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Reuse of decommissioned wind turbine blades in pedestrian bridges
Detailed investigation of deflection and dynamic response

JOHAN DAHLEN

CHRISTOFFER HARNBORG

Department of Architecture and Civil Engineering

Chalmers University of Technology

Abstract

The increasing demand for sustainable energy has led to a rapid growth of wind
turbine production. Since wind turbine blades are mainly composed of glass fibre
reinforce polymers, which has no viable recycling methods, measures to reuse the
blades is necessary to deem the energy production method as a sustainable long
term solution. One possibility is to utilise the wind turbine blades as structural
components for pedestrian bridges. Serviceability deflections and vibrations is stud-
ied to verify the viability of the concept. There are ongoing projects investigating
how wind turbine blades can be used for bridge applications, however, little to no
dynamic calculations have been performed.

Within the wind turbine blade manufacturing industry there is a corporate secrecy
regarding blade design and material constituents due to competitive purposes. This
aggravates the existing difficulties of performing accurate analyses of the decom-
missioned blades for pedestrian bridge applications. However, a data sheet of a
28.3-meter-long wind turbine blade was supplied by its manufacturer which allows
for detailed verification validating the models in the present work. To investigate
the response for several sections with different lengths extracted from different po-
sitions of the blade a parametric script was written. The script is compatible with
the finite element software BRIGADE/Plus used for the analyses.

The analyses performed conclude that there might be possibilities of utilising the
blades for structural members for pedestrian bridges. For the specific blade and
bridge configuration studied, blade sections up to 14.0 meters show promising re-
sults and may be possible to proceed with construction. However, it is necessary to
note that the longer sections require the stiffest and also largest parts of the blade
to be used. Furthermore, when performing sensitivity analyses it was noticed that
the results are largely dependent on assumed damping ratio and stiffness properties
which are difficult to confidently assess. To validate each concept full-scale testing
may be necessary both to validate the material properties and subsequently the dy-
namic behaviour of the constructed bridge.

Keywords: Wind turbine blades, Fibre reinforced polymer (FRP), Pedestrian bridge,
Dynamic response, Finite element analysis, Parametric scripting
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1

Introduction

Over the past decades, there has been a rapid increase of the construction of wind
turbines due to an increasing demand for renewable energy. In Sweden, over 3000
wind turbines have been installed (Andersen et al., 2016). A primary concern due
to this increase is the subsequent increase in decommissioned wind turbines, as the
lifetime of wind turbines is 20 to 25 years. By 2034 the annual waste of blade
material is estimated to be 28,000 tonnes in Sweden alone. A major problem is
that wind turbine blades mainly are made of thermosetting glass fibre reinforced
polymers (GFRP), which has no viable recycling method. Environmentally friendly
management of the blades plays a vital role in maintaining the concept of wind
power as a sustainable energy source.

This project acts as continuation of the master’s thesis Reuse of decommissioned
wind turbine blades in pedestrian bridges by Johanna Kullberg and David Nygren
(Nygren & Kullberg, 2020). The main goal of their study was to perform a concep-
tual study producing a viable bridge configuration using wind turbine blades which
is illustrated in Figure 1.1.

Figure 1.1 Tllustration of the most promising blade bridge concept (Nygren &
Kullberg, 2020, p. 42)

In addition to the conceptual study, preliminary dynamic calculations resulted in
low eigenfrequencies which may cause vibrational discomfort for pedestrians. Due
to trade secrets from manufacturers, calculations were based on a downscaled the-
oretical model with known properties to simulate the most common wind turbine
blade used in Sweden, Vestas V90.

CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30 1



1. Introduction

For this project, a specification sheet of a 28.3-meter wind turbine blade has been
supplied by its manufacturer, ATV composites. The first four eigenfrequencies for
the blade are given which can be utilised for verification purposes. Also, sectional
properties at different sections such as bending stiffness, mass, and height are given
in a table.

Fibre reinforced polymer (FRP) is a relatively new construction material to use in
civil engineering applications, and few guidelines and no standards exist in Sweden
for the design of FRP structures, such as bridges. Compared to bridges built with
traditional construction material, FRP bridges has low mass, low damping and low
stiffness which makes it particularly sensitive to dynamic excitation (Zivanovié et
al., 2014). Currently, there is a lack of data on vibrations and dynamic behaviour of
FRP structures and current design codes and guidelines is primarily applicable to
traditional construction materials only. On the other hand, previous studies suggest
that FRP bridges is significantly more responsive to resonant excitation compared
to traditional pedestrian bridges, as a result of their low mass (Wei et al., 2019). To
be able to use the material in the optimal manner, a better understanding of the
dynamic behaviour is needed.

In the year 2000, during the opening day of the Millennium Bridge in London the
walking crowd could be seen to cause large lateral movement of the 350-meter steel
suspension bridge. The phenomena causing the bridge to sway were caused by the
crowd walking in synchronisation with the bridge movement (BBC, 2002). The
bridge was closed three days after its inauguration as reparations were considered
necessary by the engineers. To prevent the large movement, it was deemed that
the viscous and mass dampers had to be added to the structure (Fairs, 2002). The
bridge was closed during a 20-month period with an additional cost of £5 million
to the original construction cost of £18.2 million. This incident demonstrates that
dynamic calculations and verification are crucial when designing pedestrian bridges.

In Denmark a blade bridge is planned to be constructed during 2021 using a set
of two 49-meter-long blades with a span length of 23 meters. An interview was
conducted with David Stien Pedersen who is involved in the project and has 13
years of experience as a project manager at blade manufacturer Siemens Gamesa.
Pedersen indicates that the eigenfrequency for the bridge is low and that there are
some concerns regarding the dynamic behaviour of the bridge. For a full summary
of the interview together with an illustration of the bridge, see Appendix A.

The Re-wind multidisciplinary research project investigates sustainable re-purposing
and recycling of wind turbine blades (Re-Wind, 2021). In the Re-wind project
(Suhail et al., 2019), an 8.5 meter long concept pedestrian bridge is designed and
planned to be constructed in 2021 using two modified versions of Vestas V27 14.3
meter long wind turbine blades as main girders. The paper concludes that the blades
fulfil the criteria with regard to strength in ultimate limit state and deflection cri-
teria in serviceability limit state (SLS) according to Eurocode. Furthermore, the
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1. Introduction

paper states that the calculated eigenfrequency for the first bending mode of the
blade is equal to 5 Hz, and thereby equal to the limit below which verification of
accelerations is required. However, the paper makes no attempt to further verify
this even though eigenfrequency is to a large extent dependent on several parameters
with uncertainties in an early design stage. Furthermore, no conclusions whether
vibration performance could be an issue for bridges with longer spans are given.

1.1 Aim and Objectives

The aim is to analyse the response of wind turbine blades when used as the main
structural element of pedestrian bridges. To achieve this the following objectives
have to be accomplished.

o Perform a literature study to understand the regulations when designing pedes-
trian bridges. Moreover, a study of the main material used for wind turbine
blades manufacturing, fibre reinforced polymers, is necessary.

o Verify the usage of a beam model for the parametric studies by creating a
shell model based on equivalent elastic properties and comparing the given
four frequencies with the two models. Moreover, a verification using hand cal-
culations should be conducted.

o Create a robust parametric Python script compatible with finite element soft-
ware BRIGADE /Plus which automatically studies eigenfrequencies, accelera-
tion, and deflection for several blade sections along the blade using equivalent
beam sections.

1.2 Methodology

The first objective to perform accurate calculations and consequently achieve reliable
results is to implement a literature study. At the present time there are no Euro-
pean standard accounting for the design of fibre reinforced civil engineering struc-
tures nor human-induced vibrations. As a result, the reports, Design of Lightweight
Footbridges for Human Induced Vibrations (EUR 23984 EN) and Prospect for new
guidance in the design of FRP published by the European Commission — Joint Re-
search Centre which acts as a guidance for development of forthcoming Eurocodes,
will be studied. To verify the adoption, other recommendations or codes such as
the Dutch CROW-CUR Recommendation for fibre-reinforced polymers in buildings
and civil engineering structures (96:2019), Basis of structural design (SS-EN 1990)
and Footbridges, assessment of vibrational behaviour of footbridges under pedestrian
loading by Sétra must be reviewed.

A clarification of the design of wind turbine blades including geometry and material
constituents will be made. Since a 3D-model of the studied blade has been supplied

CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30 3



1. Introduction

by the manufacturer it is possible to create a shell model based on equivalent elastic
properties. The model can be optimised to match the known parameters of mass
and first four eigenfrequencies for the blade. Utilising and interpolating the supplied
sectional mass and stiffness an equivalent beam model can be created using rectan-
gular beam sections. The shell and beam model can be compared with regards to
eigenfrequencies and mode shapes to justify the implementation of a beam model
for the parametric calculations.

To perform the many analyses required for different span lengths and sections a
parametric script must be created, compatible with the finite element software
BRIGADE/Plus. The script can be designed to create an equivalent beam for
each iteration for which a frequency, acceleration, and deflection analysis can be
performed automatically. The analyses should be verified to comply with the rec-
ommendations and regulations for designing a footbridge. Moreover, the script and
its implementation within the software must be controlled so the calculations is per-
formed as intended. Since the analyses will result in a lot of data a procedure of
presenting the results as understandable as possible has to be implemented.

1.3 Limitations

Due to the secrecy within the industry, it is generally difficult to obtain informa-
tion about the structural composition of wind turbine blades, especially from larger
manufacturers producing the most common blades. Therefore, the study is limited
to only analysing one type of blade for which data have been supplied.

The load models for dynamic analyses used in this study considers a harmonic load
model for pedestrians walking, according to JRC and Sétra. Other guidelines sug-
gest models as harmonic concentrated forces, moving or non-moving, or considering
the pedestrian load as a Fourier sum. The aforementioned load models are not
considered in this study. In addition, load models for joggers or runners exist. How-
ever, the proposed load model for joggers in JRC require specialised programs since
it is very difficult to apply with currently used commercial finite element software.
Therefore, the load case for joggers is not implemented in this study. Sétra also
states that the time joggers spend on the bridge is short and therefore both the time
for excessive resonant vibrations to develop, as well as the time joggers may feel
discomfort is limited. Therefore, the effect of joggers is not considered.

Furthermore, the study is limited to only study human induced vibrations. Other
sources such as wind is not taken into account. Typically, for short span pedestrian
bridges dynamic excitation due to wind is not an issue, but due to the abnormal
shape of wind turbine blades in combination with its low weight this might be needed
to be further investigated.

4 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30



1. Introduction

1.4 Thesis Outline

The thesis contains nine chapters, a bibliography list and 11 appendices

Chapter 1 - Is the introductory chapter presenting the background to the project
together with aim, objectives, and limitations.

Chapter 2 - Presents a literature review of fibre reinforced polymers (FRP)

Chapter 3 - Contains a literature review clarifying how to proceed when studying
the dynamic response of pedestrian bridges, as well as a review of vibration perfor-
mance of some FRP footbridges.

Chapter 4 - Visualises the wind turbine blade, NWP28.3 ATV used for the calcu-
lations for which sectional stiffness and mass properties together with the first four
eigenfrequencies were given.

Chapter 5 - Explains the modelling process were a shell and beam model were
created which eigenfrequencies were compared to the frequencies supplied by the
manufacture. A verification was made to support the utilisation of the beam model
for the parametric script.

Chapter 6 - Contains an explanation of the parametric study with a throughout
clarification of the parametric script used for the calculations. Also, the analyses to
be made are declared.

Chapter 7 - Illustrates the results from the parametric study for different blade
sections together with a sensitivity analysis. The results are summarised in a table
highlighting the best section for each span length.

Chapter 8 - Contains a discussion based on the results.

Chapter 9 - States the conclusion of the thesis together with a suggestion for
further studies.

CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30 )
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2

Fibre Reinforced Polymer

According to Mishnaevsky et al. (2017) modern wind turbine blades are typically
made of fibre reinforced polymer (FRP) composite material. In a composite ma-
terial several constituents with different mechanical properties are combined into
one. The resulting new material often has high strength to weight ratio (Damberg,
2001). In FRP materials, fibres with high strength and high modulus of elasticity
are combined with a polymer matrix. The fibres, the reinforcing phase, provides
strength and stiffness while the continuous phase, the matrix, function as a way to
maintain the fibre orientation and as protection of the fibres (Campbell, 2010).

2.1 Fibres

In general, two different types of fibres are used within wind turbine blades, glass
and carbon fibre (Mishnaevsky et al., 2017). There are other fibres such as aramid,
however, its mechanical properties and high price make it better suitable for other
applications (Agarwal et al., 2006). Additional types of fibres are flax fibres and
basalt fibres. Flax fibers are a type of plant-based bio-fibers (Yan et al., 2014). Flax
fibers can be considered more sustainable in comparison with glass or carbon fibers.
It is also cost effective, and it has good mechanical properties that are comparable
to those of glass fibers. Basalt fibers, used in mineral-based FRP composites, have
low cost, good fire resistance, and thermal properties (Wang et al., 2019). It also
has relatively high tensile strength.

2.1.1 Glass Fibre

Due to its relatively low cost, high tensile strength, corrosion resistance, electrical
isolating and thermal properties glass fibre has become the conventional fibre for
polymer materials. The most common glass fibre is E-glass which indicates its
electrical grade as it was first developed for electrical applications. There are other
fibres such as S-glass with higher strength, C-glass with better chemical resistance
and D-glass with a lower dialectic grade, all compared to E-glass (Damberg, 2001).
E-glass is the glass fibre used in wind turbine blades (Beauson & Brgndsted, 2016).

CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30 7



2. Fibre Reinforced Polymer

2.1.2 Carbon Fibre

Compared to glass fibre, carbon fibre has better mechanical properties such as higher
modulus of elasticity, higher strength, lower weight and superior fatigue life. The
disadvantage is the relatively higher cost of the material (Damberg, 2001). However,
it is possible to optimise glass fibre polymer structures using the higher stiffness
carbon fibre at critical sections.

2.2 Matrices

Fibres need to be embedded into a matrix to be able to transfer loads between them.
Apart from protecting the fibres, the matrix material function as a binder and dis-
tribute the load between fibres and layers of fibres (Damberg, 2001). The matrix
material mainly influences the shear- and compressive strength of the composite ma-
terial (Agarwal et al., 2006). Polymers are the most commonly used matrix material
and mainly two different types of polymers are used, thermosets and thermoplastics.

2.2.1 Thermosets

Thermosets are the most used type of matrix material for manufacturing of wind
turbine blades (Mishnaevsky et al., 2017). Advantages of thermosets are that they
can be cured in low temperatures and its low viscosity which makes the manufac-
turing easier. On the other hand, thermosets can not be melted and reshaped and
therefore makes them difficult to recycle. In blade manufacturing, polyester is typ-
ically used as matrix material in the composite blades, but for larger wind turbine
blades epoxy resin is now the most common matrix material.

2.2.2 Thermoplastics

Characteristics for thermoplastic are that it melts when exposed to high tempera-
ture, in a range from 80 °C to 200 °C depending on the type of thermoplastic, and
is possible to reshape. An advantage of this is that it makes it easier to recycle.
Disadvantages are that it is more expensive and the mechanical properties are not
as good as for thermosets. In addition, it requires high processing temperature.

2.3 Laminates

Different types of laminates can be utilised depending on their application. The
fibres can be unidirectionally oriented for purposes that require high strength in
one direction or interlaced together in a weave to achieve high strength in several
directions. There are different types of weaves and depending on the weaving pattern
different characteristics regarding density, workability, and strength can be achieved.
Plain weave is most common although the fibres can be interlaced in other ways such
as twill or satin weave (Damberg, 2001).

8 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30



2. Fibre Reinforced Polymer

2.4 Sandwich Panels

Laminates themselves are relatively strong but can have low stiffness in structural
applications due to their low thickness. In order to achieve higher stiffness, a core
dividing the laminate layers can be used. It adds thickness without increasing the
weight much, compared to usage of laminates solely (European Commission - Joint
Research Centre [JRC], 2016). Sandwich panels can be compared to a traditional
[-beam where the core acts as a shear web while the laminates carry the compressive
and tensile forces from bending. This concept implies that the members stiffness
can be increased with core thickness.

There are mainly three different types of cores to use for Sandwich panels: foam,
honeycomb and solid cores. Foam cores are made of cellular plastics such as polyvinyl
chloride (PVC), polyurethane and polyacrylamide. Honeycomb cores which are con-
structed as a hexagonal grid, most often by aluminium or fibre reinforced polymers.
Solid cores are made of wood, usually balsa wood due to its low density (Damberg,
2001).

2.5 Material Properties

CROW (2019) presents indicative values for material properties for FRP. An indica-
tive value means a value that can be used as a reference or to assess the feasibility.
Table 2.1 shows indicative values for fibre properties for E-glass fibres and high-
strength carbon fibres.

Table 2.1 Indicative values for fibre properties (CROW, 2019)

Material properties E-glass  HS Carbon
Density [kg/m?] 2750 1790
Tensile strength || [MPa] 2750 3600
Tensile strength 1 [MPa] 1750 135

Young’s modulus || [MPa] 73100 238000
Young’s modulus L [MPa] 73100 15000
Shear modulus [MPa)] 30000 50000

Indicative values for two common thermoset resins, Polyester and Epoxy, are given
in Table 2.2.

CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30 9



2. Fibre Reinforced Polymer

Table 2.2 Indicative values for thermoset resins (CROW, 2019)

Material properties Polyester  Epoxy
Density [kg/m?] 1.2 1.25
Poisson’s ratio [-] 0.38 0.39
T, [°C] 60-100 80-150
Stiffness in tension [MPa] 3550 3100
Shear modulus [MPa] 1350 1500

Indicative values for rigid foam core materials, PVC and PUR, are given in Table
2.3. Due to large variations in density, natural core materials such as balsa wood
have a greater variety in material properties. Therefore, no indicative values for
balsa wood are given in CROW (2019).

Table 2.3 Indicative values for structural foam core properties (CROW, 2019)

Material properties pPVC PUR
Density [kg/m?] 40 50
Elasticity modulus [MPa] 20-30  6-10
Shear modulus [MPa] 10 4-5

2.5.1 Conversion Factors

In order to account for temperature, humidity, creep and fatigue effects for the
material properties for FRP, JRC (2016) use conversion factors reducing the material
properties. The total conversion factor is calculated as the product of the conversion
factors for the separate effects, see Equation (2.1)

Ne = MNet * Nem * Nev -+ Net (21)

10 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30



2. Fibre Reinforced Polymer

where
Net - Conversion factor due to high temperature effects

= 0.9 or 1.0 depending on the maximum service temperature

Nem - Conversion factor due to humidity and moisture effects

= 0.9 for outdoor conditions with temperatures below 30°C.

Nev - Conversion factor due to creep
= 0.25 to 1.0 depending on load duration class

This factor is disregarded in frequency analyses.

et - Conversion factor due to fatigue

= 0.9 in Serviceability limit state (SLS)

2.6 Classical Lamination Theory

FRP laminates are constructed by stacking of layers, laminae, with varying thickness
and fibre orientation. The laminae are bonded together and act as a homogeneous
structural element (Zoghi, 2013). In classical lamination theory (CLT) the laminate
is seen as one homogeneous material with equivalent elastic properties. This is a
simplification that assumes that the out-of-plane shear strains are zero. In other
words, plane sections perpendicular to the mid plane remains plane after deforma-
tion. According to CROW (2019), CLT can be used in design situations to obtain
characteristic values for laminate properties using characteristic ply properties.

2.6.1 Equivalent Elastic Properties

From the determined elastic properties of each lamina, the equivalent elastic prop-
erties for the laminate can be calculated following the procedure described in Clarke
(1996). For an anisotropic material in a two-dimensional status, assuming a thin
laminate, Hooke’s law is represented by Equation (2.2). The indices 1 and 2 corre-
spond to the directions parallel and perpendicular to the fibre direction.

01 Qu Q12 0 €1
02 ¢ = Q12 Q22 0 €2 (2-2)
Ti2 0 0 Qes] 712

Q
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2. Fibre Reinforced Polymer

where

Q - Reduced stiffness matrix

The inverse of Hooke’s law for an anisotropic material is represented by Equation

(2.3).

€1 511 512 0 01
€9 = S12 SQQ 0 09 (23)
V12 0 0 Ses] |12
where
Sij - Compliance components

The compliance components can be calculated from the material properties of the
lamina, see Equation (2.4) to (2.7).

1 1
Sll - E (24) 522 - E (25)
—UV12 1
Sig = 2.6 See = = 2.7
2= (2.6) %= G- (2.7)

Since the fibres may be oriented in different directions the transformation matrix (T)
from local coordinate system of a lamina to global coordinates is used to obtain the
transformed reduced stiffness matrix for a given orientation angle 0, see Equation

(2.8).

2 ¢ 2sc

T=1|s & —2sc (2.8)
—sc¢ sc 2 —g?

where
s - sin(f)
¢ - cos(f)

The transformed lamina reduced stiffness matrix is calculated using the transforma-
tion matrix, see Equation (2.9)

Q=TQ (2.9)

The membrane stiffness matrix terms Aj;, the coupling stiffness matrix terms Bj;
and the bending stiffness matrix terms Djy; are shown in Equations (2.10) to (2.12),
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2. Fibre Reinforced Polymer

where n is the number of laminae in the laminate and hy is as defined in Figure 2.1.

A= Y (@l — i) (2.10)
k=1
B;j = ; i(@ij)k(hi —hi ) (2.11)
k=1
Dy = 3 S (@ulelit — ) (2.12)
k=1

Figure 2.1 shows a laminate with n number of plies where hy_; is the distance from
mid-plane to the lower surface of the k:th layer and hy is the distance to the upper
surface.

T ;1 ; X
h 12 |
0 h, i3 |
h| :

| | h
S P U I_ .
| |
h | |
L “J:k :
h | ! | !
n | |

v !n ! A 4

Figure 2.1 Laminate with n number of plies (CROW, 2019)

The compliance terms dj; can then be calculated by inverting the bending stiffness
matrix. The equivalent bending elastic constants can then finally be calculated from
the compliance terms and total height of the laminate, see Equations (2.13) to (2.16).

12 12
E, = 2.1 FE, = 2.14
h3d11 ( 3) Y h3d22 ( )
12 —dyo
oy = 2.1 = .
G y I dg ( 5) Vay dr (2 16)
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Dynamic Response

Fibre reinforced polymer (FRP) bridge structures have relatively low mass and stiff-
ness properties compared to traditional materials such as concrete and steel. These
characteristics have shown to increase risk of excessive vibrations due to dynamic
loading which in many cases have been governing for the overall design (Russell
et al., 2020).

Most often structural bridge members have low eigenfrequencies which result in
large risk for resonance from pedestrian induced loading. Resonance develops when
an eigenfrequency of the system coincides with the frequency of excitation. For
footbridges this can be described as the step frequency from pedestrians. Dynamic
actions from other sources such as cyclists can be neglected. The vibrations can gen-
erate serviceability problems, however, collapse or even structural damage caused
by pedestrian induced vibration is rare according to European Commission - Joint
Research Centre, EUR 23984 EN (JRC, 2009) which acts as a basis for the upcom-
ing Eurocode.

Eurocode: Basis of structural design SS-EN 1990/A1:2005, Swedish Standards In-
stitute (SIS, 2005) states that vertical and lateral accelerations must be evaluated
for the structure if the eigenfrequency is within certain limits. These limits vary
for different standards and codes which must be evaluated since there is not yet a
standardised Eurocode published for fibre reinforced polymer bridges. According to
JRC (2009) there are different limits for maximum allowable acceleration in vertical
and lateral direction depending on the chosen comfort class.

3.1 Design Situation

When designing a footbridge, it is necessary to assess different design situations
which may occur during the bridge service life. A design situation consists of a
traffic class, an acceptable comfort class and how often it takes place, for example
weekly or daily.

3.1.1 Traffic Classes

The load situation of a pedestrian bridge differs between permanent, temporary,
and exceptional situations. In order to be able to make reasonable assumptions of
load situations, JRC (2009) defines five traffic classes (TC), TC1 to TC5, ranging
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from very weak traffic to exceptionally dense traffic. The technical department for
transport, roads and bridges engineering and road safety of France (Sétra, 2006) has
a similar definition of traffic classes. See Table 3.1 for traffic classes and pedestrian
densities.

Table 3.1 Traffic classes and densities in accordance with JRC (2009, p. 14)

Traffic Class  Density (P = pedestrians)  Description

TC1 15 P/Apeck Very weak traffic

TC2 0.2 P/m? Weak traffic

TC3 0.5 P/m? Dense traffic

TC4 1.0 P/m? Very dense traffic

TCH 1.5 P/m? Exceptionally dense traffic

3.1.2 Comfort Classes

To ensure the comfort for pedestrians crossing the bridge there is a set limit for
acceleration. JRC (2009) defines limiting accelerations for four comfort classes,
CL 1 — CL 4, each corresponding to a degree of comfort as visualised in Table
3.2. In Sweden, CL2, is the recommended minimum comfort criteria (The Swedish
Transport Administration [Trafikverket], 2019)

Table 3.2 Comfort classes and its degree of comfort (JRC, 2009, p. 15)

Comfort class  Degree of comfort

CL1 Maximum
CL 2 Medium
CL 3 Minimum
CL 4 Unacceptable

The perception of motion and vibrations are subjective and depend on several as-
pects such as number of people on the bridge, height above ground, exposure time,
and expectancy of vibration due to the appearance of the bridge. Therefore, the
values for limiting accelerations vary between different standards, codes and other
literature. For example, Sétra (2006) defines three comfort levels dependent on how
perceptible the accelerations are to the user.

3.2 Load Model

In order to calculate the maximum acceleration for the different design situations
JRC (2009) implies that two different methods can be used, single degree of freedom
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3. Dynamic Response

(SDOF) method and the finite element method for which harmonic load models
could be utilised.

3.2.1 Load Application

There are two different harmonic models provided by JRC (2009) where the number
of equivalent pedestrians (n’) on the loaded area differs depending on the traffic
class, see Equations 3.2 and 3.3. The equivalent number of pedestrians is included
in the general expression for uniformly distributed harmonic load as:

p(t) = P - cos(2mfst) - n' -1 (3.1)
where
P - Force component for a single pedestrian
fs - Step frequency equal to the bridge eigenfrequency
n' - Equivalent pedestrians
WY - Reduction coefficient considering if footfall frequency

approaches critical eigenfrequency

The dynamic force acting on the bridge, induced by a pedestrian, have components
in vertical, lateral, and longitudinal direction. The step frequency of pedestrians
when walking, with a high probability of occurrence, varies between 1.25 Hz to 2.3
Hz according to JRC (2009). The magnitude of the force component for a single
pedestrian in vertical and longitudinal direction is dependent on the step frequency
and the body weight. The lateral component is generated by the shift in centre of
gravity when shifting from one foot to the other and has a frequency of half the
aforementioned step frequency. The relatively large vertical force component is due
to the heel impact and subsequent push-of. The force components in lateral and
longitudinal direction are much smaller in comparison with the vertical and are to
a larger extent dependent on the way of walking such as posture and arm-swinging
and for example type of shoes.

The equivalent stream where each footfall is applied at the rate of the eigenfrequency
is derived to cause the same structural vibration as the more realistic case with a
stream of random people. The expressions for a number of equivalent pedestrians are
derived based on simulations and are described by the total number of pedestrians
on the bridge. For TC1 - TC3, also the structural damping affects the number of
equivalent pedestrians. (JRC, 2009).

For TC1 - TC3: n' = 10.8ven [1} (3.2)
S m?

For TC4 & TC5: g = L8V {1} (3.3)
S m?
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where
13 - Structural damping ratio
n - Number of pedestrians on loaded area
S - Loaded area

The reduction factor ¢ (JRC, 2009) is illustrated in Figure 3.1a and 3.1b.

1.00 1.00
= =
0.25F 0.25F
1.25 12125 4.2 0.5 1.0

1.7 2.3 3.4 4.6 0.7 1.2
Frequency [Hz| Frequency [Hz|

(a) Vertical and longitudinal (b) Horizontal reduction coeffi-

reduction coefficient cient

Figure 3.1 Acceleration load reduction coefficient ¢ for different directions (JRC,
2009)

Due to uncertainties when predicting the eigenfrequencies of FRP structures, with
regard to structural mass, other non-structural mass such as handrails or effects of
connections and supports, CROW (2019) recommends that the reduction for vertical
and longitudinal vibrations should be limited to a minimum of 0.25 for frequencies
between 2.2 Hz and 3.4 Hz. Otherwise, the uncertainty should be included by a
detailed sensitivity analysis of the influencing parameters.

3.2.2 SDOF Method

In general, it is possible to evaluate the acceleration response by modal analysis.
The structure oscillation can be described by a linear combination of single degree
of freedom (SDOF) systems where each equivalent SDOF has a modal mass and
eigenfrequency. Figure 3.2 illustrates the concept of using an equivalent SDOF
system for one eigenfrequency, corresponding to one eigenmode, of the bridge.
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) 8

Figure 3.2 Equivalent SDOF oscillator for one natural frequency corresponding
to one vibration mode of the structure (JRC, 2009)

The eigenfrequency of a SDOF system can be calculated as in Equation 3.4.

LS (3.4)

=5\

K - Stiffness
M - Mass

For every eigenfrequency of the pedestrian bridge within the critical range of frequen-
cies, an equivalent SDOF system should be used when determining the maximum
acceleration, which can be described as in Equation 3.5 (JRC, 2009).

x * 1
Umaz = :T% = :;*25 (3.5)
where
p* - Generalised load
m* - Generalised modal mass
13 - Structural damping ratio
0 - Logarithmic deduction of damping

For the case of a simply supported beam with constant mass- and stiffness distri-
bution, the generalised mass m” is described by Equation (3.6) and the generalised
load p” is described by Equation (3.7) for the first mode shape.

m = —ulL (3.6)
« 2
p =—p(x)L (3.7)
where
L - Mass distribution per length
p(z) -  Distributed load

L - Length
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3.3 Requirements

In order to satisfy the requirements of pedestrian comfort the bridge should be
designed in a way to avoid large accelerations in vertical and lateral directions for
certain critical eigenfrequencies.

3.3.1 Eigenfrequency

JRC (2009) states that the acceleration verification should be assessed if the eigen-
frequency is in the interval between 1.25 Hz and 2.3 Hz for vertical and longitudinal
vibrations and since footbridges may also be excited by the 2"¢ harmonic load it
implies that the interval should be extended to 1.25 Hz and 4.6 Hz. For lateral
vibration the critical range is within 0.5 Hz to 1.2 Hz.

Eurocode SS-EN 1990/A1:2005 (SIS, 2005):

Vertical vibrations: f < 5.00 Hz
Lateral and torsional vibrations: f <250 Hz
JRC (2009):

Vertical and longitudinal vibrations: 1.25 Hz < f < 4.60 Hz
Lateral vibrations: 0.50 Hz < <1.20 Hz

3.3.2 Acceleration

Determined by the comfort classes described in Section 3.1.2 JRC (2009) provides
criteria for maximum acceleration listed in Table 3.3. These limiting values coincide
with the acceleration criteria stated by Sétra (2006).

Table 3.3 Limiting acceleration for different comfort classes in accordance with
JRC (2009, p. 15)

Comfort class ~ Vertical ajni [m/s?]  Lateral ajpmi [m/s?]
CL1 < 0.50 < 0.10
CL 2 0.50 - 1.00 0.10 - 0.30
CL 3 1.00 - 2.50 0.30 - 0.80
CL 4 > 2.50 > 0.80

3.3.3 Lateral lock-in

Lateral lock-in is a phenomenon that can cause an amplified response and large
vibrations in low-damped bridges. When walking, pedestrians repeatedly shift their
centre of gravity in lateral direction. The frequency in which the lateral ground
reaction forces are applied is, according to JRC (2009) half the walking frequency.
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Pedestrians are sensible to lateral vibrations of the bridge and therefore try to com-
pensate the movement, resulting in excitation of the bridge with resonance frequency.
The lock-in effect leads to an automatic synchronisation of the pedestrians’ walking
patterns, which in turn leads to an amplification of the lateral movement (Ing6lfs-
son et al., 2012). Figure 3.3 shows a schematic description of synchronous walking,
adapted from JRC (2009).

Lateral movement of

Lateral deck

- displacement, - = _—
S _ ~ -
N /
7 N .
s Time
‘ >~ _v ~_ >

Lateral deck
velocity

Figure 3.3 Schematic description of synchronous walking (JRC, 2009)

Consequently, the magnitude of the force generated by the pedestrians is pro-
portional to the magnitude of the lateral displacements. This cause and effect cycle
may result in movement so large that normal walking no longer is possible. Ac-
cording to JRC (2009), the amplitude of acceleration when the lock-in phenomenon
begins is ajpck.in €qual to 0.1 to 0.15 m/s?. Sétra (2006) recommends that for all load
situations the horizontal acceleration is limited to 0.1 m/s?.

3.4 Damping

Theoretically an undamped system can vibrate freely, and the magnitude of the os-
cillations is constant. However, practically some of the systems’ energy is dissipated
by the motion of the structure itself or by additional dampers. Therefore the mag-
nitude of the vibrations decreases until it eventually stops. The amount of damping
depends on the level of excitation and it has a significant influence on the dynamic
response (JRC, 2009).

Damping is a complex phenomenon and it is therefore only possible to accurately
assess the damping parameters by performing measurements when the bridge has
been constructed. If the results of the dynamic analyses show that the comfort cri-
teria may not be fulfilled with regard to vibrations, the possibility of post-installing
dampers should however be considered in the structural design of the pedestrian
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bridge (Baus & Schlaich, 2008). Various types of damping systems exist, the most
common are viscous dampers and tuned mass dampers (TMD). The viscous damper
function by the principle of having a piston dissipate the energy of the excitation
force by a viscous fluid. The TMD works as an external mass-spring system tuned
to reduce the vibrations for a specific mode when excited by a force close to the
eigenfrequency of that mode (Sétra, 2006). One disadvantage for viscous dampers
is that in order for them to be effective they require large deflections. Tuned mass
dampers, on the other hand, are effective only for a specific frequency range, and
they need to have a relatively large mass in relation to the mass of the structure
(Baus & Schlaich, 2008).

3.4.1 Rayleigh Damping

Rayleigh damping assumes that the damping is a combination of the system mass
and stiffness (JRC, 2009). It is a good assumption for lightly damped systems and
when linear behaviour can be expected. The system damping matrix C proportional
to the mass matrix M and stiffness matrix K, see Equation 3.8. The relation between
the modal damping and the Rayleigh damping factors is described by Equation 3.9.

C=a-M+p-K (3.8)
1
o =5 (= + (3.9)
where
& Modal damping for mode n
W, Eigenfrequency for mode n
a, 3 Rayleigh damping factors

3.4.2 Damping of FRP Structures

JRC (2009) and Sétra (2006) recommend minimum and average damping ratios for
some different construction materials, but have no recommendations of damping
ratios for FRP. The damping of an FRP material is dependent on multiple factors
such as fibre orientation and fibre volume content. According to CROW-CUR Rec-
ommendation 96:2019 (CROW, 2019) it is also affected by connections and other
construction details.

Table 3.4 shows a summary of recommended damping ratios from JRC report:
Prospect for new guidance in design of FRP (JRC, 2016), CROW-CUR Recom-
mendation 96:2019 (CROW, 2019) and the Danish standard for loads and safety of
wind turbine construction (Danish Standards Foundation [DS], 2007).
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Table 3.4 Recommended damping ratios for glass fibre reinforced polymers

Standard Minimum [%]  Mean [%)]

JRC 1.0 1.5
CROW-CUR 0.5 1.0
DS 472 - 0.8

According to Uyttersprot et al. (2021), these recommended values are too conserva-
tive and do not reflect the true dynamic behaviour of FRP pedestrian bridges. This
is partly because of the presence of connections within the structure, for example
between primary and secondary elements, and due to support conditions. Uytter-
sprot et al. (2021) state that by applying an increased damping ratio of 4.5% in
design it is possible to fulfil serviceability requirements with regard to comfort for
slimmer bridges with a lower depth to span ratio. Furthermore, the damping may
be even higher due to the fact that lightweight FRP bridges benefit from human
induced damping, also referred to as human-structure interaction. Human-structure
interaction is a phenomenon where the human body acts as an additional dynamic
system interacting with the dynamic system of the structure. Therefore, the human
body can be seen as an external damper to the bridge. Current guidelines for design
of FRP structures and human induced vibrations, such as (CROW, 2019) and (JRC,
2009) do not take this phenomenon into account which may lead to overconservative
assumptions for the damping ratio (Uyttersprot & De Corte, 2021).

In their paper, Uyttersprot and De Corte (2021) present results from measurements
of dynamic behaviour of ten web-core sandwich panel FRP footbridges in Belgium.
The study concludes that the damping ratio is to a large extent dependent on
the number of people interacting with the bridge. Averages of measurements of
the different bridges show that for a ratio between pedestrian mass and structural
mass of the bridge of about 0.5% the mean value of the damping ratio is 1.7%.
When increasing the ratio to 1% the damping ratio increases to an average value of
approximately 2.0% and for a ratio between pedestrian mass and structural mass
slightly above 2.5% the damping ratio is above 3%.

3.5 Vibration Performance of FRP Footbridges

In their extensive study of dynamic properties for FRP footbridges, Wei et al. (2019)
measured the mass, eigenfrequencies, damping ratio and acceleration peaks for six
different FRP footbridges and compared the results with the dynamic behaviour of
124 non-FRP footbridges built during the last two decades. The study concludes
that for bridges with similar span lengths, deck widths and mode shapes the funda-
mental frequencies are also similar. On the other hand, comparing the acceleration
peaks of FRP bridges to conventional footbridges a large difference is present and
the FRP bridges are approximately 3.5 times more responsive to dynamic excitation.
This difference is due to the relatively lower mass of FRP structures. However, the
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measured damping ratios for the FRP bridges are significantly higher in compari-
son with conventional footbridges, with a mean value of 2.5%. The results of the
measurements also show that the damping ratio increases for higher modes.

An example from Wei et al. (2019) is the single span Parson’s pedestrian bridge.
The bridge is an all-FRP footbridge in Aberystwyth in Wales. The bridge consists
of a box cross-section and it spans 16.9 meters. The total mass of the bridge is
approximately 1800 kg. The bridge was excited by a force representing the second
harmonic matching the eigenfrequency of the bridge at 4.88 Hz. The resulting
acceleration is illustrated in Figure 3.4 with a peak of around 5 m/s?

6
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Figure 3.4 Filtered frequency decay at the mid-span of the Parson’s bridge,
by Wei et al. (2019). Measured dynamic properties for FRP
footbridges and their critical comparison against structuresmade
of conventional construction materials. Composite Structures.

https://doi.org/10.1016/j.compstruct.2019.110956Z, CC BY 4.0

Another bridge studied by Zivanovié¢ et al. (2020) is a 16.8 meter long, simply sup-
ported FRP footbridge. The measured eigenfrequency of the first vertical bending
mode is 2.35 Hz with a damping ratio of 1.7%, based on a stochastic model of the
dynamic force. The peak acceleration is 10 m/s? for a pacing frequency matching
the eigenfrequency of the bridge. The results were compared with the results of an
equivalent simply supported composite steel-concrete bridge, having the same span
length and the same eigenfrequency. The peak acceleration for the steel-concrete
bridge is around 1.6 m/s?, hence the peak acceleration is considerably higher for the
FRP bridge. Both bridges have been designed in a way that they are particularly
sensitive to dynamic excitation, in order to obtain a better comparison. Therefore,
the magnitude of the acceleration peaks may not be representative to actual FRP
footbridges.

In a study performed by Zivanovié¢ et al. (2014) the dynamic response of five FRP
footbridges was compared to pedestrian bridges built with conventional construc-
tion materials. The result indicates that the response of the FRP bridges is livelier
in comparison with the other bridges. All bridges in the study have similar span
lengths and natural frequencies. The study claims that the ranges for critical fre-
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quencies given in traditional codes, for example avoiding eigenfrequencies below 5Hz
for vertical bending modes might not be applicable. This is because they imply that
bridges with similar mode shapes and eigenfrequencies have similar dynamic re-
sponse, but this may not be the case when comparing FRP pedestrian bridges with
conventional pedestrian bridges.
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Nordic Windpower NWP28.3
ATV Blade

Two wind turbine blades of model Nordic Wind Power NWP28.3 ATV has been
disassembled and stored on the site by the owner. The owner of the wind turbine
has supplied a data sheet of the blades from the manufacturer which includes tech-
nical information such as sectional properties for mass and stiffness together with
measurements of the four first eigenfrequencies. A trip was arranged to visit the site
of the blades to get a perception of geometries and the response when subjecting the
member to pedestrian forces such as walking and jumping. A picture of the blade
from the visit is illustrated in Figure 4.1

i b R e i ARt e

Figure 4.1 Decommissioned NWP28.3 ATV blade near Halmstad, Sweden

Cross-sectional data for the blade at different radii including mass as well as vertical
and horizontal stiffness has been supplied by the manufacturer together with a com-
puter model of the blade geometry. Therefore, both a finite element shell and beam
model of the blade can be created The beam model can be verified by comparing
the behaviour with the shell model and the given first four eigenfrequencies for the

blade.

4.1 Blade Geometry

The studied blade, NWP28.3 ATV, is 28.3 meters long including the 3.8 meter blade
tip not included in the analysis implying that the length of the blade to be studied is
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24.5 meters. The geometry of the blade is based on NACA 6-series airfoils which were
developed by the National Advisory Committee for Aeronautics at the beginning of
1940 for aircraft applications (Ladson & Brooks Jr, 1974). The specific NACA 6-
series airfoil for the blade is NACA 63-4XX where the second index indicates the
tenth of chord position with minimum pressure area and third the lift coefficient in
tenths. The thickness in percentage relative to the chord length is indicated by XX
which varies for different sections. The airfoils of the blade are illustrated in Figure
4.2.

Figure 4.2 Ilustration of the NACA 63-4XX Airfoils used for the NWP28.3 ATV
blade

4.2 Blade Design and Material Constituents

The blade is made of four main elements: root, shell (leading and trailing edge),
spar caps and shear web illustrated in Figure 4.3

Spar cap

— Leading edge

|
Trailing edge Shear web

Figure 4.3 Wind turbine blade composition
The cylindrical root of the blade is designed to carry the bending moments to the
inserts. The root must be thicker than the other parts to avoid damage of the lami-

nate at the bolt attachments. The root consists of most layers at a direction of 4 /-
45° together with some unidirectional lamina.
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The shell composed of the trailing and leading shell is designed to generate as much
lifting force as possible. Cores are used between the thin lamination layers since It
is important that the shell is light and stiff enough to avoid buckling (Bladena, 2019).

The spar caps are designed to carry the aerodynamic loads acting on the shell and
are mainly subjected to compression or tension. The spar caps are primarily con-
structed using unidirectional fibres, however, to resist torsion and twisting some
fibres with varying orientation should be used. The webs are designed to trans-
fer the shear loads and are relative to the other parts easy to manufacture. It is
done by using piles of + /- 45° separated by a core (Bladena, 2019). The combination
of the spar caps and shear webs can be compared to a regular beam fixed at one end.

4.3 Material Properties Estimation

The exact material composition and thicknesses are unknown, although some infor-
mation about material types used for the blade has been supplied by ATV com-
posites. Furthermore, the material composition can be thoroughly approximated
using the known mass and stiffness cross-sectional data, using a reverse-engineering
procedure. Classical lamination theory described in Section 2.6 is used in order to
estimate the material properties for the various elements of the blade, i.e. root, shell,
spar cap, and shear web. Elastic lamina properties are based on data from Sandia
national laboratories report for an 100 meter baseline wind turbine blade (Griffith
& Ashwill, 2011) and the OPTIDAT research program database of reference ma-
terials obtained from Alshannaq et al. (2019). These values resemble those used
in wind turbine blade production in Europe. Characteristic material properties of
unidirectional carbon are taken from Meng (2020). A summary of the used material
properties is provided in Table 4.1.

Table 4.1 Representative material properties from OPTIDAT database (Alshan-
naq et al., 2019)!, SANDIA SNL 100-00 report (Griffith & Ashwill,
2011)? and (Meng, 2020)3

E, [MPa] E, [MPa] Gy, [MPa] vy [

Bi-axial? 13600 13300 11800 0.49
Tri-axial® 24800 11500 4861 0.42
Carbon (UD)? 114500 8390 5990 0.27
Foam? 256 256 22 0.3
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4.4 Sectional Properties

The sectional properties of each section illustrated in Figure 4.4 are listed in Table

4.2.
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Figure 4.4 Blade sections NWP28.3 ATV

Table 4.2 Sectional blade data NWP28.3 ATV

Section  x-coordinate [m]  Mass [kg/m]  Elyertical [MNmM?]  Elborigontal [MNmM?]
0 0.0 753.6 1310.0 1360.0
1 1.1 286.4 1230.0 1360.0
2 2.1 240.0 863.0 1050.0
3 3.6 240.0 863.0 1050.0
4 4.1 240.0 863.0 1050.0
5) 4.6 240.0 863.0 1050.0
6 5.1 216.8 741.0 1050.0
7 6.1 204.8 687.0 1060.0
8 7.1 175.2 406.0 886.0
9 9.1 136.8 219.0 508.0
10 11.1 126.4 127.0 427.0
11 13.1 102.4 68.9 295.0
12 15.1 103.2 39.0 208.0
13 17.1 88.0 22.5 134.0
14 19.1 79.2 16.2 102.0
15 21.1 89.6 9.3 64.4
16 22.1 80.8 6.65 47.3
17 23.1 73.6 4.24 38.2
18 24.1 61.6 2.73 32.0
19 25.1 35.2 1.27 17.1
20 26.1 31.2 0.479 10.2
21 27.1 28.0 0.163 4.85
22 28.1 15.2 0.030 0.97
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Modelling

The aim of the modelling and analyses was to perform a parametric study for which
it could be concluded which blade sections that are suitable to use as bridge mem-
bers. One shell and one beam model of the blade were implemented. The beam
model is more computationally efficient and deemed accurate enough to capture the
global response to be studied. However, the beam model should be verified using
the more accurate shell model to implement within the parametric studies. The
parametric study is performed using scripting in Python 3.0 together with finite
element software BRIGADE /Plus with integrated Abaqus FEA solver. Figure 5.1
shows the workflow for the modelling.

NWP28.3 ATV : BRIGADE/Plus
— Rhino/Grasshopper —
Geometry shell model —‘
NWP28.3 ATV I : .
Material data MATLAB Verification
NWP28.3 ATV N Pvthon BRIGADE/Plus
Sectional properties Y beam model

|

Parametric study

Figure 5.1 Modelling and verification process

5.1 Finite Element Modelling of FRP Structures

CROW (2019) gives guidelines for finite element modelling for analysis of FRP struc-
tures. The model should show the expected structural behaviour to a high degree
of accuracy. Furthermore, it should be suitable for modelling of FRP structures
taking into account properties of laminates and fibre directions and their associated
orthotropic properties. Classical lamination theory shall be used for determination
of equivalent elastic properties. Time dependent effects such as creep, humidity
effects and fatigue should be included when relevant for the performed analysis, by
application of conversion factors. When modelling FRP structures it is also impor-
tant to take shear deformation into account since its contribution can be significant.
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This is important when choosing element type for the analysis. In general, element
types shall be chosen based on the nature of the situation.

5.1.1 Beam Elements

A beam element is a geometrically simple one-dimensional line element in two- or
three-dimensional space, and it utilises beam theory to obtain a one dimensional
approximation of a three-dimensional continuum (SIMULIA, 2014, Ch. 29.3.1). It
assumes that the behaviour of the beam element can be estimated from defined
material properties and beam section profiles. Beam elements in three-dimensional
space have six degrees of freedom at each node, three translational degrees of free-
dom and three rotational degrees of freedom. In a case when the beam element is
supposed to represent a non-solid cross section, phenomenon such as local buckling
or sectional collapse is not accounted for in beam theory resulting in a possible large
difference between the behaviour of the model and the real structure.

In the beam model, two-noded linear, shear deformable elements are used. These
elements are suitable for both slender and non-slender beams and are the most
effective beam elements in Abaqus (BRIGADE/Plus) according to the Abaqus doc-
umentation (SIMULIA, 2014, Ch. 27.1.1).

5.1.2 Shell Elements

A shell element is a two-dimensional element where the thickness is defined as a sec-
tion property. Shell elements can be used when the thickness is significantly small in
comparison to global dimensions such as the distance between supports or the length
between nodes in the highest eigenmode of interest (SIMULIA, 2014, Ch. 29.6.1).
Shell elements have displacement and rotational degrees of freedom and it assumes,
similar to beam theory, that plane sections perpendicular to the mid-surface remain
plane.

In the shell model linear four-node shell elements are used. This element is suitable
for modelling FRP structures since it takes the influence of shear deformation into
account (SIMULIA, 2014, Ch. 29.6.2). Local material directions can be defined for
each shell element, representing the orthotropic FRP material (SIMULIA, 2014, Ch.
29.6.1).

5.2 Models

To perform meticulous analyses without exact knowledge of material composition,
it was deemed that an optimised model with matching stiffness and mass properties
was sufficient for studying the global behaviour. First, the blade was modelled and
analysed using shell elements based on geometry supplied by ATV composites. A
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model of the blade using equivalent beam elements was then created which struc-
tural behaviour was compared to the shell model.

5.2.1 Shell Model

Based on the supplied geometry, the components of the blade were modelled using
Rhino 7 and Grasshopper. The components were then exported to BRIGADE/-
Plus and to optimise the model Python scripting was utilised to change sectional
properties more easily for each component. Stiffness properties were calculated us-
ing equivalent elastic properties as described in Section 2.6.1. To achieve a model
equivalent to the real blade, the material stiffness and density properties had to be
optimised. The blade model in Rhino 7 is illustrated in Figure 5.2

Figure 5.2 Rhino shell model geometry exported to BRIGADE/Plus

Linearly varying properties for stiffness , density and material thickness used for the
shell model are shown in Table 5.1.

Table 5.1 Start (at the root) and end (blade tip) values assumed linearly varying
for material properties for shell model

E, [GPa] E,[GPa] G [GPa] p [kg/m?] t [mm]

Trailing edge 12.1-12.2 12.6-12.7 6.6-6.7 200- 1350 40- 10
Leading edge 12.8-129 12.6-12.7 6.6-6.7 200- 1350 40 - 10
Spar cap 24.5 8.4 3.0 1400 - 1100 20

Web 3.6 -9.7 35-94 3.0-83 300 - 800 220 - 30

5.2.2 Beam Model

To achieve a more precise model the given sectional properties of the blade was
linearly interpolated using steps of 0.1 meter, see Figure 5.3. This was useful during
the parametric study where the blade should be divisible in specific spans.
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Figure 5.3 Interpolation of given sectional properties

A Python script was written which iterates the sectional geometry for a hollow, rect-
angular section based on constant stiffness and density to match the given sectional
properties. The script was designed such that if the specific sectional property is
not within a certain tolerance of the given data it alters the geometry of the section
until its vertical and horizontal stiffness together with mass properties is within the
tolerance. For the stiffness the script alters the total width or height of the sec-

tion whereas for the mass the thickness is changed. See Section 5.3 for a flowchart
describing the beam model iteration.
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5.3 Flowchart Beam Model Iteration

[ Start

1

Read interpolated data text file. Define Young’s
modulus, density, max iterations & tolerance. set
start guesses for width (b) height (h) and thickness (t)

function: inertia(b,h,t)

Loop for all sections, use initial
guess or from previous step

while El;, El,
or myMass False
are not within

set tolerance

True

I, I, = inertia(b,h,t)

Append sectional result to
list and use as input for
BRIGADE/Plus analysis

lf EIl < (1‘t01) . EIVeI‘tiC&l —
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if El, < (1-1301) - Elhorizontal —
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True .
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False if iteration = True
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display the section num-
ber and what parameter
did not reach a solution
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5.4 Verification

To verify the accuracy of the shell and beam model, first a convergence analysis was
performed in order to determine sufficient element sizes. Secondly the mass was
compared for the blade and the two models. Then a frequency analysis was con-
ducted with fixed root in order to compare the four lowest eigenfrequencies which
were supplied by the manufacturer. Finally, a comparison of the modes shapes for
the beam and shell model using the modal assurance criterion was conducted. A
summary of all verifications is listed in Table 5.4

For an illustration of shell and beam model mode shapes see Appendix B and C
respectively. A comparison of all mode shapes for the two models is visualised in
Appendix D.

5.4.1 Convergence Analysis

A convergence analysis was conducted to verify that the number of elements in
the FE model is sufficient to yield accurate numerical results, see Figure 5.4a. For
the beam model it was noted that a converged solution was reached even for fewer
elements and that approximately 300 elements will be sufficient to achieve accurate
results. A convergence study was also performed with the shell model, see Figure
5.4b. It was noted that it requires a fine mesh (approx. 40,000 elements) in order
to reach a converged solution which requires longer computational time.

' ' |'—Be‘am model —-Shell model
1.4745 b= : - — L4750 -
”,_
e’——
.i 1.4200 '/o
— /
S {
1.3600 -+ /
/
Il
| I I S S ] HIEE I B S : 1.3000 f#
100 300 1000 10000 500 1000 2500 10000 40000
No. of Elements No. of Elements
(a) Beam model (b) Beam and shell model

Figure 5.4 Convergence analysis for first eigenfrequency (f;), note the different
scaled y-axes

5.4.2 Mass

The mass centre from the root and total mass was compared for the NWP28.3 ATV
blade together with the shell and beam model as illustrated in Table 5.2. For the
shell model its thickness and density properties for each component (web, leading
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edge, trailing edge and spar caps) were designed to match the given mass properties
of total mass and mass centre from the root.

Table 5.2 Mass properties for NWP28.3 ATV blade and the shell and beam model

ATV Shell Model  Beam Model

Mass centre  9.00 m 9.00 m 9.00 m
Total mass 3852 kg 3849 kg 3849 kg

It was concluded that the two models mass properties match well with the real blade
which is significant for obtaining accurate results when analysing the frequency and
dynamic response.

5.4.3 Eigenfrequency

The first four eigenfrequencies were given with the blade’s sectional properties. A
frequency analysis was performed for the two blade models with fixed root to eval-
uate and verify the model. The results are illustrated in Table 5.3.

Table 5.3 Comparison of the first two eigenfrequencies for NWP28.3 ATV blade,
shell and beam model

Mode shape ATV [Hz]  Shell Model [Hz]  Beam Model [Hz]

1% vertical 1.47 1.47 1.48
1% horizontal 2.47 2.47 2.45
274 vertical 4.50 4.50 4.45
224 horizontal 8.74 8.71 8.47

The eigenfrequencies for the two models match well with the given frequencies. Stiff-
ness properties for the shell model were calculated using equivalent elastic properties
as described in Section 2.6.1. It was concluded that the equivalent elastic proper-
ties result in too high eigenfrequencies compared to the given values which imply
that the stiffness is overestimated. To resolve this, the stiffness was adjusted until
the eigenfrequencies matched. If the shell model were to be used in the parametric
study a more throughout investigation would be necessary, however, as mentioned
the exact material composition is difficult to acquire due to secrecy.

5.4.4 Modal Assurance Criterion (MAC)

Modal assurance criterion (MAC) is a way to quantitatively compare mode shapes.
It is calculated as shown in Equation 5.1, and can be seen as an approximation of
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an orthogonality check of two eigenvectors (Pastor et al., 2012). If the mode shapes
are fully correlated the MAC value is equal to one and if they are orthogonal to
each other, and thus fully uncorrelated the MAC value is equal to zero. MAC values
greater than 0.95 indicates a high degree of consistency and values below 0.8 poor
correlation. Figure 5.5 shows the MAC matrix comparing the mode shapes of the
shell and beam model.

MAC(i, j) = T(¢ST¢B)§ (5.1)
(¢sT¢s) (9T on)
where
o5 - mode shape vector of the shell model
OB - mode shape vector of the beam model

Beam Model mode No.
— [\ w >~ ot D ~J oo

1 2 3 4 5 6 7 8
Shell Model mode No.

Figure 5.5 Modal assurance criterion matrix

As seen in Figure 5.5, a high correlation between the mode shapes for the first
vertical and first horizontal mode with MAC values above 0.95. For higher modes
the correlation is slightly lower resulting in an average value of 0.85 of the diagonal
entries in the MAC matrix. Consequently, this shows that the beam model is able
to resemble the shell model regarding mode shapes accurately for lower modes but
less accurate for higher modes. On the other hand, MAC does not take into account
differences in frequencies between the two different models. Therefore, a significant
shift in frequencies may be present and a comparison of eigenfrequencies is also
needed, see a summary in Table 5.4.

5.4.5 Summary

A summary of the verification process is illustrated in Table 5.4. It was concluded
that the beam model would yield accurate results for the lower eigenfrequencies
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which is critical for human induced vibrations. The beam model is preferable to
use during the parametric study since it requires considerably less computational
time compared to the shell model. Another advantage utilising the beam model was
the simplicity of studying different configurations where for the shell model different
geometries would be necessary to model for each case.

Table 5.4 Comparison of the given eigenfrequencies for NWP28.3 ATV blade,
shell and beam model together with modal assurance criterion (MAC)
for beam and shell model

Mode shape ATV [Hz]  Shell Model [Hz]  Beam Model [Hz] MAC [-]

15 vertical 1.47 1.47 1.48 0.97
1% horizontal 247 2.47 2.45 0.96
274 vertical 4.50 4.50 4.45 0.93
274 horizontal 8.74 8.71 8.47 0.75
34 vertical - 9.34 8.48 0.74
4™ vertical - 15.96 14.59 0.82
3*4 horizontal . 20.14 18.18 0.88
5 vertical - 23.65 22.07 0.76

5.5 Bridge Configuration

The bridge is based on the most promising concept from the conceptual design
in Nygren and Kullberg (2020). Two blades are positioned parallel to each other
spanning the whole length of the bridge, resulting in a single-symmetric bridge
configuration as illustrated in Figure 5.6. The blades are not directly connected to
each other and is assumed to act separately.

Figure 5.6 Blade bridge concept (Nygren & Kullberg, 2020, p. 42)
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The analyses are done for two different support configurations. In the main config-
uration the bridge is simply supported with one span, but in the case of exceeding
limits for deflection or acceleration for large spans an additional intermediate sup-
port can be added in the analysis to evaluate the feasibility. Furthermore, since
the bending stiffness in horizontal direction is larger it is possible to perform the
analyses with the blades rotated 90 degrees, as illustrated in Figure 5.7.

Original Rotated

D>

Figure 5.7 Illustration of the original and rotated blade composition

5.6 Implementation

To verify the usage of the blade as structural member the accelerations and deflec-
tions in SLS has to be calculated. The two blades were assumed to act independently
of each other implying that symmetry of the concept can be utilised for the analyses.

The different design situations which are expected to occur during the bridge service
life are to be decided by the designer. For this case two different dimensioning
situations were decided for the bridge, service state and exceptional situation which
is listed in Table 5.5.

Table 5.5 Chosen design situations of traffic class and comfort class

Traffic class  Pedestrian density =~ Comfort class

Service state TC3 0.5 P/m? CL2

Exceptional situation ~ TC4 1.0 P/m? CL3

The mass from the overlaying deck has to be included in the analysis since the mass
affects the eigenfrequencies of the bridge. The additional mass for the concept in-
cludes the deck, surfacing and railing and was calculated by Nygren and Kullberg
(2020) to be 1.54 kN /m utilising symmetry implying half a deck width of 1.9 meters.
This mass was included in the analysis using non structural mass in BRIGADE /Plus.

5.6.1 Boundary Conditions

The bridge was analysed as simply supported implying that the translation is fixed
at both ends in vertical and horizontal direction and fixed in longitudinal direction
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at one end. The model is free to rotate in all directions at both supports.

5.6.2 Acceleration

The harmonic load based on the number of equivalent pedestrians described in
Section 2.3.1 is applied as a distributed force over the entire span of the bridge. In
order to obtain the maximum acceleration, the sign of the amplitude of the load
is in phase with the mode shape. In the case of a mode with multiple nodes, the
mode shape changes direction, implying full synchronisation between all pedestrians
interacting with the bridge and the direction of the mode shape, see Figure 5.8
(Sétra, 2006).

vYvvvyey

1st mode 2nd mode

(S S A B A A A e e A

Figure 5.8 Acceleration load application (Sétra, 2006)

According to JRC (2009, p. 28) the force component for a single pedestrian is 280 N
in vertical direction, 140 N in longitudinal direction and 35 N in horizontal direction.
Furthermore, each pedestrian has a 700 N contribution to the non-structural mass.
In addition to the force component (P in equation 5.2 introduced in Section 3.2.1) the
equivalent stream has to be calculated according to Equation 3.2 or 3.3 depending
on the traffic class.

p(t) = P - cos(2mfst) - n' -1 (5.2)

The selected maximum vertical accelerations within the intervals for the comfort
classes is listed in Table 5.6.

Table 5.6 Design situations acceleration, limiting values utilised for the analyses

Comfort class  aymax [M/s?]  apmax (lock-in) [m/s?]
Service state CL2 < 0.70 < 0.10
Exceptional situation CL3 < 1.50 < 0.10

5.6.3 Deflection

In order to verify the structural capabilities of each different bridge section, it is
necessary to also verify the maximum serviceability deflection which according to
Trafikverket (2019) is 1/400 of the theoretical span. Load model 4 for crowd loading,
in SS-EN 1990 (SIS, 2002) consists of a uniformly distributed characteristic design
load equal to 5 kPa. This load is reduced by a factor ¥ equal to 0.4 according to SS-
EN 1990/A1:2005 (SIS, 2005). The design load for deflection and the serviceability
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requirement is illustrated in Table 5.7.

Table 5.7 Design criteria for deflection in accordance to Trafikverket (2019)

Deflection load  Max deflection

All situations 2.0 kPa L/400

In the case of a continuous bridge in two spans the uniformly distributed load is
applied in the span with lower stiffness to obtain the maximum serviceability de-
flection.

5.6.4 Conversion Factors

Two conversion factors was calculated that accounted for the reduced material prop-
erties. In accordance with Section 2.5.1, Equation 2.1 and JRC (2016) values for 7.
Mems Ney and 7.s were taken as:

Net = 090 (JRC, 2016, Sec. 2.3.6.1) Verification of strength
Nem = 0.90 (JRC, 2016, Tab. 2.5) Outdoor climate < 30 °C
Nev = 0.80 (JRC, 2016, Fig. 2.1) Short term loading

Nef = 090 (JRC, 2016, Sec. 2.3.6.4) Serviceability verification

Resulting in total conversion factors for frequency and deflection analysis:

¢, frequency = Net * Nem * Net = 0.73
T)c,deflection = Net * MNem * MNev * Nef = 0.58

5.6.5 Analysis

The dynamic analysis was performed as a modal analysis in BRIGADE /Plus. Modal
analysis is based on modal superposition, where the response of the system is ex-
pressed as a linear combination of the eigenmodes. The response is determined from
the physical properties of the system, mass distribution, stiffness distribution and
damping parameters. The mass, stiffness and damping matrices together form a
set of differential equations. The modal superposition principle enables a transfor-
mation of these equations into a standard eigenvalue problem, which solution gives
eigenfrequencies and the mode shapes as eigenvectors (Fu & He, 2001). The follow-
ing steps were performed for each analysis.

Step 1: Eigenvalue extraction
Linear perturbation procedure to obtain eigenfrequencies and the corresponding

mode shapes. Calculates the response about the base state, in this case the initial
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conditions.

Step 2: Steady-state modal analysis step

Based on the extracted modal data from Step 1 a steady-state modal analysis is per-
formed to calculate the steady-state dynamic response of the system to harmonic
excitation. The analysis is done as a frequency sweep, applying the load at a series
of different frequencies in a user set interval.

Step 3: SLS deflection
A linear elastic static analysis is performed to calculate the deflection in SLS. The
load is applied as a line load, taking into account the width of the bridge deck.

5.6.6 Comparison with Analytical Calculations

To validate the implementation of the analysis steps a basic model representing a
problem with a well-established analytical solution was set up. See Appendix E
for the analytical calculations. Analytical solutions were compared to the results of
the finite element analysis of a further simplified beam model, with constant cross
section, constant stiffness and uniform mass distribution. The mass and stiffness
properties were chosen arbitrarily but in a way to avoid frequencies in the slanted
parts of the graphs for vertical and horizontal reduction coefficients. This was done
in order to ensure the same reduction factors for both the analytical calculations
and the FE-analysis. The eigenfrequencies and maximum acceleration for TC3 were
computed using the SDOF method. A comparison between the computed maximum
deflection in SLS, the first two vertical eigenfrequencies, and maximum accelerations
is shown in Table 5.8.

Table 5.8 Comparison between the results of FE-analysis and analytical calcula-

tion
FE-analysis  Analytical  Difference
Deflection in SL.S 30.4 mm 29.9 mm 1.7 %
1% vertical 3.4 Hz 3.5 Hz 2.9 %
1%* horizontal 4.8 Hz 4.9 Hz 21 %
2nd yertical 13.3 Hz 13.9 Hz 4.4 %
2nd horizontal 18.1 Hz 19.7 Hz 8.5 %
Maximum acceleration 2.6 m/s? 2.6 m/s? 0.0 %
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Parametric Study

A parametric study was conducted to study numerous blade sections for which the
human-induced accelerations and deflections could be evaluated. The parametric
study aimed to conclude which sections were suitable for footbridge applications.
Also, sensitivity studies were performed with varying stiffness and damping proper-
ties. Visualised in Figure 6.1 is a simple example of how the parametric studies for
varying blade sections were conducted.

— N
QD s ===

17.0 - 23.0
90 - 15.0 13.0 - 19.0

Figure 6.1 Simple illustrative example of parametric study. For this case the
section of the blade between 9.0 to 23.0 meters is studied with step
length of 4.0 meters and bridge span equal to 6.0 meters

To conduct the several hundreds of analyses required for the parametric study
the process was automated utilising Python scripting which is compatible with
BRIGADE/Plus. The Python script is explained in detail in Section 6.1. The
full script is included in Appendix F. Furthermore, a verification of the script was
made and is outlined in Appendix G.

6.1 Python Scripting

The parametric script was written in Python 3.0 which is compatible with BRIGADE /-
Plus. The script was structured to complete all analyses automatically. The com-
putational time was dependent on the number of critical eigenfrequencies for which
the accelerations needed to be verified. When one acceleration verification was nec-
essary, one iteration required approximately 20-25 seconds of computational time.
See Section 6.1.1 to Section 6.1.9 for a detailed explanation of all steps for the para-
metric script.
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6.1.1 Input Data

First, the range, segment length, and step length were specified together with step
length for each iteration. The script was modified to investigate the influence of
varying damping ratio and elastic modulus for one specific blade section.

A number of parameters that are constant throughout the analysis were defined.
Young’s modulus and density had to be specified for the equivalent beam iteration
along with the conversion factors influencing the assumed stiffness. Thereafter the
mass per pedestrian for the acceleration analysis and variable load for the deflec-
tion analysis were defined. Other parameters such as deck width and non-structural
mass from the bridge deck were required to obtain accurate results. The maximum
critical frequency value for longitudinal, vertical, and horizontal modes was set. If
resulting eigenfrequencies were below the critical frequency, acceleration calculations
were performed.

6.1.2 Sectional Data

A text file containing the interpolated data, described in Section 5.2.2 was imported.
Radial position, vertical and horizontal stiffness properties, blade height and mass
per meter for each section were extracted. If the sectional data were out of the
specified range the script will exit and display the error. For each iteration only the
sectional data within the set interval were extracted.

6.1.3 Loads, Traffic Class, and Comfort Class

Based on the traffic and comfort class specified the mass from pedestrians and the
acceleration loads were assigned for each analysis. For verification purposes when
performing the analyses all masses and loads were calculated and displayed for each
iteration together with start and end coordinate for the span.

6.1.4 Equivalent Beam Iteration

The next step was to calculate the equivalent beam sections. For a detailed descrip-
tion of the beam iteration process see Section 5.3.

6.1.5 BRIGADE/Plus Scripting

A material was created based on user input of density and Young’s modulus, re-
duced with frequency conversion factor, and was constant for all sections. A line
was then drawn between starting and endpoint for which all beam sections were ap-
plied. Then beam profiles were generated based on the data from the beam iteration
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and were assigned to the correct section.

The loads and non-structural mass were to be divided and assigned to each node.
First, the length and influence length of each segment were iterated for which the
load and mass could be applied. The load and mass, defined per meter, was multi-
plied with the influence length for each node.

After the loads and mass had been applied, all instances in the model were as-
sembled. Start and end boundary conditions was assigned and then the mesh was
created with appropriate mesh sizing as described in Section 5.4.1. After the mesh
had been created the frequency step was defined and a job was created and submit-

ted in BRIGADE/Plus.

6.1.6 Frequency and Mode Shape Analysis

When the job is completed, the script iterated through and appends the eigen-
frequency for each mode in a list. Since the acceleration application and magnitude
were dependent on the mode shape, the script was written to extract all mode
shapes. As the acceleration load has to be applied according to Figure 5.8 each
nodal position with a change of negative/positive deflection was saved for the ac-
celeration application. The script checked if any of the eigenfrequencies were below
the set limit for critical eigenfrequencies and displayed each critical frequency and
mode shape.

6.1.7 Acceleration Analysis

First, the vertical and horizontal load reduction was defined according to Figures
3.1a and 3.1b. The acceleration analysis was only performed for the critical eigen-
frequencies, if there was none this step was ignored, and the script continues with
the deflection analysis. The acceleration load was applied in the same way as the
non-structural mass which was done by defining a load on each node. For each crit-
ical frequency, the acceleration load and maximum allowed acceleration depending
on mode shape was extracted.

Based on the specified traffic class and damping ratio the load reduction for equiv-
alent pedestrians as described in Section 3.2.1 was calculated. If there were no load
dividers (1% mode shape) for the acceleration application, the load can be applied in
one direction. If load dividers exist (2"¢ and higher mode shapes) the script changes
the direction of load application at the positions for the load dividers (see Figure
5.8). The script also checks if the mode was vertical, horizontal or longitudinal
and applied the load in the corresponding x, y or z-direction. In BRIGADE/Plus a
steady-state modal step which includes the damping ratio was specified. Then the
job was created and submitted for analysis.
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6.1.8 Extraction of Acceleration Results

The script extracted the accelerations for all nodes within the defined frequency
range. The maximum accelerations were saved in a list for post-processing. The
maximum acceleration for the analysis together with maximum allowable acceler-
ation based on traffic class was shown in the BRIGADE /Plus display window for
each iteration.

6.1.9 Serviceability Limit State

To verify a blade section, the deflection for SLS should be calculated. The creation
of the model was used in the same way as for the frequency and acceleration anal-
yses using the equivalent beam iteration technique. The BRIGADE/Plus scripting
was similar to the frequency analyses. What differed was that Young’s modulus was
reduced with the conversion factor for SLS deflection and that a variable load of 2
kPa was applied for the whole span.

When the analysis was completed, the displacement for each node was extracted and
the maximum value was saved and displayed together with the allowed deflection of
L /400.

All results of interest were saved to a text file which is automatically named based
on the user input and can be used for post-processing the results. See Appendix H
for the displayed results for some example iterations in the BRIGADE /Plus message
area.

6.2 Varying Span and Section Study

To find blade sections suitable for bridge applications the parametric script was
utilised. Sections along the whole length were studied with steps varying between
0.2 meter for the longest to 0.5 meter for the shortest sections resulting in 20-30
iterations for each length. Sectional lengths of 6.0, 8.0, 10.0, 12.0, 14.0, 16.0 and

20.0 meter were studied.

6.3 Sensitivity Studies

Since it is difficult to determine stiffness and damping properties a sensitivity study
was performed. The stiffness was altered between 75% and 125%, the analysis was
performed for stiffness above 100% to account for the conversion factors which could
be overestimated. For the damping ratio, a linear ratio between 0.5% and 2.0% was
used.

Furthermore, an analysis with the different traffic classes (TC1 — TC5) was con-
ducted to understand the influence of different pedestrian dynamic loading.
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Results

The primary goal was to study possible span lengths recovered from different po-
sitions of the blade. Due to the large quantity of results, only a selection will
be presented in this Chapter, for all results see Appendix J. Moreover, sensitivity
analyses were performed to understand the influence of the uncertainty of the exact
stiffness and damping properties. Lastly, other possible bridge configurations as
utilising a mid-support and different blade orientations were studied.

7.1 Varying Length and Section

Deflection and acceleration with the two different design situations are presented
in separate figures for the different span lengths. Since constructional height is
of importance the minimum and maximum sectional blade height are visualised in
each deflection figure. Each section is distinguished by its starting coordinate as
illustrated in Figure 7.1. See Appendix I for a detailed clarification of the result
presentation.

\

Min. blade

Max. blade height

height [
/ Span length

Start coordinate

Figure 7.1 Clarification of the span length, max. and min. blade height and start
coordinate for each analysis.
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The following abbreviations are used when presenting the results in the graphs.

f - Frequency

f; - Eigenfrequency for mode nr. i

A, - Vertical acceleration

Ay - Horizontal acceleration

A - Allowable acceleration for mode and traffic class (Table 5.6)
L - Section span length

L/400 -  Allowable deflection (Section 5.6.3)

TC - Traffic class (Section 3.1.1)

CL - Comfort class (Section 3.1.2)

For the span lengths up to 16.0 meters, there were only critical eigenfrequencies for
the first vertical mode. For the longer 20.0 meter span there were also critical first
horizontal and second vertical modes. The deflection criteria of L/400 are possible
for some sections up to 16.0 meters. A summary of the best sections for each stud-
ied length is shown in Table 7.1 The best section is characterised by the thinnest
member that fulfils the criteria.

7.1.1 Results for 12 Meter Span

Figure 7.2 shows the maximum deflection together with blade height for 12 meter
span using different sections of the blade used as simply supported beams in the
bridge. As seen, the deflection is below the limit for allowed maximum deflection
according to Figure 7.2 for sections with start coordinates up to 7 meters. However,
worth noticing is that the maximum blade height is significantly larger for these
sections.

Span length: 12.0 m

—1/400 v Max. blade height =

=) 100 LL* Deflection 4 Min. blade height 42000 é
E * o
_ YVVYVVVYVVYVY * =
5 75) & R R -. -1500@
= M vy ** =t
5 ol Ty X {1000 <
& ¥ Vyy Q
<) A X M ¥ Fg
SR 5 S 1500 =
AAAAAAA;Q****fAAAAAAAAAAAAA m

OJ**I*****I**I 1 1 1 1 1 L L T 0

o 1 2 3 4 5 6 7 & 9 10 11 12
Start coordinate [m]

Figure 7.2 Resulting deflection together with minimum and maximum blade
height for 12 meter span at different positions.
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On the other hand, the sections that are feasible with regard to the deflection criteria
as shown in Figure 7.2 are more susceptible to dynamic excitation. This is because
the eigenfrequencies for the mode of interest lies within the interval of common walk-
ing forcing frequency, between 1.25 Hz and 4.6 Hz considering the first and second
harmonic of the pedestrian load. The height of the blade is considerably smaller
for these sections, therefore also the total mass resulting in lower eigenfrequency.
Figure 7.3 illustrates the eigenfrequency for the first vertical mode for different 12
meter long sections of the blade. It also shows the corresponding peak accelerations
for the section. Considering the service state, TC 3, and CL 2 the limiting value of
peak acceleration is shown as a horizontal line in Figure 7.3.

Span length: 12.0 m, TC3 & CL2
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Figure 7.3 Resulting eigenfrequency and acceleration response for 12 meter span
at different positions. Service state: TC3 & CL2

The dip in maximum acceleration at an eigenfrequency of 2.5 Hz is expected since
this frequency is between the ranges for the first and second harmonic and therefore
not prone to dynamic excitation by either one of them. However, due to modelling
uncertainties these sections of the blades might not be recommended to use. This
is further discussed in Chapter 8.

Figure 7.4 shows the same results as Figure 7.3 but for TC 4 and CL 3. There are
several similarities between the two figures, but the higher load in TC4 results in a
higher maximum acceleration of over 7.5 m/s%. The small deviation in frequency is
due to the increased mass of pedestrians.
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Span length: 12.0 m, TC4 & CL3
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Figure 7.4 Resulting eigenfrequency and acceleration response for 12 meter span
at different positions. Exceptional situation: TC4 & CL3

7.1.2 Results for 20 Meter Span

Figure 7.5 illustrates the maximum deflection, the maximum blade height and the
minimum blade height for different sections of the blade, now considering a 20 meter
long span. In contrast to the results of 12 meter long spans, the deflection is above
the limit for all sections of the blade. Furthermore, the maximum and minimum
height is almost constant regardless of start coordinate for this long span. This is
due to the fact that the thicker root is included for all 20 meter sections.

Span length: 20.0 m
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Figure 7.5 Resulting deflection together with minimum and maximum blade
height for 20 meter span at different positions.

Hence, also the difference in mass of sections for different start coordinate is less
considering 20 meter long sections. Consequently, the difference in eigenfrequency
for different sections is less which can be seen in Figure 7.6. The acceleration
is almost zero for frequencies up to 1.25 Hz and thereafter increase linearly with
frequency up to a limiting maximum value for frequencies coinciding with the most
likely frequencies of the first harmonic of the pedestrian load.
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Span length: 20.0 m, TC3 & CL2
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Figure 7.6 Resulting eigenfrequency and acceleration response for 20 meter span
at different positions. Service state: TC3 & CL2

Considering the exceptional situation with TC4 and CL3, the eigenfrequency is
lower, which is advantageous in this case for the acceleration response. But at the
same time, the larger applied acceleration load for TC4 still resulted in an increase in
maximum acceleration compared to the service state. The result for the exceptional
situation is shown in Figure 7.7.

Span length: 20.0 m, TC4 & CL3
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Figure 7.7 Resulting eigenfrequency and acceleration response for 20 meter span
at different positions. Exceptional situation: TC4 & CL3

For the 20 meter span and TC4 there are also critical 15 horizontal and 2°¢ ver-
tical modes for which accelerations had to be analysed. Figure 7.8 illustrates the
eigenfrequency and acceleration response for the first horizontal mode for different
sections. As seen in Figure 7.8 the horizontal frequencies are in the critical range
only for the sections including the thinnest part of the blade. And the acceleration
is not close to the critical acceleration for lateral lock-in in the range of 0.1 to 0.15

m/s?.
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Span length: 20.0 m, TC4 & CL3
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Figure 7.8 Resulting eigenfrequency and acceleration response for 15 horizontal
mode for 20 meter span at different positions. Exceptional situation:
TC4 & CL3

Figure 7.9 shows the resulting eigenfrequency and acceleration for the second vertical
mode for different sections. For sections with start coordinates below 3.4 meters, the
eigenfrequencies were above 5 Hz and therefore not included. For start coordinates
above 3.4 meters, the eigenfrequency approaches the most critical interval consider-
ing the second harmonic. In the same manner, regarding maximum acceleration it
Shows a tendency to approach the limit for acceleration for sections that includes
the thinner sections.
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Figure 7.9 Resulting eigenfrequency and acceleration response for 2°¢ vertical
mode for 20 meter span at different positions. Exceptional situation:
TC4 & CL3

The optimal bridge sections for each studied length are visualised in Table 7.1. The
best bridge section is characterised by the section that fulfils the deflection and
acceleration criteria and has the lowest height. For the 16-meter span there are
sections that fulfils the deflection but not the acceleration criteria and vice versa.
For the 20-meter span there are no sections that fulfils the deflection criteria. Some
sections satisfy the acceleration criteria but with large resulting deflections.
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Table 7.1 The best sections for each span length characterised by the lowest con-
structional height.

Span length [m]  Start coord. [m|] Max. height [mm]  Deflection  Acceleration

6.0 18.0 333.7 v v
8.0 14.5 452.0 v v
10.0 9.0 993.8 v v
12.0 2.2 1485.0 v v
14.0 1.8 1675.0 v v
16.0 1.6 1675.0 v X
20.0 - 1675.0 X X

Since the blade height varies for the sections, it is important to highlight the height
along each span. The blade height for the best sections is plotted in Figure 7.10.
For the 20-meter span the section with start coordinate of 0.0 meter is used since
this section is the closest to fulfil the deflection criteria.
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x-coordinate [m]

Figure 7.10 Blade height along each of the best blade sections for different span
lengths

7.2 Sensitivity Study

The sensitivity analysis is limited to a study of some sections of the 12.0-meter
blade section only. Deflections and accelerations for varying stiffness together with
accelerations depending on damping and the five traffic classes were examined.

7.2.1 Stiffness

Figure 7.11 shows the maximum deflection with varying stiffness for the case of 12
meter long span with a start coordinate of 6.4 meters. What can be seen is that the
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maximum deflection is rather sensitive to change of stiffness. Higher stiffness results
in expected lower deflection. And on the contrary, if the stiffness is reduced to 75%
of its original value, the resulting deflection is above the limit.

40 1 T T
|—--Deﬂection —L/400|

El )
£ 30 ——=
= P
L 0T
i< N R
& 20p e -
)
A

10t 1 1 1 7

1.250 1.125 1.000 0.875 0.750

Young's modulus multiplier

Figure 7.11 Deformations with varying stiffness (L = 12.0 m, start coord. = 6.4

Figure 7.12 shows the acceleration response and eigenfrequency with varying stiff-
ness. The resulting maximum acceleration is to a large extent dependent on the
eigenfrequency of the structure. Since the stiffness affects the eigenfrequency, vary-
ing the stiffness will affect the acceleration. As seen in Figure 7.12; the frequency is
decreasing with increasing stiffness and consequently, the acceleration is increasing
when the eigenfrequency approaches the forcing frequency in accordance with the
reduction factor.
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Figure 7.12 Acceleration response and eigenfrequency with varying stiffness, TC3
(L = 12.0 m, start coord. = 6.4 m).

Figure 7.13 shows the eigenfrequencies and corresponding peak accelerations with
varying stiffness for TC3 for the same span length of 12 meters but with a start
coordinate of 10.8 meters. For this specific case, the acceleration is below the limit
for original stiffness since the eigenfrequency is in the interval between the critical
frequencies for first and second harmonics. Therefore, both an increase and a de-
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crease in stiffness can become critical depending on if the initial eigenfrequency is
above or below a critical frequency interval.
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Figure 7.13 Acceleration response and eigenfrequency with varying stiffness, TC3
(L = 12.0 m, start coord. = 10.8 m).

7.2.2 Damping Ratio

Figure 7.14a shows the maximum acceleration with varying damping ratio for traf-
fic classes 1-3. The equivalent pedestrians is plotted in 7.14b since this parameter
varies for these traffic classes in accordance with Equation 3.2.
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(a) Acceleration response (b) Equivalent pedestrians

Figure 7.14 Sensitivity analysis of one blade section (L = 12.0 m, start coord. =
6.4 m) with varying damping ratio and traffic classes 1-3

The acceleration is decreasing with increasing damping ratio for TC3, in agreement
with equation 3.5 for maximum acceleration for the SDOF method. For TC2, a
small increase of the maximum acceleration with increasing damping ratio can be
observed. This may be since the acceleration load is influenced by the equivalent
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pedestrians, hence also the damping ratio. Moreover, since the traffic classes have
different contribution of pedestrian non-structural mass, the eigenfrequency varies
for the different cases which could influence the acceleration response.

Figure 7.15 shows the resulting acceleration for TC4 & TC5. The results are ex-
pected since the equivalent pedestrians for these traffic classes are constant in ac-
cordance with Equation 3.3 together with the maximum acceleration for the SDOF
method (Equation 3.5.)

20.0

—TC4, n =0.39 (constant)
= +TC5, n =0.47 (constant)

0.0t | , |
0.005 0.010 0.015 0.020

Damping ratio [-]

Figure 7.15 Sensitivity analysis of one blade section (L = 12.0 m, start coord. =
6.4 m) with varying damping ratio and traffic classes 4-5

7.2.3 Traffic Classes

The acceleration response for the whole frequency range is plotted in Figure 7.16 for
the section of 12.0 meters with start coordinate 6.4 meter for all traffic classes. The
peak acceleration occurs at different frequencies for the different traffic classes. This
is since the structure has additional non-structural mass for increasing pedestrian
density which results in lower eigenfrequencies. This could lead to cases where a less
dense traffic class, for example TC3, has higher acceleration response than TC4 as
the eigenfrequency for the lighter structure is within the most critical frequency.
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Figure 7.16 Sensitivity analysis of one blade section (L = 12.0 m, start coord. =
6.4 m) for traffic class 2-5 with the whole frequency range visualised.
The acceleration for TC1 is zero for all frequencies

The significant difference observed in Figure 7.16 is not expected to be seen for a
case with heavier non-FRP bridges where the non-structural mass of the pedestrians
is a much smaller percentage of the total mass. In such a case, the peak acceleration
is rather insensitive with regard to pedestrian density.

7.3 Alternative Solutions

In addition to the studied bridge configuration as described in Section 5.5 other
configurations were studied in order to draw nuanced conclusions. If the surrounding
environment allows for higher constructional height or an additional middle support
these concepts could allow for longer wind turbine blade bridges.

7.3.1 Blade Orientation

As the longer blade spans has large deflections and the blade’s bending stiffness is
greater in horizontal direction the deflections should be lower if rotating the blades
as illustrated in Figure 5.7.

An analysis was performed with the rotated blades for a span of 16.0 meters which
has no viable sections fulfilling both the deflection and acceleration criteria. For the
rotated blades it was noticed that the deflection criteria are fulfilled for all sections.
However, for accelerations only spans with start coordinates up to 4.0 meters are
viable for TC4. Also, it is noticed that the blade height is large, up to 2380 mm for
most sections. See Appendix K for the resulting deflections and accelerations.

7.3.2 Additional Mid-support

An alternative solution, if the bridge for a specific configuration does not fulfil the
criteria for maximum deflection or the criteria for maximum acceleration, can be to
add an additional mid-support. Modification of the parametric script, including an
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additional boundary condition for the centre node, constraining motion in vertical
and lateral direction. Analyses was performed assuming a damping ratio of 1%. For
the calculation of maximum deflection, the load was applied only in the weakest
span. The resulting deflection and acceleration are presented in Table 7.2 for best
sections fulfilling deflection and acceleration criteria for TC3.

Table 7.2 Results with an additional mid-support for TC3

Length  Start coord. Max. height  Deflection f; A,
18.0 m 6.0 m 961 mm 224 mm  4.66 Hz 0.35 m/s?
20.0 m 3.0 m 1675 mm 21.6 mm  4.75 Hz 0.26 m/s?
22.0m 0.0 m 1675 mm 208 mm  4.84 Hz 0.22 m/s?

Table 7.3 shows the resulting deflection, eigenfrequency for the first vertical bend-
ing mode and maximum acceleration, for best sections fulfilling the deflection and
acceleration criteria for TCA4.

Table 7.3 Results with an additional mid-support for TC4

Length  Start coord. Max. height  Deflection f; A,
18.0 m 5.0 m 961 mm 22.4mm  4.87 Hz 0.46 m/s?
20.0 m 2.0 m 1675 mm 16.7 mm  4.89 Hz 0.42 m/s?
22.0m 0.0 m 1675 mm 208 mm  4.39 Hz 3.75 m/s?
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Discussion

The aim has been to study and find viable blade sections appropriate for pedestrian
bridge construction. From the beginning there were concerns that the whole blade
would be capable of fulfilling neither the deflection nor the vibrational comfort crite-
ria. This was confirmed early in the process, for confirmation, see the results of the
longest studied section of 20.0 meter presented in Section 7.1.2. Another reasoning
for studying specific sections extracted from a blade is that some sections has large
constructional height which may have negative effects for the overall structure and
surroundings. Moreover, this procedure can be utilised for other purposes as evalua-
tion of a damaged blade for which a specific section should be excluded. During the
visit of the decommissioned blade as described in Chapter 4 some minor damages
on the blade were detected. See Appendix L for a collection of images from the visit.

8.1 Corporate Secrecy

It is troublesome that the large blade manufacturers decline any request of coopera-
tion regarding the structural composition of the blade. However, it is understandable
that the manufacturers do not want to supply this information based on secrecy and
competitive purposes. It may be necessary for each country’s governing body to en-
force blade manufacturers to provide an end of life model together with an increased
cost of landfill before any further progress can be made. Considering the extensive
landfill of the wind turbine blades, it is alarming that wind power is deemed as
environmentally friendly by the general public.

8.2 Studied Blade

It is important to assess the size of the members before construction. It was obvious
that the size of the blade closest to the root would make sections with a start coor-
dinate close to the root hard to justify. Although for this blade it would be possible
to utilise sections with larger constructional height that has a starting point a few
meters from the root. An example is the best section for the 12.0 meter span listed
in Table 7.1. This section has a notably max height of 1500 mm. However, the
height decreases along the blade length to approximately 350 mm as visualised in
Figure 7.10. It is important to emphasise that newer and longer blades may have a
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more optimised design enabling longer sections to be used for bridge construction.

8.3 Parametric Script

The parametric script developed for the analyses was written to be fully automated
using a text file of sectional vertical and horizontal bending stiffness together with
mass. Implying that any blade or other structure can be analysed if these parame-
ters are known. For these analyses the height of each section was also included, it
was not used for any calculations but to demonstrate its influence on the results.
It is possible that the linear interpolation to 0.1 meter spacing using the supplied
data as illustrated in Figure 5.3 is not fully accurate. However, after performing a
verification of the beam model comparing its total mass, mass centre and eigenfre-
quencies to the given blade data and optimised shell model the beam model was
deemed satisfactory. The verification is summarised in Table 5.2 and Table 5.3. On
the contrary, the beam model is not able to accurately describe higher order mode
shapes as described in Section 5.4.4. However, since the analyses shows that only
the first, or second mode shape is within the critical frequency ranges and since
the modal assurance criterion show good correlation for these modes together with
similar eigenfrequencies as illustrated in Table 5.4, the beam model is usable.

8.4 Damping

In the performed analyses a constant damping ratio of 1% was assumed for all modes,
this may not be a realistic assumption since measurements of FRP pedestrian bridges
show that the damping increases for modes with higher eigenfrequency. An alter-
native could be to use the Rayleigh damping assumption for which the damping is
frequency-dependent, but the factors o and 5 should represent experimentally seen
damping behaviour to give accurate results. Assuming a constant damping ratio
also enables better control of the input parameter during the parametric analysis
Furthermore, studies have shown that even for low frequency modes the assumption
of 1% might be too low since they do not take into account the effect of connections
within the structure or the effect of human-structure interaction. But since this
avoids the risk of having an overdamped system, this assumption is conservative.
On the other hand, this means that in cases when the analyses show that the acceler-
ations are a critical design parameter care must be taken when drawing conclusions
whether a specific configuration is acceptable in terms of comfort.
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8.5 Results

For this specific blade with sections longer than 10 meters it is not possible to achieve
a bridge with acceptable accelerations, deflections and low height. A noticed ten-
dency for the studied lengths up to 14.0 meters is that sections with some margin of
acceptable deflections most often also fulfils the set acceleration criteria. This corre-
lation is because stiffer sections have lower deflections and higher eigenfrequencies.
However, longer lengths of 16.0 meters and above has eigenfrequencies within the
critical range for reduction below 4.6 Hz leading to large accelerations for even the
stiffest sections. As the results are case sensitive it is difficult to come up with a
general suggestion of how to select the most suitable section, especially due to the
uncertainty of exact stiffness and damping properties.

8.5.1 Comparison with Measured Dynamic Performance of
FRP Bridges

To evaluate the feasibility of the concept, it is of interest to compare the results of
the parametric study with measurements of the dynamic behaviour of FRP bridges
with similar span lengths and eigenfrequencies. A comparison with the results for a
16 meter long span, presented in Figure J.17 with the measurements of the dynamic
performance of a lively 16.8 meter long FRP pedestrian bridge, for a section with
similar eigenfrequency of around 2.3 Hz. The bridge studied by Zivanovié et al.
(2020) has a damping ratio of 1.7% compared to the assumed 1%. The peak accel-
eration for the studied bridge in Zivanovi¢ et al. (2020) is around 10 m/s? and the
resulting maximum acceleration in Figure J.17 is above 10 m/s?. This shows that
using the studied blades for longer spans may result in a bridge even more suscepti-
ble to dynamic excitation than an FRP bridge specifically designed to be sensitive
to pedestrian loads. However, the eigenfrequency is to a large extent dependent on
which section to use. If a section including the root is used for a 16 meter long
span, the eigenfrequency is higher and closer to the frequency interval for the sec-
ond harmonic. This can be compared to Parson’s bridge (Wei et al., 2019), a 16.9
meter long box section FRP bridge with an eigenfrequency of 4.88 Hz and a peak
acceleration of around 5 m/s?. For a section with similar eigenfrequency in Figure
J.17 the acceleration peak is around 2.5 m/s? assuming TC3 and around 6 m/s? for
TC4, see Figure J.18.

8.5.2 Sensitivity Analysis

As there was uncertainty regarding remaining stiffness capacity together with damp-
ing ratio a sensitivity analysis was performed to study the influence of the param-
eters. The estimated stiffness of the blade is largely dependent on the reducing
conversion factor. Since the reduction may be over or underestimated the case of
both increased and decreased stiffness was studied. Moreover, the influence of the
difficult to estimate damping ratio was studied, it was noticed that in general higher
damping implies lower accelerations. However, as the equivalent pedestrian is in-
fluenced by the damping for some traffic classes as shown within the analysis there
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may be cases where the acceleration gets slightly higher. This implies that exten-
sive analyses have to be performed in the case of constructing a blade bridge. The
damping ratio of 1% used for the analyses was deemed to be conservative since the
damping for FRP is generally higher leading to lower accelerations. The study was
limited to a small number of sections due to the extensive analyses required for the
sensitivity analysis.

8.6 Other Configurations

Due to the large deflection of the blades, it would be possible to rotate the blades
90° utilising its larger bending stiffness in vertical direction. For this concept the
drawback is the even larger constructional height but as seen in Appendix K the
deflection criteria for the 16 meter blade is fulfilled for all sections. This implies that
this concept can be utilised when there are no strict requirements of appearance or
height below the bridge. However, not all sections can be used as the horizontal
accelerations may be critical for start coordinates away from the root.

The results in Section 7.3.2 shows that it could be possible to use longer sections
of the blades utilising a mid-support, if the site specific conditions allow for it. A
lower construction height in one of the spans is possible due to the geometry of the
blade which could act as a passageway if there are requirements on vertical clearance
under the bridge. One disadvantage with the configuration is that it can be difficult
to properly secure the bridge deck and other connections since the standing blades
contributing to a lower contact area to the deck.

8.7 Improvements

If the serviceability requirement with regard to acceleration is not fulfilled, one alter-
native can be to post-install dampers on the bridge. For example, viscous dampers
or tuned mass dampers. The optimal solution would be to take advantage of the hol-
low space inside of the wind turbine blades. Studies exist on implementing TMD’s
inside of wind turbine blades, when in service for their intended use. This shows
that it might be possible to install dampers inside of the blades, also when used as
structural members in pedestrian bridges. However, this needs more investigation
concerning dynamic behaviour as well as cost efficiency to be considered a viable
solution.
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9

Conclusion and Recommendations
on Further Studies

The aim of the project was to, through a parametric study, analyse the response of
wind turbine blades when used as main structural elements in pedestrian bridges.
The following objectives had to be accomplished, a literature study regarding pedes-
trian bridge dynamics and FRP, verification of the usage of a beam model for the
parametric study and the development of a Python script compatible with the finite
element analysis software BRIGADE/Plus.

Based on the verification presented in Chapter 5 the analyses can be conducted
using equivalent beam sections for reproducing global response of deflection, fre-
quency, and accelerations for the wind turbine blade. A parametric Python script
compatible with the finite element software BRIGADE/Plus was developed to au-
tomate the process of analysing several sections along any wind turbine blade with
known stiffness and mass properties.

The results of the parametric study presented in Chapter 7 together with the litera-
ture review in Chapter 2 has found that in order to have confidence about acceptable
dynamic behaviour in a real case an eigenfrequency of at least around 5 Hz for the
first vertical frequency is required. However, it is still needed to study the accelera-
tions since they can be unacceptable even for these relatively high frequencies. On
the other hand, an option is to accept that installation of TMD or other types of
dampers are needed and just check that the deflection criteria is satisfied.

For the studied blade and bridge configuration, the parametric study indicates that
sections up to 14.0 meters are possible to use with the assumed stiffness and damp-
ing properties. However, due to the uncertainty of the stiffness based on conversion
factors and damping which is difficult to assess, in general when designing, a sensi-
tivity analysis should be required for each possible concept. Furthermore, full scale
testing may be necessary to validate both the material properties and the dynamic
behaviour after construction.

A recommendation is that more specific guidelines for pedestrian induced vibrations
for FRP footbridges should be developed, to encourage and ensure the integrity of
possible upcoming wind turbine blade bridges as well as other fibre reinforced poly-
mer bridges.
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9. Conclusion and Recommendations on Further Studies

One limitation of the project is the overall difficulty to achieve data for decom-
missioned blades, such as material properties and mechanical properties due to the
secrecy within the wind turbine blade manufacturing. Therefore, the possibility to
draw general conclusions regarding possible span lengths applicable for other blades
is limited. To make progress in this area, greater transparency within the field is
necessary.

In the future it is possible that the blade manufacturer will be more cooperative
about the structural properties of the most common blades. If so, further analyses
could be performed with more confidence using models supplied by manufacturers.
Further studies regarding damage assessment, durability and cost efficiency should
be performed before construction to prove the adequacy of the blade bridge concep-
tualisation. A suggestion is to study these parameters within an upcoming thesis
to conclude if blade bridges are feasible in the long term. Another suggestion for
further research is to study the effect of dampers, for example develop a more stan-
dardised and cost effective damper that is tuned for a certain model of wind turbine
blades.
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A

Blade Bridge in Aalborg, Denmark

A footbridge made of decommissioned wind turbine blades is planned to be con-
structed during 2021 in Aalborg, Denmark. The project was initiated by locals in
the area and is now lead by Aalborg municipality. Several companies are involved
in the project where wind blade manufacture Siemens Gamesa is one of them. An
interview was conducted with David Stien Pedersen on the 3rd of February 2021.
Pedersen has worked at Siemens Gamesa for 13 years as Senior Project Manager
and is involved in the blade bridge project in Aalborg.

The bridge will consist of two 49-meter long blades used for testing purposes. The
blades will be oriented in opposite longitudinal direction to each other where the
roots on each side will be utilised as dressing rooms for the nearby beach, see Figure
A.1 for illustration of the bridge (Feder et al., 2019).

Figure A.1 Illustration of the bridge by Superuse Studios (Feder et al., 2019)

Advantageous in this project according to Pedersen (2021) is the collaboration be-
tween Siemens Gamesa and technical consultant company Cowi which can evaluate
the result of the modelling from Siemens Gamesa for bridge applications. There is
secrecy of the exact composition of the blades since blade manufactures do not want
the composition and blade design to be available to other companies. Even though
the blades are relatively old, smaller blade manufacturers still can benefit from this
information.
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A. Blade Bridge in Aalborg, Denmark

Another advantage is that a lot of work can be done in factory before the blades
are transported to the site, for example surface treatment to ensure a proper bond
with the applied laminate which will act as the walking path. Pedersen suggests
that the transportation of the blades to the site should follow standard guidelines
for transportation of wind turbine blades. This minimises the risk of damage of the
blades during transportation and also the cost.

Regarding damage assessment the leading edge of the blade, when used as a rotor
blade, could be eroded from hitting raindrops in the air. However, this is stated to
be an easy repair, the structural integrity of the member is not affected. Also, ac-
cording to Pedersen there is no need to repaint the blades. Inspection of the blades
may be necessary after installation to ensure no damages has occurred during this
phase.

In other cases not involving the blade manufacturer directly, there can be difficulties
to obtain exact models of the blades and it may be necessary to perform full scale
testing in order to determine the capacity. A suggestion for the future is that blade
manufactures provide an extensive end-of-life model.

Neither blade manufactures nor the owners of the wind turbines do want to take
any responsibility for the decommissioned blades when later used for other purposes.
Therefore, in this project, an insurance company take all the responsibility. For this
case there is most likely an advantage that Siemens Gamesa supplies their own re-
sults as a basis for the structural analysis.

According to Pedersen the fatigue life of a non damaged blade should not be of
concern since blades is seen to complete fatigue testing for three times its fatigue
lifetime. For a 50 meter long blade the fatigue test consists of subjecting the blade
to a load deflecting the tip up to 14 meters. This loading is repeated with 2 million
cycles. Regarding dynamic behaviour, the eigenfrequency of the planned bridge is
below 5 Hz, Pedersen indicates that it is difficult to decide the damping coefficient
for the structure. Furthermore, that there are various thoughts about if the dynamic
behaviour of the bridge will be a problem or not.

Reusing the wind turbine blades as bridge members is a good option to reduce the
environmental impact from the industry. As of today, even though there are viable
recycling methods, such as burning the epoxy for energy production and reusing the
glass fibre as replacement of part of the silica in cement, almost all wind turbine
blades are sent to landfill. Pedersen states that landfill today is the cheapest option
due to political decisions and implies that the cost must increase in order for the
blade owners to consider sustainable methods. Although Pedersen estimates that
the total mass of decommissioned wind turbine blades compared to the total land
fill mass is low, and could be around 1-2 % of total land fill in the future.
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B

Shell Model Modes

Figure B.1 1 vertical mode Figure B.2 1" horizontal mode

Figure B.3 2" vertical mode Figure B.4 2" horizontal mode

Figure B.5 3 vertical mode Figure B.6 4" vertical mode

Figure B.7 3¢ horizontal mode Figure B.8 5% vertical mode
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C

Beam Model Modes

/
/

Figure C.1 1% vertical mode Figure C.2 1 horizontal mode
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Figure C.3 2" vertical mode Figure C.4 2" horizontal mode

/
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Figure C.5 3' vertical mode Figure C.6 4" vertical mode

/
/

Figure C.7 3" horizontal mode Figure C.8 5% vertical mode
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C. Beam Model Modes
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Comparison of Mode Shapes
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Figure D.1 1% vertical mode
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Figure D.3 2" vertical mode
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Figure D.5 3" vertical mode

L .
== = Shell model
=== Beam model

0
5 10 15 20 25 1y
X [m]

Figure D.2 1% horizontal mode

L .
== = Shell model
=== Beam model

0 5 10 15 20

x [m]

25 30 y

Figure D.4 2" horizontal mode

== = Shell model
=== Beam model

0 5 10 15 20 25 30 1y

X [m]

Figure D.6 4" vertical mode
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D. Comparison of Mode Shapes
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I

Analytical Calculations

Analytical calculations for a simplified case, assuming constant cross-section, con-
stant stiffness and uniform mass distribution. The eigenfrequencies and accelerations
is computed using the SDOF method described in JRC Design of Lightweight Foot-
bridges for Human Induced Vibrations (EUR 23984 EN) and Footbridges, assessment
of vibrational behaviour of footbridges under pedestrian loading by Sétra.
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E. Analytical Calculations

(1)

Johan Dahlén
Christoffer Harnborg

1. Deflection

References

[1] SS-EN 1991-2-EN (2003) Eurocode 1: Actions on structures - Part 2: Traffic loads
on bridges

[2] SS-EN 1990/A1:2005 (2005) Eurocode: Basis of structural design

1.1 Indata
Length of span
1:=18 m

Width of bridge deck
b:=1.9m

Stiffness

EI,:=300 MN -m?

Conversion factor accounting for reduced material properties,
see Section 5.5.4 Conversion factors

7:=0.58

1.2 Calculation of maximum deflection in SLS

Load, SS-EN 1991-2-EN 4.3.5 Load Model 4 crowd loading [1]

q:=5-1.9 ﬂ:gﬁ ﬂ
m m

Partial factor SLS, Table A2.2 SS-EN 1990/A1:2005 [2]
;:=0.4

Maximum deflection

5.1/)1.q.l4

=—=29.9 mm
" 384.n-EI,
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E. Analytical Calculations

(1)

Johan Dahlén
Christoffer Harnborg

2. Eigenfrequencies and acceleration

References

[1] CROW. (2019) CROW-CUR Recommendation 96:2019: Fibre reinforced polymers in
buildings and civil engineering structures (technical report)

[2] European Commission - Joint Research Centre. (2009). Design of lightweight
footbridges for human induced vibrations (technical report). JRC

[3] The technical department for transport, roads and bridges engineering and road
safety of France. (2006). Footbridges, assesment of vibrational behaviour of

footbridges under pedestrian loading (technical report). (Service d’étudestechniques
des routes et autoroutes - Sétra)

2.1 Indata
Dimensions

1:=18 m b:=1.9m
Loaded surface

S:=1.b=34.2 m?

Blade mass per length

m, =200 9
m

Weight of pedestrian, EN 23984 9.1 [2]
P:=700 N

Density of pedestrians, TC3, EN 23984 Table 4.3 [2]
1

2

drc3i=0.5-

Number of pedestrians

nrozi=drcs*S=17.1
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E. Analytical Calculations

XII

pSTC = ml +%+Gdeck:424'8 —_—

(2)

Johan Dahlén
Christoffer Harnborg

Total weight of pedestrians

GTC::nTc3'P= 11.97 kN

Weight of deck
1540 E &
Gecp=——— =157 =2
g m

Weight of bridge including mass of pedestrians and deck

GTC

kg
m

2.2 Calculation of eigenfrequencies
Stiffness in vertical- and horizontal direction
EI,:=300 MN -m*

EI,:=600 MN -m’

Conversion factor, CROW-CUR [1]
7:=0.9> =0.729 See Section 5.5.4 Conversion factors
EI,:=EI, -n=218.7 MN -m’

EI,:=EI,-n=437.4 MN -m’

Vertical frequencies, SETRA 5.2,1.2 & Table 3.2 [3]

EI

fiv= 987 * =35 Hz
2.qr.1? PStc
EI

Tag= 395 Y =13.9 Hz
2.7m.1> \ pSrc
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E. Analytical Calculations
(3)

Johan Dahlén
Christoffer Harnborg

Horizontal frequencies, SETRA 5.2.1.2 & Table 3.2 [3]

2.3 Dynamic analysis
Damping

£:=0.01

Pedestrian load, EN 23984 4.5.1.2 Table 4.8 [2]
P,:=280 N Vertical
P;:=140 N Longitudinal

P,:=35N Lateral

Number of equivalent pedestrians, for TC1 to TC3, EN 23984 4.5.1.2 Table 4.8 [2]

Reduction coefficient, Vertical

Reduction factor [-]
[en) o =
SN N o
[en) ot o

o
b
>t
T
1

0 2 4 6 8 10
Frequency [Hz|
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E. Analytical Calculations

4

Johan Dahlén
Christoffer Harnborg

Reduction coefficient - vertical

Py i=if f,<1.25-Hz =0.25
o
elseif 1.25-Hz < f, ,<1.75-Hz
‘ fi,—1.25-Hz
I 0.45-Hz
elseif 1.75-Hz<f, ,<2.1-Hz
|1
elseif 2.1-Hz< f, ,<2.3-Hz
1_)"1.1,—2.1-Hz
0.2-Hz
elseif 2.3-Hz< f, ,<2.5-Hz
Jo
elseif 2.5-Hz< f, ,<3.4-Hz
fiv—2.5-Hz
4.0.9-Hz
elseif 3.4-Hz<f, ,<4.2-Hz
|0.25
elseif 4.2-Hz<f, ,<4.6-Hz
‘ g5 J1o—42-Hz
I 4.0.4-Hz
elseif f, ,>4.6-Hz
o

Amplitudes for TC3

, N
Q1w ::Pv'nTC'¢l.v:9‘1 Y
m

Lineload amplitude TC3

kN
Fy,=b-q,,=0.02 —
m

Maximum vertical acceleration TC3

1 4-Fp, _og M

a ————— -
2:¢& m-pSrc s

mazx "~
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I

Parametric Script

The parametric script was written using the integrated development environment
PyCharm Community Edition 2020.3.3. The script can be easily modified for sensi-
tivity analyses with varying damping ratio and/or elastic modulus for a set number
of iterations. When studying some other concepts as the standing blades and an
additional support some minor modifications were done. For the standing blade
(rotated 90°) the vertical and horizontal stiffness were switched. For the additional
support an end boundary condition was copied, and its position was set to half the
length of the nodal list (in the middle of the span). For deflections the variable load
was applied only in the weakest span. This were done by looping only the second
half (weakest span) of the nodal list in the load application. These analyses were
verified in the same way as the original script.
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F. Parametric Script

# Written by Christoffer Hdrnborg & Johan Dahlén
# Date of completion 2021-04-21

# Python script compatible with BRIGADE/Plus for performing frequency, acceleration, and
# deflection analyses for a bridge/beam. A txt-file containing sectional coordinates,
# bending stiffness in both directions, mass, and height (optional) is required.

# Several analyses for different sections of the beam can be performed which has to be specified.
# Results is automatically saved in txt-file named after the specific analysis performed.

VOO DNWUWN

11 # [1] European Commission - Joint Research Centre. (2009). Design of lightweight
12 # footbridges for human induced vibrations (technical report). JRC

14 # [2] Swedish Standards Institute. (2005). Basis of structural design (SS-EN 1990/A1:2005).
15 # Svenska institutet fdér standarder.

17 from part import *

18 from material import x

19 from section import *

20 from assembly import *

21 from step import *

22 from interaction import *
23 from load import *

24 from mesh import *

25 from optimization import *
26 from job import *

27 from sketch import *

28 from visualization import *
29 from connectorBehavior import *
30 from math import *

31 import numpy as np

32

33 # Delete previous instances

34 Mdb()

35 mdb.saveAs(pathName='C:/Users/SEAHHC/Desktop/parametric/para.cae')
36

37 # Parametric scripting
38 # Step distance, minimum 0.1 stepping
39 iter_step = 0.5

40

41 1seg = 12

42

43 # Define limiting coordinates [m]
44 al 1 =0

45 a2_2 = 24

46

47 # Define start and end damping (linear variation)

48 damping_1 = 0.01

49 damping_2 = 0.01

50

51 # Choose traffic class 1-5
52 TC = 4

53

54 # Choose comfort class 1-4
55 CL = 3

56

57 a2_1 = al_l1l + 1lseg

58 al_2 = a2_2 - lseg

59

60 nr_iter = (al_2 - al_1) / iter_step
61

62 al_list = np.linspace(al_1l, al_2, int(nr_iter + 1))
63 a2_list = np.linspace(a2_1, a2_2, int(nr_iter + 1))
64 damping_list = np.linspace(damping_1, damping_2, int(nr_iter + 1))

66 print(damping_list)
67 print(al_list)
68 print(a2_list)

69

70 # --- Constant values --- #

71 # [1] - Load per pedestrian [N] - Acceleration analysis
72 H = 700

73

74 # SLS load in N/m2, Pa
75 sls_load = 5000

77 # Width of deck [m]
78 wdeck = 1.9

80 # Non structural mass [kg/m] from Nygren. D, Kullberg. J (2020)
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nonstruct = 1540 / 9.81

# Number of eigenvalues requested
eignum = 10

# Conversion factors
ct 0.9

cm
cv
cf

0.9
0.8
0.9

# Set max value for critical f (longitudinal, vertical & horizontal)
l_crit
v_crit
h_crit

m o1
N oo
oo

# Number of modalpoints
modalpoints = 150

# --- Formulas --- #
# Conversion factors frequency analysis (is multiplied with Young's modulus)
n_freq = ct * cm * cf

# Conversion factors SLS analysis (is multiplied with Young's modulus)
n_sls = ct *x cm * cv * cf

# Define lists to append results for each iteration
para_iter = []
para_xstart = []
para_xend = []
para_TC = []
para_CL = []
para_Ares =
para_Amax =
para_mode =
para_slsres
para_slsmax
para_damp = []
para_heightl =
para_height2 =
para_freq = []
=[]
(1

para2_xstart
para2_xend =

# Initiate parametric looping
for p_nr in range(len(al_list)):

print (' ==——==mmmmm e )

print('------- Iteration ' + str(p_nr + 1) + ' of ' + str(len(al_list)) + ' initiated --------- ")
L o G D)

Mdb ()

para_A = []

al = al_list[p_nr]
dampingratio = damping_list[p_nr]

# End coordinate
a2 = al + lseg

# Create empty lists to append sectional data from text file
Mass = []
dist = []

with open('dataé.txt') as infile:
for line in infile:
dist.append(float(line.split()[6]))
Mass.append(float(line.split()[11))
EI_flap.append(float(line.split()[2]))
EI_edge.append(float(line.split()[31))
height.append(float(line.split()[4]))

# If end coordinate is outside valid range set end coordinate to blade length
if a2 > dist[-1]:

print('Warning! End coordinate: ' + str(a2) + ' m is out of range: ' + str(dist[-1]) + ' m')
a2 = dist[-1]
print('New end coordinate: ' + str(a2) + ' m')

# If segment length is equal to zero
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161 if lseg < 0.1:

162 print('Warning! span length cant be zero')

163 lseg = 1.0

164 print('New span length: ' + str(lseg) + ' m')

165

166 # Extract the data only in the specified span between al and a2
167 1 = len(dist)

168 al = int(round(al * 10))

169 a2 = int(round(a2 * 10) + 1)

170 dist = dist[al:a2]

171 ldeck = dist[-1] - dist[0]

172 Mass = Mass[al:a2]

173 EI_flap = EI_flap[al:a2]

174 EI_edge = EI_edge[al:a2]

175 height = height[al:a2]

176

177 # Calculate pedestrian load based on traffic class [N/m]

178 if TC == 1:

179 varload = 15 * H / (dist[-1] - dist[0])

180 elif TC == 2:

181 varload = 0.2 * H * wdeck

182 elif TC == 3:

183 varload = 0.5 * H * wdeck

184 elif TC == 4:

185 varload = 1.0 * H * wdeck

186 elif TC == 5:

187 varload = 1.5 * H * wdeck

188 else:

189 print('Traffic class ' + str(TC) + ' does not exist, choose between 1-5')
190 exit()

191

192 # [1] - Max allowed acceleration based on Comfort Class.

193 # A_max = [(Vertical + longitudinal), (Horizontal)]

194 if CL == 1:

195 A_max = [0.50, 0.1]

196 elif CL == 2:

197 A_max = [0.70, 0.1]

198 elif CL == 3:

199 A_max = [1.50, 0.1]

200 elif CL == 4:

201 A_max = [100, 08.1]

202 print('CL4 = Unacceptable accelerations')

203 else:

204 print('Comfort class: ' + str(CL) + 'does not exist')
205 exit()

206

207 # Calculate total bridge mass

208 totMass = 0

209 for i in range(len(Mass) - 1):

210 totMass += (dist[i + 1] - dist[i]) * Mass[i]

211

212 # Disregard pedestrian mass if it is below 10% of total mass
213 totvarload = varload / 9.81 % ldeck

214 if totvarload / (totvarload + totMass) < 0.1:

215 print('Pedestrian mass below 10 % of total mass')

216 varload = 0

217

218 # Total non structural mass [kg/m]

219 nonload = nonstruct + varload / 9.81

220

221 # SLS load for deformation acc. to SS-EN 1990/A1:2005 [N/m]
222 slsload = 0.4 * sls_load * wdeck

223

224 # Display the current classes in the message area

225 print('Traffic Class: TC' + str(TC))

226 print('Comfort Class: CL' + str(CL))

227

228 # Display the masses in the message area

229 print('SLS total mass: '+ str(round((slsload / 9.81) % ldeck, 1)) + ' kg')
230 print('Blade total mass: ' + str(round(totMass, 1)) + ' kg')
231

232 # Display total length and for which intervals the bridge spans
233 print("Length: " + str(ldeck) + ' m')

234 print("Interval: " + str(dist[0]) + ' - ' + str(dist[-1]) + ' m')
235

236

237 # Define function to calculate inertia in y and z direction for hollow rectangular sections
238 def inertia(b, h, t):

239 b2 =b -2 x t

240 h2 =h -2xt
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241 return (b * h %% 3) / 12 - (b2 * h2 *%x 3) / 12, (h *x b %% 3) / 12 - (h2 * b2 *x 3) / 12

242

243

244 # Young's modulus in MPA

245 E =20 %10 *x 3

246

247 # Density in kg/m3

248 d = 1600

249

250 # Set limit for max iterations

251 max_iter = 3000

252

253 # Allowed deviation for EI and mass

254 tol = 0.001

255

256 # Increment if criteria fails

257 inc = tol

258

259 # Define EI1 and EI2 to start the iteration

260 EI1 =0

261 EI2 = 0

262

263 #

264 b
h
t

art guesses

1
265 1
266 = 0.05
267 myMass = 700
268
269 # Set iteration counter to start value = 0
270 nr =0
271
272 # Sectional property list
273 masslist = []
274 blist
275 hlist
276 tlist
277 EIllist
278 EI2list
279
280 # Beam iteration for each section
281 for i in range(len(Mass)):
282 nr =0
283 while not (1 - tol) * EI_flap[i] < EI1 < (1 + tol) * EI_flap[i] \
284 or not (1 - tol) % EI_edge[i] < EI2 < (1 + tol) % EI_edge[i] \
285 or not (1 - tol) % Mass[i] < myMass < (1 + tol) % Mass[i]:
286 I1, I2 = inertia(b, h, t)
287 EI1 = I1 * E
288 EI2 = 12 x E
289
290 # STIFFNESS FLAP
291 if not (1 - tol) % EI_flap[il < EI1 < (1 + tol) * EI_flap[il:
292 if (1 + tol) % EI_flap[i] > EI1:
293 h=(1+inc) *h
294
295 else:
296 h = (1 - inc) * h
297
298 # STIFFNESS EDGE
299 if not (1 - tol) % EI_edge[i] < EI2 < (1 + tol) % EI_edge[il:
300 if (1 + tol) % EI_edge[i] > EI2:

b =(1+inc) b

St

mnonu
"1 r—mee
——— |

302

303 else:

304 b =(1-1inc) *b
305

306 # MASS
307 if not (1
308 if (1
309 t
310

311 else:
312 t=(1-inc) x t

313

314 myMass = (h x b - ((h -2 % t) * (b -2 % t))) xd

315

316 nr += 1

317

318 if nr == max_iter:

319 print("Maximum nr. of iterations reached for section " + str(i))
320 if not (1 - tol) * EI_flap[i] < EI1 < (1 + tol) % EI_flap[il:

tol) * Mass[i] < myMass < (1 + tol) * Mass[i]:
tol) * Mass[i] > myMass:
(1 + inc) x t

n + 1
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321 print("EI flap: " + str(round((1 - tol) % EI_flap[il, 3))

322 + " <" + str(round(EI1, 3)) + " < "

323 + str(round((1 + tol) % EI_flapl[il, 3)))

324 if not (1 - tol) * EI_edge[i] < EI2 < (1 + tol) % EI_edge[il:

325 print("EI edge: " + str(round((1 - tol) % EI_edge[il], 2))

326 + " <" + str(round(EI2, 2)) + " < "

327 + str(round((1 + tol) * EI_edgel[i], 2)))

328 if not (1 - tol) * Mass[i] < myMass < (1 + tol) * Mass[i]:

329 print("Mass: " + str(round((1 - tol) * Mass[il, 2))

330 + " <" + str(round(myMass, 2)) + " <"

331 + str(round((1 + tol) * Mass[i], 2)))

332 print('\n")

333 break

334

335 # Append results from iteration

336 tlist.append(round(t, 3))

337 masslist.append(round(myMass, 3))

338 blist.append(round(b, 3))

339 hlist.append(round(h, 3))

340 EI1llist.append(round(EI1, 2))

341 EI2list.append(round(EI2, 2))

342

343 h = hlist

344 b = blist

345 t = tlist

346

347 # Convert to SI-units (loaded as MNm2 in file) and apply the conversion factor

348 Efreq = n_freq * E * 10 **x 6

349

350 # - BRIGADE scripting ----- #

351 # Create material

352 mdb.models['Model-1'].Material(name="GFRP"')

353 mdb.models['Model-1'].materials['GFRP'].Density(table=((d,),))

354 mdb.models['Model-1"'].materials['GFRP'].Elastic(table=((Efreq, 0.3),))

355

356 # Draw the geometry line between start and end point

357 mdb.models['Model-1"'].ConstrainedSketch(name="'__profile__', sheetSize=200.0)

358 mdb.models['Model-1"'].sketches['__profile__'].Line(point1=(dist[0], 0.0), point2=(
359 dist[-1], 0.0))

360 mdb.models['Model-1"].sketches['__profile__'].geometry.findAt((dist[-1] - 0.01, 0.0))
361 mdb.models['Model-1"'].sketches['__profile__'].HorizontalConstraint(

362 addUndoState=False, entity=

363 mdb.models['Model-1'].sketches['__profile__'].geometry.findAt((dist[-1] - 0.01, 0.0),
364 ))

365 mdb.models['Model-1'].Part(dimensionality=THREE_D, name='Part-1', type=

366 DEFORMABLE_BODY)

367 mdb.models['Model-1'].parts['Part-1'].BaseWire(sketch=

368 mdb.models['Model-1'].sketches['__profile__'1])
369

370 # Create datums

371 for x in dist:

372 mdb.models['Model-1'].parts['Part-1'].DatumPlaneByPrincipalPlane(offset=x,

373 principalPlane=YZPLANE)
374

375 # Partitioning

376 for i in range((len(mdb.models['Model-1'].parts['Part-1'].datums) - 2)):

377 mdb.models['Model-1'].parts['Part-1'].PartitionEdgeByDatumPlane(datumPlane=

378 mdb.models['Model-1'].parts['Part-1'].datums[i + 3],

379 edges=mdb.models['Model-1'].parts['Part-1"]

380 .edges.findAt(((dist[i], 0.0, 0.0),)))

381

382 # Create beam profiles for all sections

383 for i in range(len(dist)):

384 mdb.models[ 'Model-1'].BoxProfile(a=h[i], b=b[i], name='Profile-' + str(i + 1), ti1=t[il,
385 uniformThickness=0N)

386

387 # Create beam sections for all profiles

388 for i in range(len(dist)):

389 mdb.models[ 'Model-1'].BeamSection(consistentMassMatrix=False, integration=

390 DURING_ANALYSIS, material='GFRP', name='Section-' + str(i + 1), poissonRatio=0.3,
391 profile='Profile-' + str(i + 1), temperatureVar=LINEAR)
392

393 # Assign sections

394 for i in range(len(dist) - 1):

395 mdb.models['Model-1'].parts['Part-1'].Set(edges=

396 mdb.models['Model-1'].parts['Part-1'].edges.findAt(

397 ((dist[i] + 0.01, 0.0, 06.0),)),

398 name="'Set-' + str(i + 1))

399

400 mdb.models['Model-1'].parts['Part-1'].SectionAssignment(offset=0.0, offsetField='",
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401 offsetType=MIDDLE_SURFACE, region= mdb.models['Model-1'].parts
402 ['Part-1'].sets['Set-' + str(i + 1)], sectionName=

403 'Section-' + str(i + 1),thicknessAssignment=FROM_SECTION)

404

405 mdb.models['Model-1'].parts['Part-1'].assignBeamSectionOrientation(method=

406 N1_COSINES, n1=(0.0, 0.0, -1.0),

407 region=mdb.models['Model-1"'].

408 parts['Part-1'].sets['Set-' + str(i + 1)1)

409

410 # Divide non structural mass for application on each node:

411 length = []

412 influence = []

413 nodemass = []

414

415 # Iterate the length for each segment (distance between nodes)

416 for i in range(len(dist) - 1):

417 length.append(round(dist[i + 1] - dist[i], 3))

418

419 # Iterate the influence load area for each node

420 for i in range(len(dist) - 2):

421 influence.append(length[i] / 2 + length[i + 1] / 2)

422

423 # Apply on half the load at the ends (half the influence area)

424 influence.insert(8, length[B] / 2)

425 influence.append(length[-1] / 2)

426

427 # Append all node loads in a list

428 for 1 in influence:

429 nodemass.append(i * nonload)

430

431 # Apply all node loads in BRIGADE/Plus

432 for i in range(len(dist)):

433 mdb.models['Model-1'].parts['Part-1'].engineeringFeatures.PointMassInertia(

434 alpha=0.0, composite=0.0, mass=nodemass[i], name='Inertia-' + str(i), region=Region(
435 vertices=mdb.models['Model-1'].parts['Part-1'].vertices.findAt(((dist[i], 0.0,
436 0.0),), )))
437

438 # Assembly

439 mdb.models['Model-1"'].rootAssembly.DatumCsysByDefault (CARTESIAN)

440 mdb.models['Model-1"'].rootAssembly.Instance(dependent=0FF, name='Part-1-1',

441 part=mdb.models['Model-1'].parts['Part-1'])

442

443 # BC

444 supl = dist[1] # Relative position for start BC

445 sup2 = dist[-2] # Relative position for end BC

446

447 # Apply start BC

448 mdb.models['Model-1"'].rootAssembly.Set(name="Set-1', vertices=

449 mdb.models['Model-1"'].rootAssembly.instances['Part-1-1'].vertices.findAt(((supl, 0.0, 0.0),)))
450 mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Initial’,

451 distributionType=UNIFORM, fieldName='"', localCsys=None,
452 name='BC-1', region=mdb.models['Model-1'].rootAssembly.sets
453 ['Set-1'],ul=SET, u2=SET, u3=SET)

454

455 # Apply end BC

456 mdb.models['Model-1'].rootAssembly.Set(name="'Set-2', vertices=

457 mdb.models['Model-1"'].rootAssembly.instances['Part-1-1'].vertices.findAt(((sup2, 0.0, 0.0),)))
458 mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Initial’,

459 distributionType=UNIFORM, fieldName='"', localCsys=None,
460 name='BC-2', region=mdb.models['Model-1'].rootAssembly.sets
461 ['Set-2'],u2=SET, u3=SET)

462

463 # Seed Edges

464 for i in range(len(dist) - 1):

465 mdb.models['Model-1'].rootAssembly.seedEdgeBySize(constraint=FINER,

466 deviationFactor=0.1, edges=mdb.models['Model-1"'].

467 rootAssembly.instances['Part-1-1'].

468 edges.findAt(((dist[i] + 0.01, 0.0, 0.8),)), size=0.11)
469

470 # Generate mesh

471 mdb.models['Model-1"'].rootAssembly.generateMesh(regions=(

472 mdb.models['Model-1'].rootAssembly.instances['Part-1-1'1,))

473

474 # Frequency step

475 mdb.models['Model-1'].FrequencyStep(name="'Frequency', numEigen=eignum

476 , previous='Initial')

477

478 # Create job

479 mdb.Job(model="Model-1', name='Freq-Job"')

480 mdb.jobs['Freq-Job'].setValues(description="", memory=50, memoryUnits=PERCENTAGE,
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numCpus=1, numDomains=1)
mdb.Job(name="'Freq-Job', model='Model-1")
mdb.jobs['Freg-Job'].setValues(description="", memoryUnits=PERCENTAGE, memory=50,
numCpus=1, numDomains=1)

# Submit job
mdb.jobs['Freq-Job'].setValues(queue="'BrigadePlusQueue')
mdb.jobs['Freq-Job'].submit(datacheckJob=False)

# Wait for completion in order to wait for frequency results
mdb.jobs['Freq-Job'].waitForCompletion()

res = session.openOdb(name='C:/Users/SEAHHC/Desktop/parametric/Freq-Job.odb"')
session.viewports['Viewport: 1'].setValues(displayedObject=res)

# Display the BC positions
print('BC1 :' + str(supl) + ' m')
print('BC1 :' + str(sup2) + ' m'")

# Set the result window in order to extract results
stepl = res.steps['Frequency']

region = stepl.historyRegions['Assembly ASSEMBLY']
freqgData = region.historyOutputs['EIGFREQ'].data

# Save all eigenvalues in a list

eiglist = []

for i in range(eignum):
eiglist.append(round(freqDatal[il[1], 4))

# Mode shape check
# Create empty lists to append mode nr in corresponding mode shape

v_mode = []
h_mode = []
1_mode = []
lcount = O

div_node = []

for frame in range(eignum):
Ullist [1
U2list
U3list
count = 0
load_div = []
for i in range(len(dist)):
# Extract all deflections (x = U1, y = U2, z = U3) and append in corresponding list
U3 = res.steps['Frequency'].frames[frame + 1].fieldOutputs['U'].values[i].data[2]
U2 = res.steps['Frequency'].frames[frame + 1].fieldOutputs['U'].values[i].data[1]
Ul = res.steps['Frequency'].frames[frame + 1].fieldOutputs['U'].values[i].data[0]
U3list.append(round(U3, 8))
U2list.append(round(U2, 8))
Ullist.append(round(U1l, 8))

[1
(1

# Check in which direction deflection is highest and use that list for finding mode shape.
if max(U3list) > (max(Ullist) + max(U2list)):
list = U3list
elif max(Ullist) > (max(U2list) + max(U3list)):
list = Ullist
else:
list = U2list

# Iteration to find mode number and the node of the load divider(s).
for j in range(1, len(list) - 1):

al = list[j - 1]
a2 = list[j]
a3 = list[j + 1]

# Get the mode nr. For each "peak" in the deflection add 1 to the counter.
if abs(a2) > abs(al):
if abs(a2) > abs(a3):
count = count + 1

# For each load divider (when the deflection goes past 0)
# append the position of that node(s). Only do this if we are between the supports
if 5 < j < (Len(dist) - 5):
if abs(a2) < abs(al):
if abs(a2) < abs(a3):
load_div.append(j)

# Check mode type (vertical, longitudinal, horizontal or rigid body mode)
# If little to none deflection in all directions assume rigid body mode

CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30



F. Parametric Script

561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578

580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602

604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620

622
623
624
625
626
627
628
629
630
631
632
633

635
636
637
638
639
640

if max(Ullist) + max(U2list) + max(U3list) < 0.001:
# print('Rigid body mode')
v_mode.append(0)
h_mode.append(0)
1_mode.append(0)
div_node.append(0)

# Vertical body mode, append mode number and eventual load dividers
elif max(U3list) > max(U2list):

v_mode.append(count)

h_mode.append(0)

1_mode.append(0)

div_node.append(load_div)

# Horizontal body mode, append mode number and eventual load dividers
elif max(Ullist) > (max(U2list) + max(U3list)):

lcount = lcount + 1

v_mode.append(0)

h_mode.append(0)

1_mode.append(lcount)

div_node.append(load_div)

# Longitudinal body mode, append mode number and eventual load dividers
else:

v_mode.append(0)

h_mode.append(count)

1_mode.append(0)

div_node.append(load_div)

# Display critical eigenfrequencies
crit_mode = []
# Check if the modes is critical and if so display which mode it is together
# with mode nr and frequency. Example: Critical mode(s): Vertical mode Nr: 1, 4.03 Hz
print('Critical mode(s):')
for i in range(eignum):
if v_mode[i] != 0O:
if eiglist[i] <= v_crit:

crit_mode.append((eiglist[i], v_mode[i], 0, div_node[i]))

para_freg.append(eiglist[i])

print('Vertical mode ' + 'Nr: ' + str(v_mode[i]) + ', f = '

+ str(round(eiglist[i], 2)) + ' Hz')

if h_mode[i] != O:
if eiglist[i] <= h_crit:
crit_mode.append((eiglist[i], h_mode[il, 1, div_node[il))
para_freq.append(eiglist[i])
print('Horizontal mode ' + 'Ne: ' + str(h_mode[i]) + ', f
+ str(round(eiglist[i], 2)) + ' Hz')

if l_mode[i] != O:
if eiglist[i] <= l_crit:
crit_mode.append((eiglist[i], l_mode[il], 2, div_node[i]))
para_freq.append(eiglist[i])
print('Longitudinal mode ' + 'Nr: ' + str(l_mode[i]) + ', f ="'
+ str(round(eiglist[i]l, 2)) + ' Hz')

if not crit_mode:

print(’=——m——m e 1)
print('--- No critical modes ---')
print('------mmmmm e )

para_freq.append(min([x for x in eiglist if x != 0]))
para2_xstart.append(dist[0])
para2_xend.append(dist[-1])

para_Amax.append(0)

para_Ares.append(0)

para_mode.append(0)

# --- Acceleration analysis ---#

# Vertical (and longitudinal) load reduction
mdb.models['Model-1"'].TabularAmplitude(
data=((0.0, 0.0), (1.25, 0.0), (1.7, 1.0), (2.1, 1.0),
(2.3, 0.0), (2.5, 0.0),(3.4, 0.25), (4.2, 0.25),
(4.6, 0.0), (10.0, 0.0)), name='Amp-v',
smooth=SOLVER_DEFAULT, timeSpan=STEP)

# Horizontal load reduction
mdb.models['Model-1"'].TabularAmplitude(
data=((0.0, 0.0), (0.5, 0.0), (0.7, 1.8), (1.0, 1.0),
(1.2, 0.0), (10.0, 0.0)), name='Amp-h',
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641 smooth=SOLVER_DEFAULT, timeSpan=STEP)

642

643 # Steady state modal step

644 mdb.models['Model-1'].SteadyStateModalStep(directDamping=((2, 20, dampingratio),),
645 frequencyRange=((0.1, 10.0, modalpoints, 3),),
646 name="'Modal',previous='Frequency"')

647

648 # Acceleration load application

649 Ares_list = []

650 Amax_list = []

651 # For each critical frequency get the acceleration load and

652 # maximum allowed acceleration depending on mode shape.

653 for ¢ in range(len(crit_mode)):

654 # divs = load dividers

655 divs = crit_mode[c][3]

656

657 # Get the max acceleration load per pedestrian (P) based on mode shape according to [1]
658 # Vertical modes

659 if crit_mode[c][2] == 0O:

660 P = 280

661 Max_acc = A_max[0]

662

663 # Horizontal modes

664 elif crit_mode[c][2] == 1:

665 P = 35

666 Max_acc = A_max[1]

667

668 # Longitudinal modes

669 else:

670 P = 140

671 Max_acc = A_max[0]

672

673 S = wdeck * ldeck # Deck area for equivalent pedestrians calculation
674

675 # Check traffic class and decide equivalent pedestrians (n_prim)
676 # based on pedestrians per area and damping ratio

677 # Get the final acceleration load (accload) to by applied in acceleration analysis
678 if TC == 1:

679 n_prim = 10.8 * sqrt(dampingratio * 15 / S) / S

680 accload = n_prim * P / (dist[-1] - dist[0])

681 elif TC == 2:

682 n_prim = 10.8 x sqrt(dampingratio * 0.2 x S) / S

683 accload = n_prim * P % wdeck

684 elif TC == 3:

685 n_prim = 10.8 * sqrt(dampingratio * 0.5 *x S) / S

686 accload = n_prim * P % wdeck

687 elif TC == 4:

688 n_prim = 1.85 % sqrt(1.0 x S) / S

689 accload = n_prim * P % wdeck

690 else:

691 n_prim = 1.85 % sqrt(1.5 ¥ S) / S

692 accload = n_prim * P * wdeck

693 length = []

694 influence = []

695 nodeload = []

696

697 # If no load dividers, calculate the load as for non structural mass
698 # -> One direction whole span

699 for i in range(len(dist) - 1):

700 length.append(round(dist[i + 1] - dist[i], 3))

701

702 for i in range(len(dist) - 2):

703 influence.append(length[i] / 2 + length[i + 1] / 2)

704

705 influence.insert(0, length[0] / 2)

706 influence.append(length[-1] / 2)

707

708 for i in influence:

709 nodeload.append(i * accload)

710

711 # [1] - If load dividers, change the application direction for each load divider as
712 # visulised in thesis chapter: Acceleration

713 if divs:

714 dividers = []

715 for i in range(len(divs)):

716 dividers.append(divs[i])

717 dividers.insert(0, 0)

718 dividers.insert(len(dividers), ldeck * 10)

719 for i in range(len(dividers) - 1):

720 if (1 % 2) == 0:
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d1l = int(dividers[i])
d2 = int(dividers[i + 1])
nodeload[d1:d2] = [element % -1 for element in nodeload[d1:d2]]

# Check if vertical, horizontal or longitudinal mode and assign loads in
# the correct direction
if crit_mode[c][2] == 0O:
para_mode.append(0)
for i in range(len(dist)):
mdb.models['Model-1'].ConcentratedForce(amplitude="Amp-v',
cf3=(nodeload[i] + 0j),createStepName='Modal',
distributionType=UNIFORM, field='', localCsys=None,
name="'Acc-load-' + str(i + 1), region=
Region(vertices=mdb.models['Model-1"'].
rootAssembly.instances['Part-1-1"]
.vertices.findAt(((dist[i], 0.0, 0.0),), )))
if crit_mode[c][2] == 1:
para_mode.append(1)
for i in range(len(dist)):
mdb.models['Model-1"'].ConcentratedForce(amplitude="'Amp-h', cf2=(nodeload[i] + 0j),
createStepName="Modal',distributionType=UNIFORM,
field="'", localCsys=None,
name='Acc-load-' + str(i + 1), region=Region(
vertices=mdb.models['Model-1'].rootAssembly.instances[
'Part-1-1'].vertices.findAt(
((dist[i], 0.0, 0.0),), )))

if crit_mode[c][2] == 2:
para_mode.append(2)
for i in range(len(dist)):
mdb.models['Model-1'].ConcentratedForce(amplitude="Amp-v', cfl=(nodeload[i] + 0j),

createStepName="Modal',
distributionType=UNIFORM, field='"', localCsys=None,
name='Acc-load-' + str(i + 1), region=
Region(vertices=mdb.models['Model-1"].
rootAssembly.instances['Part-1-1'].vertices.findAt(
((dist[i], 6.0, 0.0),), )))

# Job
mdb.Job(model="Model-1', name='Acc-Job-' + str(c + 1))
mdb.jobs['Acc-Job-' + str(c + 1)].setValues(description='"', memory=50,

memoryUnits=PERCENTAGE,
numCpus=1, numDomains=1)
mdb.Job(name="'Acc-Job-' + str(c + 1), model='Model-1')
mdb.jobs['Acc-Job-"' + str(c + 1)].setValues(description=""', memoryUnits=PERCENTAGE,
memory=50, numCpus=1, numDomains=1)

# Submit job
mdb.jobs['Acc-Job-' + str(c + 1)].setValues(queue='BrigadePlusQueue"')
mdb.jobs['Acc-Job-' + str(c + 1)].submit(datacheckJob=False)

mdb.jobs['Acc-Job-' + str(c + 1)].waitForCompletion()

res = session.openOdb(name='C:/Users/SEAHHC/Desktop/parametric/Acc-Job-"+str(c+1)+'.o0db")
session.viewports['Viewport: 1'].setValues(displayedObject=res)

# Retrive accelerations
session.viewports['Viewport: 1'].odbDisplay.basicOptions.setValues(
numericForm=COMPLEX_MAGNITUDE)

Print (' ==mmmmmm e o )
print(' --- Retrieving max acceleration ---')

print (' —=—mmm D)

nodemax = []

flist = []

nrframes = res.steps['Modal'].frames[-1].incrementNumber

# Analyse the whole defined frequency range (nrframes)
for i in range(nrframes):
maxnode = 0
A = res.steps['Modal'].frames[i].fieldOutputs['A']
for j in range(len(dist)):
# Find and save the max acceleration for each node
Al = abs(max(A.values[j]l.magnitude, A.values[j].conjugateDatal[0],
A.values[j].conjugateData[1],
A.values[j]l.conjugateDatal2]))
if abs(Al) > maxnode:
maxnode = Al

# Append the max acceleration (nodemax) for each node and
# its corresponding frequency (flist)
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nodemax.append(maxnode)
A_analysis = max(nodemax)
flist.append(res.steps['Modal'].frames[i].frequency)

# Display the maximum acceleration together with allowable acceleration
print('Maximum acceleration: ' + str(round(A_analysis, 2)) + ' m/s”"2')
print('Allowable acceleration: ' + str(Max_acc) + ' m/s”2')
Ares_list.append(A_analysis)
Amax_list.append(Max_acc)
para_Ares.append(A_analysis)
para_Amax.append(Max_acc)
para2_xstart.append(dist[0])
para2_xend.append(dist[-1])
if Max_acc < A_analysis:
print('Acceleration NOT ok!')
else:
print('Acceleration ok!')

# --- SLS deflection calculation ---#
# - BRIGADE scripting ------- #

# Reduce Young's modulus with defined conversion factor (n_sls)
Esls = n_sls * E % 10 %% 6

# Create second model (with Esls instead of Efreq, otherwise the models are identical)
mdb.Model(modelType=STANDARD_EXPLICIT, name='Model-2')

# Create material

mdb.models['Model-2'].Material(name="GFRP"')
mdb.models['Model-2'].materials['GFRP'].Density(table=((d,),))
mdb.models['Model-2'].materials['GFRP'].Elastic(table=((Esls, 0.3),))

# Draw the geometry line between start and end point
mdb.models['Model-2"'].ConstrainedSketch(name="'__profile__', sheetSize=200.0)
mdb.models['Model-2"'].sketches['__profile__'].Line(pointl=(dist[0], 0.0), point2=(
dist[-1], 0.9))
mdb.models['Model-2"'].sketches['__profile__'].geometry.findAt((dist[-1] - 0.01, 0.0))
mdb.models['Model-2"'].sketches['__profile__'].HorizontalConstraint(
addUndoState=False, entity=
mdb.models['Model-2'].sketches['__profile__'].geometry.findAt((dist[-1] - 0.01, 0.0),
))

mdb.models['Model-2"'].Part(dimensionality=THREE_D, name='Part-1', type=

DEFORMABLE_BODY)

mdb.models['Model-2'].parts['Part-1'].BaseWire(sketch=
mdb.models['Model-2"'].sketches['__profile__'1)

# Create datums
for x in dist:
mdb.models['Model-2'].parts['Part-1'].DatumPlaneByPrincipalPlane(offset=x,
principalPlane=YZPLANE)

# Partitioning with datums
for i in range((len(mdb.models['Model-2'].parts['Part-1'].datums) - 2)):
mdb.models['Model-2'].parts['Part-1'].PartitionEdgeByDatumPlane(datumPlane=
mdb.models['Model-2"'].parts['Part-1'].datums[i + 3],
edges=mdb.models['Model-2"'].parts['Part-1"]
.edges.findAt(((dist[i], 0.0, 0.0),)))

# Create beam profiles for all sections
for i in range(len(dist)):
mdb.models[ 'Model-2'].BoxProfile(a=h[i], b=b[i], name='Profile-' + str(i + 1),
t1=t[i], uniformThickness=0N)

# Create beam sections for all profiles
for i in range(len(dist)):
mdb.models['Model-2'].BeamSection(consistentMassMatrix=False, integration=
DURING_ANALYSIS, material='GFRP', name='Section-' + str(i + 1), poissonRatio=0.3,
profile='Profile-' + str(i + 1), temperatureVar=LINEAR)

# Assign sections
for i in range(len(dist) - 1):
mdb.models['Model-2"'].parts['Part-1'].Set(edges=
mdb.models['Model-2'].parts['Part-1'].edges.findAt(
((dist[i] + 0.01, 0.8, 0.8),)),
name="'Set-' + str(i + 1))

mdb.models['Model-2'].parts['Part-1'].SectionAssignment(offset=0.0,
offsetField=""', offsetType=MIDDLE_SURFACE, region=
mdb.models['Model-2'].parts['Part-1'].sets[
'Set-' + str(i + 1)], sectionName=
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881 'Section-' + str(i + 1),

882 thicknessAssignment=FROM_SECTION)

883

884 mdb.models['Model-2'].parts['Part-1'].assignBeamSectionOrientation(method=

885 N1_COSINES, n1=(0.08, 0.0, -1.8), region=
886 mdb.models['Model-2"'].parts['Part-1'].sets[
887 'Set-' + str(i + 1))

888

889 # Assembly

890 mdb.models['Model-2"'].rootAssembly.DatumCsysByDefault (CARTESIAN)

891 mdb.models['Model-2"'].rootAssembly.Instance(dependent=0FF, name='Part-1-1',

892 part=mdb.models['Model-2"'].parts['Part-1'])
893

894 # SLS step

895 mdb.models['Model-2"'].StaticStep(name="'SLS', previous='Initial')

896

897 # SLS load variable

898 length = []

899 influence = []

900 nodeload = []

901

902 for i in range(len(dist) - 1):

903 length.append(round(dist[i + 1] - dist[i], 3))

904

905 for i in range(len(dist) - 2):

906 influence.append(length[i] / 2 + length[i + 1] / 2)

907

908 influence.insert(0, length[0] / 2)

909 influence.append(length[-1] / 2)

910

911 for i in influence:

912 nodeload.append(i * (slsload))

913

914 # Apply variable SLS load and non structural load

915 for i in range(len(dist)):

916 mdb.models['Model-2"'].ConcentratedForce(cf3=-nodeload[i], createStepName='SLS',

917 distributionType=UNIFORM, field='', localCsys=None,
918 name='SLSvar-' + str(i), region=

919 Region(

920 vertices=mdb.models['Model-2"'].rootAssembly.
921 instances['Part-1-1'].vertices.findAt(

922 ((dist[i], 8.8, 0.0),), )))

923

924 # Apply start BC

925 supl = dist[1]

926 sup2 = dist[-2]

927 mdb.models['Model-2"'].rootAssembly.Set(name="'Set-1', vertices=

928 mdb.models['Model-2"'].rootAssembly.instances['Part-1-1'].vertices.findAt(((supl, 0.0, 0.0),)))
929 mdb.models['Model-2"'].DisplacementBC(amplitude=UNSET, createStepName='Initial’,

930 distributionType=UNIFORM, fieldName='",

931 localCsys=None, name='BC-1',

932 region=mdb.models['Model-2"'].rootAssembly.sets['Set-1'],
933 u1=SET, u2=SET, u3=SET)

934

935 # Apply end BC

936 mdb.models['Model-2'].rootAssembly.Set(name="'Set-2', vertices=

937 mdb.models['Model-2"].rootAssembly.instances['Part-1-1'].vertices.findAt(((sup2, 0.0, 0.0),)))
938 mdb.models['Model-2"'].DisplacementBC(amplitude=UNSET, createStepName='Initial’,

939 distributionType=UNIFORM, fieldName='",

940 localCsys=None, name='BC-2',

941 region=mdb.models['Model-2'].rootAssembly.sets['Set-2'1],
942 U2=SET, U3=SET)

943

944 # Seed Edges

945 for i in range(len(dist) - 1):

946 mdb.models['Model-2'].rootAssembly.seedEdgeBySize(constraint=FINER,

947 deviationFactor=0.1, edges=

948 mdb.models['Model-2"].rootAssembly.
949 instances['Part-1-1'].edges.

950 findAt(((dist[i] + 0.01,

951 0.0, 0.08),)),size=0.11)

952 # Generate mesh

953 mdb.models['Model-2"'].rootAssembly.generateMesh(regions=(

954 mdb.models['Model-2'].rootAssembly.instances['Part-1-1'],))

955

956 # Create Job

957 mdb.Job(model="Model-2"', name='SLS-job')

958 mdb.jobs['SLS-job'].setValues(description="", memory=50, memoryUnits=PERCENTAGE,

959 numCpus=1, numDomains=1)

960 mdb.Job(name="'SLS-job', model="Model-2"')
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961 mdb.jobs['SLS-job'].setValues(description="", memoryUnits=PERCENTAGE,

962 memory=50, numCpus=1, numDomains=1)

963

964 # Submit job

965 mdb.jobs['SLS-job'].setValues(queue="'BrigadePlusQueue')

966 mdb.jobs['SLS-job'].submit(datacheckJob=False)

967

968 mdb.jobs['SLS-job'].waitForCompletion()

969

970 # Results

971 res = session.openOdb(name='C:/Users/SEAHHC/Desktop/parametric/SLS-job.odb")
972 session.viewports['Viewport: 1'].setValues(displayedObject=res)

973

974 # Find the max delfection

975 u = res.steps['SLS'].frames[-1].fieldOutputs['U']

976 maxU = 0

977 for i in range(len(dist)):

978 u3 = u.values[i].data[2]

979 if abs(u3) > abs(maxU):

980 maxU = u3

981 pos = u.values[i].nodeLabel

982

983 # [2] - Allowed deflection = L/400

984 # Display the max. height of blade together with max deflection and allowed deflection (L/400)
985 print('Max height of blade: ' + str(int(max(height * 1008))) + ' mm')

986 print(

987 "Max deflection: " + str(abs(round((maxU) * 1000, 2))) + ' mm' + ' at: x = '
988 + str(dist[pos] - dist[0]) + ' m'")

989

990 print("L/400: " + str(2.5 % ldeck) + ' mm')

991 if abs(maxU) > ldeck / 400:

992 print('-> Deflection NOT ok!')

993 else:

994 print('-> Deflection ok!')

995

996

997

998

999

1000 # Summarise and display the results.

1001 print(" ")

1002 print('---=-==-—==-= SUMMARY —-======——— Y)

1003 print(" ")

1004 print('Traffic Class: TC' + str(TC))

1005 print('Comfort Class: CL' + str(CL))

1006 print('Blade height: '+ str(int(max(height * 1000))) + ' mm')

1007 print('Bridge span: '+ str(ldeck) + ' m')

1008 print("Interval: " + str(dist[0]) + ' - ' + str(dist[-1]) + ' m")
1009 print('Damping ratio: ' + str(dampingratio))

1010 print(" ")

1011 if not crit_mode:

1012 print('There are no critical frequencies')

1013

1014 if len(crit_mode) == 1:

1015 print('There is one critical eigenfrequency:')

1016

1017 if len(crit_mode) > 1:

1018 print('There are ' + str(len(crit_mode)) + ' critical frequencies:')
1019

1020 print(" ')

1021 counter = 0

1022 for i in range(eignum):

1023 if v_mode[i] != O:

1024 if eiglist[i] <= v_crit:

1025 print('f' + str(i) + ' = ' + str(round(eiglist[i], 2)) + ' Hz, '
1026 + 'Vertical mode ' + 'Nr: ' + str(v_mode[il))

1027 print('Resulting acceleration: ' + str(round(Ares_list[counter], 2)) + ' m/s2')
1028 print('Allowed acceleration: ' + str(round(Amax_list[counter], 2)) + ' m/s2')
1029 print(' ")

1030 counter = counter + 1

1031 if h_mode[i] != O:

1032 if eiglist[i] <= h_crit:

1033 print('f' + str(i) + ' = ' + str(round(eiglist[i], 2)) + ' Hz, '
1034 + 'Horizontal mode ' + 'Nr: ' + str(h_mode[i]))

1035 print('Resulting acceleration: ' + str(round(Ares_list[counter], 4)) + ' m/s2')
1036 print('Allowed acceleration: ' + str(round(Amax_list[counter], 4)) + ' m/s2')
1037 print(' ")

1038 counter = counter + 1

1039 if 1_mode[i] != O:

1040 if eiglist[i] <= l_crit:
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1041 print('f' + str(i) + ' = ' + str(round(eiglist[i], 2)) + ' Hz, '
1042 + 'Longitudinal mode ' + 'Nr: ' + str(l_mode[i]))

1043 print('Resulting acceleration: ' + str(round(Ares_list[counter], 2)) + ' m/s2')
1044 print('Allowed acceleration: ' + str(round(Amax_list[counter], 2)) + ' m/s2')
1045 print(' ")

1046 counter = counter + 1

1047

1048 print(' ')

1049

1050 print('SLS analysis: ')

1651 print("Max deflection: " + str(abs(round((maxU) * 1608, 1))) + ' mm')

1052 print("L/400: " + str(round(2.5 * ldeck, 1)) + ' mm')

1053

1054 # Append results for each iteration

1055 para_iter.append(p_nr + 1)

1056 para_xstart.append(dist[0])

1057 para_xend.append(dist[-1])

1058 para_TC.append(TC)

1059 para_CL.append(CL)

1060 para_slsres.append(maxU)

1061 para_slsmax.append(ldeck / 400)

1062 para_damp.append(dampingratio)

1063 para_heightl.append(min(height))

1064 para_height2.append(max(height))

1065

1066 # Append the results to txt file for post processing
1067 a = np.array([para_xstart, para_xend, para_TC,

1068 para_CL, para_slsres, para_slsmax, para_damp, para_heightl, para_height2])

1069 mat = np.matrix(a)

1070 with open('1_results-L' + str(lseg) + str(TC) + str(CL) + '.txt', 'wb') as f:
1071 for line in mat:

1072 np.savetxt(f, line, fmt='%.8f')

1073

1074 b = np.array([para2_xstart, para2_xend, para_freq, para_Ares, para_Amax, para_mode])

1075 mat = np.matrix(b)

1076 with open('2_results-L' + str(lseg) + str(TC) + str(CL) + '.txt', 'wb') as f:
1077 for line in mat:

1078 np.savetxt(f, line, fmt='%.8f"'
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Parametric Script Verification

Verification of the parametric script and its utilisation in BRIGADE /Plus. Verifica-
tion is done with the thinnest 20 meter section (start coordinate = 4.0 m) to capture
more than one critical eigenfrequency to verify the acceleration analysis for different
modes. The summary of the iteration displayed in BRIGADE/Plus is shown in
Figure G.1. Flapwise = Vertical and Edgewise = Horizontal.

SUMMARY

Traffic Cla=ss: TiC4
Comfort Class: ZL3

EBlade height: 1601 mm
Bridge =pan: 2000 m
Interval: 4.0 - 24.0m
Damping ratio: n.01

There are 3 critical fregquencies:

fl1 = 1.03 Hz. Flapwi=e mode Hr: 1
Feszulting acceleration: 0.8 m-=2
Allowed acceleration: 1.5 nr=d

f2 = 2.39 Hz, Edgewise mode Hr: 1
Fezulting acceleration: 0.0136 m =2
Allowed acceleration: 0.1 m=2

f3 = 4.55 Hz., Flapwi=e mode Hr: 2
Feszulting acceleration: 1.15 n-o=2
Allowed acceleration: 1.5 nr=d

SLS analvy=is:
Hax deflection: 371.5 mm
L-a00: 0.0 mm

Figure G.1 Summary extracted by the script for the studied iteration
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G.1 Geometry

As seen in Figure G.2 the start interval used in BRIGADE /Plus corresponds to the
coordinates 4.0 and 24.0 meters given by the script.

I—b X
Coordinates of vertex 0 :4..0.,

0.
Coordinates of wertex 200 :24..0..0.

Figure G.2 Start (vertex 0) and end (vertex 200) coordinate. Blade visualised
with beam profiles rendered

The maximum height corresponds to the height at 4.0 meters in the input text-file
as illustrated in Figure G.3

x [m] Mass [kg/m] EI_flap [MN/m2] EI _edge [MN/m2] Height [mm]
4 248 863 1858 1601.4

Figure G.3 Sectional properties at radius 4.0 meters

Which is in line with the maximum height of 1601 mm shown in the iteration
summary.

G.2 Mass

The mass for the blade is extracted as 2428.4 kg for the interval multiplying the
sectional mass with the sectional length of 0.1 m for each section. The non structural
mass from the bridge deck which is 1540 kN/m is multiplied with the length (20.0
m) resulting in a deck mass of 3139.7 kg. For this iteration TC4 is used implying
a pedestrian density of 1.0/m?. Each pedestrian weight is 700 N leading to a total
pedestrian mass of 2711.5 kg (deck width = 1.9 m). All masses summed is equal
to 8279.6 kg. This is verified by querying the mass properties of the assembly in
BRIGADE/Plus resulting in 8278.2 kg as visualised in Figure G.4

Has=s properties:
Volume: 1.52
Volumse centroid: 11 .96.6.67e—016.-2 . 41e-01%
Ha=s=s: 8278.18

Figure G.4 Mass properties for the studied blade
The margin of error between the masses is deemed to be insignificant (0.017 %) and
should not influence the overall results. This small difference is due to the tolerance

set for the beam iteration.
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G.3 Frequency analysis

For the studied section there are three critical eigenfrequencies for which the ac-
celeration need to be verified. The 1 vertical mode has a frequency of 1.03 Hz
the BRIGADE/Plus result is shown in Figure G.5. The program indicates that the
mode is mode number 2 since the first mode is a rigid body mode.

Step: Frequency
Mode 2: Value = 41.891 |Freq= 1.0301 | (cycles/time)

Figure G.5 15 vertical mode with beam profiles rendered

The 1% horizontal mode has a frequency of 2.39 Hz the BRIGADE/Plus result is
shown in Figure G.6.

COO0O0O0000000H

Z Step: Frequency
Mode 3: Value = 225.14 | Freq = 2.3881 | (cycles/time)

Figure G.6 1% horizontal mode with beam profiles rendered

The 2°¢ vertical mode has a frequency of 4.55 Hz the BRIGADE/Plus result is
shown in Figure G.7.

/

Z Step: Frequency
Mode 4: Value = 817.71 | Freq = 4.5511| (cycles/time)

Figure G.7 2" vertical mode with beam profiles rendered
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G. Parametric Script Verification

All critical eigenfrequencies corresponds well to the frequencies extracted by the
script (Figure G.1) based on the analyses.

G.4 Acceleration analysis

An analysis of the critical modes and its shapes is performed within the script to
apply the acceleration forces with the correct direction and magnitude.

G.4.1 1 5t vertical mode

The first critical mode and the by the script applied acceleration is illustrated in
G.8.

\ /

= — _—
z

Figure G.8 Acceleration load application 1% vertical mode

Moreover a verification has to be done <+ Edit Load X
regarding load magnitude. The load Name:  Acc-load-7

manager window can be studied to ver- bl

ify that the correct magnitude and re-
duction factor is utilised. First the
equivalent pedestrians can be calculated

Step:  Modal (Steady-state dynamics, Modal)
Region: (Picked) [

CSYS: (Global) [y L

as 0.30 using Equation 3.3 (S =38 m? & prstribution: [ nfform 4 ©
n = 38. The vertical acceleration load is it 0 L0 i
280 N. Since the load is applied on each . : + 10 i
node with 0.1 meter intervals the load e —— > i
of 280 N has to be multiplied with the Amplitude: QTR M

Mote: Force will be applied per node.

influence area for each node which is 0.1
m multiplied the width of 1.9 m. This
results in a load of 15.960 N for each
load which match the value applied by
the script as seen in the load editor in
Figure G.9

oK Cancel

Figure G.9 Nodal acceleration load.
1% vertical mode

Also, it can be seen in Figure G.9 that the vertical reduction coefficient as illustrated
in Figure 3.1a is included.

The resulting acceleration for all nodes and frequencies can be plotted using BRIGADE /-
Plus to verify the maximum acceleration extracted by the script. For this mode the

maximum acceleration is according to the given summary in Figure G.1 equal to
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G. Parametric Script Verification

0.80 m/s? which match well with the

G.10.

0.80F

0.60-

0.40-

Acceleration

0.201

0.00
0.

Figure G.10 Resulting acceleration for all nodes. 1%° vertical mode

= 1
4.0 6.0
Frequency

G.4.2 1 5 horizontal mode

The first critical mode and its acceleration application is illustrated in G.11.

/

- ——

—_

maximum acceleration plot visualised Figure

Y

L.

Figure G.11 Acceleration load application 1%* horizontal mode
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G. Parametric Script Verification

For the 1% horizontal mode the accel- < Edit Load X
eration load is as for the case above Name:  Acc-load-7

constant. However as the mode is hor- T

izontal the load per pedestrian is 35
N and the horizontal reduction coeffi-
cient should be utilised. Using the same
equivalent pedestrians of 0.30 and in-
fluence area per node as above the re- b 2

sulting force is 1.995 N per node which . +

0

7 0

match the value applied by the script as b _ o I”[i;
seen in the load editor in Figure G.12. .

Note: Force will be applied per node.

Step:  Modal (Steady-state dynamics, Modal)
Region: (Picked) [3

Csvs: (Global)y [y L

Distribution: | Uniform v fix)

+

oK Cancel

Figure G.12 Nodal acceleration
load. 1%% horizontal
mode

For this mode the maximum acceleration is according to the given summary in
Figure G.1 equal to 0.0136 m/s? which match well with the maximum acceleration
plot visualised Figure G.13.

0.012

0.008

Acceleration

0.004

0.000 ! I
0. 2.0 4.0 6.0 8.0 10.0

Freguency

Figure G.13 Resulting acceleration for all nodes. 15% horizontal mode

G.4.3 2 " yertical mode

For the 2" vertical mode the load magnitude and reduction coefficient is the same
as for the 1% vertical mode. However, the acceleration load should be applied as
described in Section 5.6.2 which the script takes into consideration for all mode
shapes.
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G. Parametric Script Verification

-

z \/

Figure G.14 Acceleration load application 2" vertical mode

For this mode the maximum acceleration is according to the given summary in
Figure G.1 equal to 1.15 m/s? which match well with the maximum acceleration

plot visualised Figure G.15.

1.00

0.80

Acceleration

0.00 1
0. 0.0 8.0 10.0

Frequency

Figure G.15 Resulting acceleration for all nodes. 2" vertical mode

G.5 Deflection analysis

For the deflection analysis the perceived deflection by the variable load of 2 kPa
is calculated. This implies that the load on each node with influence area of 0.19
m? is equal to 380 N. For the two end nodes the influence area is half of the other
nodes producing a load of 190 N at both ends. This is verified by inspecting the
load manager for the deflection model which is illustrated in Figure G.16a & G.16b
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G. Parametric Script Verification

~3 Edit Load X -4 Edit Load >
MName:  SLSvar-0 MName: SLSvar-7
Type:  Concentrated force Type:  Concentrated force
Step:  5L5 (Static, General) Step:  SLS (Static, General)
Region: (Picked) [3 Region: (Picked) [
CSYS: (Globaly [» L CSYS: (Global) [p L
Distribution: | Uniform ~ i Distribution: | Uniform (VI (L1
CF1: 0 CF1: 0
CF2: 0 CF2: 0
CF3: -190 CF3:
Amplitude: | (Ramp) I Pb‘ Amplitude: | (Ramp) ed Pb
[] Follow nodal rotation ] Follow nodal rotation
Note: Force will be applied per node. Note: Force will be applied per node,
oK Cancel 0K Cancel
(a) End nodes (b) Other nodes

Figure G.16 Applied deflection load for deflection analysis in BRIGADE /Plus

To verify that no other forces or masses was included in the deflection analysis the
the reaction force was extracted resulting in a total reaction force of 76 kN which is
equal to the total applied deflection load of 2 kPa - 38 m? = 76 kN

The total deflection can be verified by visualising the deflected blade in BRIGADE /-
Plus as shown in Figure G.17 which is 371.5 mm . The maximum deflection retrieved
by the script is according to G.1 equal to 371.5 mm which implies that the deflection
retrieval is done in a correct manner.

U, Magnitude
0.3715
0.3406
0.3096
0.2786
0.2477
0.2167
0.1858
0.1548
0.1238
0.0929

0.0619 - -

0.0310 i

0.0000 1

z B

L,

Figure G.17 Resulting deflection with beam profiles rendered
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Parametric Analysis Output

Presentation of result output in BRIGADE/Plus command window when performing
the parametric script. Written to enable the user to verify and follow the calculations

made. Flapwise = Vertical and Edgewise = Horizontal

H.1 Example 1: L = 12.0 no critical frequencies

Start iteration

——————— Iteration 6 of 25 initiated ————————

A& new model database has been created.

The model "Hodel-1" has been created.
Traffic Clas=: TC4

Comfort Clas=s: CL3

SLS total mass: 4648.3 kg

Blade total mass: 1973.6 kg

Length: 12.0m

Interval: 2.5 — 14.5 m

Frequency analysis

Critical mode(s):

—— Ho critical modes ——

Deflection and summary

Hax height of blade: 1675 mm

Hax deflection: 7.71 nm at: = = 7.2 n
Lo400: 30.0 mm

—» Deflection okl

———————— Iteration 6 of 25 completed

————————————— STHMARY ————————

Traffic Class: TiC4
Comfort Class: CL3

Blade height: 1675 mm
Bridge =pan: 12.0m
Interwval: 25 -14.5m
Damping ratio: 0.0l

There are no critical fregquencies

S1S analy=i=:
Hazx deflection: 7.7 mn
L-400: 30.0 mm
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H. Parametric

Analysis Output

H.2 Example 2: L = 12.0 one critical frequency

Start iteration

——————— Iteration 25 of 25 initiated ————————

4 new model datsbase ha=s been created.
The model "Hodel-1" has been created.

Traffic Class:
Comfort Class:
515 total mass:

TC4
CL3
4648 .3 kg

Blade total mas=: 1079.1 kg

Length: 12.0
Interval: 12.0

m
- 24.0m

Frequency analysis

Critical mode(=):
Flapwi=e mode Hr: 1. f = 2.04 H=z

Acceleration

analysis

——— Retrieving

max acceleration ——

Maximum acceleration: 34 .52 m- =72
Allowable acceleration: 1.5 m~s"2
Acceleration HOT okl

Deflection and summary

Max height of blade: 625 mm

Hax deflection:
L-400: 30.0 mm

96.35 mm at: = = 7.0 m

—» Deflection HOT ok!

———————— Iteration 25 of 25 completed ———————

————————————— SUMMARY ——mF————————
Traffic Class: TC4

Comfort Class: CL3

Blade height: 625 mm

Bridge =span: 12.0m

Interwal: 120 - 240 m
Damping ratio: 0.01

There i= one critical sigenfrequency:

fl1 = 2.04 Hz, Flapwi=e mode Hr: 1
Fesulting acceleration: 34.52 m- =2
Allowed acceleration: 1.5 mrsl

515 analy=is:
Max deflection:
L-400:

XL

6.3 mm
300 mm
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H. Parametric Analysis Output

H.3 Example 3: L = 20.0 several critical frequen-
cies

Start iteration

——————— Iteration 21 of 21 initiated ———————

& new model database has been created.
The model "Hodel-1" has been created.
Traffic Clas=: TC4

Comfort Clas=: CL3

SIS total mass: T4 Y kg

Elade total mass: 2428 .4 kg

Length: 2000 m

Interval: 4.0 — 24 0 m

Frequency analysis

Critical mode(=):

Flapwisze mode Hr: 1., £ = 1.03 Hz
FEdgewi=e mode Hr: 1, £ = 2.39 H=z
Flapwisze mode Hr: 2, £ = 4 G55 Hz

1%t vertical acceleration analysis

——— Retrieving max acceleration —-—

Maximum acceleration: 0.73 mos"2
Allowable acceleration: 1.5 mo="2
Acceleration olk!

15* horizontal analysis

——— Retrieving max acceleration ———

Haximum acceleration: 0.01 ms="2
Allowable acceleration: 0.1 mos"2
Acceleration okl

27d vertical acceleration analysis

—— Retrieving max acceleration —-—

Haximum acceleration: 1.08 ms="2
Allowable acceleration: 1.5 m-s"2
Acceleration okl

Deflection and summary
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H. Parametric Analysis Output

Hax height of blade: 1601 mm

Max deflection: 371 .53 mm at: = = 12.7 n
L-400: 50.0 mm

—» Deflection HOT olk!

———————— Iteration 21 of 21 completed ———————

————————————— SUMMARY ————— e ———

Traffic Cla=s: T4
Comfort Cla=ss: CL3

Elade height: 1601 mm
Bridge =pan: 200 m
Interval: 4.0 - 24.0m
Damping ratio: 0.01

There are 3 critical frequencies:

f1 = 1.03 Hz. Flapwise mode Hr: 1
REesulting acceleraticn: 0.83 m =2
Allowed acceleration: 1.5 nr=s2

f2 = 2. 39 Hz, Edgewi=ze mode Hr: 1
Fesulting acceleration: 0.0136 mo=2
Allowed acceleration: 0.1 m =2

f3 = 4 .55 Hz, Flapwize mode Hr: 2
REesulting acceleraticon: 1.15 m =2
Allowed acceleration: 1.5 nr=s2

S1S analy=i=:
Hax deflection: 371.5 mm
L-400; E0.0 mm
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Clarification of Result
Presentation

Example of result presentation and further explanation using a blade length of 12.0
meter. Asseen in Figure [.1 The x-axis of the plot is indicated by the start coordinate
(leftmost coordinate from the blade root) for each section.

Span length: 12.0 m

T T 1 1 1 I T T T T T T

—1./400 v Max. blade height j—
EIOO || * Deflection 4 Min. blade height | | _ _ _ _ —2000 g
é VYVYYVYYVYY ** :'
. v, * 1500 £
o v * a0
2 v, ** D
g 50f "vvest 41000 <
é ** "V' (]
3 N * Yy g
A AAAAAAAAAAA *** ‘500.&3
* ********* R R WY IRt /M

0 **I* * 1 1 1 1 1 1 1 1 1 1 0

1 2 3 4 5 6 7 & 9 10 11 12
Start coordinate [m)]

Min. blade
height

height
/
Start coordinate Span length

Figure 1.1 Deflection - 12.0 m blade section with start coordinate 0.0 m visualised

Max. blade [

Figure 1.2 illustrates another section with start coordinate equal to 4.0 meter for
the same 12 meter section as the example above.
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I. Clarification of Result Presentation

Span length: 12.0 m
—1/400 v Max. blade height —_
= 100 1% Deflection 4 Min. blade height 12000 é
i YyVyVYyVVYyVYVYVYYVYY * * -
- "'Vv, o * —15’)00%?-:;>
'8 MR * X =
g 50 I L 41000 <
L.E ' * X Vivy ! %
(=) Y Y YYUYYY 'R * 4500 &
*;***AA‘A‘AAAAAAAA aa
0_***|*****|** 1 | | 1 1 1 1 AT 0
0 1 2 3 5 6 7 8 9 10 11 12

Start coordinate [m]|

Figure 1.2 Deflection - 12.0 m blade section with start coordinate 4.0 m visualised

The same method is used for plotting the acceleration results as seen in Figure 1.3
visualising a start coordinate of 10.0 meter

Span length: 12.0 m, TC4 & CL3

x A —AL e f)
o fe, X XX X
L 75F Cee . % X X 75§
é. .'o. x Ed

. 5.0f et - 15.0 <
< .....aog
2.5 x S e ena,, 25
% X
O % % %% %X % %X %X X % XX 1 | | 1 | | 40
0 1 2 3 4 5 6 7 8 9 (10 11 12

Start coordinate [m)]

Start coordinate

Figure 1.3 Acceleration - 12.0 m blade section with start coordinate 10.0 m visu-
alised
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Results Parametric Analysis
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J. Results Parametric Analysis

J1l1 L=6.0m

Span length: 6.0 m

20 [|—L/40 v Max. blade height —_
= % Deflection 4 Min. blade height 12000 é
ilf) YYVYYYVYVY :‘
o A 'Vvv '1500,:}
[} 4 Yy * Ry
.4: 10' AAA Vvv * [5)
8 AAA Yy * 41000 <

A, Vv * [}

T 5 “4a R T 500 =

A T —

a ““A;;;$**¥’ftxf}1{{; m
0 ********************I ! I 1 Lo

0 2 4 6 8 10 12 14 16 18
Start coordinate [m]

Figure J.1 Resulting deflection together with minimum and maximum blade
height for 6 meter span at different positions.

Span length: 6.0 m, TC3 & CL2

+ Av _Alim b f1

f [Hz]

0.7

A, [m/s]

OF+++++++++++++++++++++++++++++++++++++70

0 2 4 6 8 10 12 14 16 18
Start coordinate [m)]

Figure J.2 Resulting eigenfrequency and acceleration response for 6 meter span
at different positions. Service state: TC3 & CL2

Span length: 6.0 m, TC4 & CL3

X Av _Alim o f

1

1.5

—
= N
) )

> Sl
<

OFXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX](

0 2 4 6 8 10 12 14 16 18
Start coordinate [m]|

Figure J.3 Resulting eigenfrequency and acceleration response for 6 meter span
at different positions. Exceptional situation: TC3 & CL4
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J. Results Parametric Analysis

J2 L=80m

Span length: 8.0 m

—1/400 v Max. blade height —_
"2 30H * Deflection 4 Min. blade height 12000 g
i YYVYVYYVYVYY ** 1500:'

vy 4
g vy =
¥ )
.820 T 'vvv MES 3
8 P v, ¥ 11000 =
% 10} ey TTR¥x g
Q AAAAAAAAA ** vVVVVVvv_500 -LG
****AAAAAAAA an}

% % Sk % K KK % % % % K XK 4444

O * * 1 1 1 1 1 1 0

0 2 4 6 8 10 12 14 16
Start coordinate [m]

Figure J.4 Resulting deflection together with minimum and maximum blade
height for 8 meter span at different positions.

Span length: 8.0 m, TC3 & CL2

1 I T ° T T T T
+ Av _Alim b f1 .o
10 ® 110
—_ °
R Te 7.5
~ - . . ~
& ..'-. .i
>50' ....+'50‘4—4
< .
2.5F 12.5
+
Ok+++++++++++++++++++++++++++++++ | {0
0 2 4 6 8 10 12 14 16

Start coordinate [m]|

Figure J.5 Resulting eigenfrequency and acceleration response for 8 meter span
at different positions. Service state: TC3 & CL2

Span length: 8.0 m, TC4 & CL3

1 T T I. T T T T T
x A, —Ay o f) °.
10F ; .« » ** 110
S ‘e
2 75F T, 175§
é .'o. x E
<:>5.0- ’o....-5.0=o-4
2.5} 12.5
3
OEXX %X X XXX XKXXXKXXXKXXXKXXXKXXXT 40
0 2 4 6 8 10 12 14 16

Start coordinate [m]|

Figure J.6 Resulting eigenfrequency and acceleration response for 8 meter span
at different positions. Exceptional situation: TC4 & CL3
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J. Results Parametric Analysis

J3 L =10.0m

Span length: 10.0 m

—1/400 v Max. blade height —_
EGO || * Deflection 4 Min. blade height 12000 é
i YYVYYYVYYY O ¥ :'
a Yvyvy, ** 11500 =
§ a0f N ®
I Tv., x ¥ 41000 <
[} A, v *
&= 7 v 1}
o 20 Ay * ¥ Y ¢ "%
Q ‘AAAAAAA * 'vvv-500 —
******“‘AAAAAAAAA A
O_Lﬁ_iﬁ_*_%****** 1 I I I L1

0 2 4 6 8 10 12 14
Start coordinate [m]

Figure J.7 Resulting deflection together with minimum and maximum blade
height for 10 meter span at different positions.

Span length: 10.0 m, TC3 & CL2

+Av_Alim .fl
10} i 110
2 75} 175 =
=) e =S
5.0 ‘e, S 15.0 —
<> ..-t.'otf
2.5 T +425
Ot++++++++++++++++++++7T | 10
0 2 4 6 8 10 12 14

Start coordinate [m)]

Figure J.8 Resulting eigenfrequency and acceleration response for 10 meter span
at different positions. Service state: TC3 & CL2

Span length: 10.0 m, TC4 & CL3

xAv_Alim.fl
. 10 '.. x X X X 110
[a\]
% 1) R R =)
[ ]

T 5.0f Tee,, 450w
< co.....x

2.5} ® e 125

X
X
Db % % % % % % % %X % %X XXXXX¥XX | | 140

0 2 4 6 8 10 12 14
Start coordinate [m]|

Figure J.9 Resulting eigenfrequency and acceleration response for 10 meter span
at different positions. Exceptional situation: TC4 & CL3
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J. Results Parametric Analysis

J4 L =12.0m

Span length: 12.0 m

—1/400 v Max. blade height T
é 1001 % Deflection 4 Min. blade height + 12000 ﬁ.
—_— *
o ’n‘_)_vvvvvvvvvvvvvvvv ** _1500%
'4% M v BK* 8
g 50t Tyl 1000 -5
s L SRR AL 3
- LA e —
A 25 AAAAAAAAQ****TA‘AAAAAAAA 500 M
* ¥ % A A A A
OJ**I*****I 1 1 1 1 1 1 1 1 1 0

o 1 2 3 4 5 6 7 8 9 10 11 12
Start coordinate [m]

Figure J.10 Resulting deflection together with minimum and maximum blade
height for 12 meter span at different positions.

Span length: 12.0 m, TC3 & CL2

+Av_Alim ® f1

10— 110
& e
L 75¢ e 175 =7
i .°o. E.

>5.0' Sle '50‘-‘—'

< "++-x-1--1-* +

2.5¢ + it eeeed25

+ ..t
Ob+++++++++++++++t | | | | T | J0

0 1 2 3 4 5 6 7 8 9 10 11 12
Start coordinate [m]|

Figure J.11 Resulting eigenfrequency and acceleration response for 12 meter span
at different positions. Service state: TC3 & CL2

Span length: 12.0 m, TC4 & CL3

x AL —Ay o f)

10+ 110
R «x[x x
E75. See, % % X —75§

°
A, ® X —
L 5.0f . 15.0 =

< ....’0.§

2.5} x ;.;x.0._25

X
O-XX’(]XX*xxlxx*xxlx 1 1 I I I I 10

0 1 2 3 4 5 6 7 8 9 10 11 12
Start coordinate [m]|

Figure J.12 Resulting eigenfrequency and acceleration response for 12 meter span
at different positions. Exceptional situation: TC4 & CL3
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J. Results Parametric Analysis

JS5 L=14.0m

Span length: 14.0 m

200_—L/40 v Max. blade height —_
=) * Deflection 4 Min. blade height 12000 g
i150-vvvvvvvvvvv ** :‘
o VY vy, * 41500 =
3 MR/ * .20
5100' Vv ¥ 5}
2 x ¥ T Vv, 11000 =
0= * 5]
S 0 et 1500 &

****;;i** N LA AP PN PR M
O * 1 1 1 1 1 1 1 1 1 1 0

0 1 2 3 4 5 6 7 8 9 10
Start coordinate [m]

Figure J.13 Resulting deflection together with minimum and maximum blade
height for 14 meter span at different positions.

Span length: 14.0 m, TC3 & CL2

+Av_Alim 'fl
10F 110
S +
L 75¢ 175 =
E ® e, E.
. 5.0f 15.0 «—
< teeve, |
251 n ++;-..;.,“.-2.5
ot ++++++*+ | ) i | ) 40

0 1 2 3 4 5 6 7 8 9 10
Start coordinate [m]|

Figure J.14 Resulting eigenfrequency and acceleration response for 14 meter span
at different positions. Service state: TC3 & CL2

Span length: 14.0 m, TC4 & CL3

x A, —Ay o f)
10+ 110
S .
7.5F X 175 =
E | xxxx " i
L 50F T ey x 15.0 =
< oo..... x
25| x Prese e, 120
Ob_x x %% 1 1 1 1 1 1 1 1 0

0 1 2 3 4 5 6 7 8 9 10
Start coordinate [m]|

Figure J.15 Resulting eigenfrequency and acceleration response for 14 meter span
at different positions. Exceptional situation: TC4 & CL3
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J. Results Parametric Analysis

J6 L =16.0m

[N~}
o
o

Deflection [mm|]
3

Figure J.16 Resulting deflection together with minimum and

Span length: 16.0 m

—1/400 v Max. blade height —
* Deflection 4 Min. blade height 12000 g
- Yy vV vV vV VvV vV VvV VvV vy -
Ty .., * 41500 B
ML .80
v

x * {1000 2
L * % ©
x * s
L. * * X {500 <
T;—*—*—*—f ATA A X X X A 4 4 2 2 2 a /M

1 1 1 1 1 1 1 1 0

0 1 2 3 4 5 6 7

Start coordinate [m]

height for 16 meter span at different positions.

A, [m/s’]

Figure J.17

A [m/s%]

Span length: 16.0 m, TC3 & CL2

maximum blade

+Av_Alim 'fl +

i —45.00

L % o 13.7 =
* o .« o .. + i

o ¢ e, * o . 42.50 «

B AL ERERMCICIR I

M I -
C 1 1 1 |' *T 1 1 1 _0
0 1 2 3 4 5 6 7

Start coordinate [m]

Span length: 16.0 m, TC4 & CL3

Resulting eigenfrequency and acceleration response for 16 meter span
at different positions. Service state: TC3 & CL2

T I T T T T T T x

x A, —Ay o f) x
i 45.00
L o 13.7%5 =

x X & o, )i i
- X S e ., s 12.50 «

x e 4, * e
L x o ]
” x 1.25
x ~

C 1 1 1 1 1 1 1 1 - 0

0 1 2 3 4 5 6 7

Start coordinate [m]

Figure J.18 Resulting eigenfrequency and acceleration response for 16 meter span
at different positions. Exceptional situation: TC4 & CL3
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J. Results Parametric Analysis

J.7 L =20.0m

Span length: 20.0 m

—1/400 v Max. blade height —
"2 400 H * Deflection 4 Min. blade height 42000 g
* i
‘g‘ v v v v v v v v v v v v v v v v v * ¥ t v +~
= x ¥ =
S x * ¥ &0
) *x * Q
8 200} e 41000 <
= x % ¥ X )
2o E
A A A A A A A A A - - A a = A A E
O 1 1 1 1 1 1 1 1 1 0
0 0.5 1 1.5 2 2.5 3 3.5 4
Start coordinate [m]
Figure J.19 Resulting deflection together with minimum and maximum blade
height for 20 meter span at different positions.
Span length: 20.0 m, TC3 & CL2
151+Av_Ahm o £ -3§
+ + + |+ —
— + >
Tm 10t + 12 &
B | Tt e ety S
— * + ° e 4, ° o
> + % e 00, I
< 5r + 11§
N S
O — | 1 1 1 1 1 T + + 1 + + 1- - O Lﬂ
0 0.5 1 1.5 2 2.5 3 3.5 4

Figure J.20 Resulting eigenfrequency and acceleration response for 20 meter span

Start coordinate [m]|

at different positions. Service state: TC3 & CL2

25
20

o
® 15

£
. 10

<
5
0

Figure J.21 Resulting eigenfrequency and acceleration response for 20 meter span

Span length: 20.0 m, TC4 & CL3

T T 1 T T T T T T 2~5
x A, —Ay o f)
% 12
o X
L ® e R e o * e o . 11.5 N
x N * ele o . . E
L ” e e o ] ey
X
s x 105
X
x
1 1 1 1 1 X)X X ¥ X X)X X X 0
0 0.5 1 1.5 2 2.5 3 3.5 4

Start coordinate [m]|

at different positions. Exceptional situation: TC4 & CL3
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J. Results Parametric Analysis

For the 20 meter span and TC4 there are also critical 1% horizontal and 2°¢ vertical
modes for which accelerations had to be calculated.

Span length: 20.0 m, TC4 & CL3
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Figure J.22 Resulting eigenfrequency and acceleration response for 15 horizontal

mode for 20 meter span at different positions. Exceptional situation:
TC4 & CL3

Span length: 20.0 m, TC4 & CL3
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Figure J.23 Resulting eigenfrequency and acceleration response for 2°¢ vertical
mode for 20 meter span at different positions. Exceptional situation:
TC4 & CL3
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J. Results Parametric Analysis
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Comparison Blade Orientation

Results for original and rotated section as illustrated in Figure K.1. Conducted to
compare constructional height vs. deflection and acceleration response.

Original Rotated

Figure K.1 Illustration of the original and flipped blade composition
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Figure K.2 Deflection together with minimum and maximum blade height for 16
meter span at different positions.
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K. Comparison Blade Orientation

20.0

(a)

TC3 & CL2

—A

vlim © f1

0 oolog

000

°5,
©0

o

Q

o
o o

oo

o

(o]

o
(o]

0

T
i

01 2 3 4 5 6 7 8
Start coordinate [m]

Original section

TC3 & CL2
o Ay —Aym o
o A _-_Av.lim o f2
OO po/oo@
(] OOOOO
°, ? OOOO

220
& & a8 o8 s s s s 8 8 8 88 58 585 87F

0o 1 2 3 4 5 6 7 8
Start coordinate [m]

(b) Rotated section

{5.0
{40 %
{3.0 =
{2.0
{1.0

Figure K.3 Acceleration response for 16 meter span at different positions (TC3

30.01

A [m/s?

& CL2).

TC4 & CL3

o f

v.lim 1

Start coordinate [m]

(a) Original section

TC4 & CL3
. Ah _Ah.lim ® f1
° Av _"Av.lim © f2 Sdooloa
olg | i
OOOBOOO
.o. Ooooo

o
o0
o= e T Y W e e e a e e e |
L L L L L L L L L

01 2 3 4 5 6 7 8
Start coordinate [m)]

(b) Rotated section

15.0
{403
13.0
{2.0
11.0

0
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Pictures NWP28.3 ATV Blade

Figure L.1 Overview of the two decommissioned blades. Photograph: David Ny-
gren

CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30 LVII



L. Pictures NWP28.3 ATV Blade

Figure L.3 Leading edge (own photo).
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L. Pictures NWP28.3 ATV Blade

Figure L.4 Interior of the blade, web and leading edge (own photo).

Figure L.5 Damage of leading edge with visible glass fibre weave (own photo).
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