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Abstract

There is a growing interest for carbon fiber reinforced polymers (CFRP) on the
construction market. The material is very lightweight but also very expensive. This
master’s thesis looks into whether CFRP is an economically favorable alternative
for footbridges. An economic comparison is made between two slightly dilerent
CFRP designs — one slender and one bulky — and a conventional steel truss solution.
The CFRP footbridge designs are made by the master’s thesis group in cooperation
with experienced structural engineers from Cowi and Aston Harald. The economic
comparison accounts for the major costs that the considered bridge projects are as-
sociated with. Withing the limitations of this master’s thesis, it cannot be concluded
that using CFRP is a reasonable choice before a steel truss solutuin. However, fur-
ther development of the concept might pay o [im the future.

A dynamic study was carried out, in which the slender and the bulky bridge design
were evaluated using FE software Brigade/Plus and the design guide Sétra. The
influence by mass additions from pedestrians were taken into account and the results
indicated that only the slender bridge design can be seen as dynamically approved.
It was concluded that, for the lightweight bridges studied, the eigenfrequency is the
most important aspect for the dynamic behavior. It should be designed to be close
to, or above, 5.0 Hz. If lower, the risk for unacceptable accelerations is significant,
and the damping contribution from the added crowd masses is not likely to help.

Keywords: CFRP, carbon fiber, footbridge, lightweight, economy, dynamics, eigen-
frequency, accelerations, Sétra.
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Dynamiska och ekonomiska aspekter av gangbroar i kolfiberarmerade polymerer
Examensarbete inom masterprogrammet Konstruktionsteknik och Byggnadsteknologi
JONAS BOND

VICTOR HIJELMGREN

Institutionen for Arkitektur och Civil Ingenjorskonst
Avdelningen for Konstruktionsteknik

Stal- och Trabyggnad

Chalmers Tekniska Hogskola

Sammanfattning

Det finns ett 6kande intresse for kolfiberarmerade polymerer (CFRP) inom bygg-
branschen. Materialet ar valdigt latt men ocksa mycket dyrt. Detta examensarbete
gor en ansats till att undersdka huruvida en gangbro i CFRP kan vara gangbar aven
ekonomiskt. Kriterier for ett lampligt tillampningsomrade for kolfiberbroar ringades
in och darefter jamfordes tva tamligen lika CFRP-designer — en slank och en na-
gorlunda bulkig — ur ekonomisk synvinkel med en konventionell stalfackverksbro.
Kolfiberbroarna designades av examensarbetarna i samarbete med erfarna ingenjorer
fran Cowi och Aston Harald. Den ekonomiska jamforelsen beaktar de huvudsakliga
kostnaderna som kopplas till respektive broalternativ. Utifran detta examensarbete,
med gallande avgransningar, kan nagon ekonomisk fordel med kolfiber inte pavisas.
Déaremot ar det rimligt att tro att en utveckling av konceptet kan visa sig I6nsam i
framtiden.

I en dynamisk studie utvarderades den slanka och den bulkiga brodesignen med
hjalp av FEM-programmet Brigade/Plus och designkoden Sétra. Masspaslaget fran
fotgangarna togs i beaktning och resultaten pekar pa att bara den slanka designen
kan anses vara dynamiskt godkand. Det fastslogs, for de lattviktiga broarna i fraga,
att egenfrekvensen ar den klart viktigaste aspekten néar det kommer till dynamiskt
beteende. En lattviktig bro i storleksklassen som studerats bor designas pa ett
sadant sitt att egenfrekvensen ligger nara eller — annu hellre — 6ver 5 Hz. Ar
egenfrekvensen lagre ar risken for oacceptabelt stora accelerationer éverhéangande.
Dampningsbidraget fran det masspaslag som fotgangarna star for vantas inte hjalpa.

Nyckelord: CFRP, kolfiber, gangbro, lattviktig, ekonomi, dynamik, egenfrekvens,
accelerationer, Sétra.
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1

Introduction

1.1 Background

The use of carbon ber reinforced polymers (CFRP) is a common method to strengthen
existing structures such as bridges and exhibition halls. The use of CFRP as a main
structural material is limited as of today, although it has become more common in
recent years. CFRP is a lightweight material that is normally cast in factories. In
case of civil engineering applications, the structures are transported on trucks and
installed at the site (Mara, 2014).

In modern day urban planning, pedestrians and cyclists are getting a higher priority
than they used to. At many places in the world, pure walking and cycling streets
are being planned and built. With the environment in mind, there is a desire to
provide pedestrians and cyclists with smooth ways to get around. That may include
bridges to cross rivers, highways, railways, and other barriers within the built envi-
ronment. Even a construction site tends to be a big distraction in a neighborhood,
forcing roads to close and people to take detours. This is associated with high so-
called social costs, hence a desire even to minimize this e ect of construction work
(Jarkiewicz, 2012).

The characteristics of CFRP and the growing demands for smooth interactions in
the built environment are reasons to develop the use of CFRP as a structural mate-
rial, both in terms of volume and of the range of applications. Being a lightweight
material, CFRP is relatively easy to transport and lift, allowing a big rate of prefab-
rication. That, in turn, can limit the in-situ construction time, hence little distrac-
tion of tra c et cetera. Furthermore, CFRP has a high sti ness-to-weight ratio and
strength-to-weight ratio (Gurit, 2018b). Therefore, a high potential is seen in the
application of CFRP in footbridges, according to Darholm (2017, pers. comm., July
10"). However, CFRP is rather expensive compared to conventional construction
materials, although there are predictions of a price decrease over time (Svahn, 2018,
pers. comm., April 10").

Considering the material cost, it is important to nd applications where CFRP can
be used in an cost- and e ort-e cient way. That is, the biggest possible advantage
has to be taken from its bene cial characteristics.



1. Introduction

Worldwide, CFRP is sparsely used in civil structures compared to conventional con-

struction materials like steel, timber, and concrete. There are a couple of bridges
made of CFRP and, more commonly, glass ber reinforced polymers (GFRP); al-

though in very moderate spans. In Sweden, there is only one carbon ber bridge as
of 2018. In fact, there are several structural challenges that are still to be faced.

One challenge in designing a lightweight structure as a CFRP footbridge respond
to the variable loads in a good way. In design of lightweight footbridges, vibrations
induced by footsteps is an important issue. Lightweight bridges have a higher eigen-
frequency than heavy bridges; however, the acceleration response of such bridges is
greater, in the case that resonance is obtained. The perception when walking on a
bridge is a considerable matter; the bridge has to ful ll the comfort requirements
given in the Eurocode (SIS, 1990). Even several recommendations are available, with
di erent approaches to match comfort criteria regarding vibrations. This master's
thesis will use the Eurocode and a guide called Sétra (2006), described in Section 4.6.

1.2 Purpose

One aim of this master thesis is to investigate whether a CFRP solution is a good
option in footbridge construction, with the economic aspect in mind. This shall in-
clude both the application in which a CFRP bridge suits best and, in general terms,
how such a bridge can be designed to get the best possible use of its favorable char-
acteristics.

This thesis also has a dynamic focus. Two CFRP footbridge designs, one slender
and one bulky, have their dynamic behavior evaluated, to determine which one is the
most suitable. The master's thesis investigates how the design a ects the dynamic
behavior and assess what parameters have the biggest in uence on the maximum
accelerations. From that, conclusions are made on how the design of a CFRP foot-
bridge should be approached.

Economics and dynamics are the two primary objectives in assessing the concept of
CFRP footbridges that are gone through in this master's thesis.

1.3 Method

The rst part of the master's thesis is a literature study aiming to increase the knowl-
edge within CFRP as a material and obtain a deepened awareness of the dynamic
behavior of footbridges. Further research was carried out in order to highlight the
advantages of using a lightweight material such as CFRP instead of conventional,
heavier construction materials. Criteria for suitable applications for CFRP foot-
bridges were distinguished. Aspects taken into consideration were manufacturing,
foundation, transportation, installation, and maintenance.

2 CHALMERS Architecture and Civil Engineering, Master's Thesis ACEX30-18-28
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Subsequently, a32-meter footbridge was preliminarily designed in cooperation with
experienced structural engineers and specialists within bridge design and CFRP de-
sign. The preliminary design was developed into two di erent versions, namely a
slender version and a bulky version, the latter being signi cantly heavier than the
former. Chapter 7 describes the bridge designs.

With the worked out footbridge design at hand, a brief case study was carried out.
A steel truss footbridge in Aby, Sweden, was studied. A hypothetical scenario, in
which a CFRP bridge was built instead of the particular truss bridge, was considered.
Associated costs were estimated and nally, numbers indicating the priceworthiness
of a CFRP solution, compared to the actual truss solution, were obtained.

For the dynamic analysis, Brigade/Plus was used for the nite element (FE) mod-
eling, using hand calculations and Nastran to verify the models. The two di erent
bridge designs were modeled as described in Chapter 8. The dynamic assessment
is made using requirements from the Eurocode (SIS, 1990) and a load model ac-
cording to Sétra (2006). The results, in terms of eigenfrequencies and maximum
accelerations, were analyzed and conclusions were made.

1.4 Limitations

Since the proposed bridges are planned to be manufactured in factories manufac-
tured basically in one piece transportation implies a limitation in the size that the
structures can obtain. More about the design-wise limitations in section 5.

For reasons mentioned in Section 6.3.4, costs for closing roads and railways are not
included in any calculations.

This study focuses on carbon ber reinforced polymers. That is, aramid bers and
glass bers will only be mentioned brie y. As a consequence, epoxy will be the only
resin investigated, since that is the most common resin in combination with carbon
ber (Allroth, 2018, pers. comm., February 27"; Armstrong, 2018, pers. comm.,
February 27"). Pre-impregnated laminates will be the manufacturing method con-
sidered. Itis assumed that the outer layers of the CFRP members have a matrix that
protects them against ultraviolet (UV) radiation, that is, no gel coating is needed.
The glued connections of a CFRP structure are usually not checked, since these are
usually not an issue (Allroth, 2018, pers. comm., MarcRe").

The dynamic loads considered are those from walking people. Wind loads make
aerodynamic aspects interesting for the bridge concept. However, the interaction
between dynamic pedestrian and wind loading is not accounted for. Neither is the

in uence of long-term load, temperature changes, and humidity are not accounted

for. Local buckling is considered, but not designed for. Instead, solutions to the

buckling problems are suggested in Section 10.4.

CHALMERS Architecture and Civil Engineering, Master's Thesis ACEX30-18-28 3
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2

Carbon Fiber Reinforced
Polymers (CFRP)

Throughout this master's thesis, the material in question will mainly be referred to
as CFRP or carbon bers. In some cases, the information provided will apply to
all kinds of ber reinforced polymers (FRP), while in some cases, it will apply to
CFRP speci cally.

2.1 Introduction

Allegedly, commercial carbon bers were invented by Thomas Edison, more com-
monly known as the man who invented the light bulb. Trying to nd a proper
material for the lament, he baked strains of bamboo and cotton at high tempera-
tures. Bamboo and cotton are made up of natural polymers, which were carbonized
by the heat, forming carbon bers. Eventually, the carbon bers were replaced by
tungsten, although the US Navy kept using carbon laments until the early60s
(American Chemical Society, 2018).

As the concept evolved, it was proven to have properties that made it suitable for
applications in automotive, aerospace, wind turbines, and sports. That is, applica-
tions where it has use for its high strength-to-weight ratio. Figure 2.1 shows the
distribution of annual carbon ber demand globally as of 2013.

Figure 2.1: Global demand for carbon bers by application in 201gtonnes]
(Holmes, 2014).
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2.2 Components of the Composite

FRP is a composite material, that is, it consists of two or more materials that
act together as one material, with desired properties. Sti bers, such as carbon,
aramid, or glass bers, act as reinforcement. A polymer matrix consisting of resin,
additives and llers hold the bers in place and make them act together. The
resin is the main part of the matrix; the most commonly kinds resins being epoxy,
vinylester, and polyester (Jain & Lee, 2012; Potyrala, 2011). Additives and llers
can be added in order to modify the properties of the composite, such as resistance
to the environment in terms of re, corrosion and ultraviolet radiation (Potyrala,
2011). Even a slight price adjustment can be obtained using llers. The main
components of an FRP composite are illustrated in Figure 2.2.

Figure 2.2: The principle of ber reinforced polymers (FRP).

2.3 Fiber Reinforcement

The essence of the bers in the FRP composite is to provide strength, sti ness and
thermal stability, where the bers work as reinforcement and need to carry the load
along the composite. To do so, the bers need to be strong and sti ; they also need
to have little variation in properties between them, both geometrically and struc-
turally (Tuakta, 2015).

FRP composites where the bers are made of carbon are called CFRP's; for glass
bers, it is GFRP's or GRP's; and for aramid bers, the composites are called
AFRP's.

A Dberis a long lament, usually with a diameter around 10 m (Tuakta, 2015).

The size of the bers is of importance, as few bers with large diameters are eas-
ier to impregnate and less pricy, compared to many bers with small diameters
(Clarke, 1996). However, an increased diameter also has drawbacks, such as de-
creased strength and higher risk for surface defects (Potyrala, 2011). The industry
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of today is moving towards manufacturing bers with enlarged diameter, for eco-
nomic reasons; however, a diameter abo88 m is not recommended (Clarke, 1996).

The bers usually correspond to30 70 %of the total volume, and about50 %of the
total weight of the composite (Potyrala, 2011). As the bers are the reinforcement
of the composite, the direction of the bers are of great importance for the material
properties. The ber orientation can be divided into mainly three groups, shown in
Figure 2.3: Unidirectional (UD), bidirectional and multidirectional (Clarke, 1996).

Figure 2.3: Various ber directions.

If the majority of the bers in a laminate are oriented in the same direction, they
are referred to as unidirectional. If they are arranged in two directions, either at
0 and90 orat 45 (Clarke, 1996), they are referred to as bidirectional ber ori-
entation. Bidirectional bers are generally delivered as woven fabrics or as bundles
called rovings (in case of glass bers) or tow (carbon bers). Multidirectional ber
orientation is when the bers are arranged at both0 , 90, and 45 . Multidirec-
tional bers can also be randomly distribution and delivered in chopped strands and
mats (Clarke, 1996).

As mentioned in Section 2.2, the most commonly used bers in civil engineering
industry as of today are carbon, aramid, and glass bers (Jain & Lee, 2012; Potyrala,
2011). These bers have di erent material properties and are suitable for di erent

applications. In Table 2.1, the properties of various bers are presented. As can
be seen in the table, carbon bers have a higher modulus of elasticity than the
other bers. Moreover, carbon bers have a higher resistance to fatigue than glass
bers (Tuakta, 2015), and according to studies, carbon bers are considered better
in service life than both aramid and glass bers (Potyrala, 2011). Furthermore, one
of the essential characteristics of carbon bers is the speci c modulus. As can be
seen in Table 2.1, the speci ¢ modulus is much higher for carbon bers than for the
other bers. In the longitudinal direction, the speci ¢ modulus is also a lot higher

than that of steel (Clarke, 1996). However, the composite including the matrix (the
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polymers) has a lower Young's modulus. Speci ¢ modulus is the elastic modulus
divided by the density of the material, also known as the sti ness-to-weight ratio
(Clarke, 1996).

Table 2.1: Properties of carbon, glass, and aramid bers (Clarke, 1996; Tuakta,
2005).

Ultimate | Specic
Young's | Tensile | tensile | modulus
Density | modulus | strength | strain E=
Material [kg=m’] | E [GPa] [MPa] | " [%] |[Mm?2=¢]
Carbon HS 1700 240 2600 1.7 140
Carbon HM 1900 400 1800 0.7 200
E-glass 2540 70 3450 4.8 27
S-glass 2500 86 4500 5.7 34.5
Kevlar 29 (aramid) 1450 80 2800 4.0 55.5
Kevlar 49 (aramid) 1450 130 2800 2.4 89.5

2.3.1 Carbon Fibers

As mentioned, carbon bers are strong and sti, compared to other materials, in-
cluding other kinds of bers. Among the disadvantages of carbon bers are the
manufacturing process, which requires a high energy consumption, and a high cost
(Jain & Lee, 2012; Potyrala, 2011). However, for the rest of this report, carbon
bers will be the only kind of bers considered, as this master thesis concerns car-
bon ber reinforced polymers in footbridges.

Carbon bers are recognized from the coal black color, see Figure 2.4, and from
being transversely isotropic due to their two-dimensional atomic structure. Thus,

the structural properties of CFRP are signi cantly di erent in the longitudinal and
transverse directions (Bank, 2006).

Figure 2.4. Carbon ber tow on a spool (Gurit, 2018a). Published with permission.

Furthermore, carbon bers can be produced in di erent grades; with standard mod-
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ulus, high strength modulus, ultra high modulus and intermediate modulus, where
properties for these grades are presented in Table 2.2.

Table 2.2: Properties of various carbon ber grades (Bank, 2006).

Young's | Tensile Ultimate
Density | modulus | strength | tensile strain
Grade of carbon [kg=nT] | E [GP 4] [MPa] " (%]
Standard, SM 1,700 250 3,700 1.2
High strength, HS 1,800 250 4,800 1.4
High modulus, HM 1,900 500 3,000 0.5
Ultra high modulus, UHM 2,100 800 2,400 0.2

Carbon bers are manufactured from three di erent precursor materials: Rayon,
pitch, and polyacrylonitrile (PAN), where manufacturing requires temperatures be-
tween1200C and 2400 C (Tuakta, 2015). Rayon based bers are made from natural
cellulosic textile bers, and PAN based bers from synthetic textile bers (Bank,
2006). Pitch based bers, on its hand, are made of a by-product from petroleum
processing and usually have a lower manufacturing cost than PAN and rayon, due to
a lower temperature during manufacturing (Bank, 2006). However, in commercial
use, PAN based bers are in majority (Potyrala, 2011).

The advantages of carbon bers are not only their high performance in terms of
strength and sti ness. Carbon bers also perform well against fatigue loads, in hot
and moist environment, and are a very durable material (Bank, 2006). Thus, it is
considered as a material with low maintenance needs.

2.4 Matrix

The second component of an FRP composite is the polymer matrix, which needs
to have a lower modulus of elasticity than the bers, in order for the bers to
be able to carry maximum load (Potyrala, 2011). Furthermore, the matrix has
the important purpose of holding the bers together, transferring load between
the bers, separating the bers within the composite, increasing the ductility, and
protecting the bers from the environment (Clarke, 1996; Potyrala, 2011). The
polymer matrix is made up of resin, additives, and llers; see Sections 2.4.1 through
2.4.3.
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2.4.1 Resin

The resin is the main part of the matrix and is usually refereed as polymer resin,
or just resin. It is the binding agent of the composite (Bank, 2006). The two most
commonly used resins types are thermosetting polymers and thermosoftening poly-
mers, categorized depending on properties and manufacturing techniques factors, as
curing and hardening (Potyrala, 2011).

2.4.1.1 Thermosoftening Polymers

Thermoplastic polymers (also referred to as thermoplastics) can be softened and
reshaped by heating. Subsequently, it can be hardened again by cooling. This
procedure can be repeated several times for thermoplastic resins without changing
the material properties (Potyrala, 2011).

2.4.1.2 Thermosetting Resins

Thermosetting polymers (commonly referred to thermosets) are more commonly
used for FRP composites than thermoplastics. Epoxy, polyester, vinylester, and
phenolic resins are the most popular thermosets for this application (Clarke, 1996;
Potyrala, 2011). In contrast to thermoplastics, the properties of thermosets are ir-
reversible. They are formed from a chemical reaction under heat, becoming a cured
product. After curing, it will not soften or lose any other of its properties, unless
heated to the so-called glass transition temperaturél,y. At this temperature, the
mechanical properties of the thermoset change considerably and loss in sti ness and
creep are expected (Gurit, 2018a). Service temperature, manufacturing process, and
intended application are of interest when choosing the type of resin (Potyrala, 2011).
Furthermore; adhesive properties, mechanical properties and degradation from wa-
ter ingress are all important aspects to have in mind (Gurit, 2018a).

Thermosets are manufactured as a liquid or a semi-solid precursor. Moreover, ther-
moset polymer resin is usually a brittle material, but it o ers a high rigidity, ther-
mal and dimensional stability (Potyrala, 2011). Epoxy is the strongest thermoset,
while polyester is the sti est. In Table 2.3, typical mechanical properties of epoxy,
vinylester, polyester and phenolic resin are presented.

Table 2.3: Properties of various thermosetting polymer resins (Bank, 2006).

Young's | Tensile Ultimate
Density | modulus | strength | tensile strain
Resin [kg=m’] | E [GPa] [MPa] " [%]
Polyester 1200 4.0 65 2.5
Epoxy 1200 3.0 90 8.0
Vinylester 1120 3.5 82 6.0
Phenolic 1240 2.5 40 1.8

Adhesive properties describe how well the resin bonds with the ber reinforcement
or the core material. Comparing epoxy, polyester, and vinylester resin systems,
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