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ABSTRACT

The use of graphene in pedestrian bridges, whesthetees and design have an important
role, will lead to a revolution in the field. Therength and lightness of graphene will
broaden the possibilities in span lengths and slerass. Together with these possibilities
dynamic problems may arise.

This project reviewed the dynamic problems of p&des bridges with the intention to
check the suitability of graphene on them. Thisamal is known for its lightness, and that
may cause a difference in the dynamic behaviour.

72 different bridge models with two different cresctions and four material combinations
were analysed to check their dynamic performanbeywere designed for ULS and SLS,
and then, their dynamic comfort was checked. Tltases combined the use of traditional
materials (steel and concrete) and high-performannevative and futuristic materials
(respectively FRP and graphene).

The results showed that graphene performed betem the other materials for short
bridges, due to its higher stiffness. However,|sbasuffered dynamic problems in longer
bridges. Frequencies followed clear patterns ddpgrah the length of the bridges, getting
lower values when span length increases. Lateeduincies rose when width was
increased, meanwhile vertical frequencies did mws any special trend dependant on
width.

The accelerations were calculated according tolatest Guidelines and Eurocodes. The
results could not be evaluated as a trend dueetdirthtations of the load definitions, just
defined by the cases were the eigenvalues weranger However, general material and
geometry observations were concluded, such as depey on damping of the material and
influence of the load value.

In conclusion, the evaluation highlighted how grapd had a great dynamic performance
and the geometry and material influenced in theadyin behaviour.

Key words: Bridge, Pedestrian Bridge, Footbridge, Ultra-ligaight Bridge, Lightweight
Bridge, Dynamic Analysis, Pedestrian Loading, P&des Load Model, Graphene, FRP,
Steel, Concrete, Resonance, Comfort Criteria, Vidma, Brigade, Finite Element, FEM,
Python
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Notations

Roman uppercase letters

c Viscous damping matrix [N-s/m]
c Modal damping matrix [N-s/m]
E Young’s modulus [N/rj
F(t) Force vector [N]

K Stiffness matrix [N/m]
K Modal stiffness matrix [N/m]
M Mass matrix [kg]

M Modal mass matrix [ka]

N Number of DOFs of the system [-]
P(t) Modal force vector [N]

Ty Damped natural period [s]

T, Undamped natural period [s]

Roman lowercase letters

c Viscous damping coefficient [N-s/m]
Cor Critical viscous damping [N-s/m]
fo Damped natural frequency s

fn Undamped natural frequency s

fu Ultimate normal stress [N/th
fy Yielding normal stress [N/fh

k Elastic spring stiffness [N/m]
m Mass [kg]

t Time [s]

Po Amplitude of an applied periodic force [N]

u Displacement [m]

u Velocity [m/s]

il Acceleration [m/s7]
vol% Percentage by volume [%0]
wit% Percentage by mass [%0]

Greek uppercase letters

D Modal matrix [-]

Greek lowercase letters

{ Viscous damping ratio [-]

Ny Displacement in a base formed by the eigenvectofs]
of the problem

Ny Velocity in a base formed by the eigenvectors ef tHm/s]
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Mr

problem
Acceleration in a base formed by the eigenvectordm/s?]
of the problem

Poisson’s ratio [-]
Density [kg/m?]
Normal stress [N/A)
Natural mode of vibration [-]
Ultimate shear stress [Nfin
Generic circular natural frequency [rad/s]
Damped circular natural frequency [rad/s]
Undamped circular natural frequency [rad/s]

Abbreviations

CNT
DLF
DOF

FE
MDOF
MWCNT
OPC
SDOF
SWCNT
SLS
ULS
FRP
PAN

Carbon nanotube

Dynamic load factor

Degrees of freedom

Finite element

Multiple degrees of freedom
Multi-walled carbon nanotube
Ordinary Portland cement
Single degree of freedom
Single-walled carbon nanotube
Serviceability limit state
Ultimate limit state

Fibre reinforced polymer
Polyacrylonitrile
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1 Introduction

Graphene is a one-atom-thick layer of carbon atamanged in a honeycomb crystal
lattice, the first two-dimensional material. Ittiee thinnest, strongest, lightest, most flexible
and best heat and electricity conducting known nedtand in combination with different

elements it can produce several materials withouarsuperior properties and applications.

The use of this material in civil engineering igl sthcertain since the main research has
been developed mostly in nanoscale. Despite thls ¢& specific mechanical properties of
the material in a bigger scale, individually or @smposite, it is possible to analyse the
expected behaviour and problems that would ariss.therefore interesting to investigate
how such a light material would behave in a reaicstre.

Graphene has been studied for decades, but thegexpimene was not introduced until
1985, by Boehm, Setton and Stumpp (Boehm, et @85)1 Before that, some authors had
already studied the theoretical magnificent propsrthat one isolated layer of graphite
could perform. Despite that, its isolation seenwedée impossible for several years, due to
the conclusions extracted from some theoreticalistuon the thermodynamic stability of
two-dimensional crystals. The development of a wetfor the production of single layer
graphene from graphite, known as the scotch tapghadewas announced by Geim and
Novoselov in 2004 (Novoselov, et al., 2004) whicbrgvawarded with the Nobel Prize in
Physics in the year 2010 (The Royal Swedish Academ$ciences, 2010). Since then,
universities and industries have been working ivetping better ways of producing it,
together with investigating its properties and védar .

This ultra-light and ultra-resistant material wilke possible the construction of ultra-light
and slender bridges that may lead to dynamic pnoblen the structure. There has been a
concern about dynamic problems on bridges for nyaays; that is the reason, for example,
why troops break step while crossing. An inflexpint concerning dynamic problems due
to footsteps appeared in the year 2000 with théektilium Bridge in London (Dallard, et
al., 2001). The bridge had to be closed a few @digs its opening, due to the detection of
unexpected vibrations produced by the pedestriaittsire interaction.

Dynamic loads to be taken into account on the ¢adicun of pedestrian bridges are defined
in Eurocode 1- Part 2: Traffic loads on bridgéSEN, 2003), although they are vaguely
descripted, and it can be unclear for the engitesv to proceed in order to check the
dynamic response of structures to avoid these gnadl

1.1 Purpose

The purpose of this project was to achieve a cear framed use of the graphene in the
design of bridges, defining structural types areimants in the bridge where this material
will suppose an advantage. For that, an increagsbeoknowledge about the mechanical
properties of graphene for the use on the structuralysis needs to be extrapolated from
the nowadays reality in graphene research, whemestlnone real-scale experimental data
has been achieved.
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Further, establish a rationalised and optimizeditsmt for the use of this material in
pedestrian bridges, identifying and defining theohbems associated with graphene
characteristics, together with the proposed salgtidghat are needed to fulfil both
serviceability and ultimate limit states.

The known characteristics of this material will etitty lead to an ultra-lightweight
structure; therefore another main purpose of ttogept is to identify the dynamic problems
associated with ultra-light pedestrian bridges. that a comparison between conventional
materials and graphene is developed together Wwehstudy of the influence of different
geometry cross-sections.

1.2 Objectives

Four main objectives have been identified:

- Gather the knowledge about graphene mechanicalegrep in order to use the
material in the analysis.

- Establish the state of the art of the use of graphe civil engineering.

- Define the assumptions and chosen mechanical pgrep@f the graphene
together with recommendations of its adequate umsethe different
structural elements of the pedestrian bridges.

- Broaden the knowledge of the behaviour of ultratligedestrian bridges, based on
the hypothetical use of graphene as the refereaterial.

- Establish the dynamic theory that will be useddnradequate evaluation
of the problem and the pedestrian loads accordinghe codes and
guidelines.

- Based on the research of both material propertidsdgnamic behaviour
of the pedestrian bridges specify, the structulements where this
material will be used.

- Analyse the dynamic behaviour of different caselistsl from several structural
types under the defined pedestrian loads.

- Define the parameters to be compared for each stagly in order to
systematize their evaluation.

- Calculate for each case study the chosen paramef#isthe help of
appropriate engineering software according to tharacteristic of each
study case.

- Compare the achieved results of the different sasdies in order to make
conclusions of the limits in the use of graphenednh case.

- Gather the conclusions of the previous studieset@tile to define an appropriate
and optimised conceptual structural type for the o$ graphene in pedestrian

bridges.

2 CHALMERS,, Civil and Environmental Engineerind/laster’'s Thesis 2015:118



1.3 General Layout

The present study is divided in three differentqeaa literature review, the study of several
cases and the conclusions.

In Section 0, structural dynamics of footbridges aresented, including a brief introduction
in structural dynamics and the definition of thel@strian loads. In Section 3, graphene and
FRP materials are presented. Finally, in Sectidifférent structural types currently used in
FRP bridge concepts are described.

In Section 5 the methodology followed in the pressody is presented and the results of
its appliance are gathered in Section 6. Finaley discussion of the results is included in
Section 7 with the final conclusions in SectiorS8ction 9 presents suggestions for further
studies.

Four appendices are included at the end of therdentit APPENDIX A and APPENDIX B
explain in depth some sub-studies that were neédlde developed along the analysis.
APPENDIX C and APPENDIX D present the results @ ttynamic analysis.

CHALMERS, Civil and Environmental Engineering/laster’s Thesis 2015:118 3
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2 Structural dynamics of footbridges

Structural dynamics is the discipline that studies behaviour of structures over time.

Loads vary in time producing variations in the defion of the structure. These effects are
of importance in bridges, where pedestrians, vehjclvind or earthquakes can start a
dynamic response of the structure that needs tchbeked in terms of the Service Limit

State (SLS) and Ultimate Limit State (ULS).

The dynamic response of the structure is sometidezssive in the calculations of a
pedestrian bridge, as dimensioning regarding UL& @bS take them to a high point of
slenderness where the dynamic problem may appear.

The variable loads applied are collected from dunds recently published that aim to
define this problem in a proper and accurate wdyeyTmodel extreme cases for the
dynamic problems such as the crowd behaviour dwerstructures. When these loads are
applied on the model, they produce a response enwhy of displacements and
accelerations that need to be limited to achiewertain level of comfort, as it will be
explained in this section.

2.1 Structural dynamics theory

The approach to calculate the behaviour of a systiebjected to a dynamic loading is
derived starting from a simple system, to thentgetresponse of a more complex finite
element system, which can represent in a good manreal structure.

Dynamic analysis of pedestrian bridges is direotated with moving loads. Models for
this matter are based on the integration over tohé¢he dynamic equations under the
pedestrian loads. This problem can be approachei#wsioping the whole integration with
multiple degrees of freedom (MDOF) systems or redyudhe equations with modal
analysis, which can be done by numerical approx@chatalculations of the vibrations
modes or, if possible, obtaining the analyticatigoh.

Analytical calculation can only be obtained for plenstructures such as simply supported
beams and some statically indeterminate structttesever, for more complex structures
commercial software allows to calculate the nornmabdes for the approximated
integrations of the dynamic equations following Bi&method.

2.1.1 Equation of motion

The theory behind structural dynamics can be uhoedseasier starting from a simple
degree of freedom (SDOF) model, to extrapolataterlto MDOF systems. As shown in
Figure 2.1, SDOF systems can be represented bysa ati@ched in parallel to a spring and
a damper. This mass is subjected to a general &{tQe and is located at(t).

CHALMERS, Civil and Environmental Engineering/laster’s Thesis 2015:118 5
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Figure 2.1. SDOF system with a mas® attached to a spring of stiffnesk and a damper with viscosityc,
subjected to a forceF(t) and placed atu(t).

The equation of motion for the model can then bevedd using Newton’s @ Law or
Lagrange equations (Craig Jr & Kurdila, 2006), lxbedn:

m-i+c-u+k-u=F() (2.1)

The exact solution of this differential equationséx only for certainF(t), therefore for
most of the cases, the use of numerical methodseaded in order to get an approximation
of the solution for the problem.

MDOF systems can be modelled in an equivalent wsing matrices and vectors instead of
scalar variables. The derivation is done againgusither Newton’s % Law or Lagrange
equations (Craig Jr & Kurdila, 2006) and resultthia following equation of motion:

M-it+C-u+K-u=F(t) (2.2)

Matrices in Equation (2.2) are of dimension N xadd vectors are of dimension N x 1, N
being the number of degrees of freedom (DOF) ddffoethe model.

2.1.2 Natural frequencies and modes for undamped systems

Vibration of the structure is produced when thejfiency reaches its natural value. When
this phenomenon is produced the structure acqtheeshape of the corresponding natural
mode.

For their calculation, it is needed to calculate solution for the free vibrations case, i.e.
taking F(t) = 0 in Equation (2.2). If an undamped system is uszé,ithe solution can be
achieved by solving an eigenvalue problem (Crai§ urdila, 2006) with the following
characteristic equation:

[K—w?-M]-u=0 (2.3)

6 CHALMERS,, Civil and Environmental Engineerind/laster’'s Thesis 2015:118



The characteristic equation for this system is then
det(K —w?2-M) =0 (2.4)
Equation (2.4) has N roots, which are the eigeresaly,, associated with the frequencies at

which the structure will vibrate, getting the nalufrequencieg;, and periods of vibration
T,, of the structure as:

frn = 2.5
"o2-m (2.5)
I ——2- 2.6
n ()

And the natural modes of vibration are the eigetorsap, obtained directly from the
eigenvalue problem defined by equation (2.3) . Teidone by finding non-zero solutions
for u, for each of the calculateadl, .

2.1.3 Damping

In real life, the free vibrations of the systemsatwlyse are reduced with time; this is what
is known as damping. So far, a system without dampas been studied in order to get the
natural frequencies of the structure; however gibagmore accurate result of its behaviour,
damping of the structure has to be added to thahas considered.

The main factors that cause damping in structure$¢Ghopra, 1995):

- The transformation of energy due to the thermadatfbf repeated straining of the
material.

- The loss of energy due to internal friction of paes.

- Other factors that have less influence, but thay @ accounted, such as the
friction at steel connections, the opening andiotp®f concrete micro-cracks, or
the friction between structural and non-structe@hponents.

The evaluation of damping is not easy and dampaggofs are usually calculated with
empirical methods and idealized as linear viscoammers (Chopra, 1995). Thus, the
expressiorC - u is used for this matter in equation (2.2).

In such case, a new variable important for the lprabis defined, the viscous damping

ratio, ¢ (Chopra, 1995):

(zi; Cor =2-Vk-m (2.7)

CC‘)"

Depending on the value ¢f the system can be in any of these three diffesiémations:

- Overdamped, whefi* — 1 > 0 or ¢ > c.,.. These systems, once excited, return to
equilibrium without vibrating.

CHALMERS, Civil and Environmental Engineering/laster’'s Thesis 2015:118 7



- Critically damped, whe§? — 1 = 0 or ¢ = ¢,,.. The behaviour is the same as for
overdamped systems.

- Underdamped, wheg? — 1 > 0 or ¢ > c,,.. In this case, the structure vibrates with
exponentially decreasing amplitude. In this casdifferent frequency and period
will appear, compared with the undamped problem:

Wwp = W, +/1—? (2.8)

1

— = 2.9

Damping ratio values are collected in Table 2.#ifferent common construction materials.
The selected damping ratio for the different matsrused in this thesis are defined in
Section 2.3.1.2.

Table 2.1. Damping ratios for different materials aml construction types for serviceability conditions
(Heinemeyer, et al., 2009).

Material / Construction Type Damping ratio (Minimum {)
Reinforced concrete 0.8 %
Pre-stressed concrete 0.5%

Composite steel-concrete 0.3%
Steel 0.2%
Timber 1.0%
Stress-ribbon 0.7 %

2.1.4 Resonance

2.1.4.1 Undamped systems

When applying a cyclic force as (2.10) over an wmgad structure with a frequenay
equal to a natural frequency of the structwrg resonance will appear, as shown below.
Thus, it is interesting to know the natural frequiea and modes of the structure from the
point of view of structural comfort and avoiding Blsituations.

F(t) = p, - sin(w, - t) (2.10)
In such a case, the solution for the equation dionan a SDOF problem would follow an

equation of the form of (2.11) (Chopra, 1995). Tdotution is derived for a case with initial
conditionsu(0) = 0 andu(0) = 0.

u(t) = _1p (wy, - t - cos(wy, - t) —sin(w, - t)) (2.11)

It is interesting to plot this function with nornadd axes, ovew,/k for displacements and
overT, for time. As it can be observed in Figure 2.2presice causes an amplification on

8 CHALMERS, Civil and Environmental Engineering/laster’s Thesis 2015:118



the amplitude ofu(t), that would lead to failure of a brittle structu to yield in the
structure if it is ductile. In this last case, 8téfness of the structure would decrease and its
natural frequency would change, becoming then miffefrom the frequency of excitation
o, and escaping from resonance (Chopra, 1995).

30, ‘

Envelope curve _ - /ﬂ\/ (H‘\

_ -7 I B

207 \ /‘,/\/ J\\ / \ / \\
|

B //\/ \ [ . I [

10+ A ‘/\ L ]

w o</ SV
po/k - - \ ) T ] ‘

10 S VA L Y B O

\/ \
-20 s H | |

-30- =~

Figure 2.2. Response of undamped structure for theesonance problem.

The goal is therefore to get a structure that hatsiral frequencies different from the
frequency of the expected dynamic excitations duservice life, such as wind flutter,
pedestrian or vehicles loads. This can be achiéyedarying different parameters as the
stiffness of the structure, its mass, adding damjpestrategic points, etc.

2.1.4.2 Damped systems

When taking into account damping, the equation ofiom of the structure becomes as in
equation (2.12) (Chopra, 1995).

u(t) = ziz . %- [e‘("”n't (cos(a)D “t) + \/%zzsin(wl) . t)) — cos(wy - t) (2.12)

The result of equation (2.12) fgr= 0.05 and starting from rest (i.e. witla(0) = 0 and
1(0) = 0) is depicted in the following figure:

CHALMERS, Civil and Environmental Engineering/laster’'s Thesis 2015:118 9



20
Steady-state amplitude
1 /
10 5C ‘

u(t) 0" - / \ [\ ‘,e"‘/ \‘ AR / /|
ok ST \// / \ / \\ / \ / \ / \\ [ f“’/ \
- \ \ \ \ i \

P P NS e ) VIR V SRR VI

Envelope curve

Figure 2.3. Response of damped system to resonafieguency w = w,, for { = 0.05, starting from rest, i.e.
with u(0) = 0 and u(0) = 0 (Chopra, 1995).

From Figure 2.3 it is observed that a damped systemer a cyclic force with frequency
w = wy, WIill increase its amplitude until a certain limiwhich occurs when the energy
supplied to the system by the external force equmdsenergy dissipated by the damping
effect. This means that the vibration will incre@#seamplitude to a certain value at which it
reaches the steady state. The velocity at whichithppens depends on the damping factor
{. The bigger( is, the faster the steady-state is reached, amdother the amplitude is
(Chopra, 1995). Therefore, depending on the damifgicipr, resonance can be avoided, as
one could limit the amplitude to a limit which repents no hazard to the structural integrity
of the system. For small damping factors, howesearplitudes bigger than the allowable
limit may be reached.

2.1.5 Response of the system

When all the parameters previously studied are knothe dynamic response of the

structure for a certain problem can be calculatdgithe mode superposition method. This
is based in transforming the problem to a base ddrivy the eigenvectors, where one can
obtain N uncoupled equations easier to solve (Cha& Kurdila, 2006). Once the response
is known in this base, it can easily be transforrbadk to the original base to get the

solution for the problem.

Starting from the MDOF problem defined in Equati@h?2), eigenfrequencies, and
eigenvectorg,, are calculated. With them, the principle coordesa® are introduced using
the eigenvectors:

D=[¢p; ¢, - Pyl (2.13)
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Then, the problem is reformulated as:

N
u(®) = ) ¢ 1,0 (2.14)
r=1

The uncoupled system in the new base is:
M-ij+C-7n+K-n=P(t) (2.15)
Where the modal matrices for the system are:

M = ®T - M - & = modal mass matrix

—~

a

= @T . C - & = modal damping matrix
(2.16)
K = @7 - K - ® = modal stiffness matrix

P(t) = ®T - F(t) = modal force vector

From theses formulas N uncoupled equations eas®slve can be derived. Once the result
is obtained in the transformed base, the resultttier original base is achieved using
Equation (2.14). Now it is a matter of choosing tight force vector, which has to be

modelled depending on the force that excites thecttre. This is studied in deep in the
Section 2.2 of this document.

2.1.6 Mass participation

Modal effective mass, Equation (2.18), is an imgattfactor in order to know if enough
vibration modes are being considered in the sinuratlt indicates how strong is the
representation of the motion is for a certain dioecfrom each mode calculated.

1
I = o QN - MM .M (2.17)
mS = ([)? m, (2.18)
where:
m¢ - effective mass for modein directioni.

al )
- I;; : modal participation factor for modein directioni.
- m, : generalized mass of the structure for mede

- ¢V : eigenvector for mode.

- MMM : mass matrix of the structure.

- TH : magnitude of the rigid body response of a degféeeedom.
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If all effective masses are added, the mass ofsthecture is obtained; therefore, if the
summation gives a low value, important modes ireotd define motion of the structure
will be missing in the calculations.

The mass participation ratio is the percentagefigiceve mass over total mass of the
structure. The number of modes used should be thaththe mass participation ratio of
them together is over 90% (Lépez & Cruz, 1996) @rikstley, et al., 1996).

2.2 Dynamic loads in pedestrian bridges

As it was explained in Section 2.1.3, the dynanrcbjfems of pedestrian bridges appear
when a vibration is produced near one or more madlasbration of the structure. This
happens due to the coincidence of the range ofaldtequencies (vertical or lateral) of the
footbridge with the dominant frequencies of the hnanduced load (Heinemeyer, et al.,
2009), that can end up in a resonance problem.

There are different activities that can produceyaadhic loading in the system, such as
sitting, walking, running, jumping, etc. Dependioig the intensity, they can cause a bigger
or smaller effect on it. When the intensity is tiglaly low, it can cause an SLS problem,

i.e. discomfort and emotional reactions on the pg@s. High-intensity loads, such as

vandal synchronised jumping, can lead to ULS proisiéPedersen, 2009).

Quantifying the intensity of dynamic loadings dwepedestrians is hard, as it is rather
difficult to predict how many pedestrians will beete and how they will exactly behave in
terms of length or frequency of the step. Thishisréfore a stochastic case with a high
dependency in the random variables and therefezds® be empirically determined with
big samples (Bgdker & Christensen, 2010). Howetleg, collapse of structures due to
human-induced dynamic problems has occurred veghyraas the determining parameters
are normally ULSs, however, a high intensity loadiiike bouncing, swaying body

horizontally, shaking stay cables, etc. can leadltimate limit problems (Heinemeyer, et
al., 2009).

The way humans walk is very complex to analyse tduie dependence on many factors.
According to Harper, et al. (1961) and Harper (396f# force of a single-human gait

changes with the velocity. This leads to the inseeaf period and amplitude peak of the
load. Lot of research has been done for differaftas of these factors that affect the load,
being the most important: pacing frequency speteg, length or increasing walking speed
with variation in vertical and lateral forces otsessive steps.

All the mentioned variations were gathered by We€1980) and (1982) concluding that
the increment of step frequencies ended with irsingeof the peak amplitude, stride length,
velocity and decreasing the contact time as depict&igure 2.4.
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Figure 2.4. (a) Dependence of stride length and ity for different activities with their corresponding
frequencies (walking: 0.5-1.5 Hz, jogging: 1.5-3.Hz and running: >4.5 Hz). (b) Dependence of peak ffoe and
contact time on different pacing rates (step frequacy) (Zivanovié, et al., 2005).

Measuring the continuous walking forces and oveilag the right and left foot steps lead
to a behaviour that can be assumed periodic amitbe seen in Figure 2.5, with a period
equal to the reciprocal value of the step frequé@osanovi, et al., 2005).
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Figure 2.5. Periodic walking time histories in verical, lateral and longitudinal directions (Zivanovié, et al.,
2005).

Zivanovi et al. (2005) gathered the research of the amalykithe pedestrian-induced
forces from a statistic approach, concluding théllowed a normal distribution with the
frequency ranges on Table 2.2 for the differentvaies.
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Table 2.2. Typical frequencies ranges for different @destrian activities (Zivanovi, et al., 2005).

Activities Mean frequencies (Hz)
Running 20-3.5
Bouncing 15-3.0
Walking 16-24
Jumping 1.8-34
Horizontal body swaying 04-0.7

2.2.1 Load definition

There are different models that try to reflectamaccurate manner- the real distribution of
the pedestrian forces. New construction methodsemahand design trends lead to bigger
spans and lighter structures that increase thendignproblems of structures and therefore
the necessity of a more accurate definition of piienomenon.

The uncertainty on the definition of the differeparameters and the lack of larger
researches focused on this field makes it verycditfto determine this definition.

There are two main approaches according to thaitef criteria, time domain (force as
function of time) and frequency domain (force asction of frequency) (Zivanovi & Pavic,
2011).

These methods, see Table 2.3, are typically basesemi-empirical relationships of the
pedestrian loads while in reality the parametefiecéihg the phenomenon are stochastic, i.e.
depend on random variables (da Silva, et al., 2007)

Table 2.3. Existing procedures for the pedestrian ld approach.

Time Domain Frequency Domain
ISO 10137, Annex A (ISO, 2005) Hivoss, Butz (Butz, 2008)
French Setra Guideline (Sétra, 2006) Ingolfsson et al (Ingolfsson, et al., 2008)
FIB, Guidelines for design of footbridges
(Federation internationale du beton, 2006)
EC 1, UK Annex (CEN, 2003)
EC 5, Annex B (CEN, 2003)

Time domain approaches are usually based in perifmices whose parameters can be
defined as deterministic or probabilistic. With eletinistic parameters the model is
generally defined in accordance with different \atiés, meanwhile using probabilistic

parameters the model takes into account the raneesnof most parameters affecting the
human forces, i.e. body weight and walking freqiesc

Frequency domain models assume the structure aeear lor linearized system and are
based on the representation of the random processesding with their power spectral
density.
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Probabilistic models are based on the stochasslityeof human walking loading as it
directly depends on the weight, pacing rate, véfomi time delay between people crowds.
This problem can be approached defining each eriabm large sample experiments and
transforming them into a probabilistic distribution

The problem of this method is the necessity ofdaggperiments that allow an accurate
definition of each variable. For instance, the fhett large crowds sometimes adjust their
step according to the movement of the rest of #wple is almost unknown and it is taken
into account by increasing the safety factors orpltacing over-dimensioned dampers
(Zivanovi, et al., 2005).

2.2.1.1 Vertical load

Despite the mentioned probabilistic distribution different elements affecting the load
distribution (as one or more persons walking omiag, with the addition of the model
synchronization behaviour between people due tontbgement of structures as it was
experienced in the Millennium bridge) codes areeHasn time domain deterministic
models trying to fit the load distribution of on@gle person (see Figure 2.5) and based on
the assumption that the same force is produceddbly feet, i.e. periodic distribution
(Zivanovi, et al., 2005) (Heinemeyer, et al., 2009)

n
Fp,v(t) =m,-g+ Zmp gy sin(2 el fo ot — (pl-,,,) (2.19)
i=1

where:

- m, : mass of the body

- g : gravity acceleration

- a;, : Fourier coefficient for th&" harmonic (Dynamic load factor, DLF)
- f, : activity rate

- t:time

- @; . phase shift

n : Total number of harmonics considered

The DLF depends on several parameters such adrstgpency (walking pace) (S. Yao,
2002,), people velocity (Rainer, et al., 1988)gtrency of the activity (Yoneda, 2002) and
the surface of the interaction between humans @ndrequency structures (S. Yao, 2002,)
and (S. Yao, 2003). For the case of footbridgesréisenant verticaliand 2 harmonics
are lower than those on rigid surfaces.

As consequence of the reasons mentioned abovanibe concluded that the DLF is the
biggest issue regarding the definition of the pgadesinduced force in the structure.

The periodic force is affected by the speed ofpbeestrians, i.e. is not stationary, from the
result of the SYPNEX project, the relationship betw the step frequency (from 1.3 to 1.8
Hz) and walking speed ig = 1.271-f, — 1.
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Therefore, lot of uncertainty still exists on thefidition of the parameters that affect the

pedestrian load. Actually, in the European Guidetimese values are gathered according to
different authors without establishing the mostuaate ones. In Equation (2.20) the values
of the DLF and phase shift for the walking activitpm the recent European research

project SYPNEX (Butz, et al., 2008) are shown.

a, = 0,0115£% + 0,2803 f, - 0,2902

=0

a, = 0,0669f2 + 0,1067 f, - 0,0417

©, = —99,76f2 + 478,92 fs-387,8[°]

as; = 0,0247 f2 + 0,1149 f, -0,1518

Ps = (2.20)
—150,88 f3 + 819,65 f2-1431,35 f, + 811,93[°] Iff, <
2,0 Hz

@; = 813,12 f3-5357,6 f2 + 11726 f. -8505,9[°] If f, =
2,0 Hz

a, = —0,0039 2 4+ 0,0285 f, - 0,0082

®s = 34,19 f, - 65,14 [°]

The summation on Equation (2.19) aims to refleet élctual behaviour of the peaks of
pedestrian loads with a sinusoidal wave-shape. dduble hump is the result of the impact
with the ground of the heel (first one) and thetpol of the foot (second one).
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Figure 2.6. Pedestrian induced force from FormulaZ.19) and (Bachmann & Ammann, 1986) fom = 75 kg,

16

fs=15Hzandg; =0.
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As shown in Figure 2.7, the activity rate is anothmeportant factor that influences the
dynamic induced pedestrian load (Anon., 2005).
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Figure 2.7. Pedestrian load for different activityrate valuesf according to Equation (2.19) and (Anon., 2005).

2.2.1.2 Lateral load

The gravity centre of a person changes its posititmie walking, inducing a lateral
dynamic force with a lateral frequency of about 2 (flakamuraa & Kawasakib, 2006)
which is around half of the value of the verticaddongitudinal load. This phenomenon
can therefore lead to a resonance problem for tickgdn element with a frequency close to
this value.

Walking of pedestrian in living bridges, i.e. osaiing floors, significantly varies from the
fixed floors due to the unconscious gait modificatiwhile trying to maintain balance
(Ricciardelli, et al., 2014).

From Nakamuraa & Kawasakib (2006) it was found théien pedestrian deliberately
sidestepped with a lateral frequency close to dherdl frequency of the bridge deck just a
small crowd could get to the design load of thadtrre, i.e. few people could easily set the
whole bridge to vibrate. However, randomly walkipgdestrians’ gaits with different
phases compensate each other.

This phenomenon is produced due to the synchrooizaif the pedestrian’s gait and the
bridge vibration. When walking in a long flexiblerface, people tend to spread their legs
apart, changing their step frequency, synchronizingir phase step with the floor
(McRobie, et al., 2003). This synchronization o tpait and bridge is not more away of
0.1 Hz from the lateral vibration of the structure (BU2906) , (Nakamura, et al., 2008) and
(Sun & Yuan, 2008).
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However when pedestrian feel an uncomfortable titmathey change their behaviour
reducing their time step or holding the girder déskding to a steady-state vibration, i.e.
without an increase in the vibration (Nakamuraa &é&sakib, 2006).
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Figure 2.8. Schematic representation of pedestriastructure synchronization after (Butz, et al., 2008

The pedestrian gait in flexible footbridges carubderstood as the interaction between two
oscillators that work as a one-way interaction wlhiem motion of the pedestrian is not
affected by the footbridge motion, or as a two wagraction and potentially non-linear
when it is affected. This can lead to the synclmaton of these two oscillators
(Ricciardelli, et al., 2014).

This model system is agreed by studies of differaurthors that mean that the walkers
behave as autonomous dynamic systems interactithgtiae footbridge and therefore the
loading model needs to reflect this interactionngein the vibration of the pedestrian and
the structure (McRobie, et al., 2003), (Nakamutaale 2008), (Macdonald, 2009) and
(Ingdlfsson, et al., 2011). It can then be defitieel Equation (2.21), assuming the lateral
force to be a periodic function (Venuti & Bruno,0).

n
Fp,l(t)=Zmp-g-ai-sin<2-n-i-§-t—q)i) (2.21)
i=1

where:

- m, . mass of the body

g ' gravity acceleration

- a;, : Fourier coefficient for thé" harmonic (Dynamic load factor, DLF)
f, . activity rate

t:time

- @, : phase shift

n : Total number of harmonics considered
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One can note that the period of the function duehw frequency of the vertical and
longitudinal loads, Equations (2.19) and (2.22)asible compared to the lateral, Equation
(2.21), as it was already mentioned, matching ¢flected in the experimental data showed
in Figure 2.5.

Using the values proposed by Bachmann & Ammann@)38gure 2.9 is plotted. It can be
seen how the conclusions made by these authomnitih the necessity of using just the
first five harmonics are correct, as the variatetween the last two is minimum.
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Figure 2.9. Pedestrian induced force from Equatiorf2.21) and (Bachmann & Ammann, 1986) fom = 75 kg,
fs=1.5Hzandg; =0.

2.2.1.3 Longitudinal load

The longitudinal load induced by a pedestrian,rasgnted in Section 2.2, can be defined as
a deterministic model with a sinusoidal functiomeTresearch on the longitudinal load has
not been developed as well as vertical and lateaalings (Zivanou, et al., 2005) due to
its lower magnitude and importance for the dynabahaviour of the structure.

Differently to what was presented for the vertiaall lateral forces, the longitudinal force
has a minimum variability at a normal walking spe@diasani, et al., 2002) and the
frequency is the same as the vertical load thdéjscted in Figure 2.5.

The characterization of the force is caused byl#bteral oscillation of the body and is
mainly represented as a Fourier’s series assumitilgeadomain description (Heinemeyer,
et al., 2009) .

n
Fp,long(t) = Z my -9 - Aijiong Sin(z AR fs - ¢i) (222)
i=1
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where:

- m, . mass of the body

- g : gravity acceleration

- @;0ng : Fourier coefficient for thé" harmonic (Dynamic load factor, DLF)
- f, : activity rate

- t:time

- @, : phase shift

n : Total number of harmonics considered

2.2.1.4 Vandal load

Vandal loading is difficult to model and does natcor often in practice. Although
intentional vibration would not fulfil the comfortriteria, the stresses produced on the
structure should not make it collapse (Heinemesfea)., 2009).

This scenario needs to be especially treated wbesiaering light structures which can be
excited relatively easy (Zivanayiet al., 2005) as it was found by Nakamura e(24108)
where just 30 persons achieved to vibrate the whdledge (Japan).

2.2.2 Crowds behaviour

The problems related with crowds’ behaviour canshelied with different approaches

depending on the scale of the observation of tkeesy. single pedestrian, for a small scale,
and crowd-structure interaction and response ofsthecture, for a large scale (Venuti, et
al., 2007).

The mathematical modelling of crowd dynamics caso abe developed following three
different frameworks (Bellomo & Dogbé, 2008):

- Microscopic scale, the contribution of each indiadis taken into account for the
crowd behaviour definition, as a continuous hydradyic model deriving the
equations as a continuous flow, with its obviousitations regarding the possible
spaces between pedestrians (Venuti, et al., 2007)

- Mesoscopic scale, statistical distribution basedhenmicroscopic scale (Venuti &
Bruno, 2009)

- Macroscopic scale, state of ensemble of individudlls averaged quantities, which
is the usual description in the experimental mesmsents regarding crowd density,
velocity and flow (Venuti & Bruno, 2009).

Following the macroscopic scale, the crowd affélsgespedestrian velocity while increasing
its density, i.e. the higher the density the lowes pedestrian velocity. The fundamental
relation between these values is:

q=p-v (2.23)

where:
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- q : flow, pedestrian passing a cross-section ofrea & a unit of timgped/(m -
s)]

- p: crowd densityped/m?]

- v :average walking velocitym/s]

The generalized flow-density diagram, also dependanthe parameters presented at the
individual level, can be observed in Figure 2.10.
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Figure 2.10. Flow-density fundamental diagram (Daarn, 2004).

where:
- vy . Velocity of a single undamped pedestrian. Slopthe curve whemp = 0’%
i
andg =0 —.

- p. . Critical density. Density betweestable (unconstrained free walking) and
unstable region

- p < p. :constant free speed= v,

- p = p. : speed decreases with the increasing of density

- v, . Capacity Velocity, fop., andq,.,

- pqq - Capacity density. Density between free flowandcongestion region

- Q.q - Maximum pedestrian flowg., = pcq - Veq

- py - Jam density. Maximum admissiglewheng = 0%

A different maximum pedestrian density has beemmeséd according to the minimum
average body surface (Buchmueller & Weidmann, 2@®@) the buffer zone “area required
by the pedestrians for perception, evaluation aadtion” (Seyfried, et al., 2005).
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Figure 2.11. Relationship between bridge capacitpedestrian density and their velocity, after (Oedig, s.f.).

The relation between speed and density cannot teendi@ed including all the parameters
dependant on the pedestrian behaviour, therefapeaific law should be used for each
crowd condition that is defined for each footbridggoacity and traffic situation. Moreover,
the fundamental diagrams, depicted in Figure 2aid pnly valid for steady-state conditions
and therefore not suitable for conditions out af #quilibrium (Venuti & Bruno, 2009).
Different models tried to present this phenomenas, “turbulent behaviour” in panic
conditions (Helbing, et al., 2007) and (Colombo &siti, 2005) and high-density
situations (Seyfried, et al., 2005).
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Figure 2.12. Schematic representation of the Winfigs model after Pizzimenti (2005).

It can be observed in Figure 2.12 how the phasesitian changes from the uncorrelation
phase till the perfect synchronisation as the pebptome more coherent (as the pedestrian
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locks to a common frequency, in contrast with thevitable differences on the natural
frequency of each individual when not coupled) ¢§atz, et al., 2005). This phenomenon
was observed in the London Millenium Bridge whenstf small groups of pedestrians
started to synchronise and, when the amount ofgbeale increased a critical value, most of
them were captured in the synchronisation phenomé@iazzimenti, 2005).

In general, codes treat the crowd issue descrildiffgrent typical traffic situations
depending on the amount of pedestrians per squatermf deck (Heinemeyer, et al.,
2009).

2.2.2.1 Crowd-structure interaction

The movement of lively footbridges influences tlenaviour of the pedestrians, and that is
why a human-structure interaction occurs. Thisradgon is more likely to be produced in
the lateral motions as pedestrians are more inflegrby unconscious synchronization of
their lateral frequency with the moving surface, mesented in Section 2.2.1.2. This
phenomenon can be easily observed in the caseoplegstanding or walking on moving
boats or floating piers.

Furthermore, this phenomenon is greater with pedestrowds as they increase the effect
of the pedestrian-structure synchronization (Riciai, et al., 2014) and (Venuti, et al.,
2005). However, the synchronization of pedestrihas been observed to diminish the
vibration phenomenon in the vertical direction douéheir inability to synchronize their gait
to the vertical movement of the surface (Willfo2®02) and (Brownjohn, et al., 2008).

This phenomenon is reflected in the guidelineshad ock-in of pedestrian crowgdsvhich
reflects pedestrian lateral synchronization limitedto the human-structure interaction.
Above this limit, a sudden amplified response arideie to a vanishing of the overall
damping and resonance phenomenon (Sétra, 200§@Hanttmeyer, et al., 2009).

(2.24)

where:

¢ @ structural damping ratio

m* : modal mass

f : natural frequency

k : constant300 Ns/m for 0.5 — 1.0 Hz)

Another approach is to define the trigger accelematamplitude when the lock-in
phenomenon begins:

Qock—in = 0.1to 0.15 m/s?

For activities such as running, groups of peopko gtroduce lower DLFs than when
jumping alone for higher harmonics (lower harmoleiads to almost the same than for a
single person). The average vertical DLFs per persoa group tend to decrease while
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increasing the number of persons as the synchrobestween them decreases (S. Yao,
2002,) and (S. Yao, 2003).

2.2.2.2 Force models

The crowd models are also based on the same d®&iiniriteria as presented in the
introduction part of Section 2.2.1.

Using the time domain model for the descriptiorthef synchronisation among pedestrians
and between pedestrians and structure, most offdle® models are based on the
multiplication of an equivalent number of pedestisasingle pedestrian forces. These
models are based on the following assumptions (¥¥&Bruno, 2009):

- The crowd-footbridge is modelled as an oscillat@hvthe crowd as imposed load
(rather than dynamic system).

- The structural response is defined by one mode.

- The crowd is uniformly distributed along the foatlge span.

- The force is considered periodic according to Equat(2.19), (2.21) and (2.22).

There are several new models trying to define tream of pedestrian load in footbridge,
nevertheless any of them are able to include allféttors affecting the behaviour and
interaction between human beings in pedestriangbsdVenuti and Bruno (2009) have
gathered different pedestrian models.

In order to take into consideration the statisteff¢ct, several computer simulations were
performed. These simulations are explained inTteehnical guide. Footbridge¢Sétra,
2006). Latest codes, &@esign of Lightweight Footbridges for Human Indudébrations
(Heinemeyer, et al., 2009), include this effect aledine the modelling of a pedestrian
stream ofn random pedestrians as a stream wathperfectly synchronized pedestrians
among themselves, in phase, walking at the naftggliency of the footbridge and evenly
distributed along it. Both streams are supposertise the same effect.

The equivalent pedestrians’ stream is:

n' =Keq n-&; (2.25)

where:
- n': equivalent number of pedestrians.

eq_z_il

k 2 \/EE . equivalent coefficient according to Table 2.4
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Table 2.4. Equivalent coefficientk,,

Case Value
Spare or dense crowd (random phases and 10.8
frequencies with gaussian distribution) S
Very dense crowd (random phases and all 1.85
pedestrians at the same frequency) S

2.3 Dimensioning for comfort

2.3.1 Receivers

Receivers on footbridges are both walking peoplk standing people. Their reaction is a
very subjective issue where each human being re#ttgently. Moreover, each person can
react differently depending on the day (Griffin 969. Also the location and appearance of
the footbridge might affect the assessment andcepéon of motion (HIVOSS, 2008).

The European research project HIVOSS (2008) mestiba following aspects that affect
the assessment of vertical and horizontal vibration

- Number of people walking on the bridge.

- Frequency of use.

- Height above ground.

- Position of human body (sitting, standing, walking)

- Harmonic or transient excitation characteristiagbr@tion frequency).
- Exposure time.

- Transparency of the deck pavement and the railing.

- Expectancy of vibration due to bridge appearance.

Lots of researchers have studied this phenomendnvately accepted that the acceleration
is the vibration parameter that should be usedj ¢éveugh there are situations where other
parameters such as velocity can be used (Zivénewal., 2005).

2.3.1.1 Comfort classes

The typical criterion for the assessment of comtaisses is represented as limiting the
acceleration of the footbridge. Different natioaald international standards differ in their
limits but coincide in the same band width (HIVO2808). According to Heinemeyer, et

al. (2009) four comfort classes are recommenddhetein Table 2.5.

Table 2.5. Defined comfort classes with common aceehtion ranges.

Comfort class Degree of comfort Vertical a;jpmir Lateral ayimi;
CL1 Maximum < 0.5m/s? < 0.10 m/s?
CL2 Medium 0.5 - 1.00 m/s? 0.10 - 0.30 m/s?
CL3 Minimum 1.00 - 2.50 m/s? 0.30 - 0.80 m/s?
CL4 Unacceptable 2.5m/s? 0.80 m/s?
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2.3.1.2 Traffic classes

Typical traffic situations are present in Table ar@8l depicted in Figure 2.13 according to
the GuidelineDesign of Lightweight Footbridges for Human Indudébrations for each
number of pedestrians, group size and traffic dgas defined in Equation (2.23).

Table 2.6. Traffic classes

Traffic Density

Description Characteristics
class d(P/m?) P

B=width of deck

TC1 15P/(B-L)  Veryweak L=length of deck

Comfortable and free walking.
TC 2 0.2 Weak Overtaking is possible Single pedestrians
can freely choose pace.

Still unrestricted walking.

Tes 0-5 Dense Overtaking can intermittently be inhibited.

Freedom of movement is restricted.
TC 4 1.0 Very dense Obstructed walking.
Overtaking is no longer possible.

Unpleasant walking.
Crowding begins.
One can no longer freely choose pace.

Exceptionally

TC5 15
dense

Comfort requirements are mainly determined by twaer and expected pedestrian traffic
should be discussed in order to specify the paknged for damping measures (HIVOSS,
2008).Eurocode 0 — Basis of structural desi@EN, 2002) deals with the traffic situation
as different design situation loads depending enftbquency of exceeding a certain limit
of comfort, defining them as:

- Persistent design situations, which refer to theltens of permanent use.
- Transient design situations, which refer to tempocanditions.
- Accidental design situations, which refer to exmal conditions.
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Figure 2.13. Representation of traffic classes.
2.4 Guidelines

The reference guideline for this project is Design of Lightweight Footbridges for Human
Induced VibrationgHeinemeyer, et al., 2009) which is going to bketaas a base for
further development of the Eurocodes. This guigelsithe consequence of two previous
European studies, HIVOSS (2008) and Butz, el 8082

Table 2.7. Critical ranges for natural frequenciesf; of footbridges with pedestrian excitation.

Direction of vibration

Resonance by

. Vertical Longitudinal Lateral
harmonic
1st harmonic 125Hz < f; < 2.3 Hz. 05Hz< f;<12Hz
2nd harmonit 1.25Hz < f; < 4.6 Hz. Not affected

Defined load models consider a uniformly distrilslitearmonic load equivalent to the
stream pedestrian load as:

p(t)=P-cos(2-m-f,-t)-n'"-¥ (2.26)

where:
- P : force component due to a single pedestrian avitfalking step frequendf.

Table 2.8. Critical ranges for natural frequenciesf; of footbridges with pedestrian excitation.

P [N]
Vertical Longitudinal Lateral
280 140 35

- f; 1 step frequency, which is assumed equal to tlmbfaige natural frequency
under consideration.
- n': equivalent number of pedestrians on the loadefdceS according to Table 2.9

! A vertical vibration excitation by the second hanit of pedestrian forces might take place. Uriivn
there is no hint in the literature that significasilbration of footbridges due to the second harmanfi
pedestrians has occurred.
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Table 2.9. Equivalent numbern’ of pedestrian on the loaded surfac§

TC1to TC3 ¢ < 1.0 P/m?) wzﬂgliﬁow%
S
TC4 and TC5d > 1.0 P/m?) nlesivﬁ(mfﬂ

¢ @ structural damping ratio
- n: number of pedestrians on the loaded surface

n=5-d (2.27)

S : area of the loaded surface.

d : pedestrian density

- Y : reduction coefficient taking into account theolpability that the footfall
frequency approaches the critical range of nafueguencies under consideration.

Vertical and longitudinal Lateral

== 1. Harmonic 1
2. Harmonic

[y

0.25 iy

‘e

*
"

v,

0 -
0 1.25 1721232534 4.24Brequenc O

0 0507 1012 1.7 21 2.4 Frequenc

Figure 2.14. Reduction coefficientp

The load models depend on the considered trafisscTC1 to TC5 defined in the Section
2.3.1.2.

The latest Guideline for the modelling of pedestimidges suggest to accurately calculate
the dampers according to the dynamic response feerdbaiilding the structure measure the
real values and accordingly with the real responsill the needed dampers (Heinemeyer,
et al., 2009)
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3 Materials

3.1 Graphene

Although, the term graphene has been widely usetks2004, when Novoselov and Geim
announced that they managed to isolate this moepolaaterial (Novoselov, et al., 2004),
the story of graphene goes back to th8 déntury, when some scientist already studied the
wonderful properties of some graphite-based masefgrodie, 1859). During the following
decades, there was not so much research developiisdield, due to the limited tools of
that time, and yet one can find important worksttes ones made by Wallace (1947),
McClure (1956) or Slonczewski and Weiss (1958),wihich graphite-based materials,
nowadays referred as graphene, where found to leetatachieve wonderful properties.
However it was not until the last decade of th& 2éntury when the research on carbon-
based materials exploded due to the developmenewftechniques that made easier the
experimentation with nanoparticles. It was then2i®04, when Novoselov and Geim
isolated a single layer of graphene with the sctdaple method, for what they were awarded
the Nobel Prize in Physics in 2010 (The Royal Seledicademy of Sciences, 2010).

Figure 3.1. Representation of a mono-layer graphergheet.

As mentioned before, the term graphene was not instet beginning and was introduced
by Boehm, Setton and Stumpp (1985) together withesother designations related with
graphite intercalation compounds. Graphene terrmagylshall be used according to the
authors for the material that is defined as follows

The ending -ene is used for fused polycyclic aranfgtdrocarbons, even
when the root of the name is of trivial origin, .gaphthalene,
anthracene, coronene, ovalene. A single carbonrlayethe graphitic

structure would be the final member of infiniteestf this series. The
term graphene layer should be used for such asiogtbon layer.

Graphene is therefore the flat monolayer form efdghaphitic structure, which is composed
of carbon atoms tightly packed into a two-dimenalohoneycomb lattice (Geim &

Novoselov, 2007). Graphene can be found in diffeferms, such as 0D fullerenes, 1D
CNTs (carbon nanotubes), the basic 2D monolayeetsbe 3D graphite. CNTs are

nanoparticles formed by one or several layers aplgene rolled together.
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According to Monthioux and Kuznetsov (2006), CNTergvdiscovered by lijima (1991), in
the form of MWCNTSs (multiwall carbon nanotubes).efé are records that show that these
particles were produced before in other experimenms$ the credit for the discovery is
given to lijima due to the fact that he was thstfone identifying them. Two years later, a
team lead by lijima and Ichihashi (1993) and ofkad by Bethune (1993) announced with
a month of difference that they produced SWCNTisg(si wall carbon nanotubes).

Since the discovery of the different forms of carlmaterials previously mentioned, there
has been a growing research to try to develop thearmaterials suitable for the day life, in
the form of new electronic devices as microprocessaltra capacity fast-charging
batteries, flexible screens; new biotechnologicabdpcts such as body sensors or
regenerative tissue. There is also a big reseasclietvelop it into a stronger new
construction material, with big efforts in the agyace industry, as it fits very well its needs
of a lighter, stronger and more environmental fligmmaterial.

However, there has not been enough developmentagerial usable in civil engineering.

There have been some projects to use it to strenggeopolymers or composite polymer
matrices, but it has not been possible yet to s@e a more pure way with the amazing
mechanical properties promised.

In this section, mechanical properties of the dgif¢ mentioned forms of graphene are
gathered and an extrapolation of these properitesihhe macroscale is presented.

3.1.1 Graphene nanopatrticles

As explained in the introduction of this sectiorgghene can appear in different forms as a
monolayer structure, or in more complex forms dgfenes, CNT, or graphite.

There have been a lot of experimental researchesrder to find the properties of
monolayer graphene and CNT. However, results tendaty a lot, due to the different
measuring techniques and measured samples. Tlee Vafties mainly in thickness and
defects in monolayer graphene (Lee, et al., 2008)n thickness, diameter, number of
layers and defects in the case of CNT (Avila & Lralee 2008) and (Palaci, et al., 2005).

Apart from the experimental measures, computati@malulations allow to predict the
properties for these allotropes. This techniquddgiesimilar results to the experimental
ones.

Table 3.1 shows representative values for monolgseshene and for SWCNTSs that show
the magnitude range of them in nanoscale. It ioonamt to mention that CNTS’ properties
are highly dependent on its structure (Xiao, et2005), which reflects the great variation
in the range of properties of CNTs.
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Table 3.1. Mechanical properties for monolayer grapbne of 0.335 nm thickness (Lee, et al., 2008) and
SWCNT of 0.335 nm thickness (Avila & Lacerda, 2008).

Material property Monolayer graphene SWCNT
E (TPa) 1.0+£0.1 0.994 £+ 0.031
G (TPa) 0.43+0.04 0.41 +0.01%
v (-) 0.165 0.22 £0.07
f, (GPa) 130+ 10

On one hand, the presence of defects, that mayaapaedomly in a large-size production
make these properties only valid in the nanosadgle now. On the other hand, when used
in a composite polymer, the poor interaction betwgmphene elements and the polymer
matrix produces a critical reduction in the finabjperties of the materials. Therefore, the
properties of composites based on graphene andx@apelation of properties to a
macroscale are studied in Section 3.1.2 and 3.1.3.

3.1.2 Graphene-based composites

The two major types of composite materials madé \giaphene and interesting for civil
engineering are polymer nanocomposites and grapteemierced geopolymers. According
to Potts, et al. (2011), it is in the shape of pwy nanocomposites where most of the
promising applications of graphene will be done.

Polymer composites use graphene in two possibleswEhye first one is using graphene as
filler in a polymeric matrix (Potts, et al., 201Mhe other one uses graphene to reinforce
the matrix trying to enhance mechanical propeuiesther composites that exist nowadays
(Gibson, 2010).

However, none of this yield much higher propertesnpared with other carbon-based
materials currently produced. It is true that meatel properties as the E-modulus, fracture
toughness, fatigue strength or buckling resistdremee been reported to increase, but the
values achieved that can be seen in Table 3.hateeirange of those analysed in Section
3.2. This is due to a poor interaction between lyegap and the other materials involved in
the polymer (Potts, et al., 2011), so there i$ &tibt of work to be done in this direction to
achieve higher properties that resemble the onegagfhene in the nanoscale. Moreover,
this interaction between an elastic matrix anddrigler often produces a decline in tensile
strength.

E
2-(1%v)’

2 Derived from the other properties using the exgiogs G =
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Table 3.2. Properties for different graphene-basedanposites collected by Potts, et al. (2011)

Composite Property Value
Suspended chemically modified graphene platelets (TPB) 0.208
Thermally expanded graphite oxide E (TPa) 0.070
Reduced graphene oxide (5 vol%) / poly(vinyl aldpho f, (MPa) 43
Graphene / Poly(methyl methacrylate) v (MPa) 2.3
CNT / polymer composites 1w (MPa) 47

Geopolymers are inorganic polymers similar to flshawhich are used as concrete
additions substituting OPC (ordinary Portland cetpheachieving a properties-improved

and more eco-friendly mixture. Geopolymers showeaoellent resistance to acid and
sulphate attack when compared to OPC, but, on ther dhand, they have the same
problems as OPC when it comes to tensile strengiifracture toughness, what makes it a
brittle material. Usually, this problem is correttesing micro and nano fibres of different

materials. Here is where CNTs are being studidzbtased in reinforcing concrete (Saafi, et
al., 2015).

The tests made by Saafi, et al. (2015), consisthdreaking 50x50x350 mm beam
samples, show an increase in the stiffness artidaerying capacity of the beams due to
the addition of reduced graphene oxide sheets.eTal3 shows the results obtained for a
graphene content of 0.5 wt%. The authors compageiribrease in flexural strength,
Young's modulus and flexural toughness with theease in reduced graphene oxide in the
composition. These tests showed that flexural gtreand Young’s modulus increase a lot
until a 0.35 wt%, when the improvement starts to doeall. Meanwhile the flexural
toughness increases until 0.35 wt% to be reducedhaafter that, when increasing the
graphene content to a 0.5 wt%. Figure 3.2 showsethariations for the different graphene
contents analysed.

Table 3.3. Mechanical properties for a beam subjectkto four-point bending tests, made with concrete
reinforced with an addition of 0.5 wt% of reduced gaphene oxide (Saafi, et al., 2015).

Material property Value
Flexural strength (MPa) 7.4
E (GPa) 2.5

Flexural toughness (kJAn 1.6
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Figure 3.2. Mechanical properties for the beam testd by Saafi, et al. (2015), subjected to four-pdilending
tests, comparing results using concrete without adiibns and concrete reinforced with additions of B8, 0.35
and 0.5 wt% of reduced graphene oxide (rGO).

These are the first attempts of bringing graphentaé macroscale. However, properties of
graphene-based composite materials are still fanfits performance at the nanoscale.
These results do not show any big improvement taged in this study, and therefore
another approach to mechanical properties is dfim¢éhe following section.

3.1.3 Expected mechanical properties in macroscale

The properties shown before are rather at a naleostahe case of Section 3.1.1 or for
composite materials in Section 3.1.2, which do slobw a great improvement on the
mechanical properties of current construction nmaersuch as concrete or polymer
composite materials.

For this project, a further development in graph@neperties is required, taking as a
reference the point where the material could geteiveral years, when materials based in
graphene, carbon nanotubes or carbon nanofibech ne@perties as wonderful as they
perform in the nanoscale.

Nicola M. Pugno proposes statistic approachesderao derive the strength of graphene at
macroscale, giving a value for the yielding stréngt 10 GPa (Carpinteri & Pugno, 2008)
and a value for the ultimate strength of 35 GPa@u2013).

The approach made by Carpinteri & Pugno (2008ptoutate the yielding strength is based
on a numerical simulation on four different sizevells, from nanocomponents to the
macroscale material, as it is depicted in FiguB Bor that, they use a spring-based model
in which CNTs are used directly in the first lewslth E-modulusl TPa (Lee, et al., 2008)
and strength randomly distributed according to abwle distribution (Pugno & Ruoff,
2006). The result in terms of yielding stress ieduas an input for the following level, and
SO on.
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Figure 3.3. Levels approach to calculate yielding s#ss at macroscale. Adapted from Pugno, et al. (28D

The authors then compare the results with an aoalyhodel according to the multi-fractal
scaling law that can be seen in Equation (3.1)p@sed by Carpinteri (1994) and improved
by Pugno (2006), which showed a perfect fit with ttumerical simulation.

O'f lCh
= is (3.1)
Omacro L+ lO

where:
or . failure stress
Omacro - Strength at macroscale
L : structural characteristic size

L., : characteristic internal length

l, : defined byo,,4cro -+ |1+ llc—h = Onanor Onano P€ING the nanostrenght
Thus, the result previously mentioned idf GPa for the yielding strength of graphene is
achieved.

The ultimate strength of the material at a mactiesisaapproached as well by Nicola M.

Pugno (2013) by means of the Quantized Fracturehitdcs theory developed by the same
author. This theory combines fracture energy théorynanocracks development with the
probability of finding defects in the material atacnoscale to finally determine the

previously mentioned value 86 GPa.

The E-modulus is derived by Pugno (2008) in a simivay as the yielding strength,

performing multiscale simulations at different lsyeo consider the presence of defects in
the lattice. In this model, a scale-invariant apgfo is used applying a constant
length/width ratio. The failure strength is distribd again using a Weibull function.

From these simulations, it is concluded that tifénsss is reduced by 22% for a randomly
distributed 10% void content (Pugno, et al., 2008erefore, for the values from Table 3.1,
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E-modulus has a reduced value of 0.78 TPa in the¥oseale. It is important to notice that
this reduction is not as remarkable as the onemadfby the strength of the material, which
is reduced by a 73%, but it has to be taken into@aat.

The information available for Poisson’s ratio isase, so establishing a value for this
property is more difficult. Finding an approximatitike the ones used by Pugno and his
colleagues to extrapolate the other mechanicalgstigs of graphene was not possible.

Several options were considered then. First ofoalé could take raw values straight from
nanoscale, but the accuracy of this is rather saiceras the behaviour of the material in a
macroscale can be different. Taking into accoundtwthe Poisson’s ratio means (i.e. the
relation between transverse and axial deformatibenwva force is applied in one of the
directions), it can be quite intuitive to think théne behaviour of a pure sheet of 2D
graphene or a single CNT would not be the same \@Henof this structures were joined in
a 3D continuous structu “glued” somehow as a composite together, asthauld be
other mechanisms that could be more decisive wladking about these correlated
deformations.

The second option considered, is to use a Poissatitstaken from an actual carbon-based
composite material as the ones mentioned in Seclh Following the previous
argumentation, if one thinks about a bigger medmarthat would cause Poisson’s effect,
larger than the one produced at nanoscale, thraakes sense to think that it can be similar
to other actual carbon-based materials, and therefos is assumed as the most accurate
way to determine it based on the information awéda

At last, the chosen density for the calculationthes one used by Nicola M. Pugno in his
studies about the space elevator (Pugno, 2006¢hviichosen to be df300 kg/m? for a
low carbon density. This is interesting for thigdst, as we want the bridge to be as light as
possible, in order to magnify the dynamic problehzg may appear.

All the values previously mentioned in this sectara collected in the following table:

Table 3.4. Expected graphene properties at macroseal

Material property Value

E (TPa) 0.78
p (kg/n?) 1300
f, (GPa) 10
f, (GPa) 35

3.1.4 Design properties for graphene as a construction narial

Along this chapter, actual and expected propediegraphene at different levels and in
different forms were collected. Graphene showsatgoerformance when isolated in its 2D
monolayer shape, or in the form of CNTs. Howevehais been seen that these properties
stand only at the scale of the particles and theyeduced when put together. This is due to
the presence of defects or not knowing exactly tmgiue them together with good bonds.
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One can expect the properties to be improved, limget problems will always be present
(and only reduced), so they have to be taken io¢ount.

The most promising form in which graphene can bedusght now in the construction

industry is in the way of reinforcement for geopobrs. This is ready to be used, and
presents a good cement replacement technique witaneed properties and better for the
environment. However, properties of this mixture &o far from the magnificent ones of
graphene in nanoscale, and therefore this wasrdesdado be the material used in the study.

On the other hand, the graphene-based compositerisdstdeveloped until now do not
show a big improvement compared with other carbaseld composite materials that are in
use right now. This is why it was decided not te tlss type of graphene in the analysis. It
was considered better to use material propertigsaglated from actual composite
materials, well tested and with a known behavibat tan yield more realistic results.

Properties shown in Table 3.4 have been decided twr design properties for a graphene-
based material. They do not represent a mate@lddin be used nowadays, but show in a
rational way where graphene can be taken in thiewolg years, presenting an ultra-
lightweight material, with high stiffness and reéaigce that takes the analyses of this thesis
to a more extreme point, in order to magnify dymamproblems in the footbridges to
analyse.

3.2 Other high-performance materials: Fibre reinforced
polymer composites

Fibre reinforced polymer (FRP) composites congsi$tene or more discontinuous phases
(reinforcement) embedded in a continuous phaserifthatith an interface between them
acting as bond (Estrada & Lee, 2014).

Matrices are mainly formed by polymers (thermosmtshermoplastics) in construction
materials, but in other applications, compositea @#so be formed by metal (high-
temperatures) and ceramics (ultra-high tempergtEesgrada & Lee, 2014). The matrices
transfer the loads to the fibres and protect them.

The properties of the reinforcement are highly deljeat on their type and geometry. Two
main families can be found: fibre-reinforced (obréus reinforced) and particulate-
reinforced, which depend on if the composites hthar properties derived from the
reinforcement or the matrix respectively. (Estr&ddee, 2014). Only fibrous reinforced
composites will be discussed, due to their higligperance properties and a great demand
in civil engineering. Fibre reinforcement compaosigge typically glass, carbon and aramid.

3.2.1 Polymer matrices

Polymers matrices can be classified depending timeif reaction with heat is permanent,
thermosets, or temporary, thermoplastics. In T8iethe advantages and disadvantages of
polymer matrices are reflected (Estrada & Lee, 2014

36 CHALMERS,, Civil and Environmental Engineerind/laster’'s Thesis 2015:118



Table 3.5. Advantages and Disadvantages of Polymeratnices.

Advantages Disadvantages
Low cost Low strength and stiffness
Ease of processing Low operating temperature
Low density Deterioration due to ultraviolet radiation exposure
Good chemical Degradation of mechanical properties due to mastur
resistance absorption

There are three main types of thermosetting resliyngers (Bank, 2006).

- Polyester (Orthophthalic, Isoplithalic or TerapHitja

- Adequate for structural purposes
- Low cost
- Epoxi:
- Mostly for adhesive purposes or for tendons
- Excellent to corrosion
- Low shrinkage
- High cost
- Vinyl ester:

- Hybrid between polyester and epoxy
- Durability in alkali conditions

3.2.2 Fibre reinforcement

3.2.2.1 Glass fibres

There can be found different types of glass fitdepending on their performance and
composition (Estrada & Lee, 2014) (Bank, 2006).

- E-Glass (electrically non-conductive).

- A-Glass (alkaline resistant). Used as main matésiaglass windows.

- S-Glass (High strength and stiffness). Mostly usemkerospace industry.
- C-Glass (corrosion resistant). Used in structungireeering.

- R-Glass (High strength and stiffness).

- D-Glass.

3.2.2.2 Carbon fibres

Carbon fibres have a great performance for strattengineering strengthening sheets,
fabrics, strips, tendons or cables. Graphite fikaes the ones formed by 90% or more
elemental carbon and carbon fibres are formed B§-80% of elemental carbon (Estrada &
Lee, 2014).
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3.2.2.3 Aramid Fibres

Aramid fibres are one of the best organic fibreai used for impact and ballistic
protection due to their high toughness (Estradae,[2014). Their properties make them
of poor performance for structural engineering.

3.2.2.4 Comparison of fibres.

In Table 3.6 a list of advantages and disadvantémethe mentioned reinforcement are

reflected.

Table 3.6. Advantages and Disadvantages differentrid of fibres (Estrada & Lee, 2014).

Component Advantages Disadvantages
Low modulus of elasticity
Low cost . . .
. Poor abrasion resistance (lowering
High strength : .
. strength, need of protective coatings)
Glass fibres Hardness : , . 0
. . Poor adhesion with matrix, especially in
Corrosion resistance : .
. the presence of moisture (need of chemical
Chemical inertness . .
coupling agents such as silane)
High specific strength
High specific stiffness
Carbon g : P ,
. Resistance to hotand  High cost
fibres .
moisture
Resistance to fatigue
, Low compressive strength
High toughness p . g
. Susceptibility to creep
Low-density . :
, . Moisture absorption
Aramid High strength-to- o .
: : . Sensitivity to UV light
fibres weight ratio .
. . Temperature-dependant mechanical
High stiffness-to- .
weight ratio properties
g High cost
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3.2.3 Use of FRP in construction

Three different levels for the characterizationtlod structural behaviour of FRP can be
defined from the primary elements previously dafine

Constituents —  Micromechanics — Macromechanics —  Structure
Fibre, Interface Single lamina Lamina bonded together
and Matrix layer to form a laminate

Each lamina constitutive matrix for transverselgtigpic material, i.e. lamina oriented in
principle direction of orthotropy, is describediquation (3.2).

01 Qi1 Q12 0 7(&
{02 } = [Q12 Q2 O ] {51 } (3.2)
T12 0 0  Qgel\Y12

where:

- 0y ,0,:normal stresses
- T4, . Shear stress
- & ,8 shear strain

Q12 =

1—V1 Va1 1-v12V2

Lt Q22 = 1E—21 , Qo6 = G712

Fibres can be aligned at an angleo the structural axis, so the principle directioh
orthotropy may not coincide with the structural boates. The piling of different lamina
that forms the laminate can be fibre-orientatedhwifferent angles, and therefore will form
an orthotropic material with three principal axgé2( and 3 in Figure 3.4).

2 ’ :; :‘o. - O.
S T GiRe R

S &

@ (b)

N N R
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h—) ph=] h) h) p—)

Figure 3.4. a) Composite plate with fibre alignmen® b) Laminate configuration (Estrada & Lee, 2014)

However, as the behaviour in transverse and védias (2 and 3 in Figure 3.4) is nearly
equal, the system is not a fully 3-D orthotropictenial but a transversely isotropic system.
Applying the corresponding transformations (Estr&dzee, 2014) the strain relations for a
lamina of arbitrary orientation can be obtained.

According to the Fiberline Desing Manual (2003)edisas reference in the present study,
FRP properties are represented in Table 3.7. Hieegrofiles are formed by a matrix of
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low-profile quality of either isophthalic polyester vinyl ester with overlay veil reinforced
with E-glass roving with woven and complex mattings

Table 3.7. Typical dry properties of FRP (Fiberline @mposites A/S, 2003).

Property Symbol Value Units

Flexural strength, 0° fv.00 240000 kN /m?
Flexural strength, 90° fb,900 100000 kN /m?
Tensile strength, 0° ft00 240000 kN /m?
Tensile strength, 90° ft900 50000 kN /m?
Compressive strength, 0° fe00 240000 kN /m?2
Compressive strength, 90° fe000 70000 kN /m?
Shear strength f 25000 kN /m?
Pin-bearing strength, longitudinal direction f,z e 150000 kN /m?
Pin-bearing strength, transverse directionf,z 9¢e 70000 kN /m?
Modulus of elasticity Ego 23000000/28000000 kN/m?
Modulus of elasticity Egge 8500000 kN /m?
Modulus in shear Goe 3000000 kN /m?

Poisson’s ratio Ve gge 0.23 -

Poisson’s ratio Vgge,ge 0.09 -
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4 Structural types

To define a conceptual bridge, different structdygles have to be taken into account in
order to analyse their structural behaviour.

A graphene-based footbridge concept could be di¢fi@sed on several structural types due
to the already presented properties. The casaidy $$ a single span where a combination
of different lengths, widths, boundary conditiomslanaterial configurations are analysed
for different cross-section types. For the selectad the cross-section types different
experiences in FRP-based pedestrian bridges ateedttaking into account their dynamic
behaviour.

The main problem of these structures is the vibnatiproduced under pedestrian loads, and
the best variable to quantify that effect is theederation. The cross-section geometries are
selected according to rough calculations in ULS @mel possibility of increasing the
frequency of vibration of the structure.

The vibrations of the structure are a consequericthe application of a load with a
frequency of vibration close to one natural frequyeaf the structure. The load frequencies
applied by pedestrians are rather low, see TabR a@nd therefore higher natural
frequencies of vibration of the structure are aakiiThe natural frequencies calculation can
be obtained from the simplified formula (Sétra, @00

A, |EI
_ ik 4.1
= otz pS 4

where:

- \f:material dependant factor, with:

- E : Poisson’s moduli
- p : Density of the material

: section geometry factor, with:

=

- I : moment of inertia
- S : Area of the cross-section
- A, : shape-of-beam factor, according to Table 4.1.

Table 4.1. Influence of the boundary conditions onhte natural vibration frequencies. (CECM, 1989)

A, n=1 n=2 n=3 n=4 n=5 n>5

Simply supported 9.87 395 889 158 247 [n-m]?
2
Doublefixed 224 617 121 200 298 [(2-n+1) g]

Therefore, to reduce the acceleration on a foageridhe geometry of the cross-section
should have a high moment of inertia with reduceda
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4.1 Hollanderbriucke

This pedestrian bridge is a replacement structui@dinbek near Hamburg, in FRP with
several short-length spans. The elements of th®twopic deck, FBD300, made of glass-
FRP with a height of 80 mm. The deck elements atebonded to the steel girders. The
steel beams have a separation of 1.8 m and afenstif by support spans of 1.3 m to
increase the stiffness and load-bearing capacitiyeo$tructure (Sobek & Trumpf, 2008).

Figure 4.1. Representation of the Hollanderbriicke.

This bridge is an adaptation of a bridge concepeldped by FiberLine Composites based
on an orthotropic deck with a set of beams in thekdlepending on the width of the bridge
considered (Sobek & Trumpf, 2008).

Figure 4.2. Representation of the bridge concept.

4.2 Stanislas pedestrian bridge

This pedestrian bridge located in Delft was buileDO7 by Lightweight Structures B.V. to
substitute a concrete and steel old bridge. Itehiasal length of 44 m with a maximum span
of 13.5 m and width of 1.5 m. Both deck and girdier made of Glass-FRP .
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Figure 4.3. Representation of the Stanislas pede&n bridge in Delft.

4.3 Almuiecar pedestrian bridge

Built in 2010 with a total length of 44 m, it isrcantly the longest span built with FRP. It is
made of resin infusion with carbon fibres and &khess of 50 mm. It is provided with
longitudinal and transversal stiffeners along thdde (Acciona infraestructuras, 2013).

Figure 4.4. Representation of Almufiecar pedestriabridge in Madrid.

4.4 King Stormwater Channel Bridge

Built in the year 2000 in Californa, USA, this contous road-bridge of two spans of 10 m
length each and 13 m width, is composed of six Q@afERP tube-beams filled with
concrete and an orthotropic deck of E-Glass FRR1iDg, 2014).

Figure 4.5. Representation of the King Stormwater Gannel Bridge in California
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4.5 Full orthotropic deck

4.5.1 Korea road-bridge

This cross-section type is part of a Korean bridgek superstructure completely built with
composite materials. The whole deck is made of SSE®P. The elements are made of
sandwich structures with corrugated cores. Thivides a high stiffness per unit weight
ratio (Hyo, et al., 2010).

Figure 4.6. Representation of the full orthotropicbridge in Korea.

4.5.2 Klipphausen road-bridge

First German’s composite bridge built in Dresdeaaam 2004. Made of Glass-FRP by
Fiberliné®. The cellular profile are spanning longitudinalith FDB600 ASSET profile.
The bridge has a total length of 6.6 m and a wadt® m (Canning, 2014).

JA
#X#X#}#AVAVAVAVAVAVtVAVAVAVAVAVAV‘VAVAV

Figure 4.7. Representation of the full orthotropicdeck in Dresden

4.5.3 Hollow-core deck

This cross-section has a longitudinal behaviouilamo a series of I-beams and transverse
behaviour similar to a castellated beam. The websrade of fly-ash filled with resin and
the top and bottom parts are made of Glass-FRP.wiles provide shear and torsional
resistance and carry the loads to the supportO@Vey, et al., 2001).

@ 00000

Figure 4.8. Representation of the Hollow Core Deckoncept.
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5 Methodology

The aim of this process was to evaluate the variatiend for different cases without
specifically focusing on the solution of each indual bridge. Therefore the strategy used
during this study was to analyse a great numbebriofges, varying dimensions, cross-
sections and materials in order to compare theghamduced in their dynamic behaviour.

NCC provided this study with a bridge concept te as a reference and to validate the set-
based design of the geometries. The bridge codsistdwo stainless steel beams with
varying height and a concrete deck, 35 m long amdviide.

When designing a bridge, the engineer could foltaww different paths in order to design
the structure, design for static analysis and attapsolution so that it fulfils the dynamic
requirements or vice versa. Consequently, it cbakke been decided to design the structure
so that it first fulfils the dynamic requiremenés it is the main scope of this work, but this
is not how it is done usually and would not yielshgarable results. From that point of
view, it was considered more interesting to follthe first procedure: first doing the static
design and then checking if the dynamic comforteca are fulfilled, as this is a more
common procedure.

Therefore, the structures simulated in this proyeete designed to fulfil ULS and SLS in

the most optimal way for each case. Then, thoseng&es were analysed according to the
dynamic criteria to check if they fulfilled the céont requirements from the Eurocodes, as
described in the Guideline (Heinemeyer, et al.,.920At this stage the level of performance
under dynamic excitations was evaluated and thenbetr of the structures concluded
according to the comfort criteria.

In order to find the optimal configuration that fild the limit states, a set-based design
approach was carried out. This procedure enabledgdometries to be obtained in a
realistic and objective manner. As explained latethis section, loading cases and checks
were simplified, as it is not the scope of thisdgtand this whole procedure just aims to
provide consistent geometries to be compared iamym analysis.

5.1 Bridge description

The structure to analyse consisted of a one spdgebfixed at both ends. The geometry of
the cross-section varied as depicted in Figureh&.geometry is intended to be adapted to
the shape of the moment distribution for the tygeboundary conditions and loads
considered.
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Figure 5.1. General longitudinal profile sketch othe studied bridges.

Span lengths in this study started from the NC@reafce case of 35 m, and were ranged
from 50 m to 300 m with an increment of 50 m.

Three different widths, 2.5 m, 5 m and 10 m wetgligd for each span case. They tried to
represent three specific bridge cases: pedestridgds with low traffic (2.5 m), commonly
built in places with a low population density; peti@n bridges with medium traffic (5 m),
typical in urban areas; and pedestrian bridges high traffic (10 m), which are usual in
the centre of big cities. With this range, it ie thtention to cover all the different situations
that may be designed.

In order to evaluate the influence of the geométrthe dynamic response, two different

types of cross-sections were evaluated to congtuereffect of the sectional stiffness,

comparing an open section, hereafter referred blasams, and a closed section, referred
to as Box girder.

The ll-beams case matched the NCC concept, usedligiate the design process. This
model was also used to make some assumptions én twdix the relations between some
parameters of the cross-section. The details oh emoss-section are presented in
APPENDIX A.4

All these combinations produced enough resultsviduate the aimed dynamic behaviour
trend of the studied cases.

5.2 Static design

As mentioned before, a set-based design procedaseused to design the bridges under
static loads. For that, a MATLAB code was developearder to check all the possible

combinations for a range of values. The optimaltisec defined as the one both

maximising the slenderness and minimising the wigeighs then automatically selected, as
depicted in Figure 5.2. This criterion was selecésdit was believed to give the most
interesting geometries to evaluate the dynamic\nebaof the structures.
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Figure 5.2. Bridge optimization criterion from setbase design proccess.

Static loading cases follow the rules and limitquieed in Sweden for bridge design by
Trafikverket, reflected in TVRK Bro 11 and Euroced® and 1. For simplicity, only
loading after construction of the structure is ¢d@ed, taking into account self-weight, a
dead weight of non-structural element$dfN /m? and the pedestrian variable load.

The design of the steel beams with concrete deskdwae according to Eurocodes 2, 3 and
4. In order to calculate FRP and graphene sectagsiideline from Fiberline Composites
A/S (2003) was used.

The ULS checks were done in the critical secti@ngte studied bridges, i.e. at the support,
transition and middle span and SLS was checked famlyleflection. Steel girders were
assumed of cross section class 1 or 2 as high mgeredipacity and low beam height were
desired, thus plastic theory applies (CEN, 2006). FRP and Graphene girders elastic
theory had to be used (Fiberline Composites A/8320

Full interaction between the girder and the deck w@ncluded as the most optimal for all
studied cases. This case is obvious for all caseshle steel girder and orthotropic deck
were a combination between plastic and elasticryhapplies, in Section A.4.2.1 all the
details are explained.

A limitation of the study was the evaluation of lggd buckling of the structure. However,
this assumption is not believed to influence thmults of this study as the global dynamic
behaviour of the structures should not be affected.

The bridge geometry was calculated frdimed and variable parametersto avoid large
computation time and achieve comparable geomet@Genmetry limitations and fixed
parameters were settled as a result of an analygisometry relations from IPE profiles.
These simplified the problem and avoided solutiwith unreasonable geometry. In Section
A.2 and Section A.3 these parameter definitiorsdatailed and justified. Therefore, the
considered geometry is the following:

- Fixed parameters
- Bridge length
- Bridge width
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- Height-to-flange thickness relationship accordirgg what showed in
Section A.2.1
- Variable parameters

- Beam height at the support
- Web thickness at the middle and the sides’ part
- Flange thickness:

= Same at the sides and the middle.

= Same at top and bottom for the Il-beams bridge difidrent for
the Box girder.

- Deck thickness
=  Checked for transversal direction for all cases.

= Checked for longitudinal direction for Concretedges.
= For the concrete deck the minimum thickness wasose2 m to
let enough room for the rebars.
= For the orthotropic deck the variation was proporl with the
deck flanges that were considered the resistatd parpresented
in Section A.4.3.2.
- Geometry limitations consequent of IPE relationsinplysis

- Web thickness-to-beam height.
- Flange thickness-to-web thickness.

5.3 Dynamic analysis

The process was automatized by the creation offetimython scripts in order to ease the
procedure and avoid human mistakes in the handliigat amount of data. This is further
described in Section 5.5.

The dynamic study was performed using the geonsegenerated with the static design
tool. The eigenfrequencies and modes of vibratwee then obtained from BRIGADE for
each case. Later, each bridge case was procesdbdtshe dynamic load case could be
properly applied when the natural frequencies watiin the range defined by Eurocode 1.
The sinusoidal time-varying pedestrian loads w@miad according to what is reflected in
Section 2.4 so that the different traffic classed aomfort classes were included. These
were defined following the recommendations statethe Guideline (Heinemeyer, et al.,
2009) and reflected in Table 5.1

Table 5.1. Selected traffic and comfort classes.

Traffic Density Comfort Vertical acceleration Lateral acceleration
Class (%) Class (Sﬂz) (SEZ)
TC2 0.2 CL1 0.5 0.1
TC3 0.5 CL2 1.0 0.3
TC4 1.0 CL3 2.5 0.8
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It is important to remind that each dynamic loadsvegplied following the shape of the
vibration mode, as it was presented in SectionA¥example of this is depicted in Figure

WL

T

Figure 5.3. Example of a » harmonic of vibration with pedestrian loads direcfon matching the mode shape.

5.4 Extraction of results

Accelerations were obtained in two different poiatsmiddle span. One located at the
middle of the bridge width and the other one atdide, as depicted in Figure 5.4.

Figure 5.4. Location of analysed accelerations in ehbridge deck.

These points were selected as middle span is thwstvease for the fixed boundary
conditions and taking into account that dependingtle vibration mode and type of
loading the worst case could be located at aniedd two spots.

Accelerations were calculated with the mode sumtipon method, as explained in Section
2.1.5. According to what was presented in Sectidr62the number of modes to be used in
this summation method had to give, at least, a npasticipation of 90% for the
displacements in each direction (linear or rotatihnFor some big models, this condition
needed a high number of eigenvalues to be usdeitonhgitudinal direction increasing the
computation time too much. Thus, it was disregaifdedhese cases, as the response in the
longitudinal direction was negligible due the cluaeaistics of the loads and boundary
conditions.

The calculations were carried out for a simulatiome of 150 s, as it was observed that at
this point, the structure response was already @ddmphis simulation time had to be

predefined before the calculations were done amthdu checked that the damping

phenomenon was really achieved, as depicted irré&ig3.
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5.5 Work flow

All the process carried out in BRIGADE was scriptedpython in order to create an
automatized workflow that would save time and avaddidental mistakes while creating
all the bridge geometries, applying loads and olbtgithe results.

The process had to be divided in three st@ps:processing, Pedestrian loads and Post-
processing Each step loaded some parameters that were eitpatsi for each step or
results from previous steps, with those parametietdefined geometries and job definitions
that were afterwards run by the user

The Pre-processing step, summarized in Figuredefined all parameters that needed to be
input by the user to be used in the whole analysigenerated the bridge with the
considerations defined in APPENDIX A. The self-weigtep was defined, in order to
check that the model behaved properly. The eiggnéecies extraction case was also
implemented.

PRE-PROCESSING

USER INPUT

Bridge type
llbeams
+ Box
Material selection
Deck
Section
Bridge geometry
General
Specific for each cross-section
Other parameters
+  Mesh seed
Modal analysis time
Number of eigenfrequencies
Mass participation limit
Traffic Cases

Material properties

Specific geometry
Section definition
Section assignments
Constrains

Mesh

Job definition | gRiGADE OUTPUT

Eigenfrequencies
Self-weight BRIGADE JOB

Figure 5.5. Pre-processing workflow chart.
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The second script to run, after the previous jols wancluded, was the Pedestrian Load
script, summarized in Figure 5.6. From the eigenfencies calculated before, the dynamic
loads were applied to the model, if a dynamic asialyvas necessary, according to the
Guideline and what was explained in Section 5.3.

At this stage, the user had to check here if ttzal lbad a harmonic mode of vibration
greater than one and thus, had to be adapted tmtlie shape, according to what was
explained in Section 5.3. The step with the pedestoads was then created by the script.

PEDESTRIAN LOAD BRIGADE INPUT

Eigenfrequencies and modes of vibratipn

Specific modes to analyse

Vertical

Lateral

Horizontal
Job definition with the corresponding
steps and load

Manually adapt the

pedestrian loads
BRIGADE OUTPUT shape if harmonic

higher than one

Pedestrian Loads BRIGADE JOB

Figure 5.6. Pedestrian Load workflow chart.

The Post-processing phase, summarized in FigureuSed a last script to create an output
file, with the desired results. This results weanfatted by an excel macro to show them in
a more intuitive way.

POST-PROCESSING

BRIGADE INPUT
Pedestrian Loads Job resurs |

Modal analysis
Load functions
XY data acceleration extraction from

desired points MACRO OUTPUT

Function plots
Mass participation
Accelerations of each load case and

point.
EXCEL MACRO

Figure 5.7. Post-processing work flowchart.

Moreover splitting the process in three differstéps made possible to visualise some
intermediate results that could be interestingHierdiscussion part.
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5.6 Limitations

The limitations of the present study are both thesogiven by the codes and the ones that
were assumed during the present document:

52

Several limitations were used to find the geomstire the set-base design. Only
basic ULS and SLS checks were used as mentiondusirsection and detailed in
APPENDIX A.

Pedestrian loads were simplified according to theid@ine. Therefore the
limitations that are stated in the Guideline wessuaned.

The appliance of the load according to the modélwhtion was done matching the
harmonic just in the longitudinal direction asdtreflected in the examples of the
Guideline.

Some material properties had to be assumed daekoof studies or contradictions
between references. Specially, graphene propertame from numerical

predictions.

An equivalent orthotropic deck had to be usedhasnmore detailed one created a
big number of elements, enlarging the analysis.time
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6 Results

In this section some results are presented to elifgrapd analyse the performance of the
studied bridge cases. These results are presesukding different variables, in order to
analyse the influence of span length, bridge widththe behaviour of the different
materials. A collection of tables with all the risspwith eigenfrequencies and accelerations
for each case, is presented in APPENDIX C.

Eigenfrequencies and accelerations have been dtird@der to come up with conclusions.

The first are analysed as a behaviour trend inroraleextrapolate the performance and
influence of each parameter while the latter aserésults of the cases that, according to
Eurocode 1, had to be analysed.

It can be observed that two dotted horizontal liaes included in the charts presented in
Section 6.1. These lines mark the limits for thegjfrency ranges defined in Eurocode 1: 0.5
— 1.2 Hz for lateral vibrations and 1.25 — 2.3 HeVertical vibrations. Hence, accelerations
were calculated for the frequencies within thesges.

These results should be interpreted not only byparing if modes have an increase or
decrease in their natural frequencies, but altbharocation of them close to the previously
mentioned limits.

6.1 Natural frequencies

6.1.1 Influence of span length

Eigenfrequencies are plotted against length inréigul, Figure 6.2 and Figure 6.3. They
all show what it seems to be a hyperbolic decrggsattern while length increases. Two or
three families of eigenfrequencies clearly appeaach case, which correspond to different
modes of vibration. Each of them follows the sameeding line and has approximately the
same mass participation factor. In some specifimsbns, modes of these families seem to
be divided in two different frequencies, which havsum of mass participation ratios equal
to the rest of the family. This is exemplified ilg&re 6.1.

OBox - Concrete Steel - W=10m - Vertical OBox - Concrete Steel - W=10m - Lateral
20 20
. Q
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=} o =) o
g 5 : g 5
(I o ° o [ o) b ° o
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Figure 6.1. Example of mode families. The area ohé bubbles is proportional to the mass participatio factor.
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Figure 6.2 shows a plot of eigenfrequencies forfthe different material cases and one
width, plotted against bridge length, for verticabdes. It can be observed that Concrete-
Steel, FRPSteel and FRP cases show a similar pattbile eigenfrequencies for Graphene
bridges have usually higher values. The differemcéhe eigenfrequencies between the
studied cases is greater for shorter bridges viil&arger ones they tend to closer values.
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Figure 6.2. Frequency-Length plots for vertical mods and W = 10 m.
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The plots for the lateral modes of the eigenfregiemnare shown in Figure 6.3. Here it is
observed how the three existing materials gavelaimesults, while Graphene, once again,
proved to have higher frequencies, especiallytiortsbridges.
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Figure 6.3. Frequency-Length plots for lateral modes
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6.1.2 Influence of width variation

The variation of frequencies for vertical modes dmt follow any recognizable pattern
when increasing the width. As an illustration ofthrigure 6.4 depicts 35 m long bridges
for all the material combinations and cross-sestion
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Figure 6.4. Frequency-Width plots for vertical mode for L=35m.

Figure 6.5 collects some of the frequency-widthrthéor lateral modes. The left column
shows these graphs for Concrete-Steel and the cbtnn for Graphene, both for 50 m,
150 m, and 250 m. They serve as examples for #teoféhe cases, which can be checked
in detail in APPENDIX C. Unlike vertical modes, H&s ones show a rising trend for wider
bridges.
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Figure 6.5. Frequency-Width plots for lateral modedor lengths 50 m, 150 m and 250 m (notice that g®have
a different vertical scale for each length).
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6.1.3 Materials comparison

The influence of the material used is isolatedhe tharts presented in Figure 6.6 and
Figure 6.7. Vertical modes are presented in theciegumn and lateral modes in the right

one.

Graphene shows higher eigenfrequencies when comhpath Concrete-Steel, FRP-Steel
and FRP. The same was pointed while analysing rifieence of the length, in Section
6.1.1. However, among the latter materials a behapattern could not be observed from

these results.
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Figure 6.6. Frequency-Material plots for lengths 50n and 150 m, and width 10 m.
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Figure 6.7. Frequency-Material plots for lengths ad 250 m and width 10 m.

6.2 Accelerations

The accelerations were calculated for the cases thereigenfrequencies were in the range
stated by Eurocode 1, according to the loads recamdied by the Guideline, as explained
in Section 2.4. Therefore, they were a consequehdtbe bridge cases considered in the
present study.

The results were plotted in order to be able tolyseathem and try to find pattern
behaviours. The accelerations are presented in ABIPE C together with the rest of the
results, and plots can be found in APPENDIX D. Tin&n interest on the acceleration is
the relation between the oscillation direction #melgeneral behaviour of each bridge, more
than the global magnitude.

In Figure 6.8 the vertical accelerations for the Concrete-Skeiglge with box girder are
plotted. There it can be easily found that for dases where the three widths had to be
evaluated the biggest accelerations were founthéonarrowest case.

Box Concrete Steel - Vertical accelerations

16 -
% 12 -
% o =TC2
0 o ETC3
- | - VViVLLL Ll el
2.55.010,02.5 5/010.02.5 5.010.02.5/5.010.02.5 5.018.6810.02.5 5.010.0
35 50 100 150 200 250 300

Figure 6.8. Vertical accelerations for the Box Correte Steel bridge.

3V andL stands for Vertical and Lateral predominant mawfesbration respectively
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The problems for Graphene bridges appeared in gerer larger bridges, as it was
perceived in the eigenfrequency study in Sectioh. 8n Figure 6.9 the vertical
accelerations for the Graphene bridge with Boxagiae plotted.

Box Graphene - Vertical accelerations
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Figure 6.9. Vertical accelerations for the Box Grahene bridge.

The lateral accelerations did not show any remaekadationship between them. Thus,
their charts are just shown in APPENDIX D.

6.3 Summary charts

The figures presented in this section, Figure 6El@§ure 6.11, Figure 6.12 and Figure 6.13,
summarise the results previously presented in @mionple way. They analyse according
to Eurocode 1 and the Guideline if the differentges fulfil the requirements stated in
them.

Figure 6.10 and Figure 6.11 gather the performémceertical vibrations for the II-beams
cross-section and the box girder. It can be obsehav the response is more or less the
same for both sections in this case.

“ See Footnote 3
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[I-beams - Vertical performance
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No freq.inrange
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Figure 6.10. Summary table for the vertical perfornance of the Il-beams section.

Box - Vertical performance
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Figure 6.11. Summary table for the vertical perfornance of the Box section.
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The performance under lateral vibrations is showirigure 6.12 and Figure 6.13. In this
case, it can be seen how the problems disappeasttompletely for bridges lower than
200 m, when the section is closed using the badegir

[I-beams - Lateral performance

Freq. in range but Freq. in range and

No freq.in range
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Figure 6.12. Summary table for the lateral performance of the II-beams section.

Box - Lateral performance
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Figure 6.13. Summary table for the lateral performance of the Box section.
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7 Discussion of the results

The discussion is separated in two main blocksetgenfrequencies and the accelerations.
As it was mentioned, the eigenfrequencies can laéysed as a continuous trend. On the
other hand, the accelerations depended on the satejmed by Eurocode 1 and therefore
were only possible to be calculated for the caseange according to Section 2.4.

There are some cases in which there were impdregqiiencies that were out of the limits

stated in Eurocode 1 but really close to them. €ha@ses may have fallen into the limits if
some small variations were introduced in the gepométhese changes could be due to
other criteria introduced in the calculations,@atmore detailed design that could take into
account the contribution of non-structural memiseich as handrails or pavement.

Nevertheless, all bridge cases were affected gqbglthe design criteria which aimed for
the analysis of a big sample of bridges instead oéduced range with a more detailed
design. Thus, the limitations presented in Secii@have to be consider for the discussion
below.

7.1 Study of natural frequencies

7.1.1 Raw analysis

Natural frequencies are dependent on both mecHamdamaterial properties of each case.
As introduced in Section 2.1.1, the natural freqies are the solution for the differential

equation stated there and this solution can beagygd by the expression in Equation (7.1).
This means that natural frequencies are directip@rtional to the stiffness of the structure,
k, and inversely related to the mass,

k
fn X \/; (7.1)

At the same time, the stiffness of a system isriselg related to the length of the structure,
as shown in Equation (7.2). It depends on the baxyndonditions and factar, which is
related to the load distribution of the structurberefore, the relation between frequencies
and length is hyperbolic.

(7.2)

This shows that for short bridges, an increasé@fspan length produces a big decrease of
the natural frequencies of the structure. Meanwlide long bridges, the gradient lowers
down and a horizontal asymptote appears.

The results presented in Section 6.1.1, Sectior? Gahd Section 6.1.3 present certain
interesting patterns related with the previousoeengy, which are presented below.
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First of all, as it can be seen in Figure 6.2 amgufe 6.3, eigenfrequencies show a
decreasing trend when increasing the lenght, witlyerbolic pattern, as it was explained
in Equation (7.2).

For our caseq has a value ot in Equation (7.2), as the loads are uniformly rehstted
over the bridge. Thus, the bigger the length, theelr the importance of material and
section parameter€ (andl) on the result. Hence, the eigenfrequencies fogdo bridges
tend to converge for all the material and sectiomlginations.

When comparing between sections, there did notaappg differences in results when it
came to vertical frequencies. This seems logicthasvertical stiffness should not vary
when closing the section, as it was dimensioney fanlvertical loads.

On the other hand, it can be observed in Figurén6v@ the Box cross-section yields higher
frequencies than the Il-beams cross-section ferdaimodes. Cross-section for the lateral
behaviour goes from two beams connected only bydiek to a whole box with an
expected better performance in that direction. Tésuilts confirmed that, as the natural
frequencies showed much higher values for the Bogsssection.

When taking into account the frequencies rangeedsthy Eurocode 1, we can draw the
same conclusion, as depicted in Figure 6.12 andr&i§.13. There, bridges with problems
appeared for longer bridges when the section wesed| compared to the open section.

Secondly mentioned in the results, was the efféuatidth variation. No clear difference for
vertical modes was found when varying the widthsta®wn in Figure 6.4. Vertical stiffness
should be greater when increasing the width to begrer loads, but so would do the mass
of the structure, and therefore frequencies shoatcchange a lot, according to the relation
in Equation (7.1).

When comparing lateral frequencies, the stiffnesthis direction would increase, which
explains why frequencies rise when widening thdd®s, as shown in Figure 6.5.

Once again the frequencies are similar for thedwmss-sections for the vertical modes, see
Figure 6.4, while they are higher for the Box cresstion for lateral modes, Figure 6.5.

The last effect isolated in the results was theenels change, as plotted in Figure 6.7. Here
it is seen how the three actual materials comhwnati Concrete-Steel, FRP-Steel and FRP
had similar results for the different lengths andhene showed higher results. This can be
explained one more time with Equation (7.1). Irstbase, both parameteksandm, help
Graphene yielding higher results, as the stiffiesgher meanwhile the mass is lower.

7.1.2 Dependency study

The influence of the different cross-sections aramtemals of the studied bridge can be
compared from the results showed in Section 6a# to be remarked that the following

discussion does not expect to conclude any stateimexacts relationships between these
cross-sections and materials, although comparediigamic behaviour.
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Taking what presented before one step forward, &mud7.3) rewrites Equation (4.1) to
show the relationship between length, cross-seetimhmaterial. Nevertheless the results of
this formula are approximate; it will be used d@emence to explain the influence of each of
the studied elements.

Kn ’ Kmat ’ Kcs

2mL? (7:3)

fn

Where:

- fn . eigenfrequency of the nth harmonic
- L :length

2
- K, = [(2 ‘n+1) g] harmonic component

E .
: Kmatz\/;materlal component

1 .
K. = \/: cross-section component
S

Note that the above formula is related with whaspnted in Equation (7.1) and Equation
(7.2).

The charts in Figure 7.1 contain one width casdéih cross-sections studied. It shows the
eigenfrequencies divided by a factor dependantherharmonic of vibrationk,,. So that,
the eigenfrequency families explained in Secti@régathered. It can be observed how the
studied cases follow the trend showed by the foamubstly for long span bridges.
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Figure 7.1. Mode shape analysis for vertical eigerdquencies for both cross-sections.
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The biggest differences appear for bridges withelowength-to-width ratio, i.e. shorter
spans and larger widths. In addition, Box crossisecand FRP and Graphene cases
presented larger dispersion of eigenfrequencies.

A Graphene low length-to-width ratio is depictedFigure 7.2, where it can be observed
what was previously mentioned. This eigenfrequetispersion is due to the existence of
modes of vibration that have combined oscillatians the deck and the section.
Furthermore, FRP and Graphene cases have lowé&néss in the deck and section, which
leads to less stiffness and the existence of tb@sdined oscillations.

Figure 7.2. Modes of vibration for the II-beams gider for Graphene, L =35 mand W = 10 m.

Box girder cross section, depicted in Figure 7/@dpced modes of vibration with great
oscillations in the lower flange due to modellinghglifications; as a result, the lower
flange had sometimes different vibration modes thanglobal behaviour.

Figure 7.3. Modes of vibration for the Concrete-Stel box girder, L = 35 m and W = 10 m.

Nevertheless, the eigenfrequencies trend variatiam be recognised for most of the

materials and geometry combinations. In additibe, results showed in Figure 7.1 are for
the case of the highest width that was observeeht@ance the problem for lower bridge

lengths. Therefore, this result validated the maohel showed that this formula is adequate
for its use as reference for the influence of gzatameter.

Three main parts can be identified from EquatiorB)(7the harmonic shape, material
properties and cross-section properties. Thereforeorder to analyse each part
independently they have to be separated in somenenaffhe harmonic shape can be
separated in the families shown in Section 6, &edefore their behaviour and discussion
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can be unified; so in the following discussions taeily with highest participation is
analysed.

The material component in the formula is directgpendant on each combination of
materials that is used. The cross-section compahegpends on the moment of inertia and
area of the cross-section. In Equation (7.4) issshthat for the vertical eigenfrequency the
most influencing parameter is the height of thaiseavhile for the lateral it is the distance
of the beams.

I ,I +S-d?
Kcs=\/;= CQT (7.4)

Therefore, vertical eigenfrequencies mainly depemdhe height of the cross-section while
lateral eigenfrequencies on the width of the csession. The results from dividing the
frequency by the cross-section parameter are siowigure 7.4.

Vertical eigenfrequencies
—o— 1|l Concrete Steel —<— 1l FRP Steel Il FRP
- < = Box Concrete Steel- = - Box FRP Steel Box FRP
5 |
2
0.5 -
0.05 T T T T T T
30 50 70 90 110 130 150
L [m]

Figure 7.4. Material analysis of the vertical eigefiequencies for W=2.5 m.
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Furthermore, it can be observed how both crossesecigather together. Therefore the
cross-section influence can be considered supmlesskbthe material itself can be analysed
independently.

Graphene has the best performance as its valuesahgreat difference with the rest, which
iIs why it is not showed in Figure 7.4 in order t@gent better the other cases. FRP-Steel
and Concrete-Steel have a similar behaviour, WkR® has the lowest values.

Despite what mentioned in Section 7.1.1, it can dimserved in Figure 7.4 that
eigenfrequencies for the Box cross-section aréhttjigower when compared to the II-
beams.

The same case is presented for the other two widtRigure 7.5. There it can be seen that
the exact same observations appear. Graphene wasnotuded so the big difference
between them is reflected.

Vertical eigenfrequencies

—o— || Concrete Steel ——1I FRP Steel Il FRP —=— |l Graphene
—— Box Concrete Steel—<— Box FRP Steel Box FRP —+=— Box Grapher
W=5m W=10m
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1- 1 -
0.1 - 0.1 -
0.01 T T T T T T 0.0l T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
L [m] L [m]

Figure 7.5. Material analysis of the vertical eigefiequencies for the W =5 m and W = 10 m cases.

No relation could be found for the lateral eigegftrencies according to the material
behaviour, but it could be identified that the bgixder had a better performance in this
direction, which matches with what was commente8ewtion 7.1.1. This issue can be due
to the difference in the behaviour of the sectiod the deck and the fact that the lateral
eigenfrequencies are more related to the oscifiatad the deck, therefore the suitability of
the formula for the lateral direction is discarded.
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7.2 Accelerations

The acceleration values, as mentioned in Sectidnvéere calculated just for the studied
cases and, according to that, have to be discuSéedefore, a behaviour trend cannot be
evaluated as they are directly dependant on egemnfeéquency and thus on each specific
geometry.

Also, the results discussed in Section 6.2 showatithe eigenfrequencies are sometimes
difficult to evaluate and categorize, see Figuahd Figure 7.3 for instance. The applied
load may have a big role in the accelerations tesAk it was mentioned in Section 5.3, it

had to match the shape of the mode of vibratiornwéi@r, this was not possible to do for

all the cases with the highest accuracy, as siatéae limitations. This issue may have a

big influence in the acceleration results and meayeha direct influence on its final value.

It can be observed in Figure 6.8 that the acceteraesults were inversely proportional to
the width when all the widths had to be analysedfoertain length. This phenomenon was
observed to appear for cases with Steel girdereafoil FRP and Graphene this effect was
less important.

This can be due to the importance of the mateaating which was 1.0 % for FRP and

Graphene and 0.3 % for steel. Figure 7.6 depiesattelerations for two cases, one with
Concrete-Steel and another one with FRP. Here an@bserve the damping phenomenon
and how the time needed to damp the acceleratmrhé first case was much higher than
for the second one. Note that the accelerationegatwe of completely different magnitude

(but still exemplify what mentioned).
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Figure 7.6. Accelerations for a Concrete Steel (abe) and a FRP (below) bridge, for vertical accelet&éons in
TC4, L=150 m and W=10 m.
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The accelerations were higher when pedestrian tyeinsreased with the traffic cases. The
differences between them were higher for the 3tedges, when compared to the FRP and
Graphene ones. This matches what was argued adoyting effects.

It could also be observed that in most of the cisesighest accelerations were obtained
for the direction for which the mode of analysisswaredominant, as it was expected.
However for some vertical-dominant cases, relagivgyh lateral accelerations appeared, as
it was the case of the 100 m long and 5 m width-lS&#| bridge with box girder.

It was expected to obtain a relationship betweeak @ecelerations and mass participation,
so that, while exciting the structure with frequiescwith a high mass participation factor
higher accelerations would appear. That happenexbnme cases, like the bridge with II-
beams, FRP-Steel, 100 m long and 10 m wide. Ineék&mnple, there were two vertical
modes with the same frequency, 2.26 Hz, in whieh dhe with higher participation got
higher accelerations. However, for some cases aacBox, FRP, 200 m long and 10 m
wide this was not observed as much smaller magdiipations led to similar responses. .
Here there appear two vertical modes, one withracgzation of 52.4 % and another with
2.3 %. The second mode got accelerations which dauble the ones of the first mode.

To sum up, there may be some patterns on the aatetes, but the reduced number of
samples, together with the high dispersion dueifferdnt frequencies and participation
factors, and the possible lack of accuracy in tdalldefinition, made it impossible to get
any good conclusion related to accelerations.
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8 Conclusions

Research on graphene is still mainly in the narleseend its presence in usable materials
nowadays is almost non-existent. The propertiesl iisehe modelling have been taken

from theoretical models that predict its behavioumacroscale from the nanoscale models,
taking into account the probable appearance ofmaatmperfections. These models ended
up in material properties that showed a reallyedéht and better performance compared
with traditional materials.

Therefore, graphene was used in this study as aolvayalysing the material properties
that high-performance materials may develop fordivé construction sector in the future
and how they would perform in such a case.

The problems that pedestrian bridges may suffeln wie introduction of ultralight high-
performance materials, such as graphene or FRP whesuced in larger scale, are
challenging due to the lack of knowledge in thédfie

Pedestrian dynamic loads are difficult to model.e Thuman-structure interaction is

complex, mainly due to the intrinsic characterstaf human behaviour. These problems
have been studied and gathered in this reportetid®e2.2. After this study, it was pointed

out that the codes are not yet adapted to thditaihgs due to the uncertainty of human
behaviour. The reference Guideline (Heinemeyea.e2009) defines the pedestrian load in
a rather simple manner compared to all the diffepanameters that affect human gait.

In summary, the complexity of the human behavicudividually and as crowds, makes it
difficult to model it in an accurate way. Howevthre latest numerical models to define the
interaction between humans and human-structureesyepromising.

Gathering the previous information, together witiissical ways of analysis, 72 different
bridge cases were analysed. They were designddLférand SLS, and then, their dynamic
comfort was checked. These cases combined the fusaditional materials (steel and
concrete) and high-performance innovative and fstiarmaterials (FRP and graphene).

Different structural types were analysed in Secdohy comparing real cases built with
high-performance materials. These examples afevstiy far from what these materials
may lead in the civil construction, especially witle discovery of very promising materials
such as graphene. After considering several vasalvhainly the dynamic behaviour, two
different cross-sections were selected for theysisl

It can be concluded that the results showed arljggtéormance for graphene in short span
ranges, in which the traditional materials had adye dynamic problems. Graphene
developed dynamic problems, but for lengths ovér 25

Meanwhile, FRP showed a performance that was 8li¢aver than the one of the bridges
with steel girder. This conclusion is due to thet fdnat the material properties for FRP are
still too conservative, as the safety factors i@opby the Reference Code (Fiberline
Composites A/S, 2003) are relatively high, downgrgdhe FRP properties.

CHALMERS, Civil and Environmental Engineering/laster’'s Thesis 2015:118 73



Steel girder bridges had a similar behaviour fahloteck materials. This is understandable,
as the girders are the main component definingbtiidge performance. This was also

observed in the design phase, where they showiilarsslenderness. In conclusion, when

comparing the bridge with FRP and concrete deck® BRdges may present advantages
during the construction stage and maintenancetrootsral advantage was highlighted in

the analysis of the present study.

The comparison of the results made with the trawgti formulas from dynamic theory
pointed out the influence of each parameter and tiasvmatched relatively well the FE
results. This was not completely valid for shoities, where the formulas for 2D analysis
showed not to be enough, emphasizing the need3bf analysis in these cases. Similarly,
the different behaviour of the orthotropic decktime transversal direction remarks this
issue.

The accelerations, obtained according to the ltiois of both the Guideline and this

study, did not yield any remarkable results. On lbaed, the ranges defined in Eurocode 1
limited the number of results to be obtained. Gandther hand, some of the results within
this reduced and spread group were directly inftedny the way of applying the load. The
complex mode shape of these cases made it dificupply the load in order to obtain the
worst possible combinations.

Damping is another important factor in order tadfihe response of the structure. Both of
the main components that define this factor, malteand structural damping, presented
uncertainties in their definition. Material dampipgesents different values depending on
the reference used. Furthermore for FRP and graptieare are no values and damping
from timber was used instead. Structural dampingaaly be found once the structure is
built by testing it and therefore its value was osgible to simulate.

To sum up, graphene could avoid dynamic problenaké to its higher stiffness,
meanwhile traditional materials had problems fargdr lengths. It can be concluded that a
stiffening of the cross section helps to avoid dyita problems, as it raises the
eigenfrequencies. However, this has to be doneowitincreasing at the same time the
mass of the structure.

Material properties appeared to be as importantciss-section properties. High-

performance materials, which combine high strergytld ultra-lightness allow the cross

sections to be really slender. The problem themxagcted, arises with the stiffness of the
cross-section. There, the box girder solution slibslghtly better lateral performance and
pointed out how to decrease the dynamic problems.

These high-performance materials not only allowerglender structures but also create the
possibility of considering new cross-sections tbatild not be conceived for traditional
materials. For instance, a tube closed sectiom arntinner deck, which is a good solution
for bridges with high dynamic problems. This ha®ralready implemented for some
railway and pedestrian bridges with traditional engls, however ending up in complex
solutions due to the need of holes to lighten thecture. The promising properties of
graphene may simplify this solution allowing theation of a transparent solid tube.
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9 Further studies

The purpose of the present study was to analysdyti@mic problems of super-lightweight
pedestrian bridges that may arise with the useraplgene. In order to evaluate this
performance some limitations had to be assumedteréfore some further studies could
be developed from here:

Pedestrian load models are simplified due to tbemplexity. In the present study
different issues that affect the pedestrian loadsevmentioned but not furtherly
applied due to the lack of implementation in thees The authors believe that it
could be evaluated how these models might be ap@i@ that, even though all the
parameters that affect human gait cannot be defael@ast different scenarios are
evaluated.

Pedestrian load definition has a high dependencthereigenfrequency and mode
of vibration that is excited. It was proved thaeyhare dependent on many
parameters and assumptions that could not be lgneraluated. Thus, a load
combination that leads to the highest accelerat@mmnot be directly deduced. A
study that takes into account the complexity of 3ieoscillation and worst load

combination is certainty desirable.

Mass participation factors play an important roleew deciding which modes are
important for the structure and which ones are jredidues from the FE
calculations. It could not be proved what is thie f the mass participation factor
in the response of the structure. It is suggestestiudy above at which limit of mass
participation resonance problems can be encounteneéning a danger to the
structure or its users.

The methodology used in this study is a consequehapplying the Guideline load
model. It did not allow finding good conclusiong the accelerations. It could be
interesting to analyse all the bridges for theirturel frequencies with no
consideration to the limits. This may allow evding the accelerations as a trend,
similar to the analyses developed for the eigenkeegies, so that the material and
cross-section influence could be extensively aralys

The limited time for this study together with thetimodology used in the whole design and
evaluation process required simplifications. Belas mentioned some assumptions that
could be evaluated to verify the validity of soresults in this study:

The design process was done based on some (balinciecks for ULS and SLS.
It could be evaluated how neglecting other cheffexted the dynamic analysis and
how the results would differ.

The simplifications in the design stage implied @ifications in the modelling.
Basic bridge structures were used in the FE arsmlysthout details like the

CHALMERS, Civil and Environmental Engineering/laster’'s Thesis 2015:118 75



stiffening of the plates. It could be evaluateth# dynamic behaviour with proper
modelling would affect the results and conclusions.

- There are more sections that can be analysed anplaced apart from Il-beams and

box section. A design using a tube section coulohtagesting, as it was commented
in the conclusion.

Finally, the material properties used in this stfiolygraphene and FRP were in line with
the state of the art for these materials. In thiglystheir properties were justified according
to a wide literature review and extrapolating frammerical models. Further studies could
be developed including new developments of thearebeon graphene properties as it is
still in a primary stage. It therefore needs to e more mature point in order to yield
more realistic conclusions about it.

Properties such as material damping are not wéhelt for FRP materials, it was observed
to play an important role in the acceleration resgo Thus, the influence of these

properties in a more extensive research shoulebelaped, evaluating different values and
their real influence.
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APPENDIX A Bridge design

The studied bridges were based on an actual caseMICC which was used as a reference
and validation of the method and model. The cressien consisted of a concrete deck
resting over two stainless steel |I-beams distrihigmmetrically. This case was further

developed for the box girder cross-section anceddfit material combinations, with FRP

and Graphene.

As the purpose of this thesis was to evaluate réiffegeometry and material combinations,
some assumptions and relations were made in ayder &ble to achieve a series of rational
geometries.

The dimensioning of the cross-section was dividedixed parametergSection A.2 ),
obtained from the mentioned real case, aadable parametergSection A.3 ). The latter
were obtained based on a set-based approach| tlee aolutions that did not fulfill certain
requirements from checks were rejected and fronoties that did so, the final solution was
obtained based on an optimization criterion.

The longitudinal profile and boundary conditionsrev@btained from the NCC reference
bridge. To reduce the number of unknown parametbesflange width in the transversal
direction was also assumed.

A.1 Analysed bridges

The analysed bridges are a combination of two esessions, II-beams and Box girder, and
different materials, as concrete, steel, FRP amagbtggne. Combinations were defined for
different lengths and widths as shown in Figure.Atlhas to be noted that some bridge
combinations were impossible, according to thegieprocess used in the present study.

Analysed bridge combinations
Concrete 2.5 - vz vl A
= 5 -
E Steel 1] e o o o o e e
e
B3 FRP 2E&-
2 5 -
5 Steel 1 o oo o oEm Em o
c
® 2.E-
© FRP 5 - 7
5 1C -
—
‘2‘5 Graphel 2.t
5 - I
e
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3t 5C 10C 15C 20C 25C 30C
Length (m)

Figure A.1. Analysed bridge combinations.
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A.2 Fixed parameters

The assumed geometry relationship for the longmaidiprofile, showed in Figure
A.2Error! Reference source not found, is reflected on Table A.1.

Table A.1. Assumed geometry dependant on unknown pameters.

hbeam support Lbridge anderidge

hbeam middle = 0.62 - hbeam support Lsides =0.16- Lbridge

hbeam transition = 0.7 - hbeam support Bdistance =06 Bbridge

L

sides middle , sides

“/ hmiddle htransition \‘

Width

hmiddleJ T T bf
B

distance

hsupport

Figure A.2. General longitudinal profile sketch ofthe studied bridges.

A.2.1 Flange width

To avoid a large calculation time, the flange widths assumed as a relation between the
unknown geometry. A reasonable relationship waseaeld by studying the existing
relations in commercial IPE profiles that were &e#id to have the same characteristics as
the ones studied in this project.

The relationship between the height and flangewadtthe beams is represented in Figure
A.3. One can observe that the initial values havegarithmic trend that linearizes for
larger heights. In this study high beams were asebitherefore the linear trend relationship
was used.

Height-to-flange width IPE relationship

o Real Logaritmic — —Linear
= 300 I
S ——
— _Q —— —
< 200 —e=e- -
=) o ©°° ©
= 100 500°°
S oOOO
HC_E O T T T T 1

0 200 400 . 600 800 1000
Beam height [mm]

Figure A.3. Height-to-flange width IPE relationship.
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To validate this premise, the relationship betwiange width and bending resistance of
IPE beams was studied. It can be observed in Figusethat this relationship follows a
logarithmic trend.

Height-to-Bending resistance of IPE profiles
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Figure A.4. Height-to-bending resistance of IPE prafes.

This relationship was then compared with both teined relationship and as an unknown
variable, see Figure A.5. The latter calculatiors wdane just for a few cases due to the
increase in computation time that each unknowratéeiproduced.
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Figure A.5. Height-to-bending resistance of the callated profiles.

The results showed that the imposed relationsHipwed the logarithmic trend for both
cases, which validated the model.
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A.3 Variable parameters

The following geometry was used in the design MAB_fool as variable data in order to
obtain the final geometry with the optimizationterion mentioned in Section A.6

- Beam height at the support.
- Web thickness at the middle and the sides.
- Flange thickness:

- Same at the sides and the middle.

- Same at top and bottom for the beams bridge aridreliit for the box
girder.

Deck thickness

- Checked for transversal actions.

- For the concrete deck the minimum thickness wastsé.2 m to let
enough room for rebars, and it was allowed to gim\Wvelp the steel in the
composite action.

- For the orthotropic deck the variation was propodl with the deck
flanges that were considered the resistant partgresented in Section
A.4.3.2.

These variable parameters were defined betweersaaryd with certain increments. It was
then checked that the final solution was within tledined limits. Therefore avoiding the
influence of the authors in the final geometry.

The results obtained have a resolution that canrvealistic from a production point of
view. However, the code was very sensitive to tleeements of each range of values and
therefore had to be settled to small ranges amdlyinsed for the dynamic analysis.

To avoid unreasonable solutions given by the opgamtnon criterion set in Section A.6
some geometry limitations were imposed accordingelationships analysed from the IPE
profiles. The web-thickness-to-beam-height and wmtkness-to-flange-thickness
relationship are reflected in Equation (A.1). Theymost follow a perfect linear
relationship, as they have a R-square value 0f90.88d 0.9977 respectively.

t,, = 0.0155 - hypqm + 2.4921
(A1)
t, = 1.6522 - t; — 0.8304

To avoid settling on the geometry it was imposegeupand lower limits of 1.5 and 0.5
times the relation from Equation (A.1) so somedaa was given to the MATLAB design
tool.

The achieved results are showed for this critemoRigure A.6 and Figure A.7. It can be
observed that the web-thickness-to-beam-heightioekhip had some influence from the
optimization criterion of high slenderness. Howevke geometries fulfil the ULS and SLS
limitations so the geometries were considered teatid for further analysis.
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Figure A.7. Flange thickness-to-web thickness relamship.

A.4 ULS checks

A.4.1 General verification

Following EC3 and EC4 together with the Guidelitiee verifications needed for the
studied double-fixed structure are identified aegidted in Figure A.8.

I.  Bending and Shear.
II.  Bending, shear and bending-shear interaction.
lll.  Shear longitudinal connection.
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IV.  Local introduction of longitudinal forces in theabl
V.  Longitudinal shear.
VI.  Lateral torsional buckling.

Figure A.8. Identification of the checks to be evalated for the studied longituditudianal girder profile.

According to these verifications, the following mlents were checked according to the
assumptions and simplifications mentioned. All thées enumerated in the next list are
presented according to what it is defined in EC8 &tC4 for Stainless Steel and the
Guideline for FRP and Graphene.

I. At middle span, sagging bending, and in the trasitshear, were verified for
according to:

a. Stainless Steel: EC4 with plastic analysis asstased for CS1 and CS2.

b. FRP and Graphene: Elastic analysis according t&thdeline.

[I. At the supports bending and shear resistance weseked for hogging bending
according to:

a. Stainless Steel: EC4 with plastic analysis as gt&ed for CS1 and CS2.
The bending and shear interaction is taken intowtcaccording to EC3

b. ERP and Graphene: Elastic analysis according t&Gthdeline.

lll.  The longitudinal connection was assumed to belliedfias it mainly concerns the
characteristic of the connection, which is out loé tscope of the present study.
Moreover, the longitudinal load for pedestrian ged is very small as it is 10% of
the vertical case.

IV.  Local verifications in the connection were assurteette fulfilled as it was out of
the scope of this study.

V.  Longitudinal shear of the deck was checked accgrtin

a. Concrete: was checked assuming the condition tmlaleear reinforcement
in the deck.

b. FERP and Graphene: assumed to be fulfilled as itdeasiced from a scaled
commercial case and the truss-shape should be@bkndle the relatively
small pedestrian and dead loads.

VI.  Lateral torsional buckling check was out of the pr®f the present work and
according to:
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a. Stainless Steel: EC4 lateral torsional bucklingstioet need to be checked if
the connections satisfy the stability conditioneTgresent case is assumed
to fulfil it.

b. EFRP and Graphene: There is a lack of informatiauathis issue and, even
though the authors are concerned about the imprtahthis matter for the
height profiles obtained, the local behaviour oé thirder was not an
objective of this work. Furthermore, this problerasanot believed to affect
the global dynamic behaviour of the analysed bisdge

A.4.2 Girder

Depending on the material case being analysedreliffeassumptions and checks were
evaluated.

A.4.2.1 Stainless steel girders

The stainless steel beams and box girder were a&sktorbe of CS1 and CS2 to avoid local
buckling. This takes into account that high slendss will reduce the height-to-thickness
ratio and therefore reduce the buckling problelfits

These conditions limit the width-to-thickness ratior web and flanges separately.

According to EC4, the restrained buckling in thamection between concrete and steel is
assumed as CS1 due to the restrained bucklingédgdhnectors. Therefore web and low
flange have geometry limitations.

Cross-section classes 1 or 2 conditions and asgumpt

- Full interaction between steel, reinforcement amceete.

- The effective area of structural steel sectionsstnessed to its yield strengfly, in
tension and compression.

- The bending and shear interaction is accounteth®iSteel girders as reflected in
EC3.

The Steel girder was used for both concrete andbtvdpic FRP decks. Concrete deck
design was performed with plastic theory and tleeeeino further discussion had to be
done. For the case of orthotropic deck, where ieléis€ory had to be used, a comparison
between the solutions with or without full interiact between girder and deck was
performed in order to compare these two differewtyses:

- No interaction between the girder and deck, antetbee use of plastic calculation
applied to the girder.

- Full interaction between the girder and deck, dmetdfore use of combination of
plastic and elastic theory had to be applied.

In the case of full interaction, it is important donalyse the possible deformation domains
that can occur and which case would be the mosttfe for the considered cross-section.

These deformation domains are depicted and explamé&igure A.9. In the present study
all the analysed cross-sections had their limihim Domain 4, as the materials used in the
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deck had their deformation limit considerably higligan the steel and a relatively small
thickness, therefore the steel deck always reagiedding point.

All the described domains assume that the limitagart is the steel girder, but it can occur
that the upper part of the orthotropic deck readkegielding point in a domain, and
therefore its limit as elastic analysis appliesehdir this situation is reached the maximum
capacity of the cross-section would have been eghahd no further deformation scenarios
have to be analysed.

~_Domain -
Domain 3

Domain 2

. _Domain 1

Figure A.9. Deformation domains for the steel girdeand FRP deck.

Domain 1:

- No fibre has reached plasticity.
- Deformation plane rotates with its centre in theteeof gravity.

Domain 2:

- Lower flange of the steel girder reached plasticity

- The rotation plane rotates with its centre in tbedr flange and the deformation
corresponding with the yield point of the steel.

- Neutral fibre moves from the centre of gravity deovamds.

Domain 3:

- Upper flange has reached plasticity.

- The neutral fibre has reached its lower value drel deformation plane starts
rotation with centre at this point.

- Inner parts of the web start to yield.

Domain 4:

- The steel girder fully yields before the upper §arof the orthotropic deck reaches
its yielding point.
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A.4.2.2 FRP and Graphene girders

The design approach for the high-performance nadsestudied in the present project was
dimensioned according to the latest guidelines ipnétl by manufactures. It has to be
remarked that there is yet a lack of official codad standards.

The reference guide used for this study was Fitgerline Design Manual(Fiberline
Composites A/S, 2003). FRP material propertiespaesented in this document, together
with design recommendations.

The design reduction factors included in this gdideere used fotong-term situations,
yu = 3.2. It is important to remark that these reductiontdes reduce significantly the
mechanical properties of the profiles.

Graphene was studied in this project as a futarisi@terial for which any experiments or
reference data does not exist; therefore it madsemge to apply a reduction factor to its
propertiesy,, = 1.0.

A.4.3 Bridge deck

Bridge deck and girder were considered to haveifiiraction in their connection. This
was because it was found to be the optimal solutiocording to the design process
explained in Section A.4.2.1.

A.4.3.1 Concrete deck

An initial check in the transversal direction wadcalated according to EC 1 to avoid shear
reinforcement in the deck. Nevertheless, this doyiwas never a limitation for the
dimensioning of the deck.

The effective width was considered according to4e&hd the deck thickness obtained as a
variable parameter with a minimum thickness obtifrem the transversal design of the
bridge and the minimum concrete cover requiregfotection of the rebars.

Conditions and assumptions:

- Full interaction between steel, reinforcement amiceete.

- The effective area of longitudinal reinforcementté@nsion and compression are
stressed to the yield strengffy.

- The effective area of concrete in compression liessed over the whole depth
between the plastic neutral axis (PNA) and the numshpressed fibre of the
concrete undef.;. The design cylinder compressive strength of cetecr

- The area of the reinforcement was assumed to b& % @ercent of the total area of
the concrete deck. This relation is obtained fréra NCC reference bridge. The
minimum area of the reinforcement stated in the iEQess restricted than this
condition, therefore this percentage is used.
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- Creep and shrinkage for Cross-Sections 1 and 2adoneed to be taken into
account. Therefore the homogenization factor isiced to a relationship between
the Poisson’s modulus.

A.4.3.2 Orthotropic deck

The orthotropic deck selected for the FRP and Geaphdeck cases corresponds to the
ASSET Fiberline concept (Fiberline Composites A2815) that is presented in Figure
A.10. This concept was scaled to different levelsprder to find the optimal solution for
the studied bridge widths, according to static We§uirements.

Figure A.10. ASSET concept sketch (Fiberline Composs A/S, 2015)

The dimension requirements were checked in thesvexsal direction of the cross-section.
The orthotropic deck width for the ASSET deck wadcuglated as 70% of the effective
concrete deck according to (Fu, et al., (2007)M®@ses, et al., (2006) and Keller &
Schollmayer, (2004).

The thicknesses were used considering the flangethe elements contributing to the
bending capacity and therefore they were the Ingitlesign parameter. Once the thickness
was fixed for the three studied thicknesses thgitadinal analysis was carried out.

A.5 SLS checks

The SLS was only checked for the deflection linmatin both longitudinal and transversal
directions. The transversal criterion did only lirtine orthotropic deck.

A.5.1 Girder

The deflection was obtained from the Bernoulli-Eukew. The present case with height
variation of the section was simplified to redud¢e tcomputation time, reducing the
problem to two constant cross-sectiond.jf,.s andL,,;.q;. l€nghts mentioned in Section
5.1 with the mean height betwe&g, o, andhy.qns, and the mean betweén,,,,, and

honidaie YESpectively.

vx) = f f E Icfn(:iwel f f E Icfn(:iwez (8.2

The equations for slope and deflection were derifredh the integral, including the
boundary and compatibility conditions for the crgsstion height change along the bridge.
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A.5.2 Deck

The transversal deflection was checked as a sisypported beam with overhang on both
sides, as easily seen with the cross-section sketchFigure 5.1.

A.6 Optimization criterion

All the geometries that fulfilled the ULS and SLBecks were collected. The geometries
within the 10% higher utilization ratios were gatgethen to find the optimal solution, and
from them, the solution with minimum distance te trigin of the 2D-plot of weight vs.
height of the beam at the support was selected #s best solution.

( MEd NEd VRd,section NRd,section
| max| —2— 2 2 2
Mga " Nra" Vea " Neg

> 0.9 - max(Utilization)
Solution

min (\/WQigthz + hgeam support)

This methodology provides a solution that fulfitee tgeometry requirements of the codes,
together with the conditions needed to maximizedyn@gamics problems aimed to identify
in this study.

The results for the case of L=250 m and B=5 m lfiar $ections with more than 90% of
utilization ratio are presented in Figure A.11.

14

10

h beam support

0 I I I ! ! ]
0 2 4 6 8 10 12

total weigth %108

Figure A.11. Result of the geometry optimization dterion for the Il-beams bridge with concrete deck,steel
girder a width of 5 m and a length of 250 m.
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This procedure, used for all the different bridgses, made it possible to obtain objective
geometries, in an automatic manner. So that, alwaysnost optimal bridge according to
the exaplained criterion could be chosen in ordebd analysed later regarding dynamic
problems.

A.7 Calculation Flow-Chart

Summarizing the presented design process, Figut2 presents the process followed for
each of the geometry and material combination clemed.

Range value

Design Process

Geometry Geometry Mechanical Loads
assumptions limitations properties
o | |
el
e = Steel Girder,
\ ‘
| _— Bending-Shear—._ !
[ ~_ interaction \
' |
o : ‘
} Check geometry |
limitations for CS1 & CS2 | |
I ; 1
‘ 7777777777 L ‘
Lo |
Vrd deck Deflection Cross-section
Capacity
Store geometry
,,,,,,,,,,,,,,,,,,,,,,,, .. __..___..____ _Optimization Process
RedRrd
///// \\\\
< max{RedRed}>0.9
\\\\ _—

I

Final geometr:

Figure A.12. Calculation flow chart to obtain the iidge geometries.
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APPENDIX B FE modelling in BRIGADE

The modelling of bridges in BRIGADE was carried euth python scripts that allowed
creating the models for the analysis in a fast sexlire way, avoiding possible mistakes
due to the need of repeating the same processasévees.

All the elements of the bridge were modelledslasll elements, taking lamina properties for
the deck. It is important to remark that the FRIE graphene girders had their material
orientation with their strong axis in the longitndi direction while the deck had the
orientation according to the equivalent propertigsulated from Section A.4.3.2

The connection between deck and girder was desigstel connection, as it was assumed
a full interaction between them in the design stageexplained in Section A.4.2.1.

The fixed boundary conditions were implemented dstraining all the movements along
the edges of the beams.

The mesh seed was obtained from a convergence stodg for each material and
geometry configuration. After this study, there v@oncluded a group ohesh families
that allowed achieving accurate results without dirge to analyse each bridge
independently.

B.1 Orthotropic deck

The orthotropic sandwich deck was modelled in BROEAas a shell with equivalent
properties. This was done due to the high numbeteshents that modelling the real deck
would have created. For the kind of analysis pentat, this would have ended up in a great
computation time. Furthermore, the evaluation afaloeffects was not the aim of this
project.

The equivalent deck used in BRIGADE was a shelhwamina properties. Ashell with
orthotropic properties was studied as well, but it gave simrasults as thdamina
properties. Therefore the equivalent propertiesleeavhere:

- E; : principal direction of the fibre.

- E, : perpendicular to the direction of the fibre.
- vy, ! in-plane poisson moduli.

- G4, . in-plane shear moduli.

- G5 : transversal shear moduli.

- G,3 : longitudinal shear moduli.

The equivalent properties were calculated from eratitical derivations and then checked
with a small model of the orthotropic sandwich decHetalil..

Local axis and material properties used in the pradtical calculations are shown in
Figure B.1. These numerical calculations were basedCusen & Pama (1975) and
Davalos, et al, (2006).
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Figure B.1. Local deck axis and material orientatiorof flanges and web

where:

- E,; : Elastic moduli in the x-direction. It correspentb the strong axis of the
flanges and weak axis of the webs due to the nahtnientation.

- E,; : Elastic moduli in the y-direction. It correspent the weak axis of the flanges
and strong axis of the webs due to the materiahtation.

The transversal stiffness of the orthotropic deakesponds to the longitudinal stiffness of
a beam with the cross-section of each trapezoiéahent from the deck. Thus, the total
stiffness can be obtained multiplying the total emof elementsz., by the longitudinal
stiffness of each elemem,.

(EI)x =n.-D,=n.- Z Ex,i ) Ix,i (Bl)

flanges, inner web, outer web

The shear stiffness in the bridge width in-planeesponds to the shear stiffness of a beam
approximated in terms of the shear modulus compoard cross-sectional area of the
beams.

(6Dsz =1e Gy * ) byt (8.2)

inner web, outer web

The longitudinal stiffness of the deck correspotadthe transversal stiffness of a beam with
the defined cross-section. Neglecting the effe¢chefwebs, the stiffness is obtained as:
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(El)y =n;- Z Ey,i . Iy,i (Bg)
flanges

If the multi-cell structure is treated as a Viereedframe and it is assumed that the
inflections points are present at the midway of kweg flanges and web, and that the
influence of the short flange is neglected as itassiderably stiff. The torsional stiffness
can be calculated as:

vV 12
(G])yz = ) = b
i

b* - Z L
mean webs ,flanges | )L
webs ,flang Ey,L y

|in+|out
w w

2

Figure B.2. Vierendeel frame for the analysed dec&lement according to Cusens and Pama (1975).

Considering the shear flow around the cross-seafotne multi-cell deck as depicted in
Figure B.3, Cusens and Pama (1975) showed thaintluence of the web and flanges
compared with the overall dimensions of the seasamegligible and therefore the torsional
rigidity can be calculated as follows:

4AZny t3
(G])xyz ds +Zny'dS'?=
Z_
t
out \ 3 (B.4)
_Z-nc-b*+2-h-sin¢+ xy (27 et T
tf tw,out
: S S + |h

n:t
C
Figure B.3. Shear flow around the cross-sectiomieg to Cusens and Pama (1975)

Finally, the equivalent deck properties are caledlaby imposing that stiffness of both
decks have to match.
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APPENDIX C Results tables from dynamic analysis

C.1 ll-beams — Concrete-Steel

. ) Vertical Lateral
Direction Slefetiitzg), | TElile | Coion Accel. Max | Accel. Max
(m/s) (m/s)
Vertical 66.0%
2 Lateral 28.2% 5.97
4 Lateral 43.2% 8.69
6 Vertical 14.5% 15.22
27 Vertical 6.2% 34.92
30 Lateral 11.2% 40.44
39 Longitudinal 68.6% 57.04
40 Longitudinal 10.8% 58.10
No mode in range -> Bridge OK
35 5.0 1 Vertical 67.1% 3.12
5 Lateral 69.1% 12.65
6 Vertical 14.5% 15.09
24 Vertical 5.8% 32.86
42 Longitudinal 75.5% 54.22
45 Vertical 10.5% 57.70
No mode in range -> Bridge OK
35 10.0 1 Vertical 67.0% 3.17
9 Lateral 13.6% 14.16
10 Vertical 8.6% 14.48
11 Lateral 20.5% 15.60
20 Lateral 39.2% 19.54
31 Vertical 5.7% 26.54
56 Longitudinal 8.6% 44.21
59 Longitudinal 13.8% 47.28
60 Longitudinal 35.1% 48.19
61 Longitudinal 23.0% 48.55
No mode in range -> Bridge OK
50 25 1 Vertical 64.7% 2.56
2 Lateral 49.1% 3.28
3 Lateral 20.1% 5.59
18 Vertical 14.7% 12.40
30 Lateral 7.4% 23.85
34 Vertical 6.6% 28.10
48 Longitudinal 70.3% 42.00
No mode in range -> Bridge OK
50 5.0 1 Vertical 66.1% 2.54
2 Lateral 8.2% 3.16
6 Lateral 14.1% 5.52
12 Lateral 50.4% 7.85
18 Vertical 14.7% 12.11
31 Vertical 6.4% 26.30
42 Lateral 6.3% 33.99
51 Longitudinal 74.8% 39.35
No mode in range -> Bridge OK
50 10.0 1 Vertical 65.8% 2.58
8 Lateral 48.9% 9.73
12 Vertical 9.9% 11.69
18 Lateral 14.5% 13.68
38 Vertical 6.6% 23.05
64 Longitudinal 23.6% 36.93
67 Longitudinal 48.5% 37.51
79 Lateral 8.6% 44.33
No mode in range -> Bridge OK
100 25 1 Lateral 1all 62.2% 0.74 TC2 CL1 0.044 0.061
TC3 CL2 0.069 0.096
TC4 CL3 0.305 0.423
3 Vertical 1all 63.9% 1.62 TC2 CL1 0.861 0.005
TC3 CL2 1.361 0.008
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. ) Vertical Lateral
Direction Elgznfreq. TIELIE || Cami Accel. Max | Accel. Max
() M/ M/
TC4 CL3 6.018 0.035
4 Lateral 14.9% 2.28
18 Lateral 5.0% 5.27
25 Vertical 15.5% 7.73
56 Vertical 6.7% 17.65
98 Longitudinal 52.0% 22.35
116  Longitudinal 25.6% 24.74
100 5.0 1 Lateral 41.4% 1.44
2 Vertical 1all 64.0% 1.59 TC2 CcL1 0.461 0.001
TC3 CL2 0.728 0.001
TC4 CL3 3.221 0.005
8 Lateral 25.3% 2.74
23 Vertical 14.9% 7.56
35 Lateral 8.1% 12.70
93 Longitudinal 71.9% 21.44
100 10.0 1 Lateral 15.0% 1.55
2 Vertical 1all 64.8% 1.63 TC2 CL1 0.457 0.001
TC3 CL2 0.722 0.001
TC4 CL3 3.193 0.004
13 Lateral 54.4% 4.11
22 Vertical 14.9% 7.54
101  Longitudinal 73.9% 20.44
150 2.5 1 Lateral 60.1% 0.37
3 Vertical 61.4% 1.24
4 Lateral 6.0% 1.33
5 Lateral 9.3% 1.40
28 Vertical 15.0% 6.00
80 Vertical 7.1% 13.68
101  Longitudinal 73.9% 20.44
No mode in range -> Bridge OK
150 5.0 1 Lateral 1all 49.5% 0.59 TC2 CcL1 0.006 0.007
TC3 CL2 0.010 0.011
TC4 CL3 0.044 0.049
3 Vertical 1all 61.5% 1.31 TC2 CcL1 0.056 0.001
TC3 CL2 0.088 0.002
TC4 CL3 0.390 0.007
6 Lateral 5.5% 1.52
8 Lateral 15.6% 1.79
28 Vertical 15.2% 6.22
95 Vertical 6.9% 13.93
118  Longitudinal 74.9% 16.15
150 10.0 1 Lateral 1all 34.6% 0.85 TC2 CcL1 0.024 0.008
TC3 CL2 0.038 0.013
TC4 CL3 0.168 0.056
5 Vertical 1all 62.1% 1.37 TC2 CcL1 0.127 0.001
TC3 CL2 0.201 0.001
TC4 CL3 0.888 0.004
13 Lateral 32.5% 2.68
28 Vertical 14.5% 6.37
117 Vertical 5.6% 14.59
127  Longitudinal 76.0% 15.69
200 25 No possible bridge due to geometry
200 5.0 1 Lateral 58.4% 0.33
3 Vertical 62.5% 1.02
4 Lateral 10.2% 1.03 TC2 CcL1 0.002 0.001
TC3 CL2 0.003 0.002
TC4 CL3 0.013 0.009
7 Lateral 7.9% 1.19 TC2 CcL1 0.000 0.000
TC3 CL2 0.000 0.001
TC4 CL3 0.001 0.003
16 Lateral 5.3% 2.56
29 Vertical 15.8% 4.80
108 Vertical 7.0% 10.79
125  Longitudinal 72.7% 12.16
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. ) Vertical Lateral
Direction EIEEMIE, | MELE | Sonia Accel. Max | Accel. Max
(m/s?) (m/s?)
200 10.0 1 Lateral 46.6% 0.49
5 Lateral 3 beams 6.1% 1.07 TC2 CL1 0.027 0.001
TC3 CL2 0.004 0.001
TC4 CL3 0.019 0.004
7 Vertical 62.0% 1.09
8 Lateral 10.9% 1.35
12 Lateral 5.5% 1.77
13 Lateral 12.6% 1.88
29 Vertical 11.8% 5.02
120  Longitudinal 10.4% 11.62
128  Longitudinal 57.3% 12.14
250 25 No possible bridge due to geometry
250 5.0 1 Lateral 60.6% 0.23
3 Lateral 3all 9.4% 0.77 TC2 CL1 0.001 0.000
TC3 CL2 0.001 0.001
TC4 CL3 0.006 0.003
6 Lateral 1all 6.4% 0.85 TC2 CL1 0.007 0.017
TC3 CL2 0.010 0.027
TC4 CL3 0.046 0.121
7 Vertical 62.5% 0.88
16 Lateral 6.4% 1.94
32 Vertical 15.7% 4.12
120 Vertical 7.1% 9.20
129  Longitudinal 74.0% 9.88
250 10.0 1 Lateral 52.5% 0.35
5 Lateral 3all 6.5% 0.89 TC2 CcL1 0.001 0.000
TC3 CL2 0.002 0.000
TC4 CL3 0.009 0.001
6 Vertical 63.2% 0.90
10 Lateral 1all 15.3% 1.16 TC2 CL1 0.000 0.002
TC3 CL2 0.000 0.003
TC4 CL3 0.001 0.015
32 Vertical 15.6% 4.21
114 Vertical 6.9% 9.31
119  Longitudinal 74.8% 9.60
300 25 No possible bridge due to geometry
300 5.0 1 Lateral 57.1% 0.16
3 Lateral 3all 9.9% 0.59 TC2 CcL1 0.000 0.000
TC3 CL2 0.000 0.000
TC4 CL3 0.001 0.000
6 Lateral 1all 7.1% 0.68 TC2 CcL1 0.004 0.012
TC3 CL2 0.006 0.019
TC4 CL3 0.020 0.083
8 Vertical 53.4% 0.82
9 Vertical 6.7% 0.82
11 Lateral 5all 3.6% 1.09 TC2 CcL1 0.001 0.000
TC3 CL2 0.001 0.000
TC4 CL3 0.004 0.001
41 Vertical 14.7% 3.85
136 Vertical 7.6% 8.54
139 Longitudinal 72.5% 8.73
300 10.0 1 Lateral 51.3% 0.26
5 Lateral 3all 6.6% 0.69 TC2 CcL1 0.000 0.000
TC3 CL2 0.001 0.000
TC4 CL3 0.003 0.002
7 Vertical 60.9% 0.83
10 Lateral 1all 12.7% 0.94 TC2 CL1 0.002 0.013
TC3 CL2 0.003 0.021
TC4 CL3 0.012 0.094
12 Lateral 5beams 2.3% 1.15 TC2 CL1 0.000 0.000
TC3 CL2 0.000 0.000
TC4 CL3 0.001 0.001
40 Vertical 13.3% 3.89
128  Longitudinal 6.7% 8.45
129  Longitudinal 60.8% 8.46
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C.3



Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction Accel. Max | Accel. Max
(m/s?) (m/s?)
131 Vertical 7.0% 8.58
Longitudinal 2.9%

C.2 ll-beams — FRP-Steel

- n Vertical Lateral
Direction EIEEMIE, | MELE | Sonla Accel. Max | Accel. Max
(m/s) (/s
35 25 1 Lateral 40.6% 3.27
2 Vertical 62.6% 5.39
6 Lateral 8.6% 7.65
11 Lateral 27.1% 11.3
22 Vertical 15.0% 25.95
79 Longitudinal 71.5% 70.2
No mode in range -> Bridge OK
35 5.0 1 Lateral 27.2% 4.16
3 Vertical 38.9% 5.6
4 Vertical 24.8% 5.61
11 Lateral 46.0% 13.63
20 Vertical 5.8% 25.79
21 Vertical 8.8% 26.15
96 Longitudinal 10.0% 62.31
97 Longitudinal 63.5% 62.47
No mode in range -> Bridge OK
35 10.0 1 Lateral 11.1% 4.43
3 Vertical 65.9% 4.8
13 Lateral 13.3% 15.03
15 Lateral 53.5% 15.36
16 Vertical 6.1% 19.11
24 Vertical 8.0% 22.22
78 Longitudinal 46.3% 47.42
79 Longitudinal 15.6% 47.49
No mode in range -> Bridge OK
50 25 1 Lateral 47.0% 1.84
3 Vertical 61.2% 3.75
6 Lateral 9.5% 5.04
10 Lateral 11.9% 6.91
11 Lateral 8.0% 7.18
24 Vertical 15.1% 18.12
7 Longitudinal 29.5% 51.19
78 Longitudinal 41.0% 51.22
No mode in range -> Bridge OK
50 5.0 1 Lateral 35.6% 2.59
5 Vertical 62.6% 4.06
11 Lateral 37.6% 8.73
24 Vertical 15.0% 19.27
99 Longitudinal 27.1% 47.36
100 Longitudinal 44.4% 47.37
No mode in range -> Bridge OK
50 10.0 1 Lateral 18.3% 3.07
5 Vertical 64.5% 3.84
15 Lateral 54.6% 10.18
20 Vertical 12.7% 16.83
111  Longitudinal 7.4% 38.02
113  Longitudinal 38.0% 38.04
114  Longitudinal 27.3% 38.19
No mode in range -> Bridge OK
100 25 1 Lateral 1all 54.1% 0.55 TC2 CL1 0.009 0.012
TC3 CL2 0.014 0.019
TC4 CL3 0.059 0.084
3 Vertical 1all 59.3% 1.94 TC2 CL1 1.674 0.008
TC3 CL2 2.647 0.012
TC4 CL3 11.061 0.051
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. ) Vertical Lateral
Direction Elgznfreq. TIELIE || Cami Accel. Max | Accel. Max
() M/ M/
5 Lateral 13.6% 2.00
8 Lateral 8.5% 2.71
28 Vertical 15.5% 9.30
90 Vertical 7.2% 21.10
129  Longitudinal 61.8% 27.10
1 Lateral 1all 48.8% 0.89 TC2 CcL1 0.078 0.049
TC3 CL2 0.123 0.077
TC4 CL3 0.514 0.324
5 Vertical 1all 58.6% 2.18 TC2 CcL1 0.984 0.008
TC3 CL2 1.556 0.012
TC4 CL3 5.971 0.047
6 Lateral 8.6% 2.20
10 Lateral 7.6% 3.37
13 Lateral 10.2% 3.89
29 Vertical 11.6% 10.33
116 Vertical 7.5% 23.17
133  Longitudinal 71.7% 26.43
1 Lateral 37.4% 1.33
5 Lateral 4.7% 2.24
6 Vertical 1deck 38.5% 2.26 TC2 CL1 0.289 0.004
3 beam TC3 CL2 0.457 0.006
TC4 CL3 1.618 0.020
7 Vertical 1ldeck 23.0% 2.26 TC2 CL1 0.262 0.003
3 beam TC3 CL2 0.415 0.005
TC4 CL3 1.588 0.019
13 Lateral 32.7% 4.58
32 Vertical 15.2% 10.55
132  Longitudinal 65.2% 23.62
1 Lateral 56.8% 0.27
3 Lateral 3all 14.8% 1.12 TC2 CcL1 0.003 0.003
TC3 CL2 0.005 0.005
TC4 CL3 0.021 0.020
6 Vertical 1all 60.2% 1.32 TC2 CcL1 0.085 0.001
TC3 CL2 0.134 0.002
TC4 CL3 0.576 0.008
7 Lateral 5.1% 1.39
30 Vertical 15.3% 6.32
97 Vertical 7.2% 14.30
137  Longitudinal 67.6% 18.08
1 Lateral 53.6% 0.45
5 Lateral 10.6% 1.35
7 Vertical 1all 60.0% 1.44 TC2 cL1 0.274 0.001
TC3 CL2 0.434 0.002
TC4 CL3 1.784 0.010
10 Lateral 11.3% 1.92
31 Vertical 15.4% 6.87
113 Vertical 7.4% 15.41
137  Longitudinal 70.4% 17.93
1 Lateral 1all 45.1% 0.70 TC2 cL1 0.023 0.012
TC3 CL2 0.036 0.022
TC4 CL3 0.149 0.079
5 Lateral 6.2% 1.41
7 Vertical 1all 60.5% 1.56 TC2 CcL1 0.393 0.004
TC3 CL2 0.621 0.007
TC4 CL3 2.242 0.025
13 Lateral 20.2% 2.76
32 Vertical 15.2% 7.35
130 Longitudinal 33.2% 16.99
131  Longitudinal 35.8% 16.99
No possible bridge due to geometry
1 Lateral 55.5% 0.26
5 Lateral 3all 12.5% 0.91 TC2 cL1 0.002 0.003
TC3 CL2 0.004 0.005
TC4 CL3 0.016 0.002
7 Vertical 59.3% 1.14
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction (H2) Accel. Max | Accel. Max
(m/s) (m/s)
10 Lateral 8.4% 1.29
36 Vertical 15.4% 5.40
147  Longitudinal 71.4% 13.68
200 10.0 1 Lateral 50.1% 0.44
5 Lateral 3all 8.1% 1.03 TC2 CL1 0.003 0.000
TC3 CL2 0.005 0.000
TC4 CL3 0.022 0.002
7 Vertical 59.2% 1.23
10 Lateral 8.4% 157
13 Lateral 10.1% 2.10
41 Vertical 13.1% 5.78
134 Vertical 7.6% 12.77
140  Longitudinal 71.9% 13.30
250 25 No possible bridge due to geometry
250 5.0 1 Lateral 56.1% 0.18
5 Lateral 3all 13.9% 0.67 TC2 CL1 0.001 0.001
TC3 CL2 0.002 0.001
TC4 CL3 0.009 0.005
7 Lateral 1all 6.3% 0.92 TC2 CL1 0.015 0.040
TC3 CL2 0.024 0.063
TC4 CL3 0.099 0.263
9 Vertical 8.3% 0.96
10 Vertical 50.1% 0.96
45 Vertical 15.7% 4.52
151  Longitudinal 71.3% 11.08
250 10.0 1 Lateral 52.6% 0.30
5 Lateral 3all 9.2% 0.78 TC2 CL1 0.002 0.000
TC3 CL2 0.003 0.001
TC4 CL3 0.013 0.003
7 Vertical 58.1% 1.02
10 Lateral 1all 10.2% 1.18 TC2 CL1 0.000 0.001
TC3 CL2 0.000 0.002
TC4 CL3 0.000 0.007
51 Vertical 15.4% 4.78
143  Longitudinal 58.1% 10.85
145  Longitudinal 8.4% 10.87
300 25 No possible bridge due to geometry
300 5.0 1 Lateral 56.5% 0.13
5 Lateral 3all 14.6% 0.53 TC2 CL1 0.000 0.000
TC3 CL2 0.000 0.000
TC4 CL3 0.001 0.001
7 Lateral 1all 5.1% 0.71 TC2 CL1 0.007 0.023
TC3 CL2 0.010 0.036
TC4 CL3 0.044 0.156
10 Vertical 58.4% 0.85
12 Lateral 5all 4.8% 1.05 TC2 CL1 0.001 0.000
TC3 CL2 0.001 0.000
TC4 CL3 0.006 0.001
55 Vertical 15.8% 3.96
154  Longitudinal 19.4% 9.27
156  Longitudinal 51.5% 9.28
300 10.0 1 Lateral 54.1% 0.21
5 Lateral 3all 10.4% 0.62 TC2 CL1 0.000 0.000
TC3 CL2 0.000 0.000
TC4 CL3 0.001 0.001
9 Vertical 58.2% 0.89
10 Lateral 1all 9.6% 0.94 TC2 CL1 0.002 0.018
TC3 CL2 0.003 0.028
TC4 CL3 0.014 0.113
12 Lateral 5all 3.2% 111 TC2 CL1 0.001 0.000
TC3 CL2 0.002 0.000
TC4 CL3 0.008 0.001
16 Lateral 4.7% 1.59
62 Vertical 15.8% 4.15
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Vertical Lateral
Accel. Max | Accel. Max

Eigenfreq. | Traffic | Confort

Direction

(/s (/s
151  Longitudinal 26.9% 9.14
Vertical 4.6%
152  Longitudinal 43.3% 9.19
Vertical 3.0%

C.3 ll-beams — FRP

n - Vertical Lateral
Direction SIEEnE, | Tl Cli)nfolrt Accel. Max | Accel. Max
eve (/) (/)
35 25 1 Lateral 39.6% 2.29
7 Vertical 21.7% 5.75
Lateral 6.7%
8 Vertical 42.9% 5.86
Lateral 3.3%
11 Lateral 8.4% 9.62
13 Lateral 17.6% 9.93
58 Vertical 4.1% 24.07
59 Vertical 6.3% 24.13
128  Longitudinal 44.8% 52.72
129  Longitudinal 27.7% 52.75
No mode in range -> Bridge OK
35 5.0 1 Lateral 28.6% 3.14
7 Vertical 62.5% 6.21
Lateral 0.3%
8 Vertical 4.2% 6.47
Lateral 3.6%
12 Lateral 5.3% 10.84
13 Lateral 39.6% 11.86
39 Vertical 13.3% 2391
10 Longitudinal 78.5% 48.84
No mode in range -> Bridge OK
35 10.0 1 Lateral 14.2% 2.67
7 Vertical 60.6% 6.63
Lateral 0.4%
8 Vertical 9.1% 6.82
Lateral 2.2%
15 Lateral 48.0% 13.38
32 Lateral 6.6% 18.17
50 Vertical 10.9% 22.86
103  Longitudinal 35.5% 41.28
106  Longitudinal 26.3% 41.42
107  Longitudinal 16.5% 4151
108  Longitudinal 6.2% 41.68
No mode in range -> Bridge OK
50 2.5 1 Lateral 1all 40.7% 1.12 TC2 CL1 0.054 0.021
TC3 CL2 0.086 0.033
TC4 CL3 0.208 0.079
5 Lateral 4.1% 2.81
7 Lateral 19.0% 3.19
10 Vertical 63.8% 4.33
11 Lateral 6.3% 511
20 Lateral 11.3% 6.87
88 Vertical 12.3% 17.89
214  Longitudinal 21.2% 37.87
215  Longitudinal 33.4% 37.91
216  Longitudinal 20.6% 38.12
50 5.0 1 Lateral 39.1% 214
5 Lateral 3.6% 3.72
7 Vertical 35.4% 4.00
13 Lateral 32.0% 7.53
32 Vertical 15.1% 16.45
99 Longitudinal 7.4% 35.31
101  Longitudinal 52.0% 35.76
102  Longitudinal 15.6% 36.10
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Vertical Lateral

Accel. Max | Accel. Max
(Hz) Class | Level (m/9) (m/9)

Eigenfreq. | Traffic | Confort

Direction

No mode in range -> Bridge OK
50 10.0 1 Lateral 19.9% 2.06
7 Vertical 52.7% 4.59
Lateral 1.1%
8 Vertical 15.7% 4.70
Lateral 3.2%
15 Lateral 49.7% 8.90
44 Vertical 14.3% 16.27
105 Longitudinal 79.8% 31.73
No mode in range -> Bridge OK
100 25 1 Lateral 45.8% 0.37
5 Lateral 1all 14.5% 1.09 TC2 CcL1 0.856 0.172
TC3 CL2 1.353 0.272
TC4 CL3 3.279 0.660
6 Lateral 8.3% 1.26
11 Vertical 1all 59.6% 221 TC2 CL1 0.894 0.134
TC3 CL2 1414 0.211
TC4 CL3 3.424 0.512
12 Lateral 6.3% 2.43
18 Lateral 8.2% 2.96
105 Vertical 4.7% 9.05
106 Vertical 8.9% 9.10
107 Vertical 3.3% 9.11
289  Longitudinal 68.0% 20.44
100 5.0 1 Lateral 1all 40.9% 0.52 TC2 CL1 0.001 0.001
TC3 CL2 0.133 0.001
TC4 CL3 0.003 0.004
5 Lateral 5.0% 1.26
7 Lateral 19.7% 1.55
11 Lateral 6.2% 2.24
12 Vertical 1all 63.9% 2.29 TC2 CL1 0.128 0.005
TC3 CL2 0.202 0.008
TC4 CL3 0.490 0.019
26 Lateral 4.7% 3.52
94 Vertical 13.8% 9.34
227  Longitudinal 73.0% 19.04
100 10.0 1 Lateral 1all 45.3% 0.98 TC2 CL1 0.018 0.015
TC3 CL2 0.283 0.024
TC4 CL3 0.686 0.057
6 Lateral 4.8% 1.67
8 Vertical 1all 64.4% 2.19 TC2 CL1 0.624 0.021
TC3 CL2 0.986 0.033
TC4 CL3 2.389 0.080
15 Lateral 26.1% 3.82
50 Vertical 15.5% 9.05
126  Longitudinal 47.4% 18.91
127  Longitudinal 22.5% 18.93
150 25 No possible bridge due to geometry
150 5.0 1 Lateral 42.7% 0.27
(No x-part 5 Lateral 3 beams 3.8% 0.79 TC2 CL1 0.018 0.004
considered) TC3 CL2 0.028 0.007
TC4 CL3 0.068 0.016
7 Lateral 1all 21.3% 0.81 TC2 CL1 0.246 0.066
TC3 CL2 0.389 0.104
TC4 CL3 0.941 0.252
10 Lateral 6.3% 1.39
17 Vertical 1all 59.7% 1.63 TC2 CL1 0.263 0.066
TC3 CL2 0.415 0.104
TC4 CL3 1.006 0.251
138 Vertical 15.8% 6.59
313 Longitudinal 58.6% 13.59
314  Longitudinal 13.2% 13.60
150 10.0 1 Lateral 39.5% 0.45
(No x-part 5 Lateral 3 beams 4.3% 0.95 TC2 CL1 0.014 0.001
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction Level Accel. Max | Accel. Max
(m/S) (m/s)
considered) TC3 CL2 0.002 0.002
TC4 CL3 0.055 0.004
7 Lateral 17.0% 1.25
10 Vertical 1all 64.9% 154 TC2 CL1 0.100 0.003
TC3 CL2 0.157 0.005
TC4 CL3 0.382 0.011
20 Lateral 11.5% 2.46
76 Vertical 16.2% 6.22
174  Longitudinal 21.5% 12.33
176  Longitudinal 18.4% 12.38
177  Longitudinal 36.2% 12.39
200 25 No possible bridge due to geometry
200 5.0 1 Lateral 46.8% 0.18
5 Lateral 1all 12.7% 0.53 TC2 CL1 0.002 0.008
TC3 CL2 0.003 0.013
TC4 CL3 0.008 0.031
6 Lateral 3 beams 9.9% 0.58 TC2 CL1 0.001 0.001
TC3 CL2 0.001 0.001
TC4 CL3 0.003 0.003
11 Lateral 5 beams 6.5% 1.03 TC2 CL1 0.013 0.001
TC3 CL2 0.020 0.002
TC4 CL3 0.049 0.005
16 Lateral 7 beams 1.2% 1.19 TC2 CL1 0.001 0.000
TC3 CL2 0.000 0.000
TC4 CL3 0.000 0.000
17 Vertical 58.7% 1.24
20 Lateral 5.2% 1.29
143 Vertical 13.5% 5.01
313 Longitudinal 10.6% 10.34
315 Longitudinal 59.5% 10.39
200 10.0 1 Lateral 42.8% 0.26
5 Lateral 3 beams 5.1% 0.61 TC2 CL1 0.000 0.001
TC3 CL2 0.000 0.001
TC4 CL3 0.001 0.002
7 Lateral 1all 19.8% 0.78 TC2 CL1 0.021 0.045
TC3 CL2 0.034 0.071
TC4 CL3 0.082 0.171
11 Lateral 5beams 5.8% 1.07 TC2 CcL1 0.005 0.000
TC3 CL2 0.008 0.001
TC4 CL3 0.019 0.002
14 Vertical 62.5% 121
97 Vertical 15.9% 4.88
210 Longitudinal 10.5% 9.40
Vertical 5.7%
214  Longitudinal 61.8% 9.49
250 25 No possible bridge due to geometry
250 5.0 No possible bridge due to geometry
250 10.0 1 Lateral 43.3% 0.18
(No x-part 5 Lateral 3 beams 4.2% 0.52 TC2 CcL1 0.000 0.000
considered) TC3 CL2 0.000 0.000
TC4 CL3 0.000 0.000
7 Lateral 1all 21.9% 0.54 TC2 CL1 0.002 0.004
TC3 CL2 0.003 0.007
TC4 CL3 0.006 0.017
10 Lateral 5beams 6.8% 0.83 TC2 CcL1 0.003 0.001
TC3 CL2 0.005 0.001
TC4 CL3 0.011 0.003
16 Lateral 7 beams 1.1% 0.99 TC2 CcL1 0.002 0.000
TC3 CL2 0.003 0.000
TC4 CL3 0.004 0.001
17 Vertical 62.2% 1.02
40 Lateral 4.8% 1.53
129 Vertical 16.4% 4.08
279  Longitudinal 73.8% 7.88
300 25 No possible bridge due to geometry
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction " Accel. Max | Accel. Max
(m/S) (/s
300 5.0 No possible bridge due to geometry
300 10.0 1 Lateral 45.2% 0.14
(No x-part 5 Lateral 12.9% 0.41
considered) 6 Lateral 12.4% 0.43
10 Lateral 5beams 7.0% 0.68 TC2 CcL1 0.000 0.000
TC3 CL2 0.001 0.001
TC4 CL3 0.002 0.001
16 Lateral 7 beams 1.1% 0.79 TC2 CcL1 0.001 0.000
TC3 CL2 0.002 0.000
TC4 CL3 0.006 0.001
20 Lateral 9beams 1.2% 0.87 TC2 CL1 0.001 0.000
TC3 CL2 0.001 0.000
TC4 CL3 0.003 0.001
21 Vertical 61.7% 0.88
24 Lateral 3 deck 1.3% 0.93 TC2 CL1 0.001 0.000
11 beams TC3 CL2 0.002 0.001
TC4 CL3 0.004 0.001
40 Lateral 1all 2.5% 1.19 TC2 CL1 0.000 0.001
TC3 CL2 0.000 0.002
TC4 CL3 0.000 0.004
139 Vertical 17.1% 3.49
287 Vertical 7.8% 6.60
292  Longitudinal 73.8% 6.70

C.4 ll-beams — Graphene

. . Vertical Lateral
Direction Sheeuiipe. | TiElile Caiul Accel. Max | Accel. Max
(m/sH) (m/sH)
35 25 1 Lateral 17.6% 12.65
2 Vertical 65.3% 14.49
6 Lateral 15.4% 24.16
13 Lateral 40.6% 51.41
16 Vertical 13.9% 67.43
114  Longitudinal 10.4% 32211
115  Longitudinal 43.9% 32451
116  Longitudinal 21.6% 325.24
No mode in range -> Bridge OK
35 5.0 1 Vertical 29.6% 13.20
Lateral 2.6%
2 Vertical 37.1% 13.36
Lateral 2.0%
4 Lateral 8.6% 17.57
15 Vertical 12.9% 57.71
Lateral 1.1%
16 Lateral 5.2% 59.07
Vertical 1.4%
17 Lateral 54.5% 69.63
149  Longitudinal 23.4% 280.60
150 Longitudinal 54.7% 280.98
No mode in range -> Bridge OK
35 10.0 1 Vertical 67.1% 10.47
4 Lateral 4.6% 16.57
18 Vertical 6.5% 44.04
19 Vertical 4.8% 45.76
31 Vertical 6.1% 77.09
37 Lateral 68.3% 86.95
146  Longitudinal 75.6% 22557
250 Lateral 6.0% 328.68
No mode in range -> Bridge OK
50 25 1 Lateral 32.7% 8.21
2 Vertical 62.5% 12.20
6 Lateral 7.6% 17.94
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction (H2) ’ Accel. Max | Accel. Max
(/s (/s
12 Lateral 13.2% 30.35
13 Lateral 6.5% 30.91
14 Lateral 12.9% 31.30
21 Vertical 15.1% 57.57
93 Vertical 6.9% 126.18
207  Longitudinal 22.5% 237.47
208  Longitudinal 18.6% 237.70
209 Longitudinal 33.7% 238.93
No mode in range -> Bridge OK
50 5.0 1 Lateral 9.3% 10.32
2 Vertical 64.5% 10.99
6 Lateral 14.2% 18.40
17 Lateral 49.2% 40.58
20 Vertical 14.7% 50.41
63 Vertical 5.9% 107.94
211  Longitudinal 73.9% 208.72
No mode in range -> Bridge OK
50 10.0 1 Vertical 64.6% 8.85
4 Lateral 5.1% 11.82
15 Vertical 4.7% 34.67
28 Lateral 6.5% 53.11
29 Lateral 50.3% 53.98
30 Lateral 7.5% 54.43
43 Vertical 4.5% 71.66
206  Longitudinal 47.0% 173.03
213  Longitudinal 14.9% 177.93
216  Longitudinal 5.6% 178.88
250 Lateral 9.3% 211.69
No mode in range -> Bridge OK
100 25 1 Lateral 47.5% 2.46
3 Vertical 59.9% 5.89
6 Lateral 10.5% 7.75
10 Lateral 18.6% 11.76
25 Vertical 14.8% 27.95
106 Vertical 7.2% 62.83
224  Longitudinal 58.6% 128.44
No mode in range -> Bridge OK
100 5.0 1 Lateral 33.2% 4.10
2 Vertical 61.2% 6.33
6 Lateral 5.8% 7.83
15 Lateral 30.1% 15.49
25 Vertical 15.5% 29.56
119 Vertical 6.1% 63.76
242  Longitudinal 72.7% 120.07
No mode in range -> Bridge OK
100 10.0 1 Lateral 10.6% 5.24
2 Vertical 64.8% 5.64
6 Lateral 10.2% 8.26
19 Lateral 49.5% 20.14
22 Vertical 14.7% 25.66
184 Lateral 7.7% 84.88
235  Longitudinal 59.5% 104.11
239 Longitudinal 15.7% 105.19
No mode in range -> Bridge OK
150 25 1 Lateral 1all 51.5% 1.15 TC2 CL1 0.058 0.069
(No x-part TC3 CL2 0.092 0.109
considered) TC4 CL3 0.222 0.265
3 Vertical 58.8% 3.78
4 Lateral 12.8% 4.34
10 Lateral 11.3% 6.53
28 Vertical 15.6% 17.91
109 Vertical 7.7% 40.44
245  Longitudinal 11.6% 86.58
254  Longitudinal 55.1% 88.55
150 5.0 1 Lateral 43.0% 2.06
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction Accel. Max | Accel. Max
(/s (/s
3 Vertical 59.9% 4.24
6 Lateral 7.5% 4.92
14 Lateral 20.7% 8.98
28 Vertical 15.6% 19.88
133 Vertical 7.5% 44.00
264  Longitudinal 56.9% 84.30
265 Longitudinal 15.7% 84.35
No mode in range -> Bridge OK
150 10.0 1 Lateral 25.2% 3.18
2 Vertical 62.9% 4.18
6 Lateral 5.5% 5.24
17 Lateral 33.5% 11.53
19 Lateral 8.0% 11.66
27 Vertical 14.4% 19.32
137 Vertical 4.7% 43.31
164 Lateral 7.0% 50.90
245  Longitudinal 69.8% 76.10
No mode in range -> Bridge OK
200 25 1 Lateral 1all 54.9% 0.64 TC2 CL1 0.074 0.111
(No x-part TC3 CL2 0.117 0.175
considered) TC4 CL3 0.282 0.424
3 Vertical 59.6% 2.58
4 Lateral 14.6% 2.77
8 Lateral 7.2% 4.18
27 Vertical 14.5% 12.39
68 Vertical 7.2% 28.43
225  Longitudinal 70.2% 65.78
200 5.0 1 Lateral 1all 50.2% 1.15 TC2 CL1 0.036 0.030
(No x-part TC3 CL2 0.056 0.048
considered) TC4 CL3 0.136 0.115
3 Vertical 61.0% 2.86
4 Lateral 12.4% 3.90
12 Lateral 12.5% 5.96
27 Vertical 14.4% 13.73
84 Vertical 6.5% 31.37
202  Longitudinal 70.5% 62.77
200 10.0 1 Lateral 35.0% 2.03
2 Vertical 62.3% 3.16
6 Lateral 6.6% 3.95
15 Lateral 26.0% 7.76
16 Lateral 5.1% 8.14
28 Vertical 15.0% 14.87
116 Vertical 6.3% 32.43
229  Longitudinal 73.8% 59.41
No mode in range -> Bridge OK
250 25 1 Lateral 56.6% 0.42
(No x-part 3 Vertical 3all 2.7% 1.91 TC2 CL1 0.292 0.023
considered) Lateral 14.4% TC3 CL2 0.461 0.037
TC4 CL3 1.117 0.088
4 Vertical 1all 58.3% 1.96 TC2 CL1 2.531 0.124
TC3 CL2 4.002 0.195
TC4 CL3 9.694 0.474
6 Lateral 4.1% 2.89
11 Lateral 4.1% 3.84
26 Vertical 15.0% 9.49
65 Vertical 6.6% 21.92
229  Longitudinal 9.1% 52.08
230 Longitudinal 58.3% 52.27
231  Longitudinal 5.5% 52.31
250 5.0 1 Lateral 1all 50.6% 0.79 TC2 CL1 0.116 0.094
(No x-part TC3 CL2 0.183 0.149
considered) TC4 CL3 0.444 0.360
3 Vertical 59.0% 2.37
4 Lateral 11.4% 2.67
11 Lateral 8.5% 4.09
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction Accel. Max | Accel. Max
(/s (/s
12 Lateral 6.6% 4.34
29 Vertical 14.9% 11.23
118 Vertical 7.7% 25.25
231  Longitudinal 8.6% 52.24
232  Longitudinal 57.4% 52.32
250 10.0 1 Lateral 41.5% 1.38
2 Vertical 62.6% 247
6 Lateral 8.9% 3.30
12 Lateral 7.4% 5.09
15 Lateral 18.2% 5.89
29 Vertical 15.0% 11.79
111 Vertical 6.7% 26.37
228  Longitudinal 74.7% 48.47
No mode in range -> Bridge OK
300 25 1 Lateral 55.9% 0.30
(No x-part 3 Lateral 15.2% 1.39
considered) 4 Vertical 1all 59.2% 1.65 TC2 CcL1 1.613 0.030
TC3 CL2 2.550 0.048
TC4 CL3 6.177 0.116
6 Lateral 5.3% 2.16
10 Lateral 4.5% 2.90
27 Vertical 14.6% 7.90
71 Vertical 7.3% 18.13
249  Longitudinal 65.6% 44.46
300 5.0 1 Lateral 1all 52.6% 0.55 TC2 CL1 0.015 0.019
(No x-part TC3 CL2 0.024 0.030
considered) TC4 CL3 0.058 0.073
3 Vertical 1all 59.2% 1.91 TC2 CL1 1.919 0.009
TC3 CL2 3.034 0.014
TC4 CL3 7.349 0.033
4 Lateral 12.9% 2.09
10 Lateral 13.0% 3.28
30 Vertical 15.2% 9.09
114 Vertical 7.6% 20.59
238 Longitudinal 52.9% 43.57
245  Longitudinal 12.9% 44.61
300 10.0 1 Lateral 1all 44.7% 1.01 TC2 CL1 0.573 0.044
(No x-part TC3 CL2 0.906 0.069
considered) TC4 CL3 2.196 0.167
3 Vertical 1all 60.5% 2.12 TC2 CL1 1.538 0.012
TC3 CL2 2.431 0.019
TC4 CL3 5.889 0.047
6 Lateral 8.4% 2.50
15 Lateral 20.8% 453
30 Vertical 15.1% 9.99
129 Vertical 6.6% 22.26
73.3  Longitudinal 73.3% 41.84

C.5 Box — Concrete-Steel

. ) Vertical Lateral
Direction ERRIERY | TR | Coneh Accel. Max | Accel. Max

(m/s) (m/s)
35 25 1 Vertical 65.9% 2.34
3 Lateral 71.1% 7.49
19 Vertical 7.2% 12.32
142  Longitudinal 68.9% 55.96

No mode in range -> Bridge OK

35 5.0 1 Vertical 64.9% 2.42
26 Lateral 62.1% 11.94
29 Lateral 10.6% 13.22
30 Vertical 7.9% 13.58
35 Vertical 4.9% 14.52
164  Longitudinal 59.1% 52.07

No mode in range -> Bridge OK
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction Accel. Max | Accel. Max
(m/S) (m/S)
35 10.0 1 Vertical 1all 15.5% 1.65 TC2 CL1 0.120 0.001
Low Flange Probl. TC3 CL2 0.189 0.001
TC4 CL3 0.836 0.005
9 Vertical 49.8% 3.27
71 Vertical 4.9% 14.69
82 Lateral 7.4% 16.14
86 Vertical 5.2% 16.78
87 Lateral 55.2% 17.03
97 Lateral 6.2% 18.62
278  Longitudinal 8.2% 45.46
299  Longitudinal 46.8% 48.46
50 2.5 1 Vertical 1all 64.5% 1.99 TC2 CL1 2.261 0.020
(No x-part Low Flange Probl. TC3 CL2 3.578 0.032
considered) TC4 CL3 15.825 0.142
2 Lateral 69.4% 4.06
29 Vertical 9.7% 10.04
79 Lateral 10.6% 21.18
86 Vertical 5.4% 23.80
195 Longitudinal 12.2% 41.50
196 Longitudinal 65.6% 41.90
50 5.0 1 Vertical 1all 64.6% 1.92 TC2 CL1 1.630 0.001
Low Flange Probl. TC3 CL2 2.578 0.002
TC4 CL3 11.401 0.009
23 Lateral 71.7% 6.77
49 Vertical 4.4% 11.04
185 Lateral 13.9% 31.92
217  Longitudinal 76.6% 38.76
50 10.0 1 Vertical 1all 35.5% 1.50 TC2 CL1 0.228 0.001
Low Flange Probl. TC3 CL2 0.361 0.001
TC4 CL3 1.597 0.005
7 Vertical 1all 29.5% 2.24 TC2 CL1 0.243 0.000
Low Flange Probl. TC3 CL2 0.385 0.001
TC4 CL3 1.702 0.003
61 Vertical 5.5% 9.94
63 Lateral 22.4% 10.02
66 Lateral 21.2% 10.41
71 Lateral 14.5% 10.96
291  Longitudinal 79.4% 36.11
100 2.5 1 Lateral 1all 71.0% 1.06 TC2 CL1 0.015 0.092
TC3 CL2 0.024 0.146
TC4 CL3 0.103 0.646
2 Vertical 1all 65.5% 1.32 TC2 CL1 0.182 0.002
TC3 CL2 0.288 0.003
TC4 CL3 1.273 0.012
5 Lateral 14.4% 5.06
6 Vertical 15.1% 6.45
19 Vertical 6.4% 15.04
31 Longitudinal 19.4% 19.80
48 Longitudinal 13.3% 22.73
50 Longitudinal 42.9% 22.89
100 5.0 1 Vertical 1all 64.6% 1.43 TC2 CL1 0.378 0.011
TC3 CL2 0.597 0.017
TC4 CL3 2.641 0.075
2 Lateral 69.0% 2.07
7 Vertical 6.8% 6.94
8 Vertical 7.8% 7.04
9 Lateral 7.8% 10.24
18 Vertical 6.0% 15.82
40 Longitudinal 7.2% 20.98
45 Longitudinal 11.6% 21.57
47 Longitudinal 30.9% 21.75
53 Longitudinal 20.5% 22.50
100 10.0 1 Vertical 1all 62.0% 1.27 TC2 CL1 0.033 0.000
Low Flange Probl. TC3 CL2 0.053 0.001
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction Accel. Max | Accel. Max
(m/S) (m/s)
TC4 CL3 0.232 0.003
9 Vertical 1all 2.0% 2.27 TC2 CL1 0.020 0.000
Low Flange Probl. TC3 CL2 0.031 0.000
TC4 CL3 0.137 0.002
21 Lateral 71.4% 3.48
59 Vertical 9.8% 7.49
131 Lateral 14.5% 15.68
186  Longitudinal 13.0% 19.65
191  Longitudinal 7.2% 19.88
199 Longitudinal 17.6% 20.66
203 Longitudinal 34.1% 21.00
150 25 1 Lateral 1all 63.1% 0.59 TC2 CL1 0.000 0.025
TC3 CL2 0.000 0.040
TC4 CL3 0.001 0.178
2 Vertical 60.0% 1.17
4 Lateral 15.1% 2.86
8 Vertical 15.3% 5.60
10 Lateral 6.8% 6.29
18 Lateral 6.1% 9.21
53 Vertical 6.0% 12.85
98 Longitudinal 28.1% 16.84
100 Longitudinal 26.7% 17.04
105 Longitudinal 17.5% 17.49
150 5.0 1 Lateral 1all 64.7% 1.07 TC2 CL1 0.007 0.043
TC3 CL2 0.011 0.069
TC4 CL3 0.049 0.303
2 Vertical 61.0% 1.22
7 Lateral 8.7% 4.63
8 Lateral 6.8% 5,51
9 Vertical 15.1% 5.79
16 Lateral 7.2% 8.71
75 Vertical 4.6% 13.15
103  Longitudinal 68.0% 16.22
150 10.0 1 Vertical 62.0% 1.13
2 Lateral 35.5% 1.71
3 Lateral 33.6% 2.01
54 Vertical 7.1% 6.31
64 Lateral 8.5% 7.48
238  Longitudinal 58.8% 15.15
241  Longitudinal 15.2% 15.40
No mode in range -> Bridge OK
200 25 No possible bridge due to geometry
200 5.0 1 Lateral 1all 66.1% 0.63 TC2 CL1 0.000 0.022
TC3 CL2 0.000 0.035
TC4 CL3 0.002 0.155
2 Vertical 60.7% 0.98
5 Lateral 12.8% 2.57
10 Vertical 16.0% 4,57
11 Lateral 7.6% 4.70
91 Vertical 7.4% 10.35
111 Longitudinal 67.4% 12.59
200 10.0 1 Vertical 61.2% 0.97
2 Lateral 1all 69.6% 1.03 TC2 CL1 0.009 0.035
Low Flange Probl. TC3 CL2 0.014 0.055
TC4 CL3 0.063 0.241
38 Lateral 7.8% 3.24
61 Lateral 10.8% 4.33
75 Vertical 4.8% 4.96
301 Longitudinal 35.6% 12.01
305 Longitudinal 35.1% 12.13
250 25 No possible bridge due to geometry
250 5.0 1 Lateral 64.0% 0.42
2 Vertical 60.1% 0.86
4 Lateral 16.8% 1.91
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n - Vertical Lateral
Direction SEEnET, | TIEE | G Accel. Max | Accel. Max
(m/S) (m/s)
10 Lateral 9.4% 3.69
12 Vertical 15.7% 4.03
100 Vertical 7.6% 9.06
116 Longitudinal 71.1% 10.41
No mode in range -> Bridge OK
250 10.0 1 Lateral 1all 68.3% 0.74 TC2 CL1 0.002 0.022
TC3 CL2 0.003 0.035
TC4 CL3 0.014 0.155
2 Vertical 61.3% 0.85
7 Lateral 10.5% 2.56
8 Lateral 9.0% 3.43
28 Vertical 5.9% 4.14
178 Vertical 4.2% 9.32
188  Longitudinal 52.7% 9.95
190 Longitudinal 17.5% 10.02
300 25 No possible bridge due to geometry
300 5.0 1 Lateral 61.2% 0.31
3 Vertical 54.9% 0.81
4 Lateral 16.0% 1.47
10 Lateral 8.1% 3.07
15 Vertical 11.9% 3.79
17 Lateral 6.1% 3.98
118  Longitudinal 70.6% 9.08
No mode in range -> Bridge OK
300 10.0 1 Lateral 1all 62.9% 0.59 TC2 CL1 0.000 0.006
TC3 CL2 0.000 0.009
TC4 CL3 0.001 0.041
2 Vertical 59.0% 0.82
7 Lateral 13.4% 2.33
16 Lateral 7.9% 3.22
32 Vertical 13.7% 3.82
143  Longitudinal 7.1% 8.69
148  Longitudinal 21.3% 8.84
149  Longitudinal 30.4% 8.89

C.6 Box — FRP-Steel

. ) Vertical Lateral
Direction Sheeuiiee. | TiElile Caiul Accel. Max [ Accel. Max
(m/s?) (m/s?)
35 2.5 1 Vertical 61.6% 4.28
2 Lateral 12.2% 7.74
3 Lateral 56.4% 7.81
59 Vertical 11.2% 23.86
157 Vertical 4.4% 52.74
219  Longitudinal 21.3% 70.95
224 Longitudinal 18.4% 71.40
No mode in range -> Bridge OK
35 5.0 1 Vertical 29.6% 3.19
13 Vertical 29.1% 5.78
38 Lateral 65.4% 11.95
298 Longitudinal 7.9% 61.19
299  Longitudinal 4.0% 61.29
311 Longitudinal 55.8% 63.19
No mode in range -> Bridge OK
35 10.0 1 Vertical 1all 17.2% 1.65 TC2 CL1 0.136 0.002
Low Flange Probl. TC3 CL2 0.216 0.003
TC4 CL3 0.930 0.014
3 Vertical 1all 1.7% 1.78 TC2 CL1 0.063 0.002
Low Flange Probl. TC3 CL2 0.100 0.003
TC4 CL3 0.444 0.014
11 Vertical 43.0% 4.26
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction Accel. Max | Accel. Max
(m/s) (m/s)
61 Lateral 14.8% 14.04
72 Lateral 41.9% 15.29
73 Vertical 4.5% 15.43
78 Lateral 6.7% 16.21
345  Longitudinal 34.2% 54.04
355  Longitudinal 41.5% 55.34
50 25 1 Vertical 61.6% 3.32
2 Lateral 69.2% 4.33
54 Lateral 4.6% 14.39
36 Lateral 5.0% 17.75
Vertical 2.8%
37 Vertical 8.8% 17.88
Lateral 2.3%
259  Longitudinal 18.6% 50.31
263  Longitudinal 38.5% 50.92
266  Longitudinal 6.7% 51.56
274  Longitudinal 9.8% 53.19
No mode in range -> Bridge OK
50 5.0 1 Vertical 55.7% 3.27
14 Lateral 68.9% 6.97
35 Vertical 4.9% 13.73
69 Vertical 8.6% 20.52
87 Lateral 8.5% 25.19
88 Lateral 5.8% 25.44
249  Longitudinal 56.9% 47.67
No mode in range -> Bridge OK
50 10.0 1 Vertical 1all 19.8% 1.48 TC2 CL1 0.096 0.003
Low Flange Probl. TC3 CL2 0.152 0.005
TC4 CL3 0.647 0.022
3 Vertical 1all 2.0% 1.60 TC2 CL1 0.027 0.003
Low Flange Probl. TC3 CL2 0.042 0.005
TC4 CL3 0.185 0.022
14 Vertical 40.4% 3.47
56 Lateral 68.9% 9.16
75 Vertical 4.1% 11.35
124 Vertical 5.1% 16.89
360 Longitudinal 30.3% 38.95
371  Longitudinal 26.2% 39.63
379  Longitudinal 9.2% 40.37
100 25 1 Lateral 65.8% 1.28
2 Vertical 1lall 60.4% 1.86 TC2 CcL1 1.477 0.029
TC3 CL2 2.335 0.045
TC4 CL3 9.815 0.190
5 Lateral 12.9% 4,95
11 Vertical 15.0% 8.93
17 Lateral 5.0% 11.81
75 Vertical 7.0% 20.45
112 Longitudinal 61.4% 26.68
117  Longitudinal 12.2% 27.81
100 5.0 1 Vertical lall 57.5% 2.09 TC2 CcL1 1.234 0.249
Lateral 2.6% TC3 CL2 1.951 0.394
TC4 CL3 7.638 1.553
2 Vertical lall 2.3% 2.17 TC2 CcL1 0.150 0.160
Lateral 64.1% TC3 CL2 0.237 0.253
TC4 CL3 0.916 0.978
7 Lateral 4.8% 6.70
27 Lateral 10.0% 8.60
49 Lateral 4.8% 10.97
51 Vertical 4.4% 11.09
212  Longitudinal 64.4% 26.31
100 10.0 1 Vertical 1all 43.5% 1.62 TC2 CL1 0.413 0.002
(No x-part Low Flange Probl. TC3 CL2 0.652 0.003
considered) TC4 CL3 2.492 0.011
11 Vertical 5.6% 2.45
12 Vertical 11.6% 2.49
21 Lateral 68.3% 3.50
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction Accel. Max | Accel. Max
(m/S) (m/s)
98 Vertical 8.4% 10.30
107 Lateral 6.1% 11.20
108 Lateral 5.1% 11.28
319  Longitudinal 9.8% 22.99
331 Longitudinal 48.9% 23.48
335 Longitudinal 14.4% 23.63
150 2.5 1 Lateral lall 62.9% 0.62 TC2 CL1 0.001 0.038
TC3 CL2 0.001 0.060
TC4 CL3 0.005 0.257
2 Vertical lall 58.1% 1.36 TC2 CL1 0.136 0.005
TC3 CL2 0.215 0.008
TC4 CL3 0.926 0.033
4 Lateral 15.7% 2.53
9 Lateral 6.7% 4.78
12 Vertical 13.7% 6.36
100 Vertical 7.5% 14.40
128  Longitudinal 64.4% 18.42
150 5.0 1 Lateral lall 65.5% 1.07 TC2 CL1 0.009 0.053
TC3 CL2 0.015 0.084
TC4 CL3 0.059 0.345
2 Vertical lall 58.8% 1.43 TC2 CL1 0.247 0.005
TC3 CL2 0.390 0.008
TC4 CL3 1.612 0.034
5 Lateral 10.5% 3.56
9 Lateral 4.0% 5.07
10 Lateral 5.3% 5.75
11 Vertical 5.6% 6.11
29 Vertical 4.6% 7.12
219  Longitudinal 31.8% 18.02
221  Longitudinal 37.7% 18.15
150 10.0 1 Vertical lall 47.4% 1.38 TC2 CL1 0.088 0.002
(No x-part Low Flange Probl. TC3 CL2 0.140 0.003
considered) TC4 CL3 0.539 0.013
4 Lateral 50.5% 1.72
13 Vertical 2 all 10.9% 1.91 TC2 CL1 0.007 0.001
TC3 CL2 0.011 0.002
TC4 CL3 0.046 0.006
20 Lateral 16.4% 2.20
90 Lateral 9.0% 5.90
149 Vertical 6.9% 7.70
399  Longitudinal 42.3% 17.10
402  Longitudinal 23.1% 17.23
200 25 No possible bridge due to geometry
200 5.0 1 Lateral 1lall 64.4% 0.64 TC2 CL1 0.002 0.024
TC3 CL2 0.002 0.039
TC4 CL3 0.010 0.164
2 Vertical 58.4% 1.14
4 Lateral 12.3% 2.25
10 Lateral 8.0% 3.90
24 Vertical 7.4% 5.29
27 Vertical 6.3% 5.39
167  Longitudinal 9.1% 13.72
171  Longitudinal 46.1% 13.82
200 10.0 1 Lateral 1all 64.9% 1.09 TC2 CL1 0.005 0.023
(No x-part Low Flange Probl. TC3 CL2 0.007 0.036
considered) TC4 CL3 0.028 0.136
2 Vertical 58.1% 1.16
41 Lateral 6.2% 4.14
54 Lateral 7.8% 4.53
101 Vertical 12.1% 6.03
301 Longitudinal 63.7% 13.29
250 25 No possible bridge due to geometry
250 5.0 1 Lateral 63.5% 0.42
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. ) Vertical Lateral
Direction ERRIER | TR | Coneh Accel. Max | Accel. Max
(m/s) (m/s)
2 Vertical 56.9% 0.97
4 Lateral 14.9% 1.62
9 Lateral 6.2% 2.96
31 Vertical 15.5% 451
115 Vertical 7.4% 10.02
128  Longitudinal 70.6% 11.07
No mode in range -> Bridge OK
250 10.0 1 Lateral 65.7% 0.74 TC2 CcL1 0.002 0.024
TC3 CL2 0.003 0.037
TC4 CL3 0.014 0.150
2 Vertical 59.0% 0.99
5 Lateral 10.4% 2.33
9 Lateral 5.1% 3.25
13 Lateral 7.1% 3.53
37 Vertical 8.5% 452
191  Longitudinal 32.9% 10.78
193  Longitudinal 20.7% 10.83
300 2.5 No possible bridge due to geometry
300 5.0 1 Lateral 63.0% 0.30
3 Vertical 58.8% 0.85
4 Lateral 15.6% 1.24
9 Lateral 6.8% 2.41
29 Vertical 11.3% 3.96
119 Vertical 4.8% 8.75
125  Longitudinal 50.1% 9.22
126  Longitudinal 13.2% 9.24
127  Longitudinal 7.6% 9.26
No mode in range -> Bridge OK
300 10.0 1 Lateral 64.9% 0.54 TC2 CcL1 0.000 0.002
TC3 CL2 0.000 0.004
TC4 CL3 0.001 0.016
2 Vertical 58.8% 0.88
5 Lateral 13.1% 1.81
12 Lateral 7.2% 2.83
43 Vertical 12.7% 4.06
161  Longitudinal 43.5% 9.05
169 Longitudinal 13.3% 9.37
C.7 Box — FRP

35

35

2.5

5.0

. ) Vertical Lateral
Direction Eigenfreq. | Traffic | Confort Accel. Max | Accel. Max

(m/s) (m/s)

20 Vertical 1.1% 1.99 TC2 CL1 0.251 0.042

Low Flange Probl. TC3 CL2 0.398 0.066

TC4 CL3 0.963 0.160
61 Lateral 44.3% 4.69
62 Lateral 15.4% 4.70
79 Vertical 24.4% 5.84
80 Vertical 35.9% 591
158 Lateral 13.5% 10.68
326 Vertical 4.8% 24.06
604  Longitudinal 71.2% 52.72
173 Vertical 17.3% 5.08
174 Vertical 43.3% 5.08
176 Lateral 22.3% 5.22
274 Lateral 14.1% 8.12
275 Lateral 11.1% 8.13
399 Lateral 26.6% 12.09
475 Lateral 7.5% 15.40
633 Vertical 7.0% 20.78
1076 Longitudinal 7.7% 47.99
1077 Longitudinal 68.1% 48.09

No mode in range -> Bridge OK
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Direction

Eigenfreq. | Traffic | Confort

Vertical
Accel. Max

(m/s?)

Lateral
Accel. Max

(m/s?)

35 10.0 405 Vertical 66.8% 5.58
413 Lateral 8.2% 5.69
500 Lateral 13.5% 6.92
895 Lateral 57.7% 13.55
1164 Vertical 4.2% 19.18
1313 Vertical 3.8% 21.81
2086 Longitudinal 49.3% 39.99
2087 Longitudinal 15.7% 40.02
No mode in range -> Bridge OK
50 2.5 1 Lateral 57.3% 3.12
2 Lateral 10.2% 4.20
3 Vertical 59.8% 4.33
7 Lateral 9.7% 6.59
120 Vertical 4.8% 19.42
124 Lateral 5.0% 19.97
295 Vertical 6.8% 36.60
312  Longitudinal 39.2% 39.08
318 Longitudinal 24.9% 39.68
No mode in range -> Bridge OK
50 5.0 166 Lateral 48.8% 341
193 Vertical 60.9% 411
387 Lateral 19.4% 7.65
388 Lateral 13.0% 7.65
790 Vertical 10.3% 16.57
1448 Longitudinal 19.7% 35.61
1452  Longitudinal 18.8% 35.72
1453 Longitudinal 21.7% 35.73
No mode in range -> Bridge OK
50 10.0 406 Lateral 18.9% 3.75
415 Vertical 59.3% 3.84
531 Lateral 10.8% 4.94
928 Lateral 13.1% 8.74
945 Lateral 11.4% 8.94
948 Lateral 27.6% 8.97
1458 Vertical 6.6% 14.70
2627 Longitudinal 11.1% 30.81
2639 Longitudinal 30.3% 30.99
2644  Longitudinal 26.7% 31.05
No mode in range -> Bridge OK
100 2.5 1 Lateral 63.1% 0.99 TC2 CL1 0.126 0.161
TC3 CL2 0.199 0.255
TC4 CL3 0.483 0.617
3 Vertical 1.2% 2.29 TC2 CL1 0.001 0.001
TC3 CL2 0.002 0.001
TC4 CL3 0.004 0.003
4 Vertical 58.3% 2.39
6 Lateral 14.4% 3.42
12 Lateral 7.8% 4.23
75 Vertical 11.8% 9.70
180 Vertical 6.9% 18.38
203  Longitudinal 58.6% 20.69
100 5.0 1 Lateral 60.1% 1.61
2 Lateral 6.5% 2.04
3 Vertical 57.7% 2.37
8 Lateral 6.6% 3.05
13 Lateral 6.3% 3.21
255 Vertical 5.9% 19.56
262  Longitudinal 11.1% 19.94
265 Longitudinal 9.1% 19.98
266  Longitudinal 46.5% 19.99
No mode in range -> Bridge OK
100 10.0 114 Lateral 49.1% 1.90
(No x-part 103 Vertical 1all 61.8% 212 TC2 CL1 0.832 0.049
considered) Low Flange Probl. TC3 CL2 1.316 0.077
TC4 CL3 3.188 0.187
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction Accel. Max | Accel. Max
(/s (m/s)
112 Lateral 5.1% 231
206 Lateral 25.6% 3.99
514 Vertical 5.4% 8.55
945  Longitudinal 65.2% 17.71
150 25 No possible bridge due to geometry
150 5.0 1 Lateral 1all 64.8% 0.83 TC2 CL1 0.313 0.076
TC3 CL2 0.495 0.120
TC4 CL3 1.198 0.291
3 Vertical 1all 59.3% 1.68 TC2 CL1 0.531 0.063
TC3 CL2 0.839 0.100
TC4 CL3 2.033 0.243
6 Lateral 15.0% 231
74 Vertical 6.4% 6.35
80 Vertical 5.3% 6.74
213  Longitudinal 36.1% 13.45
220 Longitudinal 8.3% 13.77
222 Longitudinal 10.5% 13.95
150 10.0 1 Lateral 1all 47.8% 1.18 TC2 CL1 0.004 0.006
(No x-part TC3 CL2 0.007 0.009
considered) TC4 CL3 0.017 0.022
2 Vertical 1all 53.8% 1.46 TC2 CL1 0.163 0.010
Low Flange Probl. TC3 CL2 0.257 0.015
TC4 CL3 0.623 0.037
3 Lateral 23.1% 1.48
13 Lateral 7.0% 1.97
15 Vertical 1all 4.5% 2.01 TC2 CL1 0.125 0.007
Low Flange Probl. TC3 CL2 0.197 0.011
TC4 CL3 0.478 0.026
16 Vertical 1all 5.0% 2.03 TC2 CL1 0.140 0.007
Low Flange Probl. TC3 CL2 0.221 0.012
TC4 CL3 0.536 0.028
147 Vertical 7.0% 6.93
312  Longitudinal 15.8% 12.46
315 Longitudinal 43.2% 12.52
200 25 No possible bridge due to geometry
200 5.0 1 Lateral 63.6% 0.48
4 Vertical 2 all 59.7% 1.32 TC2 CL1 0.001 0.000
TC3 CL2 0.002 0.000
TC4 CL3 0.004 0.001
6 Lateral 14.0% 1.61
12 Lateral 7.7% 1.96
80 Vertical 15.1% 5.20
198 Longitudinal 71.3% 10.29
200 10.0 1 Lateral 1all 63.8% 0.81 TC2 CL1 0.025 0.038
(No x-part TC3 CL2 0.040 0.060
considered) TC4 CL3 0.097 0.146
2 Lateral 1all 3.1% 1.01 TC2 CL1 0.024 0.011
TC3 CL2 0.038 0.018
TC4 CL3 0.091 0.043
3 Vertical 1all 52.4% 1.27 TC2 CL1 0.008 0.002
TC3 CL2 0.013 0.003
TC4 CL3 0.031 0.007
8 Lateral 8.5% 1.47
9 Vertical 1all 2.3% 1.47 TC2 CL1 0.017 0.007
TC3 CL2 0.026 0.012
TC4 CL3 0.064 0.028
15 Vertical 1all 4.6% 1.55 TC2 CL1 0.025 0.014
TC3 CL2 0.040 0.023
TC4 CL3 0.096 0.055
97 Lateral 5.6% 4.77
249  Longitudinal 46.8% 9.97
258  Longitudinal 14.8% 10.23
250 25 No possible bridge due to geometry
250 5.0 No possible bridge due to geometry
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction Accel. Max | Accel. Max
(/s (m/s)
250 10.0 1 Lateral 1all 65.0% 0.57 TC2 CL1 0.000 0.006
TC3 CL2 0.000 0.010
TC4 CL3 0.001 0.024
4 Vertical 52.2% 1.10
7 Lateral 9.1% 1.27
9 Vertical 1all 3.5% 1.30 TC2 CL1 0.003 0.002
TC3 CL2 0.004 0.003
TC4 CL3 0.010 0.007
14 Lateral 6.7% 1.36
68 Lateral 5.4% 3.35
101 Vertical 11.0% 4.25
223  Longitudinal 31.7% 7.96
225  Longitudinal 12.1% 8.05
243  Longitudinal 14.3% 8.48
300 2.5 No possible bridge due to geometry
300 5.0 No possible bridge due to geometry
300 10.0 1 Lateral 63.6% 0.41
4 Vertical 54.5% 0.97
5 Lateral 3all 8.6% 0.99 TC2 CL1 0.002 0.001
TC3 CL2 0.009 0.002
TC4 CL3 0.023 0.005
10 Vertical 4.2% 1.07
14 Lateral 5all 7.8% 111 TC2 CL1 0.000 0.001
TC3 CL2 0.001 0.001
TC4 CL3 0.002 0.002
16 Lateral 7 all 1.4% 1.14 TC2 CL1 0.000 0.000
TC3 CL2 0.000 0.000
TC4 CL3 0.001 0.000
112 Vertical 15.6% 3.68
234  Longitudinal 61.2% 6.85

C.8 Box — Graphene

. ) Vertical Lateral
Direction Sheuilzg, | TEllE le)nfolrt Accel. Max | Accel. Max
eve (m/?) (m/?)
35 25 1 Vertical 61.5% 12.65
7 Lateral 66.9% 37.93
32 Vertical 7.1% 81.96
91 Lateral 12.9% 172.77
166  Longitudinal 16.7% 330.04
167  Longitudinal 46.5% 332.20
No mode in range -> Bridge OK
35 5.0 1 Vertical 46.1% 8.07
9 Vertical 13.2% 15.44
25 Vertical 7.5% 34.49
41 Lateral 5.2% 49.55
42 Lateral 14.2% 51.84
46 Vertical 9.2% 54.20
49 Lateral 5.9% 56.49
52 Lateral 12.6% 60.38
53 Lateral 29.9% 63.37
288 Lateral 11.6% 245.90
337  Longitudinal 76.4% 296.85
No mode in range -> Bridge OK
35 10.0 1 Vertical 20.5% 3.24
8 Vertical 5.1% 8.59
9 Vertical 35.8% 8.88
42 Vertical 9.8% 27.97
161 Lateral 23.9% 79.76
162 Lateral 21.7% 80.28
164 Lateral 16.0% 81.00
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction (H2) Accel. Max | Accel. Max
(m/s) (m/s)
175 Lateral 6.3% 85.47
505 Longitudinal 71.8% 238.71
625 Lateral 6.8% 302.30

No mode in range -> Bridge OK

50 25 1 Vertical 63.7% 9.23
2 Lateral 66.5% 18.89
6 Vertical 12.3% 38.42
33 Lateral 12.7% 92.11
81 Lateral 5.6% 195.99
99 Longitudinal 19.5% 238.81
102 Longitudinal 46.0% 24191
No mode in range -> Bridge OK
50 5.0 1 Vertical 58.3% 7.57
19 Vertical 8.9% 31.57
20 Lateral 63.8% 32.27
30 Vertical 8.6% 49.53
139 Lateral 12.5% 142.97
233  Longitudinal 76.2% 225.48
No mode in range -> Bridge OK
50 10.0 1 Vertical 30.2% 3.55
9 Vertical 28.4% 8.22
29 Vertical 10.6% 21.88
79 Lateral 12.5% 46.52
89 Lateral 31.9% 49.58
92 Lateral 10.1% 50.16
402  Longitudinal 31.5% 191.71
407 Lateral 11.2% 193.61
413  Longitudinal 40.4% 196.24
No mode in range -> Bridge OK
100 25 1 Vertical 60.9% 4.89
2 Lateral 66.1% 6.18
89 Lateral 4.8% 24.54
Vertical 0.9%
90 Lateral 4.7% 24.63
Vertical 0.6%
95 Vertical 9.4% 25.76
650 Longitudinal 10.7% 124.96
664  Longitudinal 40.8% 126.91
665 Longitudinal 15.3% 126.99
No mode in range -> Bridge OK
100 5.0 19 Vertical 1all 2.3% 2.19 TC2 CL1 0.199 0.021
(No x-part Low Flange Probl. TC3 CL2 0.314 0.033
considered) TC4 CL3 0.762 0.079
43 Vertical 51.4% 5.45
116 Lateral 30.9% 8.89
149 Lateral 29.4% 12.47
353 Vertical 5.6% 26.58
355 Vertical 5.0% 26.74
404 Lateral 8.1% 37.90
861 Longitudinal 6.3% 119.21
862  Longitudinal 17.0% 120.15
867  Longitudinal 48.6% 121.75
100 10.0 1 Vertical 52.8% 3.70
25 Lateral 19.4% 15.35
27 Lateral 48.3% 16.28
53 Vertical 7.7% 25.00
209 Lateral 9.6% 72.10
376  Longitudinal 14.4% 109.12
377 _ Longitudinal 54.4% 109.18
No mode in range -> Bridge OK
150 25 1 Lateral 64.1% 2,94
2 Vertical 60.0% 3.25
5 Lateral 15.5% 13.00
6 Vertical 14.9% 15.51
13 Lateral 5.4% 25.08
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction Accel. Max | Accel. Max
(m/S) (m/s)
354  Longitudinal 70.0% 86.90
No mode in range -> Bridge OK
150 5.0 1 Vertical 60.1% 3.70
2 Lateral 65.1% 5.33
58 Vertical 7.9% 20.80
63 Lateral 8.8% 22.33
69 Lateral 7.2% 23.69
426  Longitudinal 27.4% 83.50
428  Longitudinal 28.0% 83.69
No mode in range -> Bridge OK
150 10.0 1 Vertical 60.1% 3.21
8 Lateral 67.7% 8.28
24 Vertical 5.6% 13.05
37 Vertical 7.6% 20.77
95 Lateral 10.0% 37.74
325  Longitudinal 55.3% 77.52
No mode in range -> Bridge OK
200 25 1 Lateral 64.2% 1.67
2 Vertical 60.6% 2.32
5 Lateral 15.6% 7.87
6 Vertical 15.0% 11.20
9 Lateral 6.9% 16.41
20 Vertical 6.9% 25.99
155  Longitudinal 70.8% 65.17
No mode in range -> Bridge OK
200 5.0 1 Vertical 61.6% 2.66
2 Lateral 65.6% 3.08
7 Lateral 6.3% 12.55
Vertical 3.3%
8 Vertical 11.8% 12.88
Lateral 1.7%
9 Lateral 7.0% 14.85
17 Lateral 5.8% 25.01
148  Longitudinal 19.8% 61.91
154  Longitudinal 54.2% 63.62
No mode in range -> Bridge OK
200 10.0 1 Vertical 58.7% 2.74
2 Lateral 11.4% 4.88
6 Lateral 55.3% 5.62
62 Vertical 10.4% 15.35
123 Lateral 6.0% 22.60
464  Longitudinal 67.3% 60.59
No mode in range -> Bridge OK
250 25 1 Lateral 1all 60.8% 111 TC2 CL1 0.147 0.142
TC3 CL2 0.232 0.225
TC4 CL3 0.562 0.546
2 Vertical 1all 58.0% 1.98 TC2 CL1 2.463 0.060
TC3 CL2 3.895 0.096
TC4 CL3 9.435 0.232
5 Lateral 15.8% 5.26
7 Vertical 15.9% 9.38
9 Lateral 7.4% 11.73
19 Vertical 7.4% 21.33
172  Longitudinal 69.2% 54.02
250 5.0 1 Lateral 62.3% 2.06
2 Vertical 1all 59.1% 2.25 TC2 CL1 0.586 0.049
TC3 CL2 0.926 0.077
TC4 CL3 2.244 0.186
5 Lateral 16.2% 9.33
6 Vertical 15.5% 10.65
16 Lateral 7.4% 18.02
175  Longitudinal 57.5% 52.42
177  Longitudinal 10.9% 52.73
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Vertical Lateral

Eigenfreq. | Traffic | Confort

Direction Accel. Max | Accel. Max
(m/s) (m/s)
250 10.0 1 Vertical 1all 60.2% 2.29 TC2 CcL1 0.121 0.003
TC3 CL2 0.191 0.040
TC4 CL3 0.462 0.010
2 Lateral 65.4% 3.67
55 Vertical 9.5% 13.21
65 Lateral 16.3% 15.33
375 Longitudinal 70.7% 49.54
300 25 1 Lateral 1all 61.3% 0.77 TC2 CcL1 0.393 0.204
TC3 CL2 0.622 0.322
TC4 CL3 1.506 0.780
2 Vertical 1all 58.6% 1.60 TC2 CcL1 1.281 0.088
TC3 CL2 2.026 0.139
TC4 CL3 4.907 0.336
4 Lateral 15.8% 3.70
7 Vertical 15.7% 7.63
8 Lateral 6.8% 8.36
13 Lateral 4.6% 14.14
18 Vertical 7.3% 17.48
167  Longitudinal 32.4% 44.70
168  Longitudinal 38.5% 44.87
300 5.0 1 Lateral 65.0% 1.41
2 Vertical 1all 61.9% 1.70 TC2 CL1 1.490 0.052
TC3 CL2 2.356 0.082
TC4 CL3 5.707 0.200
5 Lateral 15.3% 6.71
6 Vertical 14.9% 8.25
13 Lateral 5.0% 14.02
21 Lateral 4.9% 18.09
23 Vertical 5.3% 18.78
153  Longitudinal 64.9% 42.79
300 10.0 1 Vertical 1 all 59.2% 1.96 TC2 CL1 1.531 0.035
(No x-part Low Flange Probl. TC3 CL2 2.420 0.056
considered) TC4 CL3 5.863 0.135
2 Lateral 64.1% 2.69
60 Lateral 9.7% 11.02
81 Lateral 5.6% 14.50
177 Vertical 5.2% 22.54
410 Longitudinal 21.8% 42.36
411  Longitudinal 43.4% 42.41
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APPENDIX D Accelerations plots

Il beams Concrete Steel - Vertical accelerations
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Il beams FRP - Vertical accelerations
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Box Concrete Steel - Vertical accelerations
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Box FRP - Vertical accelerations
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