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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 di Cculties 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 dilLerknt lengths extracted from di[erknt 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 stilest 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 sti [ndss properties
which are di Ccult 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 bre 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 thesiReuse of decommissioned
wind turbine blades in pedestrian bridgelsy 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 con guration using wind turbine blades which
is illustrated in Figure 1.1.

Figure 1.1 lllustration 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.

, Architecture and Civil Engineering, Master's Thesis ACEX30 1



1. Introduction

For this project, a speci cation sheet of a 28.3-meter wind turbine blade has been
supplied by its manufacturer, ATV composites. The rst four eigenfrequencies for

the blade are given which can be utilised for veri cation purposes. Also, sectional
properties at di erent sections such as bending sti ness, 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
sti ness which makes it particularly sensitive to dynamic excitation (Sivanovi¢ 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 signi cantly 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 veri cation 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 modi ed versions of Vestas V27 14.3
meter long wind turbine blades as main girders. The paper concludes that the blades
ful | the criteria with regard to strength in ultimate limit state and de ection 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 rst bending mode of the
blade is equal to 5 Hz, and thereby equal to the limit below which veri cation 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.

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, bre reinforced polymers, is necessary.

" 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 veri cation using hand cal-
culations should be conducted.

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

1.2 Methodology

The rst 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 bre reinforced civil engineering struc-
tures nor human-induced vibrations. As a result, the reportd)esign of Lightweight
Footbridges for Human Induced VibrationdEUR 23984 EN) andProspect for new
guidance in the design of FRRPublished 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 bre-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 clari cation 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

, 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 rst four eigenfrequencies for the blade. Utilising and interpolating the supplied
sectional mass and sti ness 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 di erent span lengths and sections a
parametric script must be created, compatible with the nite element software
BRIGADE/Plus. The script can be designed to create an equivalent beam for
each iteration for which a frequency, acceleration, and de ection analysis can be
performed automatically. The analyses should be veri ed 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 di cult 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 di cult to apply with currently used commercial nite 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 e ect 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 , 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 bre 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 sti ness and mass properties together with the rst 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 veri cation 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
clari cation of the parametric script used for the calculations. Also, the analyses to
be made are declared.

Chapter 7 - |lllustrates the results from the parametric study for di erent 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.

, Architecture and Civil Engineering, Master's Thesis ACEX30 5
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2

Fibre Reinforced Polymer

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

2.1 Fibres

In general, two di erent types of bres are used within wind turbine blades, glass
and carbon bre (Mishnaevsky et al., 2017). There are other bres such as aramid,
however, its mechanical properties and high price make it better suitable for other
applications (Agarwal et al., 2006). Additional types of bres are ax bres and
basalt bres. Flax bers are a type of plant-based bio- bers (Yan et al., 2014). Flax
bers can be considered more sustainable in comparison with glass or carbon bers.
It is also cost e ective, and it has good mechanical properties that are comparable
to those of glass bers. Basalt bers, used in mineral-based FRP composites, have
low cost, good re 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 bre has become the conventional bre for
polymer materials. The most common glass bre is E-glass which indicates its
electrical grade as it was rst developed for electrical applications. There are other
bres 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 bre used in wind turbine blades (Beauson & Brgndsted, 2016).

, Architecture and Civil Engineering, Master's Thesis ACEX30 7



2. Fibre Reinforced Polymer

2.1.2 Carbon Fibre

Compared to glass bre, carbon bre 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 bre polymer structures using the higher sti ness
carbon bre 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 bres, the matrix material function as a binder and dis-
tribute the load between bres and layers of bres (Damberg, 2001). The matrix
material mainly in uences 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 di erent 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 di cult 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

Di erent types of laminates can be utilised depending on their application. The
bres 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 di erent types of weaves and depending on the weaving pattern
di erent characteristics regarding density, workability, and strength can be achieved.
Plain weave is most common although the bres can be interlaced in other ways such
as twill or satin weave (Damberg, 2001).

8 , 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 sti ness in structural
applications due to their low thickness. In order to achieve higher sti ness, 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
I-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 sti ness
can be increased with core thickness.

There are mainly three di erent 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 bre 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 bre properties for E-glass bres and high-
strength carbon bres.

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

Material properties E-glass HS Carbon

Density [kg/m?] 2750 1790
Tensile strengthk [MPa] 2750 3600
Tensile strength? [MPa] 1750 135
Young's modulusk [MPa] 73100 238000
Young's modulus? [MPa] 73100 15000
Shear modulus [MPa] 30000 50000

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

, 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/m3] 1.2 1.25
Poisson's ratio [-] 0.38 0.39
T4 [°C] 60-100 80-150
Sti ness 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 PVC PUR

Density [kg/m?3] 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 e ects 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 e ects, see Equation (2.1)

c= ¢ cm o cf (2.1)
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2. Fibre Reinforced Polymer

where
ot - Conversion factor due to high temperature e ects
= 0.9 or 1.0 depending on the maximum service temperature

cm - Conversion factor due to humidity and moisture e ects
= 0.9 for outdoor conditions with temperatures below 3tC.

ov - Conversion factor due to creep
= 0.25 to 1.0 depending on load duration class
This factor is disregarded in frequency analyses.

of - 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 bre 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
simpli cation 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 bre direction.

8 9 2 38 9
2 12 Qu Q12 0 _2 ;2
s 25 ngz Qx O 5ZJ> 2 (2.2)
V) 0 0 Q. 12
I {5 }
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where
Q - Reduced sti ness matrix

The inverse of Hooke's law for an anisotropic material is represented by Equation
(2.3).

8 9 2 38 9
2 12 Si1 Si2 0_2 12
S 25 = 2812 822 0 g s 25 (23)
12 0 0 Se = 12
where
Sj - Compliance components

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

1 1

Spi= — 2.4 Sy, = — 25

11 El ( ) 22 EZ ( )

Sp,= 12 (2.6) Ses = 1 (2.7)
El GlZ

Since the bres may be oriented in di erent directions the transformation matrix (T)
from local coordinate system of a lamina to global coordinates is used to obtain the
transformed reduced sti ness matrix for a given orientation angle, see Equation
(2.8).
? ¢ s? 2sc °
T=9¢ & 2scb (2.8)
sc sc & 2

s - sin()
c - cos()

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

Q=TQ (2.9)

The membrane sti ness matrix terms A, the coupling sti ness matrix terms B;
and the bending sti ness matrix terms 0 are shown in Equations (2.10) to (2.12),
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where n is the number of laminae in the laminate andyhis as de ned in Figure 2.1.

X0
Aij = (Qj)k(he  hy 1) (2.10)
k=1
X
By = = (Qy (M2 h2)) (2.11)
2k=l
X
Dy = 27 (@ (e B2 ) (2.12)
3ka1

Figure 2.1 shows a laminate with n number of plies wherg.h is the distance from
mid-plane to the lower surface of the k:th layer and jhis the distance to the upper
surface.

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

The compliance terms ¢ can then be calculated by inverting the bending sti ness
matrix. The equivalent bending elastic constants can then nally be calculated from
the compliance terms and total height of the laminate, see Equations (2.13) to (2.16).

12 12

Ex =t (2.13) R (2.14)
_ 12 _ O
Gy = e (2.15) s (2.16)
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Dynamic Response

Fibre reinforced polymer (FRP) bridge structures have relatively low mass and sti -
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 di erent standards and codes which must be evaluated since there is not yet a
standardised Eurocode published for bre reinforced polymer bridges. According to
JRC (2009) there are di erent 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 di erent design situations
which may occur during the bridge service life. A design situation consists of a
tra c class, an acceptable comfort class and how often it takes place, for example
weekly or daily.

3.1.1 Trac Classes

The load situation of a pedestrian bridge di ers between permanent, temporary,
and exceptional situations. In order to be able to make reasonable assumptions of
load situations, JRC (2009) de nes ve trac classes (TC), TC1 to TC5, ranging
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from very weak tra c to exceptionally dense tra c. The technical department for
transport, roads and bridges engineering and road safety of France (Sétra, 2006) has
a similar de nition of tra c classes. See Table 3.1 for tra c classes and pedestrian
densities.

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

Trac Class Density (P = pedestrians)  Description

TC1 15 P/A peck Very weak tra c

TC2 0.2 P/m? Weak tra ¢

TC3 0.5 P/m? Dense trac

TC4 1.0 P/m? Very dense trac

TC5 1.5 P/m? Exceptionally dense trac

3.1.2 Comfort Classes

To ensure the comfort for pedestrians crossing the bridge there is a set limit for
acceleration. JRC (2009) de nes 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 [Tra kverket], 2019)

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

Comfort class  Degree of comfort

CL1 Maximum
CL2 Medium
CL3 Minimum
CL4 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 di erent standards, codes and other
literature. For example, Sétra (2006) de nes 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 di erent design situations
JRC (2009) implies that two di erent methods can be used, single degree of freedom
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(SDOF) method and the nite element method for which harmonic load models
could be utilised.

3.2.1 Load Application

There are two di erent harmonic models provided by JRC (2009) where the number
of equivalent pedestrians (n') on the loaded area di ers depending on the trac
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(2f ¢t) n° (3.1)
where
P - Force component for a single pedestrian
fs - Step frequency equal to the bridge eigenfrequency
n® - Equivalent pedestrians

- Reduction coe cient 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 a ects the number of
equivalent pedestrians. (JRC, 2009).

p—

10: 1

For TC1 - TC3: no= 088” = (3.2)
18577/ 1

For TC4 & TC5: n°= S = (3.3)
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where
- 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.

(@ Vertical and longitudinal (b) Horizontal reduction coe -
reduction coe cient cient

Figure 3.1 Acceleration load reduction coe cient for di erent 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 e ects 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 in uencing 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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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.
S

1
f=- (3.4)

Z\x\

where
K - Stiness
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).

_p _p1
Bmax = p— (3.5)

where
p - Generalised load
- Generalised modal mass
- Structural damping ratio
- Logarithmic deduction of damping

For the case of a simply supported beam with constant mass- and sti ness distri-
bution, the generalised mass imis described by Equation (3.6) and the generalised
load p’ is described by Equation (3.7) for the rst mode shape.

m = > L (3.6)
.2
p = —p(Xx)L (3.7)
where
- Mass distribution per length
p(x) - 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 veri cation 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 thé“2harmonic 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 2.50Hz
JRC (2009):

Vertical and longitudinal vibrations: 1.25Hz f 4.60Hz
Lateral vibrations: 050Hz f 1.20Hz

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 di erent comfort classes in accordance with
JRC (2009, p. 15)

Comfort class  Vertical an: [M/S?]  Lateral g [M/s?]

CL1 < 0.50 <0.10
CL2 0.50 - 1.00 0.10 - 0.30
CL3 1.00 - 2.50 0.30 - 0.80
CL4 > 2.50 > 0.80

3.3.3 Lateral lock-in

Lateral lock-in is a phenomenon that can cause an ampli ed 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 e ect leads to an automatic synchronisation of the pedestrians' walking
patterns, which in turn leads to an ampli cation of the lateral movement (Ingolfs-
son et al., 2012). Figure 3.3 shows a schematic description of synchronous walking,
adapted from JRC (2009).

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 e ect 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 @u.in €qual to 0.1 to 0.15 m/$. 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 signi cant in uence 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 ful lled 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 uid. The TMD works as an external mass-spring system tuned
to reduce the vibrations for a speci c 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 e ective they require large de ections. Tuned mass
dampers, on the other hand, are e ective only for a speci c 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 stiness (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 sti ness matrix K, see Equation 3.8. The relation between
the modal damping and the Rayleigh damping factors is described by Equation 3.9.

C-= M+ K (3.8)
1
n= 5 —*t I (3.9)
‘n
where
n - Modal damping for mode n
I'n - Eigenfrequency for mode n

; - Rayleigh damping factors

3.4.2 Damping of FRP Structures

JRC (2009) and Sétra (2006) recommend minimum and average damping ratios for
some di erent construction materials, but have no recommendations of damping
ratios for FRP. The damping of an FRP material is dependent on multiple factors
such as bre orientation and bre volume content. According to CROW-CUR Rec-
ommendation 96:2019 (CROW, 2019) it is also a ected 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 bre 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 re ect 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 ful | 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 bene t 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 di erent 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
di erent 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 di erence is present and
the FRP bridges are approximately 3.5 times more responsive to dynamic excitation.
This di erence is due to the relatively lower mass of FRP structures. However, the
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measured damping ratios for the FRP bridges are signi cantly 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 mfs

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 Sivanovi¢ et al. (2020) is a 16.8 meter long, simply sup-
ported FRP footbridge. The measured eigenfrequency of the rst 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 n¥<or 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/$, 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 Sivanovi¢ et al. (2014) the dynamic response of ve 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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guencies 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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