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Master’s thesis in structural engineering and building technology
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Research Group: Lightweight Structures
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ABSTRACT

The growth of transport infrastructure has led to the fragmentation of the natural habitat of
many animal species in Sweden. Ecoducts, large bridges with a layer of soil and vegetation on
top of'it, provide a safe crossing of highways for animals. In this thesis, the design of an ecoduct
made of fibre reinforced polymer composites (FRP) was developed. The aim was to develop a
typical solution for the ecoduct that could be further used in the design of ecoducts made of
FRP composites in Sweden. Initially, the conditions and requirements for ecoducts in Sweden
were studied by literature review and interview with an expert in the field. It was concluded
that motorways and highways contribute most to the fragmentation effect. A minimum width
for ecoducts of 30 m and a recommendation of tree vegetation on the edges of the ecoduct was
identified. The possibilities and advantages of FRP as a building material for ecoducts were
investigated. 19 preliminary design solutions were developed in order to determine the most
suitable ecoduct structural system with an emphasis on the bearing capacity of the structural
elements of different cross-sections. The types and performance of FRP composites under static
load were evaluated to select the most efficient composite materials for the design of ecoducts.
Existing production possibilities were considered for the further prospects of manufacturing of
the bridge elements. The final proposed design includes a detailed design of the bridge members
and provides several possible solutions for the structural joints. Finite element analyses were
performed to optimize the final design decision. The deflection under the static load, maximum
allowable stresses and buckling behavior of the bridge sections were investigated. Humidity,
temperature and creep effects on the FRP material were taken into consideration. The proposed
design is an effective solution in terms of the carrying capacity of the developed section and
the material use.

Key words: FRP, design, ecoduct, eco-bridge, composite, polymer, carbon fibre, glass fibre,
mechanical properties, FE analysis, deck, beam, connection, joint.
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Konceptuelltdesign och produktion av ekodukt av fiber
armerad polymer-kompositer

Examensarbete inom konstruktionsteknik

OLENA SHKUNDALOVA

HANNA GEIGER

Institutionen for arkitektur och samhallsbyggnadsteknik
Avdelningen for Structural Engineering
Forskargruppsnamn: Lightweight Structures

Chalmers tekniska hogskola

SAMMANFATTNING

Transportinfrastrukturer i vart samhélle viaxer. Detta leder till en 6kad fragmentering av det
naturliga habitatet for manga arter i Sverige. Ekodukter, stora bevixta broar, ger djur mojlighet
att korsa stora barridrer som motorvégar. I detta arbete presenteras en konceptuell design for en
ecoduct av FRP. Malet var att utveckla en 16sning som kan anses som typiskt for svenska
forhallanden. For att kunna definiera ett relevant fall pa ekodukter i en svensk milj6 studerades
regler och rekommendationer i en litteraturstudie. En intervju med en expert inom omradet
genomfordes ocksa. Slutsatsen som drogs var att motorvégar och stora landsvagar bridrar mest
till fragmenteringseffekten. Minimalbredden av 30 m och rekommendation angiende
tridvegetation pa kanterna blev identifierad. Materialet FRP blev undersokt angéende for att
avgora ldmpligheten och identifiera mojliga 16sningar. 19 prelimindra designlosningar
utvecklades och undersoktes med tyngdpunkt pa deformation och produktion. Fukt, temperatur
och krypning blev beaktade. Det slutgiltiga 16sningsforslaget inkluderar en optimerad geometri
med hénsyn till spdnningar, deformationer, instabilitet och forslag for skarvar.

Nyckelord:  FRP, design, ekodukt, vildbro, komposit, polymer, kolfiber, glasfiber, FE analys.
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Preface

The design of an ecoduct made of fibre reinforced polymeric (FRP) materials was
developed. The project was started in February and ended in June 2019. The work was
done at AF Consult company, Gothenburg, Sweden.

The work was done under the supervision of Valbona Mara, PhD in Structural
Engineering (AF Infrastructure), and Professor Reza Haghani Dogaheh as examiner
(Chalmers University of Technology).

Gothenburg, June 2019
Hanna Geiger and Olena Shkundalova
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Notations

Roman upper-case letters

Aghear Shear are of crossection

Ecreep Youngs modulus for long term load situation (creep taken into acount)

Eq Elastic modulus in direction 1 (x)

Ef, Elastic modulud in direction 2 (y)

Einstant Youngs modulus for instant load situation

E, Youngs modulus for resin

Gereep Shear modulus of long term load situation (creep taken into
account)

Geq Design shear modulus of the FRP laminate

Gy Shear modulus for the fibre

Ginstant Shear modulus for instant load situation

G, Shear modulus for the resin

G, Glass transition temperature

| Moment of inertia for bending in main direction (around Y axis)

L Length of one bridgespan

Meq Maximum design bending moment

My Maximum bending moment on a bridge in ultimate load combination.

Q4 Load from service vehicle, axis 1 in SLS

Q, Load from service vehicle, axis 2 in SLS

Q1uls Load from service vehicle, axis 1 in ULS

Quuls Load from service vehicle, axis 2 in ULS

Sxy Shear stresses in XY direction

Sex Normal stresses in X direction

U, hand Deformations in vertical Z direction, handcalculation

U, U, Deflection in Z and Y directions respectively

U,nrs Deformations in vertical Z direction, geometry G8

U straigth Deformation sin Z direction from abaqus with straight webs

w Total width of ecoduct

Ved Maximum shear force

Vs Ultimate shear force acting on a bridge

Roman lower-case letters

b Spacing of webs

fea Design strength of the laminate

fa Design tensile strength of the laminate

far Design and design shear strength of the laminate
frt Characteristic tensile strength of the laminate
frer Characteristic shear strength of the laminate

g Selfweigth of bridge

h Height of crossection

hegge Higth of soil in edge section of the bridge
hmiddie Higth of soil in middle section of the ecoduct
Ak Distributed variable load for pedestrian bridge
Qedgesoil Load from soil in the edge section of the ecoduct
Qsoil Load from soil in the middle section of the ecoduct
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Characteristic snow load
Accumulated load duration (hours)
Flange thickness

Web thickness

Greek lower-case letters

(04
8o

84
loads
(P

6creep
6max
YaG,j
YMm
YM2uls
YQj
Yqfj
€1

€2

Me

77cf
Nem
Net
Nev
Mvc20

Ted

Wo
Uy
P

Angle of stiffener

Initial deformation before loads are applied also called
precambering

Instantaneous deflection of the deck section under the permanent

Variation of the deflection of the beam, due to the variable loading plus
any time dependent deformations due to permanent loading
Deformations in Z direction from creep part of permanent load
Sagging in the final state relative to the straight line joining the supports
Partial safety factor for permanent load number j

Partial safety factor for material properties

Partial safety factor accounting for the lamina production process
Partalceofficient for the variable load number j

Partalceofficient for the variable load number j

Strain in direction 1 (x)

Strain in direction 2 (y)

Conversion factor accounting for the long-term influence of
temperature, humidity, creep on laminate

Conversion factor for the fatigue effects.

Conversion factor for humidity effects;

Conversion factor for temperature effects;

Conversion factor for creep effects;

Conversion factor to account for creep effects for the reference period
of 20 years.

Eigenvalue for buckling

Poison’s ratio

Reduction factor for permanant loads

Density of the resin

Density of the fibre

Density of soil

Normal stresses in X direction

shear stresses in XY direction

Shear stress

Factor for combination of variable load

Factor for frequent value of variable load

Factor for quasi permanent value of variable load

ESPEC — organization, measuring the level of F-gases (fluorinated greenhouse gases),
aiming to reduce the environmental deplete with the use of low Global Worming
Potential (GWP) refrigerants.
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Swedish government agencies

“Trafikverket” is a Swedish state agency responsible for a long-term planning of the
transport infrastructure at the national level. Responsibilities - construction and
maintenance of large parts of the transport infrastructure. The predecessors were
Vigverket (roads) and Banverket (railway). Since some of the recommendations about
ecoducts are based on the old recommendations, both will be referred to in this thesis.
The term “Swedish transport administration” will be used to refer to Trafikverket, and
“old Swedish transport administrations” to Banverket and Végverket.
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1 Introduction

The increasing amount of transportation infrastructure has a negative effect on wildlife. Some
of these effects can be coupled to the fragmentation of the natural habitats for different animal
species. Sometimes, populations are cut off from each other, which usually results in a limited
gene-pool or extinction (A Seiler & Folkeson, 2003).

In 2014, 47200 accidents with large wild animals were reported in Sweden. Since then, the
number of accidents has been increasing every year and at 2018 about 63700 accidents were
reported (Nationella Viltolycksradet, 2017). Between 2003 and 2012 there were in average 5
deadly accidents each year. Economic damage from wildlife accidents is estimated at an
average of 2,600 million SEK per year (“Viltolyckor mot ny rekordnivd - Nyheter (Ekot) |
Sveriges Radio,” 2016).

This has resulted in an increasing interest in construction of ecoducts. After the collapse of the
scaffolding and following demolition of the ecoduct Sandsjobacka in 2017, research of an
alternative approach to the construction was begun (Trafikverket, 2018). The hope is that an
approach with the use of fibre reinforced polymer (FRP) materials in construction of
superstructures will lead to a design that can compete in economic terms with traditional
methods and that is superior with regard to construction time and disturbance for society and
environment. A master thesis at Chalmers in 2018 proved that the use of FRP composites can
result in 50% reduction in construction cost of ecoducts with minimum possible disturbance on
traffic (Sandahl & Hallerstal, 2018).

At the moment, ecoducts in Sweden are mainly made of reinforced concrete. This conventional
material has a number of advantages, such as high compressive strength, durability and ability
to withstand high temperatures. However, its weight is relatively high compared to its strength.
In an alternative replacement for concrete and steel, lightweight FRP materials can be used for
construction of prefabricated FRP ecoducts. Due to its high strength and durability, low weight
and flexibility in the choice of forms, fibre reinforced composite materials can become a
profitable alternative to steel and concrete (Naqvi et al., 2018). One of the advantages of using
FRP in bridge construction is the ability to have hybrid solutions and to successfully combine
them with elements made of concrete and steel (Wan, 2014), having the mechanical properties
of the FRP composites close to that of steel and the weight close to that of plastic (Bhatt & Goe,
2017).

An advantage of the use of FRP composites is that it does not rust as steel does (Wan, 2014).
High stiffness and strength to weight ratio and high fatigue resistance are the factors making
the use of FRP materials profitable and rational in the bridge construction (Mara, Haghani, &
Harryson, 2014). New techniques, methods of fabrication and production opportunities which
have developed during the last decades have reduced the production and construction cost
(Niket M. Telang, 2006), (Wan, 2014). Construction of the ecoduct made of FRP offers great
production opportunities since the composite structural members can be prefabricated and
assembled on site during the erection process.

FRP composite materials do not require painting, do not rot and have high resistance to
aggressive media. FRP is also usually dimensionally stable in Swedish conditions, but fire
protection should be given special attention.

Even though FRP seems to be suitable material for the construction of ecoducts, very little
investigation has been done on this specific issue. There was a study on how the ecoduct at
Sandsjobacka could be built in FRP (Sandahl & Héllerstal, 2018). However, the general
situation in Sweden was not investigated. It was, therefore, important to investigate which
specific conditions and demands there exist for ecoducts in Sweden.
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There exists a wide range of practice for how ecoducts are defined and designed. Different
countries apply different methods with a large scatter of results with a difference mainly in the
width of the superstructure and the level of vegetation. Those different cases give each a distinct
load situation, and the involved loads should be taken into consideration to be able to design a
material- and cost- efficient ecoduct. One of the main loads on an ecoduct is mostly the soil
load.

This, in combination with a fairly constant case of large roads as barriers, invites for a design
that can be applied in a wide range of specific projects.

By doing a thorough analysis of the structural requirements on an ecoduct, an effective design
with FRP materials can be made. Since the goal is to develop a design which could lead to a
lower bridge cost compared to conventional methods, the problem is to optimize the material
use.

1.1 Aim

The aim of this thesis was to develop a competitive concept for a fibre reinforced polymer
ecoduct design, which can be considered as a typical design solution for Swedish conditions.
To this end, the mechanical characteristics of composite materials and the possibility of their
use in the design of ecoduct were studied.

1.2 Method

Literature review on FRP applicable in bridge construction

The project starts with a review over the existing literature concerning FRP in connection with
bridge construction. A previous master thesis from Chalmers was chosen as a background for
this study (Friberg & Olsson, 2014). There has been done much effort to compile information
of interest in designing FRP bridges. To be able to mainly focus on design, this work was taken
advantage of.

Literature review on ecoducts in Sweden

To gather information about the relevant typical context in Sweden, literature on existing
ecoducts was reviewed. The requirements on ecoduct design from the Swedish Transport
Administration (Trafikverket) and bridge design requirement from Eurocodes were considered.
Places and conditions with the largest theoretical need for placement of ecoducts were identified.

Interview

An interview with an expert in ecoducts was conducted via Skype. The questions are presented
in Appendix A. The interview was used as a starting point in order to identify the main issues
of ecoduct design that should be given priority attention.

Preliminary design

Preliminary design of several proposals for ecoducts was done, including a variety in both
material and structural solutions. 19 concepts were developed and analyzed in terms of
manufacturability and ease of construction. The preliminary design was focused on the
requirements on the deflection limits during the lifetime of the bridge as this is the governing
criterion.

The goal was to distinguish and consider the effects of various parameters on the resulting
behavior of the superstructure. Estimation of the deflection under the influence of
environmental degradation factors such as temperature and humidity, as well as long-term
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loading, taking into account the effect of creep, was the main criterion determining the design
efficiency. Various structural systems were analyzed and a study of various geometries of
structural members was performed in order to establish the most efficient design.

Of the 19 concepts, 5 were chosen for further, more precise investigation. Focusing on the
production opportunities and considering various types of connections for structural elements,
the final design was chosen.

Final design

The final design of the ecoduct was based on the study of preliminary designs. Finite element
analysis was used to investigate buckling behavior and stresses. The analysis aimed at
optimizing the geometry of the preliminary design. The results of the study were confirmed
with hand-calculations checks to ensure the design requirements on allowable deflections and
sectional utilization ratio with regard to material strength (Carattere, 2017; The European
structural polymeric composites group, 1996).

1.3 Limitations

In order to make an ecoduct design more specific and fitting the Swedish conditions, the
following limitations were imposed. The project includes several initial designs, based on
which the final design was developed.

The preliminary designs include:

e The maximum deflection limit of the bridge span concerning different environmental
degradation factors and long-term loading effects;

e Choice of the type and calculation of the amount of FRP composite materials required
for the designed superstructure;

e Consideration over the existing manufacturing possibilities allowing fast and cost-
efficient production of FRP bridge parts;

e Prediction of the possibility of quick and easy erection of the bridge.
The preliminary designs exclude:

e Checks on material strength;

e Consideration of the buckling behavior of the ecoduct.

To select the final design, a simplified analysis of the design efficiency, cost of production and
materials, ease of manufacture and assembly of the structural elements, as well as other design
criteria was carried out. The focus was on the production and material cost, possibility to ease
manufacture and assemble the structural elements.

The final design includes:
e Analyses of buckling behavior of the proposed sections in ultimate load state;

e Checks on the material strength requirements with maximum allowable stresses in
sections for the short term and long-term loading conditions.

e Checks on the deflections under the short and long-term load.

The analysis was conducted with existing models and guidelines for FRP construction. The
focus was on European guidelines.
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1.4 Outline of the thesis

Chapter 2: Infrastructure and fauna

Requirements and recommendations on ecoduct design are investigated in this chapter. First,
the general description of the problem that transport infrastructure causes for the movement of
animals is presented. Thereon, various types of barriers typical for Sweden are described. The
issues described are both general investigations into the design of ecoducts and official
recommendations and regulations. Finally, a set of requirements on ecoducts in Sweden is
formulated.

Chapter 3: FRP composite material properties

Since knowledge about FRP as a building material is not widespread, this chapter discuss the
FRP composite material features. The resins and fibres types are described separately. This is
followed by a section on the physical properties of the final laminate. The influence of the
temperature, moisture, development of creep and mechanical properties of FRP are described.
Specific production methods, connections and the existing guidelines for the design with FRP
are also described.

Chapter 4: Case study

Based on the investigation described in chapter “Infrastructure and fauna”, a case study is
formulated. This includes the definition of the span and width of the bridge, as well as the
loading conditions.

Chapter 5: Preliminary design

In this chapter several design solutions are suggested. The designs are based on deflection
requirements and productions possibilities. The chapter concludes with a two-step evaluation,
and a final design is chosen for further optimization.

Chapter 6: Final design

Here, one design chosen from the preliminary designs is optimized. First, an optimization of
height and thickness of the structural members is done based on analytical calculations. Then,
a finite element analysis is conducted to optimize the geometry with regard to buckling behavior
of developed section. Buckling and stresses are investigated.
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2 Infrastructure and fauna

Many kinds of animals move substantially during their lifetime. The infrastructure network,
used for transportation, divides the natural habitat for many animals into small areas. By this,
an individual animal can be hindered from free movement and, thus, have obstacles to its
procreation or feeding habits. That effect can limit the size of the gene pool or the amount of
food available. That hindering in movement is called barrier effect and incorporates several
parts, see Figure 1 (A Seiler & Folkeson, 2003; Andreas Seiler, Olsson, & Lindqvist, 2015):

e Hindrance - the animals cannot get over the barrier for physical reasons.

e Killed - animals try to cross the road but are killed in the attempt. In case of larger
mammals this can represent a considerable risk for the vehicle involved.

e Scared - animals approach a potential crossing but choose not to try to cross and return.

e Survival - a (usually small) portion of animals succeeded to cross the barrier.

Figure 1. Streams of animals trying to cross a road. Figure after A. Seiler, Olsson, & Lindqvist, (2015).

Permeability is a term describing potential passages for animals. The term describes common
opportunities for animals to overcome the barrier. Good permeability is created by a sufficient
number of fauna passages. It can be both special transitions, and already existing bridges.
Special passages, such as ecoducts, are much more effective in comparison with existing road
bridges or tunnels. Together, the total number of passes and their effectiveness give the overall
permeability of the barrier, as shown in Figure 2 (Andreas Seiler et al., 2015). The effectiveness
of a passage is measured by comparing the number of animals approaching the passage with
the number of successful crossings. It can also be calculated as a function of the width, length
and height of a passage.
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Figure 2. Total permeability of a barrier as a function of total number of passages and their effectiveness.

Since the barrier effect and permeability of the road are very different for different animals and
cannot be analyzed for each species, a simplification is made. Usually that simplification is to
use one species to indicate the demands. Ungulates and especially moose are used for that
purpose in Sweden. Moose has high demands on permeability. Moose is also very demanding
on the quality of the passage, therefor, a passage that is used by moose is properly used by other
species as well (Andreas Seiler et al., 2015). This is a simplification, especially in the design of
details more species should be considered. The described approach, however, is useful if a
large-scale area is analyzed.

The road barrier effect can be reduced in several ways. The collective term for a measure against
a barrier effect is called faunapassage and may work in different ways (A Seiler & Folkeson,
2003; Andreas Seiler et al., 2015). A faunapassage can be a way for a specific animal with
specific need to cross the road. An example is a moose that needs to travel from pasture to
pasture. Faunapassages can also work as a general measure to ensure a variation in the genepool
of a species. The terms for faunapassages can vary widely from country to country or even
person to person. Definitions may also vary; some sources state that ecoducts should not be
used by anyone other than animals. Other sources point out the usefulness for hikers, riders or
farmers. For the purposes of this thesis the following terms and definitions will be used:

e [Ecoducts are bridges for animals, they mimic nature and should be experienced as
continuation of the environment. Animals are the main users, other users may be hikers,
forest industry and farmers. Use by other users must be assessed on a case-by-case basis
and regulated.

e Faunabridges are the bridges that are built specially for animals. They are narrower than
ecoducts, covered with a thin layer of soil and there might be low vegetation. In some
cases, a small road might be on one side of the faunabridge.

e Viaducts, in Sweden called “Landskapsbro” are high bridges with a large area of the
natural environment below.

e Tunnels can work for some animals, but ungulates often shy away from low and dark
places.
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These definitions and descriptions are taken according to the Swedish literature and
recommendations. Recommendations for exact configuration of the ecoducts can be found in
Swedish Transport administrations guidelines (Calluna AB, 2012; Vigverket & Banverket,
2005).

Road or pedestrian bridges can be used by some animals depending on the exact configuration.
Long and narrow bridges are often avoided by most animals.

2.1 Barriers

As mentioned earlier, different animals are affected in different ways by different barriers. The
European overview has attempted to classify how different species are affected by various
barriers generating the fragmentation effect caused by transport infrastructure (A Seiler &
Folkeson, 2003). The result can be found in appendix C. This can be paraphrased as follows:

e Small species such as beetles, spiders, amphibians, reptiles, and small mammals such
as mice are strongly affected by the barriers. The barrier effect is full and strong even
for small roads. There is some correlation between size of animal, road size and barrier
effect. Also, railways can present total or strong barriers for those animals.

e Flying species are affected by traffic. Turbulence may lead to fatal injuries.

e Butterflies experience barrier effect from roads surfaces due to microclimate effects.
Because of maneuvering difficulties, they may have troubles navigating fences.

e Mammals of mid and larger sizes can cross roads and railways. The barrier effects
depend on the size of the animals, the width of the road and the traffic intensity. The
barrier effect can range from:

o total for fenced motorways, high intensity traffic railways and highspeed trains
(HSR & TGV);

o partly for bigger roads or fenced roads with passages;
o very low for small roads and railways with little traffic.

It should also be mentioned that the barrier effect of trains has been less well studied but seems
to depend on the traffic intensity.

Swedish Transport Administration has general recommendations/guidelines on how to
approach the transport infrastructure in terms of a landscape/nature. They state that there must
be passages for ungulates for every 4" km on newly build large roads (Trafikverket, 2016).

The same European review of the fragmentation due to transport infrastructure, as mentioned
earlier in this section, gave numbers from a Danish study. The study claims that motorways
have a much higher animal casualty rate per kilometer than other roads. The total animal
casualties (from the entire motorway network) are however lower than for secondary roads.
This is presented in Table 1.
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Table 1. Casualties on different road types in Sonderjylland County Denmark. The species recorded are roe deer, fox badger,
hare and hedgehog (A Seiler & Folkeson, 2003). Survey for 20 months (November 1995 — August 1997).

Motorway | Highway | Secondary road | All roads

Casualties per km of road 2,3 1,9 1,7 1,8

Casualties across network 2960 3017 3449 8827

In a study of ungulate collisions in Sweden the findings were that there is a correlation between
roads with a speed limit of 90 km/h and ungulate collisions. The statistic suggests that ungulates
experience such roads as barriers even without fences (Andreas Seiler, 2004). On the other hand,
collision densities were inversely correlated to highways and roads with speed limit 70km/h. It
seems that ungulates experience minor roads (speed limit under 70 km /h) as a lesser barrier.
Highways on the other hand are nearly always fenced, which means that animals are stopped
in their attempt to cross before they reach the roadway.

P. Bjorkman, an expert in the design of ecoducts mentioned in a skype interview the high
demands of ecoducts over motorways. There was also a discussion about the differences
between the northern and southern parts of Sweden. Even if there are more barriers in the south,
there is more wildlife in the north. Bjorkman mentioned also the fact that moose’s in the
southern part of Sweden never get old enough to learn new tracks.

In a study done for the Swedish transport administration the barrier effect of Swedish roads for
ungulates were assessed. The following structures were considered most likely to act as barriers
(Andreas Seiler et al., 2015):

e Roads with average daily use over a year (ADT) of more than 400 vehicles;
e Roads with capacity for more than 2000 average daily use over a year;

e Roads with speed limit of more than 100 km/h;

e Railway with more than 80 trains / day;

e Major railways (Stambana) with more than 50 trains/day;

e Railway with a speed limit of more than 150 km /h;

e Structures close to each other or to a town.

Apart from assessing the roads, the fauna passages along those roads were also analyzed in this
study. This was used to assess the total permeability of the barriers in Sweden. A simplified
result is presented in Table 2. The term “barrier” here is the distance along the road that is more
than a certain distance from the nearest passage. That distance can be no more than 2 km and
is less if the effectiveness of the fauna passage is limited (Andreas Seiler et al., 2015). The
distance of 2 km was chosen, because an adult moose can move about 4 km in one day and,
thus, theoretically can cross the road in that time.
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Table 2. Barrier effect in Swedish road and railway system. This table is a simplified version of the data from Seiler et al., 2015
presented in Appendix B.

Barriertype Barrier [km] Total [km] % barrier
Motorway 5393 7646 70
Higway (Riksvig) 4412 9307 47
Other roads 2999 84975 3,5
High barrier 5581 6038 90
Railway
Low barrier 203 5450 5
Railway

2.2 Ecoducts — Requirements and recommendations

Ecoducts are one of the most expensive ways to meet the needs of animals. This suggests that
the needs of animals, as well as the intended services for animals, must be investigated very
carefully.

In Sweden, there are very few official rules regarding the design of ecoducts. Some of them are
presented below:

The regulations for road design (VGU) gives the minimal width of 30 m (Végars och gators
utformning, 2015).

The Swedish transport administration gives essentially two recommendations (Calluna AB,
2012):

e The ecoduct should be at least 30 m wide.

e The ratio between width and length should be at least 0.8.

The old Swedish transport administration (Vigverket & Banverket, 2005) guideline provides
the following recommendations:

e The ecoduct should be at least 40 m wide.
e The ratio between width and length should be at least 0.8.

e The width can be reduced to 20 m if the objective is to create a corridor for moving
species that are insensitive to traffic or where the topography is channeling.

e The thickness of the soil filling above the ecoduct should be:
o 0.3 m - for grass and herbs,
o 0.6 m - for bushes,

o 1 m - for trees.

Service life should be 50-100 years.

“Width” is defined here as the distance between the fences or screens. “Length” is defined as
the length of the bridge from the animal’s perspective. Since such parameter is difficult to define,
the total length is used here. “Span” is the span of the bridge from a structural perspective i. e.
the length between supports.
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Plants generate an acidic soil environment. In Sweden about 90 % of soil in the first 50 cm has
a pH of more than 4. The pH is usually lower with increasing depth (“SLU,” 2019).

There are further principals given in the recommendations provided by old Swedish transport
administration. They are meant to create a passage that animals do not experience as a barrier:

e Screen noise and light from traffic Most animals shy away from noise and light, which
should be dampened/screened of as much as possible. If the ecoduct is very wide, a row
of trees can be planted. Otherwise screens made of concrete or timber can be used. On
the other hand, animals avoid tunnel-like environments. A high and solid screen might
give that impression (Andreas Seiler et al., 2015). Also, different animals might need
different height in screens.

e Continues landscape - to create the least barrier-effect the ecoduct should be
experienced as a natural continuation of the surrounding landscape. Continuity with
regard to slopes, sightlines and vegetation should be achieved.

e The whole ecoduct should be visible from each side. Some animals will not go into a
potential threatening situation. Therefore, the whole ecoduct should be well visible from
both sides of the road.

e [t is necessary to create hiding spaces. Especially smaller animals need hiding spaces
like grass, bushes or stones to be comfortable.

It should be pointed out that all the principals mentioned above should be studied for each
specific case. The local landscape, vegetation, fauna and traffic must be analyzed in detail to
be able to design the most efficient ecoduct.

Vegetation requirements

In an interview P. Bjorkman noted that it is important that vegetation fits into the surrounding.
In his opinion, vegetation screens seem more natural that solid screens, animals can shy away
from the passage with a large screen, in case they create a tunnel-like environment. Vegetation
should be similar to the surrounding. This might not always be feasible. High Spruce and Pine
are two dominating tree species in Sweden. Their root systems make them however unsuitable
for plantation on bridges. An alternative might be bushes and trees such as rowan. In that case,
a soil layer of 1-2 m on the ecoduct is needed. The most important issue with the soil layer,
besides its thickness, is that the soil layer should be too dense. That might result in a lack of
oxygen for the plants.

Special care should be put to those principals at the entries/exits of the passage. Even if the
ecoduct itself is ideally designed, animals can refuse to use it if the environment is perceived
as dangerous or unattractive.

P. Bjorkman mentioned the need for fencing along the edges. He emphasized the importance
of planning the fencing early in the process. The actual fastening of the fences on the structure
should be considered, as well as the connection to the fences along the road.

A suggestion for an ecoduct at E14 Timmervigen is shown in Figure 3. The project was
mentioned by P. Bjorkman as a very good design. The flanges of the bridge create a natural
barrier against the traffic and provide an open and well visible surrounding. Since the trees are
at some distance to the edge, there is a small risk for trees falling on the road below.

10 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-19-96



STODKONSTRUKTION § | WILTPASSAGE 230m

VAGI6.0 m £85.00
@ _3.0% ot

BEF MARK
TIIT i e N ._ TlT Tt
Jr—.[ ].—r 5 sl

l \\ BERG 1y

PROFIL VAG E14

J BREDD CA 26,50m

SEKTION B-B 1:200
#70.00

Figure 3. Suggestion for ecoduct at E14 Timmervigen after Norwegian model. Drawings from Trafikverket/Sundsvall
municipality (Sundsvall Komun, 2018).

Users of ecoducts

The economic situation and financing are often the main determining factors influencing the
choice of the type and design of the bridge. It is often a usual practice to combine several types
of passages so that people also can use the ecoduct, if necessary. P. Bjorkman mentioned a
benefit of an additional use of the ecoduct by hikers or horse riders. An interesting option is the
idea to allow farmers or the forest industry the use the ecoduct. The logic behind that proposal
is the frequency of use. Depending on the local situation, the forest industry might need access
to an area every 20" year, or a farmer that needs access to one field might go there every 3d
month. Such use can be justified, because it gives an economic benefit without disturbing the
animals too much.

Shape of ecoducts

To maximize the effect of the ecoduct a channeling effect should be achieved. Apart from the
importance of the placement in the specific topology, the design of the ecoduct is important.
The bridge itself can be formed with parabola shaped sides. The slope to the ecoduct should not
be too steep and the connection to the fencing along the roads should be well designed (Calluna
AB, 2012). Parabola formed ecoducts have been used quite widely but there seems to be no
studies on the effectiveness of this measure (Jondelius, 2011).

A further measure that can be taken according to P. Bjorkman is to allocate ecoducts in the
vicinity of the places of main attraction for animals, where they are more likely gathered, such
as forests and water bodies.
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Existing ecoducts

How the above-mentioned principles and recommendations are applied can vary quite
significantly. One of the easiest parameters to compare is the width of the ecoduct. In Europe,
the width varies from 80 m (there exist one ecoduct with W = 800 m, but that’s considered
more like a tunnel) to about 8 m, which by many would be classified as a fauna bridge rather
than ecoduct.

The width of 20 to 80 m is more common for ecoducts. This range of width is used widely in
Austria, Germany, Switzerland, the Netherlands and Luxembourg. There are some narrower
overpasses in France and Spain, those are about 8-20 m wide (A Seiler & Folkeson, 2003).

Ecoducts and different animal species

A German examined the behavior of animals both before the roads/bridges were build and after
some years of use (Georgii et al., 2011). The study included capture-recapture of smaller species,
flight pattern observation of butterflies and birds and video material and tracking for larger
animals. For the smallest species the finding of the study was that the bridges were used fairly
much. As an example, ground beetles adapted to open habitats dominated over does adapted
the forest environments. This also applies to thick scrubber bridges that should have been
attractive to woodland dwelling species. The authors concluded that a corridor along which the
animals could move was important.

A similar pattern was observed with grasshoppers. Before the construction of the road,
grasshoppers were found in the whole area. A fter the road and the bridge were built, not a single
one was found in the immediate vicinity. The surrounding near the bridge had changed quite
dramatically and was no longer suited for this type of grasshoppers. Georgii et al., 2011 came
to the conclusion that the changed habitat prevented animals from moving 300 m from their
new habitat to the bridge. This meant that the ecoduct had zero practical efficiency for this
species.

Flying species seemed also to prefer the ecoducts. Butterflies were observed to prefer the bridge.
There was also a high mortality observed by butterflies crossing the bridge over the road. It was
also observed that bats seemed to prefer the bridges with straight plantations of trees compared
with scattered plantations. The authors noted that some bath species are known to navigate with
the help of treetops. Some bird species were observed to prefer the ecoducts. Forrest dwelling
species used the bridge more than the open habitat species.

Mammals also used the ecoducts. Georgii et al., 2011 showed that mammals prefer ecoducts or
viaducts over other passages, including faunapassages adjusted to ungulates. It should be noted
that predators seemed to be less sensitive to what kind of faunapassage they used. The use of
each individual bridge was varied and ranged from 2 to 50 animals per night. The study
analyzed various attributes of the bridge and made the following conclusions (Georgii et al.,
2011):

Width and length

The use of the bridge increased with increasing width. There was some negative influence with
increasing length.

Age

The use of the bridges increased with increasing age of the ecoduct. A denser vegetation
counteracted that development in several cases.
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Position

The bridges at forest edges were used most. Bridges in the forest were used more than in an
open landscape.

Vegetation
Mammals preferred the open parts of the ecoducts.
Traffic noise

There seems to be some difference in the use of ecoducts depending on how well the traffic
noise is damped.

Human presence

Georgii et al. reported a negative influence on the use of ecoducts with human presence. This
included the presence of people as well as a developed infrastructure, such as roads.

2.3 Requirements on ecoducts

According to the material presented in Sections 2.1 and 2.2, requirements on ecoducts can be
summarized. According to these requirements a specific case was formulated in this thesis. It
should be noted that these formulations are written with respect to the structural system that
will be designed for the ecoduct.

Span

The span for the design depends mainly on which type of road should be crossed. The main
types of barriers are motorway, highway and railways. In VGU (the Swedish requirements for
the design of roads) the widths for different roads are given. The spans used here were derived
from motorways/highways in rural area. Following assumptions have been done:

e Safety railings are assumed on both sides.

e The width of the mid-verge is taken 5 m. This is made to accommodate mid-supports.
1 m on each side must be kept free for the use of the safety railing.

e The verges for tunnels are used. Even if ecoducts technically are bridges, the driving
experience, especially with a small span, is like a tunnel.

In Table 3 the spans derived are shown, the calculations are presented in Appendix D. The first
number represents the minimum span. In that case the bridge foundations are very close to the
road (1 m from the safety railings). Usually that should be avoided. A common practice is to
create a slope of 1:2 outside that area. The second span given is for the case when the bridge
goes up 2/3 of the maximum free height of the bridge with a slope of 1:2. The road sections for
motorway and highway used here are presented in Figure 4 and Figure 5. In Table 3 the total
length of each barrier type is presented together with its span.
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Figure 4. Motorway transverse section used in this thesis.
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Figure 5. Highway transverse section used in this thesis.

The span of railway bridges is coupled to the sightlines along the bridge (Trafikverket, 2015).
Those are in turn dependent on the curve radius, the maximum allowed speed on the line and
the width of the tracks. Therefor it is difficult to arrive at a specific span for a general case.

Table 3. Type of barrier and associated span in Sweden. The span is taken as the minimal required span for newbuild roads.

The calculations are presented in appendix D. The length of barriers the length along the roads and railways that
are not near to a crossing.

Barrier type Length of barrier [km] Span over the road [m]
Motorway, (Europavig) 5393 28,0 — 40,6
Highway, (Riksvig) 4412 16,1 — 29,7
Railway 5581 Varies

Width

The ecoduct must be at least 30 m wide (Trafikverket, 2015). This gives the length to width

ratio (equation 1):

This ratio is more than the recommended 0,8 (Calluna AB, 2012).

Width 30
=—=19
Length 16,1

(1
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Service Life

A service life of 100 years should be achieved (Vagverket & Banverket, 2005). The vegetation
on the bridge should be designed so that a long-term pH does not get lower than 4.

Connection to surrounding

The bridge must be able to connect to the surrounding without any visible markings. The
visibility of the foundation structure should be minimized.

A parabola shape of the bridge might increase the channeling effect. However, this assumption
has no been investigated.

Fencing & Screens

There must be possibilities to install fences or screens at the edge of the bridge. The screens
might be up to 2 m height (“Alg - Svenska Jigareforbundet,” 2019). For Reindeer herding the
fencing should be placed at some distance from the edge. The fencing and screens must be
connected to the existing game fences along the road.

Vegetation

It should be possible to plant trees at least in some parts of the bridge. The edges are the most
important parts in this case. This requires a layer of soil of at least 1 m height.

There should be a possibility to plant bushes on the bridge. This requires 0,6 m of soil.

There must be a possibility to grow grass and herbs on the entire bridge. This requires 0,3 m
soil.

There should be a possibility to make earth mounds at the edges of the bridge.

It must be possible lay out larger boulders as hinders for vehicles. If the fences are designed in
a good way, this might be done outside the structural span of the bridge.

It should be possible to lay out a bunch of small boulders as a habitat for some species.
There would be additional value in the possibility to lead a small stream over the bridge.
Vehicles

There would be additional value if the bridge could allow access to vehicles such as tractors
and forest machinery.

Inclination

The bridge span should have a small inclination so that at least a roe dear could look over the
entire bridge. The argumentation behind this is that there isn’t any smaller animal that has the
need to be able to see the whole surface of the bridge. Predators are less sensible to details like
this and hares are too small. Roe deer is about 70-75 cm in shoulder height. Wild boar is about
1 m in Sweden. “The bridge” includes here the bridge from the perspective of the animal. This
makes the exact calculation more difficult since the exact distance at which the animals stand
is not known. If an eye height of 0.9 m is assumed, this gives an indication about the maximum
height difference of the bridge.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-19-96 15



3 FRP composite material properties

This chapter aims at giving a general introduction to FRP in civil engineering. There will be a
brief comparison between FRP and conventional building materials. Different types of resins
and fibres will be described followed by a description of the physical and mechanical properties
of FRP composites. Production methods, sustainability, durability and fire resistance will be
discussed in this section. Existing codes and guidelines used in design will be also described.

The composite material consists, basically, of the resin matrixes and the fibre (U. Berardi &
Dembsey, 2015) with recognizable interfaces between them (Niket M. Telang, 2006). The
resulting mechanical properties of the final material are higher than that of the raw materials
separately (Keck & Fulland, 2019). The resin should provide resistance of the material to the
environmental and chemical factors, while the main purpose of fibre is to provide strength,
stiffness and thermal stability to the composite (Sonnenschein, Gajdosova, & Holly, 2016).
FRP composites are materials more resistant to the electromechanical corrosion in comparison
with steel reinforcement (Sonnenschein et al., 2016).

The main influence on mechanical properties is exerted by the type, filling volume and
arrangement of the fibres, type of the matrix, fibre orientation in the polymeric material, quality
of the production (Sonnenschein et al., 2016). The conditions of bonding, called interphase,
which includes perfect bonding and de-bonding of fibre with a surrounding polymeric material,
causes significant influence on physical properties of the composite (Wenkai, 2015).

3.1 FRP and conventional building materials

In order to justify the choice of FRP composite materials to be used in design, a comparison of
performance of different building materials was made, which can be seen in Table 4 (Akkad,
2011), (Anping Mengke Wire Mesh Manufacture Co., 2015), (U. Berardi & Dembsey, 2015).

Table 4. FRP & Conventional materials comparison.

FRP (GFRP, CFRP) Steel Concrete | Timber
Production and construction
Density (kg/m) 1550 7500 2200 200-1400
Strength to weight ratio highest medium high low
Thickness of the members very thin thin thick thick
Length of the elements unlimited limited limited limited
Material cost high normal normal low
Life cycle cost low normal normal high
Maintenance low high medium high
Installation complexity Very easy difficult very easy
Installation time very short long very long short
Mechanical properties

Tensile strength (MPa) 170-240 450 2-5 low
Flexural strength (MPa) 205-240 450 3-5 80
Thermal conductivity 0.57 46.55 0.8 0.15-0.04
(W/m* °C)
Thermal expansion (10 20 12 14.5 3
m/m* °C)
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Performance under the environmental factors
Corrosion resistance high low medium no
Fire resistance high low medium low
Impact resistance high medium high medium
Fatigue resistance high medium medium low

A comparison of Young’s modulus of different building materials and the stress-strain relations
in tension can be seen in Figure 6 and Figure 7 (J.G. Teng, 2001).

Young's modulus comparison Stress-strain diagram,
FRP & conventional materials
2500
2000
H Steel =

A
H Glass plate @
5
%)

Concrete

Timber 0 -
Strain_ (%)
0 50 100 150 200 250 o o5 1 1572z 25 3
Young's modulus (GPa) =——Steel === GFRP CFRP
Figure 6. Young's modulus comparison. Figure 7. Stress-strain diagram, FRP & steel.

Observing the diagrams shown in Figure 6 and 7 together with Table 4 it can be concluded, that
the mechanical properties of the FRP composite materials can compete with traditional building
materials. However, the fibre volume fraction in the composite material should be considered.

FRP offers a wide range of design possibilities due to high dimensional stability and the ability
to adopt the mechanical properties of the FRP composite material in accordance with the design
needs and application requirements. It can be done by selecting the type of resin and fibre, fibre
length, volume fraction, directions and number of the fibre layers in laminate, etc. The
parameters, influencing the mechanical properties of the FRP composites are further described
in the following sections (Sections 3.2 - 3.4, 3.7, 6.1, 6.2).

Temperature impact

The dependence of strength on temperature influence for different building materials can be
seen in Figure 8 (Kodur, Bisby, Green, & Chowdhury, 2005).
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Figure 8. Strength-temperature dependence curves for different building materials.

From Figure 8 it can be concluded, that the strength of GFRP material is the lowest compared
to other building materials which means that FRP structures needs additional covers and
protection against fire.

3.2 Resin

Resins in the composite material are responsible for the transfer of stresses between the
reinforcing fibres, gluing them together and protecting fibres from mechanical damage and
environmental influences.

There are two common types of resin: thermoplastics (Figure 9) and thermosetting materials
(Figure 10) that are used in FRP production (ACMA, 2016), (WPL, 2013).

Thermosets

Thermosets are mostly used for the production of composites. The process of polymerization
converts the resin from the liquid to the solid form, which is an irreversible act. Examples of
thermosets include polyester, vinyl ether, epoxy, and polyurethane.

Polyester

Unsaturated polyester resins (UPR) constitute approximately 75% of the total resin used in the
production of composites. Polyesters are easy to modify and adapt when building polymer
chains. These resins can be modified according to the needs of the customer and are
manufactured with specified mechanical properties.

Epoxy

The main advantages of epoxy resins are their mechanical properties, such as resistance to
corrosion, environmental effects and elevated temperatures, excellent adhesion with other
materials. They have a lower shrinkage in comparison with polyester resins. Due to the
increased viscosity of the epoxy resin, there is a need to add additional hardeners due to the
increased heat capacity, which can substantially affect the mechanical properties of the final
product.

18 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-19-96



Vinyl ester

Vinyl esters successfully combine the advantages of epoxy resins and unsaturated polyester
resins. They cure faster and are more convenient to handle. Vinyl esters can provide higher
stiffness and corrosion resistance to the composite material.

Phenol

Phenols are a type of phenol-based carbolic acid resin. It can be produced in red, black and
brown colors, and the production process itself is accompanied by the release of condensates.
The advantages of composites whose polymer matrixes are based on phenol are high sound
insulation and noise absorbing properties, corrosion and fire resistance.

Polyurethanes

Polyurethanes are widely used in everyday life. They can be used as a coating, glue, foam, and
many other forms. This type of resin is quickly cured, wearproof durable and elastic material
resistant to chemical damage. Polyurethane adhesives are widely used in construction as a
binder between various composite elements or concrete (ACMA, 2016).

—

Figure 9. Irreversible bonding chains between the molecules of the thermoset resin (ACMA, 2016).

Indicative values of thermoset resins properties can be found in “Prospect for New Guidance
in the Design of FRP Structures”.

Thermoplastics

Due to the fact that thermoplastic resins are not crosslinked, the main advantage of their use is
their ability to be processed repeatedly. Thermoplastics can be re-melted and reused, which is
the result of the reversible bonding between the molecules of the polymeric chains (see Figure
10). The most prominent examples of thermoplastic resins are ABS, polyethylene, polystyrene
and polycarbonate. Thermoplastics have usually lower strength and are not generally used for
the production of bearing structural components.

Figure 10. Reversible bonding between the molecules of the thermoplastic resin (ACMA, 2016).
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3.3 Fibres

There are three main types of fibre used in the manufacture of composite materials in the
construction industry: glass fibre, carbon fibre, aramid. Fibres can be produced of different
length, which gives a significant influence to the mechanical performance of the composite
material (Bhagwat, Ramachandran, & Raichurkar, 2017). Fibres provide strength in the
direction of the length of the fibre, so their orientation in the material is of great importance for
the bearing capacity of the structural element.

The most influencing factors to the mechanical properties of composite material with regard to
fibre are:

1. Volume of the filling

Fibres make 30% to 70% of the volume of the composite and up to 50% of its weight
(Sonnenschein et al., 2016). Various types of reinforcement may be used, such as continuous
fibres, chopped fibres or particles (Keck & Fulland, 2019). Tests on the effect of filling volume
on mechanical properties showed that the maximum load increased with an increase in the
volume fraction of the fibre in the composite material.

2. Fibre length
The fibres used in FRP composite can be of different length:

short fibres;

chopped fibres;

long fibres;
e woven fibres.

Based on the length of the fibre, the following categories of the composite materials can be
described with the fibre as reinforcement:

short/long fibres — fibrous composites;

particles — particulate composites;

flate flakes — flake composites;

fillers — filler composites.

The length of the continuous and discontinuous fibres, its size, shape and concentration in the
laminate strongly affects the material strength of the final product. This provides a wide range
of options for various applications of the FRP composites.

A very small diameter of the fibres (few to 100 microns) has the following advantages:

e The reduced possibility for inherent flaws results in increase of the ultimate strength of
the thin fibre compared to the thicker fibres;

e The thin fibres are better bonded into the polymer matrix;

e Thinner fibres are more flexible and more susceptible to bending without breaking the
fibre.
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3. Bond properties

The maximum bond strength of glass and carbon fibre reinforced polymers are similar and its
material properties are highly dependent on the manufacturing technique (Farooq & Banthia,
2018a).

4. Fibre orientation

The fibre orientation in FRP composites has a significant influence on the mechanical properties
of the final product. The fibre orientations can be seen in Figure 11.

0 degrees 90 degrees 45 degrees

Figure 11. Fibre orientation in FRP composite.

0° - The most commonly used orientation of the fibre, in which the fibres are placed in the
direction of the load, thereby ensuring maximum strength and rigidity in this direction. Also,
this type of reinforcement arrangement contributes to an increase in flexural strength and
bending stiffness. To increase the torsional strength, it is recommended to add layers with a
direction of 90 degrees (Composites, 2018).

90° - To apply this direction of reinforcement will be cost-effective when it is necessary to
ensure bending in two directions, for example when the material is squeezed or oscillated under
load preventing the premature deformation (Composites, 2018). The maximum loading can be
achieved with a 90 degree fibre orientation (Keck & Fulland, 2019).

45° - The most suitable reinforcement direction if the aim is to create a quasi-isotropic layer,
usually used in combination with 0 and 90 degrees layers. In combination with layers with 0
and 90-degree directions, it differs from bidirectionally reinforced materials in that the quasi-
isotropic properties are the same in all directions. This direction of reinforcement is effective if
the material is intended to twist and bend (Composites, 2018). This direction is most efficient
for taking up shear forces.

The difference on mechanical properties of composites with different fibre directions is further
explained in Section 3.4.2.

Crack pattern

It should be specified that there are two possible failure modes of the fibre reinforced polymeric
layer: the break-out of the fibre itself, and the failure in the matrix of the composite element.

The direction of the crack propagation mainly depends on the fibre orientation in the layer. The
cracks under the compact tension (static loading) propagates in the direction of fibre (Keck &
Fulland, 2019).

There also exist a correlation between the volume fraction of the fibre and the development of
the crack path. For the composite materials with a low volume fraction of reinforcement, the
crack path is not significantly dependent on the direction of the fibre. With a higher volume
fractions of reinforcement, the crack initially grows along the initial plane of the crack, then
bends in the direction of the fibres, finally continuing his grow in the direction of the fibre
(Keck & Fulland, 2019).
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Comparison of different fibre types

The mechanical properties of fibres differ, and the comparison is shown in Figure 12 .

Stress-strain diagram for different fibre types
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Figure 12. Stress-strain diagram for different fibre types.

From Figure 12 it can be seen, that the fibres have different mechanical capacity and the fibre
type for the FRP material can be selected depending on the application needed.

3.3.1 Glass fibre

Glass fibre (GF) is a material made from the fine fibres of glass. The advantages of glass fibres
are bulk strength and light weight, but one of the biggest disadvantages is the inability to
withstand high temperatures. Glass fibre has a lower modulus of elasticity, low shear modulus
and Poisson’s ratio in comparison with a carbon fibre (Bhagwat et al., 2017).

Glass fibre can be made of B203, SiO2, 1203, MgO, or CaO in powdered form (Bhagwat et
al., 2017) and there can be four different types of the fibre glass which has different material
properties:

A-glass - its composition is close to window glass and is mainly used for process equipment
production;

C-glass - has higher resistance to the impact of aggressive environment;
E-glass - has high thermal insulation properties;
AE-glass - has high alkali resistance.

Fibreglass has the highest properties immediately after production. If scratches and damages
appear on the surface during processing and handling (GFRP), the strength and ductility of the
fibre decreases. Humidity is the main factor impairing the mechanical properties of the fibre,
since moisture is easily adsorbed by the material and can cause the appearance of microscopic
cracks and defects (Kiron 2013).

3.3.2 Carbon fibre

Carbon fibres (CF) are commonly used as reinforcement in high performance composites
(CFRP) using thermosets or thermoplastic resins as a polymeric matrix (Naqvi et al., 2018).
This composite type is much more expensive than the GFRP composites. The orientation of the
fibre plays a decisive role in the mechanical properties of the material (Bhagwat et al., 2017).
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Carbon fibre have a good strength and low elongation, can be produced from organic precursors,
including PAN (polyacrylonitrile), rayon, and pitches. Typically the consist of more than 99%
carbon in the composition.

This type of fibre is resistant to high temperatures. The main disadvantage of the fibres is their
high cost of the final product, due to the high cost of the material and the energy intensity of
the production process. Carbon fibre composites are less ductile than these based on glass or
aramid fibre.

Carbon fibre-based composites can corrode in contact with metals. This is a cathodic reaction.
If the composite is placed in a solution in a contact with the metallic parts of the structure (in
case of the hybrid structures) there will be a difference between the galvanic potentials of the
composite and metal and hydroxide ions will be generated. In that case the fibres become open
to a solution and the composite corrodes. To prevent corrosion in contact with metal, the
composite material is recommended to be protected with protective coatings.

There are few groups of the carbon fibre material in accordance with its properties:

e Ultra-high-modulus, type UHM (modulus >450 GPa)

¢ High-modulus, type HM (modulus between 350-450 GPa)

¢ Intermediate-modulus, type IM (modulus between 200-350 GPa)

e Low modulus and high-tensile, type HT (modulus < 100Gpa, tensile strength > 3.0 GPa)
o Super high-tensile, type SHT (tensile strength > 4.5 GPa) (Bhatt & Goe, 2017).

3.3.3 Aramid fibre

Aramid is an artificial material, the fibres have a low density and high impact resistance and
higher tensile strength under fatigue loading compared to glass and carbon fibres. This type of
fibres have high electrical and thermal insulation properties,and high resistance to chemical
damage and environmental influences. Kevlar fibre is the most used of the aramid fibre.

Aramid fibres have about five times higher strength than steel with the same weight. The
material is able to withstand temperatures of more than 500 degrees Celsius without damage
(Fibremax Ltd, n.d.). These mechanical properties result in a relatively high price of the
material (H.M.Yang, 2000).

One of the biggest disadvantages of the aramid based composite is the lack of adhesion to the
matrix, which results in a low transverse tensile strength, compressive strength in a longitudinal
direction of the fibre and lower interlayer shear strength. Similar to a carbon fibre, aramid fibres
also have a negative coefficient of thermal expansion which means that these materials contract
upon heating (H.M.Yang, 2000).

3.3.4 FRP composites

Configuration of composite
Based on the reinforcement type, the FRP composite materials can be classified as follows:

1. Fibre reinforced composites;
2. Laminar composites;
3. Particulate reinforced composites.

FRP composites can be produced of different volume and fraction of fibre in the composite
material. In this way the material strength can be adopted to the conditions in which the laminate
is predicted to be used to meet the exact application needs.
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The combination of composites

Since the use of glass fibre and carbon fibrebased composites has its advantages and
disadvantages, in recent years an increasing number of studies have been directed towards the
search for hybrid solutions for the efficient use of both types of fibre in the design
simultaneously.

The major advantage of carbon fibre is a higher modulus of elasticity, this type of the
reinforcement provides stiffness and the main characteristics of the carrying capacity. Carbon
fibre is able to withstand high temperatures much better in comparison with glass fibre
(Bhagwat et al., 2017). Glass fibre composites are more resistant to damage and can provide
lower stiffness with a higher elongation (Jesthi, Mandal, Rout, & Nayak, 2018).

The mechanical properties of composites reinforced with glass fibre are much lower than these
reinforced with carbon fibre, so it can be reasonable to use mixed composite types when
designing for optimal results in terms of price-quality (Bhagwat et al., 2017). The combination
of the glass and carbon fibres can be used in order to achieve a required mechanical properties
of the composite material resulting in an increase of the strength and stability of the material
(Bhagwat et al., 2017).

Applying simultaneously two types of fibres can improve the mechanical performance of the
composite material and the properties of the hybrid composite will depend on the volume
fraction and the sequence of laying the layers of fibres (Jesthi et al., 2018). This can reduce the
cost and increase the bearing capacity of the composite structure (Bhagwat et al., 2017).
According to research, the tensile strength of a hybrid composite using various reinforced layers
is up to 23% higher than the strength of a pure glass fibre reinforced composite (Jesthi et al.,
2018).

There are even hybrid carbon /glass fibre / epoxy morphing composites that can change their
morphing behavior, which results from a mismatch of thermal expansion coefficient (CTE)
between carbon and glass fibres, so the shape of the composite structure can be corrected by
temperature. Such composites belong to the class of so-called "smart" materials (Seyyed
Monfared Zanjani, Al-Nadhari, & Yildiz, 2018).

In case, when the glass fibre and carbon composites are placed in a water bath to speed up aging,
the mechanical properties of the GFRP system deteriorates significantly. After removing the
moisture, the strength of CFRP composites increases to 95.75%, while the strength of the GFRP
composite reaches approximately 74.65% of the original value (Zhang et al., 2018).

FRP composite materials has good alkaline resistance, and glass fibre reinforced polymer has
a relatively small reduction in strength in comparison with carbon fibre (Farooq & Banthia,
2018b).

The FRP laminate composite materials are of interest in this thesis and will be further described
in more detail. The fibrous composite type with the continuous fibre used as a reinforcement
was chosen for the ecoduct design.

3.4 Physical properties

In this chapter the physical and mechanical properties of FRP composites commonly used in
the field of structural engineering are presented. Their physical properties such as density,
thermal expansion coefficients and mechanical properties such as tensile strength and stiffness
can be found in Table 5.
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3.4.1 Temperature and density

FRP is a material where production method and accuracy significantly affect the resulting
mechanical properties of the final product. Apart from the resin and fibre involved, the
manufacturing process, fibre volume fraction and alignment of the fibres are important factors
for the resulting material strength. FRP is generally an anisotropic material, thus, the material
properties can differ quite substantially even within the same component but in different
directions of the fibre. This chapter does not aim to present all the possibilities but to give a
view of the range of possibilities.

Thermal expansion coefficient

The thermal expansion coefficient varies with fibre direction and also fibre volume fraction
Table 5 gives the values for different configurations.

Table 5. Thermal expansion coefficient for different configurations of fibres (Friberg & Olsson, 2014).

Unidirectional | Unidirectional Bidirectional Mat + roving
Fibre volume 65 65 65 37
fraction Vr [%]
Coefficent of
thermal 8,6 14,1 9.8 11
expansion [10 -
6/ °C]

Glass transition temperature.

Glass transition temperature (G;) of the polymer matrix and the fibre is an important parameter
affecting the overall mechanical properties of FRP laminate. G, of the polymer resin is much
lower than that of the fibre. It is the temperature when the polymer matrix loses stiffness and
become more flexible. This is the reason why the mechanical properties of the resin are
governing parameters while choosing the resin type for the composites.

The operating temperatures of the designed structure should be taken into account. As an
example, the glass transition temperature for the Polyester resin is around 60 degrees C, for the
Vinylester — 100 degrees C, and 80-150 degrees C for the Epoxy resin (Carattere, 2017). The
curing process, curing temperature and time are the main parameters affecting the final
mechanical properties of the resin.

Density

The density of FRP generally is between that of timber and Concretes. Table 6 gives an
overview of the variation.

Table 6. Range of density for FRP with both normal and more extreme values (Friberg & Olsson, 2014).

Density
Lower 0,9
Typical, 1,2
Typical, 1,8
Higher 2,3
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3.4.2 Mechanical properties

As mentioned before the mechanical properties vary widely for different configurations and
directions of FRP. In Table 7 the tensile strength and modulus of elasticity is presented for
different materials and fibre orientations. The breaking tension varies from 35 to 1020 MPa and
the modulus of elasticity from 2 to 140 GPa. That means that the general term FRP is very
useful to describe a specific structural material. The material choice and fibre orientation
influences the properties of the material.

Table 7. Influence of the fibre orientation in FRP composite material (Friberg & Olsson, 2014).

Type of FRP Direction 0 ° Direction 90°
composite and
orientation Modulus of Breaking Modulus of Breaking

elasticity [GPa] tension [MPa] elasticity [GPa] tension [MPa]

High strength carbon /epoxy

[04] 100-140 1020-2080 2-7 35-70
[01904]s 55-76 700-1020 55-75 700-1020
[451451] 14-28 180-280 14-28 180-280

E glass/epoxy

[04] 20-40 520-1400 2-7 35-70
[01901]s 14-34 520-1020 14-35 520-1020
[451451] 14-21 180-280 14-20 180-280

High strength aramid/epoxy

[04] 46-68 700-1720 2-7 35-70
[01901]s 28-34 380-550 28-35 280-550
[451451] 7-14 140-210 7-14 140-210

In FRP the fibres stand for the major part of the tensile strength, which accounts for the
difference in tensile strength transverse to the fibres.

The shear properties are also heavily depending on the fibre orientation. The best orientation is
achieved with all fibre orientated + 45°, this gives however a low tensile strength (see Table 7).
In Table 8 the shear properties for different materials are presented.
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Table 8. Shear strength and shear modulus for different composite configurations with unidirectional fibre orientations
(Friberg & Olsson, 2014).

Material Shear strength Shear modulus
[MPa] [GPa]

Carbon/ Epoxy 93 7,17

Glass/Vinyl ester 16

Glass/Polyester 5,44

Aramid/epoxy 34 2,28

In contrast to tensile and shear strength the compressive strength of FRP composites mainly
depends on the resin, the fibre resin interface and the modulus of elasticity. Generally the
compressive strength of the resin is higher than the tensile strength of the resin.

3.5 Sustainability

Sustainability is a very wide term. Following characteristics are usually quantified in some way
(Zoghi, 2014) :

e Resource used

e Environmental impact

e Human and environmental health risks
e Site design strategies

e Performance

FRP can be characterized with two resource types: crude oil for raw material and energy for
production. Oil is often viewed as controversial. It is highly usable but with limited availability
and high cost in terms of CO.. The energy use for FRP production is extensive. Depending on
exact material, fibres can require temperatures in excess of 1000° C. However, traditional
construction materials, such as concrete and steel, need similar temperatures.

Environmental impact is of different nature. There are different toxic gases released during the
life cycle as well as gases associated with global warming.

To quantify the life cycle cost for a whole material group is nearly impossible. However, it is
worth knowing that there is evidence that FRP bridges perform better in terms of energy use
and CO2 emissions than traditional steel and concrete bridges (Mara et al., 2014). Nevertheless,
this may vary from case to case.

Another important issue is recycling possibilities. FRP cannot be reused as a building material,
and material recycling is only partially possible. Thermoplastic resins can be melted and reused
to some extent. There is also a possibility to use a granulate from FRP as filler or to chemically
recover the material. Those processes are however either very energy consumptive or give a
less valuable material.
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A possible way to deal with FRP waste is to incinerate it. FRP can release a high amount of
energy by burning. This creates new toxic emissions which can lower the attractiveness of this
solution (Mara et al., 2014).

A common practice is to store FRP in a landfill. The polymer in FRP adds to the growing
amount of plastic “trapped” in nature. The normal abrasion of FRP also adds to that, in
comparison to steel and concrete, this impact is severe. However, the abrasion of FRP material
in ecoducts is limited, since the surface, being under the layer of soil, is not directly exposed to
the users of the bridge.

3.6 Durability

FRP structures are often exposed to various external environmental factors, the main ones being
humidity and variation of temperatures. These factors can affect the physical and mechanical
properties of FRP composites, causing material degradation and deterioration of the bearing
capacity of structural members. In accordance with the ESPEC report, about 60% of failures
due to environmental factors is caused by humidity and a sharp temperature changes (Glaskova-
Kuzmina, Aniskevich, Martone, Giordano, & Zarrelli, 2016). Based on this, factors of
presumable influence and possible risks should also be explored.

The largest problem with durability of FRP is degradation of the matrix and changes in the
interface between matrix and fibre. This will usually result in a loss of strength and stiffness.
Factors influencing the degradation rate are (Friberg & Olsson, 2014):

e Type of resin in FRP composite;

e Type of the fibre;

¢ Loading conditions;

e Manufacturing methods;

e Moisture uptake;

e Acidity and alkalinity of the environment;
e Temperature and humidity;

e UV radiation;

e Other chemicals.

Most resins change with increasing age. The aging process results in a more brittle and rigid
resin structural behavior with time. Thermosetting resins are usually less affected than
thermoplastic resins.

The durability of composite structures depends on many factors, and operating temperatures
are one of the determining factors between them. In order to increase the hygrothermal
properties of composites, the most cost-effective solution is to reduce the possible absorption
by the material (Zhang et al., 2018). Also, the use of various hydro and temperature protective
coatings may be a possible solution.

Moisture uptake

One of the largest problems with FRP is the ingress of moisture. Usually the resin absorbs
moisture, this can result in softening of the matrix and lowering of the glass transition
temperature, T,. The moisture uptake itself can be reversible, the change of mechanical
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properties is however often not reversible. The mechanical properties that can be reduced are
(Friberg & Olsson, 2014):

e Strain at failure,
e Modulus of elasticity,
e Shear, bond and flexural strength.

There exist synergy effects for moisture uptake together with sustained loading and elevated
temperatures. Some reversible effects can be removed by ordinary drying, but complications
such as the occurrence of defects in the microstructure of the material and the hydrolysis of the
polymer matrix can be permanent (Zhang et al., 2018).

The fibres are less vulnerable towards moisture. Carbon fibres barely absorb moisture.
Fibreglass can absorb more, but aramid fibres are most vulnerable to moisture. The absorption
of moisture can lead to the swelling of aramid fibres which results in loss of strength (Friberg
& Olsson, 2014).

A gelcoat can protect the FRP material against the absorption of moisture but the coat itself
must be sufficiently ductile, otherwise cracks can form which lead to local moisture absorption
and effects such as debonding of matrix and fibre.

Effects of chemicals

Acidic environment can cause a degradation and debonding process. FRP materials are also
vulnerable to alkaline environments. Especially glass fibre can deteriorate in alkaline
environments. Both these processes are coupled to the absorption of moisture (Sandahl &
Hallerstal, 2018). Since carbon is a nonmetallic conductor, the contact with aluminum or steel
can lead to galvanic corrosion (Friberg & Olsson, 2014).

High temperature

Research performed in order to investigate the behavior of composite under increased
temperatures showed that the elastic modulus of CFRP composite material decreases with
increasing temperatures due to the oxidation of the outer layers. It was concluded that the
procedure is closely related to the oxygen content in the environment, since the test results
showed that the elastic modulus does not changes due to temperature in the inert (nitrogen)
environment. The carbon fibre tensile strength decreases by almost 50% when the material is
exposed to temperatures in the range 400-700 °C and does not depend on the oxygen content
in the environment (Feih & Mouritz, 2012)

Freeze-thaw cycles

Long-term effects of freeze thaw cycles are micro cracking, matrix hardening and the loss of
interface between matrix and fibre. Besides the direct loss in strength, the microcracking can
result in an increased moisture uptake The loss of interface can ultimately lead to debonding
failure and changes in strength, stiffness and fatigue resistance (Friberg & Olsson, 2014).

Creep

The creep phenomena in FRP structures should be given special attention. The creep of polymer
matrix develops with time under the influence of permanent loading and environmental
degradation factors such as humidity and temperature variation.

The viscosity of the polymer matrix is an important parameter which influences the durability
and reliability of the FRP elements (V. P. Berardi, Perrella, Feo, & Cricri, 2017). The long-term
behavior of the FRP laminate and fibres is linearly viscoelastic, which means that creep strains
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increase linearly with time, however the creep behavior of the resin is nonlinear. The creeping
rate can be significantly increased with rise in temperature or mechanical loads on the FRP
elements (Yang et al., 2018).

Creep phenomena should always be considered when designing structures made of FRP to
ensure the safety requirements for the material strength throughout the entire service life of the
structure.

Fire

There are two main problems that fire presents for FRP structures. First, the growing creep and
delamination of the material and, secondly, the poisonous gases omitted by the process.

Depending on the exact material composition FRP is very susceptible to creep and loses
strength at between 100°C to 200° C. At higher temperature of about 250°C to 400° C the
material starts to decompose. In most cases the resin is the most critical component both with
regard to stiffness, decomposition and flammability (Friberg & Olsson, 2014).

Each material has a different response. As an example: Phenolic resin is one of the least
flammable resins, but the time to failure is still very quick because it loses strength quickly.

There are different measures to increase the fire performance of FRP (Friberg & Olsson, 2014).
A Phenolic skin decreases the flammability of the surface (Phenol is a type of resin, see 3.2.).
Additions into the resin can act as flame retardants. They can also change the physical properties
of the composite. Flame retardant coats can be applied.

3.7 Production Methods

The production method is one of the governing factors for the properties of the resulting product.
The range goes from highly industrialized methods to handmade. The issues to be considered
vary from the level of standardization, the required fibre content, the number of components,
the shape of the components, and the available knowledge of existing workers. Something that
should be mentioned for all methods is the importance of avoiding voids in the laminate during
production. Several methods applicable to bridge construction are presented below (Friberg &
Olsson, 2014).

Hand lay-up

In the hand-layup method, the form is an assembly. Laminate is composing manually,
alternately applying fibre and resin. The method is characterized by (Friberg & Olsson, 2014):

e Low fibre content.

e Varying quality.

e Possibility for complex forms.
¢ Low investment cost.

e Labor intensive production.

e [Easy to teach new staff.

A possibility to increase the fibre content is to use a vacuum- or pressure-bag during curing. In
that way the fibre content can be increased to about 55 % and 65 % respectively (Domone &
Illsthon, 2010).
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Resin Transfer Molding (RTM)

Resin Transfer Molding is classified as a semi-automatic method. The stacked fibres are
prepared and placed between two molds. The resin is then injected into the mold. Sometimes
the injection is assisted by a vacuum pump. The method is characterized by (Friberg & Olsson,
2014):

e Fibre content of up to 65 %.

e Tolerances between hand lay-up and pultrusion can be achieved.

¢ The initial investment cost is between that of hand lay-up and pultrusion methods.
e Low viscosity resins.

The size of the components produced is usually in the range of 0.5 m 2 and up to 10 m2.

Resin Injection Molding (RIM)

The resin injection molding works similar to the RTM methods mentioned earlier. The fibre is
prepared in a form. The form is than sealed with a vacuum bag and the resin is infused under
the pressure. One of the problems with the RIM method is that it is more difficult to achieve
full fibre impregnation with resin.

Pultrusion

The pultrusion process is a highly automated process that can produce a variety of constant
sections. The process requires advanced machinery and good knowledge of the process. A high-
quality product in terms of strength and tolerances can be achieved. The process works by
pulling continues fibre through a guiding system. Then the fibre is injected or passed through a
resin bath. Then the fibre impregnated with resin pass through the heated die, the composite is
cured and cut to the required element length. The method is characterized by:

High fibre content,

Small tolerances,

High investment cost,

Fast setting and low viscosity of the resin (Friberg & Olsson, 2014).

Only continues sections can be produced by this method. Their average size can vary from 3
mm to 900 mm (Strongwell, 2019). Polyester or vinylester resins are usually used in pultrusion.
Epoxy can be used but the composite has a longer curing time (Sandahl & Hallerstal, 2018).

Prepreg.

Prepreg FRP production process is usually used for the high-performance composite structures,
for example, in the aerospace applications. It is an autoclave process. The face sheets or layups
of partially cured resin with fibres are placed in autoclave to cure.

With the prepreg process it is possible to place additional fillers, details or elements into the
layup before curing. In that case, the integrated parts will be strongly bonded into the laminate.
If the additional element was partially cured, then it is called co-curing. If the element has been
fully cured or incurable elements must be used — the process is called co-bonding.

Prepreg offers a wide range of layup solutions with infinite number, sequence and fibre
directions of FRP plies which can be placed in autoclave. Any geometry of the structural
members can be produced. The main disadvantages of this process are its relatively long
production time and high cost, since the process of preparing the laminate before being placed
in an autoclave is performed manually.
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3.8 Connections

The design of structural joints is an important aspect related to the sustainability and durability
of the structure over its intended service life. Whereas FRP is not a conventional building
material, there exists a limited knowledge that can be used as a guideline for designing joints
of FRP elements.

Three different categories of FRP structural joints can be considered: mechanical, bonded and
combined joints. Each of these categories has its specific safety requirements that should be
fulfilled in safe and efficient design. Different types and configurations of the connections for
structural members can be found in the following sections.

3.8.1 Structural joints for FRP elements

As stated by the Eurocomp specification, structural joints of the designed ecoduct were
classified into:

Primary structural connections

It is expected that this type of connection will provide strength and stiffness of the assembly of
structural members over the entire service life of the ecoduct. It requires a highest strength and
durability of the joint since the failure of this type of joint can have a significant impact on the
structural performance and its further exploitation capability.

Secondary structural connections

This connections type provides the strength and stiffness to the assembly, however, its failure
will not cause significant damage and will not affect the overall structural behavior. Such a
local failure of an ecoduct sections can be repaired or strengthened.

Non-structural connections

Decorative panels can serve as a good example of this type of connection; the failure of the
joint of non-bearing elements will not cause any damage and is not expected to be dangerous
to human life. Non-structural connections were not considered in this thesis.

Three categories of structural connections must be considered when designing joints of FRP
elements of the ecoduct:

e Mechanical joints;
e Bonded joints;
e Combined joints.

In order to choose the most appropriate solution for the joint design, the following table can be
reviewed comparing the various categories of structural joints based on Eurocomp
recommendations (Table 9).
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Table 9. Characteristics of joint categories.

Mechanical Adhesive Combined
Stress
concentration at high medium medium
joint
Str.e ngth to weight low medium medium
ratio
Water tightness no yes yes
Thermal insulation no yes no
Aesthetic (smooth bad go0d bad
surface)
Sensitive to peel o o o
loading Y
Disassembly yes no no
Inspection easy difficult difficult
Time to develop full . .
strength immediate long long

Mechanical connections

Consequently from Table 9, low requirements for the surface preparation, the possibility for
disassembly and easy inspections are the evident advantages of the mechanical joints,
nevertheless, high stress concentrations and the need to use special gaskets and sealants to
protect against environmental influences, such as fluid and weather, can become the main
drawbacks of this type of connection.

It should be noted that the bolts for mechanical connection can be produced of metal or FRP,
however, PNG Design guideline do not permit the use of FRP bolts to join FRP elements
(Carattere, 2017).

Bonded connection

In conclusion to Table 9 it can be highlighted that the bonded connection proposes a high joint
strength and minimization of the possible corrosion problems owing to the fact that the joint
surface is not directly exposed to the environment. These are the main advantages of this type
of connection. But in spite of that, bonded connection cannot be disassembled, requiring a
special attention to the inspections, which is difficult to proceed, and the strength of the joint
can be affected by the influence of environmental degradation factors such as temperature and
humidity.

Combined connections

This type of connection combines the advantages of the mechanical joining type, providing
support and pressure while assembling the members by bolts, and the bonded connection,
reducing the bondline defects by bolts, although bolts carry no load after the assembly and acts
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only as backup elements. However, this type of combined connections is not permitted by PNG
Design guideline to be used in design of the joints of the FRP composite elements (Carattere,
2017) and was not considered in this thesis.

3.8.2 Failure modes of structural joints of FRP elements

To better understand the behavior of different joint types under loading conditions, possible
failure modes of FRP members will be further described.

Mechanical connection

On the authority of Eurocomp statements, four failure modes should be considered in the design
of mechanical bolted joints for FRP elements: net-section failure, bearing failure, shear-out
failure and bolt shear failure (The European structural polymeric composites group, 1996).
These failure modes are illustrated in Figure 13.
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Figure 13. Basic failure modes in bolted laminate connection.

The main characteristics of the failure modes of the joints were studied in this section, taking
into account factors affecting the bearing capacity of the joints in order to maximize the safety
of the structure and improve the design efficiency.

Net-section failure

This type of failure forms transversally to the direction of loading between the bolt holes and
the edges of the element. Tensile or compressive stresses at the edge of the hole from uniaxial
loading are the main causes of this failure mode. The diameter of the holes and the width of the
plate are decisive parameters affecting the strength of the joint, and with a large ratio of the
diameter of the hole to the width of the plate, a net-section failure mode may take place.

Bearing failure

Occurs due to compressive stresses in the contact area of the bolts and the composite material.
Most likely it can happen when the ration of the diameter of the hole to the width of the plate
is low. In order to avoid compressive crushing failure, the fasteners should not be over-
tightened, and their strength should be lower than the strength of the laminate.

Shear-out failure

Is caused by shear stresses and can occur when the strength of fasteners is substantially higher
than that of the plate. This is the failure of the laminate with a short end distance, but it’s also
typical for the pultruded highly orthotropic laminate profiles with no dependence on the end
distance.
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Bolt shear failure

The main reason for this failure mode is a high shear stress in the fasteners. Bolt shear failure
can occur when the strength of the fastener is much lower than the strength of the plate.

Next section will outline the general recommendations for the design of mechanical
connections based on Eurocomp and PNG Design statements.

Bonded connection.

Five possible loading modes of the bonded connection are illustrated in Figure 14.

—
-
-

Tensile shear
(thick section) Tensile Torsion shear

Peel (thin section)  Cleavage

Figure 14. Loading modes of the bonded connection.

However, tensile and tensile-shear loading modes can be regarded as governing loading modes
considered in the joints design of FRP elements.

It should be noted that adhesive joint configuration can experience three modes of failure:
adhesive failure, cohesive failure of adhesive and cohesive failure of adherend.

Adhesive failure

This failure mode is characterized by the rupture of the adhesive bond between structural
components. To avoid adhesive failure, the appropriate adhesive materials should be used, and
a high-quality surface treatment should be performed.

Cohesive failure of adhesive occurs when loads reaches the adhesive strength. Cohesive failure
of the adherend occurs when the out-of-plane loads or the interlaminar shear loads reaches the
strength of the adherend and usually starts from the matrix between the lamina.

It should be noted that the length of the lap, the thickness of the adhesive and an orientation of
the fibre in the laminate are governing factors influencing the predominant failure mode of the
adhesive joint.

Adhesive connections are generally stiffer than mechanical connections. There is however a
lack of knowledge over the long-term behavior of adhesive connections (Friberg & Olsson,
2014).
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3.8.3 Choice of configurations of structural joints

Paying attention to the main loading direction acting on a bridge, the following typical joint
configurations can be observed for the design task of this thesis, which are presented in Figure
15.

Lap joints
Single-lap Double-lap
mechanical I:%
Single-strap bonded Double-strap
combined

SYUA= SAL]

Step-lap joint

mechanical
< ,—'_‘ <> bonded
combined
Scarf joint
<> A <—> bonded
Tee joints ;
- -

(

mechanical &> bonded -
bonded _—
combined

not recommended
loading direction

Figure 15. Typical joint configurations (The European structural polymeric composites group, 1996).

Other joint configurations, such as angle joints, butt joints, molded joints, cast-in joints were
considered as not appropriate for joining of the load-bearing FRP bridge elements because of
the unfavorable loading directions and inapplicability in the particular design case and were
disregarded in this thesis.

Pursuant to Eurocomp guideline, single and double lap joint configurations are inefficient if the
composite laminate has a thickness greater than 5 mm. The step-lap joint configuration was
recognized the most appropriate for the design purposes.
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3.9 Guidelines and codes

While developing the ecoduct design the following European codes, guidelines and
recommendations were used:

1.

Barrier effects and estimated places of the highest need on ecoducts in Swedish
conditions were identified by Swedish transport administration.

Geometry requirements on ecoducts were provided by:
Swedish transport administration (Calluna AB, 2012);
The regulations for road design (Végars och gators utformning, 2015);
The old Swedish transport administration (Vagverket & Banverket, 2005);
Trafikverket.
Loads and combination of actions on an ecoduct were identified according to:
EN 1991 Actions on bridges;
EN 1990 Basis of structural design, combinations of actions;
EN 1992-1995 Design of structures.
The FRP composite material properties were identified according to:

Eurocomp Design Code and Handbook (The European structural polymeric
composites group, 1996);

Prospects for New Guidance in the Design of FRP structures (Carattere, 2017).
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4 Case study

This section outlines the main geometrical parameters and loading conditions of the ecoduct
based on Eurocode recommendations, as well as the material properties of the composite
elements of the bridge in relation to short-term and long-term loading and the environmental
degradation effects based on Eurocomp and PNG Design guidelines.

4.1 Bridge geometry and loading conditions

Span

Based on the previous study, the simply supported bridge with the span of 20 m will be designed.
Such a design can then be used for both highway and motorways as presented in Table 3.

Width
Minimum width, accessible for animals: 30 m
Minimum width, structural: W =30+ 2 X 5 = 40 [m]

Fences & Screens

Fastening possibilities for fences are provided at the edge as well as 1,5 m from the edge.
Variable load

Load for pedestrian bridges in equation 2 according to Eurocode 1, part 2:

Qi = 2 + —— kN /m? With L =40 m Qe = 3.71 kN/m? )

L+30

Vehicle loads

Service vehicle defined in Eurocode 1 part 2 section 5.6.3. Figure 16 presents how the loads
from the service vehicle are applied. Figure 17 presents how the load from the vehicle is
distributed to the bridge.

Q; = 80[KN],where Q; is the load from service vehicle, axis 1 in SLS

Q, = 40[kN] , where Q, is the load from service vehicle, axis 2 in SLS

Q Q,

1,3

Figure 16. Service vehicle.
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Figure 17. Distribution of load from vehicle.

Snow load

Variable fixed action EN1190:2002 4.1.1 (1) and (4) Eurocode doesn’t specify snow load for
bridges (EN 1991-1-3 section 1.1 (8)). The snow load will be taken as the characteristic snow
load on the ground as defined for the calculation for buildings.

To get a snow load that is relevant for Swedish conditions, three different maps were evaluated.
The snow zone map and an elevation map were combined with a map of barriers. The results
can be paraphrased as:

Most parts of Sweden are in Zone 2.

There are large areas along the eastern coast in zone 3.

There are some small parts in zone 1 and 3.5.

The largest parts of Southern Sweden is under 300 m above sea-level.

The largest parts of Northern Sweden with major roads are under 600 m above sea-level.
Most of the barriers are in southern Sweden.

In the north there are barriers along the eastern coast.

In Table 10 some different characteristics with respect to snow zone and elevation above sea-
level as well as their relevant importance are presented. According to that a characteristic snow
load of sy = 2,5 [kN/m?] was chosen.
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Table 10. Characteristic snow load for some combinations of snow zone and elevation above sea-level.

Sk [KN/m?] Elevation above sea-level [m]
0 300 600 900
1 0,828 1,720 2,613 3,506
N
3 2,408 3,300 4,193 5,086
3,5 2,803 3,695 4,588 4,581
Color code: Substantial areas | Small areas with | Very small area
with barriers. some barriers. with some
barriers or areas
with very few
barriers.

The different combinations are marked according to relative area in Sweden. The categorizing
is done with the help of three maps showing snow zone, elevation above sea-level and potential
barriers respectively (Andreas Seiler et al., 2015; SS-EN 1991-1-3, 2003; “Sverige elevation
map,” 2019).

Soil load

The soil load is one of the major loads on the bridge. A suggested soil section is presented in
Figure 18. The main part of the bridge will be covered in 0,6 m of soil. 0,6 m is recommended
as enough for small bushes and grass, see Section 2.2. At the edges earth mounts of 1,5 m height
will be put, which will provide both screens and enough soil to grow larger vegetation. The top
of the earth mounts will be 2 m wide. Firstly, this height provides screening sufficient for all
animals except moose. The high mounts will screen of noise more effectively than thin screens
or trees. The width of mounts will ensure the possibility of planting trees. The inner slope is a
natural slope, the outer slope should be reinforced by geotextiles according to Bjorkman (2019).

Soil, section [m]

15

Figure 18. Half-section of proposed soil thickness on ecoduct.

The load is calculated according to equation 3:

Density of soil: p__, = 20 [kN/m3] (Trafikverket, 2011)

soil
Soil load, middle: q_;; = hpidqie X Py, = 0.6 X 20 = 12 [KN/m?] (3)
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Soil load, edge: q hedge X P, = 1.5 X 20 = 30 [kN/m?]

edgesoil =

Where:
Psoil - Density of soil
Jsoil - Load from soil in the middle section of the ecoduct

Jedgesoil - Load from soil in the edge section of the ecoduct

hmiddle - Higth of soil in middle section of the ecoduct
hegge - Higth of soil in edge section of the ecoduct

The soil is taken with “natural moist” water content, to avoid a total saturation of the soil a
draining layer should be provided in the bottom of the soil layer.

The load geggesoil Was used for the total extent of the mount. This gives a load on the safe side
and makes it possible to place smaller boulders on the slopes.

Self-weight

The self-weight of the FRP ecoduct is taken as g = 2 [kN/m?] for check of the load
combinations. For the preliminary dimensioning the load was increased. Either to 5 [KN m”2]
or individually.

Wind load

The ecoduct is higher than most of the bridges, there will also be more hinders for the wind,
thus increasing the wind load. Because of its high width/length ratio and large number of
supports the bridge will have a large resistance against horizontal forces. The bridge deck will
not take up horizontal forces as a beam but rather as a plate. Therefore, the action from the wind
was ignored for the purposes of this thesis.

Total load on a bridge

In Figure 19 all loads on the bridge are presented. The height of each load gives the approximate
size.

Loads section
Service vehicle

A
f L !
S
gsov\ edge gsml edge
Gsoil
9
53 29,4 53
40

Figure 19. Loads on section of bridge. Height of the loads in the figure gives an approximate impression of the relative value
of the loads compared to each other. The position of the service vehicle can be at any place between the edge section.
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4.1.1 Load combinations

The two standardized methods used in this thesis to choose relevant load combinations are:
1. Eurocode SS-EN 1990;

2. The European structural polymeric composites group - Eurocomp Design Code and
Handbook, 205AD.

The difference between them is however minor. The loads considered as permanent were: self-
weight and soil load. The variable loads considered were: live load (see Section 4.1 pedestrian
loading), snow load and load from service vehicle.

Representative values of the variable action were determined by multiplying the characteristic
values by the combination factors according to EN1990:2002 Table A 2.2. Combination factors
can be found in Table 11.

Table 11. Combination factors for variable loads.

Live Snow Vehicle
U 0,4 0,8 0
Py 0,4 0,6 0
V2 0 0,2 0

Partial safety factor were chosen according to EN 1990 for Actions and can be seen in Table

12.

Table 12. Partial safety factors.

ULS SLS
Y, 1,35 1
YqQ;i 1,5 1
Yofj 1,35 1

Calculation were performed for different load cases, which included: quasi-permanent, frequent,
serviceability and ultimate limit states. The load combinations for Eurocode and Eurocomp
differ only in ULS load combination. Eurocomp recommends that some of the reductions in
Eurocode be omitted.

Characteristic combination
2 Gkjt Aat Xoiq ((>1) C))
Frequent combination (Fr.)

29kt ¥11qk1 + X 2iqks (0> 1) (5

Quasi-permanent combination (Q.P.)
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29kt 2 V2iqr; (I 21) (6)
Load combination for ultimate limit state (ULS), from Eurocomp.
2Y6j9 +Voq9ka + LVeioidr: (i>1) (7

Load combination for ultimate limit state (ULS), from Eurocode

2Y6j9+ XVeioidk: (0 =1) 3
286 Y6.j9kj T Yoqk1 T 2Ve.i%oidri (i >1) (9)

For the ultimate limit state the load combination from Eurocomp was used since it gives a
higher loading situation. These formulas were accounted for persistent and transient design
situations.

The maximum values of shear force and bending moment for unfavorable load situations on
the bridge can be found in Table 13. The calculations performed can be found in Appendix E.

Table 13. Maximum shear and bending moment values.

Q.P. Fr. Characteristic ULS
kN 256,9 349.8
Mid Voy [ /mZ] 155 169,9
section
M 4[MNm] 0,775 0,849 1,465 1,803
kN
Edge Vea |[¥N/ 5| 577,6 592,4 629,7 823,1
section
M,4[MN m] 2,888 2,962 3,149 4,116
The load on the ecoduct is shown in Table 14.
Table 14. Load on an ecoduct in different states.
Characteristic ULS
Q.P. [kKN/m*2] Distributed | Q1/Q2 | Distributed | Q1/Q2
[KN/m”2] [kN] [KN/m”2] [kN]
Middle section 15,5 18,49 80/40 25,26 108/54
Edge section 33,5 38,71 - 49,56 -
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4.1.2 Design requirements
Deflection

Eurocomp states deflection limits, which can be seen in Figure 20 (The European structural
polymeric composites group, 1996):

0, = — and 6 =—
2 max 300

&, — the instantaneous deflection of the deck section under the permanent loads.

6, — the variation of the deflection of the beam, due to the variable loading plus any time
dependent deformations due to permanent loading;

Omax — the sagging in the final state relative to the straight line joining the (supports).

8o

5max

l=7]
]
[ /

Figure 20. Deflections according to Eurocomp.

Which with: L = 20 [m] gives:

6, = 80,0 [mm] and  Opg = 66,7 [mm]
Stresses

Both Eurocomp and PNG design guideline proposes the calculation for the ultimate cross-
sectional resistance in bending and shear. The recommended equations for the design strength
and required area A and section modulus W are given in Table 15.

Table 15. Cross-sectional constants calculation from Eurocomp and PNG Design.

Eurocomp PNG Design
ections 4.3, 4. ections 6.2.2, 6.2.
(Secti 4.3,4.5) (Secti 6.2.2,6.2.3)
Design strength (in tension) far = L far =M X L
)/M,Eurocomp VM,PNGdesign
Shear area A , = Vuls X yM,Eurocomp A y = M
ve f kt ve f dt
Section modulus W = Muis X ¥ ,purocomp W = Muus
f kt f dt
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fre » fae - characteristic and design tensile strength of the laminate;
fiz» far- characteristic and design shear strength of the laminate;

1. — conversion factor accounting for the long-term influence of temperature, humidity, creep
on laminate (see following Section 6.1.1);

V.15~ ultimate shear force acting on a bridge;
M,,;s- ultimate bending moment on a bridge at ultimate state.

Analyzing the results of calculations using the formulas of the table, it can be concluded that
Eurocomp does not take into account the long-term behavior of the FRP composites under the
influence of environmental degradation effects and sustained load (7). The reason behind that
was the lack of practical experience at the time of writing Eurocomp regarding long-term
changes in the properties of FRP composites. PNG Design, in its turn, takes these correction
factors into consideration.

According to the PNG Design recommendations, the creep rupture of the FRP laminate should
be checked in quasi-permanent load state considering the long term behavior of the laminate
under the static load.

The design material strength should satisfy the following requirement, where f.q4 is the design
strength of the laminate:

0'3kat
fed < Net X Nem X

(10)

YM,PNGdesign

0’3kat

fed < Ne X (11)

YM,PNGdesign
Buckling

In order to receive the efficient design, the criteria of the load factor A > 1 is used in this thesis.
Here A is the first positive eigenvalue for buckling of the entire bridge section. The load was
taken in ULS and the material properties are reduced with yy and 1¢ 4.

Ne.ma — conversion factor taking into account the short-term temperature and humidity effects
on a FRP laminate material properties.

Since the ecoduct is expected to undergo bending, the following failure types in the section
should be checked: facing failure of the flanges, transverse and horizontal shear failure. The
failure modes are depicted in Figure 21.

Facing failure in tension. Transverse and horizontal shear failure.

=

Figure 21. Failure modes of the ecoduct section in bending and shear.
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Facing failure

The facing failure of the bottom flange of the ecoduct section in bending is shown in Figure 21.
This type of the section failure should be checked with normal stresses:

Geq < feq (Section 6.4.1 PNG Design).
Where f.q is the design strength of the laminate.

Transverse and horizontal shear failure

This failure type should be avoided in design and the check of the cross section should be
performed with shear stresses:

Teq < frq (12) (Section 6.4.2 PNG Design)
Where 7,4 is the shear stress and f;4 the corresponding design shear strength of laminate.

The shear stresses in section should be lower than the design material strength in tension.

The other failure modes of the ecoduct section, such as flexural crushing of the core, local
crushing of the core, shear crimping, facing wrinkling, intracell buckling of the section were
not considered in this thesis due to unsuitable load conditions causing these types of failure.

4.1.3 Joint design requirements for FRP ecoduct members

In order to develop an efficient joint design for the FRP composite ecoduct elements, the
Eurocomp and PNG Design recommendations should be taken into consideration.

The main task of the connection is the distribution of internal forces and moments between the
connected elements so that the internal and designed forces and moments remain in static
equilibrium (PNG Design; Eurocomp). The deformability of the joint depends on the
deformation capacity of the fasteners in mechanical connections and adhesion in adhesive
connections, which eventually means that intended design forces and stresses at the joint should
be below the design strength of the connectors.

Mechanical connection

According to the PNG Design guideline, the mechanical joints should be used in connections
of the primary load bearing FRP ecoduct elements.

The joint should be design with respect to the conditions in which it is predicted to be loaded:
in shear, in tension or in combination of both. The types of loading conditions are depicted in
Figure 22.

46 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-19-96



-+

g s g
+'_ r'#-"u r"t"l
- %I —> | i — |
Shear loaded joint Tensile |l:l-ﬁdEd joint ‘t} I(f.i E I

Combined loaded joint

Figure 22. Loading types of bolted connection.

General requirements to the design:
e The local x-axis directions of the connected elements should converge to a single point.
e Bolts made of FRP are not permitted (PNG Design).

e Bolts with constant diameter should be used, otherwise the applicability of variable
diameter bolts should be determined by testing. The bolt thickness should be no lesser
than the one of the thinner connected element.

Adhesive connection

According to the PNG Design guideline, the adhesive connections should not be used in the
primary load-bearing elements (Section 8.4.1 PNG Design). However, Eurocomp has no
limitations in this case (Section 5.3.7.4 Eurocomp).

The secondary structural connections of the ecoduct sections can be designed as adhesive
connections.

4.2 Discussion: the case study

To design an efficient structural solution, it is necessary to know the requirements that the
structure should fulfill. In chapter O the context in which a typical ecoduct should be built in
Sweden is described. In Section 4.1 a specific case is formulated suiting that context and the
requirements. This discussion aims at explaining the choices made in this case.

Span

As it was shown in Section 2.3, the span over the road varies between 28,0 and 40,6 meters for
motorway bridges and 16,1 and 29,7 m for highway bridges. That results in a span for motorway
bridges between 16 m and 20,3 m. The minimal length of the bridge span in this case is based
on the safety regulations for roads. The supports are placed only 1 m beside the safety railing.
Since the values give the span length from the actual structural support, the minim length
required is only achievable if the supports have some sort of inclination. There is also an
argument against using the minimum span length as to how the bridge will be perceived from
the road. A narrower ecoduct will be perceived as very near to the road. Since the bridge is also
very wide, the experience for the driver will be similar to a tunnel. Therefore, a choice of the
span of 20 m was judged to give both the necessary space to build foundations as well as give
a more open driving experience.
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Width

The ecoduct width of 40 m is the suggestion of this thesis. That is based on the requirements to
have the minimum allowed width of 30 m and the possibility to plant trees as screens against
noise and light at the edges of an ecoduct. According to the literature study this sort of
environment is preferable in design of ecoducts. Since the design solution in this thesis is
modular, it is however possible to construct narrower bridges with the same solution. The goal
with this ecoduct design solution was to create the best possible basis for a typical ecoduct
design.

Loads

There are several loads that must be considered. The largest of these, the soil load, is critical
since it is a permanent load and, therefore, will cause a large creep deformation in FRP laminate.

The requirements for the depth of the soil layer vary according to the sort of plants that supposed
to be planted. Since trees are desirable only at the edges, there is the greatest need for soil there.
This means that it was possible to optimize the material use in the bridge by limiting the amount
of soil load in the middle and only dealing with larger soil load at the edges.

Ecoducts are treated as pedestrian bridges in Eurocode, that means that a variable load as well
as a service vehicle must be taken into account. Since the traffic on the bridge is expected to be
minimal, the smallest possible variable load was chosen. The load of the usual service vehicle
according to Eurocode was taken in the design. The reason for this is that the bridge should be
able to allow the maintenance vehicles to drive on the bridge. The service vehicle was limited
to the middle part of the bridge, thus it was not considered together with the larger soil load on
the edges.

The snow load was chosen so that most of the areas where ecoducts may be of interest were
considered and a reference value was chosen. This means that most areas in Sweden are
included in this load case but that there might be some places, especially in the north, where
there it is necessary to take larger snow loads into account.

Design requirements

The requirements on the deflections and allowable stresses in the ecoduct sections were
described in Section 4.1.2. The possible failure modes of the bridge sections were studied, and
the requirements were considered in order to ensure the safety limits in the design.

Material properties

The ecoduct design includes preliminary designs and the final design decision. Material
properties for the preliminary designs were taken from the Chalmers master thesis work
(Sandahl & Hallerstal, 2018). Material properties for the final design were calculated with a
Classical laminate theory in accordance with Eurocomp and PNG Design recommendations.

The possible combinations of different types of the fibre and polymer matrixes were studied
and the most suitable FRP composite material decision was made for the design of an ecoduct.
The chosen materials (fibres and resins) and their parameters (fibre volume, fraction,
orientation in the laminate, number of layers of different directions) are described in detail in
Section 6.1.
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5 Preliminary design

The preliminary design is presented in this chapter. 19 concepts are developed and evaluated
on the basis of material use and production possibilities. As a result, 3 designs in 2 different
materials are chosen. More details such as joining technique and production methods were
investigated. Finally, a new evaluation was done, choosing a final design.

Since there does not exists a Eurocode for FRP at this date, the Eurocomp design code and PNG
Design guidelines were used for the design. The Eurocomp design code is compatible with
Eurocode. Material properties were calculated according to “Prospect for New Guidance in the
Design of FRP Structures (Carattere, 2017)” (PNG design guidelines). The reason behind this
is that the method described there is more developed and specific than that proposed by
Eurocomp. The deflection limits were used as the only criterion during the preliminary stage of
design.

5.1 FRP composite material properties used for the preliminary
design

The material properties of the FRP composite for preliminary conceptual design solutions were
taken as reference values from the Chalmers Master's work “Design of an FRP Eco-bridge”
(Sandahl & Hallerstal, 2018).

When verifying the deformability of composite material, the average (arithmetic mean) value
of Young's modulus for all the number and directions of plies should be taken into consideration.
Calculation of material properties for GFRP and CFRP was performed at the Master thesis
study from Chalmers (Sandahl & Hallerstél, 2018). Based on this work, the following values
of material properties of the composites presented in Table 16 were selected for the preliminary
design.

Table 16. Material parameters used in preliminary design.

Glass fibre | Carbon fibre
Einstant [MPa] 35,6 113,2
E reep [MPa] 16,7 53,2
Ginstant [MPa] 3,6 4,0
Gireep [MPa] 1,7 1,9

5.1.1 Preliminary design proposals

Based on the requirements stated by Eurocode and Eurocomp for the design of the bridge, 13
preliminary design solutions were developed and compared in the evaluation matrices.
Together with different material choices, this gave a total of 19 proposals.

The preliminary designs of the ecoduct proposed two types of structural system:

e bridge deck structural system;
e beam-deck structural system.
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The concepts can be seen in Table 17. Material need for the different conceptual designs., which
represents the need of material for the sections of 1 m width for different design solutions. The
approximate values of the area and sections height gives an impression of material requirements
and design efficiency.

Bridge deck

Firstly, bridge deck constructions were considered. A bridge construction means in this case
two flanges and a lightweight web as the main bearing structural elements. The principal is
presented in Figure 23.

Figure 23. Principal construction of beam-deck structural system.

The main advantages of the bridge deck construction are that most of the assembly can be
achieved in the workshop. The width of each singular panel is limited by the possibilities of
transportation. The maximum width was assumed to be 3 m, which is slightly less than the
maximum allowed width of transport without special equipment (“Villkor - Trafikverket,”
2019).

In Table 17 different bearing deck sections for the ecoducts are presented. The area of the cross-
section as well as the height are given. Table 18 includes information on possible production
methods for various sections and suggestions on the assembly of structural parts from the
individual sections.

Table 17. Material need for the different conceptual designs.

Material used.
Height [m]
N Figure Area [m?]
Glass Carbon Glass Carbon
1 4 11.8 8,1 1,0 0.6
2 11,6 7,9 1,0 0,6
3 5,9 43 1,1 0,7
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4 1,75 5,43 1,1 0,7
5 7,77 5,38 1,1 0,7
6 11,2 9,44 1,3 0,8
7 15,3 3,63 1,0 1,0
8 14,3 4,17 1,0 1,0
9 9,5 4,88 1,3 0,77
10 12,7 - 12 _
11 9,8 - 1,3 -
12 10,1 - 1,3 -
13 8,9 - 1,4 -
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Table 18. Production methods for different design solutions.

N Figure Production method Production technique Assembly
1) Pultrusion of three vertical | Three vertical
1 Pultrusion /Prepreg sections made of 3 box sections can be
elements. Adhesion of the bonded with
sections. adhesion at the
factory and a deck
section with 1m
2) One box element can be width will be
produced with pultrusion, achieved. Then it is
RTM or VIP. Then all three | possible to bond
2 Pultrusion /Prepreg | elements will be wrapped together three
around with plies until the sections in order to
L thickness of the webs will be | receive one deck
reached. Afterwards, adhesion | section with a
of all three sections. width of 3 m.
Whole section should be made
3 Prepreg .
simultaneously.
Sections of 1 m
width  can  be
4 Pultrusion bonded toge.ther in
order to receive one
Pultrusion of sheets and deck section with a
bonding them together in the |width of 3 m.
places of their connections.
5 Pultrusion
All vertical sections
can be bonded with
adhesion at the
One box element can be factory and a deck
produced with pultrusion, section with 1Im
Pultrusion/RTM/VIP/ | RTM, VIP or Prepreg. Then |width  will  be
6 wrapping around all three received. Then it is
Prepreg elements with plies until the | possible to bond
thickness of the webs will be | together three

reached.

sections in order to
receive one deck
section with a width
of 3 m.
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Sections of 1 m
width can  be
Production of the whole bonded together in
7 Prepreg . .
section. order to receive one
deck section with a
width of 3 m.
Sections of 1 m
width  can  be
3 Prepre Production of the whole bonded together in
preg section. order to receive one
deck section with a
width of 3 m.
Webs and flanges are
produced separately. Webs
Prepreg/ can be produced in an
9 autoclave/ autoclave with foam between
2 webs. The flanges can be
RIM produced in a autoclave. The
flanges can be produced using
RIM.
Prepreg/
10 autoclave/
RIM Webs and flanges
Prepreg/ Webs and flanges are are joint adhesw.dy
produced separately. The to . 3 m  wide
11 autoclave/ webs can be produced in an sections.
autoclave. The flanges can be
RIM produced using RIM.
Prepreg/
12 autoclave/
RIM
Webs and flanges are
produced separately. Webs
Prepreg/ can be produced in an
13 autoclave/ autoclave with foam between
2 webs. The flanges can be
RIM produced in a autoclave. The
flanges can be produced using
RIM.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-19-96 53




As can be seen from Table 18, some elements of concepts can be prefabricated with pultrusion
and easily assembled into structural components at the factory or on site, while the production
of others, despite their efficient geometries from the point of view of stress distribution and
deformability, can become a significant issue since the sections should be produced as a whole
sections.

Beam-deck structural system

The beam system consists of smaller parts that are easier to process and assemble on site. The
principle is shown in Figure 24.

Figure 24. Principal construction of beam solution.

Different configurations of shape and materials were considered. An overview over different
possibilities is presented in Table 19.
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Table 19. Material need and production method for different beam solutions.

Composite
material use,
Area [m?] .
N |Figure 113;3::; Height | Production | (. 1)
g (Area of beam + [m] method y
beams [m]
area of deck)
Glass |Carbon
35+1,5= i 271 1.9 The beam is
5,0 ’ RIM/ assembled by
14 (pultrusion or | mechanical
15 2.6 2/1 1.2 autoclave) connectiqns
and adhesion.
W b= 1/0,5 19 RIM/
15 ’ (pultrusion or -
1.5 1.9 2/1 1.5 autoclave)
8+1:1 = _ 1 /0,5 1’35 RIM/ The beam is
9,1 . assembled by
16 (pultrusion or .
toclave) adhesive
1,1 4,5 1/0,5 0,9 autoctave joints
=+ =
3.4 4 5,5 - 2/1 1,7 RIM/
17 ’ (pultrusion or .
The beam is
s | 34 | 2/ | aweclave) | embled by
mechanical
55+1,1 connections
+1,1=17,7 ) 2/1 1.5 RIM/ and adhesion.
18 (pultrusion or
L1411 | 25 2/1 13 autoclave)
RIM/
+ = .
19 39+ 11 i 2/25 | 1826 | (pultrusion or i
5,0
autoclave)

Production technique: beam elements are produced using RIM; decks are produced either by
pultrusion or using autoclave. Logistics & Construction: beams are lifted in place separately;

decks are placed on beams.
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5.1.2 First evaluation

This section presents the evaluation criteria and the results of the first evaluation. The
evaluation method is also discussed. The evaluation criteria presented in Table 20 are used for
both assessments. Only the criterion marked in blur are used for the first evaluation. The reason

for this was that the design at this stage was less advanced.

Table 20. Evaluation criteria. For the first evaluation only the criteria’s marked with blue were used.

Criteria

Features

Ranging from difficult to manufacture to established and
effective production technique with minimal manual labor.

Evaluation of the features of structural elements regarding their
transportation complexity from the factory to the construction
site.

During transportation, joining of parts and erection of the bridge
elements.

Complexity of assembling the bridge. Large elements or
elements that are difficult to fit in are assessed as worse.

Maintenance

Assessing the possibility and complexity of performing safety
checks and maintaining structural elements.

Traffic disturbance

Possible traffic disturbance during bridge erection. A more
complex assembling process with larger elements requires a
longer period where the traffic is disturbed.

Ranging the design complexity depending on the structural
system used in the design and simple/complicated geometry of
structural elements.

The amount of the composite material required in the design by
cost. (Carbon fibres 10 times more expensive compared with
glass fibres).

Risk of moisture ingress

Depending on the amount and configurations of structural joints.

Dependency on | Adhesive joints are assessed as more dangerous than bolted
connections connections.
CO: footprint Depending on the amount of material needed for production of

each concept.

Risk of abrasion

Depends on how many parts

Possibilities of recycling

Depends on the recycling possibilities of the material.

The criteria were weighted against each other as shown in Table 21. The weighting is done in

these steps:
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Each criteria is compared to each in turn. Example: Criteria 1 to criteria 2. Here criteria 1 is
taken as more important than critera 2. Therefore Criteria 1 gets 3 points and critera 2 gets 1

point.
All points for each criteria are summed up.
The total points for all criteria given is summed up.

The percetange of points from the total points given is calcualted for each criteria.

Table 21. Weighting of evaluation criteria for first evaluation.

,‘? £ g.o S o 9 2
o & g 5 s £ 2y 53
£ g E 2 £ g £ < Sum
& O % A= a =

1 2 3 4 5 6
1 3 3 2 3 1 12 15%
2 4 2 1 3 1 12 15%
3 4 2 1 3 1 12 15%
4 4 3 3 3 1 16 20%
5 4 1 1 9 11%
6 4 3 3 3 3 19 24%

1 = less important; 2 = equal; 3 = more important 80 100%

The evaluation was done regarding the information given in Section 5.1. The complexity of the
geometry, number of joints required, and the material use were the criteria for comparing the

designs with each other.

The cost for the material was calculated using a conversion factor of 10 together with the area

for respective cross section.

Cost glass fibre = Agjass (13)

Cost carbon fibre = 10 X Acarbon

Three different solutions were chosen for further study. The weighted score for some concepts
was not the highest, the choices were also made to achieve a variation of solutions. 3 general

concepts were chosen to be further developed (marked in red in Table 22):

e A pultruded sandwich construction.
e A prepreg produced sandwich construction.

e A beam-deck structural system using the entire soil-depth of the ecoduct.
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Table 22. Results from first evaluation.

Diffic
Com Risk | ulty Desig M.ate
plexi Trans | of of n rial Weig
Criteria | ty port | dam ASS€ | cost | 3¢ | hted
age | mbli (cost)
ng sum
1 2 3 4 5 6
Design | 15% | 15% | 15% | 20% | 11% | 24% | 100%
1 [glass| 3 3 3 2 2 2 2,45
carb| 3 3 3 2 3 0 2,09
2 |glass| 3 3 3 2 3 2 2,56
carb| 3 3 3 2 3 0 2,09
3 |glass| 3 2 2 2 2 3 2,39
carb| 4 2 2 2 2 1 2,06
4 |glass| 3 2 2 2 2 3 2,39
carb| 3 2 2 2 2 1 1,91
5 |glass| 3 2 2 2 2 3 2,39
carb| 3 2 2 2 3 1 2,03
6 |glass| 2 2 2 2 1 3 2,13
carb| 2 2 2 2 1 0 1,41
7 |glass| 1 2 2 2 1 2 1,74
carb| 1 2 2 2 1 1 1,50
8 |glass| 1 2 2 2 1 2 1,74
carb| 1 2 2 2 1 1 1,50
9 |glass| 3 3 3 3 2 2 2,65
10 |glass| 1 2 2 2 2 2 1,85
11 |glass| 1 2 2 2 2 3 2,09
12 |glass| 1 2 2 2 2 2 1,85
13 |glass| 1 2 2 2 2 3 2,09
14 |glass| 2 3 2 3 2 4 2,83
carb| 2 3 2 3 2 2 2,35
15 |glass| 3 3 1 3 3 4 2,94
carb| 3 3 1 3 3 2 2,46
16 |glass| 2 3 2 3 2 3 2,59
carb| 2 3 2 3 2 1 2,11
17 |glass| 2 3 2 3 2 4 2,83
carb| 2 3 2 3 2 1 2,11
18 |glass| 2 3 2 3 2 4 2,83
carb| 2 3 2 3 2 2 2,35
19 |glass| 2 2 2 3 2 4 2,68
0 | Unsatisfactory
1 | Just tolerable
2 | Adequate
3 | Good
4 | Very good
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5.1.3 Detailed description and evaluation of 3 chosen concepts

Design 1 - Pultruded bridge deck design solution

The design solution is shown in Figure 25. The main advantage of this concept is the possibility
to pultrude hollow sections with a width of 250 mm and to bond them together in the factory.
The sections of one meter width should be connected to each other with a lap-snap adhesive
joints (see Section 3.8.3).

The webs and bracings will provide an effective shear transfer, and longitudinal stiffeners will
ensure the absence of the local buckling of the webs.
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Figure 25. Pultruded bridge section design solution.

Design 9 - Prepreg sandwich solution

Webs with a non-structural foam filling will be produced with prepreg in an autoclave (Figure
26). The flanges will be produced either by the same methods or a RIM/RTM process. The
flanges and webs will be joined adhesively in a controlled environment. 3 m wide sections will
be produced and then mechanically bonded during the final assembling.
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Figure 26. Whole sandwich section connected with bolts.

Design 19 - Beam system

Large beams will be produced in autoclave (or RIM/RTM). The decks can be pultruded in
sections.

The idea behind this design (Figure 27) is to use part of the space dedicated to soil for the beams.
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Figure 27. Design 19. Bridge is shown in black color, the soil level — in green.

The beams in the edge section were designed to be 2.6 m high. This means that the production
possibilities are limited. A mould process such as RTM or RIM is suitable. This process is
however not suitable to produce hollow sections. Therefore, the beam must be produced
assembled from pieces. The plates of the beam are very slender. This means that some sort of
internal stiffeners is needed.

5.1.3.1 Structural joints for FRP members of an ecoduct

As part of the design several possibilities for connections the different designs are suggested.
For the bearing deck structural system, the solution was to adhesively bond together three
sections, each 1 m wide. These 3 m wide sections can then be transported and assembled in site.
This solution allows to facilitate the transportation and assembly of the bridge deck on site. For
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the beam-deck structural system the mechanical type of connections should be used for joining
beams together with the bridge deck which should be fixed on top of the beams. Adhesive bonds
are used to bond the beams themselves. Several proposed solutions can be seen in the following
section.

Connections for bearing-deck sections

There are several solutions proposed for connecting the bearing deck sections. There are two
different types of connections. Firstly, 1 m wide members are bonded adhesively. This gives a
high-strength connection between the sections and form one section three meters wide. Those
connections can be done in a workshop before the assembly of the bridge. Secondly, the 3 m
wide sections are connected with mechanical connection type on site.

Adhesive connections

The one-meter wide bridge deck sections should be connected with a lap-strap joint type, as
shown in Figure 28. Parts should be prefabricated in such a shape and connected to each other
with an adhesive bonding.

Bondline

/ Bondline

Figure 28. Adhesive connection possibilities for bearing deck structural system.

Bolted connections

There are several solutions for connecting the sandwich sections that can be handled separately
in transport. In Figure 29 and 30 three different methods are presented.

The first (right) one is more complicated in geometric terms. That can result in a stress
concentration. Blind bolts are necessary to be used since it is not possible to reach the inside
part of the cross section. The blue lines present a possibility to transfer the force more
effectively and give more dimensional stability.

The second (left) solution is simpler in geometric terms. A disadvantage with this solution is

that area of friction is smaller than for the first solution. Of course, the area could be increased
but that would mean that the connection flanges are more vulnerable towards damage.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-19-96 61



1

Figure 29. Mechanical connections for bearing deck system.

L

‘ o, famz)

Blind bolts

Figure 30. Mechanical connections for bearing deck system.

Connections for beam deck system

The joint should be designed for the beam-deck structural system concept for the beam to deck
connections. This connection type can be seen in Figure 31. The angles with a thickness of no
lesser then that of the beam web should be used. The angles should be connected to the
structural elements with blind bolts because of the closed shapes of the beam sections.

Figure 31. Mechanical connection of the beam to the deck of an ecoduct.
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Beam assembly connections

The large beams of design 19 cannot be produced in one piece. In Figure 32 four different
connections are presented. Following positive and negative properties have been identified:

Version A

+ high buckling capacity
+ 3 double flanges

- high material use

- small tolerances

Version B
+ large are of adhesion
+ easy to apply pressure for assembling

- box sections produced by pultrusion

Version C
+ few parts
+ easy to apply treasure

- complicated geometry
- small tolerances

Version D
+ smaller parts

- depends very much on adhesive bonding
- small tolerances

A

D
i
| i
i
| FRP
AYS L B

Figure 32. Different possibilities for manufacturing design 19.
CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-19-96 63




5.1.4 Second evaluation
In the second evaluation all criteria presented were taken into account, see Table 23.

Table 23. Evaluation criteria for second evaluation.

?:;l:l:; Assembling and transport | Economy | Durability | Sustainability
< ) e =} - [=}
g= 52 | | S |28 5 |E8 ¢ |=g 858 5| 8|22
C | BE|E|S|2§ E|EF e dtY S| 5|28
£8 | & E 5 & = B A S E g‘ 3 S E 8
1 2134 |56 |7 |8 |9 10]11)]12]13
1 3 3 21213 3 2|3 2|2 3 2 130 | 11%
2 1 2 1 1 213 1 2 1 1 3 1 [19] 7%
3 1 2 1 1 213 1 2 1 2 ]2 1 [19] 7%
4 2 3 3 3 3 3 21322 3 2 |31 11%
5 2 313 1 313 1 30212 ]3] 2]28)|10%
6 1 2 2 1 1 3 1 2 1 1 3 1 19 | 7%
7 1 1 1 1 1 1 1 1 1 1 1 1 |12 | 4%
8 2 37031213 ]3]3 312123 1 130 11%
9 1 212 1 1 2 |3 1 1 201212120 7
10 2 3 3 21213 3 2|3 3 3 3129 10%
11 2 3 2 2 2 3 3 2 2 1 2 1 124 ] 9%
12 1 1 2 1 1 1 3 1 2 1 2 1 [ 16 | 6%
13 2 3031212 (3|3 |3]|2 1 313 30 | 11%
1 = less important; 2 = equal; 3 = more important 277 | 100%

As seen in Table 24, the rates for the different designs are very similar to each other. The chosen
design, Nr. 9 has, however, the highest rates.
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Table 24. Second evaluation.

Design
Criteria 2 9 19
Glass |Carbon | Glass | Carbon | Glass
Constructability, o
1 complexity 1% 2 2 3 3 3
2 Transport 7% 2 2 2 2 3
3 Risk of damage 7% 3 3 3 3 2
4 Difficulty of assembling | 11% 2 2 2 2 3
5 Maintenance 10% 3 3 3 3 2
6 Traffic disturbance 7% 3 3 3 3 4
7 Design cost 4% 2 2 3 3 2
8 Material use (cost) 11% 3 1 4 2 4
9 Risk of moisture ingress | 7% 3 3 3 3 2
Dependency on o
10 connections 10% 4 4 3 3 2
11 CO2 footprint 9% 2 3 2 3 2
12 Risk of abrasion 6% 2 2 2 2 1
13 Possibility to recycle 11% 2 3 2 3 2
Weighted sum 2,84 2,82 3,00 2,98 2,80
0 Unsatisfactory
1 Just tolerable
2 Adequate
3 Good
4 Very good
5.2 Discussion of preliminary design

The aim of the preliminary design was to investigate a wide range of suggestions and different
possibilities. Focus was on the choice of the bridge structural system. The twostep evaluation
process was used, this made it possible to have a large amount of designs as well as investigating
some preliminary design solutions more in depth.

The first evaluation of the design was considered as a guideline for the further discussions. The
goal was also to achieve a variation in different designs. Therefore, three very different concepts
were chosen for further investigation. Before the final evaluation, production possibilities were
investigated more in depth. In the end the concept chosen also had the highest rates. The main
reasons for the choice of this design (and also the high rates) were:

Cost and production method are the best. The production method is more conventional
than for design two.

The size of the elements produced are smaller and can thus be produced by more
manufacturers.

The webs can be produced by both pultrusion and prepreg/autoclave.
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6 Final design

The final design solution is developed in this section. The material properties of the FRP
laminate are calculated for flanges and webs of the bridge deck section. The different
geometries with different angles of inclination of the stiffening parts of the webs will be further
studied. The buckling behavior of the developed sections will be investigated with finite
element analyses.

6.1 Material properties of FRP laminate

The material properties of FRP composite for the final design decision were calculated
according to the classical laminate theory and with regard to Prospect for New Guidance in the
Design of FRP Structures (Carattere, 2017). The recommendations of Eurocomp and PNG
Design were compared, and the differences were highlighted (see Section 4.1.2).

6.1.1 Relevant conversion factors

Ensuring structural safety throughout the entire service life of the bridge is an important issue
that must be given careful attention. To this end, the behavior of FRP composite material under
the influence of environmental degradation effects and long-term load were considered by
conversion factors applicable to the material properties of the laminate to predict a reduction in
strength over time and to ensure the safety limit.

To perform the limit states analyses, the total conversion factor was calculated. It considers the
effects of changes in temperature and humidity, creep and fatigue.

Ne = Net X Nem X Nev X Nef (13) (eg- 2.6, section 2.3.6)

1 - total conversion factor, shall be used to convert the test results into values which can be
assumed to represent the behavior of the material or the product in the structure or the ground;

Nt - conversion factor for temperature effects;
Nem - conversion factor for humidity effects;
TNev - conversion factor for creep effects;

¢t — conversion factor for the fatigue effects.

Since the ecoduct is expected to experience mainly a static loading over its entire service life,
caused by the soil load and self-weight of the structural members, the fatigue loading effects
was disregarded in this thesis. The largest influencing loads were assessed as the permanent
loads, which mainly cause bending of structural elements. The variable loads, apart from the
service vehicle are comparatively small.

Temperature effect

FRP materials have a temperature-dependent behavior due to the polymer matrix. It is assumed
that the designed FRP composite structure should function at an ambient temperature of -
40...+40°C.

Net = 019

Nt — conversion factor for the verification of strength and stability under the influence of
temperature (2.3.6.1);

Humidity effect
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The value of conversion factor should be determined according to Table 2.5 (section 2.3.6.2,
Carattere, n.d.). The designed structure belongs to the exposure class Il with an outdoor climate
Ts <30TC.

Nem = 0,9

Nem — conversion factor for the verification of strength and stability under the influence of
moisture (2.3.6.1).

Creep.

Creeping effect should be calculated for permanent and quasi-permanent loading conditions
(accumulated duration of characteristic load more than 10 years, Table 2.6).

For the pultruded profiles with properties in the direction parallel to the direction of pultrusion
the conversion factor for creep was taken according to Table 10.2 (Carattere, 2017).

Nvczo = 0,5

Nwezo — conversion factor to account for creep effects for the reference period of 20 years.
Design working life of the structure was taken 100 years SS-EN 1990 Table 2.1.

tv = 24 x 365 x 100 = 8,76 x 10°

tv - accumulated load duration (hours);

T = 0,253 + 0,141 log(tv) = 1,091

The conversion factor for the creep effect can be calculated with an equation 15:

Nev = Névzo = 0,469 (15)

Total conversion factors used in design

In accordance with Table 2.4 (Carattere, 2017) conversion factors shall be used for the next
checks which is shown inTable 25:

Table 25. Conversion factors to be taken into account.

Influensing factor Strength Stability Creep Momentary
(ULS) (ULS) (SLS) deformation (SLS)
Nct + + + +
Nem + + + +
Nev + - + -

The total conversion factor can be found with equation 16:

Ne = NetNemNey = 0,38 (16)
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Momentary deflection:

Nemd = NetNem

= 0,81 (17)

The total conversion factors for different checks can be found in Table 26.

Table 26. Total conversion factors.

Conversion Strength Stability Creep Momentary deformation
factor (ULS) (ULS) (SLS) (SLS)
Ne 0,38 0,81 0,38 0,81

6.1.2 Partial safety factors

Comparing the choice of the safety coefficients for the structural safety verification, applicable
according to Eurocomp and PNG Design recommendations, the difference in methods of
calculation can be pointed out which is represented in Table 27. The table includes safety factors
for pultrusion and prepreg manufacturing processes.

Table 27. Comparison of safety factors from Eurocomp and PNG Design recommendations.

Material partial safety factors Eurocomp PNG Design
(Tables 2.4, 2.5, 2.6) (Table 2.1)
ym1- coefficient related to the level of
uncertainties in  the  laminate,
depending on the properties being 1.15 1.35
derived  from  tests or the
statistical/theoretical data
yMmz - coefficient accounting the
) 1.1 1.35
accuracy of the production process
ymsz - coefficient considering the
operating design temperature range and 25 i
heat distortion temperatures of the '
laminates
: YM = YM1 X YM2 X YM3 YM = YM1 X YM2
Calculation = 3163 — 1823

Apparently, Eurocomp proposes higher material safety requirements compared to PNG Design.

Taking into consideration statements of the Sections 4.1.2 and 6.1.2 and performing the simple
calculation, it can be concluded that the method proposed by PNG Design guideline is more
conservative having smaller value of the total material safety factor y,,, but taking into account
the deterioration of the laminate material properties with time considering the sectional bending
and shear resistance of the eco-bridge FRP members.
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For the verification of the structural safety in ULS partial safety factors were determined
according to PNG Design (Carattere, 2017).

YM = YM1 X Ymz2 (18)
Partial safety factors for material was chosen according to Section 2.3.4.1, PNG Design.

Since material properties in the preliminary design was derived from the theoretical models for
prepreg and pultrusion production methods, the quality is expected to correspond to Vx<O0.1,
where Vx is the variation coefficient.

YMmzuls = 1,35
YM2global.stab = 1,35

Partial safety factors were chosen for the verification of global and local structural stability.

6.1.3 Glass and carbon fibres material properties

E-glass and HS carbon fibres were chosen to be used in the preliminary design.

Material properties were selected according to Table 11.1 of Prospect for New Guidance in the
Design of FRP Structures (Carattere, 2017). Material properties of fibre types can be seen in
Table 28.

Table 28. Typical values of fibre properties.

Tension in fibre direction
Prop. | Units | E-glass | HS-carbon Meaning
Ef GPa 73,1 238 Young's modulus in fibre direction
Ef, GPa 73,1 15 Young's modulus perpendicular to fibre direction
% 0,238 0,3 Poissons ratio
€61 ) 0,038 0,015 Ultimate tensile strain of fibre in 1st and 2nd
€y 0,024 0,009 directions
Compression in fibre direction
Efc | - | 0,024 | 0,009 | Ultimate compressive strain of fibre in two
Shear
Gy GPa 30 50 Shear modulus
pr |kg/m3| 2570 1790 Density of the fibre
o - 5*%10%-6 |  -4E-07 Thermal expansion coefficient

6.1.4 Resin material properties

Polyester is one of thermoset polymers. It was chosen as a polymer matrix for the fibre
reinforced composite elements of the ecoduct based on the following comparison of the
different types of resin.

Resin types comparison (WPL, 2013)

e Polyester resin has comparatively lower strength than Vinylester and Epoxy. Polyester is
more susceptible to corrosion and chemical environment, having lower operating
temperatures. Higher mechanical properties makes Vinylester resin more expensive than
Polyester, Vinylester is mainly used for the wind turbine production and automotive
industries.
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e Epoxy resin, comparing to Polyester and Vinylester resins, has higher strength and better
performance under the influence of environmental degradation effects. Epoxy has higher
electrical resistance, heat deflection temperatures, lower shrinkage over the curing process
and lesser toxic emission. Epoxy has better adhesion to the fibres in composites. Having a
great versatility, epoxy can be modified adding agents (increasing the fire resistance or
material toughness), and fillers (nanotubes, increasing the electrical resistivity). Because of
such high material characteristics epoxy resin is the most expensive thermoset polymer type.

Based on the comparison of the three thermoset polymers types, Polyester resin was accepted
as the most suitable material for the prefabrication of the bridge composite members with
material properties that meet the design purposes and are sufficient for the design requirements.

The corresponding material properties of the Polyester resin was selected according to the Table
11.2 (Carattere, 2017) and can be seen in Table 29.

Table 29. Polyester resin material properties.

Prop. Polyester resin Meaning
E. [GPa] 3,55 Young's modulus
G, [GPa] 1,35 Shear modulus
V¢ 0,38 Poisson's ratio
p.[kg/m3] 1200 Density

6.2 Relevant material properties of the FRP laminate

The material properties for the final design solution of the deck structural system was
considered with respect to the Eurocomp and PNG Design recommendations.

The FRP bridge deck section with a balanced symmetric laminate were designed, which means
that the layers of the same direction were placed symmetrically regarding the mid-surface of
the sections (6.3.1.2 PNG Design; 2.5.4.1 Eurocomp).

The following criteria should be satisfied in the laminate design (The European structural
polymeric composites group, 1996):

e In view of that the laminate is considered a orthotropic material with different material
properties in longitudinal and transverse directions of the fibre, the amount of the
reinforcement with the direction of +45 degrees should be no less than 20% of the total
amount of reinforcement.

e The grouping of the plies with 0 and 90 degrees orientation should be avoided.

e The plies of 45 degrees orientation should separate the plies oriented with 0 and 90
degrees in order to minimize the interlaminar shear and through-thickness stresses when
the laminate is predicted to experience in-plane loads.

e [t is desirable to dispose the layers of the outer surface at an orientation of 45 degrees,
thereby reducing the effects of interlaminar shear.

Now, in light of the previously described requirements, the bridge sections material properties
were calculated regarding the number of plies in different directions in flanges and webs, which
can be seen in Figure 33.
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Figure 33. Laminate layers for flanges and webs in the deck section.

Flanges

The bending strength of the section can be achieved by adding a increased number of plies of
the 0 degrees orientation in flanges. The plies with 90 degrees orientation were added to assure
the material strength in flanges in transverse direction. The plies oriented in 45 degrees was
added to provide an efficient shear transfer between the plies of 0 and 90 degrees orientations.

Webs

Plies oriented in 45 degrees are added to hold the shear forces transferred through the webs and
are the governing plies orientation in the web-section. The plies with 90 and 0 degrees
orientation were added to increase transverse material strength in the webs.

The material properties for the web and flange sections of the bridge deck cross section were
calculated according to the Classical Laminate Theory. The fibre volume fraction, number and
sequence of layers of different fibre orientations in the laminate were considered.

The flanges were designed as 25 mm thick. It is a reasonable thickness to assure the bending
capacity of the deck section and production possibilities.

The web thickness varies in different proposed geometries depending on the height of the deck
cross section, which means the higher section — the thinner webs. However, the material
properties of the laminate depend on the ratio of the number and thickness of the layers with
different orientations in it. The material properties remain the same when the laminate thickness
changes keeping the ratio of the number and thickness of the same oriented layers in webs in
proportion.

The characteristic values for the material strength in tension were selected as a reference values
for GFRP laminate with 0,55 fibre volume fraction.

fee = 470,7 MPa

fer = 70 MPa
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The final material properties are presented in Table 30.

Table 30. Material properties of FRP for flange and web sections of the bridge deck.

Longterm Instantaneous Ultimate
Section Property Units behaviour! deflection? capacity’ (ULS)
(QP, SLS) (characteristic, SLS) pacity
Ex 12,317 26,235 14,395
o E GPa
2 y 3,228 12,532 6,876
<
I Gxy 1,179 4,577 2,512
v - 0,31
Ex GP 5,787 12,327 6,764
< Ey a 3,522 13,674 7,503
= Gxy 2,128 8,263 4,534
v - 0,444
Ex GP 8,206 17,491 9,597
g" 2 Ey a 6,686 14,251 7,820
m 3 Gxy 3,192 6,805 3,734
v - 0,388
! Long-term behavior of the FRP composite material under the durable influence of permanent loads, such as
solid weight and self-weight of the structure. The calculation takes into account the influence of the creep of the
polymer matrix that develops over the service life of the ecoduct, and deterioration of material properties under
the influence of humidity and temperature variation.
2 Material properties of the FRP composite material immediately after loading at the beginning of the service
life of the structure.
3 Material properties taking into account the deterioration of material strength under the influence of
environmental degradation factors such as humidity and changes in temperature calculated for the ultimate
loading conditions on a bridge.

6.3 Handcalculations: optimization of the section and verification
of deflections

To optimize the chosen solution some key geometry parameters were analyzed in hand
calculations. The parameters considered were:

e Height of cross-section,
e Thickness and spacing of webs.

The design requirements used to optimize the geometry of the bridge section are described in
section 4.1.2. In Table 31 the different design parameters are presented together with the
geometry parameters depending on those requirements.

Table 31. Design requirements with corresponding design and geometry parameters.

Design parameter Geometry parameter
Deflection I h, trtw, b
Strength in bending \W h, tr tw, b
Strength in Shear Ashear h,tw, b

Where b is the spacing of the webs.
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Since the shear strength is only dependent on the shear area, the thickness and spacing of webs
were analyzed primarily. As seen in Figure 34 and Figure 35, the resulting thickness is very
small. For the middle section it ranges from 0,1 to 1,75 mm, for the edge section it ranges from
0,5 to 8 mm. From a production point of view the webs of 1.75 mm are very thin.

- 0.47

h (m)

0.1 25 o4 055 T 0.85 1 1.15 1.3 145 1.6 1.75% 1.9

tyso (Mmm) tyi00 (mm)  t, 5 (mm)

bow.200 (mm] biw.250 (m.m] L300 (m‘m)

il

Figure 34. Possible configurations of web thickness and spacing as a function of height (middle section). The index numbers
give the spacing oh the webs.

1.3+ h (m)

0.8 1.25 a7 38 .25 M 875
(mm)

2 i 4.25 '.-u 5. -'n’!—u 6.5
L. 50.edge (mm) T 100.edge (mm) T 150.edge

Lo 200.cdge (mm) by 250.edge (mm) boy.300.cdge (mm)

Figure 35. Possible configurations of web thickness and spacing as a function of height (edge section,).

In Figure 36 the height of the cross-section is presented as a function of the flange thickness.
From a production point of view the thickness should not exceed 25 mm. That results in a height
of 1,48 m. In Figure 37 the corresponding graph for the edge section is presented. The flange
thicknesses ranges from 25 to 175 mm with height ranging from 0,8 to 2 m. To achieve the
necessary capacity in the edge section the web area and spacing is therefore increased.
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Figure 36. Height of cross-section as a function of flange thickness.
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Figure 37. Height of crossection as a function of flange thickness (edge section).

h [m)

74 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-19-96



Figure 38 presents the possible spacing and thickness of the webs in the edge section.

be(iyt: (ﬂ!'m]

a5 |41 .5 o5 i1.5 135 15.5 i7.5 0.5 2.5 235 i

tw.e:([ye! [ﬂl‘ ]
Figure 38. Web spacing as a function of web thickness in edge section.

In Table 32 the most efficient geometry according to the hand calculations is presented. A pre-
cambering of 30 mm is assumed. Which means that the bridge is produced so that the initial
deformation without any loads (even self-weight) is +30 mm. Figure 34 to Figure 38 the
minimum configuration for a height of 1,5 m has been marked. In the final design the minimum
web thickness is not used. In the middle section the web thickness is increased because of
production considerations. In the edge section the web thickness is increased to lower the height
of the total cross-section.

Table 32. Final geometry according to hand calculations. Pre-cambering = 30mm.

Middle section Edge section
h 1500 1500
te 25 25
b 150 50
tw 5,7 8,8

Table 33 presents the deflection in the middle of the ecoduct and the requirements on those
deflections.

Table 33. Deflections and deflection requirements for handcalculations.

Middle section Edge section [mm] | Requirement [mm]
Quasi permanent 58,5 75,0 80,0
load combination
Short term wvariable
load action + long 18,6 +45,5= 82+538= 66.7
term part of 64.0 62.0 ’
permanent load
action

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-19-96 75



6.4 Modeling in Abaqus

The modeling technique in Abaqus software will be described in this section.

6.4.1 Material properties

The material properties of the FRP laminate were introduced into the system in accordance with
calculations made for flanges and webs separately for different load conditions on an ecoduct.
The material properties and its detailed description can be seen in Table 30.

6.4.2 Material orientations

Three different coordinate systems are used in the model. They are presented in Figure 39. The
global orientation is the same as in hand calculations. The material orientations are used to
assign the material properties and are also related to the stress result parameters.

Coordination systems Associated result parameters

Figure 39. Coordinate systems used for Abaqus model.

6.4.3 Loads

The loads described in Section 4.1.1 are assigned to 1 m wide cross-section in Abaqus. In Figure
40 the load distribution is presented. The distributed load from self-weight, soil load and
variable load is assigned to the whole beam. The loads from the service vehicle are recalculated
to distributed load on an area of 2,7 m X 1,4 m and then assigned according to Figure 40. See
Section 4.1 for thorough explanation of how the vehicle load is distributed.
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q distributed (variable load,
s0il load and self weight)

gl (service vehicle)

N
m a2 (sorvice vehice)

A Direction of loading

Figure 40. Load distribution on model in Abaqus.
6.4.4 Boundary conditions

The deck section was restrained as a simply supported beam. Two possible solutions for
boundary conditions BC1 and BC2 were studied in order to choose the one with better
performance regarding lateral deflection of the webs under the loading. The boundary
conditions are shown in Figure 41.

BC 2

‘:#r“ i . v
VY YY YV VY VY VY vy v I ——
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|ttt =
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= ¥
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Figure 41. Boundary conditions for the 1 m width bridge deck section.

The support edges were restrained from movement in all the translations on one side and from
lateral and vertical movements on the other side. The flange edges were restrained from
movement in lateral direction (Y).

As it can be seen in Figure 41 for BC1, the webs over the support was restrained to prevent
lateral deflection, however in the set BC2 the webs were allowed to move freely.

The results of the study showed that the lateral deflection of the webs in service loading state
was 3 times lesser for the set of BC1 (Figure 42).
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BC1 BC 2

Figure 42. Lateral deflection of webs over the support for BC1 and BC2.

All the further investigation was made with a boundary conditions set BC1 presented in Figure
43.

Color | Condition

A 2(3) u2=0

us=o0

U1=0,U3=0

Y (2)

u

Figure 43. Conditions for BCI.
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6.4.5 Geometries

A range of different geometries was investigated. The hand calculations presented in Section
6.3 were used as limits for the geometry.

The geometries investigated are presented in Figure 44 and Table 34. It was necessary to
increase the web thickness in some cases due to buckling issues.

.F

lr—

*

Figure 44. Crossection of the final ecoduct design.
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Table 34. Geometry of crossection.

Model a b C d e |Height| ¢ f
o « | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | AT8 | [mm)]
[m?/m]
Gl 30 34,6 0,152
G2 45 290 180 60 1250 8,5 0,16
G3 60 103,4 0,176
142
G4 30 34,6 0,127
G5 45 335 213 60 1350 6.5 0,132
100 60
G6 60 103,4 0,145
G7 15 16,1 0,094
GS8 30 34,6 0,095
390 280
G9 45 60 0,095
G10 60 1034 0,097
Gl1 15 26,8 0,088
Gl12 30 100 350 200 57,7 1500 8 0,088 150
G13 45 100 100 0,090
Gl4 30 80,8 0,082
300 140
Gl15 45 140 0,084
140
Gl16 30 80,8 0,082
140 260 140
G17 45 140 0,084
G8
30 100 60 390 280 34,6 1500 8,8 0,254 50
Edge
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6.5 Results

In this chapter the results from Abaqus analysis for the different geometries from Table 34 are
presented.

6.5.1 Static analysis

The static analysis performed for the thesis had three different purposes:
e Confirming the results from the hand calculations.

e Compare different geometries to each other. The deflection and stresses for different
geometries were evaluated in the characteristic and ultimate limit state load combination
respectively.

e Check of the safety requirements. The strength of FRP material in ULS and quasi
permanent load combination was verified according to PNG Design recommendations.
The requirements on deflections are a combination of instant deflection from the
permanent loads directly after loading (81) with the deflection from the variable loads
together with longterm influence of permanent loads (62) (see Figure 20). Since material
properties for both load cases cannot be assigned to the deck model simultaneously, the
deck section was modeled for both cases separately, and the results of the Abaqus
simulation were confirmed by manual calculations for the same loading conditions.

The results are presented in Table 35 and in figures later in the chapter. The simulation was
performed for the characteristic load case. The maximum stresses were in the bottom
flanges of the section and the values were also checked to assure the material strength
requirements. Shear stresses were calculated for the concepts of 1.5 m height.

Parameters investigated are:

Sxy Shear stresses in XY direction
Sx Normal stresses in X direction
U, U, Deflection in Z and Y directions respectively

The coordinate system is according to Figure 43.
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Table 35. Static analysis results (Abaqus), deflections in Y and Z directions are presented, normal stresses in X direction, shear
stresses in XY plane with regard to the material orientation in the webs are also presented.

Static analysis (characteristic load combination)
N of the | Height a Deflection (mm) Stresses (MPa)
concept | (mm) Uy max | Uy min Uz Sxx Sxy
Gl 30 0,95 -0,93 -66,49 26,2
G2 1250 45 149 | 108 | -67.0 | 261
G3 60 2,63 -1,42 -68,69 25,7 -
G4 30 1,7 -1,6 -59,6 24,7
G5 1330 45 1.9 29 | 604 | 239
G6 60 2.4 -5,1 -63,9 232
G7 15 2.4 -4,0 -50,7 243 -6,1
G8 30 4,7 -4,5 -52,2 242 -7,1
G9 45 8,1 -5,2 -56,1 24.0 -10,3
G10 60 15,7 -7,2 -65,7 23,5 -8,7
Gl11 15 4.4 -4,5 -51,6 243 -8,9
GI2 1500 30 8.9 47 | 551 240 | -124
G13 45 17,0 -5,2 -63.,4 23,7 -15,4
Gl4 30 15,4 -4.3 -59,2 23,9 -11,8
G15 45 33,6 -4.,0 -76,4 23,5 -13,3
G16 30 17,9 -4,8 -60,8 24,1 -14,1
G17 45 18,1 -4.7 -60,8 239 -13,9

Figure 45 presents the maximum tensile stresses in the flange. The data is taken as the highest
tensile stress in the bottom flange. All data points in the same color have the same geometry
apart from the angle a (see Figure 44). The shape of the marker is used to indicate the angle.
The same color and shape code will be used for all the following results.

Sxx flange, characteristic load combination

24 .AO..A’A‘AQ

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Number of geometry

Figure 45 Maximum stresses, normal stresses Sxx in the bottom flange. Characteristic load combination.

82 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-19-96



Figure 46 presents the largest vertical deflection of the ecoduct. The point is in the bottom
flange at the mid-span of the bridge for the instant deflection in the characteristic load case.

Deflection Uz, characteristic load combination
-40

-45
-50

u n
-55
.60 A

Uz [mm]

-70
-75
4

-80
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Number of geometry

Figure 46. Maximal vertical deflections of the bridge deck in characteristic load combination.

Figure 47 and Figure 48 show the maximum respective minimum deformation of the webs on
the stiffeners along the web (part a) of the stiffener, see Figure 44), since the absolute value of
the deformation is largest the entire web. The deformation is in y direction, see Figure 39. The
maximum value is generally in the middle of the span while the minimum value is found near
to the supports. Note that the absolute value for the minimum and maximum does not vary
much for some of the geometries.

Deflection Min Uy web, characteristic load
combination

Uy [mm]
noA

|

2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Number of geometry

Figure 47. Minimum lateral deflection of web, characteristic load combination.
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Deflection Max Uy web, characteristic load
combination
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Figure 48. Maximum lateral deflection of web, characteristic load combination.

For reasons discussed in Section 6.6, design nr. 8 was chosen for a more thorough investigation.

Results from different load cases for design nr G8, are presented in Table 36. The ULS and
characteristic load case considered instant load while the quasi permanent load case also takes
creep into account. Note that deformations are largest for ULS followed by quasi permanent
load combination. For the stresses however, the quasi permanent load combination gives the
lowest values. It should also be noted that the shear stresses are properly larger than they would
be in reality. The boundary conditions used influenced the shear stresses near the supports,
where the shear stresses reached the maximum values.

Table 36. Results geometry nr. G8, different load cases.

Load Uy [mm] Uy [mm]
.. Sxx [MPa] | Sxy [mm] Uz [mm]
combination Max Min
ULS 33 -9,14 -129,6 11,6 -11,2
Characteristic 242 -7,1 -52,2 4,7 -4,5
Quasi- 15,5 4.4 73,7 6,1 -6,7
permanent
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Results for the edge section in different load cases are presented in Table 37.

Table 37. Results geometry nr G8, edge section.

Load Sxx [MPa] | Sxy [mm] | Uz [mm] | Uy [mm] | Uy [mm]
combination
ULS 31 -4.4 -118,5 4.7 -5,1
Characteristic 242 -3,2 -51 2 -2,2
Quasi - 20,9 -2,9 -39,7 3,7 -4
permanent

Results for cross section with straight web and corresponding hand-calculations are presented

in Table 38. The same load-case, the instant characteristic load is analyzed for both models.

Table 38. Results straight webs, characteristic load combination.

Uy [mm| | Uy [mm]
Model Sxx [MPa] | Sxy [mm] Uz [mm]
Max Min
Abaqus 24 4 -12,3 -50,0 0,1 -0,1
Hanc!— No results | No results -56,8 No results | No results
calculations

In Figure 49 the lateral deformation pattern of the web stiffeners are presented. The results were
taken for the geometry G8. The pattern of deformation was similar for all analyzed concepts.
The deformations is taken along the middle of part a) of the stiffener. It can be compared with
Figure 50 where the whole lateral deformation is presented.

Uy - Web 8

00 4000

6000 8000 10000 12000 14000 16000 180N

hh h DN R o R, N oW s G;

—— Upper Lower

Figure 49. Lateral deflection, Uy, along web stiffeners. Geometry G8 and characteristic load case.
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Figure 50 to Figure 54 present the stress and deformation pattern on the cross section. Lateral
and vertical deflections are included as well as stresses in x direction and shear stresses.

XPERIENCE R201 Jun 19 15:00

Figure 50. Lateral deflection, design G8. The deflection in y direction ranges from +/- 11 mm. The deflection is most
pronounced along the two web stiffeners. The exact form of the deformation along the stiffeners is presented in figure 49.

The vertical deflection (Figure 51) varies only along the Z axis and is largest in the middle of
the span.

light Time 2019

Figure 51. Vertical deflection, geometry G8.
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As expected for a simple supported beam the stresses from bending are largest in the flange at
the middle of the span (Figure 52).

ht Time 2019

Figure 52. Stresses Sxx, geometry G&.

The shear stresses are presented in Figure 53 and Figure 54. In the closeup the location for the
highest stresses is visible and marked with two red circles. Note the red arrow, in that position
the boundary conditions seem to influence the stresses.

DEXPERIENCE R2017 un 19 15:00;

actor: +1.543e+01

Figure 53. Stresses Sxy, geometry G8..
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Figure 54. Stresses Sxy, geometry G8.

Figure 55 Presents the lateral deflections of the cross section with straight webs.

JOB; Stralght.odh  Abag ard SDEXPERIENCE R2017x  Sat May 11 19:5 W ight Time 2019

ime = 1.000

rmation Scale Factor: +1.611e+01

Figure 55. Lateral deflection U2, geometry with the straight webs.
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6.5.2 Buckling analysis

In this chapter the results from the buckling analysis are presented. The analysis of 17 proposed
concepts with different heights and geometries of the bridge deck section was made. The
buckling behavior of the deck section was checked in ultimate load state. The load factors for
the first 10 buckling modes with the corresponding heights and angles of the inclination of the
stiffened parts of the webs are presented in Table 39.

Table 39. Results of the buckling analysis for different geometries of the bridge deck section.

Buckling modes
Ijogigj Ig;lg;t o 1] 23] 451678709710
Eigenvalues

Gl 3032 -33|37] 38 |-38]| -4 4 | 43| 44 | 45
G2 1250 (45| 2,5 -2,7| 3,1 | 3,1 |32 -3 |35]|-37]| 39 4
G3 60| 1,9 -2 24 1 -26|-27129 | -3]|33|-34]|-34
G4 3025|2628 |-31]32| -3 (35| 3,6 |-37]| 3.8
G5 1350 (45| 1,9 -2 24 124 |-25| -3 (28| 3,1 ]-3,1]-33
G6 60|14 |-15]| 1,8 |19 |-19| 2 |24|-25]| 2,6 | -2,7
G7 15{09,09 09|09 090909 09 | 0,9 1
G8 30| 14| 14 | 14| 14| 14| 1414 14| 14| 14
G9 45 14 | 14 | 15| 15 | 15 | 15 15| 15 | 15 | 16
G10 60 08 | -1 | 12 |13 13 | 14 |14 14 | 14 | 15
Gil 15| 13| 14 | 14| 14| 14| 15]|15] 15| 15] 1,5
GI2 1500 |30 13| 1,6 | 1,6 | 1,6 | 1,6 | 1,6 | 1,6 | 1,6 | 1,7 | 1,7
G13 45108 [ -1,1 | 1,2 | 1,3 [-13 |15 |1,5] 1,5 1,6 1,6
Gl14 30| 1 131,314 (-1518|1,8] 1,8 1,8 1,8
Gl15 451 0,5 | -0,7 1 1 1,2 1,4 -1 | -1,7| 1,7 1,7
Gl6 30109 | -1,2 ] 1,3 1,3 |-1,5( 1,71 -2 1,8 | 2,2 | 2,2
G17 45109 | -1,2 | 1,3 1,3 |-1,5] 1,8 1,8]-1,8] 2,1 2,2
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In Figure 56 the first 10 buckling modes for all deck section geometries are presented. In Figure
57 the first mode eigenvalues are presented as a function of the angle as well as different
geometries.

Eigenvalue evaluation

5 A G1
45 ® G2
. A A e 3
A G4
4 A * &
A G5
3.5 &
’ ® G6
A 7S m G7
5 3 ®
T; y A G8
s 2.5 - ~ & ® G9
)
2 it 4 ® G10
‘ ‘ m Gl1
L5 8 A ! ‘ ‘ A GI12
¢ G13
1 |
R f— o ®w ®w = —=m T
0.5 2 & G15
0 A Gl6
0 1 2 3 4 5 6 7 8 9 10 ¢ G17
Safety limit
Buckling modes
Figure 56. Positive eigenvalues for the first 10 buckling modes for different geometries.
1st mode eigenvalues for all the geometries
3.5
3.16 A G1
A ¢ G2
3 ® G3
252 2.54 G4
2.5 2 G5
G6
| G7
g 2 1.9 1.88
g Y A G8
= ® G9
g 1.37 1.42
215 1.35 184456 ® G10
A A 096 B Gl1l1
| 0.87 08 0824 0i10.88 A G12
[ | 4
¢ Tttt ogm
0.5 L 4
¢ G15
A Gl6
0 * G17
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 o
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Geometries

Figure 57. Eigenvalues for first buckling mode for different geometries.

The first buckling modes for the concepts with a height of 1250 mm, 1350mm and 1500 mm
and angles of the inclination of the stiffener of 15, 30, 45 and 60 degrees are depicted in Table
40.
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Table 40. The 1st buckling modes for the different deck section geometries. The red, green and blue arrows in the pictures are

showing the X, Y and Z directions respectively.

N of
concept

Height
(mm)

o = 30 degrees

o =45 degrees

o = 60 degrees

G1-G3

1250

Failure

mode

G4-G6

1350

Failure

mode

G8-
G10

Failure
mode

Gl12-
G13

Failure
mode

G14-
G15

Failure
mode

Gle-
G17

Failure
mode

1500

shear

web
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The first 5 eigenvalues for the edge section are presented in Table 41. In contrast to other
analysis, this was done on a cross-section of 0.5 width since the calculation time became
excessive for a cross-section of 1 m width for edge sections. The first buckling mode is
presented in Figure 58. The buckling modes corresponding to eigenvalue 2-5 were in the same
position as for the 1 buckling mode.

Table 41. Five first eigenvalues for the edge section.

1 2 3 4 5

Eigenvalue 2,0147 2,0147 2,0167 2,0169 2,0213

017x Tue May 28 17:18:31 W, Europe Daylight Time 2019

Figure 58. First buckling mode of the edge section (blue arrow in the figure indicate the vertical direction in the global
coordinate system).

6.6 Discussion of the final design

Confirming results from hand calculations

The difference between hand calculations and Abaqus in the middle section is:

Uz hand—Uz straigth 59-52
= =0,12 19
Uz hand 59 ’ ( )

This difference of 12% seems to indicate that the hand calculations are more conservative in
their approach.

Comparing geometries

The difference between an Abaqus model with straight webs and design nr. 8 is:

Uznrs —U, straigth __ 52—51
oty — 22251 — 0,02 (20)

This indicates that there is very little difference between those specific geometries. There are
however cases were the geometry seems to influence the deformation more. In Figure 45 it can
clearly be observed that the angle influences the buckling behavior of the section. For most
cases an increased angle means larger deformations.
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In Figure 48 it can be seen, that the lateral deflection varies significantly depending on the
height of the cross section. For the same load situation, the smallest lateral deflection of the
webs was for the lower sections of 1.25 and 1.35 m, and the higher cross sections had higher
lateral deformations. The lateral deformations also depend on the angle of inclination of the
stiffening part of the webs. Smaller inclination gives smaller lateral deformations. The webs
with the angle of 60 degrees had the highest values of lateral deflection. This seems logical
since the geometry creates an internal moment (Figure 59) in the stiffeners. This leads to
increased deformations.

lF

Figure 59. Internal moment in stiffener. Increased a) or e) increases lateral deformation of stiffener.

Deflections

The deflection limits are satisfied for all the deck sections of different heights. However, to
assure the safety limits the sections of 1,25 m and 1,35 m height require more composite FRP
material to be used. The sections of 1,5 m height are lightweight, fulfilling the deflection limits
they needs lesser amount of FRP material in the section.

6, = 66,77[mm] > 64 [mm] for middle section
0, = 66,77[mm] > 62 [mm)] for edge section
Omax = 80,00[mm] > 58[mm] for middle section
Omax = 80[mm] > 75[mm] for edge section

As described before, FRP is susceptible to creep, checking the results for the deformation
presented in Table 33 gives:

Scr ) . .
Zereep — 225 _ 071 for middle section (21)
Smax 64

9 53,8 i
creep _ = 0,87 for edge section
Smax 62

Which means that the creep part of the deflection due to permanent load is 71 respective 87 %
of the creep part of the permanent load plus the instant deflection of the variable load.

Stresses

The stresses in the proposed section are below the safety limits stated by PNG Design guideline
for the material strength of FRP.
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FRP material strength with regard to the short-term load in ultimate load state (see table 15):

far = Nema X —2— = 0,81 x 122 = 209,1 [MPa] > o, = 33[MPa]  (22)
YM,PNGdesign 1,823

far = Nema X 72— = 0,81 x 77 = 311[MPa] > 0, = 9,14[MPa]  (23)
YM,PNGdesign 1,823

FRP material strength with regard to creep rupture under the long-term load (see equation 10):

0.3Xf 0,3 x470,7

far = 1Me X m =038 x === 29.5[MPa] > o,, = 15,5[MPa] (24)
0.3Xfkr 0,3 X70

e = e X e~ 038 X gy = 44 MPa] > 0y = 44 [MPa]  (29)

The utilization ratios corresponding to those values can be seen in Table 42.

Table 42. Utilization ratios for stresses in ultimate limit stat and quasi permanent limit state.

Load combination Stress Utilization ratio
ULS Bending 16 %
ULS Shear 29 %
Quasi permanent Bending 53 %
Quasi permanent Shear 100 %

The only stress that seams critical is the long-term shear stresses (creep rupture). The stresses
at the section approached the material strength limit. Some factors about the reliability of the
shear stresses should be mentioned. The material strength values were taken as a reference
values provided by manufacturers for FRP materials and should be regarded as approximate.
From the design side, the area with the largest shear stresses was allocated close to the supports.
The support condition causes a stress concentration. The area directly near to the boundary
conditions was ignored when evaluating the shear stresses, since the boundary conditions in the
real construction are unknown. But there is however still a chance that there is an influence of
boundaries in modeling. Therefore, the analysis regarding creep rupture due to shear stresses
remains inconclusive. A more thorough analysis with boundary conductions designed to do not
cause stress concentrations may be a way to reach a more conclusive result.

Buckling

As seen in Figure 56, the most efficient geometries regarding buckling are the lower ones with
a height of 1.25 m and 1.35 m. This is logical since those sections are less slender than
geometries G7 to G17 of 1.5 m height. It is however shown that it is possible to reach enough
buckling capacity even with very slender cross-sections. Comparing these sections to each other,
an angle of 30 to 45 degrees was found to be the most efficient. In those buckling modes the
global buckling has been prevented and local buckling modes become critical.

The buckling analysis was performed without initial deformations. Pre-cambering was not
included to the modeling procedure. It was proven in the previous section that creep is an
important factor when designing with FRP. In reality the buckling at the end of the lifetime of
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the ecoducts will have initial, creep dependent, deformations that must be taken into account
when analyzing the buckling behavior. This has not been done in this analysis.

The cross sections with the longer vertical element (a) of the stiffening part (concepts G16, G17)
showed worse performance compared to the solutions with the element length of 100 mm and
buckled earlier. This may again depend on an internal moment (Figure 59) in the stiffener where
the longer vertical part gives an increased initials deformation.

Combined results

The static and buckling analysis of the geometries G8 or G9 showed the most material efficient
designs. Taking the lateral deformations into account, design G8 performs better.
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7 Discussion

The various stages of each sub-study have been discussed extensively in Sections 4.1.3, 5.2 and
6.6. One of the major challenges in this thesis was the width of the investigation. It ranged from
defining a case and context relevant for ecoducts to the preliminary designs evaluation and the
definition of the final design solution with the sectional optimization.

Each of those three subjects could have been one thesis. Therefore, it was, of course, necessary
to consider each part of the study, however, limiting the investigation in the point when the
sufficient knowledge was gained for an efficient design of an ecoduct.

Fauna and infrastructure was treated on a national level. The statistics showed quite clearly
which kind of roads were problematic in connection with habitat fragmentation. It was also
quite clear what the minimum requirements are on the widths of those roads. There are, however,
no guarantees that roads keep to the minimum width. Additionally, there may be an interest in
adding more lanes to some roads in future. In the case used here, there is a margin of 3 to 5
meters. This is enough to compensate for smaller increases in road width, but not enough to
add a whole lane.

Theoretical requirements and limits do not always confirm with the reality. Not a single real
example of an ecoduct was analyzed in this thesis. This is also a weakness in connection with
the vegetation design.

For ecoducts more than for any other bridges, it is impossible to really define a typical case.
The precise design of the soil and vegetation will always depend largely on local vegetation
and terrain.

Preliminary design

The main focus of the preliminary design was on the production method and the deflection
limits. Major assumptions were made for both areas of investigation. It was not possible to
define exact layup of the FRP laminate or size limits. Each producer has different limits and
possibilities and again not a single existing manufacturing proposal regarding the FRP lamina
components, number and direction of plies was investigated in depth. The deformation largely
depends on the creep behavior, which in turns depends on the exact design of the laminate.
Here, the major generalizations were made.

Final design

The final design was approached as an optimization problem for the exact geometry of the
cross-section. A material was designed taking up the stresses generated. Two major issues,
creep and buckling, were investigated. How creep, developed with time, can affect the buckling
behavior of the developed sections was, however, not investigated. There also remains a large
number of details, such as connections, that need to be investigated.

One issue that was discovered was the shear stresses, especially for creep rupture. The results
remained inconclusive there.

General

In general, the investigation into the design of ecoducts from FRP was successful. A promising
design was developed and proved to be functioning up to a certain point. There remain several
details that must be addressed: some of them are the shear strength in quasi permanent load
combination, connections and fire resistance.
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8 Conclusion

An ecoduct design made of fibre reinforced polymer composite material was developed.
Several preliminary designs were developed and studied in order to determine the best possible
solution for the structural system and sectional geometry.

The bearing deck structural system was chosen for the final design decision. The webs were
modeled with the stiffened geometries of a various sizes. The final design was analyzed with a
finite element analyses to investigate the buckling behavior of the proposed deck section.

The following conclusions were made based on the study performed:

Fauna and infrastructure

Highways, motorways and railways are the largest barriers in Sweden. The permeability for
railways is less well defined than for roads. The bridge span over railways is not as clearly
defined and constant as for roads.

In order to ensure a comfortable crossing of the road for animals, landscaping on ecoducts is of
great importance. The requirements on vegetation were studied and the case-study was defined
with regard to the needs of animals. Generally, the whole ecoduct need vegetation but trees
only have a function of screening at the edges of the ecoduct.

Preliminary design

Initial design considered the existing manufacturing possibilities for FRP composite production.
These include:

Layup. The possibilities for exact arrangement of the fibres in different production methods
governs the material properties of the finished product.

Thickness and size. The thickness and size of individual components are often limiting in design.

The designs were developed with regard to joining technique which should be used to connect
structural members. The use of adhesive joints must be considered especially carefully since
they must be done in a workshop.

Final design

Production possibilities limit the material. These limits regard both the properties and the
dimensions of the sections. Deflection criteria are generally more critical than stress related
criteria. This is true for all stress criteria’s except the shear stresses in quasi permanent load
combination. The shear stresses in quasi permanent load combination are critical. This result
could be skewed by the analyzing method which is not very accurate for shear stresses near the
support.

The design was developed such as the proposed geometry of the ecoduct section is not complex
and the section can be produced with existing manufacturing technologies for FRP production.

The designed ecoduct can be assembled from parts on site. Several solutions are proposed.

It was concluded that buckling is governing in cases of very slender crossections. The section
height of 1.5 m was recognized the most efficient from the point of view of bearing capacity,
production possibilities and material use.

Stiffeners analyzed in the final design are most effective with a medium inclination of 30 to 45°
and of the small size.
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General

It is possible to construct ecoducts made of FRP. This can be done with the production methods
available nowadays. The size of such cross-sections is reasonable both from the point of view
of manufacturing of sections, as well as transport and assembling of the bridge.

In the design of material effective cross-sections, creep deformations and buckling are critical.
Small differences in geometry can change the buckling behavior.

Of'the designs investigated in this thesis, design nr. G8 in Table 34 is the most material effective.
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Appendix A — Interview questions

Interview questions for P. Bjorkman:

At which kind of roads is the biggest interest in conducts?

Is there a typical surrounding or terrain that is of special interest?
Is there also an interest in Fauna-bridges?

Is there a strategic plan for ecoducts in Sweden?

How does that interest look in terms of:

e Dimensions
e Shapes, connection to surrounding?
e Vegetation

Which features should be taken into account: How can this list be completed?

e Width

Length

Screening against noise and light

Vegetation around and on bridge, also including hiding spaces like stones.
Topography, do you have any concrete approaches for design here?
Sigthlines

e Disturbance of traffic during construction

About existing projects:
Is there any follow-up on existing projects? What has worked out as intended and what not?

e In construction
e In service
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Appendix B — Permeability of Swedish barriers

Permeability of Swedish roads and railways

total langd

barriar (km) 9 av totalt

{km)
Europavag 5393 70,5% 22563 7 646
Riksvag 4412 47,4% 4 895 9 307
Prim, lansvag 1845 16,6% 9 250 11095
Sek. lansvag 1114 1,5% 70994 72109
Tert. lansvag = 0,0% 343 343
Okant vagtyp 37 8,6% 391 428
Summa 12 801 12,7% 88 127 100 928
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ej barridr total lingd

barridr (km) 9 ovtotalt

{kkm) {km)
Arlandabanan 23 100,0% - 23
Bergslagsbanan 415 100,0% - 415
Botniabanan 182 100,0% - 182
Citytunneln 7 100,0% - 7
Godsstraket i Bergslagen 309 100,0% - 300
Grogdingebanan 31 100,0% . 31
Jonképingsbanan 112 100,0% - 112
Malmbanan 426 100,0% - 426
Malarbanan 221 100,0% - 221
Morra stambanan 336 100,0% - 336
Nvnasbanan 55 100,0% ~ 55
Ostkustbanan 394 100,0% : 394
Svealandsbanan 114 100,0% = 114
Sodertaliebanan 2 100,0% - 2
Sédra stambanan 592 100,0% - 592
Umea-Holmsund 1 100,0% = 1
Vastkustbanan 294 100,0% - 204
Vastra stambanan 466 100,0% : 465
Oresundsbanan 29 100,0% = 29
Stambanan i évre Norrland 660 94,9% 35 695
Skanebanan 106 90,1% 12 118
Norge/Vanernbanan 229 77.2% 68 297
Adaisbanan 154 76,7% 47 201
Sala-Oxelsund 101 66,3% 51 153
Varmiandsbanan 120 59,2% 83 202
Ystadbanan 55 54,9% 45 101
Haparandabanan 139 54,5% 116 254
Ovriga jamvagar 293 54% 5157 5 450
Summa 5874 ' 51,1% 5614 11 488
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Appendix C — Barriers effects

Barrier effects

Source: (A Seiler & Folkeson, 2003)

Table 5-11 - Barrier effects by infrastructure element and animal species,

Infrastructure type/ Species Effect on species Source
Infrastructure element  affected
Al infrasiructure
Infrastructure verge Carabids Complete barrier to movement ML-S0A, 5.3.4;
{short grassy habitat {Eround perceived several metres from the Mader, 1984; F-50A,
with hugh disturbance beetles) edge of the infrastructure 5.4.5
levels)
Traffic All species Mortality due 1o direct hits and F-504,54.5
turbulence effects for flying species
Amphibians  Absolute barrier Yos, 1997
and reptiles
Foads and railways Reindeer Strong barrier effect results in MN-S04, 5.4.5
isolation of a reindeer population in a
previous summer grazing ground
{Snohetia) resulting in lower weight
and reduced breeding success of
iselated population
Roads and railways Epizoic Strong barrier effect Salvig er al. 1997
{mammal},

Major transport links
Rogeds

Concrete drainage ditch
Fencing

Part-fenced road

Fenced major road with
underpasses
Fenced major roads

Road surface

Major road
Railways
Railway*

106

synzoic {ant)
and ballistic
(self)
dispersed
plant species
Woll and
bear

Carabids
Waolf
Butierfly

Large
mammals
[(Moose,
reindeer)
Moose

Lynx

Butterfly
{and some
other flyving
species)
Mice

Grasshopper,
ground
bectles

Eastward expansion and
recolonisation from Sweden restricted
by barrier effect

Fresents a complete barrier at 50cm
depth

Fenced motorway not imponant
barrier to crossing

Partial barrier due to the difficulty of
manoeuvring in fight

Insignificant effect on populations

Barrier effect leading to overgrazing
as animals trapped in winter prazing
area,

Drispersal barrier likely to hinder
spread of reintroduced populations
Complete heat barmier due to
microclimatic effects

Complete barrier

Abzolute barrier

MN-50A, 54.5

F-SoA, 5.4.5
Blanco and Cortes,
1999

F-S04, 5.4.5

5-80A, 543

N-5oA, 5.4.5

CH-50A, 5.4.5

Berthoud, 1968

Wan der Reest, 1989

Bergers, 1997
(Cont"d...)
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Infrastructure type/
Infrastructure element

Species
affected

Effect on species

Source

Waterways
Infrastructure crossing
river valleys

River crossings

Culverts

Mice, newts,
spiders, ants
Marten,
hedgehog,
squirrel,
reptiles,
frogs, toads,
butterflies
Deer, wild
boar, hare,
birds

kingfisher,
dipper, grey
wagtail

Fish species

aquatic fauna

Strong barrier

Weak

No barrier effect

Risk barrier

Effects range from complete barrier
{dam) to minor effect (pollution, or
shaded and altered habitat under
bridges)

Semi-permeable barrier

(...Cont*d)
Bergers 1997

Bergers 1997

Bergers 1997

Salvig et al.. 1997

B-SoA, 545

Kemper, 1998

Source: National State of the Art reports
* [nformation not based on field research
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Appendix D — Road width
Road width VR110/120 according to VGU, Trafikverket:

A railing along the road is assumed

Railings: 0,5 m
Verge: 2m

Lane 1: 35m
Lane 2: 3,5m

Mid-verge: 1m
Mid: 5m*

Mid-verge: 1 m

Lane 2: 3,5m

Lane 1: 3,5m

Verge: 2m

Railings: 0,5 m

Total: 26,0 (Trafikverket, 2015)

Which gives the distance between the railings.

The working capacity of the railing is added The capacity H2 is assumed which gives a working
width W3 of 1 m (Safe Road Birsta, n.d.; Safe Road Traffic, n.d.).

*2 x 1 (working width for railing) + 3 m for midsupport =5 m
Slope : 2  freeheight = 2 X =X 5,1 = 6,8

The slope goes up to 2/3 of the free height of the bridge.

This makes the total width of an ecoduct to 40,6 m.
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Motorway section, [m]
Mid section
1:2 1:2
1% [PH: B 12

13 ‘ 13 i
| |

6,8 ‘

Figure 60. Section of typical motorway in Sweden.

Road width VR110/100 according to VGU, Trafikverket:
2+1 lanes.

Railing along the road are assumed

Railings: 0,5 m

Lane + verge: 5,1 m

Mid: 0,5 m (assumed, total width of railing)

Mid-verge: 0,3 m

Lane 2: 3,5m
Lane 1: 3,5m
Verge: 0,2m
Railings: 0,5 m
Total: 14,1 m (Trafikverket, 2015)

The working capacity of the railing is added. The capacity H2 is assumed which gives a working
width W3 of 1 m (Safe Road Birsta, n.d.; Safe Road Traffic, n.d.)

Slope : 2 X freeheight = 2 X =% 5,1 = 6,8

The slope goes up to 2/3 of the free height of the bridge.

This makes the total width to 29,7 m.
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Appendix E — Load combination

Table 43. Calculation of loads and load combinations for different load cases.

Permanent Variable Midspan Edge
&3 %
2 s | | 38 8 5
Load 2 2 '\8/ =) g ; o Ved | Med | Ved | Med
S 12 |3 2%z ¢
a |7 o |58 @ Z
z 2 &
S| o
* *
kN/m ) 12 130 [371] 251 | 120 KN/ | kKN* | kN/m | kN
2 m2 | m 2 m
Governi
ng load: QP.| 2 12 | 30 0 [0502] O
Fro| o2 |1z ] 30| B losoz| o
Qk | Live | SLS | 2 12 | 30 | 3,71 2,008 0
1,48
Qk | Snow | SLS | 2 12 | 30 4 2,51 0
. 1,48
Qk | Vehicle | SLS | 2 12 | 30 4 2,008 | 120
1) | Vehicle | SLS | 2 12 | 30 1’28 2,008 | 120
2) | Vehicle | SLS | 2 12 | 30 1’28 2,008 | 120
Qk | Vehicle | ULS | 2,7 | 16,2 | 40,5
1) | Vehicle | ULS | 2,7 | 16,2 | 40,5
2) | Vehicle | ULS | 2,7 | 16,2 | 40,5
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Load combination according to eurocode with Sweidsh annex

Basic geometry
L:=20m Structural span
W:=40 m Structural width
Wedge:=5 m Width of edge section
3
Iy(b,h]::b . L(b,h,r)=b-her?
12
dpv‘e‘- =0 mm eventual precambering
Load
L.

Q=2 —_+7m=3.714 — Variable load

m? 2-L+30m m?
§:=2.5 kN Snowload

m’
Q,.0.11=80 EN - L Service vehicle

3m
Quy o =40 KN-_L™
802k 13m
Qooiz =12 ﬂ Soil load in main part of bridge
mZ
Qsoit.edge =30 =e Soil load in edge section of
m bridge

gk=T —kN Selfweigth

m?
Deflection limits
B = 2 =80 mm 8y :=L=6‘6.667 mm

250 300

Taken from EUROCOMP Table 4.2, General public flooring.

delta_max: "The sagging in the final state relative to the straigth line joining the
(supports?)".

delta_2: "The variation of the deflection of the beam due to the variable loading plus
any time dependent deformations due to permanent load".
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Variable load: Pyp=0.4 =04 1hap:=0 isa—rlssl\;l)olr?s')t(})' r(esl\.l's?3 :2 T 25 |Es 63

Service vehicle: ¢0ﬁu =0 i o= 0 "!f’sz =0 2018:57
Snow load: Py =0.8 Py ,:=0.6 P, :=0.2
ULS Yo=1.35 Yort= 1.35 To= 1.5
kN : :
Quis1=Ya* Gk +Y6 Gsoit+ Yor * dpe+ Vg Pos 5= 33.664 == no service vehicle
m var. load main load
EN : :
Quis2 =Y Ik + V6 * Gsoit+ Vor * Wor* Ape+ 7 5=31.406 —- no service vehicle
m snow load main load
v BN s : 2
Quis.3=Ya* 9k +Va* Dsoit+ Yqr * Wor* Ay + Vg * o, + s = 30.656 —- service vehicle main
m load

Service vehicle

Qsv1=7qs* Qs.0.16=83.077 kN Addition to uls load
combination (b.3)

Quv2="Yqs Qsv.2:=41.538 EN

Quts = Quis.3=30.656 ﬂz Se in section
m "Longitudinalt load
actions" below

Middle section
Characteristic combination
SS-EN 1990 table A2:6

Gehar1 = 95+ Qsoit + Qyi + Yo" 5=24.714 ﬂg variable load main load,
m no service vehicle
. kN z
Qehar2 ™= Gr + Qeoir + 8+ Pop 4 =22.986 — snow load main load,
m no service vehicle
Qenars = i+ Gsoit+ Wop Qpre+ Yos» 5= 22.486 = Service vehicle main load
m
kN g G e (on
Qehar = Geharz = 22.486 —- Se in section "Longitudinalt load actions
m below
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Quasi permanent combination
SS-EN 1990 table A2:6

kN
Qapi= Ik + Qsoir+ Par* Qi+ o5 5=19.5 T no service vehicle
m
Edge section
kN
Quis.a.cdge =Ya " Ik + VG " Usoit.eage + Yor "Wor* Qg+ Yo Pos* 8= 54.956 —mz
kEN .
Quis.b.edge =V * I+ V6 * Dooitedge T Va5 * qfk*f'YQ"Pus'S: 57,064 ? ;:?;(_j load main
kN
Quis.edge *= Quls.a.edge = 54.956 E

kN
Gehar-edge = i+ Qsoiteage + A+ Yo, - 5=42.714 ey

kN
Qgp.edge = 9+ Qsoit.edge + Vo Qpe +Pos = 8=37.5 203

Calculation are per meter cross section

2
M(q) pt il Bending moment for 1 m wide
8 section.
2
M, 45.(q) ::m Bending moment for 1m wide
8 edge section.
M,(Q,z)=Q i Momen in middle from point
2 load at distance x from

z,=10 m Ty=Tm support, xmax=L/2

Characteristic load combination

Contribution
M, o char = (Mp (Q&v.lk ’ xﬂ) + Mp (Qa,v.‘Zk ) wl)) =0.369 MN-m F?Dmoégf‘::ze
Ms,v.c}wr2 = (Mp (Qs.v.lk Ll x]_) + Mp (Qa.w.r.ﬂc ? 332)) =0.415 MN-m :;ﬁglrd!e' uls
load

M, 4 char =M 4 char2=0.415 MN -m _ combination.

M cpary =M (Gepar1) = 1.236 MN -m Variable load main load
M iy =M (Qenars) + M.y char=1.54 MN -m Service vehicle main load

M, =M s =1.54 MN -m
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Quasi permanent load combination

qu:M( ):0.975 MN-m

Qgp
ULS load combination
M, 1= Mpy (Qq .1, 21) + M,y (Qy 4.2, T3) =0.561 MN -m
Moy =M (q,451) =1.683 MN -m Variable load main load
M, 5 ==M(qm_3) +M, , us=2.094 MN-m Service vehicle main load
M =M, 3=2.094 MN-m
Edge section
M s edge =M edge (qzds,edge) =2.748 MN-m

Me}arar,rdgc=: edge (Qdmr,edge) =2.136 MN -m

M g cage =M qge (qqpmye) =1.875 MN-m
Shear force at support

Shear force, at support, from

=Ll distributed load

2
V,(Q,z)=Q- Bk Shear force from point load at
L distance x [m] from support.
xmax=I/2
: 1m
Vs,u,'ulsl = (Vp (Qs.u.l 1 :‘El) * Vp (Q&DAZ ’ :'BZ)) " 1.3m =52.722 kN

1m _erb15 kN

Lim T O

Vovats =V avasz Contribution to shear from
service vehicle

Vs,u,‘ulsZ = (vp (Qs.ij.l !w‘Z) T V;n (Qs‘v‘Z ] wl)) "

Vwchar=Vp (Qsv.1k>T2) + Vi (Qs 265 T1) =55.385 kN
Vw'lsz(qid&l) =336.643 EN
Vusa=V (qw.:i) + Vi vus=364.072 KN
Vs i= Ve 3=364.072 kN
Venar1 =V (Qehar1) =247.143 kN Variable load main load
VW;i::V(qc,w;i) + V., vchar=280.242 KN Service vehicle main load
V ehar =V ehars = 280.242 kN

Vpi=V () =195 kN
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Edge section
Vs edge =V (Qus.dge) = 549.557 kN

Vc.imr.edgc =V (q{,m_mge =427.143 KN

qu,edge =V (qW.etd_g.&-_) =375 EN
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Appendix F — Preliminary design

Only design 9 (final design choice) is presented.

Preliminary design - Design 9

Basic geometry

L:=20m Structural span
W:=40 m Structural width
Wige=5m Width of edge section
beh® 5
L,(b,h):==— I.(b,h,r):=b-h-r
12
Load
P A,
Qpri=2 —_+7m=3.7l4 — traffic load
m? 2:.L+30m m2
§:=2.5 ﬂ Snowload
m2
Q. p1r=80 EN - 1an Service vehicle
1.3m
1
Quvze=40 kN-—
1.3m
EN

Soil load in main part of
bridge

Qi =12 g
m

Soil load in edge section of
bridge

Deflection limits

qsm'.i.edge =30 9

3

L _30mm 8ye=—L_=66.667 mm
300

"m::
250

Taken from EUROCOMP Table 4.2, General public flooring.

delta_max: "The sagging in the final state relative to the straigth line joining the (supports?)”.

delta_2: "The variation of the deflection of the beam due to the variable loading plus any time dependent
deformations due to permanent load".
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Variable load: Pop=0.4 Pyp=0.4 =0

Service vehicle: Popw=0 Pipw=0 VPop =0

Snow load: Py =0.8 P,,:=0.6 1y, :=0.2

uLs Yg:=1.35 Yor=1.35 Yo=1.5

Quis =Y * e+ Ve * Dot + Yo * Pop* Apx+7o * Yos* 5= 27.956 % service vehicle main load

Service vehicle
Qsv1=7qs* @s.01,=83.077 kN Addition to uls load combination

Q27 ="qs* Qs.v.26=41.538 kKN

Gohar =9+ Qeoir + ‘c‘;‘)nf “Qpt s 5=20.486 Ez Service vehicle main load,
m characteristic value
kN :
Qpe = Gr+ Quoir+ V1 * Qi+ P2, 5=18.986 —- var. load main load,
m no service vehicle
kN . :
Qop*= G+ Gooit + ‘!f)zf “qp+ Py rs=17.5 e no service vehicle
m
Edge section
kN
Quis.edge =T * Ikt 7 6 * Dsoit.edge T VOr* “J'I‘Of' Dk +Yg o, 8=52.256 ?
kN
Qehar.cdge ™= 9+ Quoit.edge T A+ Pos* $=40.714 T
m
kN
Qfr.edge ™= Ji+ Dsoiv.edge + Prp* Apre + P25 8= 36.986 F
kN

Qup.edge = I+ Gsoi.edge + Wop* Qp+ a5 8=35.5 ?

M,;,:=2.094 MN -m My ciget=2-748 MN-m
My =1.54 MN -m M o edge=2-136 MN -m
M,,=0.975 MN -m My cagei=1.875 MN-m
Ve =364.072 kN Vi i=549.557 kN

V her :=280.242 kKN Voari=427.143 KN
V=195 kN V=375 kN
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'Material properties
Eg,,=35.6 GPa E,,.~=113.2 GPa pyi=2022 % =

E,,=16.7 GPa E, =532 GPa

All material properties for
aQ :=3.6 GPa G.. :==4.0 GPa preliminary design taken from
sls-g 2ac "Design of an FRP Eco-bridge" (E.
Hallerstal, V Sandahl, 2018)
G g=1.7 GPa G, .=19 GPa

f&g :=470.664 MPa fre=591.011 MPa Design strength

Alla calculations are per meter cross section

3
I,(b,h)= b'lg L(b,h,r)i=b-her?

flange (Sandwich construction)

tf==20 mm

Uf.cdge =15

bf:ZI m

Web

t,=15b mm Ly edge ™= 1.3-1,=19.5 mm
h:=1200 mm

a::h—tf: 1.18 m

b:=180 mm bedge=:120 mm

c:=T0 mm

d:=270 mm check d < %:590 mm

e:=90 mm checke < d=270 mm

2
2 d—e . 3

L,=a—2-d+2-e+4- [c +( 2 ] ]:(1.276-10 )mm length along web
Lw.edgegsz
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Section constants

dpre =60 mm eventual precambering

h 1
Ip=2-I,(b;,t)) +2-Ir(bf,tf,§):0.014 m

h

I cage=2+T, (bs b1 cage) +2-1, (bf,tfmgmi]zt].[ll‘i m!

r — f wr

e w

Lﬂ!{’
=16.221 mm tuve.cge™ tu.cdge *—enl® = 21.088 mm
a

a

Equivalent thickness of web (thickness* L of web/distance between flanges)

1m 4 1m 4
erzzT-Ig‘| (t,,m,a)zﬂ.[]l? m Ly edge= b -1, (tm_edgma):[].OQLl m
edge
1 ; 1 ;
A, ==Tm Ly~ t,=0.106 m? A edge ==bl Lupedge* tuwedge=0-207 m?
edge
I=I;+1,=0.027 m* Teage =Tt cage + Locage= (3-846 - 10") mm!
Af:: 1m- tf
A=A, +2-A,=0.146 m’ Aage’=Aw.edget 2+ Ap=0.247 m?
Gk.actual =Py A+ g=2.902 ! -EN gk taken as 7 kN/m~2
* m
Deflection
FV = L
Opg (k, ,FV,E,I) =k, - 1 Deflection due to bending, F total load on beam
F-L :
dy (kz ,F,GW,A,L) =Ky Deflection due to shear, F total load on beam
A-Ggy,

EUROCOMP:
F - total vertical load

i 5 il 1 EI - flexural ridigdity
15= 384 2 :_g A - Shear area of web
Gxy - in-plane shear modulus of web
g e L Ko k1 k2
1pl0*= 48 2p10°= 4 5/384 1/8 uniformly distributed load

1/48 1/4 point load, 10m

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-19-96 119



1p7 =

Middle bridge section
Ontfina =0 (K11 Qgpe L1 M, E,, . 1) =81.642 mm
8y fina =y (K2 Qgp=L+1 M, Gy g, Ay, L) =4.84 mim
8 finat ™= Ontfinat + 0 finat — Apre = 26.483 mm
Edge section
Ontfinatedge =0 (K1 s Agp.eage L+ 1 M, By g, Iogye) =115.143 mm
Oy final.edge =0y (kz s Qyp.edge L1 M, G,,.,_g,Aw,edye,L) =5.035 mm

O finat.edge = Ontfinal.edge T OV finat.edge — Opre = 60.178 man

Gereep =9+ Qo =17 ey Qerep.cdge = 9k + Usoit.edge = 3D Py

kN EN
Ginst = Qehar — 9k — Gooit= 3486 F Qinst.edge "= Qehar.edge — Ik — Qsoit.edge = - 714 T

m
Ontinst = Opr (k1 Gingt* Le1 M, By, g, I) + ‘SM(klplﬂ 1 Qav1kr Basg J) +0pm (klp'T 1Qav 2k Eateg ,I)

6M(.1'Bep:=§M(k1!qcr‘eep'L'1 m,Ecr_g,I)—(sM (kl,qmp'L']. m,Em’y,I)=42.105 mim

Optshort ™= Orinst T 5Mmp =65.24 mm

Oyins =0y (kz yQinst* L1 M, Gy gy Ay L) +oy (k2pl[)! Q018+ Qs.025 GitsgrAw L)

6Vmp:=6V(k2!Q|:reep'L' 1 m!Ccr.g!Aw!L) _6V'(k2tqcreep'L' 1 m:GsI.s,gaAwsL)

Ovshort = Ovinst + Overeep=4-142 mm

O hort = Ontshort + Ovshore = 69.383 mm
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Edge section
5M§ﬂ8f-=:6M (k]_ L] Qimr..edge -L-1 m, Estu,g 1 Iedge) =8.694 mm

5Mcreep‘:6M(k1-rQweep.edge'L' 1 m)Ecr.giIedge) —6M(k17Qm-eep.edge'L'] maEsf.s.g )Iedge)

6M&fwr£,e.d_ge = 6”5‘13; + éMcreep = 68- 963 mm
Svinst =0y (K2, Qinst.eage* L+ 1 M, Gy g3 Ay eage; L) =0.383 mm

5Vcreep =dy (k2 s Geveep.edge Lm, Gcr.g ’ Awedge ’ L) —dy (k2 s Qereep.edge L:1m, Gsi'.s.g 7Aw.edge ’ L)

Ovshort.edge = OVinst + Overeep = 3-003 mm

aafwrt,edye = aMafwr!.,edye + 6V5ML,edye =T1.965 mm

I y S
m==¢= 10.316 MN -m Mo o JeageSug _ 14.838 MN -m
(a+2-t) (a+2-t5)
M M,
U 0,203 _uleedge _0.185
Rd Rd.edge

M, M

char _.149 charedge _ (g 444
Rd MRdﬂdge

M, M

% _0.095 —apedse _.126
Rd Mfed,edge

possible amount of precambering

O tg.creep = On (kl +Qereep*Liv 1 m,Em._g,I) =79.31 mm
Svy.creep=0v (K23 Qereep® L+ 1 M, Gy g, Ay, L) =4.702 mm.
8 .creep™=Optg.creep + Ovg.creep= 84.012 mim

Edge section
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'5Mg‘mep::6M (k] 3 qcmep.ed_qe «L-1 m,E,,,._g ?Iﬂdgn’.) =113.521 mm
‘ng.mmep =0y (kz 2 Qereep.edge L:1m, Gcr,g ) Aw,edge ’ L) =4.964 mm

6g(mp.edge = 5Mg,cﬂ:ep + 6Vy.creep =118.485 mm

Deflection checks and summarization

Deflection for middle and edge beam, long term (quasi permanent load)
Limit:
O fina=26.483 mm 8 final.edge = 60.178 mm 8 =80 mm

T

Deflection for middle and edge beam, short term defl. of var. load + long term defl. from creep part of
deadweigth (quasi permanent load)
Limit:

8 o =69.383 mm 8 hort.cdge=T1.965 mm 5,=66.667 mm

h=12m Heigth between flange centres

Spacing between webs

b=180 mm begge=120 mm
t,=15 mm Ly.edge=19.5 mm Thickness of web
L,=1.276 m A,=0.106 m? Length for 1 web and area for 1 m
wide web section
Ay cdge=0.207 m?
I=0.027 m* I,45.=0.038 m*
Total material use (not equivalent):
w-2.W,,
Apa=(Ap+2+1 met;) [ ———|=4.39 m?
= (At 201 ) (e
2 'Wedge

Atoml.edge = (Aw,edge +2+1m- tf‘edge) * ? =2.474 m2

Ag,mm,rmnhimd ’:Amm +Ammhedge =6.864 m2

Selfweight
Ay+2-t,-1m EN
gk;:g.if.pgzg_goz =
1m m
A A2t 1m EN
w.edge ‘[.edge
=gq- «p,=4.905
Gk.edge™=9 T Py o
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Appendix G — Hand calculations, final design

Basic geometry

L:=20m Structural span
W:e=40m Structural width
Wegge=5.3 m Width of edge section
Load
T
qpei=2 et OGP 1 traffic load
m2 2:.L+30m ﬂ'],‘2
§:=2.5 e Snowload
m2
Q,.,.1:=80 EN- Lm =29.63 kN Service vehicle distributed on 2.7 m.
2.7m Since the calculations are fora 1 m
wide crossection the load is calculatted
Q, 0. =40 kN - 1m —14.81 kN for 1 m in transverse direction.
o m
Qopizi=12 ﬂg Soil load in main part of
bridge
kN

Gsoi.edge =30 —5- Soil load in edge section of
oy bridge

Deflection limits

L:SO mm 8y ::i:66.67 mm
250 300

Taken from EUROCOMP Table 4.2, General public flooring.

delta_max: "The sagging in the final state relative to the straigth line joining the (supports?)".

delta_2: "The variation of the deflection of the beam due to the variable loading plus any time dependent
deformations due to permanent load".

O mazi=

dp,.e =30 mm

Load combination

For evaluation of different load combinations se seperate appendix about load combinations.

Variable load: Pop=0.4 Pyp+=0.4 Poy=0

Service vehicle: Poguw:=0 Pifw=0 Pop =0
Snow load: Pp.=0.8 P,,:=0.6 Py :=0.2
uLS Yo=1.35 Yor=1.35 Yoi=1.5
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Miadle section
ULS load combination

EN
Quis=Y6 " 9k +76 * Tsoit + Yor* Vor* U+ Yo" Yos*5=25.26 — service vehicle main load
m
Service vehicle
Quv1=7qs* Qsv.1e=40 EN Addition to uls load combination
Qﬁ.n.ﬂ =:7Qf' Q.ﬁ,u,?k =20 kN
5LS load combinations
Qehar™= 9+ Qooir + wﬂf . qﬁ_.—|—1,bm +5=18.49 T Service vehicle main load,
m characteristic value
EN ) :
Qgp=0r+ q”,j_;—f'wgf' Qs +1hy,+5=15.5 T no service vehicle
m

Edge section
ULS load combination

EN
Quis.edge ™=V * Ik 76 * Dsoit.edge T TQr* ¢0f’ 9 +Yq* YPos* 5=49.56 F

SLS load combination
. kN
qchﬂr.edge =g+ q_goﬂjdgg + ka + 1}!10_, -5=38.71 E

kN
Qyp.cdge =i+ Gsoit.edge T Par* Qg+ Pas*5=33.5 F

M, =2.094 MN-m Moy, 4ge=2.748 MN -m
M pp:=1.54 MN -m M ciget=2.136 MN -m
M,,:=0.975 MN-m My e4e=1.875 MN -m
Vs i=364.072 kN Vots.edge = 549.557 KN

V ehar 1= 280.242 kKN Vehar.edge=427.143 kN
V=195 kN V op.edge =375 KN

pyi=2022 kg Density

m3
Elastic modulus (E) in x and y direction and shear modulus (G).
Flange:



Epp=32387 GPa  Ejy,=15.472 GPa

Gy y=5.651 GPa

Web, middle section:

E,,:=15.219 GPa E,,=16.8822 GPa
G, »=10.201 GPa

Web, edge section

By cdger=21.594 GPa Ey edge.yr:=17.594 GPa

G 8.401 GPa

w.edge.k *=
Characteristic capacity,

fir=470.664 MPa tensile strength
Tayk =10 MPa Shear strength

Materail safety factors
Tm1=225  Ypp=1.1 Ynz=2.6

Yar=Yar ~Yar2~Yars =6.44 Eurocomp
T = 1.35 Yarei= 1.35
Yo=Yz =1.82

Convetrsion factors for environmental conditions and creep

1.:=0.38 Conversion factor for creep action

Nema :=0.81 Conversion factor for momentary loading

Material properties for instant load conditions:
Flange

E;=E ;) *Nema=26.23 GPa E; =E;, *Nomy=12.53 GPa
Gr=Gyp* Nema=4.58 GPa

Web, middle section
B, =E,;*Tmi=12.33 GPa By =Epyk* Nema=13.67 GPa

G =Gk ema=8.26 GPa
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Web edge section
E‘w.edge = Ew.edge.k *Nemd = 17.49 GPa Ew,edge‘y ::Ew,edge,y,k *Nemd= 14.25 GPa
Gu:‘ed_qe = Gw,edge_k *Nemd = 6.8 GPa

Material properties for long term load conditions:
Flange

E;o=E;;-1n.=12.31 GPa E;yeor=Egy 1.=588 GPa
Gf‘ﬁJ: G_fk ‘7}c= 2. 15 GP“

Web, middle section
E,o=F,r1.=578 GPa E

w.a.er = Puyk® Me

=6.42 GPa
Gupo=Gur1.=3.88 GPa

Web, edge section
Ew.edge.cr =Ly edgeke* Tle = 8.21 GPa Ew,edge,y,cr =Ly edgeyk* e = 6.69 GPa

Gm,ed_qe,cr = Gw,edge.k -7,=3.19 GPa

Material properties, ULS load conditions
Flange

Nemd Nemd

e 14.39 GPa A —6.88 GPa
M

E FULS ™= E fk®

Nemd
T

Grurs=Gpx* =2.51 GPa

Web, middle section

E‘w = Ew.k' oo =6.76 GPa Ew,y,ULS:= Ew.y,k x nﬂ: 7.5 GPa
Tm Tm

Nemd
Tm

=4.53 GPa

Guurs=Guk*

Web, edge section

Nemd Nemd
=9.6 GPa Ew.edge,y,{!w:= w.edge.y.k -'Y— =7.82 GPa
M

Ew.fd.ge.UL»S =Loyedge.k ®
M

ncmd
Y

Gw.edge.!’_fw = Gw,edye,k . =3.73 GPa
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Strength in shear

Web area necessary:

Web area neccessary according to EUROCOMP for middle respective edge section:

WV — WV :
A= T (9.48-107) m? Mg N SR

T:r:y.k

=0.01 m?

T:r:y, k

Web geometry, middle section

The heigth of the cross section is given as a function of the thickness and spacing of the
webs. The thickness t(w) is the total thickness of each web, that means the thickenss of
both web plates togther.

h:=0.8 m,0.85 m..2 m= IDS] m Height of cross section
A,=(9.48-107%) m? Webarea of 1 m wide crossection
Spacing of webs Thickness of webs corresponding to specific spacing
A, b
fogyr=Hih e 50 e [9'591 mm
’ h 1m s
A, b r 1
b190:=100 mm tpi00 == 1.'18 mm
h 1m :
A b [ T
b150:=150 mm tyasoi= e 1.'78 mm
h 1m ]
A'n' b [ 5 ]
bogn =200 mm bt B 200 _ 2.37 e
h 1m :
A‘u} b F [
by =250 mm e 250 _ 2..96 i
h 1m :
A, b EXA
bm,::3{]ﬂ mm tw 900°= w 7300 - :?.JJ —
’ h 1m :
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1.91

1.8+

Ly

0.2 LG5 0.9 125 1.6 1.946 23 2.65 3 335 3.7

Ly 50 [m.m) Ly.100 (mm) by.150 [mm]
)

tyoon (Mm)  t,050 (mm) 1,30 (mm)

Web thickness as function of crossectionheight and spacing of web elements.
A thickness between 0,2 - 3,5 mm is not reasonable. The number should range from 1
mm upwards. A(w) = 6 A(w)

h:=0.8 m,0.85 m..2 m= IDS] m Height of cross section
Ay,=6-4,=0.06 m’ Webarea of 1 m wide crossection
Spacing of webs Web thickness corresponding to specific web spacing
A'm bﬁ 3.55
bgo:=50 mm by sp= e ——= [2 : )] mm
h 1m :
A, b r
by0:=100 mm byaoo=——" s 7:'” ] mm
h 1m L :
A b B [
bygo:=150 mm b 150 = = 1066{ 1
h 1m ;
A, b [
bagp:=200 mm bn200 = e = 1%'22 mm
’ h 1m :
A br I [-
bys =250 mm b 0= s 1?'77 mm
’ h 1m i
Ay Dy [21.33
by =300 mm tos00°= . = f mm
h 1m :
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5.4

tw,.';u.b [mm]

9 11 13
ty.i00 (mm)

15 719 m
twaso (mm)

tw,?l)ﬂ (mm)

tw,zsﬂ (mm)

L300 (mm]

Web thickness as function of crossectionheight and width of web elements

Web geometry, edge section

h:=0.8 m,0.85 m..

Aw,edge =3 Aw.edge

Spacing of webs

b5n =50 mm

2m=

bygp=100 mm

by50:=150 mm

b2[]ﬂ =200 mm

b25u =250 mm

b3uu = 300 mm

il

Height of crossection

Shear area increased for same reason as
in middle section.

Thickness of webs corresponding to specific spacing

[2 .68

t

t

t

tmjﬂﬂ,edge =

t

tw,lj[)(],edge A=

w.50.edge =

w.100.edge *=

w.150.edge *—

w.250.edge *=

Aw.edg\e: b&)
= i

h 1m

Aw.e:dgt’. . blUU _
h 1m

Aw.edge ; bl5fl
h 1m

M. bznn
h 1m

A—m.cdg& . bZ.’)ﬂ
h 1m

Aw.edge i b3ﬂﬂ o
h 1m

| mm

5. 37]
mm

'8.05]
. mim
'10.73]

. mm
[13.41 ]

¥ mm

'16.1]
s mim
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1 25 4 5.5 T B (] 11.5 13 14.5 16 17.5
Loy 50.edge (mm) b 100.edge fmm Loy 150.edge (mm)

tw,'zin.edge (mm) tm.Q.’iDmdga (mm) twﬁl’lﬂ.adge [m)

Web thickness as function of height of crossection and widht of web elements.

Nessecary W due to bending in ULS

M,
W= IM s _ (8 11.107%) m? Wegge:
Jik Juk

In this section the necessary moment of inertia I according to bending is calculated

Fy-L?
I; (kl Fv.E, 5M) =k, - Nessecary moment of inertia as function of deflection due
E-dy to bending, F total load on beam
F.L :
dy (k2 F Gy A L) =Ky Deflection due to shear, F total load on beam
A-G,,
5 1 EUROCOMP:
| kar=— F - total vertical load
1 384 ) EI - flexural ridigdity
A - Shear area of web
1 1 Gxy - in-plane shear modulus of web
k = k. =
T g Kk

5/384 1/8 uniformly distributed load
1/48 1/4 point load, 10m




Middle bridge section
8y finat=0v (K3, Qgp=L+1 M, G,y A, L) =3.52 mm
On = O pmaz — Ovfinat + dpre = 106.48 mmn
Lginai=15 (K1, qgps Lo1 m, B ., 6,,)=0.02 m*
Edge section
8V finat.cdge =0 (K25 Agp.eage* L+ 1 M, Gy cage.crr Aw.cdge, L) =12.22 mm
Op1 = O e — Oy finat cdge + Qpre=0.1 M0

Isfinat.eage =15 (kquqp,edge'L'l m!Ef,cr16M):U'06 m*

Permanent loads

kN EN
ereep= Gkt Qsoit= 15 ? Qereep.edge ™= gk"'qsoikedgezss ?
Characteristic load without the permanent loads
kN kN
Qinst ™= Gehar — Gk — Qooir=3-49 ? Qinst.cdge = Uehar.cdge — Ik — Dsoiedge = D-T1 ?

Shear deflection

Oyina =0y (kz 1Ginst* L1 M, G, A, L) +dy (kzpm: QuvartQuvzr>GurAus L)
JVWPEZJV(}GZBQMP'L'I m‘!Gw.u'!Aw!L)_'SV(kZ!QCreep'L'l m!GwsAwsL)

OV short = Ovinst + 5Vc,.up =2.65 mm
d,=66.67 mm requirements accroding to EUROCOMP

3y =00 — By ghor =64.02 mm Maximum allowable deflection from bending

Lsine=15 (k1 1 Ginst* L= 1 m, Ef!‘sM) +1; (klplus Qevarr Ey, 5M) +I; (klp'hQsmﬁk!Efs 5M)
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J&Teep::IJ Uﬁl rqcree.p'L' 1 mr-ﬂ_f.crsaﬂrf) —1; (k’l rqcrc:e.p'b' 1 mr-b‘fsdﬁd)

Lsshort =L sinst + Lsereep=0-03 m' Necessary Moment of inertia
for requirement delta 2

Edge section
Svinse =0y (K2 Qinst.cage* L+ 1 M, Gy cages Ay cage » L) = 0.98 mm
5Vmp =4y (kz s Qereep.edge ® L:1m, Gw.edge.cr ?Aw.edge ) L) =0y (k2 y Qereep.edge -L-1m, Gw.edge !Aw.edge ) L)
Ovhort.edge "= Oinst + Oereep= T-37 TN
0,=66.67 mm requirements accroding to EUROCOMP
Op17= 02— Oy ahort.cdge = 59-3 TN Maximum allowable deflection from bending
Isinst =15 (kl s Qinst.edge= L1 M, By, 5M)

I&rmep =1 (kl s Qereep.edge ‘L-1m,E;,, JM’) 3 (kl s Qerveep.edge * L-1m,E;, 6M)

Lsshort.cage =L sinst T Lsereep=0.06 m' Necessary Moment of inertia
for requirement delta 2

Summarization

Minimum requirements on geometry for different requirements:

Shear (ULS): A,=0.06 m’ Ay cdge=0.04 m?
Bending (ULS): W= (8.11 . 10_3) m’ Wogge=0.01 m’
Deflection (q.p.): Isina=0.02 m* Isinat.cdge=0.06 m'
Deflection (char. + @.p.):  T5gpore="0.03 m* Isshort.edge="0.06 m*
I5:=max (Iﬁfimd W, Mml) I d.edge = MAX (I dfinal.edge » 1 ert,e(iyc)
Middle section

Flange geometry
From bending

h g Minimum moment of inertia from bending
Tyending ==W-E: [?'24'10 ] m! requirements.
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1;,=0.03 m* Minimum moment of inertia from deflection
requirements.

The moment of inertia from the deflection criteria is dimensiconing.

3
I,(b,h):= 2 1;’ I(b,h,r):=b-her? Formula for moment of inertia
Width of calculated crossection
bf:Z] m
A
tw=:?“’: [9‘07] m Total thickness of web /m

Moment of inertia from web

E .10~
Im::fy(tw'erh]Z [7‘82 10 ]m"
F z

thickness of flange to reach the required moment of inertia as function of

higth
[ 2.36.107° |
[0.8 97 ] 2.08-1077
0.85 85 2.23-107"
0.9 76 2.23.107%
0.95 68 2.15-107*
1 61 2.08-107°
1.05 55 1.53-107*
11 49 L77:10=
1.15 45 T
g 1 1.68-10 '
1.25 37 al
1.3 34 119107
1.35 31 8.68-10""
h=[14 |m t;=| 29 | mm 2-I:,,(bf,tf)+2-I,(bf,tf,g]+1, ~I;=| 1.21-107° | m*
1.45 26.1 3.97.107"
1.5 24.1 2.52.107*
1.55 22.2 —794.10°¢
1.6 20.6 _1.15.10-4
1.65 19 —4.91.10~4
V75 164 50410
1.8 15.2 ~7.57-107"
1.85 14.1 ~1.03-107"
1.9 13.2 —1.3-107"
1.95 12.2 -1.37.107°
2 [11.4 | —1.77-107%
[—1.92.107%
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11 1.5 2B a6.5 45 5.5 62 0.5 ™ arh 06

te (mm.)

Flange thickness as function of height of crossection.

Edge section section

Flange geometry

I i Lh_ [4.25-10—"]
bending.edge *— 'V edge E_ .

h (m]

Minimum moment of inertia from bending
m? requirements.

I cdqe=0.06 m’ Minimum moment of inertia from deflection
requirements.
The moment of inertia from the deflection criteria is dimensioning.

by=1m Width of calculated crossection

Aw.ed_q.r? 0.05
tW’. edge = h_ = . m

Total thickness of web / m

E 104
T eage=1y [tW,edge'Fw, h] = [‘?'9 10 ] m' Moment of inerita from web
f
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Thickness of flange to reach required moment of inertia as

function of hight [—1.66.107*]
[0.8 171 ] -1.62-107*
0.85 152 —1.51-107%
0.9 136 —1.54.107*
0.95 122 —1.55.107*
1 110 ~1.36-107°
1.05 100 _]-34‘]0—3
L= 9 -1.4.107"
1o o 1.45+107*
1.2 76 T
1.25 7[} _1.54 - ].U
1.3 65 —9.62-1{]_j1
1.35 60 h -1.06-107"
h=|14 |m  t;=| 56 |mm 2.1, (b, t\+2-1 |b, t,,—|+1 —1I =|-6.94.107*| m*
' RN R r| YF 0y w d.edge
1.45 52 2 74110~
1.5 48 ~1.23-107
1.55 45 _gq-l i 10—4
1.6 42 -3
—1.1-10
1.65 40 A
37 38 e
1.75 35 4.53‘10
1.8 33 —6.55.107*
1.85 30.8 —5.73.107"
1.9 29.0 -1.1-107*
1.95 27.5 —1.24.107*
2] [ 26.0 | ~1.06-107°
[—1.11-1077
A
24
1.9+
1.8+
1.E:-]-5
1.5
1.4+
1.24
"
0.9+
081
- 2% 40 5 70 a8 100 115 130 145 160 175 "
ty (mm)
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Hange thickness as runction of crossection height.
If the maximum possible flange thickness is set to 25 mm there is no feasible
solution. If the web area must be increased.

The same assumption (tf = 25 mm) gives h = 1,55 m in the midle section of the
bridge.

Ly edge =25 mm h:==1.5m Flange thickness and hight are
assumed
I eige:=2Ty (b tpeage) +2- 1, (bf, tf‘edge,g] =0.03 m* Moment of inertia from
flanges

Required moment of inertia
I cige=0.06 m*

Ly cage =1s.cage—If.cage="0-03 m* Required moment of iertia
from webs
= IQ'Iw,edge. Ef g . 2
U edge = s . =159.29 mm  Required total thickness of webs on 1 m
h Ey cdge wide crossection
50
b,,_dg,,_:: 50 mm 55 mm.. 300 mm= 55| mm

t Thickness of webs as

function of thickness

1m

be.d e 7.96- 10_:;
w.edge " tW.edge'—g_ [ . ’ m

b,

edge [mm]

7.5 1.5 15.5 19.5 23.5 275 35.5 39.5 43.5 47.5 51.5

31.5 3
“w.edge (ﬂlﬂt)

Web thickness in edge section as function of width of web elements.
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Final geometry & control

Middle section
h:=15m b:=150 mm Hight and spacing of webs
t;:==25 mm Thickness of flanges
Ay b : ; g
by =—- =5.69 mm Thickness of individual web plate
h 1m
A, :
twazT:[].D-i m Total thickness of web / m

E‘m 3
LT (tw- ,n]: (2.75-107%) m*
Ey

I;=2-I, (b, 1) +2-Ir[bf,xf,%)=0.03 m*

I:=1,+1;=0.0309 m’ Moment of inertia for cross section

1,=0.0296 m* Minimum moment of inertia

Edge section
by cdge =50 mm Spacing of webs

tf.edge = tf= 25 mm

ty.cage =8 mm Thickness of individual web plate
1 :

b cdge ::bi-twmge: 160 mm Total thickness of web / m
J.edge

E‘w.ed 3
I!U.E‘.dge = Iy (tW.e‘.dgc- E L s ):0.03 m4
1

h 1
I ogge=2-1, (bf,tf_mgc) +2.1, (bf, L1 edge ’E] =0.03 m

Lgge =1 cage+ 15 .cage="0.0581 m' Moment of inertia for cross section

I5 0440 =0.058 m! Minimum moment of inertia
far cross section
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Formulas for bending

Fv' LS ; ;
dyg (kl v E, I) =k iz Deflection due to bending, F total load on beam
F-L :
dy (kz Gy A, L) =Ky Deflection due to shear, F total load on beam
A- Gmy
EUROCOMP:
ko= 5 k ,:l F - total vertical load
x 384 2 8 EI - flexural ridigdity
A - Shear area of web
1 1 Gxy - in-plane shear modulus of web
k = k =
1p10 48 2p10 K K

5/384 1/8 uniformly distributed load
1/48 1/4 point load, 10m

Middle bridge section
Stginat=Ont (ky , Gy L =1 M, By, 1) =84.98 mm
Sy finar=0y (k2,4 L+1 M, G, o, A, L) =3.52 mm
8 finat ™= Ot finat + O finat — dyre = 58.49 mm
Edge section
Ontfinal.edge ==5M(k1 yQgpedge o1 M Ep ,Iedge) =97.55 mm
8v final.edge =0y (k2 e B O e Mooy L) =12.22 mm

O finat.edge = OMfinat.cdge T OV final.cdge — Qpre="T79.78 mm

kN EN
qg-reep =Gkt Qooit = 15 2 Q(:reep.edge =gyt Q‘sm'l,edye =33 9
m m
EN EN
Qinst ™= Qehar — Ik — Dsoit = 3:49 ey Qinst.edge *= Dehar.cdge — Ik — Dsoil.cdge=D-T1 y

5Mimt‘:6M(k11 Qingt* L+ 1 maEﬂI) +5M(k1pu]1Qa.u.lk1EfrI)+5M(klp7’Qa.u.2k1EfrI)

Sntereen =00t (K15 Qoreep* Lo 1 M, By o 1) —8pp (Ky s Gereep* L+ 1 M, By 1) =43.66 mm

138 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-19-96




Note: Both point loads from Q1 and Q2 placed in middle of span (10 m) for shear deflection.

Oyins =0y (kQ yinst* L1 M, G, Ay, L) +0y (k2pl 0y Qsvak T Quwzks GusAws L)

6V{:mep::6V (k2$Qmwep' L-1 m!Gm.nr!A'm}L) _6V (k‘Zl Qm-eep°L' 1 mIGuﬂAwaL)

6V8fwft=: 5V§?m¢+5‘/(‘.$‘e(‘.p: 2.65 mm

8 short = Ortshort + O shore = 64.05 mim.

Edge section
Ontinst = Op (kl 1 Qinst.edge L1 m1Ef ?Iﬁdge) =7.81 mm

aMnme;n =0y (kl b qr:reep,edge'L' 1 m}Ef,::r'!Iedge) —dy (kl ?qcreep‘edge'-[" 1 m}Ef'!Iedge)

'sMshm"t,edge = O finss + JMmcp =58.82 mm

Oyinst =0y (k2 s Qinst.edge «Le1m,G, JAm.edge ?L) =0.81 mm

Jifcreep =0y (kz 1 Qereep.edge Lel m,Gyors Aw.edge ’ L) —dy (kz 2 Qereep.edge® L:lm,G,, Aw.mige ’ L)

a'r’s!wrt,edge’. = aViwa + aVcree.p =6.07 mm

65!&01'!,,3&96 i 5J|d'sfmt.edye 7 6stmt,edye =64.89 mm

Optinst + Ovinst = 8.61 mm Ontereep + Overeep = 56.28 mm

Deflection checks and summarization

Deflection for middle and edge beam, long term (quasi permanent load)
Limit:

=79.78 mm 8,0z =80 mm

8 fina=58.49 mm O final.cdge

Deflection for middle and edge beam, short term defl. of var. load + long term defl. from creep part of
deadweigth (quasi permanent load)

Limit:

0 oy = 64.05 mm O short.cdge — 64.89 mm 8,=66.67 mm
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Check abaqus deriections

Middle bridge section
ntfina=0m (k1> Qs> L1 M, Ep 6, 1) +0p7 (K110 Qs vt s Brums» 1) + 0y (Kiprs Qunzs Erups» 1)
5Vﬁm£ =dy (-*‘32 VGus L1 MGy g, Ay L) +dy (k2pl(l 1y Qv+ Qo2 Guuirs 1 Aw, L)

6final = 6Mf{1-m1 + 5Vféfml =146.03 mm

Edge section
Orfinal.edge = Opr (kh 1 Quis.cdge* Lo 1 M, Ep g, Iedge) =123.38 mm
6Vf£m;£.edye = 6V (k‘Z b q‘lds.edge +Lelm il Gm.edge.ULS ] A—m.edge ] L) =15.46 mm

O final.edge ™= OMfinal.edge + OVfinal.edge= 138.84 mm
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