM to perform a numerical analysis on the tunnel element and its foundation piles is analyzed.

The FEM is used to model soil-structure reactions through stress-strain relationships in complex geometries such
as a tunnel element with a tension pile foundation. The finite element method is a numerical calculation method
which takes into account complex geometry and more complex stress strain relationships of soil-structure
interaction, as opposed to the analytical methods which are simplified to make calculation by hand possible.
Also the analytical methods are not able to encompass the interaction of the different elements that make up a
structure, instead the different components of the structure are discretized and treated as separate components.
Their interaction of the different components are not taken into account in the analytical method. The numerical
method however, is able to do this and thus is able to give a better approximation in the simulation of the actual
behavior of a structure.

The FEM is incorporated in many different software packages which are able to carry out the analysis on a
defined geometry and soil stratigraphy. The most commonly used software packages in research based on the
modelling of the pull-out capacity of tension piles are DIANA, ABAQUS and PLAXIS. These packages are very
similar in their use. In literature and past research, ABAQUS and PLAXIS are the most commonly used FEM
software in the modelling of pull out capacity of tension piles.

The geometry of a real-world problem to be modelled numerically using FEM, is defined in three dimensions. In
the available FEM-software, there is the possibility to model geometries in 3D. The benefit of this is that the
unknown values are calculated for each different direction. A drawback however, is that the calculation time &
power generally are very high when modelling in 3D. To limit the amount of computation time, the model could
be simplified to either a 2D or 2D — axisymmetric problem. The model is simplified to 2D by assuming plane
strain along the axis of the geometry where the strains are expected to be very small, such as a long retaining
wall. The 2D — axisymmetric model is used when the 3D geometry is rotationally symmetric around an axis.
This is for example the case of round tension piles. The decision of reducing the problem from 3D to lesser
dimensions is a tradeoff between computation time and result accuracy. However, for simpler geometries,
reducing the amount of dimensions could have no effect on result accuracy. Therefore it is important to define
the geometry correctly and evaluate what amount of dimensions are necessary in order to reach satisfactory
result accuracy.

Due to the expected complex geometry of the tunnel element to be modelled, it is decided not to reduce the
amount of dimensions of the geometry. Hence a 3D formulation will be done. For this research, PLAXIS 3D is
made available to use as a software. The possibilities of the software are discussed in the next section. After the
possibilities of the software are analyzed, literature is used to examine the knowledge on using FEM for
modelling tension piles.
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5.2 Tension piles with the Finite Element Method

In this chapter information is shared regarding modelling tension piles using the Finite Element Method. The
goal of this chapter is to get an idea of what the possible methodologies are for designing tension piles
numerically and determining the geotechnical capacity using this numerical modelling software.

In the master dissertation by Ryltenius (2011) a piled raft foundation with an uniform load was analyzed in
PLAXIS 2D and 3D. The 2D model was made by assuming plane strain along the z-axis. Furthermore analytical
models were used to calculate settlements and structural forces. A parametric study was done to judge on the
outcomes of the different models. This pile raft was modelled in a uniform soft clay layer and the modelling
software was used to analyze the stress and deformation distribution in the piled raft and in the surrounding soil.

The geometry of the PLAXIS 3D model is depicted in Figure 6.

FIGURE 6: GEOMETRY OF A PILED RAFT FOUNDATION AS A PLAXIS 3D MODEL (RYLTENIUS, 2011)

In this model the soil was modelled as a volume elements, the raft was modelled as a floor element and the piles
are modelled as embedded beams. As previously explained, the embedded beams automatically have interface
elements modelled around them to model the interaction between embedded beams and the soil. The uniform load
was modelled on top of the raft plate.

The uniform clay layer was modelled using the Mohr-Coulomb model. For the interfaces, the strength reduction
factor Riner 0f 0.8 as advised by PLAXIS for cohesive soil was used for the interface elements.

The initial stress state of the model was calculated with the KO procedure and initial water condition was calculated
by the direct method in PLAXIS, using the defined phreatic water level. The calculation was performed as a plastic
calculation, as this model was defined for calculating final settlements and structural force distribution along the
geometry. To model this, one calculation phase was defined, including activation of all elements and the load.

The results of the PLAXIS 3D calculation was compared with similar plane-strain 2D analyses and analytical
methods. The findings were that 2D or other simplified models generally over-estimate the settlements and
structural forces and thus estimate the structure to be weaker than it actually is. In this dissertation, it is advised
to use 3D models as geotechnical problems get more complex for more accurate results through less
simplification of models (Ryltenius, 2011).
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van Baars and van Niekerk (1999) analyzed the numerical modelling of tension piles to calculate the ultimate
tension capacity using PLAXIS 2D. The results of the numerical model are compared with actual pile tests
results and analytical models to judge their respective performance. The assumed installation type of the tension
piles are according to the “Vibro’ system as touched upon before.

The report proposes to model tension piles by modelling their skin only. This skin is modelled using a beam
element. This is method is discussed to be more effective than modelling tension piles as volume soil elements,
as a large part of the tensile bearing capacity originates from the skin friction between the pile and soil. The main
advantage is faster calculation due to reduction of number of elements. Furthermore it makes it possible to apply
a load or interface on the boundary of the beam element such as in-situ soil stress which is not possible using
volume elements to model the pile.

The installation of the tension pile is incorporated in the model by simulating pile driving effects and curing
effects of the concrete. This is done by introducing a boundary pressure along the pile length. This boundary
pressure initially consists of the in-situ soil stress, this pressure is increased from in-situ stresses to a pile driving
stress consisting of four times the in-situ stress and finally the boundary pressure is equal to the curing pressure
of the concrete. Finally a pull-out test is simulated by introducing a pile head displacement at the top of the pile.

In this research was concluded that the numerical modelling of tension piles assessed the measured bearing
capacity more closely than analytical models which results in lower acceptable factors of safety. The behavior of
the interface between pile and soil has the most influence on the modelled bearing capacity of the tension pile.
This report suggest a strength reduction factor of 0.8 to 1.0 for the modelling of interfaces.

The numerical model generally under-estimates the tension bearing capacity compared to the pile load tests by
10%. This in contrary to analytical models which over-estimates the tension bearing capacity for up to 100%.
This means the factors of safety applied on calculations can be reduced, decreasing number and/or size of
tension piles in design (van Baars & van Niekerk, 1999).

Engin & Brinkgreve (2009) introduce and test the embedded pile model as an applicable element for modelling
piles in PLAXIS 3D. The embedded pile elements are used to model a single pile load test and a case study of a
piled raft foundation. The surrounding soil was modelled using the Hardening Soil model. The results are
compared to actual pile test results in order to determine the applicability of the embedded pile element for
foundation piles.

In this study it was found that the embedded pile element in combination with the Hardening soil model to model
the interface is a very efficient yet accurate formulation to model piles. The applicability in practical cases was
validated and the results of the modelled embedded piles performed very well for both single and large groups of
piles. It is recommended to use the embedded pile element when modelling foundation piles both in tension and
compression (Engin & Brinkgreve, 2009).

Sheil and McCabe (2012) researched the performance of friction pile group responses using embedded pile
elements in PLAXIS. The friction pile groups are modelled numerically in PLAXIS 3D to analyze their group
effects on settlements. For this research, both a linear elastic soil model (Mohr-Coulomb) and a nonlinear soil
model (Hardening soil) was used. The results are compared with field tests in order to judge on their
performance. The first stage of analysis of the pile group consists of initial stress generation in the soil by the KO
procedure. The second step is to activate the embedded pile elements in the soil. The third step is to install a
floor element that is connected with the embedded piles to represent the foundation slab. The fourth step is to
apply a compressive uniform load on top of the floor. Pile installation effects were not modelled. The interaction
of floor and soil was not modelled, a certain gap was maintained between the floor element and ground level.
This study found that this method of installing a tension pile group reproduced satisfactory results compared to
field tests and experimental data. Predictions of two-pile interaction factors using embedded piles together with
the HS model agree well to the field data reported by McCabe and Lehane (2006) and can be considered a
significant improvement on existing approaches that idealize the soil as a LE soil medium (Sheil & McCabe,
2012). Therefore it is opted that when the geotechnical research is available, a more complex soil model such as
Hardening soil is issued to reach better results using FEM compared to simpler models such as Mohr-Coulomb.

Page 22 of 97



Master thesis An analysis of tension pile foundations for immersed tunnels

Research carried out on the deformation model of sand around short tension piles in a pull-out test used
ABAQUS to model the test for verification. The sand was modelled using the Mohr-Coulomb model, which
means an isotropic, linear elastic perfectly plastic material. This model was used due to the limited availability of
soil parameters for the sand. Due to the simplicity of the pull-out test and to limit the calculation time necessary,
the test was modelled in a 2D axisymmetric plane with symmetry around the axis through the center of the pile.
This type of modelling is done in ABAQUS. The initial step consisted of determining the initial stresses in the
soil. Then the friction interface between soil and pile was defined with a friction coefficient of 0.28. Then the
prescribed displacement was imposed on the top of the pile. This means no installation effects of the pile have
been included in the model. The model results, consisting of the time required to pull out the pile for 25 mm,
were compared with experimental results and field data and were concluded to have minimum and maximum
errors of 0.6% and 11%. It is concluded that ABAQUS software can simulate and verify the experimental results
of the pull out test with a high degree of accuracy (Faizi, Armaghani, Sohaei, Rashid, & Nazir, 2014). The main
findings are that both the extent of failure surface and failure mechanisms had a good agreement between the
ABAQUS model and the pull-out test.

Further research carried out on the pull-out load performance of piles in clay validated the numerical model
made using PLAXIS 3D. The research included the simulation of underreamed tension piles compared to the
standard tension piles. Before the comparison, the PLAXIS 3D model was validated with experimental data. It
was concluded that the PLAXIS 3D software analysis demonstrates excellent agreement with experimental data
of nearly 99%. This concludes that the use of PLAXIS 3D is suitable for modelling the pull-out capacity of
tension piles. (Al-Bayati, Al-Neami, & Rahil, 2023) In the model, the soil was modelled using the Mohr-
Coulomb model. This type of soil model is often used when limited geotechnical parameters are available. The
pile was modelled as a linear elastic volume element with interfaces to model the friction between pile and soil.
The interfaces were modelled using a friction coefficient of 0.6. Installation effects of the pile were not taken
into account in this research. The results were of the numerical model were satisfactory and could be compared
to experimental tests.

The main takeaways from the literature on modelling tension piles using FEM is that the procedure often
consists of using volume elements to model the tension pile with an interface along the skin of the pile to model
the friction between the pile elements and soil elements. The Mohr-Coulomb model was often used to model the
soil. However it was mentioned regularly that this was due to limited availability of soil parameters. The
validation of the embedded beam elements in PLAXIS for example, are modelled using the more complex
Hardening soil model taking stress history into account. Also research suggested that the usage of the Hardening
Soil model compared to the Mohr-Coulomb model showed significant improvements in the results. This
embedded beam element is especially usable when many piles have to be modelled in the geometry, mainly
because they have less computation time compared to the standard volume element with interfaces modelling. A
consensus for friction reduction coefficients between pile and soil was not found in the literature. It is best found
through validation with experimental results. Pile installation effects were included in very few research reports.
In the ones that did, it was concluded that including pile installation effects such as excavating the hole and the
curing of the concrete had little effect on the eventual results of the model. The models run without pile
installation effects still show good results compared to experimental results. Therefore pile installation effects
are assumed to be negligible when using FEM to model tension piles.

Based on previous research mentioned, PLAXIS 3D and ABAQUS are both suitable software’s to model tension
piles using FEM. PLAXIS 3D is used for this research due to familiarity and availability of the software for this
research.
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6. Case: EHT

In this chapter information is gathered on the relevant case study: the EHT. This will include an introduction to
the tunnel, the design of the tunnel and its entrances along with the geotechnical longitudinal and cross section.
In the design analysis the focus is on the applied tension pile foundations, as these are relevant for the case study.
The failure mechanism of the tension pile foundation is analyzed and the critical location for this failure
mechanism in the tension pile foundation is analyzed. Then the design of the tunnel at this critical location is
analyzed with available technical drawings.

6.1 Background

The EHT is an immersed tunnel located in the province of Zuid-Holland, located between Barendrecht and
Heinenoord. The highway A29 goes through this tunnel and is constructed underneath the waterway Oude Maas.
The tunnel was opened on 22th of July 1969. The tunnel has a total length of 1064 meters and has three lanes
going in each direction. The traffic intensity of this tunnel is estimated at around 111000 vehicles per day
(Wegenwiki, 2023). Rijkswaterstaat is responsible for the maintenance of this tunnel.
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FIGURE 7: OVERVIEW OF THE LOCATION EHT (GOOGLE MAPS, 2024)

The tunnel is an immersed tunnel and thus was constructed through immersing tunnel elements in the waterway,
and connecting them to the entrances of the tunnel which are constructed in advance. The entrances of the tunnel
were constructed in a dry dock with an open drainage, keeping the water levels low during construction. During
construction, the entrances of the tunnel are founded on the tension piles mentioned in the introduction. By
applying the tension piles in the foundation of the entrances, the open drainage of the construction pit could be
halted, restoring the water levels to their levels before construction. The restoration of water level causes the
tunnel entrance to be submerged, which exerts an upward force on the tunnel entrance. The tension piles give
resistance to this upward force, making vertical equilibrium and keeping the tunnel entrance in place.
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The immersed elements of the tunnel are each made up of six concrete parts which are connected through joint
strips of rubber and metal, with the purpose of waterproof connection. The immersed part of this tunnel however,
is out of the scope for this thesis. The focus is on the entrances of the tunnel, where the tension piles are applied.

Figure 8 shows a schematic overview of the longitudinal section of the EHT. The northern and southern tunnel
entrance along with the immersed part in the middle can be seen in the figure.
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FIGURE 8: LONGITUDINAL SECTION OF EHT (TEK HE757)

The tunnel entrances are divided into fourteen different elements. They are numbered 1N to 14N and 1Z to 14Z
respectively. Here IN & 1Z are the deepest elements and 14N to 14Z are the most shallow elements. Each
element has a length of approximately 18 meters. (RWS directie sluizen & stuwen, 1962)

Judging from the longitudinal section, the deepest parts of the entrances are situated at NAP — 8.38 m for both
the northern and southern entrance. This level is taking into account the concrete floor of the tunnel entrances.

Figure 9 shows a top view of the tunnel. Here the alignment of the road inside the tunnel and various dimensions
are shown.
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FIGURE 9: Top VIEW OF THE EHT (TEK HE757)
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6.2 Tension pile foundation

The schematic overview of the tension pile foundation of both the northern and southern entrance are shown
below. The figures show a top view of the foundation, including installed piles and their respective length of
reinforcements. The numbering of the different elements from 1N to 14N and 1Z to 14Z respectively can be seen
on the figures.
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FIGURE 11: TENSION PILE FOUNDATION SOUTHERN ENTRANCE (TEK HE765, 1962)

In both figures, the circles resemble foundation piles under compression, and the squares resemble foundation
piles under tension. It can be seen that there are some differences in the foundation methods between north and
south. Namely the northern entrance has installed tension piles from element 11N till 2N while the southern
entrance has them installed from element 9Z till 2Z. In both the deepest elements, no tension piles are installed.
Instead foundation piles under compression are installed. In Figure 10 & 11 it can be seen that the control
buildings of the tunnel are constructed on the elements 1N and 1Z. The extra applied self-weight of this building
on the foundation is enough to resist the upward force on the element. Hence no tension piles are installed in
both the deepest elements.

The tables below show an overview of the amount of tension piles installed per element for each tunnel entrance.
As seen in the figures, the tension piles are distributed over the area of the floor of each element. On the outskirts
of the element, the tension piles have been installed under a slope of 1:10. This gives a horizontal component of
resistance to water pressures on the side of the element. The deeper elements are expected to have a larger
number of tension piles due to the higher upward force the tension piles have to withstand.

TABLE 6: AMOUNT OF TENSION PILES PER TUNNEL ELEMENT (TEK HE759 & HE765, 1962)

Element IN 2N 3N 4N 5N 6N 7N 8N 9N 10N 1IN 12N 13N 14N
No. 0 104 95 84 78 72 66 69 55 45 9 0 0 0
tension

piles [-]

Length - 17 17 17 17 17 17 17 17 17 16 - - -
piles

[m]

Element 1Z 27 32 47 57 6Z 77 8Z 97 10Z 11Z 12Z 13Z 14Z
No. 0 104 67 54 52 47 43 44 45 0 0 0 0 0
tension

piles [-]

Length - 20 21 21 21 21 21 21 21 - - - - -
piles

[m]
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The tables show that both 2N and 2Z have the most tension piles installed. This is as expected due to their deeper
position compared to the other element and thus having to resist more upward force.

The tension piles are installed according to the Vibro system as described in Section 2.3. In the case of the EHT
specifically, the tension piles are designed as cast-in-place concrete piles reinforced with a single high quality
steel rod, also known as a Dywidagstaaf. The steel rod is coated with asphalt as a measure of corrosion
protection. The rod is prestressed with a stress of 55 tons or 550 kN in order to impose a compressive force in the
concrete surrounding the rod, eventually increasing the tensile capacity of the concrete surrounding the steel rod.
In the initial design, the piles were designed to be a 45-ton tension pile. In other words, the projected capacity for
a single tension pile was designed to be 450 kN for the EHT (Wolsink, 2024).

The tension piles applied in the EHT are circular and have a diameter of 450 mm. The steel rod has a diameter
of 32 mm and has a steel quality of QP 105. This steel quality has a yield strength of 1030 N/mm?2 and a tensile
strength of 1050 N/mm2. A schematic of the applied tension pile is shown in Figure 12.

PARMLLENCIE 35§ 1TOT OK RETONVLDERS —

Arﬁtuiu_HMER_;J-l!m JOTWOAG-STARF @ 32 da ; - “ _,TlSPIHIALMEEWij,I_IBI,M
&9 poawgs
= AFSTANDHOUOERS WOk o0 - « P& ALSCHOEN
AFSPANPLAAT
ONDERSTE GEDEELTE VOORGESPANNEN PAAL § 45 (-©-)
SCHAAL: 1,30

FIGURE 12: TENSION PILE SCHEMATIC (RWS DIRECTIE SLUIZEN & STUWEN, 1962)

The connection of such a tension pile with the floor of an element is shown in Figure 13. This type of connection
is similar for every tension pile in both northern and southern entrances. It is also shown that the steel rod, shown
in the middle of the schematic, is coated with asphalt for protection against corrosion.
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FIGURE 13: TENSION PILE CONNECTION TO TUNNEL FLOOR (TEK HE759,1962)

The figure shows that the steel rod is installed at the top of the concrete floor of the tunnel entrance. To obtain
the final depth of the tension piles, the length of the steel rod should be subtracted from the level at the top of the
concrete floor. For the deepest tunnel element with a concrete floor situated at NAP — 8.38 m and a steel rod with
a length of 17 m for north and 21 m for south, the level of the bottom of the deepest installed tension pile is at
NAP - 25.38 m and NAP — 29.38 m respectively.
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6.3 Geotechnical & hydrological situation

To model the entrances of the tunnel correctly, information about the geotechnical cross section and
geohydrological information such as water levels are necessary. Prior to the construction of the tunnel entrances,
a total of three cone penetration tests and one borehole have been carried out as soil investigation for both the
northern and southern entrance of the tunnel. This information will be used along with geotechnical information
originating from the analysis that was done in order to build the bored tunnel, the Second Heinenoordtunnel,
which is located next to the EHT. This geotechnical information includes a multitude of CPT-tests and
boreholes, along with laboratory tests to determine geotechnical parameters.

For general monitoring of water levels, Rijkswaterstaat put monitoring wells in place around the entrances of the
EHT since 2022. These monitoring wells have been measuring phreatic water levels and head heights in the
deeper sand layer beneath the tunnel entrances. This data is used to get the actual governing water levels of the
northern and southern entrance of the tunnel respectively. These water levels are used to calculate the uplift force

on the tension pile foundation.

6.3.1 Geohydrological

Both the phreatic and deeper water levels at the location of the northern and southern entrance were measured
from November 2023 and are still ongoing. The measurements of water levels are done through monitoring
wells. This data is used to create an actual view of the hydrological situation around the tunnel.

Figure 14 shows the layout of the installed monitoring wells of the northern entrance (left side of figure) and the
southern entrance (right side of figure). The wells are not installed in the deepest parts of the tunnel entrances
However it is assumed that the measured water levels in the well are uniform due to the relatively short distance
to the deepest part of the tunnel entrance.

Bei,

o

22 uNT_Boa_PB2

By
0

Z#% HNT_B04_PB1

FIGURE 14: LOCATIONS OF INSTALLED PIEZOMETERS (FUGRO, 2024)
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The yearly water level profile of the phreatic layers are shown in Figure 15. The water levels are measured from
13 February 2023 until 13 February 2025.
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FIGURE 15: EVOLUTION OF PHREATIC WATER LEVELS THROUGH TIME (FUGRO, 2024)

Judging from the water level profile, the phreatic level at the location of the northern entrance fluctuates around
a mean of NAP + 0 m with a maximum water level of NAP + 0.2 m and a minimum of NAP - 0.2 m. The
phreatic level at the location of the southern entrance fluctuates around a mean of NAP - 0.3 m with a maximum
water level of NAP - 0.2 m and a minimum of NAP - 0.4 m.

The yearly water level profile for the deeper water levels are shown in Figure 16. The water levels are measured
from 13 February 2024 until 13 February 2025.
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FIGURE 16: EVOLUTION OF DEEP WATER LEVELS THROUGH TIME (FUGRO, 2024)

The northern monitoring well measures water levels which fluctuate around NAP — 0.15 m with a maximum of
NAP + 0.40 m and a minimum of NAP - 0.40 m. The southern monitoring well measures water levels which
fluctuate around NAP - 0.30 m with a maximum of NAP + 0.20 m and a minimum of NAP - 0.5 m.

Also in both deep wells, a tidal movement can be seen. It is assumed that the tidal movement originates from the
connection waterway to the deeper permeable sand layers. This also explains the higher variability in deep water
levels compared to the phreatic water levels. Also in the right part of the graph, amplitude of the water level
seem to get stronger. This could be due to rainfall in winter, or more extreme tides. The amplitude of the tidal
movement in the first period is approximately 0.2 meters. In the second period it increases to 0.4 meters. The
cyclic nature of the water level impose stress variations on the tunnel and the tension piles. This phenomenon is
analyzed further in the report.
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The seasonal effects on the water levels can be seen in the graph. In the winter period (November - December -
January) it can be seen that the water level fluctuates more heavily and has a higher mean than in warmer and
dryer periods (March - April - May).

The different measured water levels are collected in Table 8.

TABLE 7: PHREATIC AND DEEP WATER LEVELS FOR BOTH NORTH & SOUTH

Water levels North phreatic North deep South phreatic South deep

Minimum NAP - 0.3 m NAP-0.5m NAP - 0.6 m NAP - 0.6 m
Maximum NAP+0.3m NAP+03m NAP-0.2 m NAP+0.0m
Average NAP +0m NAP-0.Im NAP - 0.4 m NAP-0.3m

There is not much difference between the water phreatic and deep water levels for both north and south
respectively. For the southern part, the deeper water level is a bit higher than the phreatic water level. This
means there is water seepage from the deeper layer to the phreatic level. This can be explained by the presence
of soft layers with low permeability near the surface of the southern entrance, causing an increase in water
pressure in the deeper layers.

From the graphs it can also be seen that there is a slight downward trend in the shallow and deep water levels. To
confirm this data trend, a wider timespan than the current year should be analyzed.
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6.3.2 Geotechnical

To obtain the required geotechnical information for this case study, a desk study on publicly available
information is carried out. Also a specialized report of geotechnical site investigation of the Second EHT,
constructed 20 years later, is analyzed. Since the First and Second EHT are located closely together, it is
assumed that this geotechnical research is also relevant for the EHT. The sources are used to construct the
governing geotechnical situation of the tunnel.

In the period from 20 April 1994 to 8 June 1994 the definitive geotechnical site investigation was carried out for
the Second EHT. This tunnel was going to be a bored tunnel, hence very detailed geotechnical site investigation
was required in order to determine the alignment of the tunnel along length and depth. Due to the location of the
Second EHT being so close to the EHT, it is assumed that this geotechnical site investigation can be interpreted

as relevant for this tunnel.

The geotechnical site investigation included both field work, such as CPT’s and boreholes and laboratory tests in
order to determine geotechnical parameters of the subsoil. This information is used to construct the governing
geotechnical soil profile along with their respective parameters for the EHT.

6.3.2.1 Geotechnical profile

For this research, a total of 66 CPT-tests and 10 boreholes were carried out. Soil samples of the different layers
were also taken during these tests in order to perform laboratory tests. The research was used to construct the
geotechnical section as seen in Figure 17 (Grondmechanica Delft, 1994).

FIGURE 17: GEOTECHNICAL LONGITUDINAL SECTION OF THE TUNNEL (GRONDMECHANICA DELFT, 1994)

The figure shows a very distinct difference between the northern entrance (right on figure) and the southern
entrance (left on figure) which is also seen in the CPT’s. The northern entrance is shown to be an almost uniform
sand layer, while the southern entrance is mostly made up of soft soils like clay and peat, with a sand layer from
NAP - 16 m to NAP - 22m

The soil profile shows high local soil variability along the length of the tunnel. The CPT’s are chosen to be as
close to the deepest parts of the entrances as possible, because this is where the uplift force is expected to be
largest and thus be the critical soil conditions for modelling the tunnel entrances. The governing CPT is chosen
for both northern and southern entrances respectively.

Laboratory tests were performed on the samples taken from the performed boreholes. This in order to determine
their geotechnical parameters. The laboratory tests performed on the previously defined layers are collected in
this chapter in order to get an overview of their respective geotechnical parameters. The geotechnical parameters
such as friction angle, cohesion, volumetric weight and stiffness values are collected from the laboratory tests
performed on soil samples with the same classification and in-situ depth. Where there are no laboratory tests
performed on a defined soil, a representative parameter value is assumed according to NEN 9997-1 standards.
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6.3.2.1.1 Northern entrance

The figure below shows an overview of the geographical locations of the boreholes and CPT-tests that were
carried out for the northern entrance of the tunnel. The CPT-tests are denoted by triangles and boreholes are
denoted by circles.
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FIGURE 18: LOCATIONS BOREHOLES & CPT'S NORTH (DINO-LOKET, 2024)

The CPT-tests, boreholes and matching laboratory tests are used to make the governing geotechnical cross
section for the northern entrance of the EHT. It is assumed that this governing geotechnical cross section is
uniform for the complete area of the tunnel entrances

For each layer, the soil type, top layer level and the geotechnical parameters resulting from the performed
laboratory tests are shown in the table below.

TABLE 8: GOVERNING GEOTECHNICAL CROSS SECTION NORTH

Layer Level top Friction Cohesion Volumetric ESO Soil
layer angle |kPa] weight [MPa] classification
[m] [l [kN/m’]
N1 NAP +0 22.5 15 17.2 - Clay, weak
silty to silty
N2 NAP-1.5 36 2 17.7 8-30 Sand, silty to
silt
N3 NAP-5.75 28 2 13.1 20 - 36 Sand, silty to
silt
N4 NAP - 10 34 2 17.7 10-75 Sand,
moderate
dense
N5 NAP — 36 0 19.6 32-66 Sand, clean
17.25
No6 NAP - 26 20 20.1 5-15 Clay, weak
20.75 silty to silty
N7 NAP - 25 34 0 19.7 17 - 60 Sand, clean
N8 NAP-26.5 26 20 20.8 5-15 Clay, weak

silty to silt
The range of the ES0 stiffness values are quite broad for the soil layers. As a first guess for modelling purposes,
the mean of the range will be taken. Through validation methods, the stiffness values will be changed in the
given range in order to obtain the validated soil parameters which can be used for modelling this soil profile.
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6.3.2.1.2 Southern entrance

The figure below shows an overview of the geographical locations of the boreholes and CPT-tests that were
carried out for the southern entrance of the tunnel. The CPT-tests are denoted by triangles and boreholes are
denoted by circles.
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FIGURE 19: LOCATIONS BOREHOLES AND CPT'S SOUTH (DINO-LOKET, 2024)

The CPT-tests, boreholes and matching laboratory tests were used to make the governing geotechnical cross
section for the northern entrance of the EHT. It is assumed that this governing geotechnical cross section is
uniform for the complete area of the tunnel entrances

For each layer, the soil type, top layer level and the geotechnical parameters resulting from the performs
laboratory tests are shown in the table below.

TABLE 9: GOVERNING GEOTECHNICAL CROSS SECTION SOUTH

Layer Level top Friction Cohesion Volumetric ESO Soil
layer angle |kPa] weight [MPa] classification
[m] [l [kN/m’]

71 NAP +1 22.5 15 18 - Clay, weak
silty to silty

72 NAP-325 36 2 20 8-30 Sand, weak
silty to silty

73 NAP -4.5 30 4 13 1-4 Peat, organic
soil

74 NAP-7.25 25 10 17 6-26 Clay, weak
silty to silty

75 NAP-105 29 0 20.5 2-10 Sand, silty to
silt

76 NAP - 14.75 39 1 20.5 15-60 Sand, clean

77 NAP-21.5 29 25 20 6-14 Clay, weak
silty to silt

78 NAP —24.5 34 0 20.5 17 - 60 Sand, clean

The range of the ES0 stiffness values are quite large for the soil layers. As a first guess for modelling purposes,
the mean of the range will be taken. Through validation methods, the stiffness values will be changed in the
given range in order to obtain the validated soil parameters which can be used for modelling this soil profile.
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6.4 Failure mechanism & Critical element

In order to make a failure analysis of the entrances of the EHT the failure mechanism and its respective critical
element(s) are determined. The failure mechanism of the installed tension piles itself is initiated due to the brittle
failure of the tension pile reinforcements due to corrosion. A failed tension pile loses its connection to the floor
of the tunnel element and thus makes it lose all its geotechnical capacity. The reduction of capacity of the full
foundation results in a reduced resistance against upward force from the water. The failure mechanism of the
whole tunnel element due to the breakage of the tension piles is the uplift of the critical element(s).

The upward pressure exerted by the water on the is determined using the formula for uplift pressure.

Here is the density of the water, g is the gravity acceleration. The hydraulic head h is the difference in height
between water level and the bottom of the tunnel element. (White, 2016)

Multiplying the calculated water pressure P with the area of the tunnel element floor, the total upward force
exerted by the water pressure can be calculated.

The upward pressure exerted by the water on the is determined using the formula for uplift pressure.
P=p,*g+*h

Here p,, is the density of the water, g is the gravity acceleration. The hydraulic head h is the difference in height
between water level and the bottom of the tunnel element. (White, 2016)

Multiplying the calculated water pressure P with the area of the tunnel element floor, the total upward force
exerted by the water pressure can be calculated.

Fwater =Px Aelem

The upward pressure is dependent on variable h, which is the hydraulic head. The total area of each tunnel
element is assumed to be equal for every element. This shows that the highest upward force from the water
pressure is highest for the deepest elements of the construction.

To prevent uplift from happening, the resistance of the tunnel element should be larger than the upward force
exerted on it. In other words the vertical equilibrium must be satisfied.

Rd = Fwater

In this formula, R; resembles the design value of the total resistance to uplift forces. This resistance consists of
the self-weight of the tunnel element and the geotechnical capacity of the tension pile foundation. Following the
actual normative calculation rules in the NEN9997-1, R, is calculated as follows.

n

Ry = Vetem * Ve * Visep T Ti,d,pile

i=0
The volume of concrete in a tunnel element is denoted as V,;.,,. The parameter y,is the weight of the concrete
used. This value is assumed to be 24 kN/m?. The safety factor for favorable self-weight y;.s.p holds a value of
0.9 (NEN 9997-1, 2023). The design value for capacity of a single pile T; 4 ;e is summed over the amount of

installed piles to obtain the capacity of the tension pile foundation.

Since the water levels are assumed to be uniform, the critical tunnel element where the failure mechanism occurs
is determined through the vertical position of the tunnel element (h), the amount of functioning tension piles of
the specific tension pile foundation (n) and the volume of concrete used for the tunnel element (V).

Another factor that is taken into account is the friction of the tunnel elements against each other. If the friction
would be present, the element is able to mobilize resistance from the neighboring elements and could result in a
clamped connection. The friction between tunnel elements is approached as either present, which results in a
clamped connection between the elements. The other option is that friction is not present, and the tunnel
elements are free to move vertically.
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Judging from Figures 10 & 11, elements 1N & 1Z are the deepest elements and thus have the largest hydraulic
head (h). However, these elements have a very large volume of concrete applied due to the control building
situated on top of it (V. ). Due to this, the foundation piles are assumed to be loaded in compression and not
relevant for the tension pile research. Elements 2N & 2Z are the deepest elements with tension piles installed
with relatively less volume of concrete compared to elements IN & 1Z.

Elements 2N & 2Z initially are assumed to be the critical tunnel elements for the uplift failure mechanism taking
into account the vertical equilibrium. However, from schematic tunnel drawing HE-401 (Rijkswaterstaat, 1967)
it is seen that elements 2N & 2Z are designed to be connected to the heavy elements 1N & 1Z using dowels. This
greatly increases the uplift resistance given that elements 2N & 2Z share the uplift load with elements IN & 1Z.
The rest of the elements of the tunnel are not connected with each other, so it is assumed that there is no vertical
friction between element walls.

Therefore elements 3N & 3Z are assumed to be the critical elements for uplift failure due to having the highest
expected resultant upward force in combination with the least expected resistant downward force.

6.5 Model choice

For this research, an advanced soil model will be chosen based upon the available information of the soil. Since
there is laboratory data available on the in-situ geotechnical parameters of the EHT, a matching advanced model
is chosen. When required, a simpler model is chosen to simplify calculations and reduce runtime in order to get
results quickly. It will be analyzed whether the performance of the simple model is sufficient compared to a
more advanced model. The model choice for this case study is also based on the literature research carried out on
numerical modelling in practice. The main takeaway is that a more complex model is able to model soil-structure
interaction more precisely, but at the cost of more calculation time. Balance should be found between each other.

Sandy soils are modelled using the Hardening Soil model as this model is holds sufficient complexity and is
suitable for modelling sandy soils (Engin & Brinkgreve, 2009). Also the literature study showed that using the
nonlinear Hardening soil model over linear elastic models such as the frequently used Mohr-Coulomb model
resulted in significant improvement in validation results (Sheil & McCabe, 2012). As most of the tension pile
capacity is gathered from the sandy soils, it is important to model their behavior as accurate as possible. The
model parameters for this advanced model are based on the volumetric weights, friction angle, cohesion and
various stress-dependent stiffness values of the soil which are provided by the performed laboratory tests.

The soft soils do not provide as much skin friction capacity for the tension piles. But since the laboratory tests
for determining the required parameters for the Hardening soil model are also performed on the soft soil layers,
the Hardening Soil model will also be used for these layers. Generally it can be seen that the mean stiffness
values are quite lower, this explains the decreased capacity for softer soils.
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6.6 Pile load tests

In two different instances, tension pile load tests have been performed for the EHT. The first pile load test was
performed by Grondmechanica Delft (GD) in 1968. The goal of this research was to analyze the influence of the
shape of tension pile tip on its geotechnical capacity. This research includes installing a single tension pile
similar to the ones to be used in the construction of the EHT and loading it in tension using hydraulic jack until
failure. Different types of loading such as static and cyclic were performed and the settlement of the pile was
measured.

The second pile load test was performed by Heijmans under commission of Rijkswaterstaat in 2018. This test
was carried out in order to explore whether the tension piles in the foundation of the EHT had failed. A total of
20 piles have been tested non-destructively in tunnel elements 3N, 3Z, 7N & 7Z. The testing procedure included
freeing up the top of the tension pile in the tunnel floor and loading the pile using a hydraulic jack.

The mentioned pile load tests by GeoDelft are modelled numerically in PLAXIS 3D for this research. This in
order to evaluate the performance of modelling tension piles in PLAXIS 3D. The relevant information on the
pile load tests regarding modelling purposes is highlighted in this chapter.

6.6.1 Pile load test GD (1968)
This test was performed on the northern side of the EHT.

In total eight different tension piles with three different types of footing were tested. The first one is a truncated
footing, the second one a flat footing and the third one a sharp footing. Figure 20 shows the shapes of the tension
pile footings. From top to bottom; sharp footing, truncated footing and lastly the flat footing.
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FIGURE 20: DIFFERENT TENSION PILE FOOTING SHAPES (1994)

It is expected that the footings will have a notable effect on installation speed and compaction of the soil along
the shaft during installation. The report focusses more on determining the determination of the limit carrying
capacities of the installed tension piles and less on the effect of the footing.

The tension piles dimensions are designed to have a diameter of 450 mm and reach 20 meters in the subsoil,
similar to the tension pile design for the EHT. The piles were prestressed with a stress of 60 tons or 600 kN, this
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is slightly more than the prestressing of 45 tons which was applied on the tension piles of the EHT. Another
major difference between these piles and the piles used in the EHT is that a total of three steel rods were used as
reinforcement as opposed to the single steel rod used for the EHT. This increases the material capacity threefold
and is put in place in order to make sure that if the pile does fail, it is due to geotechnical failure along the shaft
of the pile and not due to failure of the steel material itself upon loading in tension. After installation of these
different types of tension piles, they are loaded in tension through different loading schemes per tension pile.
During loading, the displacement of the tension pile was measured. The goal of this pile load test is to determine
the limit carrying capacity of the tension pile by imposing a pull-out force of 200 tons or 2000 kN on each pile.

Figure 21 shows the load displacement curves of the eight tested tension piles. Different loading schemes and
pile tips resulted in different shapes of load displacement curves. The horizontal axis represents force in tons and
the vertical axis represents settlement in mm. All the piles were loaded to the planned load of 2000 kN, and none
of the piles showed total failure, which is expected to be the pile being pulled out of the soil.

12

Wy e
N

99302504

o 20 40 80 4 1@ 120 140 181 200

FIGURE 21: LOAD-DISPLACEMENT CURVES OF VARIOUS PERFORMED PILE LOAD TESTS (1968)

The tension piles are numbered from 1 to 8. Two different loading schemes have been applied along with three
different pile footing for the tension piles.

Tension pile tests 1, 3, 4, 5 & 6 are similar, having a total loading duration of 40 hours, where every 4 hours 20
tons are added to the total load which starts at 20 tons. This results in a maximal load of 200 tons. The total
displacements of the tension piles during this loading are measured to be 6.6 mm, 6.4 mm, 10.5 mm, 11.5 mm
and 6.1 mm respectively for tension pile tests 1, 3,4, 5 & 6.

Tension pile test 2, 7 & 8 are similar too, having a total loading duration of 80 hours, where every 8 hours 20
tons are added to the total load which starts at 20 tons. The total displacements of the tension piles during this
loading are measured to be 9 mm, 4.8 mm and 9.1 mm respectively for tension pile tests 2, 7 & 8.

Tension pile tests 1 & 8 pile footings are truncated, tension pile tests 2, 5 & 6 pile footings are sharp and tension
pile tests 3, 4 & 7 are flat. Looking at the measured displacements, the type of footing used does not show
significant differences.

The range of measured displacement of the first loading scheme is from 6.1 mm to 11.5 mm. For the second one
this is 5.8 mm to 9.1 mm. The ranges between similar tests are quite large, this can be attributed to possible
measurement errors, soil heterogeneity, installation effects and such.
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None of the tested piles were pulled out of the soil. Therefore it was concluded from the pile load tests that the
limit carrying capacity is at least 200 tons or 2000 kN for this tension pile type. The actual geotechnical limit
carrying capacity for the tension piles were estimated to be around 3000 to 3500 kN by Grondmechanica Delft
based on the tension pile tests (1968).

This tension pile test are simulated numerically in PLAXIS 3D and the displacement ranges of the executed pile
load tests will be used as a validation method of the model.

6.6.2 Pile load test Heijmans (2018)

The pile load test performed by Heijmans was mainly to analyze whether some tension piles had failed and if
action had to be taken in order to guarantee the safety of the tunnel. After imposing a tensile force equal to the
design capacity on a total of 20 piles in tunnel elements 3N, 3Z, 7N & 7Z, it was concluded that none of them
showed behavior that suggested that a tension pile had failed.

The tension piles were loaded with a maximum tension force of 420 kN, which is slightly below their original
design capacity of 450 kN. These pile load tests show that the tested tension piles of the EHT still function
correctly according to their design capacity, which is at least 420 kN. However the test gave no indication of
what the limit capacity is of the installed tension piles.

Judging from this non-destructive pull-out test, the tunnel entrance of the EHT seems to function as intended
with no failed tension piles.

However it must be taken into account that the sample size of 20 tension piles is quite small, as the northern
tunnel entrance has a total of 677 tension piles installed. Also the corrosion could still be forming in the steel, but
the cracks might not have propagated yet. This is why it is still important to monitor the tunnel entrance and to
make sure the tension pile foundation does not fail unexpectedly.
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7. Geotechnical capacity of a tension pile

The analytical and numerical methods to model the geotechnical capacity tension piles have been highlighted in
previous chapters. The different models are used to calculate the theoretical geotechnical capacity of a tension
pile installed in the soil stratigraphy of the EHT.

The goal of this is to get a feel for the modelling of a tension piles, and to evaluate the difference in outcomes
between the available methods. This chapter is seen as a stepping stone in order to be able to model the critical
section of the EHT and to be able to assess their results correctly.

First of all the pile load test as performed by Grondmechanica Delft (1968) and the estimated limit carrying
capacity is shown. Then the theoretical capacity of a tension pile from the available calculation models at the
time of construction, which is before 1991, is calculated for the single tension pile. This value is compared to the
given 450 kN capacity that was said to be the design value for the tension piles of the EHT.

On top of that the pile load tests are re-calculated using the relevant calculation methods throughout the years.
The latest available method is that of the NEN 9997-1. This calculation method along with the other calculation
methods are described in Chapter 4.1. This serves to compare the current Dutch design method for tension piles.
The influence of the proposed safety factors are evaluated as well. To do this efficiently, the single pile is
modelled in DFoundation, which is a program that is able to calculate the capacity of a tension pile based on the
relevant Dutch norms.

The pile load tests are simulated using PLAXIS 3D. The outcomes of the numerical model are compared to the
measured displacements of the pile load tests as validation of the model. Also the limit carrying capacity
according to PLAXIS is analyzed by continuing the loading scheme as carried out by in the pile load test until
the model fails numerically. The tension force at which this failure occurs, is assumed to be the limit carrying
capacity of the tension pile according to PLAXIS.

Once the modelling outcomes of a tension pile in PLAXIS 3D are validated with these methods, the critical
tunnel element with the applied tension pile foundation can be modelled correctly.

The soil profile is in accordance to the determined soil profile of the northern entrance of the EHT along with its
determined parameters, as the pile load tests were carried out at this location. This soil profile is used for the
calculations and modelling in this chapter.

The relevant soil profile with soil parameters is shown in Table 11 below.

TABLE 10: UTILIZED GEOTECHNICAL CROSS SECTION FOR MODELS

Layer Level top (c,gem Friction Cohesion Volumetric ES0 Soil
layer [MPa] angle [kPa] weight [MPa] classification
[m] [l [kN/m’]

N1 NAP +0 0.71 22.5 15 17.2 - Clay, weak
silty to silty

N2 NAP - 1.5 10.15 36 2 17.7 20 Sand, silty to
silt

N3 NAP - 5.75 6.54 28 2 13.1 28 Sand, silty to
silt

N4 NAP-10 11.75 34 2 17.7 50 Sand,
moderate
dense

N5 NAP - 17.25 19.35 36 0 19.6 60 Sand, clean

N6 NAP-20.75 2.8 26 20 20.1 10 Clay, weak
silty to silty

N7 NAP — 25 5.54 34 0 19.7 60 Sand, clean

N8 NAP —-26.5 2.8 26 20 20.8 10 Clay, weak

silty to silt
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7.1 Pile load tests GeoDelft

From the performed pile load tests, three tests are chosen as validation for the modelling purposes of a tension
pile. The set of three tests are chosen due to their similarity and the loading scheme is able to be modelled in the
different types of software that are to be used. The figures below show the time-displacement diagram of the
tests.

FIGURE 22: PILE LOAD TESTS 2,7 & 8 PERFORMED BY GRONDMECHANICA DELFT (1968)

In these three load tests, a total of 20 tons or 200 kN was added to the total load every 8 hours for a total of 80
hours. It can be seen that there is still a lot of variability in between the different tests even though they were
performed in a similar way. The total displacement after the loading tests 5.8 mm, 9 mm and 9.2 mm
respectively for the three different tests. It can be seen that failure is not yet achieved after the loading scheme.
In the report by Grondmechanica Delft (1968), it is estimated from these profiles that the geotechnical limit
carrying capacity is equal to around 300 to 350 tons or 3000 to 3500 kN of tensile force.

Page 40 of 97



Master thesis An analysis of tension pile foundations for immersed tunnels

7.2 Theoretical capacity calculation

The methods used to calculate geotechnical capacity of the tension pile are described in Section 4.1. For each
method, two different calculations are done. A calculation with applied safety factors as proposed by the
calculation methods, and a calculation where these safety factors are all kept equal to 1.

The applicable method for the calculation of the geotechnical capacity of a tension pile at the time of
construction of the EHT, which is before 1991, is calculated. The safety factor employed for this design is a
global safety factor of 3.

Using the calculation scheme relevant before 1991 results in a geotechnical capacity of 1683.17 kN. Applying
the global safety factor as discussed results in a capacity of 561.06 kN. This is a slight overestimation of the
capacity which was used for the design of the tension piles of the EHT, which is equal to 450 kN with a
deployed safety factor of 3 on the calculations.

The first relevant norm which included a tension pile capacity calculation scheme, which is the NEN 6740, gives
a geotechnical capacity of 3049.21 kN with safety applied and 3927.39 kN without safety applied. Compared to
the previous method the calculated capacities are substantially larger. It is expected that this is due to the
availability of more research in tension pile modelling and thus the ability to estimate the capacities more
accurately and thus with lower safety- and correction factors.

The CUR98-9 method gives a geotechnical capacity of 3572.98 kN with safety applied and a capacity of 4151.81
kN without safety applied. Compared to the previous method it seems that the impact of the safety factors have
decreased. This could be due to uncertainty decreasing through the availability of more research and soil data.

The following calculation is in line with the calculation example of limit carrying capacity for a single tension
pile as shown in the NEN 9997-1. The latest formula for calculating the geotechnical limit carrying capacity
following the NEN 9997-1 norm is as follows.

L
Fr,trek,d = f qczd * fi*fox Op,z * apdz
0

with:

— T qc,z,ontgr
qc,z,d E ym,var,qc * ym,b

In the calculation example in the NEN 9997-1, it is shown that for the capacity calculation of a single pile, the
installation and tensile effects on the soil are neglected. For the single pile it is assumed that fi=f,=1. The o
values are chosen according Table 3. The circumference of the pile and the surrounding soil layers and their
depth are known. The value § is based on Table 4. Since for the geotechnical research a total of 25 CPT-tests
were performed, a value of 0.91 can be maintained. There are no dynamic effects on the pile S0 ¥ yqr gc 18 et to

1. The safety factor y,,, , is equal to 1.35 as previously discussed.

Using the NEN 9997-1 calculation scheme, the geotechnical limit carrying capacity for this specific single pile in
the soil profile of the northern entrance of the EHT is equal to 1734.35 kN. Without safety factors this capacity
increases to 3265.09 kN. This means the partial safety factors applied in the capacity calculation result in a
global safety factor of approximately 1.9. Compared to the previously applicable method, it is seen that there is a
decrease in capacity. One could argue that the safety was increased to appropriate to more strict safety norms in
construction which are generally applicable through NEN-norms for the Netherland and Eurocodes for Europe.
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When performing a calculation using the scheme as shown in Chapter 6.4 for the different acting vertical forces
for the critical section 3N of the EHT, it can be calculated that approximately a total of 3500 tons or 35000 kN
upward force has to be resisted by the tension pile foundation. In Table 7 it can be found that a total of 95
tension piles were installed in the foundation of this tunnel element. This design shows that the tension piles for
this tunnel element were designed to resist 367.39 kN force per tension pile. The applicable safety factor at that
time for the tension pile capacity is equal to 3. This design without additional safety applied would result in a
capacity of 1102.17 kN. The calculated design value through equilibrium is a slight underestimation of the
original design value of the EHT which is equal to 450 kN or 1350 kN without additional safety.

For this specific type of tension pile, the steel quality used for the reinforcement is of QP 105 steel (Borsje &
Schuring, 2023). It is assumed that when the yield stress is reached, the carrying capacity is nearly exceeded for
the tension pile. In the code NEN-EN 1992 code, both the characteristic and design values for strength of this
steel type have been given (RBK, 2021). These values are 1030 N/mm? and 936 N/mm? respectively. With a
diameter of 32 mm, this results in a total capacity of 828.38 kN without safety and 752.78 kN with safety for
every tension pile based on material properties.

On top of the design capacity and the steel strength capacity, the methods and safety factors in the relevant codes
for the design of tension piles as mentioned in Chapter 4.1 are used to calculate the theoretical geotechnical
capacity throughout the years. The results are included in Table 14.

TABLE 11: CALCULATED CAPACITIES USING DIFFERENT METHODS

Capacity with safety applied Capacity without safety applied
[kN] [kN]

Original design value EHT 450 1350
Grondmechanica Delft 561.06 1683.17
(Before 1991)
NEN 6740 3049.21 3927.39
(1991-2001)
CUR 98-9 3572.98 4151.81
(2001-2005)
NEN 9997-1 2420.26 3265.09
(2005-present)
Calculated equilibrium 367.39 1102.17
capacity EHT
Steel strength capacity EHT 752.78 828.38

The first row shows the original design value of the tension pile capacity for the EHT. Row two to five of the
table show the evolution of theoretical geotechnical capacity of a tension pile throughout the years. It can be seen
that the calculated values increased greatly as time went on. This is due to pile and safety factors changing due to
more empirical research available. Generally the pile factors became larger over the periods, increasing the
theoretical capacity. The safety factors decreased every periods, also the way they are applied have changed,
influencing the theoretical capacity.

The table shows a similarity between the design method before 1991 and the calculated design capacity for EHT.
If the EHT would be designed with present methods, the capacity calculated per tension pile would be almost 5
times larger, reducing the amount of tension piles needed for the foundation drastically. So generally it can be
said that calculations became more efficient and substantiated by research throughout the years.

Something that is not taken into account in this chapter is the change to how pile groups are calculated
differently throughout the years. In the NEN 6740 and the CUR 98-9, the correction factors for both installation
and stressing of pile factors were first introduced. However because this is a single pile, they are not represented
in the calculation. These factors will be used when analyzing the actual tension pile foundation of the EHT.

Lastly the steel strength capacity of the tension piles applied for the EHT should be noted. The capacity is below
the design value of the EHT, but if the applicable norms are used, the geotechnical capacity is way larger than
the steel strength capacity. This would result in a failure of the steel before the geotechnical failure of the tension
pile. In the pile load tests, this was prevented by installing three different steel rods in each tension pile,
increasing the steel strength capacity threefold. For the EHT however, only one steel rod was installed per
tension pile.
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7.3 Numerical simulation

In the PLAXIS model the soil layers are modelled using the Hardening soil model. The model parameters for the
soil layers are derived using laboratory tests that were carried out on the borehole samples in the site
investigation that was performed for the Second Heinenoordtunnel as discussed in Section 6.3.2.

In order to get a feel for using PLAXIS 3D, the single tension pile is modelled using two different methods. The
first one is modelling the tension pile as a ‘volume pile’, comprised of volume elements in the Finite Element
mesh. This method is the regular, most broadly used method to model piles in PLAXIS. The second method is
using the ‘embedded pile’ which is a structure element made especially to model the behavior of piles. The
embedded beams were introduced to limit the amount of elements necessary in a mesh to reach satisfactory
accuracy conditions for larger groups of piles. The two PLAXIS pile model variants will be judged based on
their performance by comparing them to the results of the pile load tests mentioned in Section 7.1. Hence the
construction phases of the PLAXIS 3D model are based on the pile load test by Grondmechanica Delft (1968),
where 200 kN tensile force is added every 8 hours for a total of 80 hours.

After judging the performance of the PLAXIS 3D models, they are used to approximate the geotechnical
capacity of the tension pile numerically. This value is found by steadily increasing the tension force in distinct
construction phases. The amount of tension force at which the model numerically fails, is assumed to be the
geotechnical capacity of the tension pile according to the numerical evaluation of PLAXIS 3D.

7.3.1 Volume pile

The volume pile is constructed by creating a volume element with a similar shape to the pile. On the skin of the
volume element, interfaces are added to simulate pile-soil interaction. The stiffness of the volume pile is
assumed to be that of uncracked concrete, which is roughly 30 GPa. The pile load is simulated as a surface load
located on top of the volume pile. The pile load test was successfully simulated on this model and showed no
numerical failure. The final distribution of deformation of the soil after the pile load test as simulated is shown
below.

’ Total displacements |u| (scaled up 50.0 times) (Time 3.400 day) ‘
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FIGURE 23: DISPLACEMENT DISTRIBUTION FOR VOLUME PILE

The output shows a maximum total displacement of 17.89 mm localized at the skin of the pile. The total
calculation time to obtain the model results was equal to two hours. This is quite an inefficient model judging
from the calculation time, especially taking into account the increase in calculation time if more piles would be
used in the model.
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The time-displacement and force-displacement profiles of the simulated pile load test are shown in Figure 24.
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FIGURE 24: TIME-DISPLACEMENT AND FORCE-DISPLACEMENT DIAGRAM FOR VOLUME PILE

In the graph is seen that the development of the displacement of the pile along the duration of the pile load test is
rather small in the beginning, and as the pile load test duration/force increases, the displacement of the pile per
step increases as well. In the first few loading steps the displacement of the pile increases with 0.5 to 1 mm per
step, and for the last few loading steps this ramps up to a maximum of 5 mm in the last step.

The tensile bearing capacity of the volume pile according to the numerical simulation is found by further
increasing the loading on the volume pile until numerical failure in PLAXIS 3D is achieved. However it was
found that the numerical failure did not occur in the model, even when the tensile load was increased up to 6000
kN. The displacement at this tensile force is equal to 0.25 m.

At the maximum displacement of 17.89 mm at 2000 kN the tension piles are assumed to be ‘failed’ due to the
magnitude of the displacement. Upon load increase beyond 2000 kN, the maximum displacement will increase
even faster as seen in Figure 24. Hence the bearing capacity of the volume pile is assumed to be 2000 kN.

7.3.2 Embedded beam

The tension pile is modelled as an embedded beam. The pile load is simulated as a point load on top of the
embedded pile. The stiffness of the embedded beam is assumed to be that of concrete, which is 30 GPa. The pile
load test was simulated using the embedded beam. In contrary to the volume pile test, the embedded beam model
numerically failed halfway the pile load test. It is expected that this is due to the way the embedded beams are
designed in PLAXIS 3D. The embedded beams are not actually part of the Finite Element mesh, which means
their values are interpolated from the nearest known nodal values. It is expected that the numerical failure
happens because the accuracy condition is not reached due to the large interpolation errors for the embedded
beam. In the PLAXIS manuals the following information is found.

Embedded beam elements have demonstrated particularly good results for serviceability states of pile groups
under axial loading. It is important to note that the calculation time and the number of elements required to
analyze a certain pile—soil interaction problem are sufficiently reduced by using embedded piles compared to
using volume piles. (Bentley, 2021)

From this, it is concluded that the embedded beam element is able to perform better numerically when used in a
pile group, and thus is not fully suitable for the simulation of a single pile load test.
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The final distribution of the displacement of the pile after the completed load test steps as simulated is shown
below. The numerical failure occurred after approximately 1.35 days at 900 kN force.

Output Version 2024.2.0 1144
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FIGURE 25: DISPLACEMENT DISTRIBUTION FOR EMBEDDED BEAM

The output shows that the maximum value of displacement is equal to 3.34 mm. The total calculation time for
this model is equal to around 20 minutes, which as expected is much faster than the volume pile model in the
previous section. The development of the time displacement and force displacement of the pile load test
modelled as an embedded beam is shown below.
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FIGURE 26: TIME-DISPLACEMENT DIAGRAM FOR EMBEDDED BEAM

The graph shows that the development of displacements of the pile are quite constant for every loading step,
which is in line with the results from the pile load tests. Where the graph stops, the numerical failure occurred. In
the profile of the displacement, no increase in reaction can be seen as time/force increases. No signs of
geotechnical failure were shown before numerical failure happened. As earlier said it is expected that this is due
to interpolation error within PLAXIS 3D. The geotechnical capacity of the single tension pile in PLAXIS 3D as
an embedded beam is modelled to be 900 kN.
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7.3.3 Comparison of numerical models

The volume pile model is seen as computationally inefficient since the calculation time for the simulated pile
load test is around three hours. From the graph it can be seen that the displacement profile is in line with that
of the pile load tests for the first five loading steps. For the remaining loading steps however, the volume pile
model overestimates the displacements. The volume pile models’ shows greater displacement at higher loads
compared to the performed pile load tests.

The embedded pile model is computationally efficient, the calculation time for this model is only 20 minutes.
This makes it a much more scalable option when more tension piles are modelled. The numerical failure
occurred after a tensile force of 900 kN. The graphs of the embedded beam model are compared with the
volume pile model graphs below.
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FIGURE 27: COMPARISON DISPLACEMENT VOLUME & EMBEDDED PILE PLAXIS3D

It can be seen that the graphs are very similar, up until the numerical failure occurs for the embedded beam
model. From this similarity it is concluded that the volume pile and embedded beam show similar behavior
upon tensile loading to the numerical capacity of 900 kN. The embedded beam model is a lot more efficient in
computation time and is regarded as the optimal model as long as the axial loads imposed on the embedded
beams are less than 900 kN. When modelled in a group, it is expected that numerical failure will not occur as
early as the single pile and show behavior similar to the volume pile.
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The performance of the single tension pile model is judged based on similarity in displacements between the
pile load test and simulation. The graph below shows the time-displacement diagram of the three pile load
tests as performed by GeoDelft (1968) and the two PLAXIS 3D tension pile models.
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FIGURE 28: TIME-DISPLACEMENT DIAGRAMS OF PULL-OUT TESTS AND PLAXIS 3D MODELS

It can be seen that especially in tensile forces below 1000 kN, the pile load tests and numerical models show
very similar behavior. This is seen as a satisfactory performance as the relevant design capacities as calculated
in Table 12 are either close or below this value. The next step is to model the tunnel element with the tension
pile foundation installed.

The embedded pile model is regarded as a suitable method for modelling tension piles in PLAXIS 3D for
computational efficiency. In further PLAXIS 3D modelling for this research, tension piles are modelled as
embedded beams. Since the critical tunnel element has a multitude of tension piles installed in its foundation,
the embedded beams will be modelled in a group. Because of this, the numerical performance is expected to
increase.
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7.4 Comparison of limit carrying capacities

The obtained geotechnical limit carrying capacities from different sources for a single tension pile are compared
in this chapter.

The pile load tests graphs in Figure 28 show that at 2000 kN of tensile force, failure is not yet achieved in the
displacement profile. In the report the geotechnical limit carrying capacity was estimated to be around 3000 kN.

The modelled tension piles in PLAXIS 3D have a different calculated capacity. It is expected that this is due to
numerical instability in the embedded beam model when modelling the pile load tests. The embedded beam
model is expected to have better numerical stability when used in groups. In this case it is assumed that the
embedded beam capacity is similar to the volume pile capacity.

From the calculation results following the model proposed in the relevant Dutch NEN 9997-1 norm it was
calculated that the geotechnical limit carrying capacity of the tension pile is equal to 1734.35 kN with safety and
3265.09 kN without safety. In the DFoundation manual it is found that these capacities are based on an upward
displacement of 10 mm. Judging from Figure 28, especially if the embedded beam behavior is assumed similar
to that of the volume pile, it can be seen that at a displacement of 10 mm, the volume pile has a force of 1650
kN. This is slightly lower than the capacity calculated by DFoundation with safety factors but still very similar.
The graphs from PLAXIS 3D are a slight overestimation of the graphs from the pile load tests, but still regarded
as satisfactory. Given that PLAXIS 3D, DFoundation and the pile load tests give similar results, the software’s
are to model the critical tunnel element of the EHT. Only the latest applicable calculation norm is taken into
consideration in this chapter.

The capacity of the steel prestressing rods of the tension piles have been calculated using the steel quality and
relevant safety factors. This resulted in 752.78 kN with safety and 828.38 kN without safety.

The results are collected in Table 13.

TABLE 12: LIMIT CARRYING CAPACITIES FOR TENSION PILES FROM DIFFERENT SOURCES

Capacity with safety applied Capacity without safety applied
[kN] [kN]
Original design value EHT 450 1350
Pile load tests 3000 3000
NEN 9997-1 1734.35 3265.09
(2005-present)
Steel strength capacity EHT 752.78 828.38
PLAXIS 3D Volume pile 2000 2000
PLAXIS 3D Embedded pile 900 900

It can be seen that the geotechnical capacities as determined by the pile load tests and the NEN 9997-1 norm are
generally way higher than the material capacity given by the steel and the design value of the EHT. It is expected
that due to limited geotechnical research in this period around 1960, a large safety factor was chosen in the
design of the EHT to account for the large uncertainty due to absence of knowledge.

The steel strength capacity is substantially lower than the capacities from the pile load tests, PLAXIS 3D and the
NEN 9997-1. However this is explainable due to the fact that the utilized amount of steel in the tension pile was
based on the design value of 450 kN at the time of the design phase of the tunnel. In this case the steel design
material strength amounts to 1.67 times the design value. The possibility of material failure before geotechnical
failure should be considered in further models.

Since the tension piles for the EHT are installed at a deeper level due to the excavation, approximately 10 meters
under surface level, the soil layers from which the geotechnical capacity is calculated is different. In the next
chapter the geotechnical capacity following the NEN 9997-1 is recalculated based on the soil layers surrounding
the tension piles installed. The tension pile foundation of the EHT is installed as a multitude of pile groups. The
factors to account pile group effects have a large influence on the geotechnical carrying capacity. Also the clod
criterium has to be checked for each pile group as earlier discussed. The critical tunnel elements on both sides of
the tunnel are modelled for the analysis in both DFoundation and PLAXIS 3D to determine their tensile capacity.
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8. Capacity of the critical elements

As previously mentioned, the tension pile foundation of the critical tunnel element of the EHT is analyzed based
on their capacity and the reaction based on the tension piles failing. To do this correctly, multiple software’s are
used; DFoundation is used as a validation of the numerical analysis, PLAXIS 3D and Python software are used
to do the numerical geotechnical analysis, automate data collection and show its results.

The geometries of the critical tunnel elements 3N & 3Z along with their tension pile foundations are defined in
PLAXIS 3D. In this model, the floor and walls of the tunnel are modelled as plates. Interface elements are added
where the plates are adjacent to the soil. The wall in the middle of the tunnel element is modelled as a line load
to reduce the amount of elements needed in the mesh. This is possible since this wall is not resisting any load.
Only the self-weight is relevant for the formulation of the model. The tension pile foundation is modelled as a
multitude of embedded beam elements, which are connected to the floor plate element. For the correct boundary
effects on either side of the tunnel element, a part of the neighboring elements are modelled as well. However,
they are not modelled with tension piles and buoyant force. Instead they are simulated as static tunnel elements
with an interface element towards the critical tunnel element to simulate the friction between the neighboring
tunnel element walls. This in order to limit computation time and focus mainly on the modelling of the critical
tunnel element. In this original formulation of the model, the friction between tunnel walls is set to zero. This
means it is assumed that the tunnel elements are kept separate from each other and can deform independently.
The buoyant force from the water is generated in the model by defining the correct water levels and impermeable
elements. The construction phases of the tunnel element are defined in the table below;

TABLE 13: STRUCTURES MODEL AND CONSTRUCTION PHASES OF TUNNEL ELEMENT AS IN PLAXIS 3D

Structure | Definition of the ,
model structural - s
elements,
interfaces &
embedded beams

Initial Soil is activated
phase in its initial state
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Phase 1

Excavation of the
building pit and
reduction of water
levels to
excavation level

Phase 2

Installation of
floor & embedded
beam elements
and activation of
their interfaces
with the soil

Phase 3

Installation of
walls elements
and activation of
the remaining
interfaces and
backfill of
excavation soil
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To validate the numerical model based on relevant construction norms, the information from Chapter 7.4 is used.
In this chapter it was seen that the capacity of a tension pile can be calculated in various ways. The most
representative method is chosen to be the NEN 9997-1 method, since it is the most relevant and actual
geotechnical norm applicable in the Netherlands for geotechnical design and has a realistic safety factor when
comparing to the pile load tests. Since the tension pile foundation is regarded as a pile group, the pile group
effects and soil clod criterium should be taken into account when calculating the geotechnical capacities of the
tension piles. Using DFoundation with the determined soil profiles, the geotechnical capacity of the tension piles
in a group are calculated. The total capacity of the tension pile foundation is found by taking the sum of the
capacities of the different pile groups. In DFoundation, the calculated capacity of the pile groups are calculated
assuming failure at an upward displacement of 10 mm. This capacity at 10 mm displacement can be used to
validate the numerical PLAXIS 3D models of the tunnel elements. This is done by checking the tensile forces in
the piles in the PLAXIS 3D model when the maximum vertical displacement exceeds 10 mm. Validation with
the NEN 9997-1 norm is seen as highly necessary in PLAXIS 3D is very prone to incorrect input which results
in incorrect output which might be interpreted the wrong way.

The relevant soil profiles for the northern and southern elements respectively as used in DFoundation and
PLAXIS 3D is shown in the tables below, which are extracted and repeated from Section 6.3.2.

TABLE 14: REPETITION GOVERNING GEOTECHNICAL CROSS SECTION NORTH

Layer Level top (c,gem Friction Cohesion Volumetric ESO Soil
layer [MPa] angle [kPa] weight [MPa] classification
[m] [l [KN/m’|

N1 NAP +0 0.71 22.5 15 17.2 - Clay, weak
silty to silty

N2 NAP - 1.5 10.15 30 2 17.7 20 Sand, silty to
silt

N3 NAP -5.75 6.54 28 2 13.1 28 Sand, silty to
silt

N4 NAP - 10 11.75 34 2 17.7 40 Sand,
moderate
dense

N5 NAP - 17.25 19.35 36 0 19.6 50 Sand, clean

N6 NAP -20.75 2.8 26 20 20.1 10 Clay, weak
silty to silty

N7 NAP - 25 5.54 36 0 19.7 60 Sand, clean

N8 NAP - 26.5 2.8 26 20 20.8 10 Clay, weak

silty to silt

TABLE 15: REPETITION GOVERNING GEOTECHNICAL CROSS SECTION SOUTH

Layer Level top (c,gem Friction Cohesion Volumetric ESO Soil
layer [MPa] angle [kPa] weight [MPa] classification
[m] [l [KN/m’|
71 NAP + 1 0.72 22.5 15 18 - Clay, weak
silty to silty
72 NAP - 3.25 10.49 32 2 20 12 Sand, weak
silty to silty
73 NAP - 4.5 0.42 30 4 13 2 Peat, organic
soil
74 NAP-7.25 1 25 10 17 12 Clay, weak
silty to silty
75 NAP-10.5 3.6 29 0 20 28 Sand, silty to
silt
76 NAP - 13.6 36 0 20.5 55 Sand, clean
14.75
77 NAP-215 3 29 25 20 10 Clay, weak
silty to silt
78 NAP-245 13.02 36 0 20.5 60 Sand, clean
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8.1 Modelling northern element 3N

The capacity of the tension piles is based on their geotechnical capacity based on pile groups following the NEN
9997-1 model using DFoundation. The input in the model is the soil profile as shown on the previous page
together with the tension pile properties and the tension pile foundation layout. DFoundation creates pile groups
based on this layout. Then for each pile group, the capacity is calculated with safety factors applied as posed in
the Dutch norm. The output of the model is shown below.

Al sonderingen, Alle groepen, Alle typen, Rt.d [kN)
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FIGURE 29: DFOUNDATION OUTPUT ELEMENT 3N WITH SAFETY FACTORS

Due to the asymmetry in the tension pile foundation layout, many pile groups are created by DFoundation
represented by the different lines. The output shows the capacity of each tension pile group in kN at their
respective depth. In the output, the depth ranges from -25 to -29 m. The total excavation of the tunnel element is
equal to 10 m. The length of the tension piles for the northern side are equal to 17 m. This results in a tension
pile tip level of 27 m which is the relevant depth in the output graph. At this depth, the single pile capacities of
different pile groups range from 650 kN to 810 kN.

The same model run as above is done, except with all safety factors reduced to 1. The output is shown below.
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Resultaten van de optie
Trekpalen (EC7-NL model)

FIGURE 30: DFOUNDATION OUTPUT ELEMENT 3N WITHOUT SAFETY FACTORS

In this model run without safety factors applied, it can be seen that the single pile capacities of different pile
groups range from 825 kN to 1010 kN. This is roughly an increase of 20% in capacity by removing the safety
factors form the calculation. By taking the sum of these calculated single pile capacities for their respective pile
groups, the total capacity of the tension pile foundation according to the Dutch norm is calculated for the
northern entrance.

The DFoundation model run with safety factors results in a total capacity of 65534.9 kN with 95 piles.
The DFoundation model run without safety factors results in a total capacity of 84560.6 kN with 95 piles.
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Using PLAXIS 3D, the capacity was found by increasing the upward pressure on the critical tunnel element until
the model shows numerical failure. However, prior to reaching numerical failure, the PLAXIS 3D model can be
validated with DFoundation by checking the force in the tension pile foundation when the maximum
displacement in the floor exceeds 10 mm. If the force is similar to the calculated capacity from DFoundation, the
PLAXIS 3D model can be regarded as validated using the most actual Dutch norm.

The numerical model of tunnel element 3N reaches a maximum vertical displacement of 10 mm of the tunnel
floor at a buoyant pressure of 153 kN/m? which is a 70% increase of the original buoyant pressure on the tunnel
floor. The original buoyant pressure is equal to 90 kN/m?.By multiplying this pressure with the floor area, the
total buoyant force on the tunnel floor is found. By subtracting the self-weight of the tunnel from this force, the
tension capacity of the tension pile foundation is found. Performing this calculation results in a force of 66644.6
kN. When comparing this to the capacity found in the DFoundation model, this value is almost identical to the
capacity from DFoundation with safety applied. The numerical model underestimates the capacity without
additional safety by 21%. The capacity from PLAXIS 3D falls within the range of the capacity determined using
DFoundation. The PLAXIS 3D model of the critical tunnel element 3N of the EHT therefore is validated with
the NEN9997-1 norm. The displacement of the floor plate element at an upward pressure of 153 kN/m? and a
maximum displacement of 10 mm is shown below. It can be seen that the displacement is at a maximum in the
middle of the floor element. The circular shape is caused by the layout of the tension pile foundation.

The deformed mesh of the soil model is shown below.

Total displacements u (scaled up 200 times)
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FIGURE 31: DISPLACEMENT OF FLOOR PLATE ELEMENT SLS 3N
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Minimum value = -0.6573*10 -3 m (Element 17053 at Node 93)

FIGURE 32: DEFORMATION OF SOIL BODY ELEMENT 37
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Numerical failure of the PLAXIS 3D model of tunnel element 3N occurred at an applied upward pressure of 241
kN/m?. This is an increase of 168% from the original buoyant pressure. This means the factor of safety for the
tunnel for numerical failure regarding the current situation is equal to 2.68. The water level could theoretically
rise to 16.8 m above the surface prior to the tunnel element failing. This of course is an unlikely scenario. This
capacity is an ultimate limit state (ULS) as the tunnel is expected to fully collapse if the upward pressure of 241
kN/m?is exceeded. The serviceability limit state (SLS) displacement for the tunnel element is assumed to be
around 10 mm as it is expected that the tunnel will not be suitable for facilitating traffic safely anymore. The
assumption is backed by the prescribed failure condition in DFoundation of 10 mm.

The maximum displacement in the tunnel floor at numerical failure is equal to 31.17 mm. The floor plate
element is shown in the figure below. The maximum displacement of the tunnel floor is localized in the middle,
where some tension piles are removed from the grid as seen in Figure 10.
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FIGURE 33: DISPLACEMENT OF FLOOR PLATE ELEMENT ULS 3N

The deformed mesh of the soil model is shown below.
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FIGURE 34: DEFORMATION OF SOIL BODY ULS 3N

An identical analysis is done for the southern element 3Z in the next section of this chapter.
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8.2 Modelling southern element 3Z

Similarly to the calculation of tension pile foundation capacity according to DFoundation for the northern
entrance in the previous section, the capacity of the southern entrance is determined.

The output of the DFoundation model with safety factors applied for the southern entrance is shown below.
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FIGURE 35: DFOUNDATION OUTPUT ELEMENT 3Z WITH SAFETY FACTORS

Similarly to the northern entrance, due to the asymmetry in the tension pile foundation layout, many pile groups
are created by DFoundation represented by the different lines. The depth ranges from -29 to -33 m. The total
excavation of the tunnel element is equal to 10 m. The length of the tension piles for the southern side are equal
to 21 m. This results in a tension pile tip level of 31 m which is the relevant depth in the output graph. At this
depth, the single pile capacities of different pile groups range from 830 kN to 1125 kN.

The resulting capacities are higher than those of the northern entrance. This is both due to the increase in length
of 4 m of the tension piles compared to 3N and the presence of stronger & stiffer soil layers such as Z7.

The output of the DFoundation model for the southern entrance without safety applied is shown below.
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FIGURE 36: DFOUNDATION OUTPUT ELEMENT 3Z WITHOUT SAFETY FACTORS

In this model run without safety factors applied, it is seen that the single pile capacities of different pile groups
range from 1050 kN to 1490 kN. This is roughly an increase of 20% in capacity by removing the safety factors
form the calculation. By taking the sum of these calculated single pile capacities for their respective pile groups,
the total capacity of the tension pile foundation according to the Dutch norm is calculated for the southern
entrance.

The model run with safety factors results in a total tension capacity of 62302.9 kN with 67 piles.

The model run without safety factors results in a total tension capacity of 80492.6 kN with 67 piles.
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Similarly to the analysis of tunnel element 3N in the previous section, the PLAXIS 3D model is validated using
DFoundation.

The numerical model of tunnel element 3Z reaches a maximum upward displacement of 10 mm of the tunnel
floor at a buoyant pressure of 162 kN/m? which is an 80% increase of the original buoyant pressure on the
tunnel. Assuming failure at this maximum displacement similar to DFoundation, the tension pile foundation
capacity of element 3Z is equal to 72152.6 kN.

The numerical model underestimates the capacity determined using DFoundation without additional safety by
10%. The capacity according to PLAXIS 3D falls within the range of the capacity determined using
DFoundation. The PLAXIS 3D model of the critical tunnel element 3Z of the EHT therefore is validated with the
NEN9997-1 norm. The displacement of the floor plate element at an upward pressure of 162 kN/m? and a
maximum displacement of 10 mm is shown below. It can be seen that the displacement is maximum in the center
of the plate, the elliptic shape of the displacement profile is caused by the layout of the tension pile foundation.
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FIGURE 37: DISPLACEMENT OF FLOOR PLATE ELEMENT SLS 3Z

The deformed mesh of the soil model is shown below.
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Numerical failure of the PLAXIS 3D model of tunnel element 3Z occurred at an applied upward pressure of 189
kN/m?. This is an increase of 110% from the original buoyant pressure. This means the factor of safety for the
tunnel for numerical failure regarding the current situation is equal to 3.1. The water level could theoretically rise
to 21 m above the surface prior to the tunnel element failing. This of course is an unlikely scenario. This capacity
is an ultimate limit state (ULS) as the tunnel is expected to fully collapse if the upward pressure of 189 kN/m?is
exceeded. The serviceability limit state (SLS) displacement for the tunnel element is assumed to be around 10
mm as it is expected that the tunnel will not be suitable for facilitating traffic safely anymore. The assumption is
backed by the prescribed failure condition in DFoundation of 10 mm.

The maximum displacement in the tunnel floor at numerical failure is equal to 19.37 mm. The floor plate
element is shown in the figure below. The maximum displacement distribution has an inhomogeneous shape, this
is explainable due to the inconsistency in tension pile layout. On the right side of the tension pile foundation of
element 3Z there are 4 tension piles removed from the grid as can be seen on Figure 11. This is where the
maximum displacement is localized.
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FIGURE 39: DISPLACEMENT OF FLOOR PLATE ELEMENT ULS 3Z

The deformed mesh of the soil model is shown below.
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8.3 Comparison of results

If tension piles would lose function due to corrosion failure, this capacity could decrease drastically. In the next
chapter the influence of corrosion failure is researched in more detail.

The results of the capacity analysis of element 3N & 3Z are collected in Table 17.

TABLE 16: COMPARISON OF ELEMENT 3N & 37Z

DFoundation DFoundation Plaxis3D SLS Plaxis3D ULS
safety included safety excluded
Capacity Displacement Capacity Displacement Capacity Displacement Capacity Displacement
[kN] [mm] [kN] [mm] [kN] [mm] [kN] [mm]
Element 65534.9 10 84560.6 10 66644.6 10 120500.6  31.2
3N
Element 62302.9 10 80492.6 10 72152.6 10 88676.6 19.4
3Z

From the results is found that tunnel entrance elements 3N & 3Z have similar capacities. The outcomes of both
Plaxis3D models are verified with their respective DFoundation results by checking the capacity at a maximum
displacement of 10 mm. Both numerical models resulted in a slight overestimation of the DFoundation with
applied safety factors. The results of determined ultimate capacity upon failure using Plaxis3D were slightly
different. The ultimate capacity of element 3N is 36% higher than that of element 3Z. However, it is expected
that at these rather large loads the numerical stability decreases which causes the model to fail. Since the
capacity at SLS is roughly the same of the elements, it is more likely that their behavior is similar.

In this chapter the capacity of the element was found by increasing the buoyant pressure. However in order to
model the failure mechanism of uplift due to stress corrosion, the buoyant pressure stays the same and the
tension piles are failing subsequently due to corrosion. The capacity of buoyant pressure was mostly used to
validate the numerical model. Now that the validation of the numerical models is done, they are are used to
model the failure mechanism of uplift due to stress corrosion. This is included in the next chapter.
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9. Analysis of corrosion failure

As earlier described, the cause of the tension pile failure in the case of the Prinses Margriet tunnel is found to be
stress corrosion. In Chapter 2.2, the combination of circumstances that enable types of corrosion are determined
through literature.

9.1 Stress corrosion

In the PLAXIS 3D modelling of this research, the failure of a tension pile due to stress corrosion is modelled
through the deactivation of that pile, losing full capacity. In research it was found that the presence of stress
corrosion was distributed randomly among the tension piles, no pattern of tension pile failure could be identified.
Because of this, a Monte Carlo analysis is done on the tension piles failing in randomly generated patterns. The
expected outcome is an envelope of the heave of the tunnel element as more tension piles fail. This chapter will
analyze the possibility of stress corrosion occurring for the EHT. The circumstances for stress corrosion to occur
are as follows. For each circumstance the situation of the EHT is analyzed.

Utilized material should be susceptible to corrosion

The utilized steel quality in the steel rods is QP 105 steel. The relatively high steel quality is mostly applied for
prestressing purposes. The quality is a carbon class type C steel quality which has poor resistance to corrosion
compared to lesser strength steel qualities (Ideal-tek, 2012). The steel rods used for the Prinses Margriet tunnel
are the same as those of the EHT. It is therefore expected that the steel rods used in the tension piles of the EHT
are susceptible to stress corrosion.

The environment of the subsoil should be able to enable corrosion

Stress corrosion occurs in both acidic and alkaline environments. These environments are constituted by the
presence of acidic or alkaline substances dissolved in the subsoil. The presence of chlorides specifically in the
subsoil might cause salt intrusion to occur, which also enables stress corrosion. Such an environment with
substances is likely to appear in the subsoil due to the groundwater and soil compositions. This assumption is
based on the stress corrosion happening in a relatively similar subsoil composition of the Prinses Margriet
tunnel. The composition of the subsoil and groundwater around the EHT are not measured. This research would
be an opportunity to analyze whether the environment around the tension piles is able to induce stress corrosion.

The tension piles of the EHT were coated in asphalt as a measure for corrosion protection. This is different from
the protection used for the Prinses Margriet tunnel, where grease was applied. It is expected that in time the
coatings protective capacity reduces and since the tunnel exists for almost 55 years, it can be expected that the
quality of the coatings have reduced greatly over this time period. Also during installation, the steel rods might
have gotten imperfect coverage of the coating on the steel, resulting in reduced protection. As time goes on, it
can be expected that the steel becomes more vulnerable to corrosion due to the coating wearing off even more. If
this happens, the corrosive agents present in the soil will be able to reach the steel more easily and increase the
risk of stress corrosion cracking and propagation.

Amount and variation of tensile stress in the material

The steel rods are both prestressed and loaded in tension. This results in a high amount of tensile stress in the
material. As the stress increases, the susceptibility to stress corrosion increases too due to an increased crack
propagation velocity. The models to calculate the critical tunnel elements show that the forces in the tension
piles in some cases go up to the applied steel ultimate tensile strength. This proves that due to the buoyant force,
there is a high tensile stress imposed on the tension piles which enables the risk of the cause and propagation of
stress corrosion cracking in the steel. In literature it was found that for stress corrosion to occur in steel rods, a
minimum strain level of 0.4% is required. This strain level is reached at a force of 675.57 kN taking into account
the steel quality of the steel rods of the EHT. The capacity calculations of the numerical models done in the
previous chapter show that this force is present in the tension piles in the static situation. Hence it is found that
the amount of tensile stress in the steel rods is sufficient to induce stress corrosion.
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9.2 Corrosion fatigue

There are stress variations present due to cyclic loading on the tunnel element and its tension piles. Earlier in the
report, it was determined that the main constituents of cyclic loading on the tunnel element are; traffic loading,
tidal loading and temperature loading due to thermal expansion. The magnitude of the cyclic loading compared
to the static loading on the tunnel element is analyzed. This in order to evaluate whether the cyclic loading is
able to cause a large stress variation in the steel. If this would be the case, the risk of both corrosion fatigue and
stress corrosion increases. Corrosion fatigue embrittles the material, increasing the risk of material cracks. The
stress variations support the propagation of cracks in the material.

The first cyclic load to be analyzed is the traffic load. To make an approximation of the amplitude of the traffic
load, Eurocode 1, EN 1991-2 is used. This norm contains the design road traffic loads for bridges. A range of 5
to 9 kN/m? for very heavy traffic load is proposed in the norm. This cyclic pressure is pointed downwards due to
the weight of the traffic and thus increases compressive forces on the tension piles. It is expected that the
maximum amplitude of this traffic load is reached during rush hours, two times a day. The assumption is made
that the traffic loads are equally distributed among the tension piles assuming that the road deck and tunnel floor
have sufficient load redistribution capacity. In case there is a fully stopped traffic jam the present in the tunnel
element, the traffic load is assumed to be maximum and also evenly distributed because of the similar geometries
of the vehicles. The area of the road deck, the amount of tension piles and the area of the concrete body and steel
rod of the tension pile are used to convert the cyclic traffic load into a stress increase in the steel rods. The
maximum traffic load causes a fully negative stress variation of 0.18 N/mm? in the concrete and a stress variation
in the steel material of negative 35.34 N/mm?. For these values the design traffic load of 5 kN/m?is used. This
load is roughly equal to the legally allowable maximum truck load of 50 tons in the Netherlands (Rijksoverheid,
2024) on every lane in the tunnel element and thus is regarded as the most representative. The frequency of this
traffic load is assumed to be twice a day during rush hours. The cyclic traffic load can be described using the
following formula:

w
Gvarsrapfic = 17.67 cos (730t — Z) —17.67

This is a periodic function where a t represents time and ranges from [0, 2] where 2 7 represents one year.

The second cyclic load is the tidal load. In Chapter 6.3, Figure 16 the tidal movements in the water level are
included in the graph of deep water layers. In the winter & spring, the tidal movements are the strongest. For
both the northern and southern part of the EHT the maximum amplitude of the tidal movement is approximately
equal to 0.3 meters from the mean water level. This results in a maximum tidal load of 3 kN/m? on the tunnel
floor. This tidal water level is both positive and negative, so the tidal load is both tensile and compressive. The
assumption is made that the tidal loads are also equally distributed among the tension piles. The maximum tidal
load causes a stress variation of 24.03 N/mm? in the steel material. When looking closely at the frequency in the
graph on Figure 16, it is found that there are two governing frequencies which make up the tidal movement in
the waterway covering the EHT. The shorter tidal frequency is found to be 12 hours with an amplitude of 0.1 m.
This amplitude results in a stress variation of 8.01 N/mm?. The longer frequency is found to be 2 weeks with an
amplitude of 0.3 m. The short and long cyclic tidal loads can be described using the following formulas:

. 3
Oyar tidal_short = 8.01sin (730t - ?)

. T
Opar tidal_long = 24.03 sin (26t - Z)

This is a periodic function where a t represents time and ranges from [0, 27t] where 2 1 represents one year.
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The third cyclic load is the temperature load. This load is caused due to the resistance against thermal
expansion/contraction of the material upon the increase or decrease of the temperature respectively. The thermal
expansion in the tension piles itself is assumed to be negligible due to the small temperature differences
underneath the structure. The main constituent of the temperature load is the temperature difference on the tunnel
floor causing bending. The load from the resistance against thermal expansion is transferred from the floor to the
tension piles It is assumed that the main cycle of temperatures is the seasonal temperature difference. To identify
the effect of temperature on the tension pile foundation, INSAR-satellite data is used on the EHT to identify
possible movements due to seasonal effects. This data is made available for this research. The INSAR-data is
collected from 2017 until the start of 2024. To make a just comparison, the temperature data of a station nearby
the EHT is collected for the same time span. This data is gathered from the KNMI. The results are shown in
Figure 41.
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FIGURE 41: INSAR DATA OF TUNNEL ELEMENT PLOTTED WITH WEEKLY TEMPERATURE DATA (KNMI,
2025)

From the graph seasonal effect is identified. There is a strong correlation between the temperature and the
vertical movement of the EHT. Therefore it is expected that thermal expansion is a relevant cyclic load. The
maximum upward vertical movement each cycle is around 2.5 mm, the maximum downward vertical movement
each cycle is around 1 mm. By converting this vertical movement to an elongation or contraction of the tension
piles, the resulting temperature load can be calculated. It is not yet sure whether the vertical movement of the
tunnel floor as measured by INSAR translates into an elongation of 2.5 mm of the tension piles. It must be
accounted for that the elongation is probably lower, since the tunnel element is expected to show more bending
in locations where there are no piles present. An extreme guess is to attribute the 2.5 mm upward movement to
thermal expansion which results in elongation of the tension piles and likewise the downward movement of 1
mm results in contraction of the tension piles. Assuming a linear elastic model for the tension pile, an elongation
of 2.5 mm of the steel rods would result in a stress increase of 30.88 N/mm? in the steel. A contraction of 1 mm
results in a compressive stress of 12.35 N/mm?. The frequency for the temperature load is determined from the
seasonal effect in 1 year. The short and long cyclic tidal loads can be described using the following formulas:

Vs
Grar temperature = 21.615 sin (t = Z) +9.265

This is a periodic function where a t represents time and ranges from [0, 2r] where 2 7 represents one year.
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Since the periods of the functions all represent one year, the 4 different periodic functions which describe a
cyclic load on the tunnel element can be combined through superposition. By doing this, the profile for stress

variations is obtained for the tunnel element. This functions are combined and simplified as much as possible.
This results in the following formula:

. T ~ (730t — 3w .
Oar-compinea = 21.615 sin (t - Z) +8.01sin (T) +24.03sin(6.5(t — m))

+17.67 cos(182.5(t — m)) — 8.405
This is a periodic function where a t represents time and ranges from [0, 2r] where 2 7 represents one year.

The following figures show plots of the separate & combined cyclic loads for different timespans. The start
period for each of the cyclic loads is the first of January 2024. Firstly the four cyclic loads are separately shown
in different plots. Secondly the functions are combined into the combined cyclic load. The first plot spans 1
week, the second plot spans 2 years. This is to get an idea of the influences of the separate cyclic loads on the
combined cyclic loads, their return period and amplitude. More timespans are analyzed and included in
Appendix A3. The timespans analyzed are; 1 week, 2 months, 1 year, 10 years
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FIGURE 43: COMBINED PROFILE OF CYCLIC LOADS ON TUNNEL ELEMENT 1 WEEK
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In this relatively short period of one week, it can be seen that the traffic and short-tidal load are contributing to
the cyclic nature of the combined function. The long-tidal function is able to go through half its own period,
which is one week. The temperature function is hardly contributing to the combined function because of the
short period. Also the temperature load is seen to be negative. This is due to the start point of the period being
the first of January 2024, where it is still winter which means low temperature.

Cyclic loads for a period of 2 years
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FIGURE 44: VARIOUS CYCLIC LOADS ON TUNNEL ELEMENT 1 YEAR
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FIGURE 45: COMBINED CYCLIC LOADS ON TUNNEL ELEMENT 1 YEAR

In this longer period it can be seen that the traffic and short-tidal loads cycle so much that the phases become
unrecognizable in the graph. However now the periods of temperature and long-tidal loads can be seen clearly.
The maximum stress variation achieved in this time-series of two years is +53.08 N/mm? tensile and —69.88
N/mm? compressive stress respectively. The maximum tensile stress variation is seen in the summer, when the
temperatures are high. The high temperature in combination with the tidal loads reaching their maximum tensile
variation stress cause positive interference which results in the maximum possible tensile force from the cyclic
loads. The maximum compressive stress variation is reached in winter, when temperature is low, in combination
with both tides being at their minimum and the traffic load at its maximum, which is always a negative value.
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The capacity of the steel in the tension pile amounts to 752.78 kN with safety and 828.38 kN without safety. The
stress variations amount to 5.3% and 4.9% respectively of the tensile strength and 7.5% and 6.8% respectively of
the compressive strength. This is quite a substantial proportion of the strength originating from the cyclic loads.
Dynamic loads are able to behave unpredictably because of the positive interference of different waveforms.
Therefore it is important to quantify them for a structure.

The possibility of corrosion fatigue due to these cyclic loads was discussed with a senior tunnel advisor at
Rijkswaterstaat, G.M. Wolsink (2024). Here it became clear that due to the prestressing of the tension piles the
phenomenon of stress corrosion being accelerated by the variation of tensile stress in the steel can be ruled out.
The proof is suggested by G.M. Wolsink (2024). There were no specific calculations done already regarding the
contribution of fatigue effects due to stress variations on the failure of the tension piles. It was evident from the
start that fatigue did not play a significant role in the failure of the steel rods installed in the tension pile with the
prestress included. The phenomenon can be explained numerically as follows.

According to the specifications of the EHT, the prestressing force applied was equal to 65% of the ultimate
tensile strength of the steel rods. For the 32 mm diameter rods applied, this resulted in an initial compressive
strength in the surrounding concrete of 3.9 N/mm?, using a concrete pile diameter of 450 mm. By taking
relaxation of the prestressing force into account, it is expected that the stresses would eventually reduce to 3.3
N/mm?, which is approximately 85% of the original stress. This assumption is backed by the tension pile design
employed for the EHT. The piles have 55 tons of prestress and are designed to have a capacity of 45 tons, the
capacity consists of roughly 82% of the prestress.

In the case that the compressive stresses in the concrete due to the prestressing dissipate, for example due to a
large increase of water loads equal to the design capacity of the tension pile, the previously calculated stress of
3.3 N/mm? in the concrete would reduce to 0. Since the length of the pile in the EHT is equal to 17 m, and with
the assumed elasticity modulus of uncracked concrete of 30 GPa, this stress reduction would result in an
elongation of 1.87 mm. The following formula is used to calculate this.

L_AJ*L
E

Using the elongation of the concrete, using the same formula but for the steel rod, the stress variation in the steel
can be calculated due to the large increase of the water load. An elasticity modulus of 210 GPa is used for steel.
This results in a stress increase of 23.1 N/mm?in the steel. This increase is approximately equal to 2.2% of the
ultimate tensile strength of the steel rods. This is a very slight increase of the total stress and thus it is not
expected that possible stress variations are significant enough to cause corrosion fatigue in the tension piles of
the EHT. Furthermore, the increase of water load required to cause the compressive stress in the concrete to
dissipate, is an increase of 82% of the water level. This is a very unlikely scenario as overflow would happen in
the tunnel much earlier. The combined cyclic loads on the tunnel element consist out of 6.4% to 9.3% of the
ultimate steel strength. In order to make the compressive stresses in the concrete dissipate, at least 82% would be
needed and thus it is not likely that the stress variations would end up in the steel rod possibly causing corrosion
fatigue.

In the European Technical Assessment committee (ETA), information is available on the steel rods as applied for
the EHT. In the Table below it is shown that the steel would be able to resist 2*10° load cycles of 200 N/mm?.
This value is way larger than the calculated maximum stress variation of 53.08 N/mm?. Also 2*10° load cycles
would take the short-wave tidal load, which is the highest frequency cyclic load EHT, 2739.72 years to
complete. Therefore it is expected that the steel rods of the tension piles will not show fatigue upon dynamic
loading to this maximum of 200 N/mm?.

TABLE 17: INFORMATION ON FATIGUE RESISTANCE= STEEL

Additional characteristics

Total elongation at maximum force 2,

o 1)
calculated as A, + % 100 Agt % 5 5

Plain bar 200 N/mm? - S,
Force range F,
at upper load Fu, = 0.70 - Fm s and T b 18-40 WR 180 N/mm? - S,
N =2 - 10% load cycl hreadbar
oad cyeles 47 WR 120 Nimm? - S,

Losses from an initial force of

Isothermal stress relaxation 0.70 - F,, , after 1000 h < 3 %

' Quantile for a statistical probability of W = 1 - & = 0.95 (one sided)
2 E = 205000 N/mm? and A, as plastic extension at maximum force
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9.3 Modelling failure mechanism

The research done so far on the EHT and stress corrosion shows that the tension pile foundation for the EHT
cross all checks required for stress corrosion inducing and development. There is high quality steel (QP105)
present in the tension piles with substantial tensile stresses, both from prestressing and tensile loading from the
tunnel. The influence of stress variation can be ruled out in this case. The most uncertain factor is whether the
environment around the tension piles are able to induce and promote stress corrosion. Further research is
recommended on this certain part in order to get a better view on the composition of the different soil layers.
Here it should be researched whether chlorides are present in the soil around the tension piles, as well as
corrosive agents, either very alkaline or very acidic. Also the quality of coating around the steel rods should be
researched. In the case of an imperfect coating, the steel is much more susceptible to a hostile corrosive
environment and this increases the probability of stress corrosion occurring in the steel.

The remainder of this report will mostly focus on the consequences of the stress corrosion failure happening in
the steel rods of the critical tunnel elements of the EHT. Since stress corrosion is found to be a relevant failure
mechanism for the tension piles of the EHT, the numerical PLAXIS 3D model of the critical tunnel elements 3N
& 3Z are used to simulate the consequences of the tension piles failing due to stress corrosion. The tension piles
are modelled as embedded beams. The influence of stress corrosion failure is included in the model by
‘deactivating’ a pile in the calculation to model the brittle failure of the steel rod due to stress corrosion.

To scale up the calculations, a Python script is written to automate the PLAXIS 3D models. The Python script
runs from an editor which is able to communicate with PLAXIS 3D through the remote scripting server made
available by their services. The use of this Python script makes it possible to perform a Monte Carlo analysis of
the failure of the tunnel element through the progressive failure of the tension piles.

The algorithm that has been constructed to simulate the consequences of stress corrosion happening gradually for
the tunnel element is shown on the next page. The tunnel element models as shown in Section 8.1 for element
3N and Section 8.2 for 3Z are used for this algorithm.

The exact algorithm used to simulate the failure mechanism decomposed in steps is shown Table 18 below.

TABLE 18: ALGORITHM FOR SIMULATING PILES FAILING DUE TO STRESS CORROSION IN NUMERICAL
MODEL

Input Number of failed tension piles to be modelled (n_failed piles)
Number of iterations of Monte Carlo analysis (n_iter)

Step 1 Start of Monte Carlo iteration; generate an array of random numbers to signify order of
tension piles failing

Step 2 Create a new construction phase based on the previously calculated phase, and deactivate an
embedded beam in the new phase until n_failed piles is reached

Step 3 Let PLAXIS 3D calculate the defined phases

Step 4 Move to PLAXIS 3D Output and extract the parameters desired (maximum displacement,
maximum force)

Step 5 Gather the desired parameters per phase and convert it to a Python array

Step 6 Show plots of the progression of desired parameter as more tension piles keep failing and
save the array to a database; End of Monte Carlo iteration

Step 7 Repeat from Step 1 until n_iter is reached

Output Array of desired parameters per phase for every Monte Carlo iteration

Number of failed piles at numerical model failure

Since the occurrence of stress corrosion in the tension piles is not yet determined to be location dependent, the
embedded beam being deactivated in the new stage in the model is chosen to be random. This means every
Monte Carlo iteration holds a different pattern of tension piles failing, which also means a different pattern in
displacement and forces. Performing sufficient iterations will give an outline of the structure reactions through
spreads in for example difference in displacement or maximum pile forces between the iterations. A small spread
means the location and order of tension piles failing have little effect on the outcome. A large spread means the
that the total failure is dependent on which failure pattern of the tension piles will occur. This would be a less
beneficial outcome as this would make the possible failure mechanism more unpredictable.
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The output of the algorithm can be used to determine at how many piles the tunnel is expected to fail, what the
displacements/forces are at this failure, and what the progression is throughout the process of tension piles
failing consequently. One such Monte Carlo iteration takes a total of around 2 hours, so the model is quite time
consuming, especially with increasing amount of iterations.

9.3.1 Sensitivity analysis

In order to get an idea of the response of the model upon variation in parameters, a sensitivity analysis is
performed. To do this, the most impactful parameters are defined; the elasticity modulus of the tunnel floor, the
elasticity modulus of the tension piles, the soil strength & stiffness parameters, the impact of increasing the
interface strength of the interfaces between the neighboring tunnel elements.

The first iteration of the algorithm described on the previous page is used to do a sensitivity analysis of the
PLAXIS 3D model of tunnel element 3N. A broad range is taken for parameter variation, to get a concise outline
of the influence of the most impactful parameters.

Concrete floor stiffness

The stiffness of the concrete tunnel floor in the original formulation of the model is equal to 30 GPa. In this
analysis, the value is increased and decreased twofold. To get an outline of the extremes a minimal value,
representing limp concrete, is assumed to be 10 GPa and a maximum value, representing a completely rigid
floor, is chosen at 30 TPa. The results are shown below.
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FIGURE 46: SENSITIVITY ANALYSIS OF TUNNEL FLOOR STIFFNESS

The largest influence of the floor stiffness variation is seen in the displacement of the floor. A lower floor
stiffness results in a higher maximum displacement and the reverse is true for higher stiffnesses. For the realistic
concrete value range from 15 GPa to 60 GPa, which resembles cracked concrete to high density concrete, the
floor displacement ranged from a maximum deviation of 3.75 mm for 15 GPa and -3 mm for 60 GPa comparing
to the original model formulation.

Also the displacement of the east and west wall is showing more consistent progression of displacement as the
floor stiffness increases. As the stiffness increases, the floor is less able to deform locally. Because of this the
displacement of the floor happens more uniformly, resulting in more consistent wall displacement.

It is also seen that upon increasing the stiffness, the numerical stability of the model increases. At the minimum
stiffness value numerical failure occurred at 53% of piles failed and at the maximum stiffness value it occurred
at 69% of piles failed.
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Tension pile stiffness

Similar to the concrete floor stiffness, the tension pile stiffnesses are varied. The value of pile stiffness in the
original formulation of the model is equal to 30 GPa. The range of stiffness values is similar to those of the
concrete floor stiffness. The results are shown below.
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FIGURE 47: SENSITIVITY ANALYSIS OF TENSION PILE STIFFNESS

The stiffness of the tension piles have a notable influence on the model outcomes. As the piles become more
stiff, they deform less under the same force.

For the realistic concrete value range from 15 GPa to 60 GPa, which resembles cracked concrete to high density
concrete, the floor displacement ranged from a maximum deviation of 1.5 mm for 15 GPa and -0.5 mm for 60
GPa comparing to the original model formulation.

A lower stiffness results in a decrease of the acting force in the tension pile foundation. This is due to the larger
displacements taking up the force.

The numerical stability was not influenced as much as with varying the tunnel floor stiffness. However for piles
with an extremely high stiffness value of 30 TPa, the model failure occurred at 76% of piles failed, compared to
the failure at 62% piles failed for the other stiffness ranges.

Soil strength and stiffness

The influence of the soil strength and stiffness parameters are varied to assess their influence on the model
outcomes. This is done by both increasing and decreasing the hardening soil parameters by 25% and 50% of the
layers in which the tension piles are present. The stiffness parameters to be varied are Eso, Eoed and E,r. For
cohesive soils, the strength parameters are both cohesion (c) and friction angle (¢). For sandy soils, the only
strength parameter varied is the friction angle (@).

This section continues on the next page.
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The results of soil parameter variation are shown below. The value R represents the increase/decrease of soil
parameters with its respective value.
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FIGURE 48: SENSITIVITY ANALYSIS OF SOIL PARAMETERS

It is seen that especially the decrease of soil parameters results in larger displacements. As the parameters are
increased, the displacements decrease, the magnitude however is smaller than the displacement increase upon
soil parameter decrease. For the realistic range of uncertainty of 75% to 125% of strength and stiffness
parameters, the displacement reaches a maximum deviation of +4 mm and -0.5 mm respectively. If the soil
would be less stiff than assumed, the displacements could turn out larger than simulated in the numerical model.

Influence of wall friction neighboring elements

To analyze whether the friction between the neighboring tunnel elements have an influence on the model
outcomes, the Riner value of the rubber interfaces between the tunnel elements is increased. In the original
formulation the tunnel elements were assumed to be uncoupled which is modelled as Riner = 0. The range of Ringer
values was chosen to be 25%, 50%, 75% and 100%. The results are shown below.
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FIGURE 49: SENSITIVITY ANALYSIS OF WALL FRICTION NUMBER

The friction between the neighboring tunnel elements seem to have a very minimal influence on the model
outcomes. It can be seen that as the wall friction increases, the displacement of the floor and walls decreases
slightly. However, this is approximately 0.2 mm deviation which is relatively small to the displacement values.
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9.3.2 Tunnel element 3N

Performing a total of 50 iterations of the Monte Carlo analysis described for tunnel element 3N, the progression
of the maximum displacement of the elements’ floor and walls and the mobilized capacity of the tension pile
foundation are shown in the graphs in Figure 50. The mobilized capacity is the force found by taking the sum of
tensile forces in the tension piles. In these graphs, the x-axis shows the percentage of tension piles deactivated in
the model, which are assumed as failed due to the occurrence of stress corrosion in the steel rods.
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FIGURE 50: 50 MONTE CARLO ITERATIONS OF PILES FAILING SEQUENTIALLY IN ELEMENT 3N

From the graphs it is seen that the displacement profile of the walls and the floor are quite different. The
displacements of the tunnel floor generally show higher upward displacement than the tunnel walls. Because of
this, the tunnel floor is regarded as the critical element and is analyzed in more detail in order to determine
warning levels of this failure mechanism.

The maximum and minimum displacement reached at model failure is equal to 26 mm and 7 mm respectively.
This is quite a broad range. The high variance is explained by the influence of the sequence in which the tension
piles break. For example, if piles in close proximity would fail sequentially in the model, this would result in
larger displacement. It is assumed that upon further tension piles failing after the model failure has happened, the
displacements will increase very rapidly since there is no tensile capacity left to withstand the buoyant pressure.

The mobilized capacity of the tension pile foundation did not very a lot between the different iterations. This
shows that the tension pile foundation is able to redistribute the buoyant force if tension piles would fail.

The iterations where the tension pile row installed underneath the walls have failed can be identified from their
respective displacement graphs. Upon failure of the whole tension pile row, the displacement value jumps up.

Based on the upward displacement of the tunnel floor and the percentage of piles failed from the different Monte
Carlo iterations, a signal level and intervention level is determined. The purpose of these levels is to assist with
monitoring purposes of the uplift failure mechanism due to corrosion in the EHT.
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The histogram of the amount of failed piles at model failure is shown in Figure 52.
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FIGURE 51: HISTOGRAM OF MODEL FAILURE OCCURRING AT % OF PILES FAILED 3N

The values range from failure at 57% of piles failed to a maximum of 78% of piles failed. This range is quite
broad. This shows that the sequence in which the tension piles fail has a large influence on the stability and
outcome of the numerical model.

When looking at the shape of the histogram, a left-skewed Gumbel distribution is expected. The statistical
function is as follows.

X iy

1 @&y
fComp) =Ee( Plee 7

In this formula x represents the percentage of piles failed, u represents the mean of the iterations and f the scale,

which controls the spread of the left-skewed Gumbel distribution. The PDF-plot fitted to the histogram is shown
in Figure 53.
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FIGURE 52: FITTED LEFT-SKEWED GUMBEL DISTRIBUTION TO HISTOGRAM 3N
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The fitted distribution in Figure 53 is regarded as satisfactory, as the PDF describes the tops of the bins of the
histogram well. This PDF is found with £ = 71 and 8 = 3.54. As more iterations would be carried out, the
histogram shape would average out more and the goodness of fit would increase.

The 2.5" percentile is calculated to determine the 95% confidence interval for the amount of piles failed at model
failure. The percentile value is a conservative estimate for the model failure happening at a certain percentage of
piles failed. The 2.5" percentile is equal to 60% piles failed. The intervention level should be at least below the
2.5" percentile value of the fitted statistical distribution for model failure. Below this level, the risk of uplift
failure happening is relatively small. It is important to have a small buffer, in order to put intervention measures
in place as the amount of failed piles progresses. Based on the statistical distribution and analyzing the
progression of the Monte Carlo analysis graph bundle visually, the intervention level is chosen at 55% of piles
failed. After this level, the progression in displacements start to increase rapidly before reaching model failure.
The maximum floor displacement at 55% of piles failed has a mean equal to 7.5 mm determined from the Monte
Carlo iterations.

Similar to the intervention level, the signal level is determined. This value is based on a much smaller percentile
than the one used for the determination of the intervention level. The 99.99999% confidence interval or the
0.000005" percentile of the fitted distribution is equal to 34% of piles failed.

When analyzing the displacement progression of the graph bundle as piles fail visually, it is seen that the
different iterations behave similarly until a displacement of 4 mm at 35% of piles failed. This would amount to
33 piles failed of the total of 95. In the graph this zone is regarded as the safe zone, and is colored in green. In
this phase piles of the tension pile foundation have failed but have not resulted in a major displacement in the
tunnel floor.

Beyond 4 mm displacement at 35% of piles failed the iterations start to behave more chaotic. Due to more
tension piles failing the buoyant force cannot be redistributed as well resulting in increasing displacements. This
phase is regarded as the signal zone, and is colored in orange. If this phase would be reached the tunnel element
would have to be monitored closely and mitigation measures could be put in place in order to prevent the failure
mechanism to progress to the next phase.

Based on the statistical distribution and the visual analysis of the displacement profile the signal value is chosen
to be 35% of piles failed. The displacement and this amount of tension piles failed is equal to 4 mm.

Based on the upward displacement of the tunnel floor and the percentage of piles failed from the different Monte
Carlo iterations in combination with confidence intervals of the assumed statistical function, a signal level and
intervention level is determined. The purpose of these warning levels is to assist with monitoring purposes of the
uplift failure mechanism due to corrosion in the EHT.
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The graph shows the tunnel floor displacements, as well as different color-coded zones which indicate the
current level of failure risk of the failure mechanism occurring in the tunnel.
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FIGURE 53: WARNING ZONES OF UPLIFT FAILURE DUE TO STRESS CORROSION ELEMENT 3N

The progression of the displacement profile is divided in three different zones. The first green ‘safe’ zone
signifies that the failure mechanism is progressing, but displacements develop uniformly and slowly among the
iterations as more piles fail. After passing the intervention level the orange ‘increased risk’ zone is reached. In
this zone the displacements progress more chaotically among the iterations and increase more rapidly. Upon
exceeding the intervention level, the ‘failure’ zone is reached, where displacements increase uncontrollably.
Actually reaching the ‘failure’ zone of the tunnel should be avoided at all costs to prevent damages and
obstruction of the facilitation of traffic.
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9.3.3 Tunnel element 3Z
The analysis done for element 3Z is similar to the analysis of element 3N in the previous Section 9.3.2.
Therefore some parts of the explanation are only mentioned in that section.

A total of 50 iterations of the Monte Carlo analysis for tunnel element 3Z are performed. The results are
collected in the graph in Figure 54. In these graphs, the x-axis shows the percentage of tension piles deactivated
in the model, which are assumed as failed due to the occurrence of stress corrosion in the steel rods.
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FIGURE 54: 50 MONTE CARLO ITERATIONS OF PILES FAILING SEQUENTIALLY IN ELEMENT 3Z

From the graphs it is seen that the displacement profile of the walls and the floor are quite different. The
displacements of the tunnel floor generally show higher upward displacement than the tunnel walls. Because of
this, the tunnel floor is regarded as the critical element and is analyzed in more detail in order to determine
warning levels of this failure mechanism.

The maximum and minimum displacement reached in the tunnel floor at model failure is equal to 60 mm and 15
mm respectively. This is quite a broad range. The high variance is explained by the influence of the sequence in
which the tension piles break. For example, if piles in close proximity would fail sequentially in the model, this
would result in larger displacement. It is assumed that upon further tension piles failing after the model failure
has happened, the displacements will increase very rapidly since there is no tensile capacity left to withstand the
buoyant pressure.

The mobilized capacity of the tension pile foundation did not very a lot between the different iterations. This
shows that the tension pile foundation is able to redistribute the buoyant force if tension piles would fail.

The iterations where the tension pile row installed underneath the walls have failed can be identified from their
respective displacement graphs. Upon failure of the whole tension pile row, the displacement value jumps up.

Comparing to the results of element 3Z to element 3N, the displacements seem to develop faster as more piles
fail. After 30% the displacements begin to develop slightly faster, and when 50% of piles failed the
displacements start to increase rapidly which indicates foundation failure. For element 3N, this occurred at 55%
of piles failed, and the displacements developed slower throughout the ‘failure zone’. Once foundation failure
occurs, the displacements of element 3Z increase more rapidly than element 3N.
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The histogram of the amount of failed piles at model simulation failure for each Monte-Carlo iteration is shown
in Figure 56.
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FIGURE 55: HISTOGRAM OF PERCENTAGE FAILED PILES AT MODEL FAILURE

The values range from failure at 54% of piles failed to a maximum of 66% of piles failed. This range is quite
broad. This shows that the sequence in which the tension piles fail has a large influence on the stability and
outcome of the numerical model simulation.

When looking at the shape of the histogram, a normal distribution is expected. The statistical function is as
follows.
1 _Gw?
oV2n e
In this formula x represents the percentage of piles failed, u represents the mean of the iterations and ¢? the

scale, which controls the spread of the normal distribution. The PDF-plot fitted to the histogram is shown in
Figure 57.
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FIGURE 56: FITTED LEFT-SKEWED GUMBEL DISTRIBUTION TO HISTOGRAM 3Z
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The fitted distribution in Figure 57 is regarded as satisfactory, as the PDF describes the tops of the bins of the
histogram well. This PDF is found with 4 = 59.88 and § = 3.2. As more iterations would be carried out, the
histogram shape would average out more and the goodness of fit would increase.

The 2.5" percentile is calculated to determine the 95% confidence interval for the amount of piles failed at model
failure. The percentile value is a conservative estimate for the model failure happening at a certain percentage of
piles failed. The 2.5" percentile is equal to 53.5% piles failed. The intervention level should be at least below the
2.5" percentile value of the fitted statistical distribution for model failure. Below this level, the risk of uplift
failure happening is relatively small. It is important to have a small buffer, in order to put intervention measures
in place as the amount of failed piles progresses. Based on the statistical distribution and analyzing the
progression of the Monte Carlo analysis graph bundle visually, the intervention level is chosen at 45% of piles
failed. After this level, the progression in displacements start to increase rapidly before reaching model failure.
The maximum floor displacement at 45% of piles failed has a mean equal to 10 mm taking into account the
iterations.

Similar to the intervention level, the signal level is determined. This value however should be based on a much
smaller percentile than the intervention level. The 99.99999% confidence interval or the 0.000005" percentile of
the fitted distribution is equal to 45% of piles failed. This value is equal to the assumed intervention level.
Therefore the signal level determination is based on the progression of the Monte-Carlo iteration graph bundle.

When analyzing the displacement progression of the graph bundle as piles fail, it is seen that the different
iterations behave similarly until a displacement of 5 mm at 25% of piles failed. This would amount to 20 piles
failed of the total of 67. In the graph this zone is regarded as the safe zone, and is colored in green. In this phase
piles of the tension pile foundation have failed but have not resulted in a major displacement in the tunnel floor.

Beyond 5 mm displacement at 25% of piles failed the iterations start to behave more chaotic. Due to more
tension piles failing the buoyant force cannot be redistributed as well resulting in increasing displacements. This
phase is regarded as the signal zone, and is colored in orange. If this phase would be reached the tunnel element
would have to be monitored closely and mitigation measures could be put in place in order to prevent the failure
mechanism to progress to the next phase.

Therefore the signal value is assumed to be 25% of tension piles failed. The displacement at this amount of
tension piles failed is equal to 5 mm.

Based on the upward displacement of the tunnel floor and the percentage of piles failed from the different Monte
Carlo iterations in combination with confidence intervals of the assumed statistical function, a signal level and
intervention level is determined. The purpose of these warning levels is to assist with monitoring purposes of the
uplift failure mechanism due to corrosion in the EHT.
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The graph below shows the tunnel floor displacements, as well as different color-coded zones which indicate the
current level of failure risk of the failure mechanism occurring in the tunnel.
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FIGURE 57: WARNING ZONES UPLIFT FAILURE DUE TO STRESS CORROSION ELEMENT 3Z

The progression of the displacement profile is divided in three different zones. The first green ‘safe’ zone
signifies that the failure mechanism is progressing, but displacements develop uniformly and slowly among the
iterations as more piles fail. After passing the intervention level the orange ‘increased risk’ zone is reached. In
this zone the displacements progress more chaotically among the iterations and increase more rapidly. Upon
exceeding the intervention level, the ‘failure’ zone is reached, where displacements increase uncontrollably.
Actually reaching the ‘failure’ zone of the tunnel should be avoided at all costs to prevent damages and
obstruction of the facilitation of traffic.
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9.4 Monitoring the warning levels

To maintain the signal and intervention values for both tunnel entrance element 3N & 3Z in monitoring
practices, the displacement should be measured frequently at different locations in the tunnel element. According
to the results of modelling the failure mechanism in Plaxis3D, the displacement in the tunnel floor is the
maximum measurable displacement. When it is possible, it is advised that various points located on the tunnel
floor are measured. These points should then be combined and interpolated in order to get an estimation of the
actual displacement of the tunnel floor according to the measurements. This model of the floor can then be
compared with the different iterations of the Plaxis3D model in order to find the expected failure mechanism.

A less accurate, but currently available measuring method for measuring tunnel element displacements are the
INSAR satellite measurements. This method is not very accurate, but it is very easy to perform. The INSAR-data
of both tunnel element 3N & 3Z of the EHT have been measured since June 2009 up until June 2024. In this data
it is not known what part of the tunnel entrance elements have caused the reflection of the signal which is being
interpreted by the satellite. It is assumed that the INSAR-data represents the actual movement of the tunnel
elements 3N & 3Z.

The INSAR-data of both tunnel elements 3N & 3Z are shown in the graph below.
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FIGURE 58: INSAR DATA 3N & 37 2009-2024 (RWS Cl1V, 2024)

Since the EHT was constructed in 1968, the current available timespan of the INSAR-data is not representative
for the full displacement profile of the tunnel elements. Still this available information can be used to define
possible trends and make predictions based upon them.

In the previous chapter the warning levels for both elements were determined based upon an algorithm which
modelled the uplift failure mechanism due to corrosion. The warning levels consist of a signal level and an
intervention level.

To judge the current situation of the critical elements and to assess the future, the warning levels are included in
the graph on the next page for element 3N & 3Z respectively. Also the available INSAR-data is used to create a
first order polynomial, which is used to identify trends in the data. If there would be an upward displacement
trend throughout the years, it might be caused by tension piles breaking gradually.
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For element 3N, the signal value was determined to be 4 mm and the intervention value 7.5 mm. The values
combined with the trend are added to the graph of the INSAR-data.
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FIGURE 59: INSAR-DATA 3N WITH WARNING LEVELS

It can be seen that the defined trend of the INSAR-data of element 3N is near zero. This means that throughout
the years the tunnel is staying roughly in the same vertical position.

This negative displacement trend gives a larger margin from the current displacement value to the signal &
intervention values. This may seem like a positive effect, piles could still fail due to stress corrosion and the
tensile capacity could decrease resulting in a greater upward movement than the assumed settlement.

The currently measured INSAR-data not reach the signal value and does not have a trend. Based on this, it is
assumed that the uplift failure mechanism analyzed in this research is not identifiable from the data, and thus not
present for both elements 3N. However the mechanism could still develop in the future. In order to identify this
timely, active monitoring of the tunnel elements should continue.
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For element 3Z, the signal value was determined to be 5 mm and the intervention value 10 mm. The values
combined with the trend are added to the graph of the INSAR-data.
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FIGURE 60: INSAR-DATA 3Z WITH WARNING LEVELS

It can be seen that the trend of the INSAR-data of element 3Z is negative with a coefficient of -0.1 mm/yr. This
means that throughout the years the tunnel is slowly settling. A possible explanation is the presence of soft soils
in the southern entrance. These soft soils are known to show a lot more creep settlement than sandy soils.

This negative displacement trend gives a larger margin from the current displacement value to the signal &
intervention values. This may seem like a positive effect, but piles could still fail due to stress corrosion and the
tensile capacity could decrease resulting in an upward trend of the vertical movement. This positive trend
however might be masked by the negative trend which is seen in Figure 60. To prevent wrong interpretation of
the displacement profile, it is advised to remove possible identified negative trends which cannot be attributed to
the uplift failure mechanism. For example the assumed creep settlement of -0.1 mm/yr.

As seen on the graph, the currently measured INSAR-data not reach the defined warning levels. Element 3Z has
a downward trend, moving away from the warning levels as time goes on. Based on this, it is assumed that the
uplift failure mechanism analyzed in this research is not identifiable from the data, and thus not present for both
elements 3N & 3Z. However this could still develop in the future. In order to identify this timely, active
monitoring of the tunnel elements should continue.
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10. Conclusions

This research aimed to analyze and model a potential failure mechanism for tension pile foundations applied in
immersed tunnels, specifically investigating the uplift failure mechanism due to stress corrosion. The incident
which followed from the tension pile foundation failure of the Prinses Margriet tunnel (PMT) served as the
incentive for this research. The first Heinenoordtunnel (EHT) was selected as a case study for analysis due to its
similar foundation system to that of the PMT.

The two main research questions are posed as follows:

‘What is the relevant potential failure mechanism for the tension pile foundation of the EHT and to what extent
can its reliability be assessed?’

‘How can a numerical model assist in the monitoring of the tension pile foundation of the EHT, in order to assess
possible detection levels of the progress of a failure mechanism?’

Prior research identified stress corrosion as the cause of the uplift failure mechanism for the PMT, which was
further validated in this study by defining the three necessary conditions for stress corrosion to occur: high-
quality reinforcement steel, a corrosive soil environment, and significant tensile stresses. For the tension pile
foundation of the EHT, these three conditions all apply. Therefore it was deemed that stress corrosion is a
relevant cause of failure for the tension piles. On top of that the influence of stress variation was studied to assess
the risk of corrosion fatigue. The maximum magnitude of the stress variations was found to be up to 5.3% of the
total capacity of the steel. The mechanism of corrosion fatigue was deemed insignificant after expert
consultations.

A historical review of tension pile design in the Netherlands revealed that the geotechnical capacity
determination was more conservative at the time of construction of the EHT comparing to current standards.
Comparing the tension pile foundation capacity design value to results from current models used in geotechnical
practices showed an increase of 53% in tensile capacity. The increase is explained by the development of more
advanced calculation models and less conservative safety factors applied. The current standard of geotechnical
calculation models also used in geotechnical practices was employed for validation of the numerical model
developed in PLAXIS 3D.

The critical tunnel elements for the uplift failure mechanism of the EHT was found to be the third deepest
elements 3N & 3Z. These elements were chosen as modelling objective in order to be able to describe the uplift
failure mechanism due to stress corrosion.

The geometry of the tunnel elements were modelled in the FEM software PLAXIS 3D. The numerical model
was validated by comparing the tensile capacity at a maximum displacement of 10 mm with the most actual
calculation model relevant in the Netherlands. Here it was found that the outcome of the numerical model
matched the results with a slight overestimation of 1.7% of the safe capacity and an underestimation of 21% of
the limit capacity for the northern element 3N. For the southern element 3Z the validation resulted in a 17%
overestimation of the safe capacity and an underestimation of 10% of the limit capacity Since the capacity
according to the numerical model for both elements fall within the range of safe and limit capacities of
DFoundation it is validated.

The numerical model was then used to determine the ultimate tensile capacity by increasing the buoyant pressure
on the tunnel floor until failure in order to determine the safety factors of the elements. Here it was found that the
safety factor of the critical element 3N was equal to 2.68. At failure the maximum displacement is equal to 31.17
mm. For critical element 3Z the safety factor amounted to 3.1 with a displacement of 19.37 mm
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The failure mechanism of uplift due to stress corrosion was modelled by assessing the behavior of the numerical
model upon tension piles failing sequentially. Upon performing 50 Monte-Carlo simulations for both critical
elements with tension pile failure sequences as a random element, the displacement profile of the failure
mechanism of uplift due to stress corrosion is obtained.

This displacement profile as piles fail gradually is used to identify warning levels for monitoring of the tunnel
entrance elements. For tunnel element 3N the signal value for maximum displacement in the tunnel floor is
proposed to be 4 mm, where it is expected that 35% of the tension piles have failed. The value for floor
displacement is found to be 7 mm at 55% of the tension piles failed. For tunnel element 3Z the signal value for
maximum displacement in the tunnel floor is proposed to be 5 mm, where it is expected that 25% of the tension
piles have failed. The value for floor displacement is found to be 10 mm at 45% of the tension piles failed. After
this point upon pile failure, the displacements increase rapidly until total failure of the tunnel element occurs.
Exceeding the intervention value should be avoided in order to guarantee the safe facilitation of traffic through
the tunnel. The models predicted a more rapid displacement increase and sooner model failure for tunnel
entrance element 3Z after the intervention level. This is due to the application of less amount of tension piles for
the southern entrance.

The available historical INSAR-data was used to check the actual displacement profile of the critical elements
3N & 3Z. Here it was found that there is no positive trend identifiable in the data for both elements which could
signal the development of stress corrosion in the tension piles. Tunnel element 3Z is even settling with -0.1
mm/year. This shows that both critical tunnel elements are not approaching the signal level and are not
undergoing any uplift movements as of now.

This conclusion is in agreement with the field research that was carried out by Heijmans in 2017, where it none
of the piles tested showed failure. The reason of the stress corrosion occurring at the PMT and not at the EHT
could possibly be explained by the difference in protective coatings used on the steel. Asphalt used for the EHT
may be able to provide better protection against corrosion than the grease used for the PMT. There could also be
a less corrosive environment present in the subsoil of the EHT. These expectations however have not been
confirmed.
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11. Recommendations

This chapter provides recommendations based upon this this thesis for future research and monitoring of tunnels.
Firstly the recommendations for this research are suggested, and secondly the recommendations for monitoring
the uplift failure mechanism due to corrosion.

In determining the risk of stress corrosion occurring in the tension piles of the First Heinenoordtunnel, it is
assumed that the environment of the subsoil is able to induce corrosion based on the failure that occurred in the
Prinses Margriet tunnel. There is no actual research carried out in order to determine whether the composition of
the subsoil around the tension piles is a corrosive environment. In order to gain insights regarding the
composition of the subsoil and the possibility of inducing stress corrosion in steel elements, additional site
investigation is recommended.

In the sensitivity analysis, the influence of the rubber joints installed between the tunnel elements was simulated.
Here only the friction force between the rubber and concrete was modelled. The effect of possible clamping
force of the neighboring tunnel elements generated by thermal expansion of the tunnel elements has not been
studied. In the models, the clamping force is assumed as zero which is the worst-case scenario for the uplift
failure mechanism.

In the formulation of the finite element models, the sequential failure of the tension piles due to stress corrosion
was only simulated on the tension pile foundation of the critical tunnel elements. The neighboring tunnel
elements have been modelled for correct boundary conditions, but they have not been modelled with tension
piles. The effect of tension pile failure due to stress corrosion of the neighboring tunnel elements on the critical
element has not been studied. This could be studied by also modelling the neighboring tunnel elements with
tension piles and adjusting the algorithm to let these tension piles fail at the same time.

In the simulations of the critical elements on the northern and southern side, the main difference between one

and another was the amount and length of tension piles used in the foundation. For the northern entrance, 95
tension piles of 17 m were used. For the southern entrance, 67 tension piles of 21 m were used. In the simulation
of the uplift failure mechanism due to stress corrosion, it was found that the developments of displacements
develop more rapidly for the southern entrance. Also model failure occurred sooner. This shows that the usage of
more tension piles with less length results in a higher redistribution capacity for the tension pile foundation,
resulting in more resistance against the uplift failure mechanism due to stress corrosion.

The finite element models of the critical elements are validated and therefore have much more possibilities than
solely the modelling of the uplift failure mechanism due to stress corrosion in this research. For example,
intervention measures such as ballasting could be modelled in order to assess their influence on the tunnel
element. Another example is assessing the influence of differences in ground water level on the tunnel element.

The INSAR-data available only dates back to 2017. In order to identify trends over a longer period of time, it is
advised to go back further in time to analyze the actual displacement profile of the tunnel elements. There might
be a trend identified which could be attributed to stress corrosion.

Recommendations for monitoring

The results of the simulations of the critical tunnel elements are used to monitor the actual failure mechanism in
the tunnel. In the latest chapter of this research, the currently available INSAR-data of the EHT was analyzed in
order to identify possible upward movements and compare them with the modelling results. Here it was found
that there is no upward trend identifiable from the INSAR-data and therefore concluded that the uplift failure
mechanism due to stress corrosion is not developing currently. This however is no guarantee that it could still
develop in the future. Here the recommendations for monitoring the uplift failure mechanism due to stress
corrosion for the EHT are given based on this research and available INSAR-data.

Using the numerical models, it was found that the signal and intervention value for the monitoring of the uplift
failure mechanism due to stress corrosion for the critical element of the northern tunnel entrance of the First
Heinenoordtunnel amounts to 4 mm and 7.5 mm of the tunnel floor respectively. For the critical element of
southern tunnel entrance these values amount to 5 mm and 10 mm of the tunnel floor respectively. These
warning levels could be used for monitoring the failure mechanism based on displacements. Here an exceedance
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of the signal value would mean the transition from the ‘safe’ zone to the ‘increased risk’ zone. If this would
occur it is advised to start monitoring the tunnel continuously.

If the intervention value would be exceeded, the ‘increased risk’ zone transits to the ‘danger’ zone. Rapid
displacements could occur in this zone leading up to permanent damage and loss of function of the tunnel.
Therefore this zone should be avoided at all costs.

The warning levels are based on the maximum displacement in the floor of which the location is dependent on
the pile failure sequence in the model. Ideally, it is recommended to monitor the full displacement profile of the
tunnel floor. With current available technology and the facilitation of continuous traffic on the tunnel floor, this
is unfeasible. It is advised to measure the displacement on the side- and middle walls using INSAR-data and
assume the largest value of these three as maximum in order to identify the current approximated maximum
displacement.

It is advised to keep monitoring the available INSAR-data approximately every 10 days while in the ‘safe’ zone.
The variation of the displacement throughout every 10 days should be compared to determine the variation in
displacement between two periods. The displacement measured in INSAR-data has many different sources. As
explained in this research; traffic, tidal and temperature influences cause vertical displacements. Also horizontal
displacements of the tunnel might cause a vertical displacement through the interaction of the separated tunnel
elements. If the variation would exceeds the at least signal value as determined in this research, the transition
from the ‘safe’ zone to the ‘increased risk’ zone is assumed. Immediate continuous monitoring on top of the
INSAR-data is advised of the tunnel element where the maximum displacement is measured. This transition
value is regarded as a conservative value, as the displacement which reaches the signal value is not only

dependent on the upward displacement of the failure mechanism due to stress corrosion, but also other effects as
described.

The continuous monitoring could be done with more frequent monitoring of INSAR-data. However it is advised
to deploy extra measures to increase the accuracy of the continuous displacement measurements and their exact
location in the tunnel element. When the signal value is exceeded for a certain tunnel element, it is advised to
deploy a multitude of Robotic Total Stations (RTS) to continuously measure the vertical displacement at
different measuring points (prism). It is advised to create the amount of prisms required to measure the vertical
displacement every 2 meters in both directions of the plane of the floor and walls. The amount of RTS necessary
should be determined per tunnel element, as line of sight is required on the prisms for the RTS to function
correctly. The RTS will return the displacement profile of both floor and walls with high accuracy. Through the
displacement profile the location of maximum vertical displacement can be determined and possible intervention
measures can be taken accordingly.

In case the RTS cannot be placed at the desired locations to measure the vertical displacements in the tunnel
walls and floor, another possibility is to measure the vertical displacement in the tunnel joints using joint meters.
On top of this, inclinometers could be installed in the middle of the tunnel elements to calculate the displacement
profile using the vertical joint displacements. However it is expected that this results in less accurate
measurements and a less concise displacement profile of the tunnel element with increased risk compared to
using RTS.

Another method is the application of distributed fiber optic sensors which can measure the vertical displacements
continuously in a transversal or longitudinal direction of the tunnel, making real-time vertical displacement
monitoring possible along the direction of the cable. The feasibility of these fiber optic sensors in traffic tunnel
elements should be studied prior to deployment.

Upon the transition from the ‘increased risk’ zone to the ‘danger’ zone, immediate intervention measurements
are recommended. Two effective, feasible intervention measurements that are advised are lowering the ground
water level reducing the buoyant force or applying ballast to increase the weight of the tunnel element. From
these two, lowering the water level using deep wells is a more workable and reversible solution. The application
of ballast will result in a lot of cubic meters of for example sand to be applied inside of the tunnel element,
obstructing the facilitation of traffic. The possibility of applying deep wells to lower the water level without
causing large settlements/groundwater flow in the effective reach of the wells should be analyzed prior to
applying the wells. In case the lowering of groundwater level is not possible, the application of ballast is advised.
The effectiveness of the intervention measure can be identified using the continuous monitoring.
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13. Appendix

Al: Finite element method

PLAXIS uses the finite element method to make calculations. The finite element method is a numerical
technique that is widely used in geotechnical and structural engineering. The method involves discretizing a
complex geometry into a finite number of elements. As for the type of elements, many options are available
based on the amount of dimensions chosen. The type of element should be chosen based on the nature of the
problem. The figure below shows some possible element shapes for 1D, 2D and 3D.
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Each element has a certain number of nodes. These nodes are the locations where the different elements from the
discretized geometry are connected. The nodes are also the locations where the unknown value of interest, such
as deflection or stress is calculated.

Each element also has their own set of shape functions. These shape functions are mathematical formulas that
interpolate the known nodal values to unknown nodal values. The shape functions describe how the value of the
unknown nodal value varies within a discretized element. These can be chosen according to the problem that is
to be solved.

The nodal values and shape functions together make a local set of equations for each element. The next step is to
assemble the local matrices of each element into a global set of equations, which is encapsulating the complex
geometry as defined. The local matrices should be connected where nodes are shared across the elements.

The next step is to impose boundary conditions on the global set of equations. The boundary conditions contain
nodal values which are known beforehand.

Finally, the global set of equations including boundary conditions is solved directly or iteratively. An example
direct method is Gaussian elimination and an iterative method is static equilibrium (CIEM2110, 2023).

Once the global set of equations is solved, the unknown values at all the nodes should be known, and the system
can be analyzed based on these now known values. PLAXIS 3D shows the geometry of the model with discrete
elements and color coding to resemble values of the calculated nodal values.
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A2: Plaxis3D

This part was mostly written for myself to learn and understand Plaxis3D

In geotechnical practices, PLAXIS is a well-known software program used to model soils and structures for the
analysis of geotechnical problems. The calculations are carried out using the Finite Element Method with
constitutive relations derived from advanced soil models which have been made accessible in the software.
PLAXIS has a 2D and a 3D version. The difference between one another is the amount of dimensions the
modelling is done with. For tension pile modelling specifically, the radial stresses around the tension pile play an
important role. To reduce over simplification of these stresses, the 3D version is used as the extra dimension
adds more complexity to the model. This chapter will delve into the usage of PLAXIS 3D for the given problem
of the tension pile foundation of the EHT.

The input in the PLAXIS 3D model consists of the geometry of the structure, the geotechnical profile and
external forces acting on the tunnel such as water pressure or friction. The advanced soil models are chosen
along with the determination of the geotechnical profile.

The PLAXIS 3D package also contains an Application Programming Interface (API). This API makes
communication between an automation software for example built in Python and PLAXIS 3D possible. This
makes parametrical design through an application possible. It also is an interesting opportunity for automating
calculations.

An example outcome of PLAXIS 3D is shown in the figure below. In this research the influence of application
of bulbs on a tension pile in clay on the displacement profile is analyzed. The geometry of the problem is shown
on the left side of the figure, the displacement profile is shown on the right side of the figure. A blue color
coding resembles low total displacement, and red color coding resembles high total displacement. This figure
shows that the displacement profile around the tension pile is calculated quite accurately in the PLAXIS 3D
software.
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General modelling

The general modelling procedure in PLAXIS is to model the soil volume and stratigraphy, define geometry with
elements and corresponding materials, define the loads and boundary conditions relevant for the geometry,
create a Finite Element mesh on the geometry, define the initial condition and perform the Finite Element
Method calculation. This chapter will highlight these different steps in more detail. The general information is
based on the PLAXIS 3D Reference Manual made available by Bentley Systems.
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Ground modelling — Soil Mode

In ground modelling, the soil stratigraphy is defined using boreholes and is limited to a defined soil contour. The
soil contour defines the boundary of the model and can be adjusted accordingly in the program. Inside the soil
contour soil clusters can be defined which act as a volume element containing soil. These clusters are used to
define geometric distinction within the soil stratigraphy.

The boreholes define the vertical depth of the model. The borehole is divided into layers, with each layer having
a different soil type assigned. These soil types each have their own soil properties which are defined as materials.
Based on the type of advanced soil model chosen, the program asks different soil parameters. The advanced soil
models are chosen along with the material properties. These advanced soil models describe the constitutive
relation between stress and strain in the soil. The possible types of advanced soil models are described further on
in this chapter.

The software also gives the possibility to define multiple boreholes on the horizontal x-z plane. The defined
layers of the boreholes are interpolated towards each other, creating non-uniformly distributed soil layers in the
horizontal direction. This makes for more detailed modelling of actual soil stratigraphy’s.

The assumed pore pressure distribution along the borehole is also defined in the soil mode.
Modelling loads and structures — Structure mode
Geometric entities

To model loads and structures, the geometry of the model is defined using geometric entities. Features such as
loads and structures are assigned to geometric entities. PLAXIS 3D offers four basic geometric entities; points,
lines, surfaces and volumes. These entities are used to formulate complex geometries of geotechnical problems.
Other entities such as loads and structures can be assigned to a geometric entity. The geometric entities are also
used to formulate boundary conditions.

Loads

Loads in PLAXIS are features that are assigned to the previously defined geometric entities. Loads can be either
modelled as static or dynamic. Due to the scope of this research, only static loading is covered. Static loads are
either expressed as forces or prescribed displacements. Line and surface loads can be defined as uniform or
linear.

Structural entities

To model the structures in PLAXIS, the structural entities should be used. The structural entities can be assigned
to previously defined geometric entities. This chapter goes over the main applicable structural entities. By using
defined material properties, the structural entities are able to be assigned a certain material.

Anchors

There are two types of anchors available in PLAXIS. These are the fixed-end anchors and the node-to-node
anchors. Both anchors are modelled as springs.

The fixed-end anchor is a one node element that signifies a fixed connection in one specified direction. The
node-to-node anchor is two node element that connects two point elements together.

Beams

Beams are used to model slender structures with significant bending stiffness and axial stiffness. The beam can
be assigned to a line element.

These elements are composed of 3-node line elements with six degrees of freedom per node, namely the
translational and rotational degrees of freedom. For the calculation of deflection due to shearing and bending,
Mindlin’s theory is implemented in PLAXIS 3D. It is also able to account for change in length when axial force
is applied on the beam.

Embedded beams
Embedded beams are composed of beam elements that can be placed in an arbitrary direction in the sub-soil and

interacts with the sub-soil through special interface elements. These special interface elements are used to model
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pile-soil interactions. Through these special interface elements, forces on the embedded beam such as skin
resistance can be modelled.

PLAXIS denotes three different behaviors of embedded beams. Namely Pile, Rock bolt and Grout body. These
behaviors should be chosen accordingly for the geotechnical problem at hand. Embedded beams modelled as
piles are not able to include installation effects, these installation effects must be incorporated elsewhere in the
model.

Plates

Plates are structural entities mostly used to model thin two-dimensional structures in the ground such as walls,
floors or tunnel lining. The plates are composed of 6-node triangular plate elements with six degrees of freedom.
The modelling of a plate element is similar to a beam element. The difference that the plate is meshed in 2D, and
the beam is meshed in 1D.

Geogrids

Geogrids are elements that are composed of 6-node triangular surface elements with three transitional degrees of
freedom. Geogrids only have a tensile strength and can be used to model tensile reinforcement of soil. Geogrids
function similarly to cables which can be modelled in the subsoil.

Interfaces

Interface elements are joint elements that are used to model the interaction between two elements. Through
interfaces, the nodes of the elements to be connected are coupled. For example, the interface between plates and
soil volumes can be used to model skin friction.

Interfaces are composed of 12-node interface elements. These nodes are modelled as pairs of nodes, making
them compatible with for example a 6-noded triangular side of a soil or plate element. This is visually depicted
in the figure below, where the triangle represents a soil or a plate and the rectangle represents the interface.
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The roughness of the interaction depicted by an interface is modelled by choosing a suitable value for the
strength reduction factor (Riner). This factor relates the interface strength to the soil strength and generally holds
a value of 2/3. The properties of an interface are based on the chosen model with respective parameters of the
surrounding soil. However, the properties could also be defined by creating a new material specific for the
interface element.
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The table on the previous page gives an overview of applicability of the geometric entities, loads and structural
elements.

Material models & properties

In PLAXIS, to model soil, interface and structure behaviour, certain material models are available for usage.
These material models include the constitutive relations of stress and strain in soils and interfaces and vary in
complexity and functionality. Different material models require different parameters. Each material model has a
special use case and should be chosen accordingly to the geotechnical problem at hand.

Soils tend to react in a highly non-linear fashion upon loading. This non-linear stress strain behaviour can be
modelled at different levels of complexity through the use of advanced soil models. Each soil models require a
different set of model parameters. Generally more complex models require more model parameters. The
advanced soil models implemented in PLAXIS and relevant for Dutch soils are covered.

Linear elastic model

This model is the least complex model and is based on Hooke’s law of isotropic linear elasticity. Generally this
model is regarded as too simplified for use cases in soil due to its high nonlinearity.

Mohr-Coulomb model (MC)

A more complex, yet simplified model is the Mohr-Coulomb model. This is a linear elastic perfectly plastic
model and is mostly used as a first approximation of soil behavior as calculation times are quick and results are
easily interpreted. The Mohr-Coulomb uses yield surfaces to convey a failure envelope. Once the yield surface is
reached, dependent normal and shear stress, failure is assumed in the model.

Hardening-soil model (HS)

The Hardening-Soil model is an advanced model based on an elastoplastic type hyperbolic model. This model
introduces soil hardening as a reaction of soil upon loading. This hardening can happen under both shear and
compression. This hardening comes from irreversible compaction upon loading which is also known as plastic
deformation.

Hardening-soil small strain model (HSsmall)

This model is similar to the Hardening-Soil model, as the name suggest. The difference is that this model
introduces more complexity by incorporation strain dependant stiffness values. This strain dependant stiffness is
used to simulate the different reactions of soils upon different strain levels.

Soft-soil creep model (SSC)

The Soft-soil creep model is a model that is used to model time dependant behaviour of soils. It uses a
logarithmic compression behaviour to express stress-dependant stiffness. The model is mostly used for soft soils
such as compressible clays or peat and is suitable when the settlement through time plays a large role of
importance in the geotechnical problem.

For details on the different advanced models and other applicable models provided by PLAXIS, the reference is
made to the reference manual (PLAXIS, 2023). Once a model type suitable for the geotechnical problem of this
research is chosen, it will be explained in more detail.
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Meshing & calculation phases

Once the soil and structure is modelled in the PLAXIS software using geometric, soil and structural entities, the
program can start the calculations. This calculation consists of a generation of a mesh along the geometry and the
definition of construction stages. The generation of the mesh is the subdivision of the defined geometry into
finite elements.

The generation of the mesh is an important step in PLAXIS as the level of refinement of the mesh is a trade-off
between computation time and accuracy of the results. As complex structures modelled in PLAXIS 3D have
been known to occupy a lot of computation time.

Local mesh refinement at locations in the model where large stresses or displacements are expected and a coarse
mesh where this is not the case. This creates a balance between computation time and accuracy of results.

The meshing of the model is done automatically by the PLAXIS software. Soil elements consist of a 3D 10-node
tetrahedron elements. Where necessary, the user is able to define local mesh refinement if more accurate results
are desired at certain locations in the geometry. For example the defined mesh of a single soil cluster can be
refined using the software.

In addition to creating the finite element mesh, the project should also be divided in calculation phases similar to
construction phases of the actual geotechnical project. In each phase certain elements or boundary conditions of
the model can be activated or deactivated in order to simulate real world conditions as accurate as possible.

For each calculation phase, a calculation type can be specified. For the initial phase of the soil in the model, the
available methods in PLAXIS are the KO-procedure, Field stress and Gravity loading. These methods are
different ways to obtain the initial effective stress and water pressure state of the model. If KO is determined, the
KO-procedure works well. Otherwise the gravity loading works well for standard geotechnical problems.

After the initial conditions of the model has been defined using the initial state, the remaining calculation phases
of the defined model can be calculated. For these calculations, four main types of analyses exist in PLAXIS for
static application. These are Plastic calculation, Consolidation calculation, Fully coupled flow-deformation
analysis and Safety calculation.

The plastic calculation is for elastic-plastic deformations and is used when failure and stability of the model is
analyzed. It does not take into account time-dependent effects and thus is mainly used for calculating final
settlement of a structure.

The time-dependent effects of for example consolidation in soils with low permeability can be approached with
the consolidation calculation. This is calculation method is mainly used to analyze settlement throughout time.

The fully coupled flow-deformation analysis is conducted when it is necessary to analyze the development of
deformations and pore pressures in saturated soils as a result of time dependent changes.

The safety analysis is similar to the plastic calculation. In the safety analysis a method called phi-c reduction is
applied. This method incorporates a reduction of the initial soil and interface strength parameters until failure of
the model is reached. The safety factor of the model can then be derived by dividing the available strength by the
strength at failure.

Once the calculation is finished, the results of the model are defined in the output program of PLAXIS. This
output program mainly includes the stress and deformation distribution on the defined geometry of the structure
and soil. This information can be seen at every defined node in the geometry.
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A3: Dynamic loads on tension piles

Calculated dynamic loads on the tension piles for different timeframes.

1 week:

Cyclic loads for a period of 7 days

Traffic load Temperature load
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2 months:

Traffic load

An analysis of tension pile foundations for immersed tunnels

Cyclic loads for a period of 2 months
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2 years:
Cyclic loads for a period of 2 years
Traffic load Temperature load
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10 years:

Cyclic loads for a period of 10 years

Traffic load Temperature load
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A4: Plaxis3D model failure

Snippets of the geometry of the Plaxis3D model at model failure of iteration 31 of element 3N. This iteration of
the Monte Carlo analysis is picked at random to show what a model failure looks like. The iteration is picked
randomly.

Deformed mesh:
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Deformed mesh |u| (scaled up 200 times)
Maximum value = 0.01172 m (at Node 563)

Tunnel floor displacements:

Total displacements | u] (scaled up 200 times)
Maximum value = 0.01172 m {Element 1476 at Node 563)
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Remaining tension piles:

Deformed mesh |u]| (scaled up 200 times)

Maximum value = 0.01172 m {at Node 563)

Wall displacement:
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Deformed mesh |u| (scaled up 200 times)

Maximum value = 0.01172 m {(at Node 563)
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