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Assessment and Optimisation of CFRP Reinforced Glulam Beams

A feasibility study in design stage reinforcement configurations for pedestrian bridge
applications

Adam Lennell

Christoffer Jonsson

Department of Architecture and Civil Engineering

Chalmers University of Technology

Abstract

Timber has throughout history been a widely used construction material due to high
availability and easy access. For civil engineering structures, the technical advance-
ment and increased loads have made other materials, such as concrete and steel, more
suitable. However, with a rising environmental concern, timber structures can serve
as a more sustainable alternative. To address the growing demands, Carbon Fibre
Reinforced Polymer (CFRP) laminas can be used to increase the flexural strength
and stiffness in timber structural elements. By embedding the reinforcement in
Glued Laminated Timber (Glulam) in the production stage, the structure can be
designed with higher capacity or smaller dimensions. Further on, embedding the
CFRP laminas gives a better protection towards moisture and UV-radiation, which
otherwise might lead to chemical deterioration and loss of structural integrity.

In this thesis, the concept of embedding CFRP in glulam beams was evaluated for
pedestrian bridge applications. In design of timber pedestrian bridges, frequency
and deflection demands are often governing, which usually results in structures with
relatively large dimensions. Focus was therefore put on decreasing the structural
height of the beams, making the concept applicable in cases where plain timber
otherwise is not an option. In extension, the concept could also be used to decrease
floor heights in timber high-rise buildings or create longer spans in warehouses,
industrial halls and indoor arenas.

Analytic calculations were performed to evaluate two beam configurations and to
perform a preliminary sizing of a stress-laminated deck bridge. The concept was
then evaluated with finite element analyses, where the purpose was to evaluate the
shear stresses between timber and CFRP. To investigate the economic viability, an
economic comparison with two pedestrian bridges in glulam and steel was performed.

The analytic analysis showed that it was possible to reduce the height with at least
25% using a small amount of CFRP. Since CFRP is more expensive than timber,
it is of interest to optimise this relation. It was shown that reinforcing the glulam
beam with a small amount of CFRP is not significantly more expensive compared
to an unreinforced beam, regarding material cost. The FE-analyses showed that
the shear stresses between timber and CFRP would not cause a problem and that
adding a pre-camber does not increase these stresses significantly.

In conclusion, it was found that reinforcing the beam did reduce the height without
compromising the structural capacity or economic feasibility. Further on, it was
shown that it can compete within the same field as other lightweight structures.

Keywords: CFRP Reinforcement, Timber, Pedestrian Bridge, Glulam, Composite.

CHALMERS Architecture and Civil Engineering Master’s Thesis ACEX30-19-104 v






Acknowledgements

We, the authors, are greatly humble for the fantastic opportunity we had to work
on this inspiring project and produce this thesis. The thesis marks the ending of a
journey embarked on by us six years ago, the autumn of 2013. From this day on,
a new journey embarks and launches us into new challenges and future adventures.
Of course, we could not have been able to do it all by ourselves, which is why we
would like to take this page to direct some recognition.

To begin with, we would like to direct our gratitude to Associate Professor Reza
Haghani Dogaheh, not only responsible for making sure that this thesis held up to
the academic standards of Chalmers, but also for being a great support throughout
our work.

Additionally, we would like to thank Sweco AB for providing us with an office space
and generously sharing the knowledge of their employees. Especially we would like
to thank our two supervisors Magnus Backstrom and Georgi Nedev, whom have
been an invaluable help to us by making this work progress.

We would like to give our thanks to Emil Martinson, Structural Engineer at Mar-
tinsons Tré, and Martinsons Tré for arranging an interesting study visit to their
factories, and the sites of some of their creations. The great support when it came
to practical questions about glulam and timber bridge production were also highly
valued.

Further on, we would like to thank our opponents Jonathan Soderqvist and Lars
Scheidegger for a continuous fine cooperation and great discussions.

Finally we would like to thank our friend August Jansson for reminding us about
when to take a coffee break.

Adam Lennell
Christoffer Jonsson
Gothenburg, June 2019

CHALMERS Architecture and Civil Engineering Master’s Thesis ACEX30-19-104 vii






Contents

Nomenclature xiv
List of Figures xvii
List of Tables xxi
1 Introduction 1
1.1 Project Aim and Objectives . . . . . . . . ... ... .. ... ... 2
1.2 Limitations . . . . . . . . . 2
1.3 Scopeof Study . . . . . . .. .. 2

1.4 Methodology . . . . . . . . .. 3

2 Background 5
2.1 Sawn Timber . . . . . . . . ... 5)
2.1.1 Mechanical Properties . . . .. .. ... ... ... .. .... 6

2.2 Glued Laminated Timber . . . . . . . . ... ... ... ... .... 6
2.2.1 Production Methods . . . . . ... ... ... ... ..., 9

2.2.2  Mechanical Properties . . . . ... .. ... .. ... .. ... 10

2.2.3 Long Term Effects of Timber . . . . . . ... ... ... ... 10

2.2.4 Failuremodes . . . . . . .. ... 11

2.3 Fibre Reinforced Polymers . . . . . . . .. ... ... ... ... ... 12
2.3.1 Production Methods . . . ... .. ... ... .. ....... 12

2.3.2 Long Term Effects . . . . ... ... ... ... ... ..... 15

2.3.3 Carbon Fibre Reinforced Polymers . . . . .. ... ... ... 16

2.4 CFRP Reinforced Glulam . . . . ... .. ... ... ... ...... 17
2.4.1 Reinforcing Techniques . . . . . . . .. .. ... ... ... .. 17

2.4.2  Adhesives and Surface Preparation Considerations . . . . . . . 18

2.4.3 Mechanical Properties . . . . . ... ... ... ... ..... 19

2.4.4 Production Methods . . . . .. .. ... .. ... ... .... 20

2.5 Dynamic Behaviour of Timber Pedestrian Bridges . . . . . . . . . .. 21
2.6 Applications of Glulam beams . . . . . . .. ... .. ... ... ... 24

3 Literature Study 29
3.1 Existing Research . . . . . . . ... ... oo 29
3.2 Existing Experiments . . . . . . . ... oL 29
3.3 Studies Related to Thermal Expansion of CFRP . . . . . . ... ... 30

4 Problem definition 31
4.1 Definition of Geometry . . . . . . .. ..o 31
4.2 Model assumptions . . . . . ... 35

5 Analytic Calculations 37
5.1 Eurocode Considerations . . . . . . . ... ... ... ... ... 37

CHALMERS Architecture and Civil Engineering Master’s Thesis ACEX30-19-104 ix



Contents

5.2 Linear Elastic Model for the Composite Cross Section . . . . . . . ..
5.3 Calculation of Load Effects and Capacity . . . . . . .. .. ... ...

5.3.1 Linear Analysis of the Static Case . . . . . . . ... ... ...

5.3.2 Linear Analysis of the Dynamic Case . . . . . ... ... ...
5.4 Evaluated Beam Configurations . . . . . . ... .. ... ... ....
5.5 Stress-Laminated Deck as a Bridge Concept . . . . . . .. ... ...
5.6 Investigation of Parameter Choice Effects . . . . . . . ... ... ...
5.7 Optimisation of Beam Configurations . . . . . . . ... ... ... ..

Finite Element Analysis

6.1 FE-modelling of Fibre Reinforced Timber . . . . . . . . . .. .. ...
6.1.1 Load Combinations in the FE-analysis . . . . ... .. .. ..

6.2 Mesh Convergence Study . . . . . . . .. .. .. ...

6.3 Investigation of Shear Stresses Between Timber and CFRP . . . . . .

Economic comparison

7.1 Economic Trends for Materials . . . . . . ... ... ... ... ....
7.2  FEconomic Comparison with Glulam and Steel . . . . ... ... ...
7.3 Investigation of Price Effects . . . . . . .. .. ... ...

Risk Analysis

8.1 Traffic Collision . . . . . . . . . . . . .
8.2 Boat Collision . . . . . . . . . . .
8.3 Fire . . . . .
8.4 Adhesive Failure . . . . . . . . ...

Results

9.1 Analytic Results . . . . ... ...
9.1.1 Results for Different Geometrical Configurations . . . . . . . .
9.1.2 Results of the Parametric Study . . . . . ... ... ... ...
9.1.3 Results of Optimised Configurations . . . .. ... ... ...

9.2 Results of the Finite Element Analysis . . . . .. ... ... .....
9.2.1 Verification of the FE-model . . . . . . .. ... ... ... ..
9.2.2 Comparison Between the Straight and Pre-cambered Beam . .
9.2.3 Results of the Pre-camber Effects Investigation . . . . . . ..

9.3 Results of the Economic Comparison . . . . .. ... ... ... ...

10 Discussion

10.1 Analyticmodel . . . . . . . .. ..

10.1.1 Disregarded Reinforcing Configurations . . . . . . . . . .. ..
10.2 Finite Element Model . . . . . . . . .. ... ... L.
10.3 Economic Comparison . . . . . . . . . . ... ... L.
10.4 General discussion . . . . . . .. ..o

11 Concluding Remarks

12 Future Research Possibilities

47
47
49
50
52

55
95
57
57

59
59
59
99
60

61
61
61
62
64
66
66
67
69
71

73
73
75
75
77
78

79

81

X CHALMERS Architecture and Civil Engineering Master’s Thesis ACEX30-19-104



Contents

Bibliography

A Mathcad Straight Beam

B Mathcad T-Beam

C Mathcad Stress-laminated Deck
D Mathcad NSM Beam

E Python Script Pre-cambered Beam

83

XIX

XXXV

LI

LXI

CHALMERS Architecture and Civil Engineering Master’s Thesis ACEX30-19-104 xi



Contents

xii CHALMERS Architecture and Civil Engineering Master’s Thesis ACEX30-19-104



Nomenclature

The list explains several symbols, letters and variables that will be later used within
the body of the document.

Upper case letters

E Modulus of elasticity

Eoos Modulus of elasticity 5th procentile

Ecrrp Modulus of elasticity CFRP

Er Modulus of elasticity longitudinal direction
Erean Mean modulus of elasticity

Er Modulus of elasticity radial direction

Er Modulus of elasticity transversal direction
G Shear modulus

GLr Shear modulus longitudinal /radial direction
Grr Shear modulus longitudinal /transversal direction
Gprr Shear modulus radial /transversal direction
I Second moment of area

L Length of beam or free span

Q Axis load from service vehicle

S First moment of area

Lower case letters

a Acceleration

f Frequency

fa Design material parameter

[k Characteristic material parameter
g Self-weight
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hgrutam Height of the glulam part

ker Factor considering cracks for shear resistance

Kaef Factor considering deformations of glulam

kn Factor considering size effects for glulam

kmod Factor considering duration of load and service class
q Uniformly distributed load

Greek letters

Q@ Transformation factor for composite cross section
Qe Temperature expansion coefficient

0 Deflection

0 Partial material safety factor

1 Frictional coefficient

VCFRP Poisson’s ratio CFRP

VLR Poisson’s ratio logitudinal /radial direction

vrr Poisson’s ratio longitudinal /transversal direction
VRT Poisson’s ratio radial/transversal direction

i The value of Pi

Yrea Reduction factor for traffic load in deflection calculations
p Density

o Stress

T Shear

€ Strain

¢ Damping coefficient
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1

Introduction

Timber has throughout history been a widely used construction material, espe-
cially in Scandinavia where the amount of accessible forest is high. However, with
an increasing demand for high-rise buildings and long span bridges, more suitable
materials such as concrete and steel were introduced in a larger scale. The struc-
tural capacity of plain timber is limited and therefore its suitability in the field
of construction is diminished (Johansson, 2016). Thereby, to increase the area of
application, Engineering Wood Products (EWP) and methods to strengthen them
arrived (Schober et al., 2015). The first EWP to ever be used was Glued Lami-
nated Timber (Glulam) in 1906 (Gentile, 2000), which increased the possible span
for timber bridges and introduced a possibility to design taller buildings.

Today there is an increasing demand for sustainable materials, which makes tim-
ber structures an alternative to mitigate environmental problems. However, due to
mentioned limitations when it comes to strength and also dynamic performance,
timber was never a competitor for long span bridges (Pousette, 2001). Because of
this, a highly relevant topic within structural engineering is how to strengthen tim-
ber. Strengthening can make it possible to use timber in more advanced structures,
where the material itself (e.g. plain timber, EWPs) does not possess the needed
strength or stiffness properties.

The general demands for sustainable structures make concepts for strengthening
timber structures applicable worldwide. In a more local perspective, the city of
Gothenburg, Sweden, has expressed a will to build more crossings over the canal in
the centre of the city (Eurenius, 2017). These crossings are mainly to increase the
capacity of the existing walking and bicycling paths. It is not necessarily a long span
or a challenging site that is limiting, but rather availability with regard to structural
height. Therefore, it is of interest to strengthen these bridges so that a lower struc-
tural height of the main beams can be achieved. Carbon Fibre Reinforced Polymers
(CFRP) is an alternative which has been used in practice and evaluated in many
studies (Schober et al., 2015). CFRP has mainly been used to strengthen already
existing structures, such as steel-, concrete- or timber beams. The strengthening is
usually done by adding plates, strips or weaves which are glued onto the exterior of
the timber beam (Frankhauser and O’Connor, 2015). However, attaching the CFRP
on the exterior means that the adhesives and the CFRP are exposed to natural ele-
ments and wear and tear. The method also puts high demands on the preparations
of the contact surface. By including the CFRP in the production and design stage
of a glulam beam, the CFRP is protected from the outside elements. The beams can
be manufactured in a controlled environment, meaning that the risks involved with
preparation work decreases. With this approach, the flexural strength and stiffness
can be increased. In extension, the concept could also be used to decrease floor
heights in timber high-rise buildings or create longer spans in warehouses, industrial
halls and indoor arenas.

CHALMERS Architecture and Civil Engineering Master’s Thesis ACEX30-19-104 1



1. Introduction

1.1 Project Aim and Objectives

The main purpose of this thesis was to investigate the behaviour of glulam timber
beams subjected to pedestrian loading, internally reinforced with embedded CFRP
laminas. Focus was put on the possibility to reduce the structural height of the beam
and still obtain sufficient structural capacity. Further on, the economic viability of
this reinforcement concept was evaluated through a comparison with glulam and
steel alternatives. The producibility was investigated in collaboration with a glulam
manufacturer, Martinsons Trd.

1.2 Limitations

To be able to keep within the main aim of the master thesis, certain limitations
were necessary. Only commercially available solutions, regarding CFRP (fibres and
matrix), glulam beams and adhesives, that are viable within the field of civil en-
gineering were used. Thereby, no further investigation on different materials was
made. Other aspects that were not covered in the thesis are:

o Assessment or strengthening of existing structures.
o Experimental validation of the suggested reinforcement configurations.
e Advanced economic and environmental simulations.

o Changes of structural behaviour due to moisture induced effects.

1.3 Scope of Study

Trying to reduce the structural height of the beam with CFRP reinforcement raises
some additional questions, such as:

o To what extent does the placement of CFRP-laminas influence the strength
of the beam. Which parameters have the largest influence?

e Once the beam is strengthened for flexural failure, can other failure modes
occur such as: shear, tension failure perpendicular to the grain or cracks in
grain direction and in interfacial layers?

o How large is the increase in structural capacity compared with the increase of
cost? What is the optimum amount of CFRP?

o How does pre-cambering the beam influence the behaviour?
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1.4 Methodology

The work was divided into two separate phases. The first phase included an exten-
sive literature study, where information about the existing knowledge and current
implementation in the field was gathered. The literature study was largely based on
publications by scientists, companies and universities, ensuring a wide perspective.
This knowledge was complemented through gathering experience from the engineers
at SWECO AB (Sweco) and Martinsons Tra.

The second phase involved identifying possible solutions and different configurations
based on a fixed span of 20 meters. First, analytic calculations, based on the design
standards in Eurocode 5, were carried out for a straight beam without any reinforce-
ment. This first calculation was to obtain a reference behaviour of a straight glulam
beam. The structural behaviour was then evaluated by investigating the most com-
mon failure modes. CFRP laminas were introduced in the material in various ways
(quantity, placement) to mitigate the different failure modes. The procedure was
then iterated, through analytic calculations, aiming for an optimal solution. The
same procedure was later repeated for a T-beam. To further strengthen the con-
cept, a preliminary sizing of a stress laminated deck bridge was performed. Based
on the result of the analytic analysis, a FE-model was created, where focus was
to investigate the shear stresses between the timber and CFRP and to study the
effects of adding a pre-camber to the beam. The economic competitiveness of the
suggested reinforcement method was then investigated based on a comparison with
glulam and steel pedestrian bridges.

The FE-software used in this project to perform the finite element analysis was
Brigade/Plus 6.2. For the analytic analysis, Mathcad Prime 4.0 and Matlab R2017b
was used.
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Background

The theory presented in this chapter acts as a baseline for the knowledge needed to
understand the thesis. In the first sections, the materials and their properties are
presented. Further on, dynamic aspects of timber bridges are described. In the end,
examples of common applications of glulam beams in civil engineering structures
are presented. The examples presented also give an additional insight on how the
reinforcement method of embedding Carbon Fibre Reinforced Polymers (CFRP) in
timber can be implemented.

2.1 Sawn Timber

Trees are divided into softwood and hardwood species (Johansson, 2016). Hard-
woods are trees with leaves, including for instance beech, chestnut and alder. Soft-
woods on the other hand are trees with needles, for instance spruce, pine and larch.
Sawn products are usually refined from softwood trees, and called timber or wood.
Wood describes a relatively small piece without any defects and usually refers to test
specimens. Timber refers to a larger piece of wood, usually the actual construction
material, where natural defects such as knots, spiral grain angles, reaction or juve-
nile wood occur (Johansson, 2016). Sawn timber has the limitation that the boards
cannot be produced longer or thicker than the available tree trunk, see Figure 2.1.

Figure 2.1: A profile of a common tree trunk and which parts that can be produced
(Brundin and Frobel, 2016).

Timber is a structural material with a long and cultural heritage in the northern
countries. Since it is a naturally growing material, it has a highly anisotropic be-
haviour (Johansson, 2016). The anisotropy means that the strength of solid timber
is dependent on the direction of loading versus the direction of the fibres. The three
directions which are used to describe the orientation related to the fibre orientation
is longitudinal, tangential and radial. However, the difference in properties between
tangential and radial directions are often neglected. Instead the terms parallel and
perpendicular to the grain direction are often used, see Figure 2.2.
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Figure 2.2: The strength parameters in different directions of a wooden board are
often simplified to parallel and perpendicular.

2.1.1 Mechanical Properties

Being a natural construction material, timber is often more prone to dispersion of
the strength, compared to steel or concrete. Therefore, there is also a greater risk
for failure due to natural defects in the material (Frobel and Crocetti, 2016). As the
strength of timber varies with the actual surroundings where the tree has grown,
the grading of timber is an estimate of the strength. The graded strength is based
on the bending stiffness of the specific timber board (Johansson, 2016). However,
there is an evident correlation between the existing defects in a timber board and the
actual strength, why it is often sufficient to visually inspect the board. To ensure the
quality of the product, the visual grading is complemented with mechanical testing
of a few samples. Since the strength is highly dependent on the number of defects,
it is possible to obtain timber boards with various strength classes from the same
tree.

2.2 Glued Laminated Timber

Glued Laminated Timber (Glulam) is part of the group of structural timber called
Engineering Wood Products (EWP). In fact, it is the oldest EWP, dating back to
1906 (Johansson, 2016). Examples of common shapes of glulam beams can be seen
in Figure 2.3.
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o =Y
Figure 2.3: Common shapes of a straight and a pre-cambered glulam beam (Frobel
and Crocetti, 2016).

A glulam element consists of at least 4 lamellas that are bonded together with
adhesives. The lamellas are usually around 45 millimeter for straight beams and 33
millimeter for arched or pre-cambered beams (Frobel and Crocetti, 2016). According
to E.Martinson (Personal communication, Martinsons Tré, March 11 2019), the size
might also differ depending on the chosen material. The lamellas are often made
from spruce, which is a member of the softwood family (Frobel and Crocetti, 2016).
To some extent, pinewood can also be used. Standard production sizes go up to
215 millimeter wide, wider beams can be achieved by joining two beams. In the
same way thinner beams can be achieved by splitting a wider beam (Johansson,
2016). Experiments have shown that the mean strength of a glulam beam is not
significantly higher than a sawn timber beam, but the variability of the strength is
much lower due to the smearing out of natural defects (Frébel and Crocetti, 2016),
see Figure 2.4.

Difference in characteristic strength Difference in mean strength

Frequency

S S

Strength

Figure 2.4: Mean strength distribution of a sawn timber board and a glulam beam
(Johansson, 2016).
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Finger jointing is a commonly used technique in glulam production to produce longer
boards, and in extension longer beams, see Figure 2.5. It is also frequently used
in furniture or carpentry work. Nowadays, finger joints are done by an automated
machine. The length of the glue line can with this method be increased to 1.2 meters,
instead of only the width of the board (Per Johansson, Personal communication,
Martinsons Tré, March 11 2019).

Figure 2.5: Illustration of a finger joint in the production line at Martinsons Trd.

According to Johansson (2016), the most common failure mode for a glulam beam
is tension failure of the outermost lamella in the member. Most often, it starts from
a natural defect or in the finger joint. A finished finger joint and natural defects
can be seen in Figure 2.6. Shear failure is also possible in glulam beams. In curved
beams, tensile failures perpendicular to the grain must also be considered.

Figure 2.6: [llustration of a finished finger joint before planing in the production
line at Martinsons Trd. It is also possible to see natural defects like knots.
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2.2.1 Production Methods

A glulam beam usually consists of timber lamellas with higher strength in the top
and bottom of the beam, and with a lower strength in the middle (Johansson, 2016).
However, this can be optimised and tailored to the specific needs by choosing the
timber specimens with desired qualities. By gluing them together, a higher order
of homogeneity is achieved compared to plain timber. Making more homogeneous
members reduces the statistical deviation of the strength, see Figure 2.4, which
means that the characteristic strength for a glulam member will be higher, whilst
the average strength does not experience the same increase.

The strength of a glulam beam is highly dependent on the individual lamellas.
Therefore, the process of choosing the correct lamellas and treating them well before
joining is of high importance (Frébel and Crocetti, 2016). The process is ensured by
inspecting the timber lamellas and curing them. The lamellas are dried to approx-
imately 12% moisture content before being glued together (Angst-Nicollier, 2012).
After drying, the lamellas are planed and a constant layer of glue is applied. Whilst
the glue is hardening, the pieces are pressed together in a controlled environment. It
is during this time pressure can be applied to shape the beam to a camber or an arch.
An illustration of the production process of a straight beam can be seen in Figure
2.7. After the hardening process is completed, the glulam beam can be treated with
wax or protective coating depending on the demands (Angst-Nicollier, 2012). The
most common treatment is to plane all sides and cover up smaller deficiencies.

2 <N

Spruce logs Production of lamellas Kiln drying Strength grading
N

& D>

Finger jointing Planing Application of glue

b
NJ = -~

N < g
— ’

~ 2 — Ko™

& \\‘,//
Glueline pressure applied Planing of glulam element Wrapping

Figure 2.7: The production process for straight glulam beams (Johansson, 2016).
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2.2.2 Mechanical Properties

The strength of a glulam beam is graded in a similar way as described in Section
2.1.1. The grading depends on the height of the beam, but also on the strength of
the timber boards included (Frébel and Crocetti, 2016). According to the Swedish
manufacturing standard of glulam beams, there are four different types of glulam
strength classes, exemplified here with a strength class of GL32 (SIS, 2013):

o GL32c, combined glulam beam

e GL32cs, combined split glulam beam

e GL32h, homogeneous glulam beam

o GL32hs, homogeneous split glulam beam

Combined refers to when different strength classes or timber types of the lamellas
have been used to optimise the load carrying capacity, see Figure 2.8. Split refers to
the fact that a wider beam has been split into thinner pieces (Frobel and Crocetti,
2016). In a homogeneous beam, the same strength class is used for all lamellas, see
Figure 2.9.

= <=
E
: —k
P b=90 mm
b _%bL
Figure 2.8: Combined glulam beam Figure 2.9: Homogeneous glulam beam
(Frébel and Crocetti, 2016). (Frébel and Crocetti, 2016).

2.2.3 Long Term Effects of Timber

As most civil engineering structures are built for a lifespan of up to 100 years, it is
important to know and account for how the material behaves over a longer period of
time. Long term effects usually lead to increased deformations and reduced strength,
why it is important to consider them in both assessment and design.

Glulam beams are usually delivered at a reference moisture content corresponding
to 16% (Angst-Nicollier, 2012). When mounted on site, the beams adapt to the sur-
rounding relative humidity and temperature until equilibrium is reached. Glulam
beams swell with an increasing amount of moisture and shrinks with a decreasing
amount of moisture, although less when compared to sawn timber (Frobel and Cro-
cetti, 2016). The tendency to deform less is partly because the beams are being
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produced in a controlled environment, and partly due to the higher resistance of the
cross section (Frébel and Crocetti, 2016).

Creep is an ongoing deformation that occurs in the material over time. Increased
moisture content in a element leads to an increase of the creep, which in turn gives in-
creased deformations and decreased modulus of elasticity (Johansson, 2016). Creep
is also dependent on the applied load. If the load varies over time it may increase
the creep deformations, which is why creep is important to consider in design (Jo-
hansson, 2016).

In comparison with steel and concrete, timber has small temperature movements,
which reduce the risk for temperature induced stresses in the structure (Johansson,
2016). The changes in strength and stiffness within normal temperature ranges is
negligible, and are often disregarded in design standards.

As glulam beams consist of organic material, it is important to protect the struc-
ture from the surrounding environment and treat it in a correct way (Frébel and
Crocetti, 2016). Without proper treatment, the beams can be attacked by intru-
sive microorganisms that damage the structural integrity. The microorganisms can
either affect the aesthetics by discolouring the timber (e.g. mold- or blue fungi) or
they can also have more of a disruptive character and reduce the structural integrity
of the material (e.g. rot fungi) (Frobel and Crocetti, 2016). Timber is also sus-
ceptible to attacks from certain wood eating insects, which can completely destroy
the structure. Glulam can also be exposed to deterioration from sunlight when left
unprotected against the sun’s UV-radiation. Protection can be achieved either by
constructive cladding, smart connections or by impregnating the timber.

2.2.4 Failure modes

Johansson (2016) describes the failure modes of timber. They are usually classified
as:

o Parallel to the grain
— Tension failure
— Compression failure
e Perpendicular to the grain
— Tension failure
— Compression failure

Tension failure parallel to the grain exhibits a brittle response, while compression
failure is ductile. When the fibres buckle due to compression loads parallel to the
grain, stresses can still be carried and the response will have a plastic behaviour.

The tensile strength perpendicular to grain is substantially lower. True compression
strength perpendicular to grain is difficult to evaluate, since after crushing of the
fibres, the stress can still accumulate.
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2.3 Fibre Reinforced Polymers

Fibre Reinforced Polymers (FRP) is a structural composite material consisting of
two components, a fibre and a matrix, in turn consisting of a polymer-based resin,
additives and fillers (Hollaway and Teng, 2008; Potyrala et al., 2011). The fibre
is the element that creates strength in the composite, possessing a high-strength
and high-modulus component. The matrix has low-strength and low-modulus and
is used by the fibre to transfer stresses through a plastic flow, which in turn creates
a high-strength material. To achieve optimal strength in the material, the matrix
should have a failure strain greater than the failure strain of the fibres, in order for
the fibres to reach their ultimate strength capacity (Potyrala et al., 2011). Other
properties that effect the strength of the composite is the fibre alignment, the fibre
content and the strength of the interface. Being able to influence these properties,
the material can be tailored to specific needs.

There are many types of fibres that can be used for FRP composites. The most
common ones are glass, aramid and carbon (Hollaway and Teng, 2008). Due to its
relatively high strength and stiffness properties, compared with glass and aramid,
carbon is more used for flexural and shear strengthening of civil infrastructures.
Research has also been carried out regarding the usage of natural fibres, such as
cotton or hemp. Since these fibres consist of organic materials, they are prone
to decay when exposed to the harsh environment of civil engineering structures
(Allann, 2006). Combined with the fact that most of the tested fibres had a low
load carrying capacity, Allann (2006) drew the conclusion that they are mostly
suitable in protected non-structural elements, for instance, in cars.

In general, the matrices can be categorised into two groups, thermoplastic and ther-
mosetting binders. According to Hollaway and Teng (2008), thermosetting polymers
are mainly used for rehabilitation of structures. Thermosetting polymers are not
only there to transfer stresses between the fibres, they also serve as a protection for
the fibres, which otherwise can experience degradation due to abrasion and environ-
mental corrosion. Due to their high chemical and thermal compatibility with the
fibres, epoxy and vinylester matrices are most commonly used.

2.3.1 Production Methods

In general, FRPs can be produced in various ways depending on the purpose of
the produced product, ranging from simple hand procedures to pressurized vacuum
chambers with a controlled environment (Potyrala et al., 2011). For civil engineering
purposes, there are five production methods commonly used, which are described
below (Nedev, 2019).

The simplest method is called lay-up, which can be performed either with a manual
roller (hand lay-up) or with a spray nozzle (spray lay-up). Hand lay-up requires
extensive labour work, where the fibres and the resin are laid out in a pre-made
mould, and then set to harden after applying manual pressure with a roller to
remove air pockets (Potyrala et al., 2011), see Figure 2.10. Spray lay-up is an easier
method, in which the resin and fibres are sprayed onto the mould, and then left to
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harden (Potyrala et al., 2011; Gurit, 2018), see Figure 2.11. Spray lay-up is also
quicker, less expensive and more flexible regarding the shape of the mould than hand
lay-up. It is however difficult to achieve high-strength materials using spray lay-up.

Dry Reinforcement Optional

Fabric \{ Gel Coat
Consolidation

Roller —\

Mould Tool

Figure 2.10: Hand lay-up production process (Gurit, 2018).

Fibre
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Air Pressurised gpltigna:
Resin Chopper el Coa

Figure 2.11: Spray lay-up production process (Gurit, 2018).

The most common method for load-carrying structural members in civil engineering
is pultrusion, see Figure 2.12. Pultrusion is a method where the fibres are pulled
through a mould with constant velocity, whilst applying resin, pressure and temper-
ature (Gurit, 2018). On the other side, a beam with a cross sectional shape exits the
mould. This method is similar to the process of hot or cold rolled steel beams. With
pultrusion, it is possible to create high-strength beams with a consistent cross sec-
tion. It also gives the opportunity to create common shapes like I/U/T/box-beams
which makes it possible to build up composite cross sections of a bridge (Potyrala
et al., 2011). For the specific case of internal reinforcement laminas, which was stud-
ied in this thesis, pultruded FRP laminas are the most suitable. The laminas have
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a constant cross section shape and properties and can thereby easily be produced
by pultrusion.

Fibre
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Racks Material CuitOffSaw  finished Product
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Figure 2.12: Pultrusion production process (Gurit, 2018).

For creating columns or pipes, a more common method to use is filament winding, see
Figure 2.13. A roller with the desired cross section is rotating at a constant velocity
whilst fibres coated in resin are spun around it (Gurit, 2018). It is similar to winding
up a thread on a spool. The roller is then cured in a controlled environment until
hardening (Potyrala et al., 2011).

Angle of fibre warp controlled by ratio
of carriage speed to rotaional speed

_/ E 0

oD Nip Rollers
H‘!— Resin Bath

Moving Carriage «—— -

5 C EK/ Fibres

To Creel

Rotating Mandrel

Figure 2.13: Filament winding production process (Gurit, 2018).

Another commonly used method is Resin Transfer Moulding (RTM), see Figure
2.14. Tt shares a lot of its characteristics with the more simple lay-up methods, but
with an automatic press holding the two halves of the mould tool together. First
the fibre is laid out in the mould, after which the air is sucked out in one end with
a vacuum pump. From the other end, resin is sucked into the mould, and thereby
filling every available air pocket inside the fabric (Gurit, 2018).
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Figure 2.14: Resin transfer moulding (RTM) production process (Gurit, 2018).

A variant of the RTM method is the Vacuum Assisted Resin Transfer Moulding
(VARTM). Here the mould is enclosed in a vacuum sealed compartment (Gurit,
2018), see Figure 2.15. Afterwards, the process continues in the same way as de-
scribed for the RTM method. RTM, and the different variants, create a material
with a high level of homogeneity. However, this process is rather expensive and dif-

ficult and is therefore better suited for smaller parts or structures (Potyrala et al.,
2011).
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Pump
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Figure 2.15: Vacuum assisted resin transfer moulding (VARTM) production pro-
cess (Gurit, 2018).

2.3.2 Long Term Effects

FRP is a fairly new construction material in civil engineering structures, meaning
that the knowledge about long term behaviour is rather limited (Karbhari et al.,
2003). Nevertheless, based on the current knowledge, the long term effects can be
estimated to a certain extent. However, it should be noted that the accelerated
experiments are based on small specimens during short periods of time. The data
from these experiments are extrapolated, which may lead to inaccurate assumptions
and contradictions when trying to interpret the results. Further on, the FRPs ability
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to be tailored makes it difficult to adapt existing knowledge in practice, since the long
term effects depend on the composition of the specific FRP (Karbhari et al., 2003).
Here the tailorability, which is commonly considered as an advantage, becomes a
disadvantage. Research is ongoing on the subject of long term effects.

Like other organic materials, FRPs are susceptible to moisture induced effects.
The part of the FRP which is affected the most is the matrix (Heshmati, 2015).
Studies have shown that the resin can absorb surrounding moisture which leads to
changes in mechanical and chemical characteristics (Karbhari et al., 2003; Heshmati,
2015). The changes in characteristics can in extension lead to cracking, fibre/ma-
trix debonding and loss of structural capacity or deterioration at the fibre level
(Heshmati, 2015). Furthermore, the cracks enables more moisture to penetrate the
material which in turn accelerates the deterioration. Depending on the length of
exposure and how much water that is absorbed, the changes in the matrix might be
irreversible. An increase of moisture content could reduce the glass transition tem-
perature, T, (the temperature where a material goes from a more hard and brittle
state, to a more rubbery and viscous). The carbon fibres themselves are chemi-
cally stable and are therefore not affected by neither moisture, nor salts in seawater
(Heshmati, 2015). According to Potyrala et al. (2011) the impact on FRP-materials
from deicing salts, which is commonly used in Sweden during winter, is negligible.
Temperature variations might lead to changes in the chemical composition of the
matrix and thereby the binding to the fibres, which decreases strength. In practical
implementation, it is important to consider the synergistic effects that might arise
due to moisture absorption and temperature variations in the material (Karbhari
et al., 2003).

The creep properties of a FRP is dominated by the composition of matrix and
fibres, and the mechanical properties of the matrix (Karbhari et al., 2003). The
contribution from fibres and interfacial mechanical properties are negligible. For
CFRP, studies have shown little effect from creep degradation.

Chemical deterioration could dissolve the matrix structure and lead to loss of struc-
tural integrity (Karbhari et al., 2003). Chemicals can, besides from affecting the
matrix, also have an impact on the fibre itself leading to degradation and loss of
structural integrity. Karbhari et al. (2003) also states that CFRP is affected by
photodegradation when exposed to Ultra Violet (UV) radiation from the sun. Pho-
todegradation can also lead to loss of structural integrity of the material. The effects
of UV-radiation can be somewhat mitigated by using a protection method with UV-
coating or gel-coating (Bengtsson and Magnusson, 2016). UV stabilizing additives
might also be added to the matrix.

2.3.3 Carbon Fibre Reinforced Polymers

The tensile strength of CFRP depends on both the quality of the fibres and their
orientation and it is therefore considered to be an anisotropic material (Schober
et al., 2015). The anisotropic properties makes the material versatile since it can be
tailored to fit the specific needs, with high strength in desired directions. Illustration
of a plain weave made up of carbon fibres can be seen in Figure 2.16.
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Figure 2.16: Plain carbon fibre weave (Gurit, 2018).

When it comes to the carbon fibre itself, the material properties are highly dependent
on the temperature during manufacturing (Hollaway and Teng, 2008). For higher
temperatures, the crystallinity increases (i.e. degree of structural order which in turn
increases the hardness). This means that the fibres” modulus of elasticity increases
with higher temperatures (especially when more than 2000°C). At the same time,
the tensile strength reaches its maximum at about 1600°C. According to Hollaway
and Teng (2008), the fibres can be categorized in the following way:

 Standard/low modulus (E ~ 200GPa)

o High strength (E ~ 220 GPA and f; ~ 3GPa)
 High modulus (E ~ 220 - 300 GPa)

o Ultra-high modulus (E > 450 GPa)

2.4 CFRP Reinforced Glulam

Since both CFRP and timber posses anisotropic properties, they have favourable
prerequisites for being an efficient material when combined. On the other hand, it
is still uncertain how these materials interact and therefore it is necessary to further
study the aspects of this composite.

2.4.1 Reinforcing Techniques

There are numerous ways to reinforce a glulam beam with CFRP to increase the
flexural capacity. The most common methods are externally bonded reinforcement
(EBR), wrapping with CFRP sheets and near-surface mounted reinforcement (NSM)
and internally bonded reinforcement (IBR). All these methods can be seen in Figure
2.17. Also, Figure 2.17 illustrates the reinforcement method suggested in this thesis,
internally bonded reinforcement. Usually, the beam is reinforced on the tension side
to increase the tensile capacity (Allann, 2006). A positive effect of strengthening
the beam on the tensile side, is that compression failure will take place first. The
compression failure is a plastic phenomenon, which gives the beam having a more
ductile behaviour.
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EBR wWrapping NSM IBR

Figure 2.17: Illustration of the three different reinforcing techniques previously
used (EBR, wrapping and NSM). To the right is the suggested reinforcing method in
this thesis, IBR.

Wrapping and EBR are techniques that are often considered when reinforcing an
already existing structure. According to Johnsson et al. (2006), the wrapping tech-
nique is mainly applicable for restoring the beam due to partial deterioration or
cracking. The EBR technique is used to achieve an increase of flexural strength
in-situ.

The NSM reinforcement method has been investigated in many studies. An advan-
tage with the method is that it restrain smaller areas of the timber, reducing the
risks of splitting due to moisture movements (Johnsson et al., 2006). In addition,
NSM is recommended when having reinforcement in the compressive zone, since an
externally applied CFRP lamina has a larger risk of buckling (Schober et al., 2015).

2.4.2 Adhesives and Surface Preparation Considerations

An important aspect of achieving satisfying composite action is the bonding of
the CFRP to the timber, which is made by using specific adhesives. There are
some alternatives available on the market, with additional research ongoing. They
are epoxies, polyurethanes, polyesters, phenolics and aminoplastics (Broughton and
Hutchinson, 2003). For application at site, epoxy based adhesives have generally
been used (Schober et al., 2015). However, many of these epoxies have mainly
been developed to be used with other materials, meaning that there is no chemical
bonding to the timber and the mechanical anchorage cannot always be guaranteed.

As a substrate, timber is good for adhesion (Hollaway and Teng, 2008). Hardwoods
are in general worse than softwoods, due to a higher presence of extractives (tannins
and oils) and a higher density. However, necessary surface preparations have to be
made before applying the adhesive. The timber surface degrades over time due to
oxidation. Therefore, it is important to clean the surface properly and remove all
dust before applying the adhesive. The moisture content at bonding also affects the
adhesion. Wheeler and Hutchinson (1998) investigated how the bonding properties
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changed due to the moisture content in the timber. When using polyurethane,
the shear strength in the adhesive was reduced for moisture contents between 18
and 22%, compared to 10% moisture content. This behaviour is explained by the
chemical reaction between the polyurethane and water from high moisture levels,
producing a foam that impairs the bond properties. Wheeler and Hutchinson (1998)
also reported that polyurethane is sensitive to moisture changes in the wood. After
some cycles, the shear strength of the bond experienced a significant reduction and
cohesive failure followed. Furthermore, the same tests were also conducted using
epoxy adhesives. In the tests, a more consistent shear strength could be observed,
both when comparing moisture content at bonding, and cyclic moisture changes.

2.4.3 Mechanical Properties

The mechanical properties are improved compared to a regular unreinforced glu-
lam beam. More specific, an increased stiffness is achieved for the composite cross
section. Regarding the bond properties of CFRP-to-timber interfaces, there are
many parameters that affect the capacity of the interface (Juvandes and Barbosa,
2012). These are shear and tensile strength of the surface lamella of timber, cohesive
strength in the adhesive and interlaminar strength of the CFRP.

When conducting single shear tests of FRP-to-timber joints, a study showed that all
softwood joints failed predominantly in the timber, whilst for the test with hardwood
timber, failure took place in the interface (Schober et al., 2015). This could be
explained by the adhesion qualities described in 2.4.2.

Glulam has, despite consisting of lammable material, a good fire resistance com-
pared to concrete or steel (Frobel and Crocetti, 2016). When a timber beam is
ignited, the surface will start to char, creating a protective layer for the interior
members, see Figure 2.18. This protective layer slows down the penetration of the
fire and the structural capacity can be maintained for a longer period of time. The
adhesive used, as well as the corresponding melting point at which it loses the ad-
hesive power, can however affect the fire resistance. The loss of adhesive power
can occur for the adhesive between the timber lamellas and the CFRP lamina as
well. Embedding the CFRP lamina, can due to the charring of the outer lamella of
the glulam beam, further protect the CFRP from fire damage and thereby sustain
structural capacity. Frébel and Crocetti (2016) also state that connectors such as
bolts or dowels are important to consider when evaluating the fire safety. They can
act as conductors as they increase the heat flow into the core or the CFRP lamina,
why it is extra important to protect these.
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Figure 2.18: Fire progression in a regular glulam beam (Johansson, 2016).

There has been some experimental research conducted on how CFRP resond to fire.
When FRPs are exposed to high temperature, they undergo a chemical transition
phase called pyrolysis (Yang, 2017). The pyrolysis changes the chemical composition
of the FRP, enabling it to react with oxygen, creating a self-supporting combustion.
Furthermore, the process also reduce the structural capacity of the material. How-
ever, the fire resistance is highly dependent on the amount of fibres, and the resin
used for the matrix (Zhang et al., 2017). The adaptable properties makes it difficult
to predict the fire resistance of a specific CFRP material, but when ordering from
suppliers, they are usually tested before production. An additional problem could
be the development of toxic gases when the FRP is combusted (Karbhari et al.,
2003). Other measures to increase the fire resistance are to mix flame retardant
additives into the matrix, or to add an insulating coating (Yang, 2017; Hollaway
and Teng, 2008). This could provide the CFRP with fire resistance exceeding that
of many other common building materials (Composite UK, 2017).

Studies suggest that loss of structural capacity for FRP-reinforced glulam beams
due to fatigue loading is small, close to negligible (Davids et al., 2005). However,
the available data and performed experiments on this subject are lacking. This
is also true regarding the fatigue behaviour of solely CFRP, lack of data makes it
difficult to interpret the behaviour, whereby the combination of glulam and CFRP
is difficult to estimate (Karbhari et al., 2003). Even though the fatigue life of the
structure often can be neglected, it is important to consider connections, bonded or
mechanical, which could induce fatigue damage or stress concentrations (Potyrala
et al., 2011).

2.4.4 Production Methods

To evaluate the feasibility of the proposed IBR configuration, the way of producing
glulam beams with CFRP has to be considered. E. Martinson (Martinsons Tré,
personal communication, March 11 2019) described the glulam production process
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and how it would be possible to include the reinforcement.

The first alternative would be to glue the CFRP lamina onto a glulam beam and
then add an extra sacrificial lamella outside the CFRP lamina. This would be done
manually after the inner glulam beam has been produced. E. Martinson (Martinsons
Tré, personal communication, March 11 2019) states that this process would be quite
expensive and labour intensive. In this case, the CFRP lamina has the same width
as the beam, like the EBR-configuration in Figure 2.17.

Another alternative is to create a slot in the sacrificial lamella, after which the CFRP
lamina is prepared and glued on to the exterior lamella, see Figure 2.19. A regular
glulam beam is produced, and then after hardening, the exterior lamellas (including
the CFRP) are glued onto the beam. The exterior lamella is kept in place with
screws while the adhesive is hardening. This method requires more preparatory
work, but it can be performed simultaneously as the production of the inner beam,
making it a faster method. Embedding the reinforcement also further protects the
CFRP from outside wear such as moisture and UV-radiation. The drawback with
this method is that the width of the CFRP lamina decreases, and thereby some of
the stiffness is lost.

Figure 2.19: [llustration of the how the sacrificial lamella can be constructed.
Cross section of the sacrificial lamella.

Either way, the small scale production of these methods is labour intensive and ex-
pensive. If the concepts proves itself to be feasible, the process could be automatised
and time and cost can be decreased.

2.5 Dynamic Behaviour of Timber Pedestrian
Bridges

Something which is often limiting for timber pedestrian and bicycling bridges is the
behaviour in Serviceability Limit State (SLS), predominately dynamic behaviour
(E. Martinson, Martinsons Tré, personal communication, February 14 2019).

From a pedestrian’s foot, three force components can be derived. There are the
distinct ones acting downwards (vertical) and forwards (longitudinal), but there is
also a force in sideways (lateral) direction since the pedestrians centre of mass is
shifting with each step. The force components are illustrated in Figure 2.20.
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Figure 2.20: [llustration of the force components created from a pedestrian whilst
walking.

Furthermore, as pedestrians are walking on a swaying structure, they adapt and
counteract the movements of the structure to maintain balance. These constant
adaptation might induce new loads and change the behaviour, or further amplify the
already existing vibration of the bridge (Sétra, 2006). It could create a potentially
dangerous effect called lock-in, where the frequency of the pedestrians and the bridge
are the same. Since the experienced movements of the bridge make pedestrians
compensate to keep balance, the crowd load is synchronized and the movements are
further excited and the problem amplifies, theoretically towards infinite deflections.
To avoid lock-in, the structure should be designed so that the lowest and most
energetic structural frequency of the bridge is higher than the excitation frequency
(Martensson, 2016). For timber pedestrian bridges constructed with stress laminated
deck, the effect of the transversal forces caused by pedestrians is rather small due to
the high stiffness in that direction (G. Nedev and M. Béckstrém, Sweco, personal
Communication, February 20 2019).

Vibrations that are induced by pedestrians are often considered to be a load that
varies over time regarding amplitude and intensity, generally with a rather low
frequency. For heavy structures with a sufficient amount of stiffness, pedestrian
loads are not considered to be a problem. In lighter structures, pedestrian loads
can have a large impact and lead to large vibrations and discomfort for the user
(Sétra, 2006). In practice, a bridge is subjected to simultaneous actions by many
pedestrians at the same time, since every person has its own characteristic footprint
depending on weight, frequency, speed or footwear (Sétra, 2006; Martensson, 2016).
Thereby the load induced on the bridge is also different. An additional complication
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is that on an actual structure, the phase shift between individual pedestrians from
when they enter until they leave the bridge needs to be considered.

In theory, when a member is put into motion, it moves forever. In reality how-
ever, there is always some damping built into the structure in terms of friction
(Martensson, 2016). An example of how the deformations decay over time for dif-

ferent damping coefficients (zeta) can be seen in Figure 2.21.
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Figure 2.21: Illustration of different damping coefficients, zeta=0 is the theoretical

free vibrating case, 0.3 and 0.9 respectively indicates increased damping and thereby
faster decay.

Since bicyclists have a continuous contact with the ground when crossing the bridge
at a nearly constant speed, they do not cause the same amplitude of vibrations
as pedestrians do, and can therefore be neglected when evaluating the dynamic
performance (Heinemeyer, 2009). Furthermore, runners do not need to be considered
since the time it takes to cross the bridge is relatively short and does thereby not
leave time for any resonance to settle (Sétra, 2006). However, larger running events

must be considered with caution. Figure 2.22 shows an example of how the impulses
for walking and running differs.
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Figure 2.22: FEzample of the footfall forces from different actions (Mdartensson,

2016). In reality it differs depending in the characteristic of the person and the
bridge deck.

If sufficient stiffness cannot be achieved in the production, it is possible to fit the
bridge with dampers or try to change the structural frequency of the bridge. The
problem with changing the natural frequency is that it can either be done by increas-
ing the stiffness or decreasing the mass (Fitzpatrick and Smith, 2001; Heinemeyer,
2009). That might be complicated since increasing the stiffness often involves in-
creasing the overall mass of the structure and vice versa. Fitting with dampers is a
more straightforward solution, but it is also often more expensive (Fitzpatrick and
Smith, 2001). Dynamic problems may also arise through excitation by wind, which
could lead to collapse of the structure. Resonance occurs when one of the structural
frequencies coincide with the frequency of the wind (Heinemeyer, 2009). However,
this is not considered to be a problem for low bridges with short spans (Trafikverket,
2016).

2.6 Applications of Glulam beams

A regular straight beam is not commonly used for infrastructural purposes. However,
for buildings and structures with smaller spans where the deflections are limited, it
is more common. Figure 2.23 shows a beam-column system that is used in a timber
multi-storey house. The loads in the beams are mainly transferred through bending
and shear.
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Figure 2.23: Illustration of straight beams used in a residential building (Lidelow,
2016).

A variant of the straight beam is the T-beam. The T-beam consists of two joined
pieces of glulam. One standing part comprising the web, and one flange on top, see
Figure 2.24. The load is mainly transferred through bending and shear.

i

Figure 2.24: [llustration of a typical T-beam pedestrian bridge (Frobel and Crocetti,
2016).

For infrastructural purposes, the chosen beam is most often pre-cambered. Pre-
cambering means adding a positive deflection to counteract the deflection from the
self-weight of the bridge. This is to reach the often limiting demand for allowed
deflections and sustain visual appearance for the user. A pre-cambered beam then
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becomes slightly arched, as can be seen in Figure 2.25. With a pre-cambered beam,
it is possible to sustain larger loads and longer spans.

Figure 2.25: Alvsbackabron, a bridge design with pre-cambered beams and cables.
Located in Skelleftea, Sweden.

Placing a series of beams in the longitudinal direction of the bridge and then tighten
them together via a tension rod perpendicular to the beams, produces a stress
laminated deck bridge. The bridge basically becomes a linear multiplication of a
straight beam. For the interaction between the beams to be sufficient, the tension
rods must be adequately tensioned. The bridge can be prefabricated in a protected
environment and then transported with trucks and fully assembled on site, see Figure
2.26. The loads are transferred in the same way as for the beams which composes
the stress laminated deck.
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Figure 2.26: A prefabricated stress laminated deck bridge, seen from the side, in
the factory ready for transportation.

The tension rods, which keep the individual beams together, are inserted and ten-
sioned on site. The rod configuration can be seen in Figure 2.27.

Figure 2.27: Constructive configuration of where to the tension rods can be in-
serted.
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Literature Study

A summary of existing research and knowledge within the field of CFRP reinforce-
ment of timber structures.

3.1 Existing Research

Ever since the first attempts of strengthening timber structures in the early 60s,
research in forms of modelling and experiments have continuously been performed
to increase the knowledge about the composite behaviour. In general, the focus has
been on how to reinforce and rehabilitate already existing structures, often with the
configurations Externally Bonded Reinforcement (EBR) or Near Surface Mounted
reinforcement (NSM), see Figure 3.1. To be able to analyse and critically investigate
the results of the suggested method, it is important to consider previous knowledge
and research.

Figure 3.1: Illustration of EBR (left) and NSM (right) configurations.

3.2 Existing Experiments

Barragan and Jacob (2007) carried out a series of test to investigate how the per-
formance of a carbon reinforced glulam beam varied due to placement of the rein-
forcement. In the experiments, attempts were made with reinforcement only in the
tensile zone, as well as both in compression and tensile zone. Calculations showed
that the optimal configuration for increasing the bending capacity was to place 75%
of the reinforcement in the tensile zone and 25% in the compression zone. This was
something which the tests confirmed, where the highest increase in bending capacity
was found for a test beam with 66.7% reinforcement in tensile zone and 33.3% in
compression zone. However, if increased stiffness is the main priority, the reinforce-
ment configuration should be chosen to 50% in both zones, where the experiments

CHALMERS Architecture and Civil Engineering Master’s Thesis ACEX30-19-104 29



3. Literature Study

showed an increase of more than 100% in stiffness. For a configuration with rein-
forcement only in the tensile zone, the bending capacity increased with 57% and the
stiffness with 81%.

Barragan and Jacob (2007) also stated that care should be taken when including
CFRP in the compression zone, as the unidirectional fibres might buckle and lose all
their strength. It is advantageous if the designer can detect this in an early design
phase, and eventually choose another material for compression reinforcement.

Glisovié et al. (2016) also performed a four-point bending test to study the behaviour
of a glulam beam with EBR configuration. The results showed an average increase
in bending capacity of 54.3% and in stiffness of 18.1%, with a reinforcement amount
of 0.46% of the cross sectional area.

Romani and Blass (2001) conducted experiments where an extra sacrificial timber
lamella was used in most configurations, because of fire safety and aesthetic reasons.
In most cases, the sacrificial timber lamella first failed in tension, after which the
load could be increased with 30%. The authors state that a different reinforcement
configuration could generate a more ductile failure, which Barragén and Jacob (2007)
also confirmed.

Raftery and Harte (2013) developed a model that accounts for the non-linearities
that occur in a CFRP reinforced glulam beam with low-graded timber. Experiments
were compared with a FE-model and a strong correlation was shown. The two
reinforcing schemes that were studied by Raftery and Harte (2013) were EBR and
a variation of IBR.

3.3 Studies Related to Thermal Expansion of
CFRP

When compared to other common civil engineering materials, the Coefficient for
Thermal Expansion (CTE) for CFRP is both negative (contraction) and relatively
small (Ahmed et al., 2012). However, in a composite application, it is important
to account for since shear stresses might arise due to different CTE values of the
composite materials.

Calvet et al. (2015) conducted a study where the bond between CFRP bars and
concrete was studied. The thermal coefficient for the CFRP was estimated to -2.25
[107%. K~1]. Other studies have measured different CTE values; Joven et al. (2012)
estimated it to be -0.79 whilst Ahmed et al. (2012) found it to be -0.76 in their tests.

The variation in results depends on the property of the CFRP. For example, a
decrease in fibre volume could give a positive value of the CTE (Ahmed et al., 2012).
Additionally, the fibre direction has a large influence on the CTE. Even though the
CTE values may differ, the studies give an indication about the expected behaviour.
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To investigate the effects of reinforcing a glulam beam with CFRP, it is important
to have a well-defined problem with clear limitations. To make the application real-
istic, the model is based on planned crossings over the center canal in Gothenburg,
Sweden.

4.1 Definition of Geometry

The model consisted of a simply supported glulam beam with a free span of 20
meters. The beam is composed of inner lamellas a 45 millimeter and outer lamellas
a 15 millimeter. Embedded between the outer lamellas, thin laminas of CFRP were
placed, see Figure 4.1.

Inner lamella
“

Quter lamella

Figure 4.1: The illustration shows how the CFRP is embedded in the glulam beam.

The studied cross section, exemplified here with a height of 625 millimeter, can
be seen in Figure 4.2. To achieve maximum stiffness of the beam, and thereby
mitigate the problem of dynamic behaviour and deflections, the reinforcement was
equally distributed on compression and tension side of the cross section. In this
example, the beam was reinforced with one CFRP lamina & 5 millimeter in tension
and compression respectively.
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Figure 4.2: [llustration of the cross section used. Note that the dimensions are
only an example and may differ for different configurations in the analyses.

The supports were analysed analytically to be 100 millimeters wide, sufficient to
avoid failure due to compression failure perpendicular to the grain. A longitudinal
view of the modelled beam can be seen in Figure 4.3.
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Figure 4.3: Illustration of the support conditions.
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According to E. Martinson (Martinsons, personal communication, March 11 2019),
the most commonly used glulam class for pedestrian bridges is GL28c. This strength
class has therefore been implemented throughout the entire calculations in this the-
sis. The characteristic values are based on Swedish standard (Borgstrom, 2016) and
can be found in Table 4.1. The coefficient for temperature expansion is provided by
Eurocode (SIS, 2014a).

Table 4.1: Characteristic strengths for glulam beams (Borgstrom, 2016).

Glulam strength GL28c
Tension parallel to grain (f) [MPa] | 19.5
Compression parallel to grain (fu) [MPa] | 24
Bending parallel to grain (fy.x) [MPa] | 28
Shear (fur) [MPa] | 3.5
Rolling shear (f.x) [MPa] | 1.2
Young’s modulus parallel to grain (E,can) [GPa] | 12.5
Young’s modulus parallel to grain (Fp o5) [GPa] | 10.4
Density mean (p) [kg/m3] | 420
Temperature expansion coefficient [107¢. K~1] | 5.0

According to Eurocode, certain aspects need to be considered such as safety factors
for the material, load duration and long term effects such as creep to obtain the
design strength. The factors used are presented in Table 4.2. The factor considering
the size of the beam, kj,, is varying with the height of the beam.

Table 4.2: Safety and reduction factors for glulam (Borgstrom, 2016; SIS, 2009).

Eurocode safety and reduction factors
Service Class 3

Vglulam 1.25

kn 1.0-1.1

er 0.67

Kaer 2

kmod 0.8

wred 0.4

Vefrp 1

Strength characteristics for CFRP materials are more difficult to obtain since the
polymer composition varies among different manufacturers and standards for the
material do not exist. Therefore, the material parameter values were mostly based
on recommendations from supervisors, weighted with values from manufacturers.
The coefficient of thermal expansion was assumed to be -1.0, as the value may differ
with variations in CFRP compositions, see Section 3.3. In Table 4.3, the material
properties used are presented.

CHALMERS Architecture and Civil Engineering Master’s Thesis ACEX30-19-104 33



4. Problem definition

Table 4.3: Characteristic strengths for CFRP lamina (Gurit, 2018).

CFRP properties
Tensile parallel to grain (fi.cfp) [MPa] | 2800
Compression parallel to grain (fe.cfrp) [MPa] | 1400
Young’s modulus low [GPa] | 205
Young’s modulus mid [GPa] | 300
Young’s modulus high [GPa] | 375
Young’s modulus ultra-high [GPa] | 450
Density mean [kg/m3] | 1600
Temperature expansion coefficient (1076« K~ | -1.0

The loads acting on the beam are self-weight and variable load from both pedestrians
and service vehicles. According to Sétra (2006) and Heinemeyer (2009), traffic classes
2 and 3 were used to evaluate the dynamic performance of the bridge. The values
used for both static and dynamic analyses are specified in Table 4.4.

Table 4.4: Loads used for both static and dynamic analyses (SIS, 2007; Sétra,
2006).

Loads

Self-weight (g) [kN/m] | Derived from density and cross sectional area
Pedestrian load (q) [kN/m?] 5

Service vehicle axle 1 [EN] 80

Service vehicle axle 2 [EN] 40

Pedestrian weight [EN] 0.7

Traffic class 2 [kN/m?] 0.14

Traffic class 3 [kN/m?] 0.35

These loads were then combined with corresponding partial safety factors for the
calculation of ULS and SLS load cases, see Table 4.4. The ULS combination is used
when calculating shear and moment capacities. For deflection controls, it is only the
deflection caused by the variable load that is governing (Trafikverket, 2016). For the
fundamental structural frequencies, the self-weight is the only considered load in the
dynamic assessment. When calculating the frequencies due to pedestrian loading,
traffic classes according to Table 4.4 is used.

Table 4.5: Load combinations used for ULS and SLS according to Furocode SIS

(2005)
Load Combinations
Ultimate Limit State (ULS) 1.2.g+1.5-q
Serviceability Limit State (SLS), deflection Vredq
Serviceability Limit State (SLS), natural frequency 1.0-g
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4.2 Model assumptions

Since composite elements can be highly complex, relevant assumptions were neces-
sary to make a good assessment. Schober et al. (2015) suggest an approach were
the following assumptions are made:

e The CFRP has a linear behaviour in both compression and tension.
e The timber has a linear behaviour in tension.

e The timber has a nonlinear behaviour in compression.

e The timber and CFRP fully interact.

o Plane sections remain plane in bending.

Timber is generally weaker in tension than in compression. Having the CFRP
equally distributed on the compression and tension side, means that the timber pre-
dominantly fails in tension, before it fails in compression. Therefore, the assumption
about timber having a nonlinear behaviour in compression was not included in the
model. The nonlinear behaviour would only be relevant if the beam had more rein-
forcement on the tension side than on the compression side.

The existing information about partial safety factors and Eurocode implementation
for CFRP is scarce. The material safety factors were based on the suggestions in
the Prospect for new guidance in the design of FRP (Ascione et al., 2016). In this
case, the production of the CFRP was assumed to be in a controlled and certified
environment. Most often, long term effects are quite small compared to timber, and
therefore they were neglected in these calculations. Instead, all partial factors for
long term effects in the analytic calculations were based on timber.

For the analytic calculation, the timber at the same level as the CFRP was excluded
in the analysis due to minor influence, see Figure 4.4.

x Excluded Timber

Figure 4.4: Illustration of the timber pieces excluded in the calculation model for
analytic analysis.
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The calculations are based on recommendations from Swedish Wood including De-
sign of timber structures (Borgstrom, 2016). Furthermore, Structural Timber Design
to Eurocode 5 (Porteous and Kermani, 2007) and Eurocode 5 (SIS, 2014b) have been
used. For glulam beams reinforced with CFRP, calculation standards and recom-
mendations are sparse. Therefore, calculations are mainly based on previous research
and composite linear elastic cross section analysis. The analytic calculations was
also used to verify the results obtained in the FE-analysis.

5.1 Eurocode Considerations

According to Eurocode and the national annex in Sweden, a structure should be
designed with regards to certain requirements in Ultimate Limit State (ULS) and
Serviceability Limit State (SLS) (Kliger, 2016). ULS concerns the demands related
to structural safety, collapse or other structural failures. After reaching ULS, the
structure can no longer fulfill its structural purpose. The controls that were per-
formed analytically in ULS are stated in Equation 5.1.

M V
V' Ed <1, YEd <1 (5.1)
Mpq VRa

In contrast to ULS, SLS requirements might not lead to a direct failure or collapse of
the structure. However, it is important to fulfill the demands with regards to comfort
for the user and general appearance of the bridge (Martensson, 2016). Therefore, de-
flections should be kept within allowed limits. Excessive deflection might in fact not
damage the structure but it gives the user a feeling of insecurity (Méartensson, 2016).
The SLS checks that were performed for the analytic calculations were considering
deflections and vibrations. SIS (2009) suggest a limit for deflections, according to
Equation 5.2.

L

5maac < —
— 400

(5.2)

As mentioned in Section 2.5, dynamic conditions are many times decisive for de-
sign of timber structures. According to Heinemeyer (2009), the critical range for
structural frequencies in vertical direction is:

1.25Hz < f; < 4.6Hz (5.3)
According to SIS (2005), the first frequency should be over 5 Hz to avoid the ac-

celeration checks completely. If a structural frequency of a structure is within the
range described by Equation 5.3, the acceleration generated by a pedestrian footstep

CHALMERS Architecture and Civil Engineering Master’s Thesis ACEX30-19-104 37



5. Analytic Calculations

might be decisive. As described in Section 2.5, accelerations are highly subjective
and different standards suggest different limits. According to SIS (2014b), the accel-
eration should not exceed 0.7m/s?, while Sétra (2006) states that the mean comfort
level for users is in the range of 0.5 —1.0m/s?. Due to this ambiguity, the maximum
allowed acceleration was chosen to 0.75m/s?, stated in Equation 5.4.

a < 0.75m/s* (5.4)

5.2 Linear Elastic Model for the Composite
Cross Section

The limiting strains in the cross section are governed by the strength of the outer
lamella in the glulam. The strain limits can be expressed according to Equation 5.5
for compression, and according to Equation 5.6 for tensile.

Ecelgl = E{tO: (55)
Etel.gl = Efc'o.: (56)
timber

Since timber is a highly linear elastic material before failure, the strain distribution
over the cross section can be assumed to be linear in ULS. With the limits described
in the Equations 5.5 and 5.6, the capacity for the cross section in Figure 5.1 can be
calculated by assuming that the ultimate tensile strain is reached.

c.el.gl
e
Yy 7E
< > F::_f
VNA > F
C
7
IVIRd
Et
Ft
Ft_f «
Et < E:t.el.gl

Figure 5.1: Strain compatibility in case of linear elastic analysis.
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From Figure 5.1, the force equilibrium equation can be derived according to Equation
5.7.

Ft + Ffrp.tension = Fc + Ffrp.compression (57)

To calculate the forces in a composite cross section, a factor « is used to transform
the stiffness properties of CFRP into equivalent timber. This is done by increasing
the CFRP width with a factor a, as can be seen in Figure 5.2. The factor is
calculated by using the modulus of elasticity for the two materials, as can be seen
in Equation 5.8.

Ecrrp
- Etimfer (58)
b b D
b_fic

Figure 5.2: By using the factor «, the composite cross section can be transformed
into an equivalent timber section, where the fictitious width of the CFRP (by;.) is
calculated using a.

With the value for o known, the bending stiffness can be calculated by using the
young’s modulus for timber together with the second moment of area for the trans-
formed cross section. Since the strains in the cross section constitute a set of similar
triangles, the strains can be calculated at any height when the position of the neutral
axis is known, see Equation 5.9 and 5.10.

eily) = &.(0) - yNyfjv:" (5.9)
ec(y) = eu(h) - m (5.10)
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With the strains known, the moment capacity can be calculated by assuming a linear
response and then use force equilibrium.

5.3 Calculation of Load Effects and Capacity

With the problem and assumptions explicitly defined, the design effect and resistance
can be calculated accordingly. To achieve sufficient structural capacity, the static
and the dynamic case must both be fulfilled.

5.3.1 Linear Analysis of the Static Case

In statics, the requirements in Equation 5.1 and 5.2 must be fulfilled. To ensure
enough capacity in ULS, the load effects Mg, and Vg4 should be calculated and
compared with the design capacities Mpr; and Vgg. The design capacities are cal-
culated based on the characteristic values together with partial safety factors and
reduction factors described in Table 4.2, see Equation 5.11 for example.

fmk

Vglulam

fmd:

(5.11)

The moment capacity, Mgqy, is then calculated by multiplying the sectional forces
with their respective lever arm from an arbitrary point in the cross section, see Figure
5.1. It is then compared to the calculated flexural load effect, given by Equation
5.12. Note that the ULS load case, see Table 4.5, is used.

(12-g+15-q) - L?

Mgq = (5.12)
8
The shear load effect is calculated according to Equation 5.13.
1.2 1.5 L
Vg = 1279 +2 ) (5.13)

For a composite cross section, the shear effect is transformed into applied shear
stress, according to Equation 5.14. This should be less or equal to the shear stress
capacity, Trq.

S+ Vga

Icomposite b

(5.14)

TEd =

The deflection of a composite cross section is calculated according to Equation 5.15,
and then compared to the SLS requirements. According to SIS (2005), a factor ¥y.q
is used to reduce the effect of the traffic load.

_ 5'(61'%651)'[14
384 - (El)composite

(5.15)

40 CHALMERS Architecture and Civil Engineering Master’s Thesis ACEX30-19-104



5. Analytic Calculations

Being a composite material, it is likely that shear stresses will develop in the inter-
laminar area between the timber and CFRP. Therefore, failure in the timber in the
vicinity of the adhesive layer must be checked. Since the adhesive layer is assumed
to have full interaction and sufficient load carrying capacity, failure will not occur
in the adhesive layer. However, these controls are highly complex and are therefore
done in the numerical analysis, see Chapter 6.

5.3.2 Linear Analysis of the Dynamic Case

As mentioned in Section 2.5, dynamic conditions put high demands on timber struc-
tures. The most critical demand is the structural frequency of the bridge. The first
and second vertical structural frequencies are calculated according to Equation 5.16
and 5.17.

1 9869 [Emean - Lo
fi= - . tot (5.16)

2.7 L2 my

1 39478  [Emean - Lo
fi= : : s (5.17)

2.7 L? my

Since the free span of the bridge is less than 50 meters, wind loads were considered
to be negligible in the dynamic calculations (Trafikverket, 2016). Furthermore, no
checks were performed for lateral movements due to the high amount of stiffness
in the lateral direction of the bridge. The traffic classes used for the dynamic
calculations are presented in Table 5.1. Traffic class 5 corresponds to exceptionally
dense traffic where it is hard to move and unpleasant to reside on the bridge. Traffic
class 1 corresponds to very weak traffic, often disregarded for the benefit of traffic
class 2.

Table 5.1: Pedestrian load for different traffic classes (Heinemeyer, 2009).

Pedestrian loads

Traffic class | Density of pedestrians [P/m?]
TC2 0.2
TC3 0.5
TC4 1.0
TCH 1.5

To calculate the structural frequencies, a load of 700 N was used, corresponding to
the weight of a pedestrian (Heinemeyer, 2009). This was then multiplied with the
traffic density suggested by the traffic classes in Table 5.1. For calculations of maxi-
mum acceleration in vertical direction, the vertical component 280 N is used instead
(Heinemeyer, 2009). Since the traffic density rarely exceeds the one corresponding
to traffic class 3, traffic classes 4 and 5 were disregarded in the calculations.

Similar to the the acceleration requirements described in Section 5.1, there are some
ambiguity regarding the damping ratio for timber in dynamic models. The damping
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ratio is mostly dependent on the material itself, but also on the used connectors.
According to Heinemeyer (2009) the damping ratio should be chosen to 1.5% while
Sétra (2006) suggest a value of 3%. The most unfavourable case of 1.5% was chosen
for the model.

5.4 Evaluated Beam Configurations

To evaluate the concept of fibre reinforced glulam elements, different configurations
were evaluated to investigate for which the reinforcement concept would proven itself
most useful. The configurations were chosen based on suggestions and interests from
Sweco and the collaborator Martinson Tré. This section presents the configurations
and why they were chosen. The cross sections were all configured in the same way,
with a beam height of 625 millimeters with 5 millimeters thick CFRP laminas in
compression and tension respectively, exemplified in Figure 4.2.

The first evaluated configuration was a simply supported reinforced straight beam,
illustrated in Figure 5.3. This configuration served as a base for the other con-
figurations, meaning that the results could be compared with results from other
configurations to study how alterations change stresses and deflection. The com-
plete calculations can be found in Appendix A.

&
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| [ ]
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Figure 5.3: [llustration of the calculation model used.

Since the IBR method is a new concept, it is important to compare it with other
reinforcement techniques to investigate how they differentiate. Therefore, a straight
beam with NSM reinforcement was studied, see Figure 5.4. The beams were config-
ured in the same way and the reinforcement ratio of the cross section was adjusted
to be the same in both cases. The complete calculations can be found in Appendix

D.
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Figure 5.4: Illustration of the two different calculation models used for the com-
parison, IBR (left) and NSM (right).

The calculations for a T-beam are similar to those of a straight beam, with the
addition of a wider upper flange. The width of the upper flange should be reduced
by finding an effective with of the beam, which is the width that contributes to the
actual structural capacity. To ensure enough stiffness, the reinforcement area should
be the same in both the compression and tension zone. A sketch of the cross section
is presented in Figure 5.5. Since the upper flange is wider than the web, more CFRP
was needed in the bottom of the beam to achieve equilibrium of the cross section.
The complete calculations can be found in Appendix B.
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Figure 5.5: Cross section of the T-beam together with the strain distribution across
the cross section.

5.5 Stress-Laminated Deck as a Bridge Concept

As mentioned in Section 2.6, a stress-laminated deck is a linear multiplication of a
single straight beam. However, additional loads such as service vehicles, weight of
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railings, pre-stressing bars and walkway covers increases the stress on the bridge, see
Figure 5.6. This corresponds in theory to an actual preliminary sizing of a timber
bridge and strengthens the reinforcement configuration as a proof of concept. The
complete calculations can be found in Appendix C.

Railing —

Protective layer and
asphalt pavement

Cover plate

Claddi
Timber deck plate R

5
\ Pre-stressing bar

Figure 5.6: Illustration of a complete stress laminated deck bridge, the black hori-
zontal lines corresponds to the added CFRP laminas (Pousette, 2016).

There are two possible failure modes where the needed prestressing force is too
small (Ekholm et al., 2012). Either the transverse bending moment is larger than
the prestressing force and gaps are created between the glulam beams. The other
failure mode is vertical interlamellar slip. Both failure modes are illustrated in
Figure 5.7. The failure occurs when the transverse shear forces are larger than the
friction forces between the glulam beams.

- < > S

Figure 5.7: [llustration of possible failure modes between the beams in a stress
laminated deck (Pousette, 2016). Transverse bending (left) and vertical interlaminar

slip (right).

The needed pre-stressing force is determined according to Equation 5.18 and 5.19
(Ekholm et al., 2012).
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6- M
Foo 2 = tT (5.18)
3.V
Fpy > -t (5.19)
2- Htimber

An illustration of how the prestressing bar works in a stress-laminated deck can be
seen in Figure 5.8. It is assumed that sufficient tension force is reached and thereby
no further checks of failure between the beams are needed.

Pre-stressing bar

|
::::::::i
|
|

Figure 5.8: Illustration of stress-laminated deck with prestressing bar (Pousette,
2016).

5.6 Investigation of Parameter Choice Effects

A parametric study was performed to investigate which parameters that would have
the largest effect on the concept. The study serves to show how changes in young’s-
modulus, density and choice of damping coefficient influence the result. Further on,
an investigation of the possible span lengths is performed. The investigated spans
range from 5 to 30 meters, in order to observe what failure modes that are governing
for a shorter and longer beams. This also makes it possible to obtain a theoretical
upper limit of feasible span lengths, and observe a lower limit where the CFRP is
superfluous.

5.7 Optimisation of Beam Configurations

An attempt to optimise the reinforcement scheme was made to ensure that the
CFRP and timber is combined in the most efficient way. The available height is
often, as previously mentioned, a limiting demand at the site. Also, it is of interest
to minimise the amount of CFRP due to the high cost and environmental impact.

The optimisation was performed with four different optimisation objectives. The
first objective was to have a minimum amount of reinforcement. The minimum
amount of reinforcement corresponds to adding a 2.5 millimeter CFRP lamina, one
of the standard dimensions according to S&P (Personal communication, S&P Re-
inforcement, March 29 2019). For the three remaining optimisations, there was no
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consideration taken regarding available standard dimensions. In the second, third
and fourth objective, the goal was to reduce the height with approximately 25, 40
and 50% respectively. All while still maintaining sufficient structural capacity of the
cross section and satisfying the SLS requirements. The first and third optimisation
objectives were used for the investigation of parameter choice effects.

The optimisations are done iteratively by either increasing the CFRP height with
0.1 millimeter every iteration, or by increasing the timber height with one lamella,
corresponding to an increase of 45 millimeter. Based on the parametric study results,
the CFRP young’s modulus was chosen to 300 GPa. It was identified that 300 GPa
would give the largest difference in height, see Section 9.1.2.
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Finite Element Analysis

Finite Element Analysis (FEA) is a computerized numerical method used to solve
engineering and mathematical physics. The method is used to obtain an approxi-
mate solution to a real engineering application where the analytic solution generally
is too complicated to solve. The method uses boundary conditions and limitations
of domain provided by material data, support conditions or loading cases to solve
the differential equations. Thereby, it is important to be certain of the input to the
model, to be able to analyse and critically interpret the output.

The specific software used in this thesis is Brigade/Plus 6.2 from Scanscot Technol-
ogy. It is a software based on the platform of Abaqus/CAE developed specifically
for bridge-engineering purposes (Scanscot Technology AB, 2019).

The FEA was used to evaluate the concept of a pre-cambered CFRP reinforced
glulam beam. Especially the stresses between the timber and CFRP parts were
studied in order to evaluate the risk for local shear failure. An additional straight
model was created to verify the FE-model and assumption, using the results of the
analytic calculations.

Self-weight, variable load and temperature variations were the considered loads in
the analysis. For the temperature, it was assumed that the initial temperature was
20°C and that it is either decreased or increased to -20°C or 40°C respectively.

For the analysis, the beam was chosen to consist of 12 timber lamellas a 45 millime-
ters. Together with a CFRP thickness of 5 millimeters and outer lamellas, the total
height was 580 millimeters.

6.1 FE-modelling of Fibre Reinforced Timber

Since the CFRP is embedded in the exterior timber lamella and has a smaller width
than the width of the cross section, see Figure 2.19, three dimensional solid elements
were used. Otherwise it would not be possible to observe some of the effects. Also,
if other studies were to be performed based on this thesis, a 3D-model gives a
possibility to evaluate stresses due to lateral loads.

Both the timber and CFRP were modelled as linear-elastic materials. However, while
the CFRP was chosen to be isotropic, the timber was modelled with engineering
constants, meaning that the young’s modulus and the shear modulus were varying
with the direction of the material. The values used for material properties are
presented in Table 6.1. Also, temperature expansion coefficients were included to
see how the model responds to temperature variations.
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Table 6.1: Characteristic strengths for reinforced glulam elements (Borgstrom,

2016; Gurit, 2018; SIS, 2014b).

Material Properties FE-model
Glulam (GL28c) | CFRP
Density [kg/m?] 420 1600
Er (G Pal 12.6 -
Er [G Pal 0.7 -
Er [G Pal 0.37 -
GLR [GPCL] 0.72 -
GLT [GP(I] 0.35 -
GRT [GPG] 0.03 -
VLR [—] 0.03 -
VLT [—] 0.04 -
VRT [—] 0.35 -
ECFRP [GPCL] - 300
VCFRP [—] - 0.3

The interface between the CFRP and timber was modelled with fully constrained
ties, since full interaction was assumed. Having full interaction, makes it impossible
to study any bond-slip behaviour. However, shear stresses can still be monitored to
see if they could cause a shear failure in the vicinity of the interface. In Figure 6.1,
the constraints are shown. Note that it is only the horizontal edge of the CFRP
that is tied to the timber. In reality, the vertical CFRP edge would be glued to the
outer lamella. Likewise, the outer lamella would also be tied to the inner lamellas.
This will have a negligible effect on the structural behaviour, which is why it was
disregarded in the model.

Figure 6.1: The dashed red line illustrate where the materials have been tied to-
gether in the FE-model.

The assumption about full interaction is reasonable. Many studies have shown that
failure usually occurs in the timber fibres close the the CFRP lamina, and that the
adhesive, in most cases epoxy, has sufficient strength (Schober et al., 2015; Trimble
et al., 2010; Valipour and Crews, 2011). Also, data regarding bond-slip properties
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of CFRP-to-timber connections is difficult to obtain theoretically. If the bond-slip
relation is needed, full scale tests with the specific configuration would have to be
performed.

Being a simply supported beam, adequate boundary conditions need to be applied.
On the left side, the beam is locked for movement in x,y and z-directions. On
the right side, the beam is locked for movement in y and z. To achieve a realistic
response at the boundaries, a very stiff beam element (young’s modulus of 1 000 000
GPa) was included at the supports. The beam element was then locked in x-, y-
and z-direction on the left side, and y- and z-direction on the right side. The beam
elements let the beam rotate at the support in a correct way. If they would not be
included, unreasonable large stresses would occur by the supports, influencing the
shear stress between the timber and bottom CFRP lamina. An illustration of the
boundary conditions can be seen in Figure 6.2 and further specified in Figure 6.3.

Yy

Z" 08

Figure 6.2: Illustration of the beam’s boundary conditions and its coordinate sys-
tem.

Slave surface

Master node

Figure 6.3: Illustration of the boundary conditions and how they are applied in the
FE-model. Here exemplified with the left support. The right support is modelled in
the same way.

6.1.1 Load Combinations in the FE-analysis

To evaluate the performance of the beam, it is important to study the most critical
load case. By using different partial factors and combining them with the self-
weight, variable load and temperature variations, many different load cases arise.
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However, the considered cases in this thesis are relatively few. Therefore, the most
unfavourable load cases can be considered, presented in Table 6.2. During the
simulations, it was found that heating of the beam is unfavourable in all cases,
which is why cooling was excluded.

Table 6.2: The table describes the combinations of loads and safety factors that
were used for the finite element analysis.

Load combinations
Type of load and the safety factor used
Type of analysis: Self-weight Traffic Temperature Difference
Shear stresses in the timber 1.2 1.5 1.5%0.7
Deflection 0 0.4 0
Frequency 0 0 0
Tension perpendicular to grain 1.2 1.5 1.5%0.7

6.2 Mesh Convergence Study

A mesh is the subdivision of the model into finer parts which are evaluated piecewise
by the FE-software. A fine mesh sets high demands on computational power and
analysis time, but it will also yield a more refined and stable result. It is therefore
of interest to optimise the mesh-size. To verify that the created mesh was fine
enough to obtain valid results a mesh convergence study was performed based on
the deflection of the beam, see Figure 6.4 and 6.5. From this an optimal mesh is
selected both regarding satisfying stability of the results, but also optimal processing
time for the analysis. The mesh convergence study was performed for both the static
and the dynamic analysis, based on the straight beam model.

Mesh Convergence Study - Static

-37,40

-37,60

-37,80

-38,00

-38,20

-38,40
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-38,80
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Number of elements

Figure 6.4: Mesh convergence study based on the static straight model.
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Mesh Convergence Study - Dynamic
2,9

2,89

2,88

Frequency [Hz]

2,86

2,85
0 100000 200000 300000 400000 500000 600000

Number of elements

Figure 6.5: Mesh convergence study based on the dynamic straight model.

Based on the mesh-convergence study, presented in Figure 6.4 and 6.5, a mesh size
of 40 millimeters was chosen. A refined mesh was used for the areas closest to the
supports to better obtain the local effects and reliability in the results, as it is there
the shear stresses in the interfacial layer will be largest. With a mesh-size of 20
millimeter in the support regions, the total amount of elements for the entire beam
was 201 480. The elements used in the model were linear hexahedral elements of
the type C3D8R. The mesh used in the model is shown in Figure 6.6. The same
mesh was used for the pre-cambered model, as the differences were deemed to be

negligible.
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Figure 6.6: A cut-out which illustrates the mesh used in the FE-model.

6.3 Investigation of Shear Stresses Between
Timber and CFRP

To further evaluate the concept with embedded CFRP reinforcement, it was of
interest to study stresses that are difficult to consider in analytic calculations. When
a CFRP reinforced beam is loaded in bending, the shear stresses between timber
and CFRP need to be studied. In most literature, see Section 2.4, the failure takes
place in the timber, rather than in the adhesive or the CFRP. Therefore, the shear
stresses in the timber close to the CFRP should be assessed and compared to the
shear capacity of timber. The shear forces between timber and CFRP should be the
largest by the supports, which is why the mesh was refined in this area.

Furthermore, the shear stresses might increase when pre-cambering a beam. There-
fore, beams with different amounts of pre-cambering were also evaluated. For a
pre-cambered beam, one of the critical zones is the apex zone, see Figure 6.7. In
this zone tension perpendicular to the grain occurs, which might lead to failure of
the beam. Therefore, these stresses were also evaluated.
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Figure 6.7: Illustration of the apex zone (shaded area) in a pre-cambered beam
(Crocetti, 2016).

From the analytic calculations, the pre-camber to counteract the deflection from self-
weight was estimated to be 25 millimeters. This amount was used for comparison
with a straight beam, after which the pre-camber was increased.

The analytic calculations showed that the concept also could be used for a beam
with a span of 30 meters. To control the viability of the longer spans, the shear
stresses were also monitored in this case. The ratio of pre-camber contra span length
was the same as for the beam with a 20 meters span, meaning a pre-camber of 37.5
millimeters was used. The number of timber lamellas and the thickness of CFRP
was chosen based on the analytic results, resulting in 18 lamellas a 45 millimeters
and 3 millimeter CFRP on both tension and compression sides. The total height of
the beam is then 816 millimeters.
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Economic comparison

The purpose of the economic comparison was to investigate the competitiveness
of the reinforcement configuration and to evaluate if it is a viable implementation
option with current material prices. Only other lightweight alternatives were con-
sidered, for example glulam or steel. The comparison is divided into three parts.
Firstly, prices for the different materials are gathered. Afterwards, the necessary
dimensions to manage the demands set by Eurocode are calculated. The dimen-
sions for the glulam and CFRP reinforced glulam are calculated analytically. The
dimensions for a corresponding steel pedestrian bridge was provided by Sweco. The
prices are multiplied with the dimensions and then divided with the total square
surface of the bridge. This is to obtain the functional unit of the comparison, which
is [SEK/m?]. The height is in this case irrelevant. The material costs vary depend-
ing on manufacturer and time, which is why an upper and a lower value have been
calculated.

7.1 Economic Trends for Materials

Studying the price trend presented in Figure 7.1, it can be observed that the cost
for carbon fibre is decreasing and that the forecast predicts further decrease in
the near future (Rao et al., 2018). To acquire more specific data regarding price
trends, the price development for a specific CFRP composition over time is needed.
However, since prices for raw material are decreasing every year and the production
is becoming more efficient, CFRP will most likely be more economically competitive
in the future (Rao et al., 2018).
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Price Development of Carbon Fibre
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Figure 7.1: Price trends and forecast for carbon fibre (Rao et al., 2018; Fiberline,
2016). The price was recalculated using the dollar and euro rates the 7th of May
2019, 9.56 SEK/USD and 10.7 SEK/EUR respectively.

Rao et al. (2018) also indicate that there is an increasing demand worldwide, espe-
cially in non-aerospace applications, putting pressure on the industry to streamline
the production to meet the demand. Streamlining the production methods also in-
creases the repetitiveness which would result in a more homogeneous quality of the
products. Even though the price of the raw material is decreasing, the largest cost
influence for producing CFRP is the choice of manufacturing method, see Section
2.3.1 (Rao et al., 2018). Depending on the labour intensity and how much equipment
that is needed, the cost of a product can vary significantly. Small scale production
is more expensive and the price decreases rapidly with increasing scale.

For glulam products, E. Martinson (Personal communication, Martinsons Tra, April
25 2019) stated that data showing how the price has changed with respect to time is
hard to obtain. However, the product has been in use for more than 100 years, and
better techniques to automatise and streamline the production have already been
implemented to a great extent. Therefore, it was assumed that it will be kept at a
constant level in the future. According to E.Martinson (Personal communication,
Martinsons Tra, March 27 2019) the current price from glulam products is 6000
SEK/m3.

Steel is a material that has been used for a long time as well. Depending on supply
and demand, certain fluctuations from year to year occurs. In recent years, the
price has been relatively stable, which is why the price is assumed to be kept on a
constant level for the purpose of this thesis. The current price for a HEB450 beam
is approximately 25 SEK/kg, obtained from Stena Stal AB (2019). However, this
was the standard price for a beam and to account for variations in price over time
the upper value in the comparison has been increased with 10 SEK/kg.
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7.2 Economic Comparison with Glulam and
Steel

To evaluate the economic feasibility of the suggested reinforcement method, it was
compared to two other lightweight materials. The CFRP reinforced glulam bridge
was compared to an unreinforced glulam bridge and a steel bridge. The bridges in
the comparison have similar loading and geotechnical conditions. The free span is
20 meters and the width of the bridge is 3 meters. The compared costs are only
for the material in the superstructure, since the cost of the substructure, railings,
etc. is independent of the material. This is reasonable since the governing load
for pedestrian bridges is the variable load, which is equal for all cases regardless
of material. The economic comparison serves as an investigation whether a CFRP
reinforced glulam bridge is a competitor for sites where the structural height is
limiting the possible concepts. The bridges in the comparison all have different
heights, depending on what is needed to fulfill the demands for a pedestrian bridge.

The glulam bridge alternative is a regular stress laminated deck bridge, with steel
tension rods and an asphalt cover. The structural height of the beams are 840
millimeters. The reinforced glulam bridge that was used in the comparison was the
result of the preliminary sizing of the stress laminated deck, meaning that the height
of the beams is 711 millimeters.

The steel bridge alternative is a composite structure, consisting of steel and timber.
The primary girders consist of HEB450 beams and cross beams act as secondary
girders. On top of the steel beams, a deck of Azobe D70 is placed. Azobe is a timber
material that is commonly used for pedestrian bridge decks (Karnsund Wood Link
AB, 2019). The structural height of the beams is 450 millimeters, together with a
deck of approximately 120 millimeters, resulting in a total height of 570 millimeters.

7.3 Investigation of Price Effects

The anisotropic and adaptable properties make it difficult to estimate the price of
different products. Therefore, this investigation was performed to see both how
much the price affects the results, but also to consider different proces of the man-
ufacturers. The study shows in a qualitative way where the break even point is, i.e
how much the CFRP price has to decrease before it is equivalent with the price of
the reduced timber. The price comparison is performed using CFRP with a young’s
modulus of 300 GPa.
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Risk Analysis

Risks need to be considered when constructing a bridge. It is especially important
for bridges with heavy traffic or if boats pass beneath.

For a heavily reinforced cross section, loss of the CFRP strength means a significant
decrease in structural capacity and instant collapse or progressive failure over time.
For a beam with minimum reinforcement, the opposite behaviour is expected due to
the smaller dependency on the CFRP for structural capacity. Thereby, the calcula-
tions in the risk analysis are based on the results of the third objective optimisation,
corresponding to a reduction in height with approximately 40%.

8.1 Traffic Collision

The bridge is assumed to be constructed for pedestrian and bicycling traffic, but
also for an additional service vehicle. Therefore, the existing redundancy is sufficient
in case a car accidentally drives up onto the bridge. However, there is also a risk
that a car would ram into the railings or land supports. This could be prevented by
adding crash barriers at both ends of the bridge. Since detailing is not considered
in this thesis, no calculations are performed for these cases.

8.2 Boat Collision

For bridges that stretch over a waterway, there is a risk for boat collisions. A
boat can collide with either end or intermediate supports, or the bottom of the
superstructure. No checks are performed regarding collision with supports. However
an analytic check of collision with the bottom of the bridge, resulting in loss of the
bottom timber lamella and CFRP-lamina is performed to observe the behaviour and
redundancy of the system. The utilisation ratios are presented in Table 8.1.

Table 8.1: Utilisation ratios for decreased load carrying capacity due to collision
with boat.

Utilisation ratios for decreased load carrying capacity
Moment Capacity — [%)] 32.1
Shear Capacity (%] 21.5
Deflection (%] 153
Frequency [Hz] 3.57
8.3 Fire

In case of fire on the bridge, the exterior timber lamella will act as an initial pro-
tection towards the flames. Simultaneously as the exterior lamella is sacrificed, the
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overall temperature of the beam increases. At a certain point, the glass transition
temperature of the CFRP matrix is reached and the the structural capacity of the
CFRP is decreased. The same happens when the maximum operating temperature
of the adhesive layer is reached and the bonding to the CFRP lamina is lost. There-
fore, in the case of fire, a structural capacity accounting for only the interior timber
lamellas, is calculated. It is assumed that the interior timber part is kept protected
for some time. The utilisation ratios are presented in Table 8.2.

Table 8.2: Utilisation ratios for decreased load carrying capacity due to fire.

Utilisation ratios for decreased load carrying capacity
Moment Capacity — [%)] 55.7
Shear Capacity (%] 22.8
Deflection (%] 292
Frequency [Hz] 2.69

8.4 Adhesive Failure

Another possible risk with this construction method, which is by itself a risk for
unreinforced glulam as well, is failure in the adhesive layer. Assuming that the ad-
hesive fails between the CFRP lamina and the timber lamellas, the load capacity
will decrease in the same way as described in Table 8.2. A failure of the adhe-
sives between the timber lamellas is unlikely since the production process is already
highly controlled and automatised. The risk of adhesive failure would be covered by
material safety factors in the sizing of a glulam beam.
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Results

In this chapter the results from the analytic, numerical and economic analyses are
presented, following the same order as treated in the thesis.

9.1 Analytic Results

The analytic results are divided into two categories. In the first subsection, the re-
sults from different configurations together with the results from the stress laminated
deck is presented. In the next subsection, the evaluation of different parameters is
presented.

9.1.1 Results for Different Geometrical Configurations

The result from the analytic calculation of the straight beam is presented in Table
9.1.

Table 9.1: Moment capacity, deflection and frequency for the straight beam.

Straight beam
Mpgq [KNm] | 0 [mm] | f; [Hz]
Unreinforced glulam beam 242.8 51.6 3.8
1 lamina low modulus CFRP 592.4 31.5 4.7
1 lamina mid modulus CFRP 687.3 26.7 5.2
1 lamina high modulus CFRP 762.2 23.8 5.5
1 lamina ultrahigh modulus CFRP 837.1 21.5 5.7

The result of the analytic calculation for the T-beam is presented in Table 9.2.

Table 9.2: Moment capacity, deflection and frequency of the T-beam.

T-beam
Mpq [kNm] | 0 [mm] | f; [Hz]
Unreinforced glulam T-beam 283.6 171 3.6
1 lamina low modulus CFRP 1956 84.8 4.3
1 lamina mid modulus CFRP 2628 69.0 4.8
1 lamina high modulus CFRP 3171 59.7 5.1
1 lamina ultrahigh modulus CFRP 3721 52.4 5.5

The result of the analytic calculation for the stress laminated deck is presented in

Table 9.3.
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Table 9.3: Moment capacity, deflection and frequency of the stress laminated deck.

Stress laminated deck
Mpq [kNm] | 0 [mm] | f; [Hz]
Unreinforced glulam plate 3388.9 51.6 3.1
1 lamina low modulus CFRP 8264.3 31.5 3.9
1 lamina mid modulus CFRP 9587.7 26.7 4.2
1 lamina high modulus CFRP 10633 23.9 4.5
1 lamina ultrahigh modulus CFRP 11677 21.5 4.7

The results of the comparison between IBR and NSM configurations are presented
in Table 9.4. For the comparison, a CFRP with a young’s modulus of 300 GPa was
used.

Table 9.4: Comparison between IBR and NSM configurations. The moment capac-
ity, deflection and frequency are presented.

IBR/NSM comparison

Mpq [kNm] | 0 [mm] | f, [Hz]
IBR configuration 488 39.3 4.32
NSM configuration 483 40.1 4.29

The results of the preliminary sizing for a stress laminated deck bridge are presented
in Table 9.5. The actual reduction of the height became 15.36%. The CFRP amount
presented is needed in both the compression and tensile zone.

Table 9.5: Results of the preliminary sizing of a stress laminated deck bridge.
Amount of reinforcement is kept to a minimum aim.

Preliminary sizing of stress laminated deck
hglulam [mm] 705
hCFRP [mm] 3.00
hior [mm] 711
M [%] 22.8
T [%] 18.8
5 (%) 46.0
f1 [Hz] 4.38
Actry [%] 0.73

9.1.2 Results of the Parametric Study

The result of the parametric study regarding sensitivity of varying E-modulus is
shown in Figure 9.1.
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Figure 9.1: Parametric study of the influence of different young’s-modulus for the
height of the beam.

Based on the results of the first objective optimisation, the parametric study showed
that changes in glulam density of + /- 200 kg/m? had little or no effect on the CFRP
amount. The same effect was observed when altering the damping ratio. Both cases
resulted in approximately +/- 0.1 millimeter of CFRP.

For the configuration reaching the third optimisation objective, the results varied
more. The parametric study showed that a change in glulam density of +/- 200
kg/m? resulted in approximately +/- 0.5 millimeter of CFRP. Altering the damping
coefficient resulted in +/- 0.3 millimeter of CFRP. The extremity is found when the
lowest density is combined with the highest damping coefficient, which would yield
a possible reduction of the CFRP with 0.7 millimeter.

The result of the parametric study regarding sensitivity of varying span length is
shown in Figure 9.2. The "jump" in the graph for the span length of 30 meters,
corresponds to a change in governing demand between deflection and acceleration.
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Figure 9.2: Parametric study of the influence of different span length for the height
of the beam.

9.1.3 Results of Optimised Configurations

The beam was optimised considering four different objectives which are presented
below. As a comparison, the heights for an unreinforced glulam beam and the
utilisation ratois are presented in Table 9.6. The CFRP amount presented is needed
in both the compression and tensile zone.

Table 9.6: Results for an unreinforced beam.

Unreinforced beam

hglulam

M

[onm]

795
19.7
15.0
47.8
4.92

The results of the first optimisation objective are presented in Table 9.7. The actual

reduction of the height became 16.4%.
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Table 9.7: Results of the first optimisation to fulfill the structural demands, aiming
at minimum reinforcement.

Optimisation of straight beam, first objective
hglulam [ ] 660
hCFRP [ ] 2.50
Dtot [mm] 665
M (%] 19.9
T (%) 15.5
1) (%] 58.3
fi [Hz] 4.82
Ay %) 0.67

The results of the second optimisation objective are presented in Table 9.7. The
actual reduction of the height became 27.0%.

Table 9.8: Results of the second optimisation to fulfill the structural demands.

Optimisation of straight beam, second objective
hglulam [ ] 570
hcprp  [mm] 5.00
R [mm] 580
M %] 19.2
T (%] 16.4
) (%] 64.8
fi [Hz] 4.85
Acfrp [%] 1.48

The results of the third optimisation objective are presented in Table 9.7. The actual
reduction of the height became 42.5%.

Table 9.9: Results of the third optimisation to fulfill the structural demands.

Optimisation of straight beam, third objective
h'glulam [ ] 435
hcrprp  [mm] 11.0
Pt [mm] 457
M (%] 17.0
- %] 18.3
) (%] 75.0
fi [Hz] 4.91
Actrp (%] 4.14

The results of the third optimisation objective are presented in Table 9.7. The actual
reduction of the height became 52.0%.
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Table 9.10: Results of the fourth optimisation to fulfill the structural demands.

Optimisation of straight beam, fourth objective
hglulam [ ] 345
heprp  [mm] 18.5
Riot [mm] 382
M (%] 14.7
T [%] 21.3
0 (%) 80.4
fi [Hz] 4.95
Actrp (%] 8.33

9.2 Results of the Finite Element Analysis

Two fundamental FE-analyses were executed in Brigade/Plus, one for the static case
and one for the dynamic. The results are presented in this section. Further on, the
results of the pre-camber effect investigation are presented.

9.2.1 Verification of the FE-model

The FE-model for the straight beam was compared with the analytic analysis, to
verify the accuracy of the model. The calculated deflection is the instantaneous
deflection, meaning that long-term effects were not considered. The results of all
three models are presented in Table 9.11. The comparison between the pre-cambered
and the two straight models are not as consistent, but gives an indication of the pre-
cambered how the results between the two FE-models might differ. The amount of
pre-camber was set to 25 millimeters.

Table 9.11: Comparison of the results from the analytic calculations of the straight
beam and both FE-analyses.

Comparison Between FE and Analytic Results

Analytic Calculations | FE Straight | FE Pre-cambered
fi [Hz| 4.85 4.75 4.75
f2 [Hz| 194 19.0 19.0
Deflection  [mm] 10.8 11.0 11.0
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The first two vertical structural frequencies for the straight beam can be seen in
Figure 9.3. The deflection for the straight beam is shown in Figure 9.4. The pre-
cambered beam showed the same behaviour.

ft\ Step: Freq A s i
¥ " " * Mode 8: Value

Mode 3:Value= 89230 Freq= 4.7542  (cycles/time) 8. Freq= 18.971 (cycles/time)

Figure 9.3: The two first vertical structural frequencies for a straight beam calcu-
lated by Brigade. Left is the first vertical frequency, the right is the second.

i ——
L.

Figure 9.4: The deflection of the straight beam subjected to self-weight. The scale
is magnified (scale factor = 50) to highlight the effects.

9.2.2 Comparison Between the Straight and Pre-cambered
Beam

The shear stress was evaluated at five different levels of the cross section, see Figure
9.5. The largest shear stresses were always taking place at the bottom-top level.
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Figure 9.5: The locations where the shear stresses were monitored. The bottom-top
cut was the most critical in all analyses.

The results from the straight beam can be seen in Figure 9.6. The maximum shear
stress is found in the bottom-top cut. Also, the shear stresses in the middle cut was
0.24 MPa, corresponding well to the analytic results.

Longitudinal shear forces for straight beam
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Figure 9.6: Shear stresses at different levels of the straight beam. The Bottom-Top
cut has the highest shear stress with 0.747 MPa.

The same analysis was performed for the pre-cambered beam. The results are pre-
sented in Figure 9.7.
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Longitudinal shear forces with 25 mm pre-camber
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Figure 9.7: Shear stresses at different levels of the pre-cambered beam. The Bottom-
Top cut has the highest shear stress with 0.748 MPa.

9.2.3 Results of the Pre-camber Effects Investigation

Since the bottom-top cut was the most critical in all evaluated cases, Figure 9.8
shows the shear stresses at this level for different amounts of pre-camber. The figure
only shows the first 0.2 meters of the beam, where the stress was found to be the
largest. The shear stress was measured to approximately 0.74 MPa for all amounts
of pre-camber, with a small difference in magnitude.
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Figure 9.8: Shear stresses in the bottom-top cut for the first 0.2 meters of the
beam. The highest shear stress for all cases is approximately 0.74 MPa.
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The stress perpendicular to grain was also studied in the middle of the span. The
result is presented in Figure 6.3

Stress perpendicular to grain in the middle of the span
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Normal stress [MPa]

Figure 9.9: Stress perpendicular to the grain in the middle of the span. The tensile
stress is above 4 MPa in the bottom of the beam.

The results for a beam with a 30 meter long span can be seen in Figure 9.10. For
better visibility, the same result for the first meter is shown in Figure 9.11. The
CFRP thickness is 3 millimeters, in both compression and tension, and the number
of timber lamellas is 18. The maximum stress was in the bottom-top cut, having an
amplitude of 0.97 MPa.
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Longitudinal shear forces for beam with span of 30 meters
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Figure 9.10: Shear stresses for beam with 30 meters span. The maximum shear
stress is 0.968 MPa.
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Figure 9.11: 30 meter beam.

9.3 Results of the Economic Comparison

In Figure 9.12, the material costs for three different bridge types are shown. Upper

and lower values have been used to indicate the possible deviation of the material
costs.
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Comparison of material costs per m? superstructure
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Figure 9.12: The variations of the material cost, compared for the three alternatives
together. Timber prices from Martinsons Trd, CFRP prices from Fiberline and Rao

et al., Steel prices from Stena Stal and Azobe deck prices from Kdrnsund Wood Link
AB.

The result of the investigation regarding sensitivity of varying prices of CFRP is
shown in Figure 9.13.
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Figure 9.13: Price for a CFRP reinforced timber beam with different CFRP-prices.
The prices are for a complete beam with a span of 20 meters and a CFRP with
young’s-modulus of 300G Pa.

72 CHALMERS Architecture and Civil Engineering Master’s Thesis ACEX30-19-104



10
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The results presented in Chapter 9 are discussed in the following chapter. The
discussion is divided into the three main parts of the thesis: analytic analyses,
FE-analyses and the economic investigation. Finally, a more general discussion is
conducted, to treat overall aspects of the concept.

10.1 Analytic model

The analytic model does not consider compression failure, since it was assumed
that tension failure occurs first. This assumption can be made since the amount
of reinforcement is equal on both tension and compression side, meaning that the
neutral axis will be in the center of the cross section and tension and compression
strains will have the same amplitude. Since timber is weaker in tension, it will
predominately experience tension failure before compression failure parallel to the
grain.

The critical demands for lightweight pedestrian bridges are often deflection and
acceleration. The deflection is calculated completely according to Eurocode and no
assumptions were made for the calculation, leaving no room to question the result.
Regarding the limit for allowed accelerations, a choice of 0.75 m/s* was made,
considering the variations in different design standards. Using the upper limit of 1
m/s?, or the lower limit of 0.5 m/s?, would certainly affect the the result. However,
since the majority of the studied configurations had structural frequencies outside
the range stated in Equation 5.3, the acceleration limit would have a small effect on
the final configuration.

After the initial analysis of the T-beam configuration, no further optimisation was
performed. The optimisation of the T-beam would be cumbersome to perform ana-
lytically, as the neutral axis may shift between the flange and the web depending on
their respective heights and reinforcement amount. In the end, the benefits would
be negligible due to the high cost of carbon fibre in relation to the small reduction in
height. Further on, E. Martinson (Martinsons Tra, personal communication, Febru-
ary 14 2019) states that the T-beam is not commonly used for pedestrian bridges
nowadays, due to an unfavourable use of material and relatively high structure.

It would be possible to further reduce the height of the beams presented in Table 9.7
t0 9.10, by reducing or completely removing the exterior sacrificial lamella. However,
this would influence the producibility of the beam. In extension, the benefits of the
sacrificial lamella in terms of fire resistance, and protection against moisture and
UV-radiation would be lost. One possibility that was not investigated in this thesis
is to replace the outer lamella by a thinner OSB, particle board or plywood, to
further reduce the height. However, the change in self-weight, together with the
change of stiffness due to shorter lever arms, might influence the dynamic behaviour
of the beam.
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The parametric study regarding density and damping of Glued Laminated Timber
(Glulam) were based on the first and third optimised beams, i.e. aiming to have
a minimum amount of reinforcement and a height reduction of 40% respectively.
These were thought to be the most interesting beam configurations as the changes
in behaviour between first to second objective, and third to fourth respectively, did
not differ substantially. When comparing the results from the parametric study, pre-
sented in Section 9.1.2, it can be seen that the influence from altering the young’s
modulus is larger compared to changing the glulam density or the damping coeffi-
cient. Nevertheless, the damping coefficient and glulam density should be chosen
with care.

When investigating the varying span length, presented in Figure 9.2, a jump in the
graph can be seen for a span length of 30 meters. The jump is due to a change
in governing criterion from deflection to acceleration at a certain amount of added
CFRP. Increasing the amount of CFRP and thereby changing the governing demand
is actually unfavourable and increases the height of the beam. The same change in
governing demand can be observed when changing the length of the span. The
jumps occur frequently when changing the span length, however not as visible in
the graphs as for the case with a 30 meter span. For span lengths below 20 meters,
the deflection demand is governing with approximately 95% in utilisation. When the
span length increases to 20 meters, the governing criterion changes to acceleration
which is shown by the deflection utilisation ratios. The utilisation decreases from
around 65% for a 20 meter span to around 25% for a 30 meter span, with a CFRP
amount below 4%, where the acceleration criterion is governing. Considering the
graph in Figure 9.2, this explains why the needed height for a 25 meter span is
larger than the needed height for a 30 meter span. The governing criteria for a 25
meter beam is frequency. The governing criteria for a 30 meter beam is, for a CFRP
thickness less than 4 millimeters, deflection.

The gradients of the graph in Figure 9.2 indicate that the CFRP is better utilised
for longer spans, since the height is reduced more with a small amount of CFRP.
The better efficiency is due to the height of the beam in longer spans, where the
lever arms of the CFRP are higher and hence have a larger influence on the second
moment of area. Investigating the extreme points in the graph with 16 millimeter of
embedded CFRP, for a 10 meter span, the height is reduced by approximately 50%,
corresponding to 150 millimeters timber. For a beam with a span of 20 meters, the
same ratio of reduction is achieved, but instead reducing more than 300 millimeter
timber. For a longer span of 30 meters, it is impossible to draw the same conclusions
since the governing criterion is changing with the increase of reinforcement, and
actually increasing the height. However, it can be seen that 3.5 millimeter CFRP
can reduce the height with more than 100 millimeters which, together with the
gradient discussed above, indicate that CFRP is more efficiently used for the longer
spans, see Figure 9.2.

The focus of this thesis was to reduce the needed structural height, without com-
promising the structural capacity. Instead of decreasing the height of the beam, the
reinforcement can be used to increase the possible span length. Reaching a theoret-
ical span of 40 meters, might mean that an intermediate support can be removed,
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reducing time and cost as well as decreasing the environmental impact. However,
increasing the span above 30 meters, imposes on the regulations for transportation
on roads and special permits would be required.

10.1.1 Disregarded Reinforcing Configurations

The CFRP is best utilised in certain types of configurations. According to existing
studies and experiments, these are configurations where loads are mainly carried
in bending. Therefore, the thesis has focused on these types of beams and not
shown the configurations where this reinforcement scheme is not deemed effective.
Amongst the disregarded reinforcement configurations are arch beams and truss
bridges. Arches are already an optimised shape to utilise the material and maximise
the load carrying capacity. Contrary to the other configurations, an arch carries the
load via compression action. A truss is built up by a network of rods and struts,
which mainly carry the load via compression and tension. The change of main load
carrying system removes this possible configuration as well. For an arch or a truss,
other stresses might arise and expose the CFRP to normal forces instead of flexural.
The new stresses might also alter the governing failure mode, which is why these
configurations are not covered in the analytic analyses.

The comparison in Table 9.4 shows rather small differences between NSM and IBR.
The results indicate a slight advantage for the IBR configuration. The IBR con-
figurations has a small amount of capacity in the excluded timber surrounding the
CFRP lamina (Figure 4.4), which is not utilised. Another discrepancy arises since
the IBR beam is approximately 10 millimeter higher than the NSM beam, when
the reinforcement is embedded. The flexural capacity is not a problem for either
configurations, the governing demands are rather deflection and frequency. Finally,
this indicates that there are no significant advantages to arrange the reinforcement
in a vertical position. The disadvantage in the production stage, and the fact that
the laminas are more exposed to wear makes IBR a more competitive configuration.

10.2 Finite Element Model

The frequencies and deflections presented in Table 9.11 coincide well with the re-
sults obtained from the analytic calculations. The negligible differences that occur
between the straight beam and the pre-cambered beam are probably a consequence
of having some loads transferred through normal components due to the slight arch
of the pre-camber. This strengthens both the correctness of the analytic model but
also the viability of the reinforcement method. Potential differences in the analytic
calculation and the FE-analyses are probably due to the anisotropic properties of
timber that are included in the FE-model, but not to the same extent in the analytic
calculations. Studying Figure 9.4, it can be seen that the deflection behaviour is as
expected for a simply supported straight beam. In principal, a pre-cambered beam
will deflect in the same way. The significant difference is that a pre-cambered beam
will end up in an nearly horizontal position when only subjected to its self-weight.

The shear stresses in the straight beam were also evaluated. By the supports, in the
middle of the cross section, the shear stress was 0.24 MPa. This value corresponded
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well to the analytic results, again confirming the correctness of the FE-model. The
small difference in the result can be due to the temperature variations that were
included in the FE-model, but not in the analytic calculations. Apart from the
shear stress in the middle of the cross section, the shear stress close to the CFRP
needed to be checked. The analysis showed that the highest shear stress was found
on the upper side of the bottom CFRP lamina, with a magnitude of 0.74 MPa.
The stress was also large beneath the top CFRP lamina having a value of 0.34 MPa.
The shear stresses in the outer lamellas were smaller, which is reasonable since shear
stresses are normally larger closer to the middle of the beam.

The results from having a pre-camber of 25 mm are found in Figure 9.7. It was ex-
pected that the shear stresses would be higher for the pre-cambered case. Although
the results showed an increase in stress, the increase was relatively small, meaning
that there is no harm in pre-cambering a CFRP reinforced beam. However, in some
cases there might be a spatial reason to pre-camber the beam even more. Therefore,
concepts with a pre-camber up to 250 mm were evaluated.

The gradual increase of pre-camber and the gradual change in load effects can be
seen in Figure 9.8. It showed that there are almost no differences in shear stress
when adding a pre-camber. For every 50 millimeters, there is a small increase of
approximately 0.0005 MPa in shear stress. Also note that the stress for 50 millimeter
pre-camber, at x=0.1 meter, is larger than the others. This can be explained by
the meshing in the FE-model, where the model for 50 mm pre-camber had a node
at x=0.1 meter. The other models have one node at 0.08 meters and 0.12 meter,
explaining why the 50 millimeter pre-camber had a slightly larger stress.

Since no bond slip test has been performed, or delamination of CFRP laminas were
of interest, full interaction has been assumed for the entire model. As mentioned in
Section 6.1 this is reasonable since failure most often occurs in the timber, rather
than in the adhesive.

The tension stress perpendicular to the grain was estimated to 4 MPa, which would
cause tension failure perpendicular to the grain. However, this is an unreasonable
large stress and therefore further calculations were performed analytically to verify
the results. The analytic calculations showed a stress corresponding 0.006 MPa,
in the apex zone for a plain timber beam. Naturally, the results may vary when
having a beam with CFRP reinforced timber. However, when considering the results
of the hand calculations, together with the fact that the pre-camber amount is 25
millimeters on a 20 meter long beam, the stress should not be very large due to the
relatively small curvature of the beam. Therefore, the evaluated stress perpendicular
to the grain in the FE-model is unreasonable. However, since the deflection and
frequencies, together with the shear stress in the middle of the beam have a good
correlation with the hand calculations, the results for the shear stress in the CFRP-
timber interface is still believed to be accurate.

One possibility of the exaggerated tensile stresses given by the FE-model could be
the orientation assignment of the material. In the model, a cylindrical coordinate
system was used in the pre-camber case to make a realistic model. When using a
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cartesian coordinate system, the tensile stress perpendicular to grain is more similar
to the hand calculated result, although there is a worse correlation between the
other evaluated parameters: deflection and structural frequency.

10.3 Economic Comparison

The scope of the economic comparison is wide since prices for CFRP vary signifi-
cantly depending on composition and different manufacturers. Unfortunately, data
was scarce and the lack of active producers in Europe was problematic. Therefore,
it needs to be emphasized that most data was retrieved from the supervisors of the
thesis. The same difficulty was experienced when trying to obtain prices for timber
and steel pedestrian bridges. A pedestrian bridge made of concrete was not consid-
ered in the economic comparison, since they are not considered economically viable
with current prices, in addition to the on-site preparatory work. Further on, the
environmental impact from a concrete structure is larger.

The economic comparison presented in Figure 9.12 only considers the investment
cost for the materials included in the bridges’ superstructure. Still, it indicates that
the price of CFRP needs to decrease for the concept to hit a break even point. It also
shows that the reinforced timber bridge is less expensive compared to a steel bridge.
In this case, the graph is somewhat misleading, since the steel bridge has a lower
height than the reinforced beam. A comparison with height as a functional unit
means that the amount of CFRP would increase, further increasing the price of the
bridge. However, the concept still gives a possibility of constructing a timber bridge
where it was not possible without reinforcement. When the surrounding context and
environmental benefit is more important than cost efficiency, timber strengthened
with CFRP is a good alternative. The cost of producing a CFRP reinforced timber
bridge is in the vicinity of 5-10% more expensive. This might come to change in the
future, with decreasing price of CFRP and increased streamlining of the production
process. For a steel structure, part of the cost is carried by welding and preparatory
work before assembly, which means that regardless of the material choice, production
costs and work on site must be considered in the price comparison.

As mentioned earlier, the price of CFRP largely influences the total price of the
beam. This is something that is visualized in Figure 9.13. Figure 9.13 also shows
that as more CFRP is added, a larger portion of the beam’s total cost is CFRP.
The desired break even point allows less CFRP when the price increases. As an
example, for a price of 500 SE K /mm the break even point is around 6 millimeters,
corresponding to a height reduction of approximately 30%. To reach a point where
the price of the added CFRP is the same as the price of the reduced timber, as-
suming minimum reinforcement of 2.5mm, the price needs to decrease towards 650
SEK/mm. As indicated by the industry, see Figure 7.1, the prices are decreasing,
which ensures that the reinforcement method will become more competitive in the
future. The prices presented in Figure 7.1 are recalculated into a price per millime-
ter height of CFRP, which is used for the economic comparison. The exchange rate
differs from day to day, and the value of SEK as well, making it difficult to interpret
the values over time. However, the comparison acts as an indication towards where
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the industry is heading. According to Fiberline (2016), the price is 1094 SEK /mm,
which is used as the upper value in the comparison. According to Rao et al. (2018)
the price is 704 SEK/mm, which is used as the lower value in the comparison.

The CFRP has the largest influence on the height reduction when first introduced
in the timber beam, which can be seen by the decreasing gradient in Figure 9.2.
The decreasing gradient also indicates that the most beneficial reinforcement con-
figuration, from an economic point of view, is for a small thickness of CFRP, rouhgly
below 3 millimeters. Figure 9.13 also confirms that CFRP is best, from an economic
perspective, for small amounts of the material.

A reduction in height results in weight reduction. A lighter structure puts lower
demands on the substructure, and the need for large or advanced foundations de-
creases. This presents an opportunity to replace an existing superstructure where it
has deteriorated or lost structural capacity, without extensive work on the substruc-
ture. Compared to replacing the entire bridge, this would potentially save money
and time as well as having less environmental impact.

Similar to plain timber or EWPs, the CFRP reinforced timber is suitable to pre-
fabricate in a factory with a controlled environment. Prefabrication is often less
expensive compared to construction work on-site. It also ensures a higher quality
and an easier assembly, resulting in a faster construction time.

10.4 General discussion

Apart from discussing the results from the analyses performed in this thesis, it is
also important to highlight some more general aspects. Even though the concept is
viable in theory, there are some practical aspects that need to be treated, such as
production methods and sustainability.

The reinforcement concept has not been attempted in practise. Even though the
production method has been discussed in theory, there might be some difficulties
when actually executing it. It is important to reassure that there is sufficient ad-
hesion between the exterior lamellas (containing CFRP) and the beam. When the
CFRP laminas have a thickness of a few millimeters, it might be problematic to
create a recess accurate enough to fit the CFRP. If the recess were to be uneven, the
surface of the exterior lamella will also be uneven after applying the CFRP, leading
to poor adhesion when gluing the exterior lamella to the beam.

From the risk analysis it was found that, whilst suffering from increased deformation
and change in behaviour, an immediate collapse after an accident is not expected.
However, actions should be taken to repair the structure. The strengthening meth-
ods suggested in Chapter 3 might be of interest.

Also, the possibilities to recycle a CFRP reinforced glulam beams has to be con-
sidered. By embedding the CFRP in the timber, it might be a difficult process to
reuse the material, once the CFRP has been glued to the timber.
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Concluding Remarks

The analytic analysis showed that Carbon Fibre Reinforced Polymers (CFRP) is a
relevant alternative in reducing the height of Glued Laminated Timber (Glulam)
beams. It was also shown that the governing demand criterion changes with the
span length. For short spans, the deflection criterion is governing. When increasing
the span, it changes to acceleration, and then back again to deflection if increasing
eve more. The governing criterion can also be changed with the amount of CFRP,
as can be seen in the case of a 30 meter long beam. Meaning that there is an
theoretical upper limit for the amount of CFRP viable for that span. In conclusion,
to maximise the utilisation of the CFRP, the beam should span 20 to 30 meters.

According to the literature study, a commonly used reinforcement configuration
is the NSM. Through analytic analysis, it was shown that the IBR configuration,
proposed in this thesis, is slightly more efficient. In conclusion, it can be stated that
the IBR configuration utilises the extra stiffness of the added CFRP in a better way.

The FE-analysis showed that having CFRP laminas embedded in a glulam beam
does not result in local shear failure in the timber close to the CFRP. The FE-
analysis also showed that pre-cambering the beam has a small affect on these local
effects. The same was shown for a increasing the amount of pre-camber to the
maximum allowed inclination of the bridge deck.

Based on the economic comparison, it was shown that CFRP reinforced timber
could serve as a realistic alternative for future pedestrian bridges. It was also con-
cluded that reinforced beams could be used to construct a new lighter superstructure,
where the existing superstructure or substructure lost sufficient structural capacity.
Thereby saving money, time and environment since there is no need to replace the
entire bridge. A lighter bridge is also easier and faster to install, having less impact
on surrounding traffic. The impact on surrounding traffic is an important aspect to
consider in a larger city like Gothenburg, which may have many larger infrastructure
projects ongoing, already obstructing the traffic flow.

In conclusion, the suggested reinforcement configuration is a feasible way of increas-
ing the area of application for structural glulam beams.
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Future Research Possibilities

As this is a vast subject to cover, there were some further issues that arose through-
out the thesis work. Performing these studies is of importance, to implement the
method in reality.

Experimental validation of the suggested reinforcement/production method.
This could also serve as a development platform to further optimise the method.

The long term behaviour of the reinforcement interface needs to be studied,
including varying coefficients for shrinkage, creep, moisture and temperature
movements.

Fatigue investigation of the composite cross section.

Anchoring and joining of CFRP reinforcement laminas for continuous longer
beams.

Investigate the possibility to use Carbon Fibre Reinforced Polymers (CFRP)
tensioning rods instead of steel rods in a stress-laminated timber deck bridge.

Investigate a more environmentally friendly adhesive.

An extensive LCC-analysis to determine the competitiveness of CFRP rein-
forced timber compared to other materials.

Investigate the feasibility of implementing the reinforcement method in timber
bridges subjected to traffic loads.

Investigate how the CFRP reinforced beam can be recycled, is it possible to
reuse the materials?

To provide the thesis with extra credibility it would have been interesting to examine
further suppliers and manufacturers of Glulam and CFRP.
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Mathcad Straight Beam
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Calculation of cross-sectional capacity of CFRP reinforced straight beam

Material properties

Service class 3, according to Swedish standards

Characterisic values Timber(GL28c, CFRP properties (S&P C laminat,

DoTS Volume 2 Table 3.4)
=28 MPa
fy:=24 MPa

product sheet)

fi crrp:=2800 MPa Tensile strength

e crrp:=1400 MPa Compressive strength
Assumption of half

fy:=19.5 MPa k
Perrp=1600 2 Density
T, :=3.5 MPa UL
assuming certified
f«=1.2 MPa Yerrpi=1.0 manufacturer
pwi=420 ﬂ Mean density low = 205
m Ecfrp:=300 GPa mid = 300
E,=10.4 GPa high = 375
ultrahigh = 450
E nean:i=12.5 GPa Ee
f P =24
i=—%=2308 107° mean
5c.e|.g| = |-
EW

f
Etelgl ::Eiz 1.875 1072

W

CFRP Properties (Fiberline, Product Sheet)

ft.cfrp.fiberline :=1640 MPa
fc.cfrp.fiberline :=890 MPa

Li =900 MPa

m.cfrp.fiberline :

ftt.cfrp.fiberline:: 18 MPa

f =52 MPa
kg
Pctrp.fiberline *= 1550 3
m

ils.cfrp.fiberline :

Tensile strength
Compressive strength
Flexural strength

Tensile transverse strength
Inter laminar shear strength

Density



Beam geometry

Carbon fibre geometry
befrp :=185 mm

Nefrp:=5 mm
- 2
Ai.cfrp = bcfrp . hcfrp =925 mm
n.:=1 Number of laminations (compressive)
ng:=1 Number of laminations (tensile)

Timber geometry
The exterior timber part surrounding the CFRP-laminas on the sides (15 mm x h_cfrp)
is exluded as it is assumed to have little effect on the overall behaviour.

Njamelta :=45 mm Thickness of lamellas

Njast lamena =15 mm Thickness of last sacrificial lamella

Nyaminations := 19 Number of timber laminations
(including outer lamellas)

L:=20 m Span of the beam

Nptain = <nlaminations = 2) *Niametia + 2+ Njast.1amenia = 615 mm

Preinforced = <nlaminati0ns = 2> * Niamelta * 2 * Niast.tametia + Nefrp * <nc + nt> =625 mm
b:=215 mm

Aimper =0+ Npjoin = (1.322.10°) mm?

Areinforced = * Nreinforcea = (1.344 - 10°) mm?

lever arms CFRP

hcfrp

Yei= hIast.lamella +t—>-n.= 17.5 mm

—h h Mo ., | =607.5
Yt:=Nreinforced — | Mast.lametla * Ny = -0 mm
At crrp=Ne* Aicrrp =925 mm’ Area reinforcement on compression side
A ctrpi=Ne* Aj crrp =925 mm? Area reinforcement on tension side

Actrp=Atcrp+ Accirp=(1.85-10°) mm®  Total reinforcement area



A
P =1.377%
Areinforced

Ratio reinforcement in cross section

Design Values Timber, values from DoTS volume 2

Ko i=0.67

Yglulam *= 1.25
Kger:=2
kh = if hplain < 600 mm = 1

0.1
min M ,1.]_
hplain

else if hyj4i,>600 mm

1
kmod.glulam :=0.8
Keoo:=1
K Fice K
fmd:: h” *mk” "™mod.glulam =17.92 MPa
Vglulam
foe k
de:: ck ® ™mod.glulam =15.36 MPa
'Yglulam
K g0 K 3
fc,go,d:: €.90 * ™mod.glulam c.90.k=:L6 MPa
'YQIuIam
T K
ftd:: tk ” ™mod.glulam =12.48 MPa
'YQIuIam
T K
de:: vk ® "*mod.glulam =224 MPa
/Yglulam
e k
frd:: rk * ®mod.glulam =0.768 MPa

7glulam

E
E mean fin i= - T =4.167 GPa
def

Transformed area

Reduction of shear capacity due to
solar radiation and percipitation

Partial factor for material

properties in glulam

Factor considering long term effects,
service class 3

Size factor, DOTS section 3.3
Volume 2

Factor considering duration
of load and service class 3
Support condition factor,
according to section 5.2 DoTS

Atransformed = Areinforced + Acfrp 4 (a - 1) = (1'769 ° 105> mmz



Loads

g:=9.82 ﬁz Gravitational constant
s
kN .
Ok = Pw * Atimber * 9+ Petrp * Acerp* 9 =0.574 T— Self-weight
N N . ]
Qx:=5 B, b=1.075 kN Distributed pedestrian load
m? m
+q,)-L?
Mmax::%=82.47l kN .m
kN 1 ]
Qurs:=1.35.gx+1.5.0,=2.388 — Load combination according
m to ULS
Qus+L’
Mgqg m——r 119.398 kN -m

Resistance of cross section (plain timber)
2 Assume that it is braced
b- hplain 3 ; ;
::T: 0.014 m against lateral torsional

buckling. kcrit=1

y.w

Mprg =Wy * Fing =242.871 kN -m

Plain timber deflection

Preqi=0.4 Reduction of traffic load, Eurocode 1
Omaxi=——=50 mm Maximum allowed deflection, according
400 to Trafikverket Krav Brobyggande
5. .q.)-L?
Splain = (rea- k) —=51.589 mm The influence of shear
Y ~_ b-Npiain deformation on deflection is
mean.in 12 assumed to be small on the final

deflection. Eurocode 1
Calculation of neutral axis

Rrei T d
At'Cfrp Ve (a — 1) + Ac.cfrp *Yeo (a — 1) + Areinforced * e i
INAT =312.5 mm

Atransformed

Stiffness of cross section

bfic.cfrp =oe bcfrp =444 m



3
b hIast.lamella

12

bfic.cfrp ‘ <hcfrp ‘ nc>

3

12

b- <hreinforced =2+ Nigst tamelta = hcfrp *Ne— hcfrp ° nt>

3

centre.of.gravity ‘=

12

bfic.cfrp ° <hcfrp ° nt>

3

12

3
b hIast.lamella

12

0.003
0.022

b- hIast.lamella
bfic.cfrp ¢ hcfrp *N¢

[6.047.1078]
4.625.1078

=(0.004

4.625.1078
6.047.107°

A:=|b- <nlaminati0ns = 2) *Niamelia | =] 0.126 m?
bfic.cfrp ¢ hcfrp «Ny¢ 0.022
b hlast.lamella 0.003
y _ hIast.lamella
NA 2
hcfrp
YNnA— hIast.lamella T 2 *N¢ 305
295
( hreinforced \ A
a:= abs L——yNA} = O0jmm
h 295
f
hreinforced - hIast.lamella - Czl’p Ny —=Yna 305
h hIast.lamella
reinforced — T ~YNA
0.3
. |1e32
l:= Icentre.of.gravity+A' a2 =13.587| 10 3 m4
1.932
0.3

leor:= >, 1=8.051 107> m*

Eltor = Emean * ltor=100.639 MN -m?

Transformed CFRP to equivalent timber initial
stage
Transformed CFRP to equivalent timber final

Edliot := Emean fin * ltot =33.546 MN-m? stage



Resistance of cross section (CFRP reinforced)

€¢i=Erel g =1.875 107° Assume tension failure
Ese
£, = tYNA g 8751070 Ec<Eag=1 ok!
hreinforced ~YNa
5t.cfrp =& <yt _ yNA> =1.77 10 -3
hreinforced ~YNa
Ecctrp= 5C-M=1.77 107
NA

Strain compatability compression

-h e

gc.edge:: <yNA Iast.lamella> c_ 1.785 10_3
YNA

g +e

€¢.edge.mean ‘= % =1.83107°
hcfrp
YNAT Y™ 5 e TR
€c.mid = =1.755 1073
YNA

6 =
€¢.mid.mean ::%Id =8.775-107"

Strain compatability tension

c . <hreinforced T hIast.lamella - yNA> & —1.785 10 _3
tedge = =1.
i hreinforced —YNA
€tedge 1 €t 1

€t.edge.mean::%=l-83 1073

( hcfrp \

Y= YNA— p— nt}
€tmid=E€¢* =1.755 1073

hreinforced ~YNna

€t.mid

€t¢.mid.mean ‘= T =8.775-107*

Section forces

l:c.edge *=&c.edge.mean * Ewe <hlast.lamella> -b=61.378 kN



hcfrp il
Femidi=€cmidmean*Ew* [YNa— Y — > +n.|-b=573.911 kN

Ft.edge *=&t.edge.mean * Ewe <hlast.lamella> -b=61.378 kN

hcfrp _
Ft.mid ‘=&t mid.mean* Ew' Yi—YNnA— 5 N¢|- b=573.911 kN
Ft.cfrp = 5t.cfrp ° chrp ° At.cfrp =491.175 kN

I:c.cfrp = 5c.cfrp * chrp * Ac.cfrp =491.175 kN

Check horizontal equilibrium
Feedge + Fomia* Fecrrp = (1.126-10%) kN Compression

Femia* Freage + Fromp = (1.126-10°) kN Tension

Moment capacity

Lever arms (distance from top)

h hlast.lamella +h <€c B €c.edge> hIast.lamella
last.lamella * €c.edge * last.lamella ® ¢
2 2 3
2,:= =7.439 mm
<5c B 5c.edge>

hIast.lamella *Ec.edge + hlast.lamella ¢

2

h h
. cfrp +£'(YNA—(YC+ cfrp

3 > nc)) =117.5 mm

h
2y =YNAT (yt_yNA_ czfrp . nt) =507.5 mm

h hlast.lamella
last.lamella * €t.edge *

2
+h <5t - 5t.edge> 2+ Nigst.tamella
h last.lamella ® 2 ° 3
T
Zgi= Y+ N — P+ < > =617.561 mm
Er— 5t.edge
hlast.lamella * Et.edge + hlast.lamella ¢ 2

Mgg:= l:c.edge s <ZG = Zl> + l:c.cfrp P <ZG = yc> +F¢ mig* <ZG = Z3> 4=687.282 kN -m
+Ftmia <ZG T Z4> =+ l:t.cfrp ‘ <26 T yt>



Deflection of beam

5. .g.-L*?
S reinforced = ngszqkl =26.704 mm Eurocode 1, table 5.1
*Edltot

Shear Capacity, section 6 DoTS volume 2
Nte :=YNA = Niast.1amelta = hcfrp +N.=292.5 mm

Ay i=—s = 146.25 mm
2

Se:=A(0)-a(0)+A(1)-a(1)+b-hy-a,=16.73 107> m®

L
SV
tot *

Trg =K+ F,g=1.501 MPa
Check for shear failure of the outer most lamella

The area of the sheared of piece of timber and CFRP. Neglecting the small
influence of the timber pieces surrounding the CFRP lamina

( h| t.l 1 \
ASy = bcfrp * <hlast.lamella - hcfrp> ° LyNA - %J 4= <8'418 ‘ 105> mm®

P
+ bcfrp g hcfrp 1 (yNA B hIa's,t.lamella + Czl’p)

Ve, AS
_—EBd 7V —0.013 MPa

TEd.glue*= I b
tot * Mcfrp

Calculate necessary bearing length

l,:=100 mm Assume starting value
\%
Oc90.d:= £ —1.111 MPa According to Equation 4.22 STDtES
.90. Iy
if fo00.0>0co0.d ="0OK”
‘LOK” fcgod = 1.6 MPa/
else

“Increase support length”



Stresses at different levels

Ziop.lamella ‘= 0m

Zefrp.u.top = Piast tameiia = 0-015 m
Zcfrp.u.bot *= Past.tamelia + Ne * hcfrp =0.02 m

Zcfrp.l.top = hreinforced d =605 mm

i hlast.lamella =Ny hcfrp
Zcfrp.l.bot = hreinforced - hlast.lamella =610 mm

Zpot.lamella *= Nreinforced = 0-625 m

hlast.lamella

2

h " Nee hcfrp
last.lamella 2

<nlaminati0ns T 2> *Niamelia

Z:=| Nast1amelta + Ne* hcfrp + 2

h h Nee hcfrp
reinforced — !'last.lamella — 2

hlast.lamella

2

hreinforced -

0.003
hcfrp ¢ bcfrp *Ne 9.25.107*
A= <r"l.51minati0ns_2>'I’]Iamella'b =(0.126
9.25.107*
0.003

hlast.lamella -b

hcfrp r bcfrp «N¢

hlast.lamella -b

Distance to top of cross-section
Distance to top of upper CFRP
Distance to bottom of upper CFRP

Distance to top of lower CFRP

Distance to bottom of lower CFRP

Distance to bottom of cross-section

0.008
0.018
=(0.313| m
0.608
0.618

Emean® (A(0)-2(0) +A(2)-2(2) +A(4)-2(4)) £

+Eerrp (A(1)-2(1)+A(3)-2(3))

=312.5 mm

Znaii= Emean* (A(0) +A(2) +A(4)) +Ecerps (A(1) +A(3))

Emean.fin* (A (0) A (0) +A (2) -z (2) +A (4) Z (4)) d

+Eerrp: (A(1)-2(1) +A(3)-2(3))

=312.5 mm

Zna =

EItot.i = Z Emean = Icentre.of.gravity d

2

+Emean® {A (0) ° (Zna.i —Z (0)> i d

+AQD): (2001~ 2(D) +A®)- (2o -2 (4)>2J

Emean.fin ¢ (A (0) +A (2) +A (4)) + chrp ¢ (A (1) +A (3))

=100.639 MN -m?

|0

+Ecrrp (AW Zas-2(1)) +AG)+ (zas-2(3))°)



Eltot.f:: Z Emean.fin * Icentre.of.gravity d

2
* Emean.fin* [A (0) ‘ <Zna.f —Z (0)> ‘
2 2

+A (2) * <Zna.f —Z (2)> +A (4) * <Zna.f —Z (4)>
+Ecp (AW (2ar-2(1) +AG)+ (zoar-2(3)) )

ULS initial
Mgy E cabs(z,,i—2
o—top.ULS,i:: Ed mean EI< na.i top.lamella> —4.634 MPa
tot.i
Mgq* Ectrpeabs (2o —2
chrp.u.top.ULs.i:: Ed cfrp EI( na.i cfrp.u.t0p> —105.887 MPa
tot.i
Megq*Ecfrpe@bs (zpai— 2
Ucfrp.u.bot.ULS.i:: Ed cfrp EI( na.i cfrp.u.bot> =104.107 MPa
tot.i
Mgg* Ecfrpe@bs (2o —2
chrp.l.top.ULs.i:: Ed cfrp EI< na.i cfrp.l.t0p> =104.107 MPa
tot.i
Mgy Ecfrpc@bs (Zpai— 2
Ucfrp.l.bot.ULS,i:: Ed cfrp EI< na.i cfrp.l.bot> —105.887 MPa
tot.i
Mgy E «abs(z,,i—2
Tbot ULS.1*= Ed mean < na.i bot.lamella> —4.634 MPa
EItot.i
ULS final
Mgy E in*abs(z,,¢—2
o—top.ULs,f:: Ed mean.fin - < na.f top.lamella> =2.365 MPa
tot.f
Megq*Ecfrpc@bs (znas—2
chrp.u.top.ULs.f:: Ed cfrp EI( na.f cfrp.u.top> —=162.084 MPa
tot.f

Megq- chrp -abs <Zna.f - Zcfrp.u.bot> —159.36 MPa,

g, =
cfrp.u.bot.ULS.T E
Itot.f

MEd ¢ chrp -abs <Zna.f - Zcfrp.l.t0p> —159 .36 MPa

O cfrp.l.top.ULS.F*=
EItot.f

Megg+Ectrp* abs <Z”a-f B ZCfrp"‘b°t> =162.084 MPa

a, =
cfrp.l.bot.ULS.f E
Itot.f

MEd H Emean.fin -abs <Zna.f T Zbot_lame”a> =2.365 MPa

Ohot.ULS.F*=
1 El
tot.f

=65.745 MN -m?



Utilization ratios stresses
o’ -
top.ULS.i =30.172%
cd

o—cfrp.u.top.ULS.i =7.563%
fc.cfrp

O—cfrp.u.bot.ULS.i =7.436%
fc.cfrp

o—cfrp.l.top.ULS.i =13.718%
ft.cfrp

Ucfrp.l.bot.ULS.i =13.782%
ft.cfrp

Ohot.ULS.i —137.135%
td

Dynamic behaiour

Ageck:=b-L=4.3m?

P:=700 N
mg::&=58.495 kg
g m

Mg::

L. my
5 =584.945 kg

Traffic classes

0.2 12 .
TC=| ™ =[8-§]_2
0.5. T |m
m2
0.14] kN
dc:=TC-P= =
e [0.35 m2
b-drc _[61.56 | kg
Mt~:=M,+—= i
eTe g [66.157 m

TwnULST _ 15 395%

cd

o—cfrp.u.top.ULS.f =11.577%

fc.cfrp

Tefrp.ubotULST _ 11 38304

fc.cfrp

TefrplopULST _ 5 69104

ft.cfrp

chrp.l.bot.ULS.f =5.789%
ft.cfrp

Ohot.ULS.F —18.948%
td

Surface of the walkway

Body weight of a pedestrian

Modal mass of the system

Density of pedestrians
according to traffic classes
Only calculating for traffic
classes 2 and 3



El
fnp= 1. 9869, “! =5.151 Hz No pedestrian masses
2. L? my

1 39.478 Eliot

fonpi= . =20.603 Hz No pedestrian masses
i 2.7 L? my
f 5.151
f = NP — H
P [fz_np] [20.603 z
1:=0..1 According to Eurocode the
A 1 eigenfrequency should be
if (N>5 Hz :[“OK”] over 5 Hz, to avoid checks of
H “«OK” OK accelerations.
else
“Check accelerations”
Ely
T := 1 B89 =t = [5'021] Hz With pedestrian masses
2.7 2 Mtc 4.843
Ely
f,:= 1] 39478 tor _|20.084 Hz With pedestrian masses
2.7 L? Myc 19.373

Determination of maximum acceleration

& damping.timber := 0.015 1.5% according to JRC (most
critical)
1 3% according to Setra
Eorit = =0.002387
2
\/ 1+ 2.7
gdamping.timber
10.8. \/gdamping.timber'Adeck'TC (1) 1

=0.451

N'tcy 3=
Adeck m

2



Table 4-8: Parameters for load model of TC1 to TC5

P [N]
Vertical Longitudinal Lateral
280 140 35

Reduction coefficient

Vertical and longitudinal Lateral

=== 1. Harmonic
==ss 2 Harmonic

b' ‘s [ L.
0 0 >

>
] 125 17 21 2325 34 42 a5 Frequency o 0507 1012 17 21 24  Frequeng

Equivalent number »’ of pedestrians on the loaded surface s for load model of:

_108,/Exn

TC1to TC3 (density d < 1,0 P/m2):  »n- [m2]
: 1.85v/n .
TC4 and TC5 (density 4 = 1,0 P/m2): »n="—— [m?2]
Without pedestrian masses
Yoo o= if o (1) < 1.25 Hz =|9
np, "~ np =" - 0

0
elseif 1.25 Hz<f,,(1)<1.7 Hz
fop (1) - 1.25 Hz
0.45 Hz
elseif 1.7 Hz<f,,(1)<2.1 Hz
1
elseif 2.1 Hz<f,,(1)<2.3 Hz
_fp()-21Hz
0.2 Hz

elseif 2.3 Hz<f,,(1)<2.5 Hz
0
elseif 2.5 Hz<f,,(1)<3.4 Hz
fop (1) 2.5 Hz

4.0.9 Hz
elseif 3.4 Hz<f,,(1)<4.2 Hz
0.25
elseif 4.2 Hz<f,,(1)<4.6 Hz
fp(1)-4.2 Hz

4.0.4 Hz
elseif f,(I)>4.6 Hz
0

0.25 -




i:=0..1

Py = if

el

el

el

el

el

el

el

f,(i)<1.25 Hz
0
seif 1.25 Hz<f, (i) <1.7 Hz
f,(i)-1.25 Hz
0.45 Hz
seif 1.7 Hz<f, (i)<2.1 Hz
1
seif 2.1 Hz<f, (i)<2.3 Hz
_f)-21He
0.2 Hz
seif 2.3 Hz<f, (i) <2.5 Hz
0
seif 2.5 Hz<f, (i) <3.4 Hz
f,(i)- 2.5 Hz
4.0.9 Hz
seif 3.4 Hz<f,(i)<4.2 Hz
0.25
seif 4.2 Hz<f, (i) <4.6 Hz
f,(i)-4.2 Hz
 4.04H:z
seif f,(i)>4.6 Hz
0

0.25




j=0..1

o, =i £, (1) <1.25 Hz
0
elseif 1.25 Hz<f,(j)<1.7 Hz
f,(j) - 1.25 Hz
0.45 Hz
elseif 1.7 Hz<f,(j)<2.1 Hz
1
elseif 2.1 Hz<f,(j)<2.3 Hz
_f0)-21He
0.2 Hz
else if 2.3 Hz<f,(j)<2.5 Hz
0
elseif 2.5 Hz<f,(j)<3.4 Hz
f,(j) - 2.5 Hz
4.0.9 Hz
else if 3.4 Hz<f,(j)<4.2 Hz
0.25
elseif 4.2 Hz<f,(j)<4.6 Hz

elseif f,(j)>4.6 Hz
0

P,:=280 N

1 0 N
ql.TCl.B::b'Pv'nTCl.3'¢1:|:O:| —=
m

1 0 N
Q2.TC1.3::b'Pv'nTCl.3'¢2=[O] —=
m

0] N

Unp.Tc1.3: =0+ PyeN'rcy 3P = [0

m

a1 1C1.3°=
2. gdamping.timber 7T Mrc

A 1C1.3'=
2. gdamping.timber 7T Mt

1 . 4-011c13 _ [

1 . 4-0y71c13 _ [

1

g

V]
N

an|3



_ 1 4+Qnprc1z _[0] m
np.TC1.3'— * = 0 BER

2. gdamping.timber e mg s
) m “OK”
Ifa - C3(I)SO'75_=[“ 7!]
np.TC1 P OK
“OK”
else
“Not OK”

The limit for acccelerations

if a; 1c13()<0.75 ﬁz =[8§] is chosen to 0.75 m/s”™2 to
S be acceptable.
“OK™
else
“Not OK”
. L m “OK”
if 8, 7c13(1)<0.75 3_2 = [HOK”]
“OK™
else
“Not OK”

Comparison between plain and reinforced cross-section

Moment capacity Deflections
f,,,=5.151 Hz
M P 1.np
B —49.16% Plain —103.18%
Mra w Ormax £, =20.603 Hz
Orei =26.704
Med _17.370% Dreinforced _ g3 4104 T il
Mkg Ormax Mpq=687.282 kN -m
Shear capacity Glule line failure
T T
B4 —15.38% Edglve _.994
TRd TRd

Reduction in height

hunreinforced =795 mm

hreinforced

1-———— =21.384%

hunreinforced



Calculation of apex stresses in a pre

10000 mm
rin:=2020 m

a::atan( P T )=0.143 deg

hap:: Preinforced
Ks:=0.2-tan(a)=5-10"*

2
kg:=0.25-1.5.tan (a) +2.6-.-tan (a) =0.246

2
k;:=2.1.tan(a) - 4-tan(a) =0.005

h

rin

Nap

2
kp::k5+k6-( ) =5.762.107"

in

M
Ed —0.005 MPa

0t.90.d°*= kp y
y.W
kdiS = 14

Vtot = Atimber -L=2.645 m®

QT

180

Vap =

b+ (hgp® +2 hype i) =0.024 m?

k O
ft,go_d:: mod.glulam t.90.k=0.32 MPa
'Yglulam
3 0.2
k(m) —0.842
ap

Tt .90.0:=Kais * Kyol * Fr.90.4=0.377 MPa

if 0909 <Frg0q =“OK”

-cambered beam

Angle of the beam
Radius of the beam

Apex height

Tension perpendicular to grain

Factor considering the stress

distribution in the apex zone

Stressed area of Apex

Tension capacity

Design value

Considering the stressed volume
compared to the total volume

“«OK? Utilisation
else o
) ) t90.d — 1 346%
Not OK ¢ 904
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Calculation of cross-sectional capacity of CFRP reinforced T-beam

Material properties

Service class 3, according to swedish standards

Characterisic values Timber(GL28c, CFRP properties (S&P C laminat,

DoTS Volume 2 Table 3.4)

product sheet)

f:=28 MPa i crrp:=2800 MPa Tensile strength
T :=24 MPa e cfrp:=1400 MPa Compressive strength
Assumption of half
T :=19.5 MPa k
Petrp=1600 —5 Density
T :=3.5 MPa UL
assuming certified
f«:=1.2 MPa Yerrp:=1.0 manufacturer
Pwi=420 k93 Mean density low = 205
m Ectrp =450 GPa mid = 300
E,:=10.4 GPa high = 375
ultrahigh = 450
E :=12.5 GPa
mean chrp _36

__ fck
5c.e|.g| = E

=2.308 1073

W

f
Etelgl ::Eiz 1.875 1072

W

CFRP Properties (Fiberline, Product Sheet)

ft.cfrp.fiberline :=1640 MPa
fc.cfrp.fiberline :=890 MPa
fm.cfrp.fiberline :=900 MPa

ftt.cfrp.fiberline :=18 MPa

fils.cfrp.fiberline:: 52 MPa
kg

Pctrp.fiberline = 1550 —
m

Beam geometry
L:=20 m

Tensile strength
Compressive strength
Flexural strength

Tensile transverse strength
Inter laminar shear strength

Density



Niaminations.w := 10 Number of laminations in web

Njaminations.f = 2 Number of laminations in flange
hiamenia =45 mm Height of lamellas

Nyast 1amena := 15 mm Height of sacrificial lamella

hw:: <nlaminations.w = 1> = hlamella+ hlast.lamella=420 mm Total web height

Lpi= <nlaminations.f = 1> * Niametta + Niast.lamelia = 195 mm Total flange height
hy:=hy, + ;=615 mm Total height (plain timber)
by =215 mm

bs:=1.5m Assumption with two T-beams for the cross-section

3m wide walkway
A, :=b,+h,=0.09 m®

Asi=Dget=0.293 m®
Agirper i=A,, + A;=0.383 m?
bege:=min (bg,0.1-L +b,,,25-t¢+b,)=1.5m  Calculation of effective
width of the flange
Carbon fibre geometry
The exterior timber part surrounding the CFRP-laminas on the sides (15 mm x h_cfrp)

is exluded as it is assumed to have little effect on the overall behaviour.
be cfrp:=1.47 m Assume that the CFRP is in the same level for the

entire top flange (including the top of the web-beam)
by crrp =185 mm
Nefrpi=5 mm
n.:=1 Number of laminations (comp) flange
n::=8 Number of laminations (tens) web
Ac.cfrp.i = bc.cfrp ° hcfrp = <7'35 ° 103> mm?

At-Cfrp.i = bt.cfrp y hcfrp =925 mm’®

lever arms CFRP
Preinforced := Ny + Ny * hcf,—p =460 mm

Leinforced = tr + Nc hcfrp =200 mm



htot.rf = hreinforced + treinforced =660 mm

et
Yei= hlast.lamella_'_ﬂ *N.= 17.5 mm

h
cfrp
Yii= htot.rf + hIast.lamella + 3

At.cfrp =Ny 'At.cfrp.i = <7'4 e 103) mm’

A cirp =N Aqoirpi = (7.35-10%) mm’

Acfrp = At.cfrp + Ac.cfrp = <1'475 -10° > mm®

Timber geometry

—_ 2
Areinforced.w *= bW : hreinforced =0.099 m

o —_ 2
Areinforced.f . beff ° treinforced =0.3m

Areinforced = Areinforced.w

Acfrp

=3.698%
Areinforced

n;| =625 mm

Area reinforcement on compression side

Area reinforcement on tension side

Total reinforcement area

+ Areinforced.f =0.399 m2

Ratio reinforcement in cross section

Design Values Timber, values from DoTS volume 2

K. :=0.67
Yglulam *= 1.25
Kgeri=2
ky,:= if h,, <600 mm =1.036
600 0.1
min OV ,1.1
hy,
else if h,>600 mm
1
kmod.glulam :=0.8
oK
fmd:: mk ° “mod.glulam =17.92 MPa
7g|ulam
T -k
de:: ck ® ™mod.glulam —15.36 MPa

7g|ulam

Reduction of shear capacity due to
solar radiation and percipitation

Partial factor for material

properties in glulam

Factor considering long term effects,
service class 3

Size factor, DOTS section 3.3
Volume 2

Factor considering duration
of load and service class 3



_ kh ¢ ftk ¢ kmod.glulam

o =12.933 MPa
'Vglulam
Tk
de . vk ® "*mod.glulam =224 MPa
'Vglulam
fre K
frd:: rk” ™mod.glulam =0.768 MPa

'Vglulam

E
Emean.fin.glulam =—90 —=4.167 GPa
1+Kger

E
Efin.glulam:zh_iw:?"‘]ﬁ? GPa:
def

Transformed area

Atransformed = Areinforced + Acfrp ‘ (a = 1) =0.915 m2

Loads
0:=9.82 22 Gravitational constant
s
T kN !
Ok = Pw * Atimber* 9+ Pctrp* Acfrp -g=1.811 W Self-weight
Q=5 kJ\zf *Degs=7.5 %v Distributed pedestrian load
m
+q,.) - L2
MmaX::%=465.529 kN .m
] kN 1 )
Qurs=1.35.9+1.5.0,=13.694 — Load combination according
m to ULS
Qurs*L”®
Megg ::Tz 684.714 kN -m

Resistance of cross section (plain timber)

_ bW i hw2 beff i tf2

W, o= ——F— =0.016 m® Oklart om det &r ratt, hittar
inget bra
Assume that it is braced
Mg wi=Wy -« Fing=283.624 kN -m against lateral torsional

buckling. kcrit=1
Plain timber deflection

Yreq:=0.4 Reduction of traffic load, Eurocode 1



6maX::L=50 mm Maximum allowed deflection, according
4 to Trafikverket Krav Brobyggande

h t
A, - (tf+7"") A
YNAplain = =0.17 m
i Atimber
2

b+ t¢’ L by +hy® 9 4
lopii=——— + A i——] +——— 1=(8.779.10" ) mm
plain 12 T yNA.pIam 2 12 < >

h
+AW' (yNA.pIain —te— TW)
The influence of shear
5. (g, .L* . 1.

S plain = <qk ¢red> =170.871 mm deformation on deflection is

384. Emean.fin.glulam y Iplain assumed to be small on the final

deflection. Eurocode 1
Calculation of neutral axis

At.cfrp Yo (a - 1) =+ Ac.cfrp *Yer (a - 1) d

( hreinforced \ treinforced
+ Areinforced.w * Ltreinforced + f} + Areinforced.f e ?
YA = =261.054 mm
NA A
transformed
if Yna <treinforced =*“Neutral axis in the web, OK”

“Neutral axis in the flange, NOK ”
else
“Neutral axis in the web, OK”

Resistance of cross section (CFRP reinforced)

€¢i=Epel g =1.875 107°

Ese
e = cUINA 1997103 Ec<Ecolg=1 ok!
htot.rf ~YNna
Etctpi=Et® M: 1.711 1072
htot.rf —YNna
Ec.otrp = M =1.145 1073
NA
l:t.cfrp =E¢cfrp® chrp ¢ At.cfrp = (5'696 3 103 > kN At.cfrp =0.007 mz
Fecfrp™=Eecfrp* Ectrp* Accirp = (3.786+10°) kN A cirp=0.007 m’



Strain compatability compression

—-h . £
€c.top.f|ange:: <yNA Iast.lamella> c =1.156 10—3

YNA

5c.top.f|ange +5c =1.192 10 -3

gc.top.flange.mean =

h

cfrp
YnAT Y™ 5 ‘N |-&;
€c.bottom.flange ‘= =1.133 10°°
YNnA
—t..
Ecweb=E¢* <yNA relnforced> =2.869.107*
YNA

gc.bottom.flange + €c.web =7.099.10 —4
5 .

€¢.bottom.flange.mean *=

€c.web

=1.435.107*

€¢.web.mean =

Strain compatability tension

€+ odoe = <htot.rf_ hlast.lamella_yNA> &t —1.805 10_3
.edge *— .
’ htot.rf ~YNa
€t. d +€t ]
gt.edge.mean::%=1.84 1073
hcfrp
Yi=YNna— N¢
Ermid =€ =1.617 10°°
™ ' htot.rf —YNA
Ev
€t¢.mid.mean ‘= tmid 2 8.083.107*

l:c.top.flange *=E¢.top.flange.mean * EW * <hlast.lamella> 2 beff =278.852 kN
l:c.bottom.flange *=E¢.pottom.flange.mean * Ew 4 = <1'994 ° 103> kN
° <treinf0rced = Niast.ramella — hcfrp ° nc> *Degr

Fc.web =€c.web.mean* Ew* <yNA - treinforced) -b, =19.587 kN

l:t.edge *=Et.edge.mean * Ew: <hlast.lamella> -b,=61.705 kN



hcfrp .
2

Ft.mid i= gt.mid.mean 2 Ew > (yt = yNA = nt) ° bW =621.597 kN

Check horizontal equilibrium

Fe:=F¢ top.flange + Fe.bottom.flange + Fe.cfrp T Feweb = (6-078 . 103) kN Compression
Fi:=Ftmio+ Fredge+ Frerp = (6.379-10%) kN Tension
Moment capacity

Lever arms (distance from top)

h hIast.lamella
last.lamella * € c.top.flange *

2
+h <5c - 5c.t0p.f|ange> hlast.lamella
last.lamella * 2 : 3
2,:= =7.426 mm
h +h <€c - 5c.top.f|ange>
last.lamella * €c.top.flange last.lamella 2

<treinforced — Niastlametta = hcfrp | nc> * €¢.bottom. flange <

<treinforced - hIast.lamella - hcfrp ‘ nc> h hcfrp
i 2 + Niast.1amelta + 2 ‘N d

<5c.top.flange — 5c.bottom.flange>

I <treinf0rced — Niast.tlametta = hcfrp ‘ nc> ° -

2
( <treinforced - hIast.lamella - hcfrp ‘ nc> +h + hcfrp n )
i last.lamella *lle
74 3 2 =107.192 mm
<treinforced — Niast.tlametta — hcfrp ‘ nc> * €¢.bottom. flange <
Ec.top.flange ~ Ec.bottom. fI
+ <treinforced — Niast.lamelta = hcfrp 1 nc> el 2 S ange>
Z4:="Lreinforced +§ ‘ <yNA - treinforced> =220.351 mm
2 h
Z5=Ynaty (yt VALY nt) =490.351 mm
h| t.l 1l
hlast.lamella *Etedge* % d
<5t - 5t.edge> 2+ Niast.tamella
h * Niast.tamella * 2 ‘ 3
Zy =yttt < 725048 1o
€t~ Cted
hIast.lamella *Et.edge + hlast.lamella ¢ %
Mgq = Fe top.flange * <27 + Zl> +Fccrpe <27 T yc> - = <3'721 ¢ 103> kN -m

+ l:c.bottom.flange " <27 - Z3> d
+Fcwen <27 T Z4> +Ftmia* <27 T ZS> + l:t.cfrp ‘ <Z7 T yt>



Stiffness of cross section

bfic.cfrp.c = bc.cfrp =52.92 m

bfic.cfrp.t =oe bt.cfrp =6.66 m

3
bf ¢ hIast.lamella

12
bfic.cfrp.c ° <hcfrp ° nc>
12
3 - -
bg- <treinf0rced — Niast.tlametta = hcfrp ° nc> 4.219-1077
12 5.513-1077
3 7.29.107
b, . -t .
Icentre.of.gravity i= Y <yNA 12re|nforced> =14.078.10 -6
I 7.29.107*
b T T hcfrp S 3.552.10°
W yt yNA 2 t _6.047'10_8_
12
bfic.cfrp.t = <hcfrp = nt>
12
3
bW ° hlast.lamella
12
bf' hIast.lamella [0.023]
bfic.cfrp.c ¢ hcfrp *N¢ 0.265
bg- <treinforced — Niast.1amelia — hcfrp ° nc> 0.27
— 2
A= bw' <yNA = treinforced> =10.013| m
heg, 0.074
by * | Vi = Yna — ——2n
we | Yt~ YNA t 0.266
0.003
bfic.cfrp.t ¢ hcfrp +N¢ I B
bW i hIast.lamella
VA = hlast.lamella
NA 2
Nt
YNA T hlast.lamella B (:2I'p *tle
tei ~h —NerrpeNe)
e Lh|a5t,|ame||a + hcfrp .n,+ < reinforced Iast;amella cfrp c>
<yNA T treinforced> A
a:= Yna ~ Lreinforced — 2 =
( hcfr \
abs |y, — Yna— ——" e Ny —
LYt YNnA 5 t yNAJ
N
(htot.rf - hlast.lamella - C2I'p *Ne— yNA) —Yna
h hlast.lamella
tot.rf 2 ~—Yna

[253.554]

243.554
151.054
30.527
82.891
102.891

391.446




[ 1.447]
15.696
- 6.89
I:= Icentre.of.gr.alvity_'_A'a2 =| 0.016| 107 m*
1.237
2.856
| 0.494 |

Application of steiners load

lor:= >, 1=28.636 107 m*

Transformed CFRP to equivalent timber initial
Elioi:=Emean* ltot =357.954 MN . m?  stage
Transformed CFRP to

Edltor*= Emean finglulam * 1ot = 119.318 MN - m? equivalent timber final stage

Deflection of reinforced beam

S5¢ <¢red * qk> L

=52.381 mm

5reinforced =

Shear Capacity, section 6 DoTS volume 2

hte =YNA ~ Lreinforced = 61.054 mm

Nee _
a4, :=——=230.527 mm
2
Su:=A(0)-a(0)+A(1)-a(1)+A(2)-a(2) +byhi-a,=111.335 10°° m®

SR,
Tegi=—>Fd =2 476 MPa

Itot' w

2
Via=2+Avimber Fua* Ker =383.004 kN

Dynamic loads

S:=bs-L=30 m’

P:=700 N
mg::&=184.376 kg
g m

M, = L'ng =(1.844.10°) kg

g

Surface of the walkway

Body weight of a pedestrian

Modal mass of the system



Traffic classes

0.2- 12 .
Te=| ™ =[8-§]_2
05— m
m2
0.14] kN
drc:=TC-P= =1
1€ [0.35 m2
e 4 267 drc _[205.761] kg
e g 237.838| m

El
finpi= A U Y =5.471 Hz
i 2.7 L2 my
El
Fonpi= 1 39478 /=Tt _51 887 H2
i 2.7 L2 my

f
fnp=:|: 1.np]=|: 5'471] Hz

fonp| 121.887

1:=0..1

if £, (1)>5 Hz :[8§]
o

else

“Check accelerations”
El, .,
£l | 119869 tot=[5.179]Hz
2.m |2 M+c 4.817
El, .,
£l 1 [B9478 totz[zo.ns]Hz
2.7 L2 Myc 19.27

Determination of maximum acceleration

gdamping,timber :=0.015

10.8 \/€ qamping.timber * S* TC (1)
S

Mrc13:=

=0.171

Density of pedestrians
according to traffic classes

Only calculating for traffic
classes 2 and 3

No pedestrians

No pedestrians

According to Eurocode the
eigenfrequency should be
over 5 Hz, to avoid checks of
accelerations.

With pedestrian masses

With pedestrian masses

1.5% according to JRC (most
critical)
3% accordint to Setra

1

2
m




Table 4-8: Parameters for load model of TC1 to TC5

P [N]
Vertical Longitudinal Lateral
280 140 35

Reduction coefficient »

Vertical and longitudinal Lateral

=== 1. Harmonic
==ss 2. Harmonic

0,25

A -
0 > a >

>
o 125 1,7 21 2325 34 42 45 Frequency 0 0507 1012 17 21 24 Frequenc;

Equivalent number »° of pedestrians on the loaded surface s for load model of:

TCLtoTC3  (densityd < LOP/m2)i  w=iotVSXT oo
: 1.85vn i
TC4 and TC5 (density 4 = 1,0 P/m2):  n=—""— [m2]
without pedestrian masses
oo o= if o (1) < 1.25 Hz =|9
np, = 1 tnp ) =+ 0

0
elseif 1.25 Hz<f,,(1)<1.7 Hz
fop (1) - 1.25 Hz
0.45 Hz
elseif 1.7 Hz<f,,(1)<2.1 Hz
1
elseif 2.1 Hz<f,(1)<2.3 Hz
_fp()-21Hz
0.2 Hz

elseif 2.3 Hz<f,,(1)<2.5 Hz
0
elseif 2.5 Hz<f,,(1)<3.4 Hz
£ (1) - 2.5 Hz

4.0.9 Hz
elseif 3.4 Hz<f,,(1)<4.2 Hz
0.25
elseif 4.2 Hz<f,(1)<4.6 Hz
fp (1) - 4.2 Hz

4.0.4 Hz
elseif f,(1)>4.6 Hz
0

0.25 -




i:=0..1

Py = if

el

f,(i)<1.25 Hz
0
seif 1.25 Hz<f, (i) <1.7 Hz
f,(i)-1.25 Hz
0.45 Hz
seif 1.7 Hz<f, (i) <2.1 Hz
1
seif 2.1 Hz<f,(i)<2.3 Hz
_f)-21He
0.2 Hz
seif 2.3 Hz<f, (i) <2.5 Hz
0
seif 2.5 Hz<f, (i) <3.4 Hz
f,(i)- 2.5 Hz
4.0.9 Hz
seif 3.4 Hz<f,(i)<4.2 Hz
0.25
seif 4.2 Hz<f, (i) <4.6 Hz
f,(i)-4.2 Hz
 4.04H:
seif f,(i)>4.6 Hz
0

0.25




j=0..1

o =if £, (1) <1.25 Hz
0
elseif 1.25 Hz<f,(j)<1.7 Hz
f,(j) - 1.25 Hz
0.45 Hz
elseif 1.7 Hz<f,(j)<2.1 Hz
1
elseif 2.1 Hz<f,(j)<2.3 Hz
_fB()-21Hz
0.2 Hz
else if 2.3 Hz<f,(j)<2.5 Hz
0
elseif 2.5 Hz<f,(j)<3.4 Hz
f,(j) - 2.5 Hz
4.0.9 Hz
elseif 3.4 Hz<f,(j)<4.2 Hz
0.25
elseif 4.2 Hz<f,(j)<4.6 Hz

elseif f,(j)>4.6 Hz
0

P,:=280 N
0| kg

drrc13i=bee PysN'rerzehy = [0 >
s

. 0| kg
U2rc13:=bge Py N'rerzehp = [0 B
s

: 0| kg
Onp.Tc1.3:=bg Py Nt 3P = [0] =
s

1 . 4+011c13

2. gdamping.timber 7T Mt

a; 1c13'=

1 . 4-0y7c13

A T1C1.3=
2. gdamping.timber 7T Mrc

a, =
p.TC1.3
2. gdamping.timber T My

1

1 . 4+0QnpTC13 _ [0

|



The limit for acccelerations

if a3 rc1s (j)§0-75 2= [“OK”]

g2 “OK” is chosen to 0.75 m/s”™2 to
1 be acceptable.
else
“Not OK”
if ay1c13(5)<0.75 sﬁz - [ “8?’]
“OK”
else
“Not OK”
if an,7c13(1)<0.75 sﬁz L [8&]
“OK?”
else
“Not OK”

Comparison between plain and reinforced cross-section

M Sor
Bd_—241.416% Plain _ 341.742% f10p=5.471 Hz
Rd_w max
Mey=3.721 MN -m
M S Rd
Ed —18.403% _reinforced _ 104.762%
Rd max
5reinforced =52.381 mm
VEd

=35.755%

Vrd



B. Mathcad T-Beam

XXXIVCHALMERS Architecture and Civil Engineering Master’s Thesis ACEX30-19-104
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Mathcad Stress-laminated Deck
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Calculation of cross-sectional capacity of CFRP reinforced Stress-
laminated plate. The pretensioning force is assumed to be sufficient
for full interaction between the beams.

Material properties

Service class 3, according to swedish standards

Characterisic values Timber(GL28c, CFRP properties (S&P C laminat,

DoTS Volume 2 Table 3.4) product sheet)
f =28 MPa fi crrp:=2800 MPa Tensile strength
fo:=24 MPa e crrp:=1400 MPa Compressive strength
Assumption of half
T :=19.5 MPa
Perrp=1600 — Density
T :=3.5 MPa m
assuming certified
f:=1.2 MPa Yetrp=1.0 manufacturer
kg .
Pwi=420 S Mean density low = 205
m Ecfrp:=300 GPa mid = 300
E,:=10.4 GPa high = 375
ultrahigh = 450

Emean=12.5 GPa - Eerro -

f = —_
Ecelgl =—=2.308 107 Emean

EW

f
Etelgli=—=1.875 10"

Ew

CFRP Properties (Fiberline, Product Sheet)
ft.cfrp.fibelrline :=1640 MPa Tensile strength
e ctrp.fivertine := 890 MPa Compressive strength
T ctrp.fibertine := 900 MPa Flexural strength
Fit crp.fibertine := 18 MPa Tensile transverse strength
Tits cfrp.fibertine := 92 MPa Inter laminar shear strength
kg .

Pctrp.fiberline *= 1550 — Density

m



Plate geometry

L:=20 m

Njamelta :=45 mm Thickness of lamellas

Njast 1amenia i= 15 mm Thickness of sacrificial lamella
Nyaminations = 17 Number of laminations

hplain i= <nlaminations = 2> *Niametta + 2 * Niast.1ameiia = 705 mm
b:=3m Assumed width of the bridge
Ayi=behypin=2.115 m?

Carbon fibre geometry
The exterior timber part surrounding the CFRP-laminas on the sides (15 mm x h_cfrp)
is exluded as it is assumed to have little effect on the overall behaviour.

befrp:=2.58 m CFRP through the entire width

h =3 mm

cfrp :

A ctrp = berp * Negrp =0.008 m?

i.cfrp®
n.:i=1 Number of laminations (comp)
Ng:=1 Number of laminations (tens)
lever arms CFRP

Preinforced = Nptain + (Ne+ Ng) « hegrp =711 mm Reinforced height

hee
Ve :=Niast tamelia +F —2* N, = 16.5 mm Compression lever arm

Nee
Ye:=Nreinforced = | Mast tametia + ———+ N¢ | =694.5 mm_ Tension lever arm
At crrp=Ne* Aicirp = (7.74- 103> mm? Area reinforcement on compression side
Accirp=NeAicrrp = (7.74-10%) mm® Area reinforcement on tension side

Actrp=Atcrp+ Accirp=(1.548-10*) mm®  Total reinforcement area



Timber geometry

Avreinforced =D * Nreinforced = 2133 m?

Actro  _ 0.726%

Areinforced

Ratio reinforcement in cross section

Design Values Timber, values from DoTS volume 2

Ke,:=0.67
Vglulam::1-25
Kaer:=2
Ky := if hplain<600 mm =1
600 0.1
min o T 1.1
hplain
else if ;4 >600 mm
1
kmod.glulam :=0.8
Keoo=1
Ky« frk K
fmd:: h* ¥mk mod.glulam=17.92 MPa
'Yglulam
-k
de:: ck ® ™mod.glulam —15.36 MPa
'Yglulam
K. g K .f
fc.90.d:: ¢.90 mod.glulam ~ *¢.90.k =1.6 MPa
'YQIuIam
[SRCN PR ¢
ftd:: h* Ttk * ™mod.glulam —12.48 MPa.
7glulam
T K
de:: vk * ™*mod.glulam —92 24 MPa
7glulam
-k
fqi= —x A _ 768 MPa
7glulam
Emean.fin.glulam:: 1 8N =4.167 GPa

def

Reduction of shear capacity due to
solar radiation and percipitation

Partial factor for material

properties in glulam

Factor considering long term effects,
service class 3

Size factor, section 3.3 DoTS
Volume 2

Factor considering duration
of load and service class 3
Support condition factor,
according to section 5.2 DoOTS



Ew
Efin.glulam:: 1+K =3.467 GPa
def

Transformed area

Atranstormed *=Areinforced + Actrp * (¢ — 1) =2.489 m?
Loads

Service vehicle

lez% kN =40 kN

QZ::? kN =20 kN
baxel = 13 m
Saxel =3 M

Ahee :=0.2:0.2 m* =0.04 m®
a,:=6.7m

8y:=8; —Sge = 3.7 M
as\,::%—s m=7m

be, =L —-ay,=13 m

Self-weights
m | .
9:=9.82 — Gravitational constant
S
Orailing*=0-5 k—N Added weight of railings
m
kN . :
Oprestressing = 0.9 —— Added weight of prestressing
m
b
kN kN s ——
gwalkway::0-8 —2°b=2-4 —_— Added weight of walkway
m m cover (asphalt)
_ kN
Ok:=pPw- AW °g +pcfrp ¢ Acfrp g+ 2. grailing + gprestressing + gwalkway =12.866 ?
Q=9 k—]\zf p=15 N Distributed load from
m m pedestrians

Design load



<gk+QK>'L2 i Ql'l— 4 QZ'asv'bs

Miax = 8 2 ¥ =1.684 MN-m
kN e ]
Qurs:=1.35-9,+1.5.0,=39.87 — Load combination according
m to ULS
L2 .L sa., b
MEd _ qUL58 + Ql4 + QZ sV~ Msv =2284 MN -m

Resistance of cross section (unreinforced plate)

b- hplain2 _ 3 b. hplain 1 L
Wy yyi=——p——=0249 m Ft::ét.eLg,-EW-T—(1.031-10 ) kN
IVIRd_W:: Wy.w' fna=4.4533 MN-m M:= Ft'é' hplain =4.846 MN -m

Plain plate deflection
L : I .
Omax:=——=50 mm Maximum allowed deflection, according
40 to Trafikverket Krav Brobyggande

Yreq:=0.4 Reduction of traffic load, Eurocode 1

The deflections are split not effecting each other, according to Table 5.1 Eurocode 1

5.(q. - .L?
Oplain = <qk d}red) —=34.246 mm The influence of shear
384.E _ . b- <hplain deformation on deflection is
mean.fin.glulam 12 assumed to be small on the
final deflection. Eurocode 1
a,-L? a,’
5plain.service::¢red . Ql . b <h i >3 «|3— T 1=2.726 mm
ain
48. Emean fZ
a,-L? ( 4.a,%)
+¢red'Q2' 3 " 3- 5
b <hplain> L
48. Emean * 12

Calculation of neutral axis

hreinforced

At.cfrp Yo (a - 1) + Ac.cfrp *Yer (a — 1) + Areinforced N 2

Atransformed




Stiffness of cross section

centre.of.gravity ‘=

bfic.cfrp =Qe bcfrp =61.92 m

3
be hIast.lamella

12

3
bfic.cfrp ‘ <hcfrp * nc>
12

3

b- <hreinforced = 2+ Niast.1amelta = hcfrp *Ne— hcfrp y nt>

12

bfic.cfrp ° <hcfrp ° nt>
12

3
b hIast.lamella

12

b- hlast.lamella
bfic.cfrp ¢ hcfrp *N¢
b <hreinforced =2+ Niast1amelta = hcfrp *Ne— hcfrp ° nt>
bfic.cfrp ¢ hcfrp +Ny¢

b hIast.lamella

hlast.lamella

2

YNa

hcfrp n
2 c 348

h 339
reinforced i

339

348

YNna— hIast.lamella 1

hcfrp

hreinforced - hIast.lamella - Ny —=Yna

hlast.lamella

2

hreinforced - YNA

5.451

., |21.348

I:= Icentre.of.gravity+A' a’ =|76.887
21.348

5.451

1073 m*

lor:= >, 1=130.483 10 m*

0.045
0.186
=2.025
0.186
0.045

equivalent transformed length

[ 8.438.
1.393.

=10.077

1.393.

8.438.




Transformed CFRP to equivalent timber initial
Elyor = Emean* lor = (1.631+10%) MN - métage
Transformed CFRP to
Edltot := Emean fin glulam * ltor = 543.681 MN -m” equivalent timber final stage

Resistance of cross section (CFRP reinforced)
4= =1.875107°

Ese
.= tINA g 875107 Ec<Eag=1 ok!
hreinforced —YNA
Etotrp=Er® Be=Yna) g 799403
hreinforced —YNA
Ecctrp = 5c-w=1.788 107
NA

Ft.cfrp =E¢tcfrp® chrp * At.cfrp = <4' 152.10° > kN
I:c.cfrp =Eccfrp® chrp * Ac.cfrp = <4'152 -10° > kN

Strain compatability compression

-h .c
gc.edge:: <yNA Iast.lamella> c_ 1.796 10_3
YNA
13 +e
€¢.edge.mean *= % =1.83510"°
hcfr
yNA_yc_T'nc T
€cmid = =1.78 1073
YNA
€c.mid T
€¢.mid.mean *= cmMe —-8.9.10™

Strain compatability tension

c . <hreinforced T hIast.lamella - yNA> * &y —1.796 10 3
tedge *= =1.
i hreinforced ~YNa
€tedge 1 €t _
€t.edge.mean::%=l-835 1073
hcfrp
Yi—YNna— N¢
Exmid =E¢* =1.78 1073

hreinforced ~YNnA



€t¢.mid

=8.9.107*

€¢.mid.mean ‘=

I:c.edge = gc.edge.mean T EW * <hlast.lamella> -b=858.987 kN
hcfr A 3
Fc.mid:: €c.mid.mean* Ew' yNA_yc_T' ne ‘b= <9'372' 10 > kN

Ft.edge *=Et.edge.mean* Ew: <hlast.lamella> -b=858.987 kN

( heerp )
Ft.mid ‘=&t mid.mean* Ew' Lyt —YNA— c2rp . nt} b= <9.372 . 103> kN
Check horizontal equilibrium
Fcedge ¥ Femia + Fe.crrp = 14.383 MN Compression
Ftmid + Fredge * Fr.cfrp=14.383 MN Tension
Moment capacity
Lever arms (distance from top)

hlast.lamella <€c B €c.edge> hIast.lamella

hlast.lamella'gc.edge'—_'_ hlast.lamella' ¢
2 2 3
Z,:= < > =7.446 mm
Ec—Eced
hIast.lamella *Ec.edge + hlast.lamella ¢ %
h h

Zyi=y, + czfrp +%. (yNA il (yc+ czfrp . nc)) =130.5 mm

hcfrp

3 . nt) =580.5 mm

2
Zp=Ynat (Yt —YNA—

hlast.lamella

hlast.lamella *Etedge* T d
h <5t - 5t.edge> 2+ Niast.tamella
h + Nyast.lamella* 2 ° 3
Zg =Y+ —P =703.554 mm
2 <€t 1 5t.edge>
hIast.lamella *Et.edge + hlast.lamella ¢ #
Mpgq:= l:c.edge 1 <ZG - Zl> == l:c.cfrp 7 <26 - yc> d =10.012 MN -m

+Fcmia* <ZG T Z3> +Ftmia <ZG T Z4> + l:t.cfrp ° <26 T yt>



Deflection of reinforced beam

S <¢red ¢ qk) -L*
Orei = =22.991 mm
reinforced 384. Edltot
a,-L?> [ 4.a,%)
5reinf0rced.service::¢red' Ql' 48. Edltot ° LS - L2 J J4=5.491 mm
T P
e 4. Egltot k L? J

Shear Capacity, section 6 DoTS volume 2
hte =YNa— hlast.lamella = hcfrp +n.=337.5 mm

Nee _
a4 :=——=168.75 mm
2

S:=A(0)-a(0)+A(1)-a(l)+b-hy-a,=249.492 107° m®

*S
VEd::qULS-%+Q1+%=441.695 kN
Six+V
Tegi=—= "54-0.282 MPa

tot °

Dynamic loads

Eigenfrequencies and accelerations are only calculated in vertical direction, lateral
direction has been neglected due to the high amount of available stiffness in that

direction.
S:=b.L=60 m? Surface of the walkway
P:=700 N Body weight of a pedestrian
my =% = (1.31.10°) F9
g m

Traffic classes

Modal mass of the system

Only calculating for traffic

0.2. 12 L
TC:= "1 = [8;] . Density of pedestrians
05.— m according to traffic classes
m2
classes 2 and 3
dTC::TC.P: 0.14 ﬂ
0.35] 12



b-d .10°
g TC=[1.353 10°| kg

g 1.417-10% | m

1 9869 |Elg
funp=g— = Z =4.381 Hz
. L mg

1  39.478 |Elyy

f = . =17.526 Hz

2.np 2.7 L2 mg
f, 4.381

f = -np Z[ ]Hz

np [fz_npl 17.526

1:=0..1

if f,,(1)>5 Hz :[ SR
H “OK”

else

“Check accelerations”
El, .
£ L 9869 tot=[4.311]Hz
2.7 2 Mtc 4213
El, .
£ 1 .39.478. tot _|17.247 Ha
2.7 L2 M1c 16.852

Determination of maximum acceleration

gdamping,timber :=0.015

10.8- \/gdamping.timber «S.TC (1)
S

Mrc13:=

“Check accelerations”

=0.121

No pedestrians

No pedestrians

According to Eurocode the
eigenfrequency should be
over 5 Hz, to avoid checks
of accelerations.

With pedestrian masses

With pedestrian masses

1.5% according to JRC (most

critical)
3% accordint to Setra

1

2

m



Table 4-8: Parameters for load model of TC1 to TC5

P [N]

Vertical Longitudinal Lateral
280 140 35
Reduction coefficient

Vertical and longitudinal Lateral

=== 1. Harmenic

=sss 2, Harmonic

>

Y .

1) 1,25

>
1,7 21 2325 34 42 45 Frequency 1] 0507

P
1012 17 21 24 Frequency

Equivalent number »" of pedestrians on the loaded surface $§ for load model of:

TC1 to TC3

(density d < 1,0 P/m2): =» S

108 &xn

m 2]

TC4 and TCS

54
(density d = 1,0 P/m2): ”»=L‘w”

Without pedestrian masses

'lpnpl = if

el

£, (1)<1.25 Hz
0
seif 1.25 Hz<f,,(I)<1.7 Hz
fop (1) - 1.25 Hz
0.45 Hz
seif 1.7 Hz<f,,(I)<2.1 Hz
1
seif 2.1 Hz<f,,(1)<2.3 Hz
fp (1) 2.1 Hz
02 Hz
seif 2.3 Hz<f,,(I)<2.5 Hz
0
seif 2.5 Hz<f,,(I)<3.4 Hz
fop (1) = 2.5 Hz
4.0.9 Hz
seif 3.4 Hz<f,,(I)<4.2 Hz
0.25
seif 4.2 Hz<f,(1)<4.6 Hz
fop (1) 4.2 Hz
4.0.4 Hz
seif f,,(1)>4.6 Hz
0

0.25 -

0.137
0




i:=0..1

o =it £, (i) <1.25 H =[
0
elseif 1.25 Hz<f,(i)<1.7 Hz
f,(i)-1.25 Hz
0.45 Hz
elseif 1.7 Hz<f,(i)<2.1 Hz
1
elseif 2.1 Hz<f,(i)<2.3 Hz
_f)-21He
0.2 Hz
elseif 2.3 Hz<f,(i)<2.5 Hz
0
elseif 2.5 Hz<f,(i)<3.4 Hz
f,(i)- 2.5 Hz
4.0.9 Hz
elseif 3.4 Hz<f,(i)<4.2 Hz
0.25
elseif 4.2 Hz<f,(i)<4.6 Hz
f,(i)-4.2 Hz
 4.04H:z
elseif f,(i)>4.6 Hz
0

0.18
0.242

0.25




j=0..1

=it (1) <1.25 Ha = [8]
0
elseif 1.25 Hz<f,(j)<1.7 Hz
f,(j) - 1.25 Hz
0.45 Hz
elseif 1.7 Hz<f,(j)<2.1 Hz
1
elseif 2.1 Hz<f,(j)<2.3 Hz
 _f0)-21He
0.2 Hz
else if 2.3 Hz<f,(j)<2.5 Hz
0
elseif 2.5 Hz<f,(j)<3.4 Hz
f,(j) - 2.5 Hz
4.0.9 Hz
else if 3.4 Hz<f,(j)<4.2 Hz
0.25
elseif 4.2 Hz<f,(j)<4.6 Hz
o5 f,(j)-4.2 Hz
4.0.4 Hz
elseif f,(j)>4.6 Hz
0
P,:=280 N
Ui re13i=DPyeNrcige9 = [;iégg] %
Uorc13:=DPyeN'rcp3e9h,= [8 %
. _113.869 | kg
Unp.Tc1.3: =0+ PyeN'rcy 3P, = [ 0 3_2
8y ropqi= 1 . 4+0;17c13 _ [0.574] m
2+ Egamping.timber 7T *Mtc 0.735] 2
B ais 1 . 4+0r1c13 _ [0] m
2+ Egamping.timber 7T *Mtc 0] &2
N 1 AOnpre1s _ [0.449] m
2'Sv;iamping.timber 7T mg 0 s°



if a; 1c13(§)<0.75 m= [OK] The limit for acccelerations
s° OK is chosen to 0.75 m/s™2 to
“OK” be acceptable.
else
“Not OK”
if 8, 7c13(1)<0.75 sﬂz = [ 8&]
“«OK™
else
“Not OK”
if anpTc13 (1)<0.75 sﬁz =[u8§n]
“«OK™
else
“Not OK”

Calculate necessary pre-stressing force for stress-laminated deck.

bii=b—bye=1.7 m Assume it is acting in the middle of
the bridge
.b? <b...-b
My := QULZ r2. 9 PP o hon kN em,
b
Vi 1= JULS +2.2% Z99 804 kN
2 2
timber:=0.3 0.29-0.34
6 * MT
Fos.mi= =0.453 MN
hreinforced

3 b VT
Fooyi=———=0.499 MN
2 * Htimber

Fps :=mMax (Fy - Fpsv) =0.499 MN Ekholms rapport
Calculate necessary bearing length

l,:=260 mm Assumed starting value

\Y
Eld =0.566 MPa According to Equation 4.22 STDtES

*!b

0c¢.90.d°=



if f.904>0co04 ="OK”
“OK”
else

“Increase support length”

Comparison between plain and reinforced cross-section

Moment capacity Deflections
M Oplai Op|ai ;
Fd_ —51.298% Plain _ 68.493% _plainservice _ 5 4520
Rd_w max 5max
MEd =22.818% 5reinforced = 45.983% 5reinforced.service =10.981%
Rd max 5max

Shear Capacity

L
Ed_ —18.758%

kcr ° fvd

Reduction in height

hunreinforced:: 840 mm 24 lamellas

hreinforced

1-———— =15.357%

hunreinforced
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Material properties

Service class 3, according to swedish standards

Characterisic values Timber(GL28c, CFRP properties (S&P C laminat,

DoTS Volume 2 Table 3.4)
f =28 MPa
fy:=24 MPa
fo0k=2.5 MPa
fy:=19.5 MPa
f,:=3.5 MPa
fy:=1.2 MPa

P =420 k—i Mean density

m
E,:=10.4 GPa
Enean:=12.5 GPa

f
Ecelg ::ELK=2.308 1078

W

f
st_e,_g,::Eizlms 1072

W

Beam geometry
Carbon fibre geometry

befrp:=2.6 mm
Nefrp =30 mm

o _ 2
Ai.cfrp = bcfrp = hcfrp =78 mm

n.:=4 Number of laminations (comp)

ng:=4 Number of laminations (tens)

hlast.lamella =15 mm

Njaminations ‘= 15

product sheet)

fo.cfrp = 2800 MPa

f. crrp= 1400 MPa

k
Pcfrp ™= 1600 —93
m

Yefrp = 1.0

Ecfrp =300 GPa

Tensile strength

Compressive strength
Assumption of half

Density

assuming certified
manufacturer

low = 205
mid = 300
high = 375
ultrahigh = 450



L:=20m

h:= <nlaminations = 2) «45 mm+ 2+ Nja5¢ jamelia
b:=215 mm

Agrossi=b+h=(1.322.10°) mm?

Distance to reinforcement

hcfrp

+ =30 mm

Yei= hIast.lamella

h
Cf”") =585 mm

yei=h-— thast.lamella it
At cipi=Ne+ A crp =312 mm?
Ac ctrpi=Ne* A crrp = 312 mm
Actrp=Atctrp T Ac.ctrp = 624 mm’®

At _ o 4700

gross

Timber geometry

Atimper:=0b-h - Acfrp = <1.316 . 105> mm?

=615 mm

Area reinforcement on compression side
Area reinforcement on tension side

Total reinforcement area

Ratio reinforcement in cross section

Design Values Timber, values from DoTS volume 2

Ko i=0.67

Yglulam *= 1.25
Kgeri=2

Kk, :=if h<600 mm

min[(mo#)o.l,l.l)

else if h>600 mm
1

=0.8

kmod.glulam ;

Kego=1

Reduction of shear capacity due to
solar radiation and percipitation

Partial factor for material

properties in glulam

Factor considering long term effects,
service class 3

Size factor, DOTS section 3.3
Volume 2

Factor considering duration
of load and service class 3
Support condition factor,
according to section 5.2 DoTS



1 kh ¢ fmk r kmod.glulam

frg: =17.92 MPa
'Vglulam
fo K
de:: ck ” ™mod.glulam =15.36 MPa
'Vglulam
Kcgo* K 0
fc,go,d:: €.90 * ™mod.glulam c.90.k=1.6 MPa
'Vglulam
T K
ftd:: tk ” "™mod.glulam =12.48 MPa
'Vglulam
o K
de:: vk ® ™*mod.glulam =2 24 MPa
'Vglulam
frce k
frd:: rk ” “mod.glulam =0.768 MPa
Vglulam
Emean
E mean.fin := =4.167 GPa
mean.fin 1+ "

Transformed area

Atransformed = Agross i Acfrp ° (a =+ 1) = <1'466 ° 105> mmZ

Loads
m b
9:=9.82 — Gravitational constant
S
T kN J
Ok:=Pw- Atimber g+ Pctrp Acfrp g= 0.553 7 SE|f-WEIght
Oy:=5 L) b=1.075 kN Distributed pedestrian load
m? m
+q.)-L?
MmaX::%=81.379 kN .m
kN - ]
Qurs=1.35-gx+1.5.0,=2.358 — Load combination according
m to ULS
Quis-L”
MEd::%Z 117.924 kN-m
Resistance of cross section (plain timber)
beh? Assume that it is braced
W, = ————=0.014 m® against lateral torsional
' 6

buckling. kcrit=1

Mprg =Wy * Fing=242.871 kN -m



Plain timber deflection

Preqi=0.4 Reduction of traffic load, Eurocode 1
max :=——=50 mm Maximum allowed deflection, according
400 to Trafikverket Krav Brobyggande
5. .a)-L?
Splain = (Yrea" %) —=51.589 mm The influence of shear
384.E ~_b-h deformation on deflection is
mean.fin .
12 assumed to be small on the final

deflection. Eurocode 1
Calculation of neutral axis

h
At.cfrp Yo (a - 1) +Ac.cfrp *Yer (a = 1) + Agross il

YNA = =307.5 mm
Atransformed
Stiffness of cross section
bfic.cfrp =Qe bcfrp =62.4 mm
b.h?
lgrossi=———=0.004 m*
beh g >
Ic holes = (a - 1) ng- %: <4.451 . 10_5> m*
beh.go’
It holes := (a - 1) . nt-%: <4.451 . 10_5> m*
h —
Q4ross = YNA 3 =0 mm
h 1
aC.Cfl’p =YNAT hlast.lamella = —Cer =277.5 mm
h 1
at.cfrp ==h— hlast.lamella - YNAT 277.5 mm
Itot = Igross + Ic.holes + It.holes + Agross * agrossz d =0.005 m*

2 2
+ (a T 1) <Ac.cfrp *Qccfp T At.cfrp *Qt.cfrp >

Elor = Emean * ltor =67.022 MN «m?
Egliot := Emean fin * ltot =22.341 MN - m?

Resistance of cross section (CFRP reinforced)



€¢i=Erel g =1.875 107°

_€t"Yna

i =1.875107° €c<Ecelg=1 ok!
h—Yna

Strain compatability compression

<yNA - hlast.lamella>

Ec.cfrp.edge *=&c* =1.784 107°
YNnA
-h -h
gc.cfrp.mid =€, <yNA last.lamella cfrp> =1.601 10 -3
YNna

5c.cfrp =0.5- <€c.cfrp.edge + 5c.cfrp.mid> =1.692 10 -

Strain compatability tension

&t _ I3
gt.cfrp.mid = <h —YNAT hlast.lamella — hcfrp> W— 1.601 10
~ YNA

€ iA
Etcfrp.edge = (N—Yna— h.ast.ame..a)w—1.784 10
“YNA

Etcfrp= 0.5 <€t.cfrp.mid + 5t.cfrp.edge> =1.692 107°
Section forces
Fecedge=0.5- <€C-cfrp.edge + 5c> *Ey* Niast jamelia* D=61.354 kN

Few.crrp™=Ec.crrp* Ew* Negrp* (D = N begrp) =108.014 kN

Fe.mia*=0-5*Ec cfrp.mid* Ew* (Yna = Nefrp = Niast.1amelta) - D =469.739 kN
Femia=0.5E¢crrp.mia* Ew* (N = Yna = Piastiameiia = Nefrp) -0 =469.739 kN
Few.cfrpi=Etctrp* Ew*Neprp (B = Ne+befrp) =108.014 kN

l:t.edge :=0.5- <Et.cfrp.edge + 5t> ¢ EW ¢ hIast.lamella -b=61.354 kN
l:t.cfrp =E¢cfrp® chrp * At.cfrp =158.378 kN

F *Ecsrp* Ac.ofrp = 158.378 kN

c.cfrp = Ec.cfrp * Ecfrp



Check horizontal equilibrium

Feedge  Few.cfrp+ Femia + Fecrrp=797.484 kKN Compression
Ftedge ¥ Few.crrp+ Femia+ Fecrrp=797.484 KN Tension
Moment capacity

Lever arms (distance from top)

h hIa's,t.lamella
last.lamella * €c.cfrp.edge * 2

<5c - 5c.cfrp.edge> hlast.lamella

+ hIast.lamella *

2 3
Zy:= =7.438 mm
h +h <€c B 5c.cfrp.edge>
last.lamella * €c.cfrp.edge last.lamella ® 2
h ] . hcfrp +h I <5c.cfrp.edge - 5c.cfrp.mid> . hcfrp
cfrp gc.cfrp.mid 2 cfrp 2 3

Z5:=Niast 1amelta + =29.73 mm

<€c.cfrp.edge - €c.cfrp.mid>

hcfrp * E¢.cfrp.mid + hcfrp r 2

1
Z3:= hIast.lamella + hcfrp + g ° <yNA - <hlast.lamella + hcfrp>> =132.5 mm

2
Z=Ynat o (h=Yna=Netrp = hefrp) =472.5 mm

hcfrp

hcfrp *E¢.cfrp.mid * 2

J

<€t.cfrp.edge - 5t.cfrp.mid> hcfrp

¥+ hcfrp ¢ 2 3
Z5:=h = Nigst tamelta — =585.27 mm
<€t.cfrp.edge — é‘t.cfrp.mid>
2

hcfrp * Et.cfrp.mid + hcfrp 1

h hlast.lamella
last.lamella * €t.cfrp.edge *

2
<€t - 5t.cfrp.edge> hlast.lamella
+ hlast.lamella 1 2 1 3
Zgi=h— < > =607.563 mm
€t~ Etcfrp.ed
hIast.lamella *Et.cfrp.edge + hIast.lamella ¢ ; aEatE
Mggi= l:c.edge T <26 - Zl> + <Fc.cfrp + l:c.w.cfrp> = <26 - Z2> - =483.288 kN -m

+Femia* <ZG T Z3> +Fmida <ZG T Z4> + <Ft.cfrp + l:t.w.cfrp> ° <ZG T ZS>

Deflection of beam



5. ... L*
6reinforced:: ¢red e =40.099 mm

Shear Capacity, section 6 DoTS volume 2

hte =YNAT hIast.lamella = hcfrp *N.= 172.5 mm

hee _
a4 :=——=286.25 mm

2

h h h -
Sxx::E'b' (yNA_E) +Accrp* (yNA_E) b-hie+ 8, =3.199 107 m?

2

Sy V

Tegi=—2 "F1=0.065 MPa
tot *

Trai=Ker + Fug=1.501 MPa
Dynamiska laster

S:=b.L=4.3 m?

P:=700 N
my =K =56.271 X4
g m

Mg:=L-my=(1.125.10%) kg

Traffic classes

0.2- Pz
m
05..F | [0.14
Ao e m?® |_|0.35| kN
TC *— - - 5
P 0.7 | m?
1.0-
m2 1.05
1.5. Pz
m A
59.336
b-drc _|63.934| kg
M+ =M, + = |
TeTe g 71.597 | m

79.26



1 9.869 Eliot

=3.799 Hz
2.m L? M+c (2)

1 39.478 Eliot

5 =15.198 Hz
2em L Mrc (2)

Comparison between plain and reinforced cross-section

Moment capacity Deflections
M Oplai
Ed_—48.55% —Plain _103.18%
Rd_w max
Mea _ 24.4% Oreinforced _ g 5oy
Rd max

Shear capacity

-
—Ed —4.36%
TRd

Reduction in height

hunreinforced =795 mm

1 —#=22.642%

hunreinforced
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### Appendix E: Pre-cambered beam script

### Authors: Adam Lennell and Christoffer Jonsson

### Last changed: 2019-06

FHE A A R R

from part import *

from material import *

from section import *

from assembly import *

from step import *

from interaction import *
from load import *

from mesh import *

from optimization import *
from job import *

from sketch import *

from visualization import *
from connectorBehavior import *
from math import *

from abaqus import *

from abaqusConstants import *

from caeModules import *

from driverUtils import executeOnCaeStartup

'runModel' is a function where the input variables can be altered for the
beam to have desired geometry

#

#

#

# preCamber - Amount of pre-camber [m]

# spanLength - Length of the span [m]

# noLamellas - Number of timber lamellas a 45 mm, excluding the two exterior lamellas
# CFRPHeight - Thickness of the CFRP lamina [m]

#
#

def runModel (preCamber, spanlength, nolLamellas, CFRPHeight):
myModel = mdb.Model ('Model-1")

- Generate model name —————————-———-———-———-—————————————————
preCamberStr = str (preCamber*1000)
cStr = preCamberStr[0: (len (preCamberStr)-2)]
modelName = 'Camber' + cStr+ 'mm'

o Input data -—-———-—---=--——————————————————————— - —————
lamellaHeight = 0.045

width = 0.215

CFRPWidth = 0.185

extHeightInitial = 0.015

extHeight = extHeightInitial+CFRPHeight
midHeight = lamellaHeight*noLamellas
totalHeight = 2*extHeight+midHeight

# Support width
1 sup = 0.1
supHeight = 0.2

# Total length of beam
beamLength = spanLength+l sup

# Camber radius
r = (pow(beamLength/2,2)+pow (preCamber,?2))/ (2*preCamber)

# Material data
densTimb = 420.0

El = 0.7e9

E2 = 12.6e9
E3 = 0.37e9
Gl2 = 0.72e9
G13 = 0.03e9

G23

0.35e9



73 nyl2 = 0.03
74 nyl3 = 0.35
75 ny23 = 0.04
76
17 densCFRP = 1600.0
78 E CFRP = 300e9
79 nyCFRP = 0.3
80
81 # Load combination factors
82 gamma_selfweight = 1.2
83 gamma_ traffic = 1.5
84 gamma_temp = 1.5
85
86 # Variable load and impulse load
87 g k = gamma_traffic*5000 # [N/m2]
88 a k=100 # [N]
89
90 # Tempartures
91 startTemp = gamma temp*20
92 maxTemp = gamma temp*40
93 minTemp = gamma temp*-20
94
95 # Temperature expansion coefficients
96 alpha CFRP = -1le-06
97 alpha timber = 5e-06
98
99 # Mesh sizes
100 coarseSize = 0.04
101 fineSize = 0.02
102
103 # Part of beam that will be occupied by fine mesh
104 meshPartition = 0.05
105
106 # Initiate instance objects vector
107 instanceObjects = []
108
109 fomm— Create parts —————————————————
110
111 # Mid part
112 timberProfile = myModel.ConstrainedSketch(name=' profile ',
sheetSize=beamLength)
113 timberProfile.Arc3Points( pointl=(0.0, 0.0),
114 point2=(beamLength, 0.0), point3=(beamLength/2, preCamber))
115
116 timberProfile.linearPattern(anglel=0.0, angle2=
117 90.0, geomList=(
118 timberProfile.geometry.findAt ((beamLength/2, preCamber),
119 ), ), numberl=1l, number2=2, spacingl=1.0, spacing2=midHeight)
120
121 timberProfile.Line(pointl=(0.0, midHeight), point2=(0.0, 0.0))
122 timberProfile.Line(pointl=(beamLength, midHeight), point2=(beamLength, 0.0))
123
124 timberPart = myModel.Part(dimensionality=THREE D, name='mid',6 type=
125 DEFORMABLE BODY)
126 timberPart.BaseSolidExtrude (depth=width, sketch=timberProfile)
127 del timberProfile
128
129 # CFRP part
130 CFRPProfile = myModel.ConstrainedSketch(name=' profile ', sheetSize=beamLength)
131 CFRPProfile.Arc3Points( pointl=(0.0, 0.0),
132 point2=(beamLength, 0.0), point3=(beamLength/2, preCamber))
133
134 CFRPProfile.linearPattern(anglel=0.0, angle2=
135 90.0, geomList=(
136 CFRPProfile.geometry.findAt ( (beamLength/2, preCamber),
137 ), ), numberl=1, number2=2, spacingl=1.0, spacing2=CFRPHeight)
138
139 CFRPProfile.Line(pointl=(0.0, CFRPHeight), point2=(0.0, 0.0))
140 CFRPProfile.Line(pointl=(beamLength, CFRPHeight), point2=(beamLength, 0.0))
141
142 CFRPPart = myModel.Part(dimensionality=THREE D, name='CFRP', type=DEFORMABLE BODY)

143 CFRPPart.BaseSolidExtrude (depth=CFRPWidth, sketch=CFRPProfile)



144 del CFRPProfile

145

146 # Exterior parts

147 extProfile = myModel.ConstrainedSketch(name=' profile ', sheetSize=beamlLength)

148 extProfile.Arc3Points( pointl=(0.0, 0.0),

149 point2=(beamLength, 0.0), point3=(beamLength/2, preCamber))

150

151 extProfile.linearPattern(anglel=0.0, angle2=

152 90.0, geomList=(

153 extProfile.geometry.findAt ((beamlLength/2, preCamber),

154 ), ), numberl=1l, number2=2, spacingl=1.0, spacing2=extHeight)

155

156 extProfile.Line(pointl=(0.0, extHeight), point2=(0.0, 0.0))

157 extProfile.Line(pointl=(beamLength, extHeight), point2=(beamLength, 0.0))

158

159 extPartUpper = myModel.Part (dimensionality=THREE D, name='Exterior upper',
type=DEFORMABLE BODY)

160 extPartUpper.BaseSolidExtrude (depth=width, sketch=extProfile)

161 del extProfile

162

163 # Create another exterior part by copying the first one

164 extPartLower = myModel.Part(name='Exterior lower', objectToCopy=extPartUpper)

165

166 FHHFHHFFHHHEHS Cut holes for CFRP in exterior parts #######4F#4444

167

168 # Upper: Create sweep path for hole for CFRP

169 sweepPath = myModel.ConstrainedSketch(gridSpacing=1.0, name=' sweep ',

170 sheetSize=40.0, transform=extPartUpper.MakeSketchTransform(

171 sketchPlane=extPartUpper.faces.findAt ((0.001, extHeight/2, width), ),

172 sketchPlaneSide=SIDEl, sketchUpEdge=extPartUpper.edges.findAt (

173 (0.0, extHeight/2, width), ), sketchOrientation=LEFT, origin=(0.0, 0.0, 0.0)))

174 extPartUpper.projectReferencesOntoSketch (filter=COPLANAR EDGES, sketch=sweepPath)

175 sweepPath.Arc3Points(pointl=(0.0, 0.0),

176 point2=(beamLength, 0.0), point3=(beamLength/2, preCamber))

177

178 # Upper: Create profile for CFRP hole

179 p = myModel.ConstrainedSketch(gridSpacing=0.01, name=' profile ',

180 sheetSize=0.43, transform=

181 extPartUpper.MakeSketchTransform(

182 sketchPlane=extPartUpper.faces.findAt ((0.0,

183 extHeight/2, width/2), ), sketchPlaneSide=SIDEI1,

184 sketchUpEdge=extPartUpper.edges.findAt ((0.0,

185 extHeight/2, width), ), sketchOrientation=RIGHT, origin=(0.0, 0.0, 0.0)))

186 extPartUpper.projectReferencesOntoSketch (filter=COPLANAR EDGES, sketch=p)

187 p.rectangle(pointl=(0.015, 0.0), point2=(0.200, CFRPHeight))

188

189 # Upper: Cut hole for CFRP

190 extPartUpper.CutSweep (pathOrientation=LEFT, sketchOrientation=RIGHT,

191 path=sweepPath, profile=p,

192 pathPlane=extPartUpper.faces.findAt ((0.001, extHeight/2, width), ),

193 pathUpEdge=extPartUpper.edges.findAt ((0.0, extHeight/2, width), ),

194 sketchPlane=extPartUpper.faces.findAt ((0.0, extHeight/2, width/2), ),

195 sketchUpEdge=extPartUpper.edges.findAt ((0.0, extHeight/2, width),))

196 del sweepPath

197 del p

198

199 # Lower: Create sweep path for hole for CFRP

200 sweepPath = myModel.ConstrainedSketch(gridSpacing=1.0, name=' sweep ',

201 sheetSize=40.0, transform=extPartLower.MakeSketchTransform(

202 sketchPlane=extPartlLower.faces.findAt ((0.001, extHeight/2, width), ),

203 sketchPlaneSide=SIDEl, sketchUpEdge=extPartLower.edges.findAt (

204 (0.0, extHeight/2, width), ), sketchOrientation=LEFT, origin=(0.0, 0.0, 0.0)))

205 extPartLower.projectReferencesOntoSketch (filter=COPLANAR EDGES, sketch=sweepPath)

206 sweepPath.Arc3Points(pointl=(0.0, 0.0),

207 point2=(beamLength, 0.0), point3=(beamLength/2, preCamber))

208

209 # Lower: Create profile for CFRP hole

210 p = myModel.ConstrainedSketch(gridSpacing=0.01, name=' profile ',

211 sheetSize=0.43, transform=

212 extPartLower.MakeSketchTransform(

213 sketchPlane=extPartLower.faces.findAt ((0.0,

214 extHeight/2, width/2), ), sketchPlaneSide=SIDEI,



215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233

234
235
236
237

238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253

254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272

273
274
275
276
277
278
279
280
281

sketchUpEdge=extPartLower.edges.findAt ( (0.

0,

extHeight/2, width), ), sketchOrientation=RIGHT, origin=(0.0, 0.0, O.
extPartLower.projectReferencesOntoSketch (filter=COPLANAR EDGES, sketch=p)

p.rectangle(pointl=(0.015, extHeight-CFRPHeight), point2=(0.200,

# Lower: Cut hole for CFRP

extPartLower.CutSweep (pathOrientation=LEFT, sketchOrientation=RIGHT,

path=sweepPath, profile=p,

pathPlane=extPartLower.faces.findAt ((0.001, extHeight/2, width), ),

pathUpEdge=extPartLower.edges.findAt ((0.0,

extHeight/2, width), ),

sketchPlane=extPartLower.faces.findAt ((0.0, extHeight/2, width/2), ),

sketchUpEdge=extPartLower.edges.findAt ( (0.
del sweepPath
del p

# Support beam - beam element to accurately model the boundary conditions

0, extHeight/2, width),))

0)))

extHeight+0.1))

beamSketch = myModel.ConstrainedSketch(name=' profile ', sheetSize=200.0)
beamSketch.Line (pointl=(0.0, 0.0), point2=(0.0, supHeight))
beamPart = myModel.Part(dimensionality=THREE D, name='SupportBeam',

type=DEFORMABLE_BODY)
beamPart.BaseWire (sketch=beamSketch)
del beamSketch

timberMaterial = myModel.Material (name='Timber'")

timberMaterial.Density(table=((densTimb, ), ))

timberMaterial.Elastic(table=((E1, E2, E3, nyl2, nyl3, ny23, Gl2, G133, G23), ),

type=ENGINEERING CONSTANTS)

timberMaterial.Expansion(table=((alpha timber, ), ))

CFRPMaterial = myModel.Material (name='CEFRP')
CFRPMaterial.Density(table=((densCFRP,),))
CFRPMaterial.Elastic(table=((E_CFRP, nyCFRP),)
CFRPMaterial.Expansion(table=((alpha CFRP, ),

)
))

supportMaterial = myModel.Material (name='Support")

supportMaterial.Elastic(table=((1el5, nyCFRP),

supportMaterial.Density(table=((0.001,),))

coordinates—------

import regionToolset

# Middle Part

vl = timberPart.vertices

))

timberPart.DatumCsysByThreePoints (pointl=vl.findAt (coordinates=(0.0, 0.0,

point2=vl.findAt (coordinates=(beamlLength,

0.0, 0.0)), name='CylCsys',

coordSysType=CYLINDRICAL, origin=(beamLength/2, preCamber-r, 0.0))

cl = timberPart.cells

cellsl = cl.findAt(((0.0, 0.0, 0.0), ))
regl = regionToolset.Region(cells=cellsl)
orientationl = timberPart.datums[2]

0.0)),

timberPart.MaterialOrientation(region=regl, orientationType=SYSTEM, axis=AXIS 3,

localCsys=orientationl)

# Upper Part
v2 = extPartUpper.vertices
extPartUpper.DatumCsysByThreePoints (pointl=v2.
0.0)),

point2=v2.findAt (coordinates=(beamlLength,

findAt (coordinates=(0.0, O.

0.0, 0.0)), name='CylCsys',

coordSysType=CYLINDRICAL, origin=(beamLength/2, preCamber-r, 0.0))

c2 = extPartUpper.cells

cells2 = c2.findAt(((0.0, 0.0, 0.0), ))
reg2 = regionToolset.Region(cells=cells?2)
orientation2 = extPartUpper.datums[3]

extPartUpper.MaterialOrientation(region=reg2,
axis=AXIS 3,

orientationType=SYSTEM,

0,
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localCsys=orientation?2)

# Lower Part
v3 = extPartlLower.vertices
extPartLower.DatumCsysByThreePoints (pointl=v3.findAt (coordinates=(0.0, 0.0,
0.0)),
point2=v3.findAt (coordinates=(beamLength, 0.0, 0.0)), name='CylCSYs',
coordSysType=CYLINDRICAL, origin=(beamLength/2, preCamber-r, 0.0))

c = extPartLower.cells

cells = c.findAt (((0.0, 0.0, 0.0), ))
reg = regionToolset.Region(cells=cells)
orientation = extPartLower.datums[3]

extPartLower.MaterialOrientation(region=reg, orientationType=SYSTEM, axis=AXIS 3,
localCsys=orientation)

# Add orientation of support beam

beamPart.assignBeamSectionOrientation (method=N1 COSINES,
nl=(0.0, 0.0, =-1.0), region=Region(
edges=beamPart.edges.findAt (((0.0, supHeight/2,
0.0), ), )))

myModel .HomogeneousSolidSection(material="'Timber', name='TimberSec')
myModel .HomogeneousSolidSection (material='CFRP', name='CFRPSec')
myModel.CircularProfile (name='BeamProfile', r=0.01)
myModel .BeamSection (consistentMassMatrix=False, integration=
DURING ANALYSIS, material='Support', name='SupportSec',
poissonRatio=0.0, profile='BeamProfile', temperatureVar=LINEAR)

o Assigns cfrp section to cfrp sheet

CFRPPart.SectionAssignment (region=Region (cells=CFRPPart.cells.findAt (
((0.0, 0.0, 0.0), ), )), sectionName='CFRPSec',
thicknessAssignment=FROM SECTION)

o Assigns timber section to timber lamellas

timberPart.SectionAssignment (region=Region(cells=timberPart.cells.findAt (
(0.0, 0.0, 0.0), ), )), sectionName='TimberSec',
thicknessAssignment=FROM SECTION)

extPartUpper.SectionAssignment (region=Region (cells=extPartUpper.cells.findAt (
(0.0, 0.0, 0.0), ), )), sectionName='TimberSec',
thicknessAssignment=FROM SECTION)

extPartlLower.SectionAssignment (region=Region (cells=extPartLower.cells.findAt (
(0.0, 0.0, 0.0), ), )), sectionName='TimberSec',
thicknessAssignment=FROM SECTION)

beamPart.SectionAssignment (region=Region (edges=beamPart.edges.findAt (
((0.0, supHeight/2, 0.0), ), )), sectionName='SupportSec',
thicknessAssignment=FROM SECTION)

assembly ————————-——————-—
myAssembly = myModel.rootAssembly
myAssembly.DatumCsysByDefault (CARTESIAN)

CFRPInstance = myAssembly.Instance (dependent=0FF, name='CFRP sheet',
part=CFRPPart)

timberInstance = myAssembly.Instance (dependent=0FF, name='Wood lamella',
part=timberPart)

extInstanceUpper = myAssembly.Instance (dependent=0FF, name='Outer lamella top',
part=extPartUpper)

extInstancelower = myAssembly.Instance (dependent=0FF, name='Outer lamella
bottom', part=extPartLower)

supInstance = myAssembly.Instance (dependent=0FF, name='Left support',
part=beamPart)



345 # First lamella from bottom

346 instanceObjects.append(extInstancelower)

347

348 # CFRP

349 myAssembly.translate(instancelList=('CFRP sheet', ),

350 vector=(0.0, extHeightInitial, 0.015))

351 instanceObjects.append (CFRPInstance)

352

353 # Middle Part

354 myAssembly.translate(instancelist=('Wood lamella', ),

355 vector=(0.0, extHeight, 0.0))

356 instanceObjects.append(timberInstance)

357

358 # CFRP

359 myAssembly.LinearInstancePattern(instancelist=('CFRP sheet', ), numberl=l,
number2=2,

360 spacingl=0, spacing2=CFRPHeight+midHeight, directionl=(0.0, 0.0,

361 0.0), direction2=(0.0, 1.0, 0.0))

362 instanceObjects.append(myAssembly.instances['CFRP sheet-1in-1-2"'17)

363

364 # Last wood lamella

365 myAssembly.translate(instancelist=('Outer lamella top', ),

366 vector=(0.0, midHeight+extHeight, 0.0))

367 instanceObjects.append(myAssembly.instances['Outer lamella top'l])

368

369 # Left support

370 myAssembly.translate(instancelist=("'Left support', ),

371 vector=(l sup/2, -supHeight, width/2))

372 instanceObjects.append(myAssembly.instances|['Left support'])

373

374 # Right support

375 myAssembly.LinearInstancePattern(instancelist=('Left support', ), numberl=2,
number2=1,

376 spacingl=spanlLength, spacing2=0.0, directionl=(1.0, 0.0,

377 0.0), direction2=(0.0, 0.0, 0.0))

378 instanceObjects.append(myAssembly.instances['Left support-1in-2-1'7)

379

380 - Create coordinate vector for instances

381 instanceCoordinates = []

382 instanceCoordinates.append((0.0, 0.0, 0.0))

383 instanceCoordinates.append((0.0, extHeightInitial, 0.015))

384 instanceCoordinates.append((0.0, extHeight, 0.0))

385 instanceCoordinates.append((0.0, extHeight+midHeight, 0.015))

386 instanceCoordinates.append((0.0, extHeight+CFRPHeight+midHeight, 0.0))

387

388 fomm Creates step

389 myModel.StaticStep(name='Self-weight', nlgeom=0FF,

390 previous='Initial')

391

392 myModel.StaticStep(name='Traffic', nlgeom=0FF, previous='Self-weight')

393

394 # Create initial field for temperature at the region for all the model

395 reg =
regionToolset.Region(cells=instanceObjects[0].cells.findAt((instanceCoordinates|[0]

r ) )

396 instanceObjects[1l].cells.findAt ((instanceCoordinates[1] , ), ) +\

397 instanceObjects[2].cells.findAt ((instanceCoordinates[2] , ), ) +\

398 instanceObjects[3].cells.findAt ((instanceCoordinates[3] , ), ) +\

399 instanceObjects[4] .cells.findAt ((instanceCoordinates[4] , ), ))

400 myModel.Temperature (createStepName='Initial',

401 crossSectionDistribution=CONSTANT THROUGH THICKNESS, distributionType=

402 UNIFORM, magnitudes=(startTemp, ), name='Start Temperature',6 region=reg)

403

404 myModel.StaticStep(name='CoolDown', previous='Traffic')

405 myModel.Temperature (createStepName='CoolDown',

406 crossSectionDistribution=CONSTANT THROUGH THICKNESS, distributionType=

407 UNIFORM, magnitudes=(maxTemp, ), name='MaxTemperature',6 region=reg)

408

409 # Put field output requests

410 myModel.fieldOutputRequests['F-Output-1"'].setValues(variables=(
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myModel.Gravity (comp2=-9.82*gamma_selfweight, createStepName='Self-weight',
name='Gravity')

myModel.Pressure (name='Variable load', createStepName='Traffic', magnitude=q k,
region=Region(sidelFaces=instanceObjects[4].faces.findAt ((
(beamLength/2, totalHeight+preCamber, width/2), ), )))

pl = myAssembly.DatumPlaneByPrincipalPlane (offset=0.015, principalPlane=XYPLANE)
P2 = myAssembly.DatumPlaneByPrincipalPlane (offset=0.2, principalPlane=XYPLANE)

f = instanceObjects[2].faces

faceCoordl = (1 sup, totalHeight-extHeight, width/2)
faceCoord2 = (1 sup, extHeight, width/2)

el f.getClosest (coordinates=(faceCoordl, ))

e2 = f.getClosest(coordinates=(faceCoord2, ))

myAssembly.PartitionFaceByDatumPlane (datumPlane=myAssembly.datums[pl.id], faces=
instanceObjects[2].faces.findAt(el[0][0] .pointOn) +\
instanceObjects[2].faces.findAt (e2[0][0] .pointOn))

faceCoordl = (1 sup, totalHeight-extHeight, width/2)
faceCoord2 = (1 sup, extHeight, width/2)

el = f.getClosest(coordinates=(faceCoordl, ))

e2 = f.getClosest (coordinates=(faceCoord2, ))

myAssembly.PartitionFaceByDatumPlane (datumPlane=myAssembly.datums[p2.1id], faces=
instanceObjects[2].faces.findAt(el[0][0] .pointOn) +\
instanceObjects[2].faces.findAt (e2[0][0] .pointOn))

# Add ties between timber lamellas and CFRP
for x in range(l, 5):
tieCoord = (beamLength/2, instanceCoordinates[x][l]+preCamber, width/2)

f instanceObjects[x].faces

e f.getClosest (coordinates=(tieCoord,))

slaveReg =
regionToolset.Region(faces=instanceObjects([x].faces.findAt(e[0][0].pointOn))

f = instanceObjects[x-1].faces
e = f.getClosest (coordinates=(tieCoord,))
masterReg =

regionToolset.Region(faces=instanceObjects[x-1].faces.findAt(e[0][0].pointOn))

myModel.Tie (name='Constraint-' 4+ str(x), master=masterReg, slave=slaveReq)

# Partition x-coord

leftEdge = beamlLength*meshPartition

rightEdge = beamlLength-beamLength*meshPartition
leftSupport = 1 sup

rightSupport = beamLength-1 sup

# Create datum planes for partitions

meshPartitionl = myAssembly.DatumPlaneByPrincipalPlane (offset=leftEdge,
principalPlane=YZPLANE)

meshPartition2 = myAssembly.DatumPlaneByPrincipalPlane (offset=rightEdge,
principalPlane=YZPLANE)

supportPartitionl = myAssembly.DatumPlaneByPrincipalPlane(offset=leftSupport,
principalPlane=YZPLANE)

supportPartition2 = myAssembly.DatumPlaneByPrincipalPlane (offset=rightSupport,
principalPlane=YZPLANE)

# Extract datum ids
indexl = meshPartitionl.id



473 index?2 meshPartition2.id
474 index3 = supportPartitionl.id

475 index4 = supportPartition2.id

476

477 # Partition cells by the datum planes for denser mesh

478 myAssembly.PartitionCellByDatumPlane (cells=

479 instanceObjects[0].cells.findAt ((instanceCoordinates[0] , ), ) +\
480 instanceObjects[1].cells.findAt ((instanceCoordinates[1l] , ), ) +\
481 instanceObjects[2].cells.findAt ((instanceCoordinates[2] , ), ) +\
482 instanceObjects[3].cells.findAt ((instanceCoordinates[3] , ), ) +\
483 instanceObjects[4].cells.findAt ((instanceCoordinates[4] , ), ).,
484 datumPlane = myAssembly.datums[index2])

485

486 myAssembly.PartitionCellByDatumPlane (cells=

487 instanceObjects[0].cells.findAt ((instanceCoordinates[0] , ), ) +\
488 instanceObjects[1].cells.findAt ((instanceCoordinates[1l] , ), ) +\
489 instanceObjects[2].cells.findAt ((instanceCoordinates[2] , ), ) +\
490 instanceObjects[3].cells.findAt ((instanceCoordinates[3] , ), ) +\
491 instanceObjects[4].cells.findAt ((instanceCoordinates[4] , ), ).,
492 datumPlane = myAssembly.datums[index1])

493

494 # Partition faces by the datum planes for boundary conditions

495 myAssembly.PartitionCellByDatumPlane (cells=

496 instanceObjects[0] .cells.findAt(((0.0, 0.0, 0.0) , ), ),

497 datumPlane = myAssembly.datums[index3])

498

499 myAssembly.PartitionCellByDatumPlane (cells=

500 instanceObjects[0].cells.findAt (((beamLength, 0.0, 0.0) , ), ),
501 datumPlane = myAssembly.datums[index4])

502

503 fomm— Tie support to beam

504 f = instanceObjects[0].faces

505

506 # Left support, center of face coordinates

507 x _face = 1 sup/2

508 y face = preCamber-r+sqrt (pow(r,2)-pow((beamLength-1 sup)/2,2))

509 z face = width/2

510

511 e = f.getClosest (coordinates=((x_face, y face, z face),))

512 supportSetl =

myAssembly.Set (faces=instanceObjects[0].faces.findAt(e[0][0].pointOn),
name='Left support'")

513

514 myModel.Tie (adjust=0FF, master=Region (

515 vertices=instanceObjects[5].vertices.findAt (((1 sup/2, 0.0, width/2), ), )),

516 name='Left Support Tie', positionToleranceMethod=SPECIFIED,
positionTolerance=width,

517 slave=supportSetl, thickness=0ON, tieRotations=ON)

518

519 # Right support, center of face coordinates

520 x_face = beamLength-1 sup/2

521

522 e = f.getClosest (coordinates=((x_face, y face, z face),))

523 supportSet2 =

myAssembly.Set (faces=instanceObjects[0].faces.findAt(e[0][0].pointOn),
name='Right support'")

524

525 myModel.Tie (adjust=0FF, master=Region (

526 vertices=instanceObjects[6].vertices.findAt (((beamLength-1 sup/2, 0.0,
width/2), ), )),

527 name='Right Support Tie', positionToleranceMethod=SPECIFIED,
positionTolerance=width,

528 slave=supportSet2, thickness=0ON, tieRotations=ON)

529

530 fomm Boundary conditions

531 # Left boundary

532 myModel.DisplacementBC (amplitude=UNSET, createStepName='Initial',

533 distributionType=UNIFORM, name='Left support', region=Region/(

534 vertices=instanceObjects[5].vertices.findAt (((1 sup/2, -supHeight, width/2),
) ),
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ul=SET, u2=SET, u3=UNSET, url=UNSET, ur2=UNSET, ur3=UNSET)

myModel .DisplacementBC (amplitude=UNSET, createStepName='Initial',

distributionType=UNIFORM, name='Left z', region=Region (

vertices = instanceObjects[5].edges.findAt (((1 sup/2, 0.0, width/2), ), )),
ul=UNSET, u2=UNSET, u3=SET, url=UNSET, ur2=UNSET, ur3=UNSET)

# Right boundary

myModel .DisplacementBC (amplitude=UNSET, createStepName='Initial',
distributionType=UNIFORM, name='Right support', region=Region (

vertices=instanceObjects[6].vertices.findAt (((beamLength-

—supHeight, Wldth/z) ’ ) ’ )) ’

1 sup/2,

ul=UNSET, u2=SET, u3=UNSET, url=UNSET, ur2=UNSET, ur3=UNSET)

myModel .DisplacementBC (amplitude=UNSET, createStepName='Initial',

distributionType=UNIFORM, name='Right z', region=Region (

edges = instanceObjects[6].edges.findAt (((beamLength-1 sup/2, 0.0, width/2),

), ),

ul=UNSET, u2=UNSET, u3=SET, url=UNSET, ur2=UNSET, ur3=UNSET)

myAssembly.PartitionFaceByAuto (face=instanceObjects[0].faces.
.0, extHeight/2, width/2)))

myAssembly.PartitionFaceByAuto (face=instanceObjects[4].faces.
.0, totalHeight-extHeight/2, width/2)))

myAssembly.PartitionFaceByAuto (face=instanceObjects[0].faces.
eamLength, extHeight/2, width/2)))

myAssembly.PartitionFaceByAuto (face=instanceObjects[4].faces.
eamLength, totalHeight-extHeight/2, width/2)))

# Seed the coarse size to the whole assembly
myAssembly.seedPartInstance (
deviationFactor=0.001, minSizeFactor=0.0001, regions=(
instanceObjects), size=coarseSize)

# Seed finer mesh at the ends of the beam
delta = 1.0 # Margin for bounding box
endEdges = []
for i in myAssembly.instances.keys():
for j in myAssembly.instances[i].edges.getByBoundingBox (
0.0-delta, 0.0-delta, 0.0-delta, leftEdge+delta,
width+delta) :
endEdges.append (J)

for i in myAssembly.instances.keys():
for j in myAssembly.instances[i].edges.getByBoundingBox (

findAt (coordinates=(0

findAt (coordinates=(0

findAt (coordinates=(b

findAt (coordinates=(b

totalHeight+delta,

rightEdge-delta,0.0-delta,0.0-delta,beamlLength+delta,totalHeight+delta

,width+delta) :
endEdges.append (]j)

myAssembly.seedEdgeBySize (constraint=FINER,
deviationFactor=0.001, edges=
endEdges, minSizeFactor=0.0001, size=fineSize)

myJob = mdb.Job (name='Static' + modelName, model='Model-1")
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myJob.setValues (description='"', memoryUnits=PERCENTAGE, memory=50, numCpus=1l,

numDomains=1)

myJob.setValues (queue='BrigadePlusQueue')
myJob.submit (datacheckJob=False)
myJob.waitForCompletion ()

myVp = session.Viewport (name='Viewport: 1', origin=(0.0, 0.0), width=40.02,

height=40.0)
myVp.makeCurrent ()
myVp.maximize ()

executeOnCaeStartup ()
odbName = 'Static' + modelName

0l = session.openOdb(name='C:/BRIGADE Plus Work Directory/' + odbName + '.odb')

myVp.setValues (displayedObject=01)

myVp.odbDisplay.display.setValues (plotState=(CONTOURS ON UNDEF, ))

longPathTop = session.Path(name=('LongCFRPTop'+ modelName),

type=CIRCUMFERENTIAL, expression=(
(0, totalHeight-extHeightInitial, width/2),

(beamLength/2, totalHeight+preCamber-extHeightInitial, width/2),
(beamLength, totalHeight-extHeightInitial, width/2)),
circleDefinition=POINT ARC, numSegments=500, startAngle=0,
endAngle=(180/pi)*2*atan ((beamLength/2)/ (r-preCamber)),

radius=CIRCLE RADIUS)

longPathTop2 = session.Path(name=('LongCFRPTop2'+ modelName) ,

type=CIRCUMFERENTIAL, expression=(
(0, totalHeight-extHeight, width/2),

(beamLength/2, totalHeight+preCamber-extHeight, width/2),

(beamLength, totalHeight-extHeight, width/2)),

circleDefinition=POINT ARC, numSegments=500, startAngle=0,
endAngle=(180/pi)*2*atan ((beamLength/2)/ (r-preCamber)),

radius=CIRCLE RADIUS)

middlePath = session.Path(name=('LongMiddle'+modelName), type=CIRCUMFERENTIAL,

expression=(
(0, totalHeight/2, width/2),

(beamLength/2, totalHeight/2+preCamber, width/2),

(beamLength, totalHeight/2, width/2)),

circleDefinition=POINT ARC, numSegments=500, startAngle=0,
endAngle=(180/pi)*2*atan ((beamLength/2)/ (r-preCamber)),

radius=CIRCLE RADIUS)

longPathBottom = session.Path(name=('LongCFRPBottom' + modelName),

type=CIRCUMFERENTIAL, expression=(
(0, extHeightInitial, width/2),

(beamLength/2, extHeightInitial+preCamber, width/2),

(beamLength, extHeightInitial, width/2)),

circleDefinition=POINT ARC, numSegments=500, startAngle=0,
endAngle=(180/pi)*2*atan ((beamLength/2)/ (r-preCamber)),

radius=CIRCLE RADIUS)

longPathBottom2 = session.Path(name=('LongCFRPBottom2' + modelName),

type=CIRCUMFERENTIAL, expression=(
(0, extHeight, width/2),
(beamLength/2, extHeight+preCamber, width/2),
(beamLength, extHeight, width/2)),

circleDefinition=POINT ARC, numSegments=500, startAngle=0,
endAngle=(180/pi)*2*atan ((beamLength/2)/ (r-preCamber)),

radius=CIRCLE RADIUS)

transPathEdge = session.Path(name=('TransShear' + modelName), type=POINT LIST,

expression=((beamLength*0.0025, 0.0, width/2),
preCamber+totalHeight, width/2)))

(beamLength*0.0025,
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transPathMiddle = session.Path(name=('TransShearMiddle' 4+ modelName),
type=POINT LIST,
expression=((beamLength/2, 0.0, width/2), (beamLength/2,
preCamber+totalHeight, width/2)))

myVp.odbDisplay.setPrimaryVariable(variableLabel="S",
outputPosition=INTEGRATION POINT,
refinement=(COMPONENT, 'S22'), )

myDataTransEdge = session.XYDataFromPath (name = ('TransSupport' + modelName),
path=transPathEdge, includelIntersections=True,
projectOntoMesh=False, pathStyle=PATH POINTS, numIntervals=30,
projectionTolerance=0, shape=UNDEFORMED, labelType=TRUE DISTANCE)

myDataTransMid = session.XYDataFromPath (name = ('TransMid' + modelName),
path=transPathMiddle, includeIntersections=True,
projectOntoMesh=False, pathStyle=PATH POINTS, numIntervals=30,
projectionTolerance=0, shape=UNDEFORMED, labelType=TRUE DISTANCE)

myVp.odbDisplay.setPrimaryVariable (
variablelLabel='S', outputPosition=INTEGRATION POINT, refinement=(COMPONENT,
'S12%), )

leaf = dgo.LeafFromPartInstance (partInstanceName=('CFRP sheet-1in-1-2"', ))
myVp.odbDisplay.displayGroup.remove (leaf=leaf)

leaf = dgo.LeafFromPartInstance (partInstanceName=('CFRP sheet', ))
myVp.odbDisplay.displayGroup.remove (leaf=leaf)

myDatal = session.XYDataFromPath (name='TopTop Shear' + modelName,
path=longPathTop, includelntersections=True,
projectOntoMesh=False, pathStyle=PATH POINTS,
projectionTolerance=0, shape=UNDEFORMED, labelType=TRUE DISTANCE)

myData?2 = session.XYDataFromPath (name='TopBottom Shear' + modelName,
path=longPathTop2, includelntersections=True,
projectOntoMesh=False, pathStyle=PATH POINTS,
projectionTolerance=0, shape=UNDEFORMED, labelType=TRUE DISTANCE)

myData3 = session.XYDataFromPath (name='BottomBottom Shear' + modelName,
path=longPathBottom, includelIntersections=True,
projectOntoMesh=False, pathStyle=PATH POINTS,
projectionTolerance=0, shape=UNDEFORMED, labelType=TRUE DISTANCE)

myData4 = session.XYDataFromPath (name='BottomTop Shear' + modelName,

path=longPathBottom2, includeIntersections=True,
projectOntoMesh=False, pathStyle=PATH POINTS,
projectionTolerance=0, shape=UNDEFORMED, labelType=TRUE DISTANCE)

myData5 = session.XYDataFromPath (name='Middle Shear' + modelName,
path=middlePath, includeIntersections=True,
projectOntoMesh=False, pathStyle=PATH POINTS,
projectionTolerance=0, shape=UNDEFORMED, labelType=TRUE DISTANCE)

session.writeXYReport('TopTop' + modelName + '.txt', xyData=myDatal)
session.writeXYReport ('TopBottom' 4+ modelName + '.txt', xyData=myDataZ2)
session.writeXYReport ('BottomBottom' + modelName + '.txt', xyData=myData3)
session.writeXYReport ('BottomTop' + modelName + '.txt', xyData=myDatad)

session.writeXYReport ('S22 middle' + modelName + '.txt', xyData=myDataTransMid)

# Input variables to the funtion 'runModel'
nolL = 12

1 =20

cHeight = 0.005

# Loop for pre-camber cases 25, 50, 75, .... , 250 mm
for x in range(1,11):
pC = 0.025%x
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runModel (pC,

1,

nolL,

cHeight)
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