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Abstract

The growing demand for renewable energy sources has led to the deployment of wind turbines worldwide.
One of the most critical parts of the wind turbine is the foundation which plays an important role in
maintaining the structural integrity and reliability of the towers throughout the service life. This research
project is a case study that focuses on validating the numerical model against the experimental values
from an operational onshore wind turbine foundation present at Riemst, Belgium while considering the
effect of hydration heat during the concrete curing process.

The main aim of this research is to study and compare the behavior of the steel stresses in the on-site
foundation with that of the numerical analysis and to see whether an adequate match can be obtained.
The study begins with the development of a three-dimensional symmetrical finite element model that
captures its intricate geometrical and material properties. The structure’s behavior is simulated under
realistic loading conditions to assess its structural performance and identify potential areas of concern.
To validate the accuracy of numerical analysis, experimental data obtained from fiber optic sensors are
used. After converting the measured strains into stresses, they are carefully compared with the finite
element analysis results to identify any variations and fine-tune the model. The validation of the FE model
is performed using a 2D plate model in SCIA engineering.

The research investigates the effects of hydration heat along with the structural analysis in FEA on the
stresses experienced by the steel elements in the mass structure. This further extends to the effects
of bedding and inclined piles combined with the thermo-mechanical analysis where properties such as
stiffness are varied in the simulations to study their influence on the structural response.

It is imperative to note that utilizing the FE model with solely non-linear structural analysis can lead to
a significant overestimation of the expected field results, up to a whopping 87 times. To mitigate this
issue, the variant with thermo-mechanical analysis is implemented, reducing this estimation to a maximum
factor of 58 compared to the field data. It is crucial to achieve a satisfactory level of the project through
iterative modifications. Implementing soil bedding on all sides in the thermo-mechanical model is one
such step to effectively reduce steel stress to an acceptable level. The model showed steel stresses that
are approximately 26 times higher than the actual experimental values. Along with reducing the steel
stresses, the crack widths have decreased considerably from 3.4mm to 2.35mm. Hence, the effective
way to perform the numerical simulation is to consider thermal-mechanical coupling along with minimizing
assumptions and ensuring sufficient stiffness to the structure for reliable assessments of steel stresses
and structural integrity of onshore wind turbine foundations.

The findings contribute valuable insights into the foundation’s structural behavior under varying operational
conditions, highlighting areas of strength and potential advancement. Moreover, the outcomes from this
investigation can assist engineers and designers in making informed decisions during the planning and
construction phases of wind turbine foundations, leading to more cost-effective and robust structures.
Additionally, the methodologies present here may serve as a framework for future research in this field.
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Introduction

The first chapter comprises the basic description of the project. It begins with an introduction to the wind
turbine followed by the scope of the study. It also deals with the research methodology which is going to
be followed during the course of the project along with the thesis outline.

1.1. Background

The energy sources worldwide have been dominated by fossil fuels since industrialization. Conventional
energy sources such as coal and oil are used for everything. Nevertheless, they are not only finite resources
but they also emit carbon dioxide, which negatively impacts the Earth. Hence, there has been a shift to
move from conventional energy sources to alternative energy sources. They function the same way as
traditional sources of energy but almost all alternative sources do not emit carbon dioxide as a byproduct.
Wind energy is one of the most sustainable and renewable sources of energy. The first electricity-producing
wind turbine was invented in 1887. Since then a lot of development has occurred in the wind farm industries.
The wind farms can be both onshore as well as offshore. Wind farms in onshore are comparatively cheaper
than any coal or gas plants but fossil fuel subsidies are hindering the expansion of wind energy. Nowadays,
the total wind energy capacity is almost 733 gigawatts worldwide. In order to meet the energy requirements,
an increasingly large number of turbines with high capacity are being developed.

To build such huge wind turbines, special care has to be taken while designing its foundation since it is one
of the most important components of the wind turbine. It not only transfers and spread the load into the soil
but also provides overall stability to the structure. They are cast in place, leaving the concrete to mature
under environmental conditions which vary in time and space. Thus, there is uncertainty about the initial
performance of concrete, which can result in costly over-design and inaccurate prognoses of structural
health. In order to design the reinforced concrete foundation, conventional design methods are used
which make use of static and quasi-static analyses. These kinds of analyses often lead to over-designed
structures. When more effort is put into analyses, for instance, the finite element analysis, the construction,
and its failure mechanisms can be better understood. The optimizations can also be possible in this case.
Knowing the real structure behavior and implementing the results in the finite element analyses can be
beneficiary since it can provide support to the design optimization along with the modeling techniques
used in FE software. With the ambition to keep innovating the design, the company aims to optimize the
designs with less waste of materials and to understand the behavior of the foundation block and compare
it with the theoretical approach. Successful conduction of the research thesis can be helpful in the proper
designing of wind turbine foundations.

1.1.1. Wind Turbine
The conversion of wind energy to electrical energy at a large height is a concept of mechanical and civil
engineering. The basic components of wind turbines and their mechanics are explained in this section.
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Nacelle Cover

Figure 1.1: Components of Wind Turbine [1]

Rotor
The rotor is composed of the blades and the hub, which are connected together with the help of controllable
interfaces.

+ Blades Blades are one of the most important parts of the wind turbine. Its function is to harvest
the energy of the wind. The energy production is directly related to the area the blades sweep. The
interaction between the motion of the air, with solid objects, is analyzed in the aerodynamic design.
Also, the weight distribution, the stiffness, and the varying moment of inertia of the rotor are important
properties required in structural analysis.

« Hub The hub connects the blades to the main shaft. It also houses the controls of the blades. Pitch
is the rotation around the lateral axis, which can be altered in the hub.

Vertical axis

Figure 1.2: Rotation axis definition (ABT document)
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Nacelle

The Nacelle is the main frame of the power transporting and producing parts of the wind turbine. It is
protected from environmental elements. The main shaft leads the mechanical power from the rotor, guide
with bearings, to the gearbox. The wind turbine generator functions at 1800 rpm or 1500 rpm. It converts
mechanical power into electrical power.

Yaw system
Yaw is the rotation around the perpendicular vertical axis. The yaw system rotates the nacelle with the
attached rotor into the wind.

Tower structure

The purpose of the tower structure is to elevate the power-producing parts. Wind speeds climb and
turbulences reduce at increasing altitudes. The height of the tower is determined by a trade-off between
rising building costs and increasing energy capture.

Foundation

The main objective of a wind turbine foundation is to keep the tower upright. Besides the required strength
of the foundation, limits have been set for minimal rotation, translation, and overall stability. Loads
acting on the foundation are- a downward vertical force due to the weight of the tower, wind generating
a horizontal force, and an overturning moment and prestressing force due to the pretensioning of the
anchor. Additionally, there are forces originating from the surrounding soil. The type of foundation slab also
depends on the size of the tower and the blades. At higher altitudes, the wind is mostly stronger, hence
larger towers with longer blades are required. When the dimensions of the tower and blades increase,
the magnitude of forces acting on the foundation also increases. Therefore, resulting in the need for big
foundation slabs. They are generally circular in shape due to the change in wind direction and must be
strong in every direction to sustain the overturning moment. Two types of foundations:

+ Slab Foundation A slab or spread foundation consists of a reinforced concrete plate with a significant
area. This area must be large enough to spread the load to the ground without exceeding the maximum
ground pressure. This type is most suitable for strong and stiff soils. Slab foundations reduce the
settlements which are critical for the minimal rotation limit.

Load spread

Soil preN

Figure 1.3: Slab Wind Turbine Foundation (ABT document)

* Pile Foundation When weak and loose soils are present, excavation has to be executed to reach
stronger soil. A common technique is piling. Due to the large bending moment, these piles will be
subjected to tension loads. Pile reinforcing steel is needed to transfer the tensile stresses from the
tower flange to the ground surrounding the pile shaft. An example of the piled foundation is shown
Figure 1.4.
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Figure 1.4: Pile Wind Turbine Foundation (ABT document)
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Anchor Cage

The forces acting on the tower need to be transferred to the foundation slab. Generally, two designs
are applied: the steel insert ring and the anchor cage. The anchor cage design is mainly used for the
wind turbine foundation. In this case, the bottom flange of the cage and the rods are embedded in the
foundation, the top flange is left sticking out. These rods are prestressed ensuring the connection between
the tower and the foundation slab.
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Figure 1.5: Anchor cage (ABT document)

1.2. Scope

The project’s focus will be on validating the stresses in the steel bars inside the concrete foundation
by health monitoring using FBG sensors and implementing the structural behavior in the finite element
analysis. The strength of concrete is not only used as a direct measure of its ability to support load but
also an indirect measure of its elasticity and durability [2]. Since designing such foundations is a complex
method, it is much more difficult to understand the behavior of the concrete and the reinforcements under
loading conditions. It has been observed that mass structures release heat due to the hydration effect
which results in thermal cracks in the structure. In order to determine the stresses in the reinforcement
many studies such as [3], [4] etc. were conducted, which only focused on linear FE analysis making
the conclusions obtained from them vaguely. Some assumptions are generally made while designing
any structure but it is also fascinating to know how much the assumptions align with the actual structural
behavior. Hence, it becomes important to monitor existing structures’ structural behavior and implement
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the changes in FE software. The emphasis will be on the rebar stresses at the occurrence of maximum
bending moment due to the wind load and to accommodate the observations in the Finite Element software
to achieve adequate accuracy.

1.3. Research Questions
To achieve the objective, two main research questions have been formulated-

1. How do the steel stresses measured in the on-site concrete foundation vary from the FE model’s
numerical analysis?

2. What is the best way to model the wind turbine foundation in the DIANA which will represent the real
structure adequately?

While answering the above main questions, the following sub-research questions should be answered
which are as follows:

1. How does the hydration heat develop over time?

2. To what extent does the hydration heat emission, which provides the prestressing to the foundation
affect the steel stresses?

1.4. Methodology

The research thesis will be subdivided into the following tasks, which are presented in detail in the following:
i. Background study and research on the results obtained from the past studies: To get a clear
understanding of the project, it is necessary to be familiar with the previous project conducted on the same
wind turbine foundation and do an analysis of the conclusions obtained from it. The analysis involves
validation of the strain data along with the preliminary check of the FE model which includes verification
of the stresses obtained from it. A background study is also required to be conducted on the effects of
hydration heat emission in the foundation, since it is acting like a prestress, affecting the steel stresses.
ii. Analyses of the experimental strain measurement data: To obtain strain data from the foundation,
glass fiber optics have been used. Since the focus of the research thesis is on comparing the steel stresses
in the real foundation and the FE model, it is necessary to obtain the stresses from the strain measurements
before visualizing them in Power Bl. After the analyses, maximum steel stresses at various positions can
be obtained which can be further compared with the stress obtained in the DIANA calculation at the same
position. After this step, the actual behavior of rebars in the concrete foundation can be known. From the
measurement data, it is possible to find the stiffness of the foundation with the help of the natural frequency.
In case the frequency is within the range provided by the wind turbine company, it is safe to conclude that
the foundation is still uncracked.

iii. Finite Element Analysis: A FE model has to be set up for the project considering the current design
methods. The current method used by the company is the 3D FEA model. This will be the reference
for further studies in the project. The finite element software used for the analysis is DIANA. An implicit
check of the reinforcement and concrete stress can be performed by modeling the actual reinforcement
configuration and concrete properties in the software. The model comprises concrete nonlinear solid shapes
with embedded reinforcement elements. The shaft is connected to the top anchor flange. At this location,
high-strength concrete is applied in order to resist high compressive stresses. The interaction between the
pile and the concrete is modeled as the linear elastic strip of material since the pile reinforcement is not
modeled.



1.4. Methodology 6

high strength concrete
linear elastic

linear elastic

Supports

concrete

Anchor flange -

Figure 1.6: DIANA model components

iv. Numerical analyses and modification of the DIANA model: After modeling the DIANA model,
the maximum bending moment that occurred during the measurement is put in the model in order to know
the stresses occurring from the FE calculation. When there is a difference between the measured and the
numerical data, the possible cause for the variations will be examined. Since mass concrete structures also
release heat during hydration, it is necessary to add the heat flow properties into the model and examine
how much the hydration heat is affecting the steel stresses. While combining both the structural and heat
flow analysis, a proper representation of the concrete foundation can be mimicked. The next step would
be to analyze the variations in the obtained result and how these variations can be minimized.

v. Second structural calculation : Another structural calculation has to be performed using a different
method or preferably software (SCIA Engineering). Later, a comparison has to be made between the
modified DIANA model and the SCIA model.

vi. Results and analysis: After obtaining the results from the field monitoring, and numerical and structural
calculations, the results will be discussed in this step.

vii. Discussions and Recommendations for future work: This step will mostly consist of discussions
based on the obtained results and some recommendations for future work.

vii. Conclusions: Next to analyzing and updating the DIANA model, the conclusions will be drawn and
the research questions will be answered.

¢ Background study and research on the results
obtained from the past studies

Literature study

e Field Monitoring of steel strains
* Numerical analysis
* SCIA calculations

Different calculations

Results e Combined results from all the calculations
¢ Discussions on the results and
Discussions ‘ recommendations for the future work
® Concluding statement and answer to the
Conclusions research questions

e e

Figure 1.7: Methodology
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1.5.

Thesis Outline

To achieve the main objective of this research project, it is necessary to distribute the workflow into distinct
parts. Hence, the chapters are categorized as follows:

Chapter 1 consists of the overall introduction of the Master Thesis. This chapter will not only provide
the definitions of the basic components but will also deal with the basic parameters of the research
topic.

Chapter 2 contains the State-of-the-art (Literature review) for the Master thesis. This section
highlights the previous research related to the stress-strain analysis of the onshore wind turbine
foundations. It also includes the theory of the effects that need to be included in the FE model.

Chapter 3 consists of the strain measurements of the onshore wind turbine foundation. This data has
been collected using FO sensors placed inside the foundation. A detailed analysis of the calculated
stress results from the obtained measurements is presented in this part.

Chapter 4 deals with a secondary structural calculation with SCIA engineering.

Chapter 5 deals with the non-linear structural calculations and a comparison of the monitored steel
stresses with that of the FE calculation.

Chapter 6 highlights the effects of the heat of hydration in the DIANA model and a comparison of
the monitored steel stresses with that of the FE calculation. This chapter will also include a detailed
report of other effects along with hydration heat.

Chapter 7 deals with the explanation of the results obtained from the different analyses.

Chapter 8 presents a set of conclusions and corresponding answers to the main and sub-research
questions. The end of this chapter will include some recommendations for future research.



Literature Review

This chapter highlights past research based on the onshore wind turbine foundation. In the beginning,
it highlights the behavior of the steel stresses inside the foundation when modeling with linear analysis.
Along with this, the chapter also focuses on the suitable ways to determine cracks inside the mass structure
and the effects which need to be considered during the modeling of the concrete foundation in the FE
software. Hence, this part is an encapsulation of all the literature studies during the course of the project.

2.1. Existing studies conducted on onshore wind turbine foundations

2.1.1. Behavior of Steel stresses with linear analysis

Field monitoring of steel stresses has been performed in many wind turbine foundations to analyze the
structural behavior of the foundation and to perform numerical analysis. Linear numerical analysis has been
performed in order to estimate the steel stresses and then compare them with the measured values. He et
al. [4] performed structural health monitoring of an onshore wind turbine foundation with an embedded ring.
According to the author, it is necessary to monitor the concrete deformation for a long period of time to
ensure safety. Gao et al. [5] and Deng et al. [6] conducted physical model tests and numerical simulations
on a wind turbine that is subjected to arbitrary wind loads. It was concluded that the surrounding of the
onshore wind turbine foundation is affected by the dynamic wind loads, and the DAF depends on the wind
speed and the spatial position. Zhou et al. [3] measured the axial steel stresses with the help of stress
gauges in various positions and directions of the shallow foundation. Figure 2.1 [3] shows the layout of
the stress gauges fixed in the concrete foundation at different locations. The 3-D model is created in the
ABAQUS finite element software which consists of the steel reinforcement cage, the steel ring, concrete,
and the subsoil. The finite element modeling is shown in Figure 2.2 [3].
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Figure 2.1: Layout drawing of stress gauges in the foundation [3]
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Figure 2.2: Numerical Model of the wind turbine foundation [3]

According to [3], the radial steel bars in the foundation were in tension whereas those near the top
surface were in compression. Vertical steel bars were either in compressive or tensile stress depending
on the position. Also, the axial stresses in the vertical steel bars were affected by the wind speed. In
comparison to the radial and vertical bars, circumferential bars experience lower stress. Both the simulated
and monitored results depicted similar variations and distributions despite being different values as shown
in Figure 2.3 [3]. A possible reason for the disparity in the magnitude of the steel stresses could be the fact
that material non-linearity is not included in the analysis. Hence, this leaves room for discussion about the

effects of nonlinear analysis.

90° Unit: MPa 90° Unit: MPa

180"

—— SG-V1 (monitored) —w— S$G-V2 (monitored) —+— SG-V3 (monitored) —w— SG-V4 (monitored)

—— SG-V1 (simulated) -0 SG-V2 (simulated) —— SG-V3 (simulated) -0~ SG-V4 (simulated)

Unit: MPa Unit: MPa

—+— SG-Bl (monitored) —s— SG-B2 (monitored)

—+— SG-T1 (monitored) —=— SG-T2 (monitored)

—— SG-T1 (simulated) —0— SG-T2 (simulated) —— SG-BI (simulated) —0— SG-B2 (simulated)

(c) (d)

Figure 2.3: Axial stresses of steel bars in the foundation [3]
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2.1.2. Monitoring of temperature evolution during concrete hardening

Massive concrete foundations require temperature control of concrete hardening during their construction.
An experimental study was conducted in [7] for a wind turbine foundation. The study was conducted
using two methods- calorimetric analysis and continuous temperature-time monitoring. The temperature of
the operation should not be more than 70 °C. In the calorimetric analysis, the adiabatic method is used.
The temperature variations for concrete hardening are recorded for 72 hours. The figure below depicts
the results from the calorimeter for two concrete compositions of cement type CEM II/A-S 32.5-LH. A
big difference is observed in the indicators of the initial temperature of both compositions. The absolute
temperature during this period is 70.5 °C, and its excess relative to the initial value is 55 °C. Hence, it
proves the possibility of a significant increase in the concrete temperature during hardening.
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Figure 2.4: Temperature of concrete samples in an adiabatic calorimeter [7]

In another method, the temperature is measured using 8 temperature sensors. These sensors were
installed at different points in the structure as shown in the below figure:
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Figure 2.5: Sensor layout [7]

The following figure shows the results obtained from the sensors monitoring the hardening temperature
inside the foundation slab after concreting:
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Figure 2.6: Hardening temperature of the foundation [7]
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From the above Figure 2.6, the maximum temperature of 62.5 °C is observed at point 2 of section I-I,
where the hardening condition approaches adiabatic ones. The initial temperature was 7.5 °C and the
increase in temperature is 55 °C. Also, it is to be noted that due to the significant time interval of concreting
of the lower and upper parts of the foundation, there is a significant lag in the rate of temperature rise over
60 hours, after which temperature values are equalized. The temperature gradient between the inner and
outer parts of the foundation is significant. The maximum value of 27 °C is observed after 38 hours of
hardening after which it reduces to 20-25 °C. While in II-Il, the maximum temperature is 58 °C, and the
temperature gradient is 16-18 °C. The minimum rate of temperature rise is recorded in IlI-1ll, where the
maximum temperature is 38 °C, and the gradient was from 15 to 8-10 °C. The installation of the tents over
the foundation creates favorable conditions for hardening to reduce the temperature gradient. At the same
time, the temperature of concrete rises by 15-20 °C as compared to the temperature of the outside air. It
can also be concluded from the obtained results that the heat accumulation phase lasted longer at the
locations closer to the core of the foundation, leading to higher temperature peaks [8]. The temperature
decreases after the heat transfer phase and a fluctuation at locations closer to the foundation surface has
been observed. The Figure 2.7 depicts the temperature distribution between two points. The red curve
shows the point closer to the foundation core whereas the blue curve is the result of the point away from
the core.
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Figure 2.7: Temperature comparison between two points [8]

The temperature variations in FEM analysis of the foundation at different time periods are shown in
Figure 2.8.
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The temperature gradient is one of the significant reasons which leads to thermal cracking in mass
structures [10]. Temperature gradients are obtained in the vertical direction. From the experiments of
[8], the maximum gradient is obtained at an age of 9 days, when the temperature difference between the
foundation core and the top surface is 35 °C.
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Figure 2.9: Temperature variation along the vertical direction [8]

Due to the presence of maximum temperature in the core, it also has a higher magnitude of temperature
decay, which results in tensile stresses since the temperature decay is constrained during contraction by
the region with a weak temperature decay [8]. A larger value of tensile stress is observed in this phase
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because of the increasing Young’s modulus. This counteracts the compressive stress inside the concrete
which was generated during the temperature rise phase. A big temperature gradient between the core and
the foundation surface leads to higher tensile stress, which results in cracks.

The temperature values presented in the paper will be as a reference point in order to verify the results of
the DIANA calculation.

2.2. Fiber Optics Measurement

Strain is the deformation of the particles in a body due to the stress induced by force. In order to monitor
the structural behavior of the turbine foundation, the strain measurements were carried out by using Fiber
optics. In this case, Fibre Bragg Gratings are used which are basically glass fibers generally known for their
light-emitting properties and ability to transport data over large distances. Fiber photosensitivity is the main
principle involved in writing Bragg gratings into the core of the fiber. This measuring technique is based on
a passive sensor with active monitoring. The monitoring unit emits light into the fiber. Intended distortions
generate a reflection of a specific wavelength when the light refracts on the wavelength-dependent optical
filter. This marks the location of the point with a high degree of precision. The light frequencies are
tenable and the characteristics traveling within the fiber are modified as a function of the temperature
and the strain. They are determined in the back-scattering light, which is later collected by the monitoring
unit, analyzed, and then converted into strain and temperature data. The applied sensors are distributed
sensors where strain is measured over the full length of the fiber. The fiber cable has to be looped to
transmit the data to the receiver. With regards to the advantage, many FO sensors are developed to
achieve specific challenges in the health monitoring of concrete structures, such as crack detection or
crack monitoring [11]. Mass structures such as bridges and wind turbine foundations can be instrumented
with sensors to assess and ensure ongoing structural health and safe operation of the structure [12, 9]. Not
only that, in the FBG sensor, the measurand is encoded directly with the wavelength, which is an absolute
parameter and does not suffer from the disturbances of the light paths [13]. Thus, the output signal is
independent of the intensity of the source, and losses in the connecting fibers and couplers. The accuracy
of the sensor depends on different factors such as linearity, resolution, temperature stability, long-term
stability, and statistical error. The FBG is sensitive to both strain and temperature due to linear expansion
affecting the grating period and the difference in refractive index from the photoelastic effect, and thermal
expansion and thermo-optic effect of fiber material respectively [14]. Regardless, of the temperature
sensitivity, the temperature is very stable in FBG sensors during short-term monitoring and usually, there
are no differentials between the start and end of monitoring cycles. The strains measured due to the forces
induced into the gauges are all differentials and the rebar gauges are not calibrated.
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Figure 2.10: Fiber Bragg Grating system
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2.3. Determination of concrete cracks

Wind turbines onshore or offshore often experience continuous cyclic loads [15, 16, 17]. The constituents
of such structures are expected to support the existing repetitive and variable loads to maintain structural
integrity. The concrete foundation that responds to a given set of dynamic loads with resonant vibrations
at one or more natural periods is evaluated using dynamic analysis techniques [18]. Vibrations of small
amplitude are mainly used to determine the dynamic parameters assuming a linear behavior of the structure.
In case of the amplitude increases, non-linear behavior begins to alter the dynamic properties [19]. Omori
et al. [20] was the first to build a relation between the fundamental period in buildings with damage. It has
been observed that the damaging process due to seismic activities produces a permanent loss of stiffness
and then a permanent increase of the fundamental period [21]. According to [22], using the natural period
as a diagnostic parameter is based on the assumption that the natural frequencies are sensitive indicators
for structural integrity and directly proportional to the strength of the structure. Various damage-detecting
techniques assume that the development of cracks leads to nonlinear behavior in the structure [23, 24].
Therefore, to determine the cracks in the foundation, a comparison between the undamaged and damaged
state of the structure is required. This can be determined based on formulas that are either empirical or
numerical. Natural frequency is not only an essential parameter for designing new structures but also
essential for the assessment of existing structures.
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Figure 2.11: Example of damping evaluation a) Ambient noise record,b) Amplitude spectrum, ¢c) Damped
response of the building [19]

Jiao et al. [25] in their paper stated that the temperature changes in the mass structures could also
lead to changes in modal parameters such as modal frequencies. Another important parameter is the
damping ratio, which depends on the structure-soil interaction. From [19], it does not have any significant
effect on the earthquake damage degree.
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2.4. Theory behind Uncracked concrete

When the tensile stress of the concrete is less than the tensile strength of the concrete, there will be no
cracking in the foundation. Often, some cracks are observed in the mass structures such as wind turbine
foundations, but with proper design, this can be avoided. A wind turbine foundation often experiences
dynamic loads due to the wind, self-weight of the structure, weight from the surrounding soil, and prestress-
ing from the anchors. It depends on the structural engineer which load combinations they are considering
while designing the structure. One reason for the occurrence of cracks can be due to the consideration of
ULS while designing the structure instead of SLS as it may happen that the loads in SLS in combination
with thermal stresses have caused the cracks [26]. Other possibilities include cracking near the connection
of the tower and foundation with the insert ring, while some cracks may happen due to poor workmanship
and inappropriate material selection. Foundations of wind turbines often experience fatigue due to the
application of repetitive loads [18]. Hence, it is necessary to take fatigue into consideration while designing
such mass structures. Under dynamic loads, the fatigue strength is estimated with the help of S-N curves.
From [27], to ascertain the potential of cracking due to the hydration heat, a stress analysis is required to
assess whether the thermally induced stresses are greater than the tensile strength of concrete at a given
age.

There are many mass structures that remain uncracked over a period of time. The different parameters
influence the strengthening of the structural element over time. Generally, thermal stresses are generated
in the mass concrete structures which leads to thermal cracking [28]. Though this can be avoided with
proper design, consideration of low-heat cement, and good workmanship. Furthermore, when the concrete
is uncracked and the steel stresses are low as compared to the tensile strength, it is safe to assume that
the structure is prestressed which does not allow cracks to form inside the foundation. This prestressing
force can be generated from the heating inside the foundation due to the effect of hydration heat. In a
reinforced mass concrete structure, when concrete is poured, the heating of the foundation due to the
effect of hydration heat leads to a rise in temperature, and the internal volume expands whereas the
external volume decreases due to ambient temperature. During the cooling period, the outer surface
temperature decreases while the foundation temperature is still hot. This cooling in the outer surface leads
to compression whereas the inner surface is in tension. This results in the prestressing of the reinforcement
in the foundation. A pictorial representation of the temperature difference and crack formation mechanism
is shown in Figure 2.12.
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Figure 2.12: Temperature difference in the foundation [29]
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According to [30], the cement paste blended with different substitution materials changes the hydration
kinetics. This changes the release peak value significantly, but the main peak time does not fluctuate
evidently. Also, from the experimental studies in [30], depending on the composition of the mixture, the
3-day, and 28-day compressive strength of the blended cement range from 19-40 MPa and 37-60 MPa.
This blended cement contains a mixture of either silica fume or fly ash or quartz powder. The mixture
containing silica fume has higher reactivity than ordinary cement whereas fly ash and quartz powder have
lower reactivity. It is observed that the pozzolanic action of fly ash and quartz powder to compressive
strength becomes more remarkable in the later period. The experimental results confirmed that cement
replacement plays a significant role in the development of compressive strength.

2.5. Heat of Hydration

2.5.1. Process and Mechanism

When cement and water come in contact, a thin layer of reaction products forms at the surface of the
cement particles. This is known as a phase-boundary reaction. After this stage, comes the dormant stage
where hardly any observable reaction activity happens. At the end of the dormant stage, the reaction
process leads to the acceleration period. In this process, the layer of the hydration products around the
cement particles comes in contact with each other as they become thicker. By the end of this stage, the
process becomes diffusion controlled [31]. A schematic representation is shown in Figure 2.13. The
potential risk of early-age concrete, mainly massive concrete structures, cracking depends on the ability of
hardening concrete to support thermal stresses caused by the exothermic nature of the hydration process
[32]. Mass concrete structures generate a significant amount of temperature gradient between the inside
and outside surfaces of the foundation. The exothermic reaction of the hydration process results in the rise
of temperature in mass concrete structures which induces the possibility of early-age concrete cracking
during cooling and of premature degradation of the structure [32].
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Figure 2.13: Different characteristic stages during hydration[31]

2.5.2. Degree of hydration
The degree of hydration is the ratio between the amount of cement that has changed into reaction products
and the originally available amount of cement. It is also defined as the amount of heat liberated from the
amount of cement that has reacted.

Q(7)

Oéh(T) = Q

2.1)

where,

Q(7) = the amount of liberated heat at time t=7
Qmaz = the amount of liberated heat at complete hydration of all available cement
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2.5.3. Degree of reaction
This is the ratio between the amount of heat liberated Q(7) and the practical maximum amount of heat
liberated Qmax)* [31].

o (1) = QQ(T) (2.2)

max

2.6. Temperature distribution in hardening concrete

2.6.1. Fourier Differential Equation

According to [31], an analysis of the heat fluxes and temperature distributions can be conducted if the
source of heat is known. To calculate the temperature distributions in a structural element, the Fourier
differential equation will be used. The equation is given below:

or o’T 9°T  9*T 1
a, U |5 5 a 9 a9 . c'aavt 23
5 = ¢ [8x2+8y2+822] t o (gc(z,y,2,1)] (2.3)
where,
Ac = heat conduction coefficient[lW /m K]
Ce = specific heat of concrete[kJ /kgK]
Pe = specific mass of concrete[kg/m?]
T(xz,y,z) = temperature of the concrete[K]
q.(z,y, z,t) = heat source[k.J /m3h]
T, 2 = coordinates
e = temperature levelling coefficient[m? /]
Gc = Ac (2.4)
PcCe

The Fourier differential equation is solved using the finite element method.

2.6.2. Thermal Properties of Hardened concrete
The thermal characteristics of the concrete depend on the composition of the concrete mixture including
the microstructure of the concrete.

Heat conduction coefficient, ).
It depends on the concrete’s mix composition, especially on the type of aggregates. This value lies between
2.0 and 3.0 W/mK.

Specific heat, ¢,
The specific heat of young normal concrete varies between 1.0 and 1.15 kd/kg.K. It increases with increasing
water content and slightly increases with an increase in temperature [31].

Heat diffusion coefficient,a,.
This coefficient will not be constant since the properties on which it depends, change during the hardening
process [31].

Heat Capacity

From [31], the heat capacity is the product of the mass density of concrete and specific heat. It is assumed
to be a constant value for practical applications but generally, it is a function of the degree of hydration.
Heat capacity = specific heat of concrete * specific mass of concrete
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2.6.3. Thermal boundary conditions

Heat-Transfer coefficient

From [33], the convective heat transfer coefficient, measures the amount of heat transfer between the
concrete surface and ambient air. HTC depends on the factors such as wind velocity, curing condition,
and thermal conductivity. At this surface, the heat flux will experience resistance which depends on the
medium of the surroundings and on the temperature difference between the surface and the medium. The
following relation Equation 2.5 states that at the concrete surface, the amount of heat supplied should be
equal to the amount of heat exchanged with the environment [31]. The convective heat transfer coefficient
also depends on the factors such as the roughness of the concrete surface, materials of the formwork, and
flow characteristics [33]. Furthermore, the convective heat transfer coefficient depends on the boundary
condition of the concrete surface in contact with the ambient air.

A(aT) o (Ty— Ty) =0 (2.5)
oz /,

where,

Ae = heat conduction coefficient{lW /m K]

T, = temperature at the concrete surface[°C]
T, = temperature of the surroundings[°C]

x = normal to the surface[m]

a = heat-transfer coefficient[IW /m?.°C]

When a formwork or an insulating layer is present with a thickness d; and a heat flow conductivity A;,
and «,,, as the heat transfer coefficient of formwork and the surrounding, then the resulting heat-transfer
coefficient is calculated:

1 1 ;
EELI (2.6)

Olres Am 1 As

According to [34], the maturity of the concrete of the same composition has almost the same strength as
the combination of temperature and age requires to make that maturity. Furthermore, the experiments
conducted by [33], showed that when curing materials are used, the temperature difference between the
center and the surface of the structure decreases since the rate of heat release decreases. It is also noted
that the fast release of heat on the surface of the concrete structure causes excessive tensile stress at the
early stage of concrete casting. In addition to the above-mentioned factors, it is observed that the effect of
the wind velocity and curing condition on the coefficient is apparent. Also, it is noted that the convective
heat transfer coefficient influences the temperature profile of the structure, and the resulting tensile stress
results in cracking.

Adiabatic temperature rise
When the liberated heat is used for concrete heating, it is called the adiabatic process. The adiabatic
temperature rise can be calculated using the formula below:

Qap, (t) : C : Qmaz

AT, (1) = ==

(2.7)
where,

AT, (t) = adiabatic temperature rise at time t [°C]

C = cement content of the concrete [kg/m?]
Pe = specific mass of the concrete [kg/m?]
Ce = specific heat of the concrete [kJ /kg-°C]

The schematic representation of the adiabatic hydration process and temperature rise is presented in
Figure 2.14.
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Figure 2.14: Adiabatic hydration process and rise in temperature [31]

2.6.4. Temperature deformations in hardened concrete

Thermal expansion coefficient
Thermal expansion depends on the expansion coefficient of the individual components inside a concrete.
For the majority of the practical applications, a constant expansion coefficient is assumed.

2.6.5. Average temperature, temperature difference, and eigen temperature
The temperature calculation results in a temperature distribution over the cross-section of a structural
element. The different temperature components are explained below in detail:

Average temperature

The average temperature depends on restrained or unrestrained conditions. In the case of the free
deformations, A T,,. will lead to either elongation or shortening. Whereas, if the deformations are
restrained, a normal force will develop.

1 vz
ATpe = o /z AT(x) - b(x)dx (2.8)

1

where,

xiandzy = distances along the x-axis of the outer fiber
b(x) = width of the concrete cross-section
A, = area of the concrete cross-section

Temperature difference
The temperature gradient over the whole cross-section results in a linear temperature distribution. From
[31], the temperature distribution due to an arbitrary thermal load is shown in Figure 2.15.

The equation for the temperature gradient is shown below:

ATy (z) = % -

AT, = %/ T(z) - b(x) - xdx

1
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Figure 2.15: Temperature distribution into 3 different components [31]

where,

I = Moment of inertia
h = height of the element

When the structure is free to deform, the linear temperature gradient causes a curvature x(ATy).

AT[, Qe

KZ(ATZ)) = h

(2.10)

Eigen temperatures
These temperatures result in eigen stresses. It is calculated using the following equation Equation 2.11.
The summation of the eigen temperature over the whole cross-section of the structural elements should be
zero. They generally do not lead to any kind of deformations of the cross-section as a whole, except at its
outer ends [31].

AT, = AT(x) — (ATgpe + ATy(z)) (2.11)

Reference Temperature
According to [31], the reference temperature is the basic temperature that is used to calculate the tempera-
ture variations relatively. T;. is mostly assumed to be equal to 20°C.



Field monitoring of strain measurements

This chapter encapsulates the field monitoring of the wind turbine foundation and discusses the basic
description of the setup along with the methodology and the obtained results. This will also include the
determination of the occurrence of cracks inside the mass structure.

3.1. Description of the setup

Health monitoring of the concrete foundation is conducted in order to determine the structural behavior
of the mass structure. This is conducted using the FO sensors, typically an FBG sensor as described
in section 2.2, which were placed inside the foundation before the concrete was poured into the wind
turbine 01 in Riemst. The optical glass fibers are present in different locations to measure the strain data
in the reinforcements present inside the structure. A typical glass fiber optics is shown in Figure 3.1. For
this project, the sensors are located at 8 positions as shown in Figure 3.3. The setup is based on 4 axial
orientations.

- v
BRI

Figure 3.1: Glass Fiber optics sensor

3.1.1. Overview of the sensors
During the interpretation of the results, it is necessary to understand the function of each component of the
sensor and hence, this section will highlight the terminologies used in the results.

* Interrogators: These are devices that obtain data from the sensors located in different directions.
The interrogators present during the measurement are named Ix0, Ix1, and Ix2.

« Channels: There are four channels present that help to figure out the position of the sensors.

22
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+ Directions: The directions in the sensors are interpreted in the following way:

Table 3.1: Overview of the sensor directions

Actual Wind Directions Bepresented directions
in sensors

North A

East B

South C

West D

* Measuring locations: There are 8 measuring locations inside the foundation. The description of
each sensor at different locations is provided below:

— LO1: It detects the steel stress in the wind turbine tower’s bottom section which in turn determines
the maximum bending moment that goes inside the foundation. This is a crucial step for further
analysis of the steel stresses in the DIANA since it determines the maximum tensile and
compressive steel stresses inside the foundation. The sensor is located 1m above the concrete
in the basement of the wind turbine tower.

S38%

Figure 3.2: LO1 sensor

— L02: Detects the longitudinal stress of the top radial reinforcing bar. All other sensors except
LO1 are encased in concrete and subjected to working loads during construction. The sensors
can measure the strain of the rebar over 1m, consisting of 4 sections of each 250mm.

— L03: The sensor at this position determines the longitudinal stress of the top tangential reinforcing
bar.

— L04: At this position, the sensor measures the longitudinal stress of the stirrup.

— LO05: This is the inner part of the foundation bottom. Hence, the sensor at this position determines
the longitudinal stress of the bottom radial reinforcing bar.

— L06: This measures the longitudinal stress of the bottom inner tangential reinforcing bar.

— LO7: The outer part of the bottom side of the foundation measures the longitudinal stress of the
radial reinforcing bar.

— LO08: It measures the longitudinal stress of the bottom outer tangential reinforcing bar.
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Figure 3.3: Position of sensors-Side view

+ Measuring points: In order to get the strains from all the neighboring elements, the optical fiber has
4 measuring locations.

Table 3.2: Timeline

Date Event

July 2017 Concrete pouring

August 2017 Prestressing of the foundation
September 2017 | Erection of the tower

October 2017 Baseline measurement
November 2017 | First measurement

May 2022 Second measurement

March 2023 Third measurement

3.2. Methodology for the measured data from 2017
3.2.1. Research Data

This is the first measurement conducted after two months of the tower’s erection on the foundation. At
that time, the foundation was newly constructed and the concrete was poured before 2 months of tower
erection. Before performing the test, it is necessary to predict the wind speed and wind directions for a
week since wind direction affects the direction of the bending moment and wind speed affects the amount
of steel stress [3] in the foundation. On the day of the measurement, a basic check is performed in order
to verify the proper functionality of the glass fiber optics. The monitored results were obtained during the
emergency stop to achieve maximum bending moment in the foundation.

A summarised value for the wind speed and direction is provided below Table 3.3.

Table 3.3: Summary of wind speed and wind direction-2017

Date and time Wind speed (m/s) | Wind direction (degrees) | Nacelle position (degrees)
22/11/2017; 14:25 | 6.5 185 190
22/11/2017; 14:30 | 7.1 185 188

The mean wind speed obtained is 6.8 m/s during the measurement and the wind direction is more
towards the south from the measured angle as shown in Figure 3.4.
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Figure 3.4: Pictorial representation of the wind direction-2017
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3.2.2. Stiffness of the foundation

The presence of cracks is determined inside the foundation using the relation between the stiffness and
the frequency [22]. The frequency of the foundation is calculated using the Fourier transform in MATLAB.
Thus, the frequency obtained is 0.157Hz. According to the data obtained from the turbine company, the
natural frequency of the tower must be within the frequency interval of 0.157 Hz-0.162 Hz. Since the
calculated value is within the range, it can be concluded that the tower is performing in an expected way.
In the later stages, another measurement will be conducted where a comparison can be built between the
two natural frequencies in order to determine the structural health of the foundation.
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Figure 3.5: Natural frequency of the tower
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3.2.3. Results

The results from the sensors are then processed in the interrogators present at the location. The obtained
data from the measurements are in the form of strains. These strains are converted into steel stresses
and then visualized in Power Bl with respect to time for the given duration of the emergency stop. After
obtaining graphs for the steel stresses, it is important to determine the prevailing wind direction during the
measurement so as to obtain the direction for the bending moment. Since the wind direction is from south
to north, the maximum bending moment will be from north to south. This is the primary bending moment
while the secondary bending moment will act in the east-west direction due to the swaying back of the
tower.

Al

...............................................

............................................

(b)

Figure 3.6: Wind turbine foundation with directions and bending moment a) Top view, b) Section view

From the obtained graphs in Power BI, the maximum tensile stress is found to be 182.21 MPa while
the maximum compressive stress is 160.99 MPa obtained from the shaft sensor. From the steel stresses,
the maximum bending moment is calculated to be 151.07 MNm. Figure 3.7 shows the maximum tensile
and compressive stresses that go inside the foundation. The steel stresses at each position are presented
in Appendix A for all directions.
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Figure 3.7: Steel stress for LO1 position

The monitored stresses in the reinforcement groups located at different positions are obtained at a
maximum level when the emergency stop has been applied and they are presented below in tabular form.
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Table 3.4: Measured maximum steel stresses at different locations and directions-2017

Measuring Locations | Directions | Tensile Stress (MPa) | Compressive Stress (MPa)
A 182.21 -118.53
LO1 B 10.66 -20.16
C 117.07 -160.99
D - -
A 21.97 -12.47
LO2 B 5.1 -34
C 15.4 -19.94
D 3.06 -4.68
A 3.13 -1.87
L03 B 1.08 -0.76
C 3.13 -4.13
D 0.75 -1.15
A 4.64 -2.94
Lo4 B 1.32 -0.92
C 3.7 -5.1
D 0.96 -1.42
A 5.04 -7.5
L05 B 1.67 -2.33
C 8.96 6.04
D 2.23 -1.55
A 2.12 -2.9
LO6 B 0.85 -1.19
C 3.13 -1.99
D 0.94 -0.68
A 2.49 -1.13
LO7 B 0.5 -0.38
C 0.82 -0.73
D 0.25 -0.33
A 1.46 -2.17
L08 B 0.61 -0.81
C 2.09 -1.39
D 0.76 -0.5

At each location, the sensors measured the strains in all 4 directions. These strains are then converted
into stress values which provide the generated stress due to the application of dynamic load. Each sensor
measured both maximum tensile and compressive stresses at different moments. At the tower, the sensors
are located in three directions instead of four. Hence, the obtained stresses are for North, East, and South
direction only. From the table Table 3.4, it can be observed that the maximum tensile stress going in the
foundation is 182.21 MPa measured in the North direction whereas, the maximum compressive stress is
160.99 MPa observed in the south direction. Since the wind is flowing from the South to the North and the
bending moment is applied in the opposite direction, tensile stress occurring in the North and compressive
stress occurring in the south seems logical. Also, the other directions East and West, experience lesser
stress as compared to the prevailing directions since secondary bending moment is observed in both
East and West. From the field measurements, the steel stresses in the top radial position were quite high
compared to the steel stress in the top tangential direction. Whereas, in the case of the bottom radial and
tangential rebars, the steel stresses are comparable.
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3.3. Methodology for the measured data 2022
3.3.1. Research Data

In 2022, another measurement was conducted in order to monitor the structural health of the concrete
foundation. Similar to the previous measurement, in this case as well the wind speeds and wind directions
were predicted for a week before performing the field measurements. Below Table 3.5, gives the summary

of the wind speed and wind directions during the time of the measurements:

Table 3.5: Summary of wind speed and wind direction-2022

Date and Time

Wind speed (m/s)

Wind direction (degrees)

Nacelle position (degrees)

24/05/2022,15:10

8

261.5

262.7

24/05/2022,15:15 | 8 261.5 262.7
24/05/2022,15:20 | 7.5 2751 262.5
24/05/2022,15:25 | 7.5 2751 262.5
24/05/2022,15:30 | 6.2 266.8 262.5

The mean wind speed is estimated to be 7.5 m/s flowing at a direction of 268° from the West to East
direction. Since the wind direction is from west to east, the overturning moment that occurred will be from

East to West. The pictorial representation of the wind direction is shown in Figure 3.8:
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Figure 3.8: Pictorial representation of the wind direction-2022
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3.3.2. Results

Unlike the measurements from 2017, the data from the prevailing directions of the shaft sensors are
missing. Due to this, it becomes difficult to determine the amount of maximum steel stress that goes inside
the foundation. The steel stresses from the measurement are presented in Table 3.6.

Table 3.6: Measured steel stresses at different locations and directions-2022

Measuring Locations | Directions | Tensile Stress (MPa) | Compressive Stress (MPa)
A 0.51 -3.83
LO1 B ) )
C 6.92 -5.02
D - -
A 2.66 -3.12
LO2 B 7.6 -4.56
C - -
D 5.43 -8.52
A 0.55 -0.63
L03 B 1.66 -1
C - -
D 1.51 -1.83
A 0.69 -0.92
Lo4 B 2.18 -1.15
C - -
D 1.35 -2.23
A 1.31 -1.08
L05 B 2.38 -3.99
C 2 -1.62
D 3.9 -2.3
A 0.68 -0.52
LO6 B 0.81 -1.39
C 0.64 -0.57
D 11.06 -11.29
A 0.06 -0.11
LO7 B 0.48 -0.33
C 0.18 -0.26
D 0.37 -0.42
A 0.27 -0.33
L08 B 0.72 -1.23
C 2.96 -2.58
D 1.57 -0.99

Since the prevailing wind direction is from west to east, hence the applied overturning bending moment
should be from East to West. From the above table, the maximum occurring steel stresses are in the
primary directions i.e. East and West while the other two directions experience comparatively lower steel
stress. As the wind speed is more in 2022 than the wind speed in 2017, according to subsection 2.1.1, the
steel stress in 2022 has to be greater than the ones measured in 2017 but after comparing Table 3.4 and
Table 3.6, that is not the case. Due to the lack of data, estimation is done with hand calculation otherwise
it is difficult to find the exact maximum tensile and compressive stresses in the foundation. Along with
the missing information from the shaft sensor, the data from the few other sensors are omitted during the
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process in the interrogators. Thus, it becomes necessary to conduct another experiment on the same
foundation in order to determine the accurate measurement results.

3.4. Methodology for the measured data from 2023

3.4.1. Research Data

Due to the missing information about the maximum steel stress present in the wind turbine foundation, a
new measurement is performed for the same foundation in order to obtain the exact measurement results.
This time the mean wind speed is 10 m/s and the prevailing wind direction is south-west as shown in
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W 2o A

4
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Figure 3.9: Pictorial representation of the wind direction-2023

Figure 3.9 and Table 3.7. Since the wind speed is greater than the other two measurements, it can be
expected to have a larger tensile and compressive stress in the rebars.

Table 3.7: Summary of wind speed and wind direction-2023

Date and Time Wind speed (m/s) | Wind direction (degrees) | Nacelle position (degrees)
23-03-2023;13:05 | 9.1 214.5 215.9
23-03-2023;13:10 | 10.9 214.5 215.9
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3.4.2. Results

Despite conducting another measurement, the results obtained are not satisfactory due to the absence of
measured values from the shaft sensor in the East-West direction. It is necessary to get readings from
at least three sides in order to obtain accurate measurements, while in this case, only two readings are
measured. The results are shown in the below Table 3.8.

Table 3.8: Measured steel stresses at different locations and directions-2023

Measuring Locations | Directions | Tensile Stress (MPa) | Compressive Stress (MPa)
A 0.09 -0.11
LO1 B ) )
C 0.24 -0.19
D - -
A 2.55 -5.16
Lo2 B 2.84 -6.62
C 5.46 -2.43
D 7.82 -4.8
A 0.44 -0.92
L03 B 0.63 -1.4
C 1.7 -0.77
D 1.47 -0.64
A 0.72 -1.44
Lo4 B 0.92 -2.07
C 1.69 -0.8
D 4.49 -4.01
A 2.31 -1.11
L05 B 3.77 -1.65
C 1.31 -2.89
D 1.56 -3.61
A 1.1 -0.58
LO6 B 1.41 -0.63
C 0.46 -0.99
D 0.7 -1.57
A 0.21 -0.11
L07 B 0.22 -0.45
C 0.44 -0.24
D 0.29 -0.35
A 0.73 -0.33
L08 B 1.23 -0.55
C 0.37 -0.68
D 0.63 -1.44

In the 2023 measurement, the main wind direction is South-West, which results in maximum steel
stresses in the East and West directions in most of the locations. Also, it is expected from the wind speed
that this time the measured values will be greater than the previous field monitoring, but after comparing
Table 3.4 and Table 3.8, the steel stresses are very low. Along with this, two sensors L04 and L0O8 showed
strange values after post-processing which questions the accuracy of the current measurement. Hence,
the DIANA model will be based on the measurements from 2017, and the rest two measurements will be
used to detect the possible presence of cracks.
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3.5. Determination of Cracks

In order to determine the presence of cracks in the foundation after the tower’s erection, field monitoring
is conducted in different time periods. One measurement happened in 2017, which was just after the
tower construction, and the other two happened in 2022 and 2023. The strain measurements from the
current years are also preprocessed similarly to those of the 2017 measurements. Next, the stiffness of
the foundation is determined by calculating the frequency at the moment of the emergency stop.

3.5.1. From Measurement

In order to determine the presence of possible cracks in the concrete foundation, the natural frequency of
the tower is determined from one of its sensors using the strain data with the help of the Fourier transform.
Based on the frequency from the previous data i.e. 2017, and the current data, a comparison is made to
detect any cracks in the foundation [22]. After determining the frequency from all the years i.e. 2017, 2022,
and 2023, it is concluded that the mass concrete structure is still uncracked since the frequency is more or
less the same over the years. If the concrete is cracked, then the natural frequency of the tower would
have reduced to below 0.156 Hz which is not the case in this foundation. The frequency of the measured
strains from all the years is presented below:

Table 3.9: Estimated Frequency for all the years

Year | Frequency (Hz)
2017 | 0.157
2022 | 0.158
2023 | 0.159
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Figure 3.10: Natural Frequencies for two measurements a) From 2017 data, b) From 2022 data ¢) From
2023 data

3.5.2. Analytical calculation

In order to verify the above calculations, a simple analytical formulation is being performed where the
frequency is calculated using Equation 3.1. The complete calculation is provided in Figure A.23, where the
obtained frequency is 0.1592 Hz.

f . 3.04ET
Y 2m N (0.227m(L + Lf) + Mygy) (L + L)

(3.1)

where,
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f1 = frequency of the tower (Hz)

EI = bending stiffness of the tower (Nm?)
m = mass of the tower (kg/m)

L = hub height (m)

Ly = tower height below the ground (m)
M., = mass of the nacelle and rotor hub (kg)

Table 3.10: Parameters

Parameters Description

L 150 m

Lf 22m

El 5.51544e+11 Nm2
m 4710 kg/m

Mtop 114000 kg

3.5.3. Conclusion

From both subsection 3.5.1 and subsection 3.5.2, it is evident that the tower frequency is more or less the
same which implies that the wind turbine foundation is still uncracked. In case the tower frequencies of
2022 and 2023 have reduced as compared to the frequency of 2017, then it can be concluded that the
stiffness of the foundation has decreased over the time period resulting in the possibility of cracks in the
foundation.



SCIA engineering calculation

This chapter deals with the structural calculation of the wind turbine foundation. It includes the basic
description of the model created in SCIA followed by the structural analyses. The purpose of this study is
to verify the structural model in which the numerical analysis is performed.

4.1. Description of the model

The model is created as a 2D plate in the structural software. The two-dimensional plate is a homogeneous
plate that acts as a whole. A simplified calculation will be performed on the circular plate and the results
from such calculations will be compared with the numerical analyses. There are 28 piles underneath the
foundation represented as nodes along with the spring properties in the model.

Figure 4.1: 2D plate model

4.1.1. Dimensions of the model
The plate dimensions are presented in the Table 4.1.

36
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Table 4.1: Dimensions of the structure

Structure Diameter (mm) | Center thickness (mm)
Foundation base_bottom | 17000 3130
- 1600
Foundation base top 7650 3430
Tower 6000 3430

4.1.2. Material properties
The following material properties have been used in the structural analysis. Due to the assumption in the
structural analysis that the concrete foundation is cracked, Young’s modulus of the concrete grade C30/37
is lower than the expected value. By applying a lesser Young’s modulus of concrete, the larger force is
transferred through the tangential reinforcements in order to have an equivalent distribution of forces.

Table 4.2: Material properties

4.1.3. Load combinations
Since this project is about the structural health monitoring of the existing foundation, the applied loads and
bending moment are the values obtained during the measurement using fiber optics. Below Table 4.3
gives an overview of the applied loads into the structure:

Table 4.3: Load cases

Load cases Coefficient
Self weight concrete 0.9
unit load vertical (1000kN) 2.31
unit load moment (100000kNm) | 1.51

Material | Density (kg/m?) | Enoa(MPa) | Guoa(MPa) | | a(m/mK) | F,(N/mm?) | F,(N/mm?)
S 235 7850 2.1e+05 8.08e+04 03]|0 235 360
Material Density (kg/m3) | Enod(MPa) | u a(m/mK) | fckog(rvpa)
Concrete main 2500 8e+03 01510 30
Concrete middle | 2500 3e+03 01510 30
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Figure 4.2: Applied Bending Moment

4.2. Methodology

In the SCIA calculations, a linear structural analysis is performed. Hence, there are many simplifications
that are put into the model while performing SCIA analysis, hence it is a low-level approximation. One
advantage of such an approach is that it is a fast and easy-to-understand method to gain insight into the
distribution of forces. The measured bending moment is used in the model to verify the DIANA model used
for the research project.

4.3. Results

The results obtained from SCIA analysis are provided in Appendix C and the stresses generated at a
bending moment of 151 MNm for the plate are provided in the Table 4.4 below. The stresses in each
direction are estimated from the position of nodes in the plate.

Table 4.4: Steel stresses as a result of SCIA calculation

Directions | Tensile stress (MPa) | Compressive stress (MPa)
A 10.98 -2.83

B 1.12 -0.09

C 21.83 -10.12

D 1.90 -0.09
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Since it is a 2D plate model, it is difficult to show the stresses in every location. The bending moment
acts counterclockwise in the plate model as shown in Figure 4.2. Hence the resultant vertical reaction
forces are such that the compressive force acts on the A side while the tensile force is on the C position
as described in Figure 4.4. Also, the maximum tensile and compressive stresses occur in the south (C)
position, which is also the prevailing wind direction.

Reactions

Nonlinear calculation

NonLinear Combi: Load nonlinear combinations
System: Global

Extreme: Global

Selection: All

Nodal reactions

Sn28/N28 | Load nonlinear | -1018
| combinations |
S5ni4/N14 |Load nonlinear | 2329
combinations

Figure 4.4: Reaction forces
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The below Figure 4.5 shows a linear structural calculation in FE software. It is observed from both
Figure 4.4 and Figure 4.5 that the compressive forces are around 2000 kN for both the calculations while
the tensile force in the SCIA is 1018 kN and in DIANA, it is 616 kN. This variation could be due to several
reasons such as the use of different numerical methods, boundary conditions, convergence criteria, etc.
Considering the compressive forces, it can be concluded that both the models give similar results and the
results of non-linear FE analysis are reliable.

AnalysisT

Phase 1 1 - wind_ref, Load-step 29, Load-factor 1.0000
Reaction Forces FBZ

min: -616.52kN max: 2264.24kN

FBZ
(kN)

2264.24
W 50414
154405
1183.95

823.86

i 263.76

£ X 103.67
3 I -256.43

-616.52

Figure 4.5: Reaction forces in DIANA

4.4. Conclusion

From the obtained reaction forces results of SCIA analysis, the model provides a good match with the
FEM model at a given bending moment. Hence, the results obtained from the FE model are reliable. The
stress results are within the range of the elastic limit due to the applied linear analysis in the calculations.
This also matches the obtained results from the field measurement with a variation of up to a factor of 0.5.



Structural Non-linear Finite element
analysis

This chapter is dedicated to the numerical analysis of the concrete foundation performed in DIANA. This
includes the basic description of the model including the DIANA approach used in modeling and a summary
of the analysis used. In the end, it will include all the FE calculations that are performed during the study.

5.1. Dimensions and properties of the concrete body

The concrete foundation comprises two different parts, a concrete base and a concrete pedestal, with
different material properties. Below Figure 5.1 shows the cross-section of the foundation along with its
dimensions. Table 5.1 depicts the strength class of each component.

ground level: Dm (+88SmTAW) — — — — — — — — — — — — —

C50/60 1 tap_height2 = 630 mm

» I slope_height =300 mm
Pe=0191.5 2)

GW.L high: -2,13m [+36,37m TAW) ----- C30/37

side_height = 1600 mm

battom level: -3,13 m (95,37 m TAW) — - - — - — -
botom ext. level: -3,43 m (95,07 MTAW) — = - — - mm s e e e e e e e e e
4675 mm top_diameter = 7650 mm 4675 mm

{ battom_extension_height = 300 mm

dizmeter = 17000 mm

G.W.L aversge, low: 5m [+53,5m TAW] -----

Figure 5.1: Cross-section of wind turbine foundation

Table 5.1: Concrete properties

Component Strength Class
Concrete Base C 30/37
Concrete Pedestal | C 50/60

41

3130 m
3430 mm
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5.2. DIANA FEA approach to model a wind turbine foundation

5.2.1. Description of the model

Wind turbine foundations are designed using a nonlinear finite element analysis approach in DIANA. The
name DIANA is derived from Dlsplacement ANAlyzer. It is a nonlinear 3D finite element program that can
perform analyses for both static and dynamic behavior. Modeling of damage initiation and propagation
until failure of structure can be accurately carried out in DIANA by modeling the geometry and the material
behavior, the composed elements individually, and their interconnection. The foundation is modeled
as a 3D symmetric model. The physical nonlinear analysis is considered along with the cracking and
crushing of concrete and the yielding and failure of reinforcement steel. In order to include all possible
failure mechanisms of the RC foundation block, the structure is modeled with volume elements, and the
reinforcement bars are modeled according to the drawings. The geometry of the whole model is presented
in Figure 5.2 and the rebar groups are shown in Figure 5.3.

Figure 5.2: Concrete foundation block
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(a) (b)

Figure 5.3: Reinforcements at different locations a) Top tangential, b) Bottom tangential, c) Vertical, d)
Top radial, e) Bottom radial

Special care by introducing loads is taken in case of interaction between the foundation block and other
elements such as anchor cages and soil or piles. In the model, the anchor cage is already included with
linear elastic material properties to prevent it from failing all by itself. No tension and low shear surface
interfaces separate the anchor plates from the concrete to make sure that the load is introduced primarily
by compression into the concrete. Also, it is avoided that the anchor cage contributes to the resistance of
the concrete. Above and below the anchor plates where the compression loads are introduced, layers of
higher quality concrete are included to mimic the effect of confinement and prevent local failure shown in
Figure 5.5. Linear elastic areas are included above the piles to introduce the concentrated loads into the
foundation block depicted in Figure 5.6.
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Figure 5.4: Pretensioned anchors

Figure 5.5: Concrete in confinement layers

Figure 5.6: Elements with linear properties

A small piece of the shaft is included in the model in a phased manner. According to IEC61400-6
Annex N, until ULS load combination, the analysis is conducted force-controlled without a shaft since it
states the distribution of loads in the foundation should not be disturbed by external factors. From ULS
up to the failure, a piece of the shaft with a stiff end plate is used to introduce a prescribed rotation and
conduct the remainder analysis in a rotation-controlled way. The shaft piece is only required to translate
the rotation which is applied in a single point to a distributed load in the foundation. Its participation in the
resistance of the foundation block is avoided by lowering the shear stiffness of the interaction between the
shaft and the foundation block.
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‘x -

Figure 5.7: Model with symmetrical support

Figure 5.8: Model with pile supports

5.2.2. Current Design Method
According to the [15], there are three types of safety formats for nonlinear analysis. They are:

+ Partial Factor (PF) method
+ Global Resistance Factor (GRF) method
+ Estimation of Coefficient of Variation (ECOV) method

In the current design approach, the ECOV method is taken into consideration. In this method, an estimate of
the mean and characteristic values of resistance are calculated using material parameters of corresponding
values. The models will be loaded up to failure. The safety factor is derived from the ratio of the mean and
characteristic resistance. In the ECOV method, the uncertainties are evaluated at the global structural level
and not at local material points. This methodology is only applicable when the failure mechanism is the
same for both characteristic and mean material properties, and it can be assumed that both resistances
are a part of the same lognormal distribution of resistance. The advantages of the ECOV method are as
follows:

+ Conducting analyses with both characteristic and mean material properties indicates if the structure
is sensitive to variations in material properties of concrete and reinforcement.

» The safety factor and hence the design resistance can be derived directly from the characteristic and
mean resistance.

5.2.3. Constitutive models
The constitutive models which are generally used in every project are presented below:
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Table 5.2: Material models used in the FEA

Material Model name Reference
RTD1016-1:2020-2.4.1 [35]

Concrete (Nonlinear) Total strain rotating crack model | DIANA10.5-Manual-47.5 [36]
Appendix 8

Rebar (Nonlinear) Von mises plasticity RTD1016-1:2020-2.4.2 [3]
DIANA10.5-Manual-54.3 [36]

Rebar bond-slip N.A.

Steel

Anchor bolts Isotropic linear elasticity

Mortar

Pile springs (point interfaces) | Interface linear elasticity DIANA10.5-Manual-53.1 [36]

Concrete-anchor plate

or concrete-mortar interaction | Interface nonlinear elasticity DIANA10.5-Manual-53.2 [36]

(surface interfaces)

Concrete Model
A summary of different aspects is provided in the table below:

Table 5.3: Choices for the concrete constitutive model

Aspect Choices

Concrete Model Total strain rotating crack model [36]
Linear elastic properties No reduction for sustained loading
Tensile behavior Hordijk softening [36]

Shear behavior -

Compressive behavior Parabolic compression diagram [36]
Tension-Compression interaction Vecchio & Collins 1993 [36]
Compression-Compression interaction | Selby and Vecchio [36]

Equivalent length Govindjee [36]

Model for reinforcement

Von Mises plasticity model with strain hardening is used to model the reinforcements. The rupture of
reinforcement is included by a steep softening branch in order to consider local rebar failure as part of a
global failure.

Concrete-reinforcement interaction model
This is modeled with the assumption of the full bond between concrete and reinforcement i.e. embedded
reinforcements.

5.2.4. Material properties

Concrete Linear elastic

Linear elastic concrete is used for the mortar. For piled foundations, linear elastic concrete is used locally
above the piles to introduce the pile reactions into the foundations. The young’s modulus used is 10000
N /mm?.

Concrete nonlinear
In the case of the piled foundations, the ECOV method is applied, and hence mean and characteristic
material properties are used for the models. Material properties for nonlinear concrete are derived from the
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characteristic compressive strength of concrete. Usually, the top of the pedestal is executed with a higher
strength concrete class than the remaining part of the foundation. To include the effects of confinement
due to the applied prestress in the model, the layers below the mortar and above the bottom anchor plate

are modeled with a high-strength concrete class.

Reinforcement

Material properties for nonlinear reinforcement are according to [35] and [cen20041992]. The ECOV

method is used for piled foundations with mean and characteristic properties.

5.2.5. Element types

Element Type

Illustration

Description

Application

CHX60

20-node solid, brick
shaped

All solid parts: concrete,
top anchor plate, grout

interface element

CTP45 15-node solid, wedge | A few concrete elements
shaped inside the anchor cage
are of this type
CQ40s 8-node curved shell Bottom anchor plate,
element shaft
L2TRU ! u _ 2-node regular truss Anchor bolts
- ) element
= U,
NBIF : gu 1+1 nodes point Pile springs
L E: . ﬁgcb ! interface element
’ u f ="
ca4si -y, 8+8 nodes surface Interfaces between

bottom anchor plate and
surrounding concrete,
interface between
mortar and concrete

Figure 5.9: Element types used in the FE model
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5.2.6. Loads
Different types of loads and their combination is applied in the DIANA model. The applied loads are shown

in the following section:

Dead Load

The dead load of the foundation is derived from DIANA using the density of the applied materials. The
density of the reinforced concrete is assumed to be 2500 kg/m? and the density of steel bars is assumed
to be 0 kg/m? since the dead load of the reinforcement is included in the density of the reinforced concrete.
The total volume of the concrete is 518.4 m?. Hence, the total foundation dead load can be calculated to
be 12961 kN.

Figure 5.10: Dead load in the FE model

Horizontal Load

The horizontal load is applied by means of a surface load which is uniformly distributed over the top surface
of the tower’s bottom flange. The applied value of the horizontal load is 0.21351 M Pa. This results in a
total horizontal load equal to 1205.3 kN .
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Figure 5.11: Horizontal force in the FE model

Vertical Load
The vertical load is applied by means of a surface load which is uniformly distributed over the top surface
of the top anchor plate. The applied load is -1.023 M Pa. This results in a total vertical load of -5789 k.

Figure 5.12: Vertical force in the FE model
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Bending Moment

The bending moment is applied as a vertical surface load to the top surface of the top anchor plate. The
moment is applied as a constant value of 17.4 M Pa which is then multiplied by a linear function. The
total design bending moment on the foundation is 141000 kNm. In the DIANA calculations, the measured
bending moment equal to 151070 kNm is used.

Figure 5.13: Moment in the FE model

Backfilling soil

The pressures on backfilling soil are taken into account as a constant surface pressure of -17 kPa (dry
soil) and -19 kPa (saturated soil) which is multiplied by spatial function based on the soil depth. In total,
the resultant forces are 3499 kN (dry soil) and 3910 kN (wet soil).

Figure 5.14: Soil force in the FE model
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The below Table 5.4 provides a summary of the applied loads and Table 5.5 and Table 5.6 describe

the load combinations:

Table 5.4: Summary of load cases

Load case | Description Direction | Unit
LC 1 Dead load Z kN
LC2 Anchor prestress Z N/mm2
LC3 Horizontal load X kN
LC4 Vertical load Z kN
LC5 Groundwater pressure | Z kN
LC6 Rotation deformation Around Y | mrad
LC7 Moment load Around Y | kNm
LC8 Backfilling load (high) | Z kN
LC9 Backfilling load (low) 4 kN

Table 5.5: Load combinations for favorable analysis

Steps | Description | Load Factor Stage
1-5 Prestress 1*LC2

6-10 Vertical REF | 1*LC1+1*LC4+1*LC5+1*LC9 | REF
11-29 | Wind REF 1*LC3+1*LC7 REF
30-31 Vertical ULS | -0.1*LC1-0.1*LC4-0.1*LC9 ULS
32-52 | Wind ULS 0.35*LC3+0.35*LC7 ULS
53-102 | Rotation 1*LC6 Failure

Table 5.6: Load combinations for unfavorable analysis

Steps | Description | Load Factor Stage
1-5 Prestress 1*LC2

6-10 Vertical REF | 1*LC1+1*LC4+1*LC8 REF
11-29 | Wind REF 1*LC3+1*LC7 REF
30-31 Vertical ULS | 0.35*LC1+0.35*LC4+0.35*LC8 | ULS
32-52 | Wind ULS 0.35*LC3+0.35*LC7 ULS
53-102 | Rotation 1*LC6 Failure
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5.3. Maturity effects

Concrete material properties also included maturity effects in order to mimic the exact behavior of concrete
right after pouring. From [15, 37], the relationship between maturity-young’s modulus, maturity-tensile
strength, and maturity-tensile fracture energy is calculated. The variation of modulus of elasticity with time
can be calculated using the formula:

Eem (t) = (fcm (t)/fcm)O'S Eem (5-1)

where,

E.(t) = Young’'s modulus at t days [MPa]

fem(t) = Mean compressive strength at t days [MPa]
fem = Mean compressive strength in 28 days [MPa]
E.,, = Young’s modulus in 28 days [MPa]
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Figure 5.15: Maturity-Young’s modulus graph for C35/45
The mean tensile strength of the concrete for t days can be estimated using the equation below:

fctm(t) = (5cc(t)>a . fctm (5-2)

where,

fetm(t) = Mean tensile strength at t days [MPa]
feem = Mean tensile strength in 28 days [MPa]

1/2
Beclt) = exp { [1 - (%) ] } (5.3)
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Figure 5.16: Maturity-Tensile strength graph for C35/45

The below Equation 5.4 estimates the tensile fracture energy of the concrete:

Gp="13-f018 (5.4)

cm

where,

Gr = Mode-I| tensile fracture energy [N/m]
fem = Mean compressive strength [MPa]

Tensile fracture energy (N/mm)

0 10 20 30 40 50 60 70 80
Time (days)

Figure 5.17: Maturity-Tensile fracture energy graph for C35/45

The temperature plays a significant role in the development of concrete strength [9] since heat is both
a product and accelerator of the reactions responsible for producing CSH. To predict concrete strength
development, cube strength tests are required at a controlled curing temperature.
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5.4. Effects of Structural analysis

This section deals with the nonlinear analysis of the concrete foundation. In the beginning, a FE model is
generated to check the effects of the various loads applied to the structure. For this purpose, a structural
non-linear analysis is done for the generated overturning moment during the measurement, which is
used instead of the original design value for the bending moment of the structure. The load steps in
the foundation model are applied as mentioned in subsection 5.2.6. The non-linear analysis has been
performed using the ECOV method but, the research thesis is mainly focused on the results of mean
unfavorable load conditions since the study involves the investigation of the existing concrete foundation
and with the consideration of the maturity effect it provides the result of strength development with respect
to the time. The stresses in the reinforcements at different positions in the concrete foundation are depicted
in the following Figure 5.20-Figure 5.25. The wind directions mentioned in the section are represented in
the Figure 5.18

North/A

South/C

Figure 5.19: Cross section of the foundation with the reinforcements in interest
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Figure 5.20: Rebars in the top tangential position
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Figure 5.21: Rebars in the bottom tangential position
[AncilysET
Phase 11 -wind_ref, Loadstep 29, Load-facfor 1.0000
Reinforcement Cauchy Total Stresses Soc layer 1
min:-19.01N/mire max: 449 .59 N/mimé
o
(N/rre)
50000
I 40000
30000
Z 20000
3 100.00
s 000
-100.00
-200.00

Figure 5.22: Rebars in the bottom tangential position near the piles
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Figure 5.23: Stirrup
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Figure 5.24: Rebars in the top radial position
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Figure 5.25: Rebars in the bottom radial position

Below Table 5.7 describes the maximum tensile and compressive stresses in the reinforcement groups
at each location according to the current DIANA calculations. This data has been extracted from the last
load step of the calculation. The maximum steel stresses in the below table represent the stresses only
in the locations of the sensors and not the whole rebar group. The measuring direction D is not present

since the 3D model in the DIANA is symmetrical. A closer look at the pictorial representations of the steel
stresses is presented in section B.1.

56



5.4. Effects of Structural analysis

Table 5.7: Steel stresses as a result of structural analysis

Measuring Locations | Directions | Tensile stress (MPa) | Compressive stress (MPa)
A 256.3 -

L02 B - -19.56
C - -84.7
A 8.56 -

LO3 B - -3.24
C - -9.96
A 52.88 -

LO4 B - -9.6
C - -7.22
A - -17.43

LO5 B 118.02 -
C 290.67 -
A - -3.35

LO6 B 61.04 -
C 68.5 -
A 5 -

LO7 B - -20.71
C - -38.22
A 1.55 -

LO8 B 6.16 -
C 184.8 -

The below Table 5.8 depicts the comparison between the field measurement and the structural analysis
in FE software. Since the model does not include the shaft, there are no readings at that position in the
numerical analysis. Also, it is to be noted that the DIANA model is a symmetrical model which is why there
are no resultant stress outcomes in the ‘D’ direction. Nevertheless, the FE calculations showed tensile and
compressive stresses at a particular direction based on the applied bending moment. The values absent

in the table mean there are no stress results to mention.
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Table 5.8: Comparison between the Field measurement and DIANA structural analysis

Field Measurement 2017 DIANA Structural Analysis
. . . . Tensile stress | Compressive | Tensile stress | Compressive
Measuring Locations | Directions
(MPa) stress (MPa) | (MPa) stress (MPa)
A 182.21 -118.53 - -
LO1 B 10.66 -20.16 - -
C 117.07 -160.99 - -
D - - - -
A 21.97 -12.47 256.3 -
LO2 B 5.1 -3.4 - -19.56
C 154 -19.94 - -84.7
D 3.06 -4.68 - -
A 3.13 -1.87 8.56 -
L03 B 1.08 -0.76 - -3.24
C 3.13 413 - -9.96
D 0.7 -1.15 - -
A 4.64 -2.94 52.88 -
Lo4 B 1.32 -0.92 - -9.6
C 3.7 -5.1 - -7.22
D 0.96 -1.42 - -
A 5.04 -7.5 - -17.43
L05 B 1.67 -2.33 118.02 -
C 8.96 -6.04 290.67 -
D 2.23 -1.55 - -
A 212 -2.9 - -3.35
L06 B 0.85 -1.19 61.04 -
C 3.13 -1.99 68.5 -
D 0.94 -0.68 - -
A 2.49 -1.13 13.41 -
LO7 B 0.5 -0.38 - -20.71
C 0.82 -0.73 - -38.22
D 0.25 -0.33 - -
A 1.46 -2.17 1.55 -
L08 B 0.61 -0.81 6.16 -
C 2.09 -1.39 184.8 -
D 0.76 -0.5 - -

Conclusion: From [3], it can be deduced that the radial steel bars are in tension or compression
depending on the position of the rebars. It can be seen that there is a large amount of difference in the
reinforcement stresses when compared with the experimental results. In certain areas, such as the top
radial in the North and the bottom radial in the South, the steel experiences high levels of stress, with
a factor of 10 and 30, respectively as presented in Table 5.8. To mimic the structural behavior of the
real concrete foundation, the heat of hydration effect will be introduced in the model. Further analysis
will be based on the hydration heat calculations and their effect on the steel stresses. After analyzing
the hydration heat calculations, other factors such as bedding, dynamic maturity effect, and changing the
hydration heat coefficients will be explored.




Thermo-mechanical Non-linear Finite
element analysis

6.1. Heat Flow effects

A 3D model considering the hydration heat effect is used for heat flow analysis purposes. The finite
element method is a useful technique to model the behavior of the heat transfer, hence it is used to conduct
thermal analysis of the mass concrete [27]. In order to do so, various parameters have been estimated
based on the conditions of the wind turbine foundation. To stimulate the hydration heat, a convection
heat transfer mechanism is used. This heat transfer happens when a fluid is in motion. It is driven by the
temperature differences across that fluid. For the thermal computation, the heat of hydration is applied
using the adiabatic curves for a duration of 7 days according to the cement mixture used while the external
temperature is assumed to be constant for the simplification purpose. The initial temperature of the
concrete and the external temperature of surrounding were obtained from KNMI, as a mean temperature
for the particular days of concrete foundation casting. The convection coefficient along with the external
temperature is assigned to the surfaces of the model as thermal boundaries. 3-D transient thermal analysis
is used to monitor the temperature development inside the concrete as a function of time. The necessary
parameters required to execute hydration heat analysis are provided below:

6.1.1. Material Properties

The material properties which are considered for this project are presented below:

Table 6.1: Material Properties

Concrete grade base top C 50/60

Concrete grade base bottom C 30/37

Concrete grade base C 30/37

Cement type CEMIII/A 425N LH
Reinforcement B 500B

Soil density (bearing capacity) 18 kN /m?

Soil density (backfilling-dry) 17 kN /m3

Soil density (backfilling-saturated) | 19 kN /m?3

Soil type Very dense sand

6.1.2. Adiabatic heat curve
The adiabatic curve is estimated based on the type of cement mixture for a duration of 7 days. The
Adiabatic heat curve for the used cement mixture CEM IlI/A 42.5 N LH is presented below in Table 6.2:
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The graph for the adiabatic heat curve for the cement mixture is shown below Figure 6.1:
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Table 6.2: Temperature variation wrt the number of days

Time(Days) | Temperature (Celsius)
0 18.5
0.175 20
0.25 21
0.3 22
0.35 24
0.45 30
0.6625 39.8
0.825 44

1 46.8
1.225 50
1.375 52
1.5 53
1.6 54
1.825 56
2.15 58
2.875 60
3 60.2
3.5 61.2
4 61.8
4.5 62
5 62.2
55 62.55
6 62.8
6.5 63
7 63.1

Figure 6.1: Adiabatic curve for CEM III/A 42.5 N LH [31]

4 5
Time(days)
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6.1.3. Initial temperature during casting

The initial temperature is calculated by adding 5°C to the mean temperature. The mean temperature is
estimated for the fresh concrete mixture. Since most of the mass comes from the aggregate that was
stored outside, the outside average temperature of the concrete pouring day including 2 days prior to it,
has been considered. In accordance with the KNMI, the mean temperature = 15.6°C. Therefore, the initial
temperature during casting = 15.6°C + 5°C = 20.6°C.

6.1.4. External temperature
The external temperature is estimated as the mean temperature of 4 days from the date of pouring of
concrete to the backfilling of soil.

6.1.5. Time dependent Heat transfer coefficient

One of the most important parameters in the analysis of the hydration heat effect is the heat transfer
coefficient. The related theory is described in subsubsection 2.6.3. For the FEM analysis, two variables are
decided. A comparative study will be performed in DIANA to indicate the relation between HTC and heat de-
velopment inside the foundation. With the help of obtained data from the company responsible for concrete
pouring in the foundation, the HTC will be calculated over a period of 3 days. The interaction goes as follows:

Day 1, Concrete to steel formwork:

To calculate the HTC between concrete and steel, Equation 2.6 is used. The formwork thickness is 7mm.
The heat conduction coefficient for the formwork is assumed to be 50 W /mK and from [38] the heat
transfer coefficient for the steel formwork is 9.9 W /m?.°C.

ares = 9.88 W /m?2.°C. Another variant has been considered which equals 12 W /m?-°C.

Day 2, Concrete to air:

The interaction of concrete to air will only be at the top surface after the removal of the formwork. Hence,
the HTC for both the top and bottom will be different. The heat conduction coefficient for concrete is 2.6
W /mK. According to the data obtained from KNMI, wind speed on that day was 3.8 m/s. Therefore, from
[31], the value of the heat transfer coefficient can be assumed to be 16 and 20 W /m?2-°C for two variants.
For the bottom surface, since there will be no contact with wind, the . = 5.6 and 8 W /m?2-°C respectively.

Day 3, Concrete to soil:
The type of soil at Riemst is very dense sandy soil. This value is assumed to be equal to 5.6 W /m?2.°C
and 8 W /m?2-°C. The below tables summarize the HTC values for different interactions for 3 days.
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Table 6.3: Summarized values for the Heat transfer coefficient

Interactions 20 90
Days (For side) HTC 1 [W/m=.°C] | HTC 2 [W /m*-°C]
1 Concrete to steel formwork | 9.8 12
2 Concrete to air 16 20
3 Concrete to soil 5.6 8
Days | mteractions | ro 4 W /m2.C] | HTC 2 [W/m2-°C]
(For bottom)
1 Concrete to soil | 5.6 8
2 Concrete to soil | 5.6 8
3 Concrete to soil | 5.6 8
Days | Meractions | ro 4y mzeg) | HTC 2 [ /m2oc)
(For top)
1 Concrete to air | 16 20
2 Concrete to air | 16 20
3 Concrete to soil | 5.6 8
Interactions 90 90
Days (For top pedestal) HTC 1 [W/m?-°C] | HTC 2 [W /m?*-°C]
1 Concrete to air 16 20
2 Concrete to air 16 20
3 Concrete to air 16 20

6.1.6. Summary

A summary of the values which are obtained on the basis of the material properties and with the help of
the literature presented in section 2.5 and section 2.6 are depicted in the tabular form for hydration heat
calculation:

Table 6.4: Summary of the values

Initial temperature during casting | 20.6°C

External temperature 17.525°C
Thermal expansion coefficient 1 x 107%m/m-°C
Heat flow conductivity 2.6W/mK
Reference temperature 20°C

Heat diffusion coefficient 0.9 x 107%m?/s
Specific heat 1kJ/kgK

Heat capacity 2549.3k.J /m3-°C
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6.2. Summary of the analysis performed

Table 6.5: Summary of the variants

Variant | Analysis type Maturity HTC | Bedding Piles type
0 Strructural Constant after - - Straight
28 days
1 Structural & Heat Constant after 1 - Straight
28 days
Varying after .
2 Structural & Heat 1 - Straight
28 days
Varying after .
3 Structural & Heat 2 - Straight
28 days
. Bedding provided
4 Structural & Heat \2/23”;;2 after 2 below with a stiffness= Straight
3600 kN/m3
. Bedding provided
5 Structural & Heat \2/23/;;2 after 2 below with a stiffness= Straight
6950 kN/m3
. Bedding provided
6 Structural & Heat Z:Z;r;i after 2 on all sides with a Straight
stiffness=3600 kN/m3
Varying after Incllined withl
7 Structural & Heat 28 days 2 - horizontal stiffness=
60 MN/m
Varying after Bedding provided on Inclined with
8 Structural & Heat 28 days 2 all sides with a stiffness= | horizontal stiffness=
3600 kN/m3 60 MN/m
Varying after Bedding provided on Inclined with
9 Structural & Heat 28 days 2 all sides with a stiffness= | horizontal stiffness=
20000 kN/m3 300 MN/m
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6.3. Effect of constant maturity

The first section of the hydration heat analysis deals with the effect of both transient heat and structural
analysis along with the maturity effects in the concrete material properties. The maturity effect is added
to the material properties such as Young’'s modulus, Tensile strength, and fracture energy. It increases
dynamically with time up to 28 days, after which it remains constant for the rest of the period. The plots for
the same are shown in section 5.3.

6.3.1. Results of Variant 1

This variant deals with the effects of hydration heat in the concrete foundation. In order to generate the
results of the hydration heat, transient heat transfer analysis is performed. The methodology to conduct the
transient heat transfer is mentioned in section 6.1. At first, the hydration heat analysis is performed in the
model to demonstrate the heat flow in the mass structure, followed by the nonlinear structural analysis. The
results calculated are due to the application of heat generated inside the foundation. The wind directions
mentioned in this section are depicted in the Figure 6.2.

North/A

South/C

Figure 6.2: Wind turbine foundation-Wind directions

Temperature evolution in the concrete foundation

From the theory, it is clear that the mass structures release heat due to the hydration effect, hence it
is necessary to include those effects in the numerical calculations in order to mimic the real structural
behavior. To obtain the temperature development inside the foundation, transient heat transfer analysis
is performed in DIANA. When this analysis is conducted, it is noticed that the concrete foundation starts
to heat up after pouring the concrete and reaches the equilibrium point with the environment after 60
days. Also, the inner part of the foundation heats up the most and it cools down slowly after 3 days. The
maximum temperature in the foundation is nearly 61.21 °C, which is a bit less than the maximum adiabatic
temperature obtained for the CEM III/A 42.5 N LH which is 63 °C. The boundary conditions for the heat
flow are applied based on the different surface conditions such as the top, pedestal, bottom, and side of the
foundation, and the values for the heat transfer coefficient are obtained from the Table 6.3 which is based
on many simplifying assumptions and estimates. The following calculation has been performed with the
estimates of HTC 1. Also, it is to be noted that the heat generation inside the foundation is assumed to be
uniform since the impact of heat generation in a nonuniform manner is averaged out by the large thermal
inertia of the foundation as provided in subsection 2.1.2. The different boundary conditions have different
effects on the structure which is shown in Figure 6.5. It is observed that the heat loss is predominated over
the top surface since it is exposed to the air, whereas, the bottom portion is insulated by the soil. The high
thermal inertia of the foundation allows it to retain temperatures as high as 30 °C for at least 28 days. The
numerical analysis is performed for the whole 60 days and the results are shown below:
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Figure 6.3: Temperature Evolution in concrete foundation a) Day 0, b) Day 1, c) Day 2, d) Day 3
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Figure 6.3: Temperature Evolution in concrete foundation e) Day 7, f) Day 14, g) Day 28, h) Day 45
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Figure 6.4: Wind turbine foundation-section layout

The below Figure 6.5, depicts the plot for temperature with respect to the time in each section of the
foundation. Both left (section I-1) and right (section llI-1ll) are equidistant from the middle section (section
[I-11) of the foundation. The graphs are plotted for nodes at different positions in each section. From all the
graphs, it is evident that the innermost middle section reaches the highest temperature and the top part
has the lowest temperature as compared to the other nodes. From Figure 2.7, it is also evident that the
node close to the foundation core experiences higher temperature as compared to the nodes away from
the foundation core. A sudden drop in the temperature is experienced in the topmost node of sections
I-1 and IlI-11l, which again increases on day 3 when the soil backfilling occurs. This is due to the fact that
after the backfilling of the soil, the insulation capacity of the foundation increases and it results in less heat
loss. Whereas, in section II-1l that is not the case due to the presence of the pedestal at the top surface of
the foundation. The lowest temperature of the top surface occurs due to the interaction of the concrete
surface with the air.
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Figure 6.5: Temperature vs Time plots for different sections of the concrete foundation a) Left section-I-I,
b) Middle section-II-ll, c) Right section-IlI-Il|
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Figure 6.6: Height vs Temperature plots for different sections of the concrete foundation a) Left section-I-I,
b) Middle section-II-ll, c) Right section-IlI-Il|
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The next graphs depicted in Figure 6.6, show the variation of the temperature along the height of
the foundation for various days. It is observed from the graphs for three sections, that the maximum
temperature is attained on Day 3 at the middle height of the foundation after which it gradually decreases
and the final equilibrium is reached at the end of 60 days. Another purpose of the vertical temperature
gradient is to find the thermal cracking in the mass structure. From the Figure 6.6, it is observed that the
maximum gradient is obtained at an age of 7 days where the maximum temperature difference between the
core and the topmost surface is 35°C. This is also with the reference with Figure 2.9 where the maximum
temperature gradient is obtained at an age of 9 days. From [8], the concrete is most likely susceptible to
cracking if the temperature gradient is higher than 25°C. Since the temperature difference is much more
than the limits, the foundation is prone to show visible thermal cracks.

Steel stresses due to the Hydration heat

In subsubsection 6.3.1, the evolution of the temperature is discussed along with the time. To determine the
stresses in the reinforcement bars, a structural non-linear analysis is performed to check the developed
steel stresses due to the effect of hydration heat. In the analysis mentioned in section 5.4, the model did
not include the effects of the hydration heat of the concrete which resulted in the steel stresses only due to
the structural calculations. Whereas, now with the inclusion of the heat of hydration in the wind turbine
foundation model, the concrete is allowed to mimic the real structural behavior, and hence the generated
steel stresses due to this phenomenon can be observed. When the stress in the reinforcement bars is
compared at different locations in the foundation a peculiar behavior is observed between the innermost
and outermost nodes as depicted in Figure 6.7. The nodes closer to the pedestal in the radial direction
appear to undergo more considerable stresses due to the bending of the rebar at that point. Otherwise, at
the outer node, the top radial bar experiences a change in peaks due to the applied boundary conditions.
This is also similar to the graph obtained in Figure 6.5. In the case of the tangential bars, the position
of the nodes does not matter since in both the nodes the bottom bars have higher stresses than the top
tangential bars. This is also evident from the Figure 6.8 where bottom bars at both radial and tangential
positions experience more significant stress, especially on the second and third day after concrete pouring
because, unlike the top steel bars, the bottom ones are only exposed to the surrounding soil which has
higher insulation capacity as compared to the other boundary conditions such as air or steel cage.
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Figure 6.7: Steel stress wrt time at different locations in the rebar a) Inner node
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Figure 6.7: Steel stress wrt time at different locations in the rebar b) Outer node

Figure 6.8: Steel stress wrt time for different positions in the foundation a) Radial, b) Tangential
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The stress generated in the rebars due to the influence of hydration heat over the period is shown in

the figures below:



6.3. Effect of constant maturity 72

ARGISET

Phase 1, Time-step 1, Time 20000,
Relnforcement Cauchy Tofal Stresses Sox kayer 1
mmin: 21 63N/ et 23.70N/mi?

S0
(M/mine)
500,00
400.00
300.00
z 20000
A 100,00

x 000
-100.00
20000

(a)

ARGISET

Phase 1, Time-step 4, Time 50000,
Relnforcement Cauchy Tofal Stresses Sox kayer 1
min: 24.46N;/mi et 131 04N/mim?

S0
(M/mine)
500,00
400.00
300.00
z 20000
A 100,00

x 000
-100.00
20000

(b)

ARGISET

Phase 1, Time-step 9, Time 0.18000E+00
Relnforcement Cauchy Tofal Stresses Sox kayer 1
mmin: 17 52N/ retx: 294.72N/mim?

S0
(M/mine)
500,00
400.00
300.00
z 20000
A 100,00

x 000
-100.00
20000

()

Relnforcement Cauchy Tofal Stresses Sox kayer 1

ARGISET
Phase 1, Time-step 13, Time 0.20000E+00
mrin: 22, 33N,/ retx: 345 BEN/mm?

S0
(M/mine)
500,00
400.00
300.00
z 20000
A 100,00

x 000
-100.00
20000

(d)

Figure 6.9: Steel stress in the Top tangential rebars a) Day 0, b) Day 1, c) Day 2, d) Day 3
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Figure 6.9: Steel stress in the Top tangential rebars i) Day 60

Observation Figure 6.9: When the foundation starts to heat up due to the hydration effect, the results
are reflected in the stresses in the rebars. In the case of the tangential bars at the top position, an
asymmetrical pattern can be observed in the radial direction which is maximum on days 2 and 3, and
slowly after day 7, it starts to localize to certain areas. The tensile steel stresses reach their peak value on
day 7 after which it gradually begins to decrease and the compressive stresses start to occur after 28 days
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Figure 6.10: Steel stress in the Bottom tangential rebars a) Day 0, b) Day 1
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Observation Figure 6.10: In the case of the bottom tangential rebars near the pedestal, the maximum

tensile stress occurs on day 3. Whereas, the compressive stress starts to occur after 30 days, increasing
until the foundation cools down completely.
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Figure 6.11: Steel stress in the Bottom tangential rebars near the piles g) Day 28, h) Day 45, i) Day 60



6.3. Effect of constant maturity

80

Observation Figure 6.11: The tangential reinforcements near the piles experience a similar effect as

the top tangential as it experiences the highest tensile stress on the 7th day, after which this decreases
gradually and leads to the rise of the compressive stress after 14 days.
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Figure 6.12: Steel stress in the Top radial rebars a) Day 0, b) Day 1, c) Day 2
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Observation Figure 6.12: The top radial bars attain the maximum tensile stress on day 7, which is
also accompanied by compressive stresses. These higher stresses are near the areas of the bends in the
rebar. The position of the bend is shown in Figure 5.19. A ring-shaped crack pattern can be observed
in the radial group in the temperature-rising phase which disappears slowly during the temperature-drop
phase and the compressive stresses develops in the steel bars. The ring pattern formed in the radial bars

due to the stress concentration during the heating phase of the foundation and when it cooled down the
compressive stresses got distributed uniformly in the whole rebar set.
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Figure 6.13: Steel stress in the Bottom radial rebars a) Day 0, b) Day 1, c) Day 2



6.3. Effect of constant maturity 84

AralsET
Phase 1, Time-step 13, Time 0.26000E+06

Relnforcement Cauchy Tofal Stresses ot kayer 1
min: 2405N;/mi? mrx: 134 B5N/mm?

B
(Njmi)
500,00
400,00
300.00
200.00
100.00
0.00
-100.00
-200.00

/S:N

AralsET

Phase 1, Time-step 30, Time 0.60000E+06
Reinforcement Cauc hy Total Stresses Sxx kayer 1
i 9.32N/mmE max: 86.88N mir?

B
(Njmi)
500,00
400,00
300.00
200.00
100.00
0.00
-100.00
-200.00

AralsET
Phase 1, Time-step 61, Time 0.12200E4+07

Relnforcement Cauchy Tofal Stresses ot kayer 1
min:-1.44N/mim? max: 60 02N/mm?

B

(Njmi)
500,00
400,00
300.00
200.00
100.00
0.00

/S:N

-100.00
-200.00

Figure 6.13: Steel stress in the Bottom radial rebars d) Day 3, e) Day 7, f) Day 14
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Figure 6.13: Steel stress in the Bottom radial rebars g) Day 28, h) Day 45, i) Day 60
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Observation Figure 6.13: The maximum tensile stress in the bottom radial reinforcement is compara-
tively less than the top since it is not bent near the pedestal. It reaches the maximum tensile stress on

Day 2 and experiences a slight amount of compressive stress only after 14 days due to the presence of
insulation from the soil it cools down slowly.
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Figure 6.14: Steel stress in the side stirrups a) Day 0, b) Day 1, c) Day 2
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Observation Figure 6.14: The whole stirrup group is in tension due to the hydration heat on day 7
where it also attains maximum tensile stress. A slight amount of compressive stress in the upper corners
begins only after 28 days when the foundation is sufficiently cooled down.

Conclusion:

In the current analysis, the rebars containing the FBG sensors are present in the top and bottom positions
of the foundation. The top part is considered the low-temperature zone dominated by tensile stresses
during the temperature rise phase. As discussed earlier, the temperature gradient between the core and
the surface is 35°C, which means that the core has a higher degree of temperature decay than the surface,
which has weaker temperature decay as presented in Figure 6.6. Thus, tensile stress is generated because
the core region is constrained during contraction by the top and bottom surfaces. In the temperature decay
phase, the tensile stresses decrease gradually and compressive stresses begin to occur as described in
Figure 6.9-Figure 6.14. The rebars positioned at the bottom side experience lesser heat loss as compared
to the top side. This results in delaying the occurrence of compressive stress in the bottom bars. A higher
temperature gradient leads to more significant tensile stress inside the foundation, making it more likely to
reach the ultimate tensile stress of the concrete and result in cracks. The asymmetrical pattern cracks
occur in the structure due to numerical errors since it is not possible to detect the regions with lower tensile
strength in FE modeling.

Effects of Combined analysis

This section includes the combined heat and nonlinear structural analysis. In this analysis, the structural
calculations are performed at three stages- prestress, vertical load, and wind load after obtaining the
results from hydration heat. The below figures depict the results after each load step:
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Figure 6.15: Steel stress in the Top tangential rebars a) After prestress, b) After vertical load
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Figure 6.15: Steel stress in the Top tangential rebars c) After wind load

Observation Figure 6.15: When the prestress force is applied to the foundation, it is subjected to
the tensile forces only. But after the complete application of the vertical loads, compressive stresses of
less magnitude start to develop resulting in both tensile and compressive stress at the end of the wind
load. The bars near the pedestal are compressed due to the anchor pretensioning bolts. From the wind
directions represented in Figure 6.2, it is observed that the North direction experiences tensile stress, and
the south undergoes compressive stresses since the bending moment is applied from North to the south
as shown in Figure 3.6.
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Figure 6.16: Steel stress in the Bottom tangential rebars a) After prestress, b) After vertical load
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Figure 6.16: Steel stress in the Bottom tangential rebars c) After wind load

Observation Figure 6.16: The bottom tangential rebars near the pedestal experience tension on the
south side (prevailing wind direction) and the north side experiences compression after the wind load step.
This is logical since the bottom portion will experience stress opposite to the top side. It experiences less
stress than the ones near the piles.

&

(a)

AraeET
lPhase 11 - vertical ref, Loackstep 10, Loackactor 10000|
[Reinforcement Catichy Tofal shesses Sox kayer 1
|mine6.79Njmer max: 16.90N/mire

b
*

(b)

Figure 6.17: Steel stress in the Bottom tangential rebars near piles a) After prestress, b) After vertical load
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Figure 6.17: Steel stress in the Bottom tangential rebars near piles c) After wind load

Observation Figure 6.17: Tangential bars near the piles experience comparatively more stress in the
reinforcements as compared to the inner steel group. It starts to experience compression in the areas
where there are piles due to the applied reaction force from the piles resulting from the applied vertical
load. After the applied wind load bending moment, it undergoes tension in the south region (location C)
and it is observed that in some areas the stress is more. Since the pile introducers are modeled as linear
elastic to avoid local failure, the bottom bars experience more stress due to this.
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Figure 6.18: Steel stress in the stirrups a) After prestress, b) After vertical load
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(c)

Figure 6.18: Steel stress in the stirrups c¢) After wind load

Observation Figure 6.18: The vertical stirrups are present near the anchor cage, which experiences
compressive stresses due to the applied anchor pretension forces. When the wind load is applied, the
vertical bars experience both compressive and tensile stresses depending on the position of the stirrups.
Due to the applied direction of the wind load and the bending moment, the bars located in the north direction
experience tensile stresses on the top location and the bars near the south undergoes tension in the
bottom part.

(b)

Figure 6.19: Steel stress in the Top radial rebars a) After prestress, b) After vertical load
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(c)

Figure 6.19: Steel stress in the Top radial rebars c) After wind load

Observation Figure 6.19: The top radial bars experience tensile stress at the position of bends near
the pedestal in the bars. The bend in the bar is illustrated in Figure 5.19. After the application of the
wind load, the reinforcements in the primary wind direction (south) experience compressive stress while
the steel rebars in the opposite direction (north) undergo tensile stress since the overturning bending
moment is acting from the North to the South. The behavior of the occurring stresses is logical. Due to the
asymmetrical stress distribution pattern in the model, there are higher concentrated stresses in the radial

bars.
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Figure 6.20: Steel stress in the Bottom radial rebars a) After prestress, b) After vertical load
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Figure 6.20: Steel stress in the Bottom radial rebars c) After wind load

Observation Figure 6.20: In the case of the bottom radial bars, after applying the vertical loads,
the reinforcements near the piles experience compressive stress while the other portions have tensile
stresses. After applying the wind load, the North side experience compressive stresses while the south
side undergoes tensile stress. This is logical as the direction of the occurring stress is opposite to that of

the top. Some areas have more stress concentrated in those regions due to the additional stress coming
from the piles.
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Figure 6.21: Crack patterns
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Table 6.6: Comparison between the Field measurement and DIANA Model 1

Field Measurement 2017 Model 1
. . . . Tensile stress | Compressive | Tensile stress | Compressive
Measuring Locations | Directions
(MPa) stress (MPa) | (MPa) stress (MPa)
A 182.21 -118.53 - -
LO1 B 10.66 -20.16 - -
C 117.07 -160.99 - -
D - - - -
A 21.97 -12.47 247.42 -
LO2 B 5.1 -3.4 - -17.85
C 154 -19.94 - -73.67
D 3.06 -4.68 - -
A 3.13 -1.87 8.49 -
L03 B 1.08 -0.76 - -3.91
C 3.13 -4.13 - -18.4
D 0.7 -1.15 - -
A 4.64 -2.94 19.67 -
Lo4 B 1.32 -0.92 - -9.62
C 3.7 -5.1 - -15.056
D 0.96 -1.42 - -
A 5.04 -7.5 - -16.79
L05 B 1.67 -2.33 58.67 -
C 8.96 -6.04 271.67 -
D 2.23 -1.55 - -
A 212 -2.9 - -3.26
L06 B 0.85 -1.19 68.13 -
C 3.13 -1.99 99.74 -
D 0.94 -0.68 - -
A 2.49 -1.13 4.99 -
LO7 B 0.5 -0.38 - -8.44
C 0.82 -0.73 - -15.64
D 0.25 -0.33 - -
A 1.46 -2.17 1.47 -
L08 B 0.61 -0.81 6.03 -
C 2.09 -1.39 120.76 -
D 0.76 -0.5 - -

Conclusion: From the Figure 6.15-Figure 6.20, it is evident that the behavior of the stresses in the
reinforcements depends on the direction of the applied bending moment. The stress concentration at the
bottom bars in some locations is more due to the extra stresses from the piles that are introduced in the
foundation as concrete linear elastic. From Table 6.6, it can be deciphered that the steel stresses even
after applying the hydration heat in the concrete foundation, are higher than the measurements by a factor
of up to 56. Between the results of Table 6.6 and Table 5.8, the difference between Model 0 and Model 1
is about 3-35%. In accordance with [3], the tangential bars experience less stress than the radial ones.
Also, Figure 6.21 shows the crack width in the foundation which is high and needs some minimization to
match the conditions of the real structure as described in section 3.5. In order to study the outcome of
other effects in the wind turbine foundation, a series of modifications are performed in the DIANA model in
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the coming sections.

6.4. Effect of varying Maturity

This section describes the effects of varying maturity effect after 28 days of concrete hardening. Since
after applying the hydration heat effect in subsection 6.3.1, the stresses in the reinforcements are much
higher than what is detected, additional changes have been made in the maturity index. Now, instead of
keeping the maturity values constant after 28 days, it is now varying with time even after 28 days. This
change is done to increase the strength of the foundation even if it's more or less 5%. The graphs for the
updated maturity effects are presented in the figures below:
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Figure 6.22: Maturity-Young’'s modulus graph for C35/45
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Figure 6.23: Maturity-Tensile strength graph for C35/45
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Figure 6.24: Maturity-Tensile fracture energy graph for C35/45

6.4.1. Results of Variant 2

Variant 2 contains the same hydration heat constants as Variant 1 and only the material properties have
changed. Since the heat transfer coefficient remains unchanged in the model, the temperature evolution
inside the foundation is the same as in Variant 1.

Steel stresses due to the Hydration heat

The stresses generated in the reinforcement groups due to the effect of hydration heat vary for different
rebar positions in the foundation. Since the heat transfer coefficient for both Models 1 and 2 are the same,
the stress generated is the same in both cases. In subsubsection 6.3.1, a comparison is depicted about
the innermost and outermost nodes in the rebars where it is shown that the nodes closer to the pedestal in
the radial bars undergo larger stress and the nodes in the outer region experience change in peaks in
consideration with the change in boundary conditions. Similarly, another comparison is made between top
and bottom reinforcement groups in Figure 6.8 where it is noticed that both bottom radial and tangential
bars experience more stress than the steel bars in the top part because bottom reinforcements experience
higher stress due to the complete load of the structure. In the current section, an overview of the steel
stress over the period of time at each wind direction is presented.
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Figure 6.25: Steel stress wrt time at each wind directions a) Top radial
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Figure 6.25: Steel stress wrt time at each wind directions b) Bottom radial, ¢) Top tangential, d) Bottom

tangential



6.4. Effect of varying Maturity 100

In the above figure, the top radial and tangential steel bars experience higher stress in the East direction
(at location B). For the bottom radial bars, the stress generated at every location is the same while when
it comes to the bottom tangential both North and South (locations A and C) experience more stress as
compared to the direction East. The wind directions are shown in Figure 6.2. This uneven distribution of
steel stresses is observed in each wind direction due to the numerical errors in the FE software. These
numerical errors have also caused asymmetric patterns in the reinforcement groups as shown in Figure 6.9
- Figure 6.14.

Effects of Combined analysis

This section includes the combined heat and nonlinear structural analysis of Model 2. In this analysis, the
structural calculations are performed at three stages- prestress, vertical load, and wind load after obtaining
the results from hydration heat. Since the maturity effect now varies with time after 28 days of hardening,
the steel stresses at the end of wind loading are different. The below figures depict the results of the
difference between steel stress in Model 1 and Model 2:
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Figure 6.26: Steel stress in the Top tangential rebars a) Model 1, b) Model 2
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Figure 6.27: Steel stress in the Bottom tangential rebars a) Model 1, b) Model 2
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Figure 6.28: Steel stress in the Bottom tangential rebars near piles a) Model 1, b) Model 2
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Figure 6.29: Steel stress in the stirrups a) Model 1, b) Model 2
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Figure 6.30: Steel stress in the Top radial rebars a) Model 1, b) Model 2
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Figure 6.31: Steel stress in the Bottom radial rebars a) Model 1, b) Model 2

Conclusion: With the increase in the maturity effect over time, the steel stress at different locations
reduces comparatively. This reduction for all the locations is around 4-42% when compared with Model
1. Rebars at the top location experience a reduction of up to 32% whereas, at the bottom location the
decrease is up to 42%. The stresses in the reinforcements form an asymmetrical pattern in both Models 1
and 2 due to the asymmetrical load distribution. In the case of the top radial bars, higher stresses have
occurred near the region of the bends. The bottom bars experience higher stresses due to the effect
of extra stresses coming from the piles which are modeled as linear elastic to avoid local failure. From
Table 6.7, the steel stresses at certain locations, specifically the top tangential (LO3) and bottom tangential
(LO6 and L08), were found to be up to three times higher than the field measurements for most wind
directions, North and East. On the other hand, locations like the top radial (L02) and bottom radial (L05)
showed steel stresses that were up to 10-30 times higher than the experimental results. Hence the model
needs more modifications.



6.4. Effect of varying Maturity

104

Table 6.7: Comparison between the Field measurement and DIANA Model 2

Field Measurement 2017 Model 2
. . . . Tensile stress | Compressive | Tensile stress | Compressive
Measuring Locations | Directions
(MPa) stress (MPa) | (MPa) stress (MPa)
A 182.21 -118.53 - -
LO1 B 10.66 -20.16 - -
C 117.07 -160.99 - -
D - - - -
A 21.97 -12.47 245.023 -
L02 B 5.1 -34 - -17.745
C 15.4 -19.94 - -76.571
D 3.06 -4.68 - -
A 3.13 -1.87 8.18 -
L03 B 1.08 -0.76 - -2.67
C 3.13 -4.13 - -14.79
D 0.7 -1.15 - -
A 4.64 -2.94 19.262 -
Lo4 B 1.32 -0.92 - -9.157
C 3.7 -5.1 - -14.443
D 0.96 -1.42 - -
A 5.04 -7.5 - -16.27
L05 B 1.67 -2.33 58.16 -
C 8.96 -6.04 281.67 -
D 2.23 -1.55 - -
A 212 -2.9 - -3.18
L06 B 0.85 -1.19 59.92 -
C 3.13 -1.99 57.66 -
D 0.94 -0.68 - -
A 2.49 -1.13 4.95 -
L07 B 0.5 -0.38 - -12.68
C 0.82 -0.73 - -15.507
D 0.25 -0.33 - -
A 1.46 -2.17 1.468 -
L08 B 0.61 -0.81 6.14 -
C 2.09 -1.39 121.506 -
D 0.76 -0.5 - -
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6.5. Effect of reducing thermal gradient

In the previous sections, it has been noticed that the stresses in the reinforcements group reduce as the
strength of the foundation increases. In order to increase the strength of the structure, this section will
enumerate the effects of reducing the temperature gap between the core and the topmost surface that will
lead to lesser thermal cracks and hence stiffer structure. Since variant 2 reduces the steel stress up to
42%, variant 3 will also include varying maturity along with modified HTCs.

6.5.1. Results of Variant 3

This model describes the combined nonlinear structural analysis and the hydration heat effect for the third
variant. This includes the varying maturity values after 28 days of concrete hardening and the updated
heat transfer coefficients. In the last model subsection 6.4.1, it is observed that by increasing the maturity
values for Young’'s modulus, tensile strength, and fracture energy there has been a slight change in the
steel stresses after the applied wind load. Hence, now the heat transfer coefficients are adjusted such that
it reduces the temperature gap between the core and the outermost surface. In this model, the values
used for the heat transfer coefficient are provided in Table 6.3 as HTC 2. The procedure for performing
transient heat and structural analysis is the same as mentioned in subsection 6.3.1.

Temperature evolution in the concrete foundation

From the transient heat analysis in DIANA, it is observed that adjusting the heat transfer coefficient to
an extent where the temperature gap reduces, also changes the behavior of the heat exchange of the
foundation with the environment. Similar to subsubsection 6.3.1, the foundation core attains a maximum
temperature on day 3, but this time the core reaches a slightly lower temperature of 61.03 °C, and after
that, it slowly cools down. In this case, the main difference lies in the amount of surface which cools
down over a certain time period. A comparison is shown in Figure 6.33 and Figure 6.34. In Figure 6.34,
the dashed line represents nodes at different positions of the foundation in Variant 1 while the solid line
depicts Variant 3 of section II-Il (middle section) from Figure 6.4. As it is clear from the graph, that variant
3 reaches a lower maximum temperature as compared to variant 1, and the high thermal inertia of the
foundation retains temperatures as high as 29 °C for at least 28 days. The results of the numerical analysis
are described in Figure 6.32.
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Figure 6.32: Temperature Evolution in concrete foundation a) Day 0
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Figure 6.32: Temperature Evolution in concrete foundation b) Day 1, c) Day 2, d) Day 3
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Figure 6.32: Temperature Evolution in concrete foundation e) Day 7, f) Day 14, g) Day 28
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Figure 6.32: Temperature Evolution in concrete foundation h) Day 45, i) Day 60
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Figure 6.33: Comparison of Temperature evolution a) Variant 1 at day 7, b) Variant 3 at day 7
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In order to determine the thermal cracking, the temperature gradient is calculated. Figure 6.35 represents
the temperature gradient for different sections. It is observed that the thermal gradient for both the left and
the right section is the same due to the uniform heat development while it differs in the case of the middle
section. The maximum gradient is obtained for the middle section at around 7 days where the maximum
temperature difference between the core and the topmost surface is 32 °C. Whereas, in the case of Model
2, the thermal gradient is 35 °C. From [8], the mass structure is susceptible to cracking if the temperature
difference is more than 25 °C. Hence, a reduction of 8.6% cannot stop the occurrence of thermal cracks in
the foundation.
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Figure 6.35: Height vs Temperature plots for different sections of the concrete foundation a) Left
section-I-1, b) Middle section-II-1I



6.5. Effect of reducing thermal gradient 111

2500

2000 =

E 1500
£
-
=
=0

g 1000

500

0

20 30 40 50 60

Temperature (°C)

70

"oD" "1p" "ID" "3p" "7D"

any - - -
(c)

Figure 6.35: Height vs Temperature plots for different sections of the concrete foundation c) Right
section-llI-11l

Steel stresses due to the Hydration heat

The amount of stress in the reinforcement in Variant 3 due to temperature evolution in the concrete
foundation differs from both Variant 1 and Variant 2 in the amount of steel stress generated in the steel
bars because of different amount of heat evolution in the foundation. The stresses in the reinforcements
are shown in Figure B.23-Figure B.28.
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Figure 6.36: Steel stress wrt time at each wind directions a) Top radial
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From the above graphs, the stresses in the reinforcements due to the hydration heat are plotted against
the number of days of the heat analysis. It can be seen that they differ in each direction due to the
asymmetrical pattern of cracks appearing in the model. The lines representing each direction should
overlap with each other since an ideal situation has been assumed with uniform heat development inside
the foundation but due to the numerical errors they are different in each direction for most of the rebar
groups. For the bottom tangential reinforcements, a change in peak is observed in the East direction which
might be an indication of possible crack in that region.

Effects of Combined analysis

This section includes the combined heat and nonlinear structural analysis. In this analysis, the structural
calculations are performed at three stages- prestress, vertical load, and wind load after obtaining the results
from hydration heat in subsubsection 6.5.1. The below figures depict the results after each load step:
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Figure 6.37: Steel stress in the Top tangential rebars a) After prestress, b) After vertical load
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Figure 6.37: Steel stress in the Top tangential rebars c) After wind load

Observation Figure 6.37: When the prestress force is applied to the foundation, it is subjected to
the tensile forces only. But after the complete application of the vertical loads, compressive stresses of
less magnitude start to develop, resulting in both tensile and compressive stress at the end of the wind
load. Tensile stress mainly occurs in the opposite direction of the wind while the compressive can be
observed in rebars along the wind direction. The bars near the pedestal are in compression due to the
anchor pretensioning bolts. Some asymmetrical crack patterns can be observed due to numerical errors.
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Figure 6.38: Steel stress in the Bottom tangential rebars a) After prestress
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Figure 6.38: Steel stress in the Bottom tangential rebars b) After vertical load, c) After wind load
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Observation Figure 6.38: The bottom tangential rebars near the pedestal experience tension on the
south side (prevailing wind direction) and the north side experiences compression after the wind load step.
The mentioned wind directions are depicted in Figure 6.2. The compressive stress only occurs after the
application of the wind load.

ArGSET
Phase 1 1 - prestress, Start-step 5, LoadHfactor 1.0000
Reinforcement Cauchy Total Stresses Scx layer 1

min: 0.07N/mme max: 0.28N/mm?

S
(N/mree)
500,00
400.00
300.00

20000
100.00
000
-10000

-200.00

(@

ANCTysET

Phase 1 1 -vertical_ref, Loadstep 10, Load-fac for 1.0000
Reinforcement Cauchy Total Stresses Scx kayer 1

mir: -6.86Mfmim? mene 16.81N/mmé

Sex
(N/rrrre)
500,00
40000
300.00
20000

100.00
000
-100,00

-20000

(b)

Figure 6.39: Steel stress in the Bottom tangential rebars near piles a) After prestress, b) After vertical load
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Figure 6.39: Steel stress in the Bottom tangential rebars near piles c) After wind load

Observation Figure 6.39: These groups experience comparatively more stress in the reinforcements
as compared to the inner steel group. It starts to experience compression in the areas where there are
piles due to the applied reaction force from the piles resulting from the applied vertical load. After the wind
load, some more areas develop compressive stresses in the reinforcements towards the North direction.
Whereas, there are some areas in the south direction of the foundation that experience comparatively
higher tensile stresses. This happens due to the modeling of linear elastic piles in the foundation. Since the
piles do not crack, the stresses get transferred to the bottom reinforcements in both tangential and radial
directions which leads to higher stresses as compared to the tangential group present near the pedestal.
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Figure 6.40: Steel stress in the stirrups a) After prestress
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Figure 6.40: Steel stress in the stirrups b) After vertical load, c) After wind load
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Observation Figure 6.40: With the application of pretension forces from the anchor bolts, the vertical
stirrups experience compressive stresses. When the wind load is applied, the vertical bars are in both
compression and tension depending on the position of the bars and the applied bending moment.
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Figure 6.41: Steel stress in the Top radial rebars a) After prestress, b) After vertical load, ¢) After wind load
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Observation Figure 6.41: The top radial bars experience higher tensile stress at the position of bends
in the bars. After the application of the wind load, compressive stress occurs in most of the areas of the
reinforcements in the primary wind direction (south) while the steel rebars in the opposite direction (north)
undergo tensile stress since the overturning bending moment is acting from the North to the South.
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Figure 6.42: Steel stress in the Bottom radial rebars a) After prestress, b) After vertical load
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Figure 6.42: Steel stress in the Bottom radial rebars c) After wind load

Observation Figure 6.42: In the case of the bottom radial bars, after the application of the vertical
loads, the reinforcements near the piles experience compressive stress while the other portions have
tensile stresses. The behavior changes after the wind load application where it is observed that the tensile
stress only remains in the prevailing wind direction and the rest of the rebars are under compression.
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Figure 6.43: Crack patterns
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Table 6.8: Comparison between the Field measurement and DIANA Model 3

Field Measurement 2017 Model 3
. . . . Tensile stress | Compressive | Tensile stress | Compressive
Measuring Locations | Directions
(MPa) stress (MPa) | (MPa) stress (MPa)
A 182.21 -118.53 - -
LO1 B 10.66 -20.16 - -
C 117.07 -160.99 - -
D - - - -
A 21.97 -12.47 244.532 -
LO2 B 5.1 -3.4 - -16.666
C 154 -19.94 - -60.323
D 3.06 -4.68 - -
A 3.13 -1.87 8.216 -
L03 B 1.08 -0.76 - -2.662
C 3.13 -4.13 - -14.685
D 0.7 -1.15 - -
A 4.64 -2.94 19.225 -
Lo4 B 1.32 -0.92 - -9.157
C 3.7 -5.1 - -13.174
D 0.96 -1.42 - -
A 5.04 -7.5 - -12.887
L05 B 1.67 -2.33 58.225 -
C 8.96 -6.04 271.107 -
D 2.23 -1.55 - -
A 212 -2.9 - -3.18
L06 B 0.85 -1.19 60.309 -
C 3.13 -1.99 73.742 -
D 0.94 -0.68 - -
A 2.49 -1.13 4.94 -
LO7 B 0.5 -0.38 - -8.524
C 0.82 -0.73 - -15.542
D 0.25 -0.33 - -
A 1.46 -2.17 1.49 -
L08 B 0.61 -0.81 6.291 -
C 2.09 -1.39 121.552 -
D 0.76 -0.5 - -

Conclusion: The behavior of the stress patterns is the same in all the 3 models described above.
The only difference between them is the magnitude of the occurring stresses in the rebars. Now that
the foundation core reaches a lower temperature as compared to Models 1 and 2, the temperature gap
between the top and core is less which results in lesser thermal cracks in the foundation. After reducing
the temperature gradient between the top surface and the core, cracks due to wind load have decreased
as well. Even though there is no direct correlation between thermal cracks and mechanical cracks or more
thermal cracks might result in narrower cracks during the service life but it is possible that the presence of
thermal cracks can alter the distribution of stresses, leading to different crack patterns due to wind load.
The steel stresses have now shown a reduction of about 6-33% more as compared to Model 2. Among
this, the top bars have shown a considerable decrease in the stresses due to the adjustments made in the
HTCs. Since certain locations such as the top radial bar in the North direction and the bottom radial bar
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in the south direction show a larger amount of tensile steel stress, they need further reduction in order
to prevent cracking. The possible explanation for higher tensile stress in the bottom bars can be due to
the effect of extra stress coming from the piles which are modeled as linear elastic. It is deduced from
Table 6.8, that the steel stresses in Model 3 are still higher up to a factor of 30 in radial (LO5 and L02)
positions. While other locations such as tangential showed a variation of up to a factor of 9 for North and
East wind directions. On the contrary, stress specifically in the south direction for tangential bars showed
higher stresses. In order to reduce the range of variation, one possible way is to limit the cracks as much
as possible by increasing the stiffness of the foundation as it might have a positive impact on the steel
stresses. This leaves room for discussion about the other effects since there is still a difference between
the measured and numerical analysis values.

6.6. Effect of Bedding

In the previous models, it is observed that the hydration heat lowers the stress in the reinforcements groups
to a certain extent but in order to limit the occurring cracks in the foundation and to reduce the steel stress
even more, the bedding has been added in the foundation along with the piles. Usually, the bedding is
modeled in a shallow foundation as surface support in the DIANA but in this case, with a piled foundation,
the bedding is modeled as a boundary interface with a certain stiffness. The purpose of including the
bedding in a piled foundation is to demonstrate the effect of soil stiffness during the foundation construction
where the surrounding soil attains a certain amount of prestress which may reduce the steel stress inside
the foundation after the applied wind load. In this section, all the models presented will be combined
effectively with the heat of hydration. Among HTC 1 and HTC 2, HTC 2 has a lower temperature gradient,
hence all the further models will include HTC 2 as the heat transfer coefficients.

6.6.1. Results of Variant 4

Variant 4 represents the model with the inclusion of bedding underneath the foundation. The calculated
bedding stiffness is 3600 kN /m? according to the soil conditions at the site. The bedding applied is shown
in the following figure:

Figure 6.44: Bedding underneath the foundation

Since the HTCs for the boundary conditions are the same as Variant 3, the temperature evolution inside
the foundation will be the same. Figure 6.32 represents the heat development in the foundation for 60
days.

Steel stresses due to the Hydration heat
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Figure 6.45: Steel stress wrt time at each wind directions a) Top radial, b) Bottom radial, ¢) Top tangential
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Figure 6.45: Steel stress wrt time at each wind directions d) Bottom tangential

The stresses due to the heat of hydration are the same for both models 3 and 4 due to the presence
of the same hydration heat parameters. From Figure 6.36 and Figure 6.45, it is clear that the presence
of bedding in the Variant 4 does not affect the stress development inside the foundation due to the heat
because during the hydration heat analysis, the heat evolution of the soil has been considered already and
the bedding stiffness has nothing to do with the exothermic reaction of the concrete. Now, the effect of
bedding will be analyzed after combining both heat and structural analysis in order to determine the final
stress generated inside the foundation.

Effects of Combined analysis
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Figure 6.46: Steel stress in the Top tangential rebars a) Model 3
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Figure 6.46: Steel stress in the Top tangential rebars b) Model 4
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Figure 6.47: Steel stress in the Bottom tangential rebars a) Model 3, b) Model 4
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Figure 6.48: Steel stress in the Bottom tangential rebars near piles a) Model 3, b) Model 4
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Figure 6.49: Steel stress in the stirrups a) Model 3
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Figure 6.49: Steel stress in the stirrups b) Model 4
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Figure 6.50: Steel stress in the Top radial rebars a) Model 3, b) Model 4



6.6. Effect of Bedding 129

ArGSET
Phase 1 1 -wincl_ref, Loadkstep 29, LoadHactor 1.0000
Reinforcement Cauchy Total Stresses Scx layer 1

min: -51.78N/mme max: 378 70N/mm?

S
(N/mree)
500,00
400.00
300.00

20000
100.00
000
-10000

-200.00

(@

Reinforcement Cauchy Tofal Stresses S kayer 1

AncilyskT
Phase 11 - wind_ref, Loadkstep 29, LoadHactor 1.0000
min: -40 94N /e miax: 337.76N/mm?

S
(N/rmme)
500.00
400.00
300,00

200,00
100.00
000

-100.00

-200.00

(b)

Figure 6.51: Steel stress in the Bottom radial rebars a) Model 3, b) Model 4
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Figure 6.52: Crack patterns

Conclusion: The soil bedding is added to the foundation in order to strengthen the structure and
provide some extra compression to the bottom reinforcements. The effect of adding bedding beneath
the foundation has some effect on the steel stresses especially in the East and South wind directions
as it reduced the steel stresses up to 77% as shown in Table 6.9. Whereas, in the case of the North
direction that is not the case. Theoretically, if bedding is provided below the foundation then it is expected
to reduce the stresses in all directions. But in the case of FEM analyses, it is difficult to find the stress
distribution in the model, hence there remains a possibility that after providing the bedding, the stress
is more concentrated in the North direction as compared to the other locations in the numerical model.
Nevertheless, from the last model, there has been a reduction of up to 77% in the stresses on the bottom
surface due to the additional stiffness obtained from the soil bedding. Hence, the purpose of including
bedding is satisfied. Although if a comparison has to be drawn from Table 6.10, it is observed that there is
still a marginal difference between the measurements and the DIANA model especially in the radial bars
positioned in the North direction (L02) and in the south direction (L05). The range of variations lies between
a factor of 10-26. Even though the stresses have reduced in Model 4 when compared to the previous
models, these reductions are not yet satisfactory to provide an appropriate match with the experimental
data. From Figure 6.43 and Figure 6.52, it can be observed that the cracks have also reduced from 3.2mm
to 2.75mm after applying bedding beneath the foundation. This happened because the tensile stress in
the bottom region is reduced resulting in narrower cracks. In order to determine the effect of bedding in an
exclusive manner for the sensitivity study, the next model will focus on an upper-limit approximation of the
bedding stiffness.
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Table 6.9: Comparison between the DIANA Model 3 and DIANA Model 4
Model 3 Model 4
. . . . Tensile Compressive | Tensile Compressive
Measuring Locations | Directions
stress (MPa) | stress (MPa) | stress (MPa) | stress (MPa)
A - . . -
LO1 B ) ) i )
C - - - -
D - - - -
A 244,532 - 245.802 -
L02 B - -16.666 - -9.701
C - -60.323 - -58.09
D - - - -
A 8.216 - 10.233 -
L03 B - -2.662 - -0.602
C - -14.685 - -12.905
D - - - -
A 19.225 - 20.131 -
Lo4 B - -9.157 - -8.689
C - -13.174 - -9.67
D - - - -
A - -12.887 - -16.23
LO5 B 58.225 - 14.143 -
C 271.107 - 242.37 -
D - - - -
A - -3.182 - -4.65
LO6 B 60.309 - - -2.403
C 73.742 - 38.523 -
D - - - -
A 4.94 - 5.3 -
LO7 B - -8.524 - -5.724
C - -15.542 - -12.663
D - - - -
A 1.49 - - -0.094
L08 B 6.291 - 3.854 -
C 121.552 - 70.806 -
D - - - -
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Table 6.10: Comparison between the Field measurement and DIANA Model 4

Field Measurement 2017

Model 4

Measuring Locations

Directions

Tensile stress

Compressive

Tensile stress

Compressive

(MPa) stress (MPa) | (MPa) stress (MPa)
A 182.21 -118.53 - -
LO1 B 10.66 -20.16 - -
C 117.07 -160.99 - -
D - - - -
A 21.97 -12.47 245.802 -
L02 B 5.1 -3.4 - -9.701
C 15.4 -19.94 - -58.09
D 3.06 -4.68 - -
A 3.13 -1.87 10.233 -
L03 B 1.08 -0.76 - -0.602
C 3.13 413 - -12.905
D 0.7 -1.15 - -
A 4.64 -2.94 20.131 -
Lo4 B 1.32 -0.92 - -8.689
C 3.7 -5.1 - -9.67
D 0.96 -1.42 - -
A 5.04 -7.5 - -16.23
LO5 B 1.67 -2.33 14.143 -
C 8.96 -6.04 242.37 -
D 2.23 -1.55 - -
A 212 -2.9 - -4.65
L06 B 0.85 -1.19 - -2.403
C 3.13 -1.99 38.523 -
D 0.94 -0.68 - -
A 249 -1.13 5.3 -
L07 B 0.5 -0.38 - -5.724
C 0.82 -0.73 - -12.663
D 0.25 -0.33 - -
A 1.46 217 - -0.094
L08 B 0.61 -0.81 3.854 -
C 2.09 -1.39 70.806 -
D 0.76 -0.5 - -
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6.6.2. Sensitivity analysis-Variant 5

In this section, a model with higher bedding stiffness is discussed. A fictitious stiffness of 6950 kN /mS3,
is used as the soil stiffness in order to determine the effects in the wind turbine foundation. This is a
fictitiously high value of the bedding stiffness in order to determine the effect of bedding in a sensitivity
study. The idea behind putting such stiffness is to consider the effect of extra prestressing from the soil
present all over the foundation when the concrete was poured into the structure.

Effects of Combined analysis
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Figure 6.53: Steel stress in the Top tangential rebars a) Model 4, b) Model 5
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Figure 6.54: Steel stress in the Bottom tangential rebars a) Model 4, b) Model 5
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Figure 6.55: Steel stress in the Bottom tangential rebars near piles a) Model 4
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Figure 6.55: Steel stress in the Bottom tangential rebars near piles b) Model 5
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Figure 6.56: Steel stress in the stirrups a) Model 4, b) Model 5
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Figure 6.57: Steel stress in the Top radial rebars a) Model 4, b) Model 5
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Figure 6.58: Steel stress in the Bottom radial rebars a) Model 4
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Figure 6.58: Steel stress in the Bottom radial rebars b) Model 5
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Figure 6.59: Crack patterns
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Table 6.11: Comparison between the DIANA Model 4 and DIANA Model 5
Model 4 Model 5
. . . . Tensile Compressive | Tensile Compressive
Measuring Locations | Directions
stress (MPa) | stress (MPa) | stress (MPa) | stress (MPa)
A - . . -
LO1 B i i i i
C - - - -
D - - - -
A 245.802 - 238.57 -
L02 B - -9.701 - -7.5
C - -58.09 - -52.03
D - - - -
A 10.233 - 10.93 -
L03 B - -0.602 0.38 -
C - -12.905 - -13.16
D - - - -
A 20.131 - 17.3 -
Lo4 B - -8.689 - -8.83
C - -9.67 - -0.85
D - - - -
A - -16.23 - -15.85
LO5 B 14.143 - 6.3 -
C 242.37 - 217.1743 -
D - - - -
A - -4.65 - -5.35
LO6 B - -2.403 - -1.24
C 38.523 - 22.37 -
D - - - -
A 5.3 - 5.43 -
LO7 B - -5.724 - -4.34
C - -12.663 - -11.884
D - - - -
A - -0.094 - -0.771
L08 B 3.854 - 2.802 -
C 70.806 - 11.04 -
D - - - -
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Table 6.12: Comparison between the Field measurement and DIANA Model 5

Field Measurement 2017 Model 5
. . . . Tensile stress | Compressive | Tensile stress | Compressive
Measuring Locations | Directions
(MPa) stress (MPa) | (MPa) stress (MPa)
A 182.21 -118.53 - -
LO1 B 10.66 -20.16 - -
C 117.07 -160.99 - -
D - - - -
A 21.97 -12.47 238.57 -
L02 B 5.1 -34 - -7.5
C 15.4 -19.94 - -52.03
D 3.06 -4.68 - -
A 3.13 -1.87 10.93 -
L03 B 1.08 -0.76 0.38 -
C 3.13 -4.13 - -13.16
D 0.7 -1.15 - -
A 4.64 -2.94 17.3 -
Lo4 B 1.32 -0.92 - -8.83
C 3.7 -5.1 - -0.85
D 0.96 -1.42 - -
A 5.04 -7.5 - -15.85
L05 B 1.67 -2.33 6.3 -
C 8.96 -6.04 217174 -
D 2.23 -1.55 - -
A 212 -2.9 - -5.35
L06 B 0.85 -1.19 - -1.24
C 3.13 -1.99 22.37 -
D 0.94 -0.68 - -
A 2.49 -1.13 5.43 -
L07 B 0.5 -0.38 - -4.34
C 0.82 -0.73 - -11.884
D 0.25 -0.33 - -
A 1.46 -2.17 - -0.771
L08 B 0.61 -0.81 2.802 -
C 2.09 -1.39 11.04 -
D 0.76 -0.5 - -
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Conclusion: Both models 4 and 5 contain soil bedding under the foundation but in comparison to
Model 4, the current model has a high bedding stiffness. When a comparison is drawn between the two
models in Table 6.11, it is noticed that the high bedding stiffness does have a significant effect on the
steel stress and the crack width. The stresses in the bottom reinforcements have reduced significantly as
compared to the top reinforcements as also shown in the Figure 6.53-Figure 6.58. The stress in the bottom
reinforcements has decreased up to 84% more than the Model 4 and the stress in the other locations has
been lowered until 92%. The presence of bedding resulted in compressive stresses in the bottom which in
turn limited the crack widths as depicted in Figure 6.59. Now the cracks have reduced comparatively on
the bottom side to 2.47mm. This proves that providing high stiffness to the model in DIANA can mimic the
behavior of the real structure. Although the stress in the top and bottom radial are 9 and 23 times higher
respectively as represented in Table 6.12 than what is measured, the next sections will focus more on
reducing the stresses in those locations. Since adding bedding underneath worked well for the bottom
reinforcements the same thing will be repeated for all other sides.

6.6.3. Results of Variant 6

In the previous sections, the bedding stiffness along with the piles helped in lowering the steel stresses
and limited the crack width to a certain extent for the bottom reinforcements. Since the concrete foundation
is fully covered in the soil, and the ground level is much higher in this foundation as shown in Figure 5.1,
Model 6 will represent the exact situation where the bedding stiffness is provided in all the surfaces i.e.
top, bottom, and side. A bedding stiffness of 3600 kN /m? along with the HTC 2 is provided in the model.
Figure 6.60 shows the foundation model along with the bedding.

Figure 6.60: Bedding on all sides of the foundation

Effects of Combined analysis

Since the hydration heat analysis remains the same as the previous models, and it is already been noted
in subsubsection 6.6.1, that the bedding does not have any effect on the hydration process due to the
modeling simplification in the DIANA, the final results after applying the wind load are discussed in this
section.
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Figure 6.62: Bottom tangential rebar
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Figure 6.63: Bottom tangential rebar near the piles
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Figure 6.64: Side stirrup
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Figure 6.65: Top radial rebar
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Figure 6.66: Bottom radial rebar
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Figure 6.67: Crack patterns

Conclusion: The stress behavior is logical as described in Figure 6.61 to Figure 6.66. The top bars
contain tensile stress in the North direction and compressive stress in the south direction. While the exact
opposite behavior is observed in the case of the bottom bars. From the Table 6.8 and Table 6.13, this is
observed that steel stresses in different locations lowered quite a lot as compared to Model 3, especially in
the top radial rebars (L02) where a reduction of 57% is observed in the North position and a reduction
of up to 92% is observed in the case of the bottom rebars. Hence the purpose of adding soil bedding
on all sides is satisfied since it resulted in more compression in the foundation structure leading to less
tensile stresses in the foundation and resulting in narrower crack patterns as presented in Figure 6.67.
Even though the soil bedding is modeled as a simplified boundary interface in the model, this variant has
shown positive results. Also, it is to be noted that there are no tensile stresses present in the interface
between the bedding and the concrete foundation. Unlike Model 4 and Model 5, in this case, the reduction
is noticed in both top and bottom locations. Even though the bottom radial bars (L0S) are still experiencing
higher stresses in regions such as L0O5 C which is still 26 times higher than the field measurements as
presented in Table 6.13. This may also happen due to the uneven distribution of stresses in the model
due to the modeling of linear elastic piles. In the case of the other locations, such as the top, the stresses
in the rebars deviate up to only 4 times which showed a deviation of a factor of 10 in previous models.
Taking this into consideration, another effect will be added to the model after which the DIANA model will
exactly replicate the structure present on-site.
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Table 6.13: Comparison between the Field measurement and DIANA Model 6

Field Measurement 2017

Model 6

Measuring Locations

Directions

Tensile stress

Compressive

Tensile stress

Compressive

(MPa) stress (MPa) | (MPa) stress (MPa)
A 182.21 -118.53 - -
LO1 B 10.66 -20.16 - -
C 117.07 -160.99 - -
D - - - -
A 21.97 -12.47 105.9 -
L02 B 5.1 -3.4 - -10
C 15.4 -19.94 - -58.8
D 3.06 -4.68 - -
A 3.13 -1.87 10.09 -
L03 B 1.08 -0.76 - -0.61
C 3.13 413 - -13.94
D 0.7 -1.15 - -
A 4.64 -2.94 6.5 -
Lo4 B 1.32 -0.92 - -8.5
C 3.7 -5.1 - -1.031
D 0.96 -1.42 - -
A 5.04 -7.5 - -16.344
LO5 B 1.67 -2.33 7.68 -
C 8.96 -6.04 242.87 -
D 2.23 -1.55 - -
A 212 -2.9 - -4.55
L06 B 0.85 -1.19 - -0.6
C 3.13 -1.99 27.58 -
D 0.94 -0.68 - -
A 249 -1.13 4.71 -
L07 B 0.5 -0.38 - -5.8
C 0.82 -0.73 - -13.44
D 0.25 -0.33 - -
A 1.46 217 0.117 -
L08 B 0.61 -0.81 2.446 -
C 2.09 -1.39 25.272 -
D 0.76 -0.5 - -
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6.7. Effect of Inclined Piles

In the Riemst wind turbine foundation, there are 28 piles placed equidistantly in an inclined direction as
shown in Figure 6.68. In the DIANA models, the piles are modeled as a dummy bond-slip reinforcement
where at the bottom of the foundation, a point interface element depicted as a linear elastic spring is
attached to the dummy bond-slip reinforcement, and the other end is supported in x, y, and z directions.
When a foundation is supported on inclined piles, the foundation is restrained in the horizontal direction as
well. This restraint provides a horizontal stiffness to the foundation, which again may help to reduce the
steel stresses in the bottom reinforcements and limit the crack width. This chapter will be dedicated to the
models with such effects along with the thermo-mechanical analysis and inclusion of the bedding in the
wind turbine foundation.
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Figure 6.68: Depiction of Piles in the Riemst wind turbine foundation
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6.7.1. Results of Variant 7

The wind turbine foundation in Riemst contains 28 inclined piles which in the previous models were just
modeled as straight pile springs. Even after so many modifications in the earlier models, the steel stress
in the top radial and bottom radial in the North and South positions respectively are very high. The wind
directions are mentioned in Figure 6.2. Hence, in the current model, the inclusion of inclined piles is taken
into account along with the thermo-mechanical analysis. In this, the piles are assumed to be inclined at a
ratio of 1:8. Piles are inclined and modeled as support springs in the following way:
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Figure 6.69: Inclined pile supports in the model

The pile stiffness values are calculated as follows-

MN
kaxial = 2707
6.1)
MN
klateral =27T—
m
1
tana = 3 — o ="7.125° (6.2)
MN
Fvertical = Kaxial = 270——
m
MN
ky/ = klateral = 27— (6_3)
m
. MN
kz = Kiateral + Kaxial - Sina = 27 4 33 = 607

The inclined piles provide horizontal stiffness to the foundation, which results in additional horizontal
reaction forces in the foundation. Often this may lead to an arching effect in the bottom part of the concrete
structure leading to compressive stresses on the bottom side. This is illustrated in Figure 6.70, where the
red arc is the effect of the arching due to the additional horizontal forces.
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Figure 6.70: lllustration of the arching effect

The heat development inside the mass structure due to the hydration effect remains the same as in
Models 3 to 5 since the heat boundary conditions are the same. The inner core reaches the maximum
temperature of 61 °C on day 3, after which it gradually begins to cool down. The thermal evolution is

presented in the Figure 6.32.

Steel stresses due to the Hydration heat
Due to the same hydration heat parameters, the generated stress in the reinforcements is identical to that
in Model 3. The horizontal stiffness from the inclined piles will not have any effect on the heat of hydration

calculations.
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Figure 6.71: Steel stress wrt time at each wind directions a) Top radial
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tangential
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Effects of Combined analysis

This section deals with the combined analysis after including the inclined piles in the model. The loads

applied will be the same in this case as well and the final result after applying the measured bending
moment is presented below:
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Figure 6.72: Top tangential rebar

ETE]
Phase 1 1 -wind_ref, Loadkstep 29, Load-factor 1.0000
Reinforcement Cauchy Tofal Stresses S kayer 1

min: -7.31TN/me max: 197.81N/mim?

S
(N/rrrre)
500.00
400.00
300.00

200.00
100.00
000

-100.00

-200.00

Figure 6.73: Bottom tangential rebar
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Figure 6.74: Bottom tangential rebar near the piles
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Figure 6.75: Side stirrup
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Figure 6.77: Bottom radial rebar
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Figure 6.78: Crack patterns

Conclusion: The combined analysis of Model 7 leads to a reduction within a range of 5-30% in the

steel stresses when compared with Model 3. Comparing both Figure 6.43 and Figure 6.78, the crack
widths have reduced from 3.2mm to 2.93mm due to the lesser tensile stresses at the bottom location. The
occurrence of less tensile stress is due to the extra compressive stress from the horizontal stiffness of the
piles. When compared to Model 6, Model 7 did not have a positive impact on the steel stresses of top
bars, as there was an observed increase of up to four times.
It can be observed from Table 6.8 and Table 6.14 that the effect of inclined piles is restricted to the bottom
reinforcements. A reduction of 30% is observed between the bottom steel bars of Model 3 and Model 7.
Due to the restraints provided in the horizontal direction, the stresses form an arch at the bottom rebars.
Such an arching effect leads to an increase in compressive stresses at the bottom location that lowers the
tensile stresses. Based on the data presented in Table 6.14, it is clear that the stress levels predicted by
the model only led to a decrease in the factor of the bottom bars. Specifically, the difference was reduced
from 26 times the expected results to 24 times. Another attempt will be made to combine the properties of
Model 6 and Model 7 in order to observe the changes in the steel stresses due to the combination of soil
bedding and the inclined piles.
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Table 6.14: Comparison between the Field measurement and DIANA Model 7

Field Measurement 2017

Model 7

Measuring Locations

Directions

Tensile stress

Compressive

Tensile stress

Compressive

(MPa) stress (MPa) | (MPa) stress (MPa)
A 182.21 -118.53 - -
LO1 B 10.66 -20.16 - -
C 117.07 -160.99 - -
D - - - -
A 21.97 -12.47 174.12 -
L02 B 5.1 -3.4 - -19.06
C 15.4 -19.94 - -50.73
D 3.06 -4.68 - -
A 3.13 -1.87 8.64 -
L03 B 1.08 -0.76 - -3.23
C 3.13 -4.13 - -26.535
D 0.7 -1.15 - -
A 4.64 -2.94 20.4 -
Lo4 B 1.32 -0.92 - -9.204
C 3.7 -5.1 - -10.625
D 0.96 -1.42 - -
A 5.04 -7.5 - -14.211
LO5 B 1.67 -2.33 68.7 -
C 8.96 -6.04 229.51 -
D 2.23 -1.55 - -
A 212 -2.9 - -3.4
L06 B 0.85 -1.19 66.018 -
C 3.13 -1.99 61.96 -
D 0.94 -0.68 - -
A 249 -1.13 4.28 -
L07 B 0.5 -0.38 - -9.5
C 0.82 -0.73 - -20.15
D 0.25 -0.33 - -
A 1.46 217 1.56 -
L08 B 0.61 -0.81 4.413 -
C 2.09 -1.39 105.26 -
D 0.76 -0.5 - -
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6.7.2. Results of Variant 8

In Model 6, it is observed that providing bedding on all sides of the foundation helped in lowering the steel
stresses to a large extent. Also, in Model 7 it is noticed that the horizontal stiffness does provide a certain
amount of restraint in the bottom portion of the concrete foundation which lowers the steel stresses present
at the bottom location. Now, in this model, both the effects of bedding on all sides with a bedding stiffness =
3600 kN /m? and inclined piles are combined. The horizontal pile stiffness is provided in subsection 6.7.1.

Effects of Combined analysis
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Figure 6.80: Bottom tangential rebar
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Table 6.15: Comparison between the Field measurement and the DIANA Model 8

Field Measurement 2017 Model 8
. . . . Tensile stress | Compressive | Tensile stress | Compressive
Measuring Locations | Directions
(MPa) stress (MPa) | (MPa) stress (MPa)
A 182.21 -118.53 - -
LO1 B 10.66 -20.16 - -
C 117.07 -160.99 - -
D - - - -
A 21.97 -12.47 135.67 -
LO2 B 5.1 -3.4 - -14.58
C 154 -19.94 - -56.48
D 3.06 -4.68 - -
A 3.13 -1.87 9.75 -
L03 B 1.08 -0.76 - -2.42
C 3.13 -4.13 - -23
D 0.7 -1.15 - -
A 4.64 -2.94 9.8 -
Lo4 B 1.32 -0.92 - -8.46
C 3.7 -5.1 - -2.5
D 0.96 -1.42 - -
A 5.04 -7.5 - -18.134
L05 B 1.67 -2.33 45.61 -
C 8.96 -6.04 207.405 -
D 2.23 -1.55 - -
A 212 -2.9 - -4.033
L06 B 0.85 -1.19 56.68 -
C 3.13 -1.99 58.64 -
D 0.94 -0.68 - -
A 2.49 -1.13 443 -
LO7 B 0.5 -0.38 - -8.3
C 0.82 -0.73 - -17.95
D 0.25 -0.33 - -
A 1.46 -2.17 0.55 -
L08 B 0.61 -0.81 3.305 -
C 2.09 -1.39 63.143 -
D 0.76 -0.5 - -

Conclusion: The combined effect of both inclined piles and the bedding has successfully reduced
the percentage difference of steel stresses between Model 7 and Model 8 up to 77%. This shows that
the provided bedding on all sides relatively reduces the generated stress in the reinforcements at all
locations. Whereas, when the comparison is drawn between Models 6 and 8, a significant reduction has
been noticed only in the bottom bars. This decrease is up to 20%. Not only this but due to the additional
horizontal restraints in the bottom portion of the foundation, there are locations that have concentrated
higher compressive stresses. These additional compressive stresses at the bottom location reduced the
bottom tensile stresses, especially at the location of LO5 C. The steel stress in Model 6 was 242 Mpa while
in the current model, it is 207 MPa. Based on the information presented in Table 6.13 and Table 6.15, it
can be concluded that the steel stresses vary significantly compared to the field measurement. Specifically,
the stresses differ by 26 times and 22 times in Model 6 and Model 8, respectively. While the percentage
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gap has increased in Model 8 to Model 6 in the case of the top rebars by 45%. From Figure 6.85, the

cracks are narrower in comparison to Figure 6.67. This implies that the addition of both inclined piles and
bedding has a positive influence in reducing the cracks in the foundation.

6.7.3. Sensitivity Analysis-Variant 9

This section will include a model with a fictitiously high bedding stiffness of 20E+06 kN /m?* and a very
high horizontal pile stiffness of 300 M N /m.

Effect of Combined analysis
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Figure 6.91: Bottom radial rebar
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Table 6.16: Comparison between the Field measurement and the DIANA Model 9

Field Measurement 2017

Model 9

Measuring Locations

Directions

Tensile stress

Compressive

Tensile stress

Compressive

(MPa) stress (MPa) | (MPa) stress (MPa)
A 182.21 -118.53 - -
L01 B 10.66 -20.16 - -
C 117.07 -160.99 - -
D - - - -
A 21.97 -12.47 99.38 -
Lo2 B 5.1 -3.4 - -6.56
C 15.4 -19.94 - -42.86
D 3.06 -4.68 - -
A 3.13 -1.87 11.54 -
L03 B 1.08 -0.76 1.08 -
C 3.13 -4.13 - -10.25
D 0.7 -1.15 - -
A 4.64 -2.94 6.13 -
Lo4 B 1.32 -0.92 - -8.45
C 3.7 -5.1 - -1.755
D 0.96 -1.42 - -
A 5.04 -7.5 - -16.33
L05 B 1.67 -2.33 7.6 -
C 8.96 -6.04 164.97 -
D 2.23 -1.55 - -
A 212 -2.9 - -5.51
L06 B 0.85 -1.19 11.58 -
C 3.13 -1.99 12.37 -
D 0.94 -0.68 - -
A 2.49 -1.13 3.26 -
L07 B 0.5 -0.38 - -4.4
C 0.82 -0.73 - -14.62
D 0.25 -0.33 - -
A 1.46 -2.17 - -0.79
L08 B 0.61 -0.81 0.711 -
C 2.09 -1.39 11.10 -
D 0.76 -0.5 - -
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Conclusion: Figure 6.86-Figure 6.91 shows the stress distribution for Model 9. It is noticed that
the stress concentrations are lesser as compared to the previous models, especially at the bottom
reinforcements due to the extra stiffness. Providing a higher bedding stiffness and horizontal pile stiffness
not only helped in achieving better results for the steel stresses but also reduced the cracks in the foundation
when compared to Model 8. The maximum crack widths have decreased from 2.34mm to 1.67mm. Due to
the extra prestressing force coming from the soil, the cracks in the foundation after applying the measured
bending moment have decreased. From the observed results in Figure 6.92, the cracks are fewer, and the
generated steel stresses due to the applied bending moment are low as well as described in Table 6.16.
Between Model 8 and Model 9, the reduction in the current model is in the range of 20-244%. The values
used for the sensitivity study are fictional but this model did give better results since it successfully not
only lowered the steel stress but also reduced the cracks in the foundation. When compared with the field
measurement in Table 6.16, the steel stresses are still higher but now the difference of the variation has
been reduced to 3-17 times which was earlier varying within a range 10-30 times higher the measured
values. Hence, it can be deduced from all the models analyzed that the wind turbine foundation is getting
additional stiffness from the surrounding which is helping it to remain uncracked due to the cyclic loading.
Also, the stress distribution in the bars plays a significant role to achieve similar conditions in the FEM
model.



Results and Discussion

This chapter includes the results of all the analyses conducted for the current research project and is
explained consecutively. The section also consists of a detailed report of the field measurement and the
structural SCIA calculation to verify the FEM model.

7.1. Field Monitoring of strain measurements

The third chapter of the project includes the structural monitoring of the concrete foundation present at
Riemst, Belgium. The fiber optic sensors are installed in the onshore wind turbine foundation during
its construction at various locations to monitor the wind turbine foundation during its service life. The
measurements from the FBG sensors are differential. Three measurements have been conducted on
this concrete foundation. A brief discussion of the results obtained from these three measurements is
discussed below:

+ Measurement from 2017: During 2017, the measurement was conducted just after the construction
of the wind turbine foundation. At that time, the wind speed was 6.8 m/s flowing in the direction of the
south-southwest. Since the wind was flowing from South to North, the overturning bending moment
was from North to South. This overturning moment is measured in the shaft sensor which determines
the amount of dynamic bending moment going inside the foundation during the emergency stop. The
obtained strain measurements from FO sensors are converted into stress values for each location.
The maximum bending moment going inside the foundation is 151.07 MNm. It can be observed that
the stresses in every location are within the linear elastic limit indicating the fact that the structure
is uncracked. This can be verified with frequency analysis of consecutive years to determine the
stiffness of the foundation. The frequency of the tower is calculated to be 0.157 Hz which is within
the limits of the range provided by the turbine company.

Measurement from 2022: This measurement was conducted to determine the structural health of
the concrete foundation after a few years of turbine operation. Same as in 2017, the wind data was
collected during the measurement but the strain data was missing from many sensors. There is one
sensor present in the bottom tangential position which gave stress values up to 220 MPa which may
seem like the foundation is cracked in the given region but when compared at the opposite wind
direction, the steel stress was low while it is expected to show a similar range in stresses. One more
thing which was missing from the data was the complete inputs from the shaft sensor. That leads to
missing information on the bending moment going inside the foundation. While monitoring the wind
data such as wind speed and wind direction, the prevailing wind direction was towards the West,
which means that the shaft sensors present in the West and East direction will measure the primary
bending moment but the data did not include those results. Another attempt of assumption has been
made to obtain the bending moment analytically but that was also not enough since the data from
other sensors can also not be trusted fully due to weird stress at the bottom tangential sensor.

Measurement from 2023: To mitigate the shortcomings of the previous measurement, another
measurement was conducted in 2023. The wind speed during the measurement was 10m/s which
was higher than both measurements conducted earlier. The wind speed is directly related to the
amount of stress in the reinforcement [3], hence it was expected to measure higher steel stresses. On
the contrary, after analyzing the data, it has been observed that the stresses are less as compared to
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2017, and due to the malfunctioning of the interrogators of shaft sensors, the data from two directions
are missing. The conduction of this experiment also confirmed the malfunctioning of some sensors.
Take the sensor at the bottom tangential reinforcement which measured stress of 220 MPa in the
previous year, if that has to be true then even this year it should have measured higher stress
indicating the possibility of cracks in the mass structure. But instead, it showed lower stress in the
rebars whereas, the other two sensors at vertical stirrups and bottom tangential near piles measured
higher stresses. Due to the above-mentioned reasons, the measurements of this year have also
been discarded and the finite element analyses contain the overturning moment of 2017.
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Figure 7.1: Comparison of bottom tangential piles in a) 2022, b) 2023

7.2. SCIA engineering calculations

The SCIA calculations are mainly performed with the purpose of verifying the DIANA model. A 2-D plate
model representing the concrete foundation has been modeled with the same material properties and
loading conditions as the real structure. In order to verify both DIANA and the SCIA calculations, the
reaction forces of both models are compared which showed some variations, especially in the tensile force.
The tensile force in the SCIA is up to 39% higher than the tensile force obtained from the DIANA analysis.
While the variation in the compressive force only exists up to 3% in both calculations. The provided SCIA
calculations also showed the stresses in the concrete structure which is within elastic limits. The SCIA
analysis varies up to a factor of 0.5 when compared to the experimental results. This also verifies that
considering linearity in the structure both the models in SCIA and in DIANA are working fine and there is
no discrepancy in the model.
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7.3. Structural analysis in DIANA

At present, while designing wind turbine foundations only structural analysis is considered in the FEM. For
this research project, the structural analysis in the DIANA is performed by applying the same amount of
horizontal load and bending moment measured during the field monitoring. The results obtained from the
structural calculations showed cracks at the end of the applied wind load, which is not the case in real
life. From the conclusions drawn in chapter 3, it is deduced that the foundation is still uncracked. Some
amount of marginal difference is accepted between the two since the FEM calculations can never match
the real structural behavior due to the presence of many simplifications and assumptions. But in this case,
the difference is way more than what is to be expected, about 10-80 times higher than the measurements.
The variation differs for different wind directions at each location. The comparisons of the steel stress at
every measuring location with different wind directions are presented in Figure 7.2-Figure 7.7. The wind
directions North, East, and South are represented in Red, Yellow, and Green colors respectively. It is
evident from the below figures that both field measurements and the FE model provide stresses with the
same signs. The main difference occurs in the magnitude of the stresses in the reinforcements where
an overestimation of up to 80 times the expected value has occurred. This may also result in a more
costly construction process. From the experiments conducted in [3], the measured stresses were in line
with stresses calculated using FEM analysis. The FEM analysis performed by Zhou et. al was a linear
analysis hence no scope for any disparities while in this research, a finite element non-linear analysis is
performed. Convergence of force and energy simultaneously is difficult because of the size and nature
of the non-linear analysis. It is seen that there are a few non-converged steps in the iteration and that
the force norm exceeds the acceptable 10 % at the end of the analysis. However, the unbalance at the
symmetry plane is small compared to the applied forces. Using engineering judgment and checking the
results and the global structural behavior, it is decided to accept the results.

In order to mitigate the difference between FEM analyses and the field measurements results and to limit
the cracks, the effects of the heat of hydration will be added to the model since a mass structure releases
a huge amount of heat during the hardening stages and hence that heat may add extra compressive
stresses to the structure which leads to fewer cracks.
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Figure 7.7: Steel stress at Bottom tangential near piles (L08) in North(A), East(B), South(C) directions

7.4. Thermo-mechanical analysis on a wind turbine foundation

This section will deal with the outcomes of chapter 6 and include a detailed discussion of the obtained
results.

7.4.1. Temperature and steel stress evolution due to the hydration heat

+ During concrete hardening, it releases an enormous amount of heat which leads to concrete expansion
and once it cools, the structure shrinks down. This expansion and shrinking of the concrete structure
generates thermal cracks due to the existing temperature gradient between the top and the core of
the foundation. The heat development is non-uniform in real life but for simplicity purposes, uniform
heat development has been considered in DIANA. While conducting the heat of hydration analysis, it
has been observed that the foundation starts to heat up on Day 1. The core reaches its maximum
temperature on the third day. Afterward, it cools down, and the entire foundation achieves equilibrium
with the environment after 60 days. Similar behavior is also observed in [7], where the foundation
core reaches a maximum temperature of 62.5 °C. The heat generated is so intense that it retains the
temperature of around 30 °C till day 28 in the foundation core. One of the most important parameters
in this analysis is the heat transfer coefficients which decide the amount of heat evolution in the
structure. The values of the HTC parameters are obtained from the literature and are presented
in subsection 6.1.5. There are two HTCs discussed in the project out of which HTC 2 gives better
results since the temperature gradient is 32 °C whereas it is 35 °C in HTC 1. Both these values
are greater than the limit of 25 °C which means that the model is more prone to thermal cracks [8].
Also, with HTC 2 the foundation core reaches a lesser temperature as compared to the temperature
attained by the foundation core due to HTC 1. Although there is no direct correlation between thermal
cracks and cracks occurring due to wind load, the presence of thermal cracks does influence the
crack pattern distribution during its service life.

* Next, to the temperature evolution in the foundation the occurring stresses due to the heat of
hydration are studied. It is observed that the steel stresses follow a similar distribution pattern as
the temperature. The bottom rebars experience more stress as compared to the top bars since
the complete load of the structure is acting on the bottom part of the foundation. Also, the stress
development is directly related to the HTCs provided during the transient heat analysis. Since the
bottom portion is well insulated with the soil layers, it generates more heat as compared to the top
surface which is exposed to the air. This insulation also results in more stress in the rebars located
at the bottom position. In the case of the top steel bars, the generated stress changes its peak just
like in the temperature plot Figure 6.5.

Another interesting thing that has been noticed during this analysis is that the steel stresses are
different in each wind direction although the heat development is considered to be uniform. In real-life
this behavior would have made sense since the external environmental conditions keep on changing
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from time to time. There is a possibility of one wind direction getting more solar radiations or wind
which will result in more or less stress respectively at that location. Despite omitting such conditions
in DIANA for simplicity purposes, it showed different stresses for different directions. This can happen
due to various reasons such as problems in the model or due to any numerical errors occurring due
to non-linearity in the material properties. For this, a model with all the linear material properties is
made to run which showed that the stresses in the steel bars are coinciding on top of each other
in all directions at every position. The results of the linear FE analysis are presented in Figure 7.8.
This shows that the variations in the steel stresses at each wind location happened due to numerical
errors which also lead to asymmetrical patterns of cracks in the foundation.

60
50
40
N
E 30 North
=
= East
% 20
n South
10
0
0 10 20 30 e ol £0 70
-10
Time (days)
@@
60
50
10
~
E 30 North
2
= East
% 20
s« N ) memem—— South
10
0
0 10 20 30 o= 20 70
-10
Time (days)

(b)

Figure 7.8: Steel stress wrt time at each wind directions a) Top radial, b) Bottom radial
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7.4.2. Effect of Combined analysis
This part will focus on the outcomes of the combined analysis of both transient heat and non-linear structural
analysis of all the models discussed in the chapter 6.

* When the hydration heat analysis is performed along with the structural analysis, it is observed that
the stresses in the reinforcements did reduce to up to 34% between Model 0 and Model 1. Since
this reduction is not sufficient, various modifications have been performed during the course of the
research. One such variation is done in Model 2 where the maturity properties were varied with time.
Since this model only helped to achieve a reduction of up to 42% than Model 1, another model with
different HTCs is used in order to reduce the thermal gradient. Between Model 2 and Model 3, the
difference lies in the heat boundary conditions. The temperature gradient in Model 2 is 35 °C while
for Model 3 it is 32 °C. A slight reduction in the temperature gap does not reduce the thermal cracks
but it does affect the distribution of the stresses in the reinforcements. subsubsection 6.5.1, showed
that the cracks are still occurring in the concrete foundation and the stresses in the reinforcements
are much higher especially in the bottom tangential near piles position in the south location (L08)
as compared to what is measured in the field. In this case, the stresses are almost 58 times higher
whereas, at the same measuring location but in other wind directions, the stresses are only 9 times
higher than the field results as shown in Figure 7.14. Now a comparison is drawn between the model
with only non-linear FEA (Model 0) and thermo-mechanical FEA (Model 3) where a decrease of
4-33% in the steel stresses has been observed at different measuring locations. This reduction did
have some effect while comparing the stress outcomes with the measurements. For instance, in
the case of bottom radial bars in the South direction, the stresses were 31 times higher in Model
0 while this slightly reduces to 29 times in Model 3 when compared with the measurements as
depicted in Figure 7.11. While at the above-mentioned tangential position, the stresses were 87
times over-estimated from the field data in Model 0 which is reduced to 58 times in Model 3 after
applying the hydration heat. The representative graphs are presented below:
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Figure 7.9: Steel stress at Top radial (L02) in North(A), East(B), South(C) directions
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Figure 7.10: Steel stress at Top tangential (L03) in North(A), East(B), South(C) directions
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Figure 7.11: Steel stress at Bottom radial (L05) in North(A), East(B), South(C) directions
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Figure 7.12: Steel stress at Bottom tangential (L06) in North(A), East(B), South(C) directions
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Figure 7.13: Steel stress at Bottom radial near piles (L07) in North(A), East(B), South(C) directions
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Figure 7.14: Steel stress at Bottom tangential near piles (L08) in North(A), East(B), South(C) directions

* When bedding is added beneath the foundation in Model 4 to achieve greater stability in the structure,
it is noticed that the steel stresses due to the heat of hydration did not change because of the presence
of bedding. Still, at the end of the wind load levels, the tensile steel stresses at the bottom location
did get reduced up to 75% as compared to Model 3 due to the extra compressive forces reaching
the foundation. This compressive force from the soil stiffness reduces steel stresses and narrows
the gap between FEM analysis and field measurements to a maximum factor of 30, compared to 50
in Model 3. In Model 3, the crack widths are 3.2 mm whereas it is reduced to 2.75 mm in Model 4.
The interface between the bedding and concrete foundation must not have tensile stress to prevent
foundation overturning.

» Another variant, Model 6 with the bedding stiffness on all three sides provided much better results
than the previous models. Since the soil stiffness is provided in all three surfaces, the compressive
forces due to this effect, lowered the stress values and reduced the crack widths. Now the stress
has reduced in both the top and bottom surfaces, 57%, and 64% respectively when compared with
Model 4. The cracks are more narrower in this case with a maximum crack width of 2.35mm. From
Figure 7.15-Figure 7.20, it is evident that a marginal reduction has occurred in the steel stresses at
most of the measuring locations. In Model 4, the stress of the top radial bars facing North was ten
times higher than the experimental results as shown in Figure 7.15. However, in Model 6, the steel
stress differed only by a factor of four compared to the measurement data. Similarly, at other locations,
Model 6 showed overestimation ranging from 0.5-7 in comparison to the expected outcomes. On the
other hand, the bottom radial at the south has still not shown any positive result as it is still 26 times
higher than the field data as presented in Figure 7.17.
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Figure 7.15: Steel stress at Top radial (L02) in North(A), East(B), South(C) directions
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Figure 7.16: Steel stress at Top tangential (L03) in North(A), East(B), South(C) directions
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Figure 7.17: Steel stress at Bottom radial (L05) in North(A), East(B), South(C) directions
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Figure 7.18: Steel stress at Bottom tangential (L06) in North(A), East(B), South(C) directions
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Figure 7.19: Steel stress at Bottom radial near piles (L07) in North(A), East(B), South(C) directions
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Figure 7.20: Steel stress at Bottom tangential near piles (L08) in North(A), East(B), South(C) directions

» When a foundation lays over inclined piles, it gets extra horizontal stiffness from the piles. This theory

is proved in Model 7, where a decrease of 30% in the steel stress has been observed in the bottom
bars as compared to Model 3. This provides a scope for generating extra compressive stresses
in the bottom side of the foundation. The horizontal restraint forms an arch-like stress condition
on the bottom surface. There have not been many changes observed in other locations where the
stresses are more or less similar to the Model 3. Adding inclined piles only helps in lowering the
bottom steel reinforcements since it lowered the bottom steel stresses to a factor of 24 instead of 26
in the previous models compare to the field results.

Model 7 did not show any better results as compared to Model 6, which included soil bedding in all
directions. But Model 8 with both inclined piles and bedding on all sides performed well not only in
lowering the stresses but also narrowing the crack patterns when compared with Model 7. Whereas
concerning Model 6 the steel stresses in Model 8 are higher up to 50%. When compared with the
field results, Model 8 showed an overestimation of approximately 22 times in the bottom bars. While
the difference in the top bars is up to 5 times that of the field results. Due to the presence of both
inclined piles and soil bedding underneath, in certain areas, it did give rise to more compressive
stresses which helped to decrease the cracks at the bottom. But it seems that in Model 8 the steel
stresses are not properly distributed which leads to higher stress concentrations in some locations.
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One thing that is vividly clear from all the analyses is that if the cracks have to be limited in the
foundation model, then it needs to achieve sufficient stiffness from the surrounding which will act as
an extra strengthening to the foundation.

+ A sensitivity study is conducted with a higher horizontal pile stiffness and higher bedding stiffness
which limited the cracks to a large extent. Maximum crack width changed from 2.34 mm to 1.67
mm from Model 8 to Model 9. This reduction in the occurrence of cracks also resulted in the
lowering of stresses in the reinforcements. When the bedding stiffness is very high, it resulted in
large compressive forces in the foundation which helped in getting matching results with the field
measurements. Since the bedding is provided in all three directions, the steel bars located at the
top position also showed positive results along with the bottom rebars. In the case of the bottom
rebars, the compressive forces are resulting from both bedding stiffness and the horizontal pile
stiffness of the inclined piles. Such large compressive stresses result in major changes in the bottom
reinforcements. A reduction of up to 80% is observed between Model 8 and Model 9 in the case of
the bottom rebars whereas a 55% decrease has been observed for the top radial bars. Not only the
decrease in the steel stress has been observed between Models 8 and 9, but also the range of the
overestimation has been reduced between Model 9 and the experimental results. The steel stresses
of radial bars are overestimated in the range of 3-19 while the stresses in the tangential bars are
0.3-8 times higher than the field results as shown in Figure 7.21-Figure 7.26.
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Figure 7.21: Steel stress at Top radial (L02) in North(A), East(B), South(C) directions
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Figure 7.22: Steel stress at Top tangential (L03) in North(A), East(B), South(C) directions
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Figure 7.23: Steel stress at Bottom radial (L05) in North(A), East(B), South(C) directions
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Figure 7.26: Steel stress at Bottom tangential near piles (L08) in North(A), East(B), South(C) directions

7.5. Discussion

The validation of the steel stresses is a crucial aspect as it ensures the accuracy and reliability of the
FE analyses. The strain monitoring in the wind turbine foundation is conducted using FBG sensors
that are temperature sensitive as mentioned in section 2.2. Even though, the company that conducted
the measurements stated that during short-term monitoring, FBGs do not show any kind of variations
and it's very stable but the measurement data from both 2022 and 2023 did show major differences at
particular locations. One such difference is presented in Figure 7.1. Hence, it is best to consider the initial
measurements conducted in the concrete foundation when the sensors were just placed.

From subsection 2.1.1, it is clear that the stresses in the bars present in the foundation are within elastic
range when a linear numerical analysis is performed and the stresses in the FEM calculations show an
adequate match with the field measurement. This is also proved in chapter 4, where the SCIA model
is prepared, and the generated stresses in the SCIA analysis are also within the elastic limit due to the
linear analysis. Although, the SCIA model is used only for validating the FE model and not for the purpose
of further research due to the low approximation approach. While in the case of the FEM non-linear
simulations performed in this research project, it showed a major overestimation of about 87 times when
a comparison is made between the obtained steel stress and the DIANA analysis. This also resulted
in cracks in the foundation. But, from the section 3.5, the operational wind turbine’s foundation is still
uncracked. This implies that the concrete foundation is receiving horizontal prestressing along with vertical
prestressing from the anchor bolts. One way the foundation is getting prestressed is in the form of hydration
heat as mentioned in section 2.4. To eradicate differences between the steel stress of field measurement
and the numerical simulation, hydration heat analysis is performed in the current project and its outcomes
are studied. It is observed that despite including the effect of hydration heat in the DIANA model, cracks
are still occurring in the numerical analysis. Also due to the horizontal prestressing from the hydration
heat, 33% of extra prestressing forces are generated in the structure along with the vertical prestressing.
Although the gap has been reduced to an extent of a factor of 58 and the occurring steel stresses are
much lower than the results obtained in chapter 5, there is still scope for more modifications in the model.
The research thesis follows an iterative approach to ensure that the FEM model is refined to achieve the
closest match with the observed behavior of the foundation. The thermo-mechanical model with bedding
on all sides provided fairly good results in comparison with the other models and successfully close the
overestimation factor to 4-26 with the field data. Another attempt of combining both inclined piles and the
bedding on all three surfaces in the foundation along the thermo-mechanical analysis helped to mitigate
the formation of the crack in the numerical model. Although the steel stresses in the top reinforcements
are about 50% higher than the model with bedding on all sides, the crack widths remain the same. This
might happen due to the stress distribution during the numerical simulation. After conducting all these
analyses, increasing the stiffness to a higher value changes the factor of overestimation to 3-19 times
between the model and the observed values in the field. Therefore, achieving a perfect match is difficult
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and some variation will always exist between them. The cracks that are still present in the foundation can
be eradicated by some additional effects such as relaxation and implementing proper cooling conditions in
the numerical analysis.

One theory that can be added along with the hydration heat effect is the Relaxation effect. This theory
can aid in redistributing stresses over time in the foundation which lowers stresses in critical areas and
distributes the load more evenly. Additionally, relaxation also delays fatigue crack growth by reducing
stress intensity near the crack tip, allowing reinforcements to withstand a larger number of load cycles.
The Maxwell model can be used to include the relaxation effect in DIANA. Also, considering proper cooling
methods during the analysis can help in reducing the heat and mitigating the cracks. In the current
research, a proper soil model is ignored during the modeling of the foundation, the bedding as a boundary
interface has effectively helped in achieving a better result especially when it is applied on all three sides.
It should be noted that adding stiffness to the foundation bedding did not create any tensile stresses at the
interface. If a proper soil model such as the Mohr-Coulomb model is used to model the soil properties
which includes friction between the soil layers, a better result can be expected as discussed in [3] where
the FEM calculations showed a good match with the experimental results even though it included a linear
analysis.

Validating the stresses in the rebars can pose a few challenges since wind turbines are subjected to
dynamic loads, and material behavior and the interaction between the foundation and the surrounding soil
generate further complexities. Including these challenges guarantees that the validation process captures
the true behavior of the foundation. Even modeling of bridges, offshore structures, tunnels, etc shows
similar challenges during modeling in FEA.



Conclusion and Recommendations

This chapter includes the conclusions of the research thesis along with the answer to the research questions
presented in chapter 1. The end of this chapter provides a brief overview of the primary recommendations
for the future continuation of this research project.

8.1. Conclusion

In this research project, the stress behavior of the reinforcements in an onshore wind turbine foundation is
analyzed with the help of finite element analyses. The beginning of the research involved some main and
sub-research questions which are answered in this section.

Answer to main research questions
1. How do the steel stresses generated in the concrete foundation on site vary from the numerical

analysis in the FE model?

The comparison between the stress measurements from the field and the FEA is important in order
to determine the accuracy and reliability of the numerical analysis. The steel stresses obtained
from the field measurement at a maximum overturning bending moment were within the elastic limit
for all the measuring locations at each wind direction. It also showed no cracks in the measuring
locations after comparing the measurement results of three years. However, this differed from a
structural non-linear analysis using FEM that showed an over-approximation of steel stress. The
obtained stress values from FEA vary for different measuring locations at 3 wind directions drastically.
Significantly higher steel stress, up to 87 times, was observed at the bottom tangential near piles in
the south (L0O8 C) while other locations showed a range of 5-30 times higher stress. These higher
values of stress caused cracks in the foundation.

In order to study the heat effects in the DIANA model, transient heat analysis was performed along
with the non-linear structural analysis. While doing so, the results of the thermo-mechanical model
(Model 3) showed a reduction of up to 33% in the steel stresses when compared to the model that
did not account for the thermal properties of the concrete (Model 0). The 33% reduction explains the
extra effect of horizontal prestressing from hydration heat along with vertical prestressing already
present in the foundation through anchors pretensioning. When Model 3 was compared with the field
results, it was noticed that the location LO8 C with an over-estimated outcome of 87 times higher steel
stress was now reduced to 58 times. The other prevailing locations had also shown an improvement
in decreasing the stresses in the steel bars but, this reduction was not yet sufficient to obtain a closer
match with the field measurements. Especially, two locations of radial bars- top (L02) and bottom
(LO5) in the North (A) and South (C) directions respectively showed steel stresses that were still
higher, approximately 10 and 29 times respectively than the observed field results.

The model showed relatively better results when the effects of bedding were provided on all sides,
following an iterative method of consecutive changes in the thermo-mechanical analysis. Compared
with the model with hydration heat (Model 3), the variant with both thermo-mechanical analysis and
bedding on all sides (Model 6) showed a reduction in steel stresses from 3% to 92% depending
on the location of the reinforcement. Model 6 also successfully reduced the gap between the FEM
analysis and the field results. The over-approximation of the stresses had reduced from 58 to a
factor of 11 at the same location (LO8 C). In the case of the other locations, the stresses vary within
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a factor of 0.03-26 times than the field data. Where the stress in LO2 A decreased to a factor of 4
and the stress in LO5 C was 26 times higher than the experimental data.

When Model 6 was modified with inclined piles (Model 8), it did not show any improvements to the
stresses in the rebars located on top compared to Model 6. But the bottom bars did show a reduction
of up to 15% resulting in lowering the factor to 22 times higher than the field results in the L05 C
location.

The sensitivity study in Model 9 with fictitiously high stiffness values showed a closer match with
the field results for all the locations. For example, the steel stress in the top radial (L0O2 A) was
3 times higher than the field results, while the stress in the bottom radial (LO5 C) decreased its
overestimation from 22 to 17 times from the previous model, and the stress in the bottom tangential
(LO8 C) was overestimated by 4 times. Hence, achieving a perfect match between the FEM model
and measurements is an arduous task, and it is inevitable that numerical simulations will always
have some degree of overestimation.

2. What is the best way to model the wind turbine foundation in the DIANA which will represent
the real structure adequately?
During the research, several FE models were analyzed in DIANA FEA 10.5. The FE model in DIANA
represents the actual wind turbine foundation located at Riemst, Belgium. The structure’s geometry
and reinforcement must follow the drawings and layout and the material properties must adhere
to standard codes. It was noted that the behavior of the foundation was greatly affected by the
characteristics of the soil and piles that uphold the structure. Hence, it was important to model
the stiffness offered by them in the FE model. Along with this, time-dependent properties must
be added to the concrete during the curing process to get a closer match with the experimental
results. Therefore, for the numerical simulation to mimic the behavior of the operational wind turbine
foundation, it was necessary to consider possible effects such as maturity and hydration heat. During
the current numerical analyses, some simplifications have been considered such as no proper soil
model, ignoring the effects of relaxation, etc. that did not allow to achieve a closer match with the
field measurement. Despite not including all the effects, the current project achieved a match with
the field results with an overestimation of an average factor of 5. Hence, to perform a non-linear FEM
simulation effectively, the best way is to minimize simplifications and assumptions in FE software to
obtain an adequate match with field results and avoid over-approximation.

Answer to the sub-research questions
1. How does the hydration heat develop over time?

Through the thermal analysis, it was observed that the heat of hydration inside the foundation follows
a parabolic curve. During concrete pouring, the temperature peaked at 61 °C on day 3. After which, it
gradually decreased and reached an equilibrium with the external temperature after 60 days. During
the heating phase, thermal cracks occurred due to the temperature gradient between the innermost
and outermost surfaces. The area near the foundation core reached the maximum temperature,
while the top surface attained the lowest temperature due to the constant interaction with the air.
During the cooling phase of the foundation, the steel bars developed compressive stresses from
the hydration heat, providing extra horizontal prestressing to the foundation. The representation of
temperature graphs is presented in Figure 6.5.

2. To what extent does the hydration heat emission, which provides the prestressing to the
foundation, affect the steel stresses?
When the model with structural analysis (Model 0) and the model that include both mechanical and
hydration heat analysis (Model 3) were compared to determine the resultant steel stress due to the
applied wind load, it was observed that the final stress in Model 3 is lesser than Model 0. Although the
decrease percentage varied in a range of 4-33% for each rebar group due to the stress distribution
pattern in the reinforcements, it has been observed that at every location, the inclusion of hydration
heat lowered the stresses in the model. In the case of top radial bars, the decrease percentage
was 29% whereas bars located at the bottom radial showed a reduction of 26%. Additionally, from
Figure 7.9-Figure 7.14 it was evident that the presence of hydration heat results in compressive
stresses in the foundation which reduces the tensile stresses and helps in bridging the gap between
the field measurement and the numerical simulation. The steel stresses that were overestimated to
a factor of 11 in Model 0 reduced to a factor of 10 in Model 3 when compared with the experimental
results, whereas an overestimation of 31 decreased to 29 times higher steel stress after the inclusion
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8.2.

of the hydration heat.

Recommendations

Based on the current research project some recommendations have arisen in order to investigate the
same or any other wind turbine foundation for the future. They are presented below:

The FBG sensors present in the foundation are the strain-measuring sensors and they did not monitor
the temperature within the foundation. In case, the sensors are to be placed for structural health
monitoring purposes, it is advisable to measure temperature along with the strains. Temperature
monitoring can be very helpful, especially during the hardening stages.

The current sensors are placed on the top and bottom locations in the foundation. It is advisable to
place a sensor in the middle portion as well since that location experience the highest temperature
during concrete hardening and it would be interesting to know the stresses in those rebars.

During the modeling of the bedding in the concrete foundation in the DIANA, the soil is not modeled
with any type of soil model. Hence, a suggestion would be to consider a soil model like the Mohr-
Coulomb model in order to include the effects of friction between the soil layers.

For further continuing this research, it is advisable to conduct a detailed investigation on the relaxation
effect along with the heat of hydration and study the combined analysis of both these effects.

In order to design such complex structures, FEM is always recommended since it not only helps in
design optimization but also reduces the requirement for time-consuming and expensive physical
prototyping by analyzing the behavior of structures under various conditions.
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A.1. Graphs for steel measurements from 2017
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Figure A.12: Steel stress for LO4 position
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Figure A.14: Steel stress for LO6 position
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Figure A.16: Steel stress for LO8 position
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Figure A.17: Steel stress for LO1 position
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Figure A.18: Steel stress for LO2 position
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Figure A.19: Steel stress for LO3 position
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Figure A.20: Steel stress for LO5 position
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Figure A.21: Steel stress for LO6 position
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Figure A.22: Steel stress for LO7 position
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A.4. Determination of cracks
;) restart;
| > L:=150:Lf:= 22: @ outer := 6: @ inner := 5.9: E := 2.1e+11: Inertia := 2.6264 :
[> E-mertia:
551544 x 10! o)
;) p:=7850:4:=06:
m:i=pA:
I m = 4710.0 2
[> Miop = 114000 :
1 3.04-E-Inertia
> f= = sq 3 :
2-3.14 (0.227-m-(L + Lf) + Mirop)- (L + Lf)
= 0.1592356688 ©)

Figure A.23: Frequency analytical calculation
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B.1. Steel stresses due to the Nonlinear structural analysis only
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Figure B.1: Steel stress at top tangential-L3 position
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Figure B.2: Steel stress at bottom tangential-L6 position
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Figure B.3: Steel stress at bottom tangential near piles-L8 position
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Figure B.4: Steel stress at stirrup-L4 position
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Figure B.5: Steel stress at top radial-L2 position
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Figure B.6: Steel stress at bottom radial-L5 position
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B.2. Effects of Maturity effect
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Figure B.7: Top radial bars a) without maturity effect, b)with maturity effect
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Figure B.8: Bottom radial bars a) without maturity effect, b)with maturity effect
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Figure B.9: Top tangential bars a) without maturity effect, b)with maturity effect
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Figure B.10: Bottom tangential bars a) without maturity effect, b)with maturity effect
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(a) (b)
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Figure B.12: Steel stress in the Bottom tangential rebars a) Day 0, b) Day 1, c) Day 2, d) Day 3, e€) Day 7,
f) Day 14, g) Day 28, h) Day 45, i) Day 60
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Figure B.16: Steel stress in the side stirrups a) Day 0, b) Day 1, c) Day 2, d) Day 3, e) Day 7, f) Day 14, g)
Day 28, h) Day 45, i) Day 60
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(a) (b)

RN

(c)

Figure B.19: Steel stress in the Bottom tangential rebars near piles a) After prestress, b) After vertical
load, c) After wind load

Figure B.20: Steel stress in the stirrups a) After prestress, b) After vertical load, c) After wind load
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Figure B.23: Steel stress in the Top tangential rebars a) Day 0, b) Day 1, ¢) Day 2, d) Day 3
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Figure B.23: Steel stress in the Top tangential rebars e) Day 7, f) Day 14, g) Day 28, h) Day 45
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Figure B.23: Steel stress in the Top tangential rebars i) Day 60
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Figure B.24: Steel stress in the Bottom tangential rebars a) Day 0, b) Day 1
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Figure B.24: Steel stress in the Bottom tangential rebars c) Day 2, d) Day 3, e) Day 7, f) Day 14
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Figure B.24: Steel stress in the Bottom tangential rebars g) Day 28, h) Day 45, i) Day 60
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Figure B.25: Steel stress in the Bottom tangential rebars near the piles a) Day 0, b) Day 1, ¢) Day 2
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Figure B.25: Steel stress in the Bottom tangential rebars near the piles d) Day 3, e) Day 7, f) Day 14
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Figure B.25: Steel stress in the Bottom tangential rebars near the piles g) Day 28, h) Day 45, i) Day 60
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Figure B.26: Steel stress in the Top radial rebars a) Day 0, b) Day 1, c) Day 2
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Figure B.26: Steel stress in the Top radial rebars d) Day 3, €) Day 7, f) Day 14
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Figure B.26: Steel stress in the Top radial rebars g) Day 28, h) Day 45, i) Day 60
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ANCISET
Phase 1. Time-step 1, Time 20000,

Relnforcement Cauchy Total Stresses S kver 1
min: 18.19N/mire max: 25.57N/mim?

Sk
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40000
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z 20000
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Figure B.27: Steel stress in the Bottom radial rebars a) Day 0, b) Day 1, ¢) Day 2
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Relnforcement Cauchy Total Stresses Sk kayer 1
i 5.02Nj i max: 86.08h/mm?
S0
(N/rrnee)
500,00
400.00
300.00
z 20000
4 100,00
s 000
-100.00
20000
(e)
ARGIET
Phase 1, Time-step 01, Time 0,12200E+07
Relniorcement Cauc hy Total Stresses Sa layer 1
i -3.29 N/ rcpx: 54.84N/mir?
Soc
(N/mire)
500.00
40000
300.00
7 20000
3 100.00
S 000
-100.00
200,00

®

Figure B.27: Steel stress in the Bottom radial rebars d) Day 3, e) Day 7, f) Day 14
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ANCISET

Phase 1, Time-step 117, Time 0.24250E+07
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Figure B.27: Steel stress in the Bottom radial rebars g) Day 28, h) Day 45, i) Day 60
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B.4. Steel stress due to the combined analysis

Phase 1. Time-step 1, Time 20000,
Relnfarcement Cauchy Total Stresses S kaver 1
min: 10.16N/mire max: 25.31N/mim?

ANCISET

Ve

(@)

Phase 1, Time-step 4, Time 80000
Relnforcement Cauchy Total Stresses Sk layer 1
rrin: 12, 20N/mie miax: 61.67 /e

AralsET

(b)

Relnforcement Cauchy Tofal Stresses Sct layer 1

Phase 1, Time-step 9, Time 0.18000E+00
mrin: 10.45N,min? mcex: 80.20N/ e

ArahsET

(c)

Steel stress in the side stirrups a) Day 0, b) Day 1, ¢) Day 2

Figure B.28



230

75 =3
T88888,5¢2 £88888,5¢3 £88888
EEEEEE EEEEEE EEEEEE]
EES 888§ ZE S S588§ ZES sgét
E88RESSER EGEREEEER E8GRREES
= = 0 waa = = = m o =

B.4. Steel stress due to the combined analysis

Relnfarcement Cauchy Total Stresses Sxx kver 1

Phase 1. Time-step 13, Time 0.26000E+06
min: 1295 N/mire max: 85.41N/mim?

ANCISET

Ve

(d)

Relnforcement Cauchy Total Stresses Sk layer 1

Phase 1. Time-step 30, Time 0 6D000E+06
min6.48Njmir max: 63.44N fmir?

AralsET

(e)

Relnforcement Cauchy Tofal Stresses Sc layer 1

Phase 1, Time-step 01, Time 0.12200E+07
mmin: 0.48N/mi? mix: 479 3N/

ArahsET

®

Steel stress in the side stirrups d) Day 3, e€) Day 7, f) Day 14

Figure B.28
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B.4. Steel stress due to the combined analysis
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Phase 1, Time-step 176, Time 0.39000E+07
Relnfercement Cauchy Tofal Stresses Sk layer 1
rrin -5.60N /i o -1.12N/mire
Relnforcement Cauchy Tofal Stresses Sct kayer 1
min:-6.01N/mim? ma: -4.26N/mr?

Phase 1, Time-step 222, Time 0.51600E+07

AnalysET
AnahskT
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Steel stress in the side stirrups g) Day 28, h) Day 45, i) Day 60

Figure B.28
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2. input (geometry)
2.1. Main Geometry




2.2. @{ProjectESA.IDS_MATERIAL}

Steel EC3
Colour

Lower limit | Upper limit Fy u
[mm] [N/mm?] _[N/mm?]

Colour

Density in fresh state few2s

P
[kg/m3] [kg/m3]

BetonAlg Concrete
| BetonMidden | Concrete

25000

Explanations of symbols
Density in fresh state | The value in the density in fresh state
property is used only in case a
composite
deck is input and its self-weight load
is taken into account.




2.3. nodes




2.4. @{EP_StructureESAM.IDS_NODE}

Name Coord X Coord Y Name Coord X Coord Y Name Coord X Coord Y Name Coord X Coord Y Name Coord X Coord Y Coord X Coord Y Name Coord X Coord Y Name Coord X Coord Y
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
1 8500 K5 0 2500 -7277 3778 7277 377¢ N17 6399 | | N22 -2135 -7817
| k100 0 K6 -2500 0 -6399 5218 N8 213! 7817 7817 213! N1 521 23 -3778 -7277
2 3825 K7 0 -2500 -5218 6399 N9 377! 7277 8000 N1 377 -5218 -6399
3 3000 KO 0 0 -3778 7277 N10 5211 6399 7817 -213! N2 213 -7817 -6399 -5218
4 2500 N1 -7817 2135 -2135 7817 N11 6399 5218 7277 -377: N2: -8000 7277 -3778




2.5. elements




2.6. @{EP_StructureESAM.IDS_SLAB}

Layer Type Element type Material Thickness type Centre thickness
El foundation | plate (90) | Standard BetonAlg variable 3130
1600
E2 foundation | plate (90) | Standard BetonAlg constant 3430
E3 foundation | plate (90) | Standard BetonAlg constant 3430
E4 foundation | plate (90) | Standard BetonMidden | constant 3430

2.7. height crosssection

Not supported task. Please switch to
'V16 and older' post-processing
environment (available in 32-bit
version).




2.8. E modulus

Not supported task. Please switch to
'V16 and older' post-processing

environment (available in 32-bit
version).




2.9. @{EP_StructureESAM.IDS_SLAB_OPEN}
Name 2D member
EL

Sparing33



2.10. supports




2.11. @{EP_StructureESAM.IDS_NODAL_SUPPORT}

System

Type

Node User UCS Angle [deg] Stiffness Z Stiffness Rx _ Stiffness Ry
[MN/m]  [MNm/rad] [MNm/rad]

Sni GCs Standard Flexible Free Free
N1 1.5000e+02

Sn2 GCs Standard Flexible Free Free
N2 1.5000e+02

Sn3 GCs Standard Flexible Free Free
N3 1.5000e+02

Sn4 GCs Standard Flexible Free Free
N4 1.5000e+02

Sn5 GCS Standard Flexible Free Free
NS 1.5000e+02

Sné GCS Standard Flexible Free Free
N6 1.5000e+02

Sn7 GCs Standard Flexible Free Free
N7 1.5000e+02

Sn8 GCS Standard Flexible Free Free
N8 1.5000e+02

Sn9 GCs Standard Flexible Free Free
N9 1.5000e+02

Sn10 GCs Standard Flexible Free Free
N10 1.5000e+02

Snit GCS Standard Flexible Free Free
N11 1.5000e+02

Sn12 GCS Standard Flexible Free Free
N12 1.5000e+02

Sni3 GCS Standard Flexible Free Free
N13 1.5000e+02

Sni4 GCS Standard Flexible Free Free
N14 1.5000e+02

snis GCs Standard Flexible Free Free
Ni15 1.5000e+02

Sni6 GCS Standard Flexible Free Free
N16 1.5000e+02

Sn17 GCS Standard Flexible Free Free
N17 1.5000e+02

Sni8 GCS Standard Flexible Free Free
N18 1.5000e+02

Sn19 GCS Standard Flexible Free Free
N19 1.5000e+02

Sn20 GCS Standard Flexible Free Free
N20 1.5000e+02

Sn21 GCs Standard Flexible Free Free
N21 1.5000e+02

Sn22 GCS Standard Flexible Free Free
N22 1.5000e+02

Sn23 GCS Standard Flexible Free Free
N23 1.5000e+02

Sn24 GCS Standard Flexible Free Free
N24 1.5000e+02

Sn25 GCS Standard Flexible Free Free
N25 1.5000e+02

Sn26 GCS Standard Flexible Free Free
N26 1.5000e+02

Sn27 GCS Standard Flexible Free Free
N27 1.5000e+02

Sn28 GCS Standard Flexible Free Free
N28 1.5000e+02




2.12. mesh

=T




3. input (loads and loadcombinations)
3.1. @{ProjectESA.IDS_LOADCASE}

Name Description Action type Load group Duration Master load
case
DY 2
BGO1 selfweight concrete | Permanent LG1
Standard
BG02 mound Permanent LG1
Standard
BGO3 ground water Permanent LG1
Standard
BG101 | unit load vertical Variable LG2 Short None
(1.000kN)
Standard Static
BG102 | unit load moment Variable LG2 Short None
(100.000kNm)
Standard Static

3.2. BGO1 - self weight

Not supported task. Please switch to
'V16 and older' post-processing
environment (available in 32-bit
version).




3.4. BGO3 - ground water




3.5. BG101: Unit load vertical (1.000kN)

Not supported task. Please switch to
'V16 and older' post-processing
environment (available in 32-bit
version).




3.6. BG101: result vertical load

Not supported task. Please switch to
'V16 and older' post-processing
environment (available in 32-bit
version).




3.7. BG102: Unit load moment(100.000kN)

Not supported task. Please switch to
'V16 and older' post-processing
environment (available in 32-bit
version).




3.8. BG102: result bending moment

Not supported task. Please switch to
'V16 and older' post-processing
environment (available in 32-bit
version).







Nonlinear Combi: NC_Combd 1

Selection: Al

Lacation: In nodes awg. on macro. System: LCS mesh sement
Resuits on 10 member:

Extreme 1D: Giobal

uy "y ®, P Wisiai

[mm] [mm] [mrad] [mrad] [mm]

51 7H54 & | NC_Combd ooo| ooof  -0ES 01 00| 0.3
1

= THEA % [WC_Comit [ ] 5 (1] T0| 4Z8L
1

El Element: T4TE | NC_Combi -0.79 ooo| -47.51 an 49 oo 47.52
247 ofL T ooe| -47.51 47.52

Mode: 405 o
B Element: -536 | NC_Combi 1z72| o7z| -wem a4 T4 (] 2101
2912 242 (1 -12.72 amn -16.70 nm

Mode: 2989 1]
E1 Element: 3782 | MC_Combi zs1| -3.35| -3 34 ) (1] 3559
521 506 | 1 -zs3|  335| -3 1559

Mode: 682 o
El Elsmant: 3782 | MC_Combi 2.53 335 -35.34 -34 FI ] [1] 15.59
577 5206 | 1 -zs3| -3a3s| - 559

Mode: 738 o
El Element: 5251 | MC_Combi [T ooo| -49.25 an 10 [] 49.27
39 ofL -1 oo -49.25 49.27

Mode: 510 o
El Element: 67 500 | MC_Combl 7 G EEET] [T i3 0.0 2415
3 1 24 ooo| 2399 2415
Bl NC_Combi ToE| 3a1| -3851 37 13 (1] 3368
] -LoE| -an| -aEsm 168
El NC_Combi 108 T -13.51 37 13 [] EER)
1 -l08 an -33.51 1368
E1 NC_Combi EE I [T -0.9 (1] 623
] or| ool - 623
El NC_Combi im 0T o081 a8 43 oo 413
] sage|  0ET LR 413




3D displacement

Values: Utotal

Nonlinear calculation
NonLinear Combi: NC_Combi 1
Selection: All

Location: In nodes avg. on macro.

System: LCS mesh element

49.27
45.00
42.00
39.00
36.00
33.00
30.00
27.00
24.00
21.00
18.00
15.00
12.00
9.00
6.00
0.83

Utotal [im]




3D stress

Nanfinear calouiation

NaonLinear Combi: KIC_Combi 1

Selection: Al

Location: In nodes awg. on macro. System: LCS mesh element

o T T Ter
[M/mm?] [N/mm?*] [Njmm? [N/mm?]
0.0

Ta
[N/mm*]

El Element: 223 3622 | NC_Combi 1 -21.31 ) -2.05 415 034
Node- 378 1230 2131 aE .05
1]
=] Element: 4273 ~2018| NC_Combi 1 1172 anx -0.13 -1.72 057
Mode: 4528 1867 -11.72 -aaz 013
1]
E2 Element: 4464 2122| NC_Combi 1 -19.18 -1212 11 407 03
Mode: 4753 m27 198 1212 -L11
]
E3 Element: 5035 -2128]| NC_Combi 1 1135 413 0.09 412 136
MNode: 5340 -1895 -11.39 -4.13 -0.09
]
El Element: 208 746 | NC_Comii 1 TEE 655 T “LEL F)
MNode- 353 arsz Ex- - 6.56 665
a
El Element: 153 46| NC_Comibti 1 -rE 663 6485 -LEL -237
Mode: 162 -3752 7ER BET 685
o
E3 Element: 2940 -1733| NC_Combi 1 1022 14 -0.44 -13.88 B4
MNode: 3045 -1802 -lozz -2.24 0.44
]
=] Element: 2485 7240 | NC_Combi 1 -1773 By 135 E37
MNode- 1229 1535 1mn 1183 -1.25
]
E2 Element: 2770 1595 | NC_Combi 1 -1a8.1%8 -asr -0.50 246 -13.14
Hode: 54 -2240 l8.1s aar 0.50
o
B Element: 2432 1995| NC_Combi 1 -18.15 437 0.50 246 13.14
MNode- 1222 240 1815 asr -0.50
1]




3D stress

Values: ox (1D/2D)

Nonlinear calculation
NonLinear Combi: NC_Combi 1
Selection: All

Location: In nodes avg. on macro.

System: LCS mesh element
Basic magnitudes

333.61
280.00
240.00
200.00
160.00
120.00
80.00
40.00
0.00
-40.00
-80.00
-120.00
-160.00
-200.00
-240.00
-280.00
-333.61

ox (1D/2D) [N/rmm 2]




Reactions

Nonlinear calculation
NonLinear Combi: Load nonlinear combinations

System: Global
Extreme: Global
Selection: All
Nodal reactions
Name Case R: Mx My ex ey
[kN] [kNm] [kNm mm] [mm]
Sn28/N28 | Load nonlinear -1018 0 0 0.00 0.00
combinations
Sn14/N14 |Load nonlinear 2329 0 0 0.00 0.00
combinations




1D internal forces

Nonfinear caloulation
Monlinear Combi: NC_Combd 1
Coordinate oystem: Member
Extreme 10: Gicbal

Eelertion: Al
‘Marmie du Wy M
[ [kN]  [kNm] [kNm]

51 5154 HNC_Combi 1 ~19637 a -3732
5% 2700~ HC_Combs 1 19657 a -3731
51 3H7E- HC_Combs 1 - 15584 [] B2
52 3976 NC_Comis 1 15584 [] BT
51 5983 NC_Combi 1 -5383 0] -10645
52 5983 NC_Combi 1 5383 [] 25021

1D internal forces
Values: V2
Nonlinear calculation

NonLinear Combi: NC_Combi 1
Coordinate system: Member
Extreme 1D: Global

Selection: All




1D siresses

Nonfinear caloulation
Montinear Combi: NC_Combd 1
Coordnate system: Frincpal
Extreme 10: Gicbal

Selection: 21
o T T Tior
[M/mm?] [W/mm?] [Nfmm?] [N/mm?]
.61 0.00 0.0 I
3 SR | T[AC Combi 1| 33361 000 | ] | wod|
1D stresses
Values: o,

Nonlinear calculation
NonLincar Combi: NC_Combi 1
Coordinale system: Principal
Lxtreme 1D: !

Selection: All




1D deformations

Linear caloation

Load case- BGOL
Coordnate system: Ghozal
Extreme 10: Giobal
Selection: Al
Defarmations

Case w; P Py Wisiai
[mm] [mrad] [mrad] [mm]

51 3878 BGO1 -4.75 0.1 0.0 4.75
52 3927- BGO1 4.75 -0.1 0.0 4.75
51 [1] BGO1 4.75 0.0 -0l 4.75
51 FHSH BGO1 -4.75 0.0 0.1 4.75

1D deformations
Values: uz

Linear calculation

Load case: BGO1
Coordinate system: Global
Extreme 1D: Global
Selection: All




2D internal forces

Naniinear caiculation

NanLinear Combi: NC_Combi 1

Estreme: Ghabal

Selection: Al

Location: In nodes avg. on mac. Rotsbon of the planar sysem: LCS-Member 20
Principal magnitudes

my a rast
[kMmjm] [deg] [kNm/m] [kN/m]

m;
[ kMm/m ]
T
Node: 5340 1855 anx
o
=] Elerment A063 Y583 | WE_Comsl 1 EIE|  TES =1 [
Node: 4368 1833 32
o
=] Elerment: 4223 2018 | NE_Camb 1 TE77|  BEEL 7R TT] ESTET)
Node: 4528 1867 -22994
o
=] Elerment: 4965 2081 | NC_Coml 1 || 787 T 3
Node: 4770 1862
o
3 3825 | NC_Comb 1 7| 18000
o
o
3 ES00| NC_Com 1 5] 180
o
o
=] Element. 6552 0 NC_Coma 1 ] 100
Node: 44 o
o
=] 56 NC_Comn 1 16521 30z
-2438 2647
o
£l Element: 645 “2150| NC_Comts 1 206z| G000 [E 62| -mzs
Node: B0 -E616 1721
o
= Element: 292 1802 | NC_Comt 1 5EE|  ELEG B3| 37933 334l
Node: 3043 73 20637
o
& Element: 133 3625 | WC_Coml 1 TN T TR SHGI| -180.00
Nade: 4 o 990
o
El Element: 389 -5391 | NC_Combi 1 1926 -50.00 1554 2355 180.00
Nade: 550 o 5095
o




2D internal forces
Values: m1

Extreme: Global
Selection: All

Location: In nodes avg. on macro.

Rotation of the planar system:
LCS-Member 2D

m1 [kNm/m]




2D internal forces

Values: ma

Nonlinear calculation
NonLinear Combi: NC_Combi 1
Extreme: Global

Selection: Al

Location: In nodes avg. on macro.

Rotation of the planar system:
LCS-Member 2D

mz2 [kNn/m]




MaoriLinear Combi: NC_Combd L
Extreme:

Gt

Py [
[man] [mm] [mrad] [mrad] [mm]
El Elemen| 5351 | NC_ —45.25 [ 14

Mode: 510 o
o

31 Element: 67 ~E500 | WC_Comi FEEL] (2] 3| &m
Node: 3 [
o

El Element: 115 5142 | NC_Combi -31.51 -7 13 3351
Mode: 198 -6128
i

£l Element: 19 5142 | NC_Comi 3351 EE] 13| 3351
Mode: 893 E128
1]

£l Element: 1 BODD | NC_Comis 623 [ 05| 6.8
Node: 20 [
]

E3 Element: 2912 536 | NC_Combi 16.70 a4 74 16.70
Node: 2983 2442
i

EZ Element: 1215 ~2614 | NC_Comis 0.00 ol 62 o.00
Mode: 1052 -1471
o

2D displacement

Values: uz

Nonlinear calculation

NonLinear Combi: NC_Combi 1
Extreme: Global

Selection: All

Location: In nodes avg. on macro.
System: LCS mesh element




2D stress/strain 2D stress/strain
Nonlinear calculation Nonlinear calculation
Nonlinear Combiz NC_Combi 1 Moningar Combiz NC_Combi 1
Extreme: Glbel Bxreme: Gial

fection: EL

odes avg. on macro. System: LCS mesh element  In tades 213, on maco, Systam: LGS mash lamant
ul ul

Locatio
Principal stress - Standard res

Location: In n
Principal stress - Standard result

a2, o av o Position e o1 oan e @t Tmas
[W/mm3] [N/mm?] [deg] [M/mm3] [mm] [W/mm?] [Nimm?] [deg] [W/mmZ]
ax e - o1 o2 o a
[N/mmZ] [N/mm?] [deg]
Bl |Eement 220 3313 NC_Combi 1 002 28 1822|7512 4 B |Eemen 1923 2273 NC._Combi 1 ~11.47| 1771 1555 77461
Wode: 373 1913 28 1032 1832 1488 Noce: 1230 1956 w1 14 1558 1233
[} 9
B |eeme 12 3313 WC_Combi 1 05 587 &4 W B |Eerent 1159 3573 [WC_Cori 597, 0 RS =3
Node: 293 1913 283 57| s3s6 Noce: 1040 1958 -3.89 am| sse2
[} o
B |cemen 209 3035 WC_Combi 1 577 2193  19.03| 7317 B3 B |erent 25 035 WE_Cori 1 57 503|737 52}
Node: 371 23 2193 a77|  19.03| 1683 Node: 371 229 21.93] 12.03| 1683
o o
B [Semen 1 3035 | NC_Combi 1 1126 a1 o 3 B |Semew 01 3035 | WC_Combi 1 12 0% 732 B
Node: 251 2338 241 1126 1026 8268 Mode: 29 2329 241, 1025 8268
o 9
B |Seren 72 757 | NC_Combi 1 o T 03| s (=3 B |Gemen 72 5157 | W _Combi 1 09 0.2z[ 145 =3
Node: 125 23%0 008 018 0.22| 255 Mode: 125 2390 005, 0.22| 2855
o o
B [Seren &5 2150 NC_Combi 1 % B Tes| 000 005 B |Semew 6 2150 WC_Combi 1 255 B ET 005
Node: 805 5616 35 258 556 s000 Mode: 80 616 357, 566| 6000
3 9
B [Seren 118 355 NC_Combi 1 1% 008 Tss[ 7030 152 B |Semew 18 39 Ne_Combi 1 130 005 e[ w3 1562
Node: 23 5218 008 130 185 170 Mode: 23 a8 009 150 85| 1970
3 o
Principal stress - Results on sections and edges: Principal stress - Results on sections and edges:

@ oes a+
[N/mm3]  [N/mm?] [deg]
=

[Himm? (]

[N/mm?]
El/Edge © |Elment 3 $445 NC_Combi 1 032 591 576 580 03 SEI0% | Elment: 1959 3550 |NC_Comb 1 1061 1103 053] 6964 24
567 B 032 576( s420 1 EEE] ITY=1 wez| 105
[ 0
EljEdge 1 |Ekment 68 5435 [ NC_Combi 1 15 01 B 3 E2Edce 3 |Elment 975 3353 [We_Gorbr 1 ) 285 T37] 066 pE
967 014 15 Ts0| sas 13 -2.85 ] 537 734
o o
EiJdge 1 |Elment T3 5335 [ NC_Combi 1 o3 a1 576 =80 =3 E2fEdgs 3 |Elment 526 3305 [WC_Comby 1 B3] 1e2s|  1233] 78 )
567 591 032 5.76| se20 05 125 50| 1233| ass
o o
Eijdge 1 |Elment 115 5372 [ WC_Combi 1 168 B ) E2/Edgs 3 | Eement 580 5705 [C_Comby 1 7oL 15 57| 7m0 7%
587 381 ass| 2453 o sz 7o 627| 8270
o o
EiJedge 1 |Elment 72 5157 [N _Comb 1 o8 505 022| #145 =3 Eijedgs 1 |Element 72 5157 [ic_Combr 1 5] xS 022 %15 05t
2390 008 013 0.22| 2855 2390 005 18 022| 2855
o o
Eifidze 1 |Ekment 7832 NC_Combi 1 [=e) 008 TIE[ e 020 EijEdgs 1 |Ekment 53 B = 11z X Tie| esor 020
) 008 L2 36| 2456 3303 008 an 118| 2636
o o
EljEdge 1 |Elment 21 4388 N _Combi 1 =3 a1 = e 358 E2/Edge 3 |Elment 522 3035 [C_Comby 1 Sos| mEe [EET e 391]
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2D stress/strain

Values: 01+

Nonlinear calculation

NonLinear Combi: NC_Combi 1
Extreme: Global

Selection: E1

Location: In nodes avg. on macro.
System: LCS mesh element
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2D stress/strain

Values: Tmaxb

Nonlinear calculation

NonLinear Combi: NC_Combi 1
Extreme: Global

Selection: E1

Location: In nodes avg. on macro.
System: LCS mesh element
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2D stress/strain

Values: o2+

Nonlinear calculation

NonLinear Combi: NC_Combi 1
Extreme: Global

Selection: E1

Location: In nodes avg. on macro.
System: LCS mesh element
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