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Abstract

Abstract

The natural defects present in timber are the source of large variations in
mechanical properties. This drawback has been partially counteracted with the
use of Engineered Wood Products EWP (glulam, composite I-beam, parallel
strand lumber, etc.) instead of solid wood. A few decades ago, fibre/polymer
composite materials made their entrance in the civil engineering arena. They
are used mostly as strengthening devices. The content of this thesis is related to
the use of natural composite materials to strengthen glulam.
The weak mechanical properties of wood in tension perpendicular to the grain
are often the origin of catastrophic brittle failure. In order to enhance the design
value of the tension perpendicular to grain strength, decrease the mechanical
variation and provide the structure a more ductile failure, flax fibres and glass
fibres reinforced polymer (FRP) composites have been used to strengthen
glulam timber specimens. Three series of specimen of glued-laminated timber
(flax fibre reinforced, glass fibre reinforced and unreinforced), with a grand
total of 28 specimens, have been tested in tension perpendicular to the grain.
Epoxy resin has been used in the composite and for bonding glulam to
composite. For an approximate amount of FRP reinforcement of 1.2 % in
volume (thickness ~ 0.7 mm), an increase of the tensile strength was shown by
+23% using glass fibre reinforced polymer (GFRP-250 g/m2) , +25% using
flax fibre reinforced polymer (FFRP-185 g/m2) and +74% using flax fibre
reinforced polymer (FFRP-230 g/m2). Regarding the modulus of elasticity, the
previous reinforcement devices led to an increase by respectively +35%, +32%
and +41%. For all specimen reinforced with fibre composites, semi-ductile
failures were observed.
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An analytical model describing the mechanical behaviour of the glulam
reinforced FRP was developed. It was found that the theoretical results from
the model are comparable to those obtained experimentally for the flax fibre
reinforced glulam specimens. However, debonding was observed for the glass
fibre reinforced glulam specimen and the model does not include this type of
failure. A parametric study was carried out using both the Monte Carlo method
(MC) and the First Order Second Moment method (FOSM). It was shown that
the mean values obtained during experiments where in agreement with those
from the MC simulation. However, the standard deviations from the MC
simulation are much higher. From the FOSM analysis, it was demonstrated
that the variation within the stiffness perpendicular to grain of the glulam is not
the first parameter driving the variation for the reinforced system. The
variation within the mechanical properties of the flax fibres appeared to be the
driving parameters for the design value of the system.
A Finite Element Analysis was carried out to model the small prismatic glulam
specimens and curved glulam beams. Two- and three-dimensional models were
used to study first the elastic response and then the softening response of the
specimen. Damage and crack opening was modeled based on the “fictitious
crack model”. Cohesive elements together with a traction separation law were
used. A glulam model where high tensile stresses perpendicular to grain are
expected should take into account the cylindrical orthotropy (annual rings)
assumption. For both prismatic glulam specimen and curved glulam beams, the
tensile stresses perpendicular to grain obtained with FEA are comparable to
those from experiments.
Keywords: Natural fibres, Glulam, Tension perpendicular to the grain, Flax
fibres composites, Strengthening, Timber fracture modelling
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Sammanfattning

Sammanfattning

De naturliga variationerna i trämaterialet orsakar stora variationer i de
mekaniska egenskaperna. Denna nackdel kan delvis kompenseras genom att
omvandla trä till träbaserade produkter (Engineering Wood Products) som t.ex.
limträ, I-balkar och lamellträ. För några decennier sedan lanserades
fibrekompositer som ett nytt material inom anläggningssektorn. De används
mestadels som förstärkning av både trä, stål och betong. Denna avhandling
behandlar användningen av naturliga fibrekompositer som förstärkning av
limträ.
Den låga draghållfastheten hos trä vinkelrätt fibrerna är ofta orsaken till
plötsliga sprödbrott. För att öka den dimensionerande hållfastheten i dragning
vinkelrätt fibrerna, minska variationen för de mekaniska egenskaperna och
framkalla ett mera duktilt brott, användes förstärkning med lin- och glasfibre
på limträ för att förstärka limträ. Tre försöksserier av limträ förstärkt med
linfibre, glasfibre resp oförstärkt testades i dragning vinkelrätt fibrerna. Totalt
28 provkroppar testades. Epoxy användes både som matris i kompositen och
för att limma kompositen till limträet. Med en förstärkning om 1.2
volymsprocent (tjocklek ~ 0.7 mm) nåddes en ökning av bärförmågan med
23% för glasfibreförstärkning med 250 g/m2, 25% för linfibreförstärkning med
185 g/m2 och 74% för linfibreförstärkning med 230 g/m2. E-modulen ökade
med +35%, +32% och +41% för respektive fall. För alla tester observerades
halvt duktila brott.
En analytisk modell som beskriver förstärkt limträ härleddes. Modellens
resultat är fullt jämförbara med försökens för linfibreförstärkta tvärsnitt.
Separation av laminatet observerades för glasfibreförstärkningen och denna
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brottmod ingår inte i den analytiska modellen. En parameterstudie
genomfördes både med Monte Carlo-simulering och med First Order Second
Moment –metoden (FOSM). Medelvärden från försöken stämde väl överens
med Monte Carlo-simuleringen, medan spridningen från simuleringen var
mycket större än den i försöken. Från FOSM-analysen drogs slutsatsen att
styvheten vinkelrätt fibrerna för limträ inte är den parameter som orsakar den
största variationen i förstärkningssystemet. Istället är den variationen i
linfibrens mekaniska egenskaper som orsakar störst spridning för
förstärkningssystemets dimensionerande hållfasthet.
En finita element-analys genomfördes på mindre, rektangulära provkroppar
och på krökta limträbalkar. Både 2- och 3-dimensionella modeller användes för
att studera både pålastning och avlastningskurvan för systemet.
Sprickpropageringen modellerades med ”fictitious crack modelling”.
Kohesionselement med en separationsregel användes. En limträmodell med
höga spänningar vinkelrätt fibrerna skall ta hänsyn till årsringarna i lamellerna
genom att modellera dem i ett cylindriskt koordinatsystem. För både de
rektangulära provkropparna och de krökta balkarna är spänningarna vinkelrätt
fibrerna jämförbara med försöksresultaten.
Nyckelord: naturliga fibrer, limträ, dragning
linfibrekompositer, förstärkning, sprödbrott i trä
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Introduction

1 Introduction

Wood properties are sometimes insufficient for heavy load structural
applications. The drawback of high variability within wood properties can be
reduced by using glued-laminated timber (glulam). A further step to decrease
the variability is to bond Fibre Reinforced Polymer, FRP (carbon, aramid and
glass fibres) to timber or glulam beams. Several reinforcement devices have
been tested, with promising results (Blass et al. (1998-2000), Larsen et al.
(1992)). However, the current concern about environmental friendly materials
makes the FRP used today questionable. Mineral and petrol-based fibres are
difficult to recycle, and increase the amount of carbon dioxide in the
atmosphere, leading, for instance, to the preoccupant greenhouse effect.
1.1

Background

Wood has its weakest mechanical property in tension perpendicular to the grain
(Gustafsson (2003)). For glulam, the characteristic value of the tension
perpendicular to the grain ft90k can be 60 times lower than for tension parallel
to the grain ft,0,k (European Standard EN 1194 (1999)). Therefore, a great
interest to control this drawback has been the focus of many projects. A study
of double tapered beams was carried out by Gutkowski et al. (1980, 1982,
1984) and Kechter et al. (1984). One of the major conclusions from this work
was the curvilinear bending stress distribution in almost all sections, resulting
in tension perpendicular to the grain at the apex area.
There is today a necessity to increase, maintain and upgrade old wooden
structures and to allow new structures using wood and glulam. Larsen et al.
(1992) studied the effect of reinforcing curved and pitched cambered glulam
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beams perpendicular to the grain with glass fibre mats. The fibres were
randomly oriented in the laminate and the laminate was bonded to the side of
the beam in the apex area. It was shown that FRP could enhance the tensile
strength perpendicular to the grain and that the failure mode switched from
brittle in tension perpendicular to the grain to semi-ductile in bending or shear.
Reinforcement can have major advantages:

1.2

x

Increase the mechanical properties

x

Decrease the dimension of the wooden member

x

Introduce the use of lower wood grades

x

Give the material a more ductile behaviour
Research objectives

x Does the use of flax fibre/epoxy composites to reinforce glued laminated
timber in tension perpendicular to the grain increase the strength ft90d?
x The failure of wooden structures is often brittle and sudden. Does the
strengthening with flax fibre composite give the structure a more ductile
behaviour?
x Can a simple model give information on the load bearing capacity of the
strengthening system using a probabilistic approach?
x To what extent can finite element analysis be used to predict the stresses and
deformations in a strengthened structure? Which model can be used to
analyse flax fibre composite reinforced glued laminated timber?
1.3

Scope of the study

The study focused on the mechanical properties of glued laminated timber
under tension perpendicular to the grain. Brittleness and low design strength
(0.5 MPa) are major drawbacks for some wooden structures where failure due
to tension perpendicular to the grain are most likely to occur first (double
tapered beams, curved beams, in the local vicinity of a mechanical joint, etc.).
Wood is often chosen because of its ecological image. In order to keep this
feature during a fibre composite reinforcement process, natural fibres like flax
fibres are used as an alternative to glass and carbon fibres. The main idea is to
glue mats of unidirectional flax fibres composites on the sides of the glulam
member. The fibres of the composite are orientated perpendicular to the fibres
in the wood.
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The expected results are an increase of the design value in tension
perpendicular to grain, a smaller variability of the product and a more ductile
failure.
Based on experimental results of small scale specimens, a probabilistic study is
carried out as well as a finite element analysis.
1.4

Limitations

In an ecological approach, it could be expected that all materials of the studied
system are biodegradable and protect the environment. This study deals with
the ecological problem caused by the use of glass fibres, and suggests the use
of flax fibres as an alternative. However, the matrix chosen to produce the
composite was voluntarily epoxy, due to its good bonding with cellulose and
availability. Further research could be to replace the epoxy with natural
thermosets resins, but this was not investigated in this thesis.
The model used for the probabilistic study and the finite element analysis does
not consider the microscopical properties of wood and composites. The
influence of the length of the fibres and the twist angle was neglected, and the
wood was considered free from defects. All experiments were short-term
experiments, so issues on creep, moisture change etc. were neglected.
1.5

Structure of thesis

The literature review, in chapter 2, covers the mechanical properties of wood,
the mechanics of fibre reinforced polymer, a presentation of the different fibre
reinforcement devices used so far to strengthen solid wood and glulam, and an
introduction to flax fibres. The fundamental theory behind the probabilistic
study carried out is presented in chapter 3. Chapter 4 focuses on the
presentation of the experimental program, including the material used and the
test set-up. The results are presented and evaluated in chapter 5. The content of
chapter 6 deals with the evaluation of the probabilistic study. A finite element
analysis is carried out and presented in chapter 7. The overall conclusion of the
thesis and proposals for future work concludes the report in chapter 8.
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2 Literature review

2.1

Introduction

Engineered Wood Products (EWP), such as glulam, have helped to increase the
mechanical properties such as strength and stiffness for wood. Natural
variations like knots, annual ring width and distortions, which are natural
mechanical limits of massive timber, are considerably reduced in glulam
(Thelandersson (2003)).
With higher mechanical properties and less variability, glulam has become an
interesting alternative to traditional materials (e.g. concrete, steel) for load
bearing structures in civil engineering. A recent application where engineers
preferred timber to steel can be seen in Norway. The Flisa Bridge, constructed
between 2000 and 2002, is the longest wooden bridge in the world built for a
main road. The bridge is 181.5 m long, with main span of 71 m (Figure 2-1).

Figure 2-1: The Flisa bridge over Glomma river, Norway, 2002 (Urbanplanet
(2007))
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During the last years, reinforcement of glulam has been one of the most
intensive research areas in timber engineering. Many teams have focused their
work in the use of high strength fibres (aramide fibres, carbon fibres and glass
fibres) to reinforce timber beams. These fibres are stiff and strong, have low
density and are corrosion resistant. Flexural, shear, compressive or tensile
strengthening of timber beams have been achieved in several projects (Larsen
et al. (1992), John et al. (2000), Blass et al. (1998-2000), Gentile et al. (2002)).
However, the use of petroleum- or mineral-based fibres in FRP components
makes them difficult to recycle. Today, the pressure from society to use
sustainable, renewable natural materials has considerably increased. Natural
fibres such as flax, hemp, henequen, jute, kenaf, sisal, etc. fit well in this
approach: they are light, renewable, CO2-neutral and possess interesting
specific mechanical properties. These characteristics make them possible to use
for strengthening of wooden structural elements.
2.2

Wood: behaviour of a natural material

Wood is widely distributed on Earth, and over 30 000 species cover lands from
equatorial to arctic regions. Tree species are divided into two main categories:
softwoods and hardwoods. The differentiation is made on the reproduction
system but also on their microscopic structure. The chemical and mechanical
properties of one piece of wood from a given specie or even from the
individual tree vary. Many parameters (e.g. the geographic location, the
climate, the soil condition, etc.) affect the growing of a tree and consequently
its properties.
Wood fibres are composed of different layers, and can be compared to a
laminate. The angle of the microfibrils in the S2 layer of the cell wall (Figure
2-2) plays a major role for the mechanical properties of wood (Dinwoodie
(2000)). By increasing this angle, the strength decreases. Since variation in
microfibril angle between two trees of the same specie is common, the
variations in the mechanical properties are also large. Variation in microfibril
angle in Eucalyptus clones growing at four sites in Brazil has been investigated
by Lima et al. (2004). It was reported that the difference in microfibril angle
was significant both between sites and clones. The mean angle varied between
7.4° to 10°. An angle close to 0° will generally give higher mechanical
properties. The microfibril orientation in the S2 layer varies between 10-30º in
spruce timber (Dinwoodie (2000)).
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Figure 2-2: Structure of wood cell wall structure: P=Primary Wall,
ML=Middle Lamella (Rowell (1995))
Many other parameters like knots, shakes (splits along the grain which occur as
the timber dries), the slope of the grain, compression/tension wood area,
heartwood and sapwood anatomical differences, annual rings dependence in
annual condition, etc. make that trees exhibit great variations in quality and
strength. Ideal timber has straight grain with no knots or drying shakes and
homogeneous anatomical structure.
2.2.1

Anisotropy

Timber is highly anisotropic. By simplification, it can be considered as
orthotropic, where the three directions are radial (R), normal to the growth
rings and perpendicular to the grain, tangential (T) to the growth rings and
perpendicular to the grain, and longitudinal (L), parallel to the fibre, as
described in Figure 2-3. (Wood handbook: (1999))

Figure 2-3: Anisotropy in wood
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Consequently, twelve constants (9 are independent) are necessary to describe
the mechanical behaviour of wood:
x
x
x

Three moduli of elasticity E
Three moduli of rigidity G (Shear modulus)
Six Poisson’s ratio 

Due to this anisotropic feature, wood does not exhibit homogeneous
mechanical properties. Some properties like tension, compression and shear,
perpendicular or parallel to the grain can be up to 10 times higher or lower if
compared to each other within the same specie. The mechanical properties are
stronger in the direction parallel to the grain.
2.2.2 Mechanical properties of wood species
The large number of species gives a large panel of different wood with
different properties. Tensile, compressive and shear strength of various wood
species are presented in Table 2-1: (Gustafsson (2003))
Table 2-1: Strength properties of wood
Species

ft,90 (MPa)

ft,0 (MPa)

fv (MPa)

fc,90 (MPa)

fc,0 (MPa)

Spruce

3 (1-4)

90 (20-250)

7 (4-12)

6 (2-10)

30 (45-80)

Scots pine

4(2-4)

100 (35-200)

10 (6-15)

4 (8-14)

30 (50-90)

Larch

2

100

9 (4-10)

8

35 (55-80)

Beech

7

140 (60-180)

11 (6-19)

9

40 (60-100)

Oak

4 (2-10)

90 (50-180)

11 (6-13)

8 (11-19)

40 (55-90)

It is important to be aware of the high variation of these properties within
species and within members of the same specie while designing timber
structures.
Typical stress-strain curves of wood load in tension and compression parallel
and perpendicular to the grain are showed in Figure 2-4. The tensile strength
perpendicular to the grain ft90 is clearly lower than other strengths and brittle.
Compressive behaviour is ductile, both parallel and perpendicular to the grain.
Tension failures, especially perpendicular to the grain, are therefore avoided in
timber design.
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Figure 2-4: Stress-Strain curves (Edlund (1995))
Within timbers of the same specie and the same grade, the distribution of the
strength properties is large (see Figure 2-5). In construction of wooden
structure, the fifth percentile strength is the design value. This means that
statistically, 95% of the timbers can withstand higher loads, but prudence and
laws impose the use of this value. (Eurocode 5 (2003))

Figure 2-5: Typical characteristic of timber bending test (John et al. (2000))
Timber beams tested in bending usually fail on the tension side at knots or
defect positions (weak sections) (John et al. (2000)).
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Depending on species, the maximum dimension of solid timber sawn from logs
is approximately 300 mm, which limits the maximum span of structural timber
to 5-7 meters. Trusses are then used to produce spans up to 30-40 m. To
overcome the limitation on length, timber beams can be laminated together to
form larger span members. The glue lamination in wood construction (glulam)
allows theoretically unlimited cross-section depth, but 2 meters is generally the
upper limit for fabrication reasons.
2.2.3 Strength grading
To design timber structures with the real strength of the timber and not with the
average strength of the specie from which the timber is originates, grading of
timber is necessary. Glos (1983) determined correlation coefficients R2
between grading characteristics and strength properties to improve machine
strength grading of European spruce. (Table 2-2)
Table 2-2: Correlation coefficients between grading characteristics and
strength properties
Grading parameter
Knots
Slope of grain
Density
Ring width
Knots + ring width
Knots + density
Modulus of elasticity
E + density
E + knots

bending strength
fm
0.5
0.2
0.5
0.4
0.5
0.7 – 0.8
0.7 – 0.8
0.7 – 0.8
> 0.8

Correlation with
tensile strength
ft,0
0.6
0.2
0.5
0.5
0.6
0.7 – 0.8
0.7 – 0.8
0.7 – 0.8
> 0.8

compressive strength
fc,0
0.4
0.1
0.6
0.5
0.5
0.7 – 0.8
0.7 – 0.8
0.7 – 0.8
> 0.8

The accuracy of the prediction of the bending strength by using knots as a
grading parameter is 50%. If we add the density in the grading process, the
accuracy is increased to 70-80 %.
2.2.4 Glulam
2.2.4.1 Introduction
Glued-laminated timbers or glulam have been used in Europe since the end of
the 19th century. Glulam timbers are made of wood laminations glued together.
The interest to use this technology is to decrease product variability and
produce large cross section to overcome long spans.
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Figure 2-6: Glulam beams (Triton Logging Inc. (2007))
The glulam technology offers almost unlimited possibilities of shape and
design for construction, but its use for heavily loaded structures is still limited
due to low bending strength and stiffness, higher cost, durability and
maintenance drawbacks compared to concrete and steel structures.
Countries where wood is a common raw material, like Sweden, Finland,
Norway, Canada, etc., already use glulam in a large scale. Some great
structures, like the central railroad station in Stockholm, Sweden (1920s) or the
more recent Vihantasalmi bridge, Finland (1990s), are made of glulam.

a)

b)

Figure 2-7: Some famous glulam structures in Scandinavia (Svenskt Limträ
AB (2007)). a) Main road bridge over Vihantasalmi, Finland, b) Stockholm
central railroad station, Sweden
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Glulam is available is many shapes. Some of them are shown in Figure 2-8
(Canadian Wood Council (2007)). However, transportation issues limit the size
of glulam members.

Figure 2-8: Glulam shapes for buildings
2.2.4.2 Production
The lumbers used to produce glulam are first graded to determine their strength
(visual grading) and stiffness (mechanical grading). Lumbers with the highest
mechanical properties will be placed at the top and bottom of the glulam cross
section, where bending stresses (both compression and tension) are largest.
After grading, lumbers with the same grade are joined together by finger joints
(Figure 2-9)

Figure 2-9: Finger joint in Glulam
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The full length laminas obtained are glued together to the final shape. PRF glue
type (Phenol-Resorcinol-Formaldehyde) is usually used. Pressure is applied
during curing to obtain the desired curvature or pattern, and to provide a good
bond between the laminas. As a final step, surface planing, patching and end
trimming are performed to get a smooth surface, Figure 2-10.

Figure 2-10: Manufacturing steps of glued-laminated timbers (Canadian Wood
Council (2007))
2.2.4.3 Characteristic
Glulam has less variability and higher mechanical properties than regular
timber since it is possible to remove and distribute the natural defects, Figure
2-11.

Figure 2-11: Decrease in the characteristic variability by removing defects
Therefore, the strength distribution for glulam is narrower and higher than the
one for timber. The fifth percentile value, used to design timber structures, is
shifted to the right, like the average value of the strength.
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Figure 2-12: Glulam strength distribution compared to timber strength
distribution (Carling (2001))
Glulam beams tested in bending usually fails on the tension side at knots,
defects or finger joints, (Blass et al. (1998-2000)).
2.2.4.4 Glulam strength classes:
Glulam strength has been defined in the European Standard EN 1194 (1999).
Glulam can be produced as a combination of lumbers with different strength
(GL --c) or with equal strength (GL --h), Table 2-3.
Table 2-3: Glulam strength classes (MPa- density in kg/m3)
Strength class

GL24h

GL28h

GL32h

GL36h

GL24c

GL28c

GL32c

GL36c

fm,g,k

24

28

32

36

24

28

32

36

ft,0,g,k

16.5

19.5

22.5

26

14

16.5

19.5

22.5

ft,90,g,k

0.4

0.45

0.5

0.6

0.35

0.4

0.45

0.5

fc,0,g,k

24

26.5

29

31

21

24

26.5

29

fc,90,g,k

2.7

3.0

3.3

3.6

2.4

2.7

3.0

3.3

fv,g,k

2.7

3.2

3.8

4.3

2.2

2.7

3.0

3.3

E0,g,mean

11 600

12 600

13 700

14 700

11 600

12 600

13 700

14 700

E0,g,05

9 400

10 200

11 100

11 900

9 400

10 200

11 100

11 900

E90,g,mean

390

420

460

490

320

390

420

460

Gg,mean

720

780

850

910

590

720

780

850

g,k

380

410

430

450

350

380

410

430
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2.3

FRP: Fibre Reinforced Polymer

2.3.1 Glass, Carbon and Aramide fibres
2.3.1.1 Glass Fibres
Glass fibres (GF) are the most used reinforcement in polymer matrix
composites. Glass fibre is the result of blending sand, kaolin, limestone and
colemanite together. The variation of the proportion of each component leads
to different type of glass fibres (E, C, R, S and T glass). Each one has different
uses and consequently different properties. E-type glass fibres are often used,
because of their good mechanical properties and relatively low cost (1.5-3
€/kg), Table 2-4.
The blend is then subjected to high temperature (1600°C), which results in the
formation of liquid glass. The liquid is subsequently drawned and cooled
simultaneously through small holes (5 to 24 μm in diameter). The extruded
fibres obtained by this process are put together in small bundles (Net
composites (2007)).
2.3.1.2 Carbon Fibres
Carbon fibres (CF) are made by oxidation, carbonisation and graphitisation at
high temperature of high content carbon precursor materials, which are mostly
pitch, cellulose or polyacrylonitrile. The last one is the most commonly used. It
leads to the highest mechanical properties carbon fibres. Carbon fibres are
between 5 and 15 μm in diameter. By variation of the temperature during the
graphitisation process from 2600°C to 3000°C, high strength (HS) or high
modulus (HM) fibres can be produced respectively.
Carbon fibres are more expensive than glass fibres (20-60 €/kg), but also have
higher mechanical properties, Table 2-4. Their use has been restricted to fields
like aerospace for a long time, but has been extended to other applications over
the last years.
The actual process to produce carbon fibres leads to higher mechanical,
thermal, chemical, etc. properties compared to glass fibres. However, the
tensile strength and modulus are still only 7% and 65% respectively of the
theoretical estimated values that carbon fibres could reach. (Figure 2-13)
(Ogawa (2000)).
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Figure 2-13: Mechanical properties of PAN-based CF
Table 2-4: Fibre properties (Varna et al. (1996), and Net composites (2007))

E-Glass Fibres
HM Carbon Fibres
HS Carbon Fibres
Aramide Fibres

Eaxial / Eradial
GPa
76 / 76
380 / 12
230 / 20
130 / 10

max
GPa
2.0
2.4
3.4
3.0

max
%
2.6
0.6
1.1
2.3


0.22
0.2
0.2
0.35


Mg/m³
2.6
1.95
1.75
1.45

Price
€/kg
1.5 – 3
20 – 60
20 – 60
20 - 35

2.3.1.3 Aramid Fibres
Aramid fibres are an organic polymer (aromatic polyamide) product, produced
by blending and reaction of aromatic diamines and aromatic diacid chlorides.
The aramid fibres, bright golden in colour, have a diameter between 12 and 15
μm. Two main aramid fibre types exist: the para-aramid and meta-aramid
fibres. They have very high mechanical properties, and good resistance to
impact. Aramid fibres are also fire, heat and chemical resistant. A common
trade name for aramid fibres is “Kevlar” (Dupont). Aramid fibres are usually
produced in roving and the prices range between 20 to 35 €/kg (Table 2-4)
2.3.2 Resins
When matrices are chosen to produce FRP composites, three essential features
must be considered:
1. Good mechanical properties: High ultimate strength and stiffness are
expected from the matrix, as well as a high strain at failure to prevent
the FRP composite from brittle failure.
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2. Good adhesive properties: The bonding between the fibres and the
matrix must be good enough to provide efficient load transfer between
fibres and matrix and prevent debonding or cracks.
3. Good resistance to environmental degradation: The matrix should
ensure protection to the fibres against the environment and other
aggressive substances.
The resins can be classified in two families: the thermoplastics and
thermosetting. Mechanical properties of some of the most commonly used
matrices are listed in Table 2-5:
Table 2-5: Properties of matrices (Varna et al. (1996), Net composites (2007))
E
GPa

max
MPa

max
%




Mg/m³

Price
€/kg

Thermoplastics
Polypropylene (PP)
Polyetheretherketone
(PEEK)

1.0-1.4

20-40

300

0.3

0.9

-

3.6

170

50

0.3

1.3

-

Polyamide (PA)

1.4-2.8

60-70

4080

0.3

1.14

5

2-5

35-100

1-6

1.1-1.4

6.5

2-4.5

40-90

1-4

1.2-1.5

1.5

3

70

5

1.2

2.5

Thermosets
Epoxy (EP)
Polyester (UP)
Vinylester

0.35–
0.4
0.370.39
0,35

2.3.3 Mechanics of fibre composite material
Mechanical properties of fibre reinforced polymer composites can be
determined theoretically. The mechanical properties of FRP composites are a
function of the fibre and the matrix type, but also of the fibre orientation and
volume fraction. The formulas used to characterize the mechanical properties
of unidirectional FRP composite and laminas are presented below.
2.3.3.1 Unidirectional fibre composite mechanics
a. Volume fraction
The fibre volume fraction of a composite is obtained by the following formula:

Vf

U mW f
U mW f  U f Wm

(2-1)
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where Wf is the fibre weight fraction, Wm the matrix weight fraction, Uf the
density of the fibres and Um the density of the matrix.

b. longitudinal modulus EL
The longitudinal modulus EL can be determined by the “rule of mixture”.

EL

E f V f  E m (1  V f )

(2-2)

where Vf is the volume fraction of the fibres. Ef and Em are respectively the
Young’s modulus of the fibre and the matrix.
c. transverse modulus ET (constant stress model)
Assuming that the stress is constant and identical in the matrix and in the fibre
layer, the following expression can be used to calculate the transverse modulus
of UD-composite
1
ET

Vf



Ef

Vm
Em

(2-3)

d. in-plane shear modulus GLT (constant stress model)
The assumption of constant stress in the matrix and in the fibre layer can also
be used to calculate the in-plane shear modulus GLT of UD-composite
1
G LT

Vf
Gf



Vm
Gm

(2-4)

Gf and Gm is the shear modulus in the fibre and matrix respectively.
e. major Poisson’s ratio QLT
If the composite is made of isotropic constituents, the rule of mixture can be
used to calculate the major Poisson’s ratio,

X LT



HT
HL

X f V f  X mV m

(2-5)

f. HalpinTsai equations
Since the previous model assumption (constant stress) is not accurate and gives
only a rough estimation of the transverse modulus and the in-plane shear
modulus, empirical formulas have been proposed by Halpin and Tsai for both
ET and GLT (in a range of fibre volume fractions of 45-65%) (Halpin et al.
(1976)).
Transverse modulus ET :
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ET
Em

1  [KV f
1  KV f

Ef
Em

K

,

Ef
Em

1
[

(2-6)

The parameter [ is a fitting parameter and Halpin and Tsai suggested [ = 2 for
fibres with circular cross section (most man-made fibres)
In-plane shear modulus GLT:
G LT
Gm

1  [KV f
1  KV f

Gf
,

K

Gm
Gf
Gm

1
[

(2-7)

[ = 1 is suggested for fibre with circular cross section (most man-made fibres)
The elastic constants of a unidirectional ply are EL, ET, LT, TL, GLT. Four of
them are independent and are determined by tensile tests in the longitudinal
direction L (EL, LT), transverse direction T (ET), and off-axis x (GLT).
2.3.3.2 Elastic behaviour of the lamina

In all laminate theory, indices m and n are used.
m = cos(T) and n = sin(T) where T is the fibre orientation in the lamina.
The transformation matrix [T] from the local coordinate system (L-T) to the
global coordinate system (x-y):

>T @

ª m2
n2
 2mn º
»
« 2
m2
 2mn »
« n
«  mn  mn m 2  n 2 »
¼
¬

(2-8)

The equations for the transformation of stress and the strain are:
HL ½
° °
® HT ¾
°J °
¯ LT ¿

>T @

1 T

H x ½
° °
® H y ¾ and
°J °
¯ xy ¿

V L ½
°
°
®VT ¾
°V °
¯ LT ¿

V x ½
>T @°®V y °¾
°V °
¯ xy ¿

(2-9)
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The generalised Hooke’s law, for a continuous fibre composite in the local
coordinate system (L-T):

^H `LT >S @^V `LT

and

^V `LT >Q@^H `LT

(2-10)

where [S] is the compliance matrix. >S @ >Q @1 and [Q] is the stiffness matrix
(for orthotropic materials)

>Q@

ª EL
«1 Q Q
LT TL
«
Q
« LT ET
«1 Q LTQ TL
«
0
«
«¬

>S @

ª 1
«E
« L
«X LT
« EL
«
« 0
¬«



XTL

ET
1
ET
0

Q LT ET
1 Q LTQ TL
ET
1 Q LTQ TL
0

º
0 »
»
0 »
»
1 »
»
GLT ¼»

º
0 »
»
0 »
»
GLT »
»
»¼

(2-11)

(2-12)

The generalised Hooke’s law in the global coordinate system is the same
except [S] is replaced by S which is the compliance matrix in the global
coordinate system.

>@

>S @

>T @T >S @>T @

(2-13)

The different terms of >S @ can be expressed by using the engineering constants
of the laminate
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>S @

ª 1
«
« Ex
« X xy
«
« Ex
« mx
«
«¬ E L

2.4

Micromechanics models for yarn composite stiffness



X xy

Ex
1
Ey
my

EL

mx º
»
EL »
my »

».
EL »
1 »
»
Gxy »¼


mi



H i .E L
J xy .G xy

(2-14)

Micromechanics models for prediction of the stiffness of yarn composites have
been developed (Cox (1952), Krenchel (1964)) and can be use to compare the
theoretical results with the experimental ones.
Composites produced with yarn of fibres show a randomization of the fibre
orientation in plane, due to twist of the yarn, which provides cohesion between
the fibres during weaving. The models are commonly elaborated from the “rule
of mixture” used for long fibre composites, see Equation (2-2).
The most widely used is the Cox-Krenchel model. Cox (1952) introduced a
factor K l to take into account the reduction of stress transfer from the matrix to
the fibre due to short length of the fibres. Then, the model was improved by
Krenchel (1964), who added a second factor K 0 to introduce the fibre
orientation in the model.
The Cox-Krenchel model is then presented as:

EL

K0Kl E f V f  Em 1  V f

(2-15)

where

KL

1

tanh EL / 2
EL / 2

with E

2Gm
2 §¨
¨
D © E f ln R / r

·
¸
¸
¹

(2-16)

where Gm is the shear modulus of the matrix, D is the fibre diameter, L is the
fibre length, r is the fibre radius and R is related to the inter-fibre spacing in
the composite. The factor R/r can be expressed through the volume fraction Vf
as R / r

S
F i .V f

. For a square packed fibre arrangement, the factor F i

4 is

suggested by Thomason et al. (1996).
and
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K0

¦

n

a n cos 4 I n

(2-17)

where an is the fraction of fibres with orientation angle n respectively to the
loading direction. It can be shown that for in-plane randomized fibre
orientation, K 0 3 / 8 . If a three dimensional system is considered, a
randomized fibre orientation yields K 0 1 / 5 .
According to Goutianos et al. (2006), two parameters influence the stiffness of
flax fibre weave composites: the length of the fibres and the number of twist
per meter necessary to give enough strength to the yarn for handling and
processing. According to the Cox-Krenchel model, the length is a driving
parameter for short fibres only (L<5 mm). Above 5 mm fibre length, the
stiffness of the composite is no longer a function of the length of the fibres.
This can be generalized to all orientation angles. The orientation of the fibres is
highly dependent on the number of twist per meter of yarn. The shorter the
fibre, the higher the number of twists. It can be shown that the orientation of
the fibres is the driving parameter for the stiffness of the material. If plotting
the composite modulus against the fibre angle for different type of fibre length
(Figure 2-14), the stiffness decreases independent of the fibre length. For 0º
oriented fibres, the highest stiffness values are expected.
Composite stiffness (Gpa)
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20 mm

Figure 2-14: Influence of fibre angle on the stiffness of the composite
Andersons et al. (2004) have performed tensile tests on elementary flax fibres
and reported an average E modulus of 64 GPa for 20 mm long fibre (standard
deviation  = 21 GPa). Since no other relevant flax fibre stiffness distributions
have been found in the literature, it will be assumed during the calculation that
the flax fibre weaves are made of 20 mm long fibres and have the same
stiffness characteristic distribution as reported by Andersons et al. (2004).
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2.5

FRP reinforced glulam and timber

Research projects investigating the possibility to reinforce glulam beams to
provide higher mechanical properties have been conducted for more than 40
years (Wandgaard (1964)). In the beginning, traditional reinforcement
materials were used like aluminium and steel. However, the decrease of the
fibre prices made it possible to use FRP as reinforcement. The most interesting
advantage if compared to steel is probably the lower density of composites
(carbon fibres = 0.25.steel) (Ehsani et al. (2004))
The role of the FRP reinforcements, which have high mechanical properties, is
to provide local bridging where defects are present, confine the local rupture
and arrest crack opening; in addition to locally increase the properties of wood.
It may be possible to use smaller wooden members by using FRP reinforced
glulam or timber beams, or even to use members with lower grades of wood.

Figure 2-15: Characteristics of timber (3), glulam (2) and FRP reinforced
glulam (1)
The expected results of reinforcing glued-laminated beams with FRP are
represented in Figure 2-15. (This representation has not been realised
experimentally). By comparing the characteristics of timber, glulam and FRP
reinforced glulam, we can expect that FRP should provide smaller variations
among the properties of FRP reinforced glulam and better mechanical
properties. The design value is also improved, which means that it could be
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possible to build wooden structures with FRP reinforced glulam that can
sustain higher loads.
2.5.1 Flexural Strengthening

As mentioned before, glulam beams tested in bending usually fail at the tension
side at knot, defect or finger joint positions. Glulam are thus mostly reinforced
on the tension side to enhance the tensile properties and to make the glulam fail
in compression mode, which is more ductile.
The dimensions (length, angle, thickness, etc.) on Figure 2-16 are not
quantitative. The arrow represents the flexural load.

Figure 2-16: Different provisions to increase wood flexural properties
a. The tension failure in wood in bending is brittle, random and difficult to predict
(John et al. (2000)). As a result, reinforcement of timber or glulam beams with
FRP layers bonded on the tension side of the beam is common (John et al.
(2000); Hernandez et al. (1997); Blass et al. (1998-2000); Fiorelli et al. (2003);
Borri et al. (2005); Romani et al. (2001)). The overall aim is then to increase
the flexural strength and stiffness, and achieve a ductile compression failure
mode.
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John et al. (2000) investigated CFRP bonded to the tension side of timbers and
reported a strength increase between 40 to 70 %. A smaller standard deviation
was also observed, which indicates a higher characteristic strength. More
failures occurred on the compression side, which indicates a more ductile
behaviour.
Blass et al. (1998-2000) and Romani et al. (2001) reported a large increase in
the flexural strength with CFRP as reinforcement. Failure at knots or finger
joints was however observed for all specimens on the tension side above the
reinforcement.
Fiorelli et al. (2003) reinforced Pinus Caribea timber beams by using external
bonding of FRP sheets on the tension side. GFRP (1% of the volume of timber)
and CFRP (0.4% of the volume of timber) were used as reinforcement and
compared. The failure occurred in two stages, were the first failure was due to
the crushing of the timber on the compression side followed by shear or tensile
failure. The flexural stiffness increased by 15 to 30%.
Borri et al. (2005) bonded CFRP (epoxy) sheets with different density in the
tension area of timber beams. Some beams were reinforced with prestressed
CFRP sheets. A maximum load increase around 40 and 60% and a stiffness
increment by 22.5 and 29.2% for the unreinforced beams with lower and higher
CFRP density respectively was reported. Pre-stressing of the CFRP sheets did
not lead to any significant improvement compared to the non pre-stressed
reinforcement.
b. Dagher et al. (1996) studied FRP reinforced eastern hemlock glulam beams to
investigate if low-grade lumber would benefit from strengthening. Low,
medium and high grade glulam beams were reinforced with FRP of two
different volume ratios; 1.1 and 3.1 %. Increasing flexural properties was
reported in all cases, with the greatest increase for the lower grades of wood.
No significant improvement of the flexural strength was reported with high
grade glulam beams bonded with FRP.
Blass et al. (1998-2000) and Romani et al. (2001) bonded AFRP and CFRP
layers between the two last lamellas of a glulam. As before in (a.), most of the
failure occurred above the reinforcement, but also under the reinforcement
(tension failure) and on the compression side (failure at finger joints mostly)
for the AFRP and CFRP reinforced glulam.
c. This reinforcement type is expected to increase the durability of the wooden
members by providing environmental protection (Lopez-Anido et al. (2002)).
Lopez-Anido et al. (2002) studied, as Dagher et al. (1996), the reinforcement of
eastern hemlock glulam. Vinylester and glass fibres were chosen for the
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reinforcement, and the volume ratio was 2.1%. Unidirectional laminates and
±45° laminates were used. The former reinforcement (UD laminates) showed
an increase of the ultimate load by + 47% and a change of failure mode was
observed with greater ductility. The second reinforcement (±45° laminates)
does not improve the flexural properties and the failure mode was controlled by
wood fracture in tension as in the case of unreinforced beams.
Ogawa (2000) worked on the reinforcement of Cryptomeria Japonica and larch
softwood glulam timbers with CFRP (volume content between 0.08 and 1.3%).
A new phenolic resin was used to give higher interlaminar shear strength with
CFRP to provide good fire resistance. The flexural properties increased
regardless of the wood species and the amount of CFRP bonded on the glulam.
Also, a lower variation and higher 5% lower limit value for the reinforced
specimens was observed (A standard variation from 6 to 8% has been reported
for CFRP reinforced glulam, compared to 10 to 25% for unreinforced glulam).
It was shown that bonding CFRP sheets on both side of the glulam provide
good protection against fire since oxygen supply is stopped by the CFRP
sheets.
d. This reinforcement is not common, and has been investigated by Borri et al.
(2005) using CFRP. A maximum load increase of 55 % was registered and the
stiffness was improved by 30.3 %, which is identical to the flexural properties
of the beams reinforced with high density CFRP on the tension side.
e. In this method to reinforce timber or glulam beams, NSM (Near Surface
Mounted) reinforcements have been positioned along the lenght of the beam.
One or several grooves are made in the wood to accommodate for the FRP
bars. Gentile et al. (2002) studied the effect of NSM reinforcement (GF/Epoxy)
in 30 years old Douglas fir timber beams. Two bars (diameter 13 mm) were
introduced on each side of the timber on the tension zone. The volume ratio of
reinforcement was 0.42%. An enhancement of the flexural properties by up to
46% was reported. 60% of the reinforced beams failed in flexural compression
mode.
f. The timber or glulam is reinforced with NSM/FRP bars situated in the tension
zone of the timber. One or several notches are made along the length of the
wooden member. The bars are then put inside the notch and bonded to the
wood with a resin (epoxy, etc.)
Borri et al. (2005) used CFRP bars to reinforce timber beams. The bars were
7.5 mm in diameter. Two sets of reinforcement were selected:
x
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x

two bars positioned symmetrically from the centre

In both cases, an enhancement of the maximum load and the stiffness was
reported (28.9 % and 22% for the first case, 52 % and 25.5% in the second
case). The presence of two CFRP bars significantly increases the maximum
load but, the same statement does not hold for the stiffness. A less ductile
behaviour was also observed when compared to the previous tests (a. and d.)
with CFRP sheets. It was suggested that the “bridge” effect for wood defects
present with FRP sheets is lower with NSM/FRP bars.
Johnsson et al. (2007) strengthened spruce glulam beams with CFRP rods
(rectangular cross section, 10*10 mm) and studied the anchoring length. Epoxy
resin was used. Three sets of reinforcement were selected:
x one CFRP bar in the centre
x two bars positioned symmetrically from the centre
x one shortened CFRP bar in the centre
All reinforced glulam beams showed higher flexural properties. The increase in
mean load capacity was between 44% and 63%. As in other studies, a ductile
failure mode on the compression side was observed.
g. Buell et al. (2005) investigated this single reinforcement. By placing CFRP
reinforcement on the tension side far from the neutral axis the bending
resistance is maximized. The shift of the CFRP was achieved by positioning
long pieces of wood along the bottom of the beam. An additional carbon fabric
was wrapped around the beam on the side and tension area. 69% increase of
the bending strength was reported. Also, an increase of the stiffness by 18%
was reported.
2.5.2 Shear Strengthening

Wood has a relatively poor strength perpendicular to the grain. This results in a
critical shear resistance parallel to the grain in some cases. Investigations have
been carried out to strengthen wood in shear with steel or aluminium plates
(Triantafillou (1998)). More recently, the use of FRP to reinforce wood in
shear have been investigated, although studies have been limited since shear is
a rare failure mode for timber beams.
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Figure 2-17: Different previsions to increase wood shear properties (not to
scale)
a. The dimension of the FRP varied between investigations and the orientation
angle of the fibres as well. An increase of the shear capacity by increasing the
FRP area fraction was reported (Triantafillou (1998)). Radford et al. (2002)
stated that timber can be significantly reinforced in shear with GFRP shear
plates with fibres oriented at ± 45° to maximize the shear stiffness. The
stiffness increased from an average value of 2.6 GPa (unreinforced beams) to
9.8 GPa (reinforced beams).
b. Radford et al. (2002) investigated the possibility to repair and overcome the
loss of shear properties by using GFRP rods. The driving force of this method
is the possibility to repair in situ and the aesthetic feature since the
reinforcements are invisible. Two parameters were studied: the relative
location and the number of GFRP rods. It was reported that the stiffness
increase by increasing the number of shear spike (up to 6 pairs). A 7.1 GPa
flexural modulus was registered for a full reinforced specimen, against 2.7 GPa
for an unreinforced one.
Svecova et al. (2004) reinforced Douglas fir timbers from a bridge with GFRP
bars. Three different specimens were tested (space between GFRP dowels, and
disposition on the entire length or just on the shear length). They reported a
doubling of the modulus of rupture (MOR) if compared with control beams
(from 10.1 GPa to 21.0 GPa for the worst specimen). The average ultimate
strength increased significantly, from 44 kN to 144 kN with decreased
variability.
2.5.3 Shear and Flexural strengthening

Different ways to reinforce wood shear and flexural properties is presented in
Figure 2-18. The dimensions (length, angle, thickness, etc.) of FRP are not
quantitative.
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Figure 2-18: Different provisions to increase wood shear and flexural
properties (not to scale)
a. The dapped timber beam is reinforced with dowels bars oriented with a 60°
angle from the horizontal for shear strengthening, and with pultruded
GFRP/epoxy bars of 12 mm in diameter for flexural strengthening (Amy et al.
(2004)). The control beam (unreinforced but of higher grade compared to the
reinforced beams) exhibits a dap or shear failure mode in all cases. The use of
flexural GFRP bars and dowels led to an enhancement of the ultimate load by
22% and a different failure mode (compression perpendicular to the grain).
b. The timber beam (Douglas fir) was reinforced with a large piece of carbon
fabric (CFRP) covering the tension face of the beam, two thirds of the
compression face and the two side faces (Buell et al. (2005)). The carbon fibres
were oriented with ± 45° to optimize the shear stiffness. The timbers were
tested in bending and shear. Increase in flexural strength and modulus by 53%
and 17% respectively were reported. Failure on the tension side was registered
for the reinforced beams, i.e. no difference from the control. The shear strength
and modulus also increased significantly; +68% and +7% respectively. The
failure mode in shear was parallel to the grain.
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c. The timber beam (Douglas fir) was reinforced with four large pieces of carbon
fabric (CFRP) wrapped around the beam. The purpose was to investigate the
effect of the fabrics overlapping (Buell et al. (2005)). The timbers were tested
in bending and shear. Increase in flexural strength and modulus by 43% and
27% respectively were reported. Most beams failed on the tension side. The
shear strength and modulus also increased significantly; +23% and +26%
respectively. The failure mode in shear was parallel to the grain.
d. The timber beam was reinforced on the tension side with FRP (U-shaped half
wrapping), John et al. (2000), and reported a general increase in flexural
strength by more than 40%.
e. The timber beam was reinforced with pultruded FRP rods from the bottom to
the top of the beam for shear reinforcement and with near-surface-mounted
(NSM) FRP bars for flexural reinforcement. The number of rods can vary
through the length and the thickness, as well as the place and dimension
Svecova et al. (2004) reinforced Douglas fir timbers from a bridge with GFRP
dowels and NSM bars. Four different specimens were tested (space between
GFRP dowels, disposition on the entire length or just on the shear length, and
length of the NSM bars were the parameters). The reinforcement led to three
times higher minimum modulus of rupture (MOR) (from 10.1 GPa to 28.4 GPa
for the worst specimen). The variability was also smaller (even if compared to
the previous “shear strengthening b)”). The failure mode varied from tensile
failure at mid-span, with the dowels in the shear span and the NSM bars in the
constant moment region, to compression failure with the dowels and the NSM
bars continuously distributed along the length of the beam.
f. The glulam beams, which are supporting parts of a floor, were reinforced in
situ with CFRP plates epoxy bonded to the top (compression reinforcement)
and at the bottom (tension reinforcement) and CFRP fabric wrapped around the
beam to provide higher shear capacity (Ehsani et al. (2004)) The difference in
vertical position prevents a plane of weakness in the glulam. A 67 % increase
in strength was reported.
2.5.4 Strengthening in tension perpendicular to the grain

Fracture perpendicular to grain in timber structure is a result of geometrical
shape, mechanical stresses, non-homogeneity or even eigenstresses
(Gustafsson (2003)). Some cases where fracture perpendicular to the grain is
common are shown in Figure 2-19.
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Figure 2-19: Fracture perpendicular to the grain (Gustafsson (2003))
Some examples of studies from the literature are presented in Figure 2-20.
Note that the dimensions are not to scale.
a. Traberg et al. (1993) studied the reinforcement of curved glulam beams with
glass fibre composite sheets. Curved beams often fail in tension perpendicular
to grain at the apex area due to stresses generated by the geometry of the beam.
For all types of reinforced beams tested, it was generally observed an increase
of maximum bending stress and stress perpendicular to grain at failure. The
failure mode was also mainly switched to bending instead of tension
perpendicular to grain.
b. End notched beams were studied by Gustafsson et al. (1993). The
reinforcement was glass fibre composites. Different types of reinforcement
were studied (angle of the fibres, amount, long/short fibres, random fibre mat),
and it was found that all of them provide higher load capacity for the beam.
Except for the random fibre mat which “only” double the load capacity, it was
reported that the other types of reinforcement at least triple the load capacity. It
was also shown that fibre reinforced polymer bonded to end-notched beams
prevent failure perpendicular to grain.
c. Gustafsson et al. (1993) have also studied the reinforcement of glulam beams
in the vicinity of a bolt. The length of the beam and the quality of the bolt were
chosen in order to avoid failure in bending or yielding of the bolt. The bolt was
placed at different distances from the end of the beam. The largest distance was
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equivalent with the smallest distance allowed in Eurocode 5 (2003). It was
reported that by reinforcing beams in the vicinity of the bolt, the distance from
the bolt to the end of the beam could be decreased by 78%.

Figure 2-20: Different provisions to increase wood strength in tension
perpendicular to grain
2.5.5 Summary

Glass fibre, carbon fibre and aramide fibre have been used in many studies. It
has been shown that it is possible to increase the flexural properties, the shear
properties, or both of them simultaneously, depending on the strengthening
device. Some products are designed to strengthen the beam in-situ, i.e. to
increase the mechanical properties of an existing structure. Other products
integrate totally the beam to generate a composite product timber/glulam-FRP
which has greater mechanical properties than timber/glulam alone.
2.6

Natural fibres: an alternative to glass fibres

Natural fibres as reinforcement in composite materials have gained new
interest. The use of natural fibres does not provide the mechanical
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characteristics of carbon fibres, and consequently will not be use for high
performance composites. However, they are a promising alternative to glass
fibres. The main advantages and drawbacks of natural fibres are:
Advantages:
x

Lower density

x
x
x

High specific mechanical
properties
CO2 neutral
Non-abrasive material

x

Recyclable

Drawbacks
x Lower strength properties
compared to glass fibres
x Variability of the mechanical
properties
x High moisture absorption
x Lower durability
x Limited processing
temperature

Natural fibres from vegetable are ligno-cellulosic fibres, where the cellulose
provides the strength while the lignin and hemicellulose provide the toughness
and protection of the fibres. Single fibres are themselves made of several
microfibrils. A good orientation angle of these microfibrils as well as high
cellulose content gives better mechanical properties.

Vegetable Fibres
Bast
Fibres
x
x
x
x
x

Flax
Hemp
Kenaf
Bamboo
Jute

Leaf Fibres
x Henequen (or Sisal)
x Manila hemp (abaca)

Seed
Fibres
x Cotton

Fruit Fibres
x Coir

Wood

Viscose
Fibres

Fibres

Figure 2-21: Principal classes of natural fibres
The natural fibre used in this project is the one extracted from the flax stem,
and is part of the bast fibres family. More information about the other types of
natural fibres mentioned in Figure 2-21 can be found in André (2006).
Flax fibres were chosen as reinforcement for the natural fibres composites used
in this work because of their good mechanical properties, which can be
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compared to those of glass fibres. Besides, they are grown in Finland and the
textile produced in Sweden, and information from literature is available.
2.6.1 Flax Fibres

Introduction
Flax fibres are located in the bast of the linacea plant. Mechanical properties of
flax fibres reach high values and can be used as reinforcement in composite
material.

Figure 2-22: Flax in the field (Alann André, LTU)
European countries have focused their natural fibre composite research
principally on flax fibres because of its availability in Europe and its high
performance in terms of mechanical properties.

Properties
Flax fibre is a ligno-cellulosic fibre. The structure of the flax fibre, from the
stem to the microfibrils, is very complex. Six steps can be considered from the
flax stem (2-3 mm in diameter) to reach the microfibrils (4-10 nm in diameter)
(Figure 2-23) (Bos et al. (2004)).
The elementary fibres (10-25 m) are composed of microfibrils and are
considered as the strength provider in the flax plant. The microfibrils are made
up of 30 to 100 cellulose molecules (Stamboulis et al. (2000)). The higher the
cellulose content, the higher the mechanical properties. The cellulose and the
lignin represent respectively 71% and 2.2% of the flax fibre chemical
constituents (Shin et al. (1989)). However, the high content of cellulose
provides more reactive hydroxyl groups situated in the cellulosic fibre surface
and thus decrease the resistance of moisture absorption in flax fibres.
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Figure 2-23: Flax fibre composition (Bos et al. (2004))
The hydroxyl groups are hydrophilic, but react also strongly with thermosetting
resins like polyester, vinylester or epoxy, unlike other thermoplastic matrices
(Joseph et al. (1996)). Many researchers have oriented their investigations
towards flax fibre reinforced thermosetting resins (Hepworth et al. (2000);
Lamy et al. (2000); Andersons et al. (2004); Bos et al. (2004)). However, the
high cost, the difficulty to process and the non-recyclable feature of
thermosetting resins have increased the interest for flax fibre reinforced
thermoplastic resins (Stamboulis et al. (2000); Garkhail et al. (2000); Van den
Oever et al. (2000); Wang et al. (2003); Foulk et al. (2004); Li et al. (2004))
and even for bio-matrix as Soy Oil Resins (Williams et al. (2000))
The bonding between fibre and matrix needs to be very strong to withstand
load. Untreated flax fibre reinforced composites present after wetting many
available hydroxyl groups and is subjected to high moisture absorption. Flax
fibres are dimensionally unstable under humidity and their swelling can create
micro-cracks inside and decrease the mechanical properties of the composite.
To overcome the poor bonding between the flax fibres and the matrix,
chemical treatments are carried out both on the fibres and the resins. A flax
fibre surface is covered with a thin layer of wax, making access to the reactive
hydroxyl groups difficult. Maleic anhydride has been used with epoxy to
improve the reactivity between epoxy and flax fibres after dewaxing of the
fibres in ethanol while studying the compressive properties of flax fibre
reinforced composites. Such treatment increases the inter laminar shear
strength and consequently the bonding (Bos et al. (2004)).
The fibre surface pre-treatment has been a large research area concerning flax
fibre reinforced thermoplastic matrix. A first step is usually the delignification
of the flax fibres with sodium hydroxide (NaOH). Then, many treatments such
as silane treatment, benzoylation treatment, peroxide treatment (Wang et al.
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(2003)), potassium permanganate treatment, sodium chlorite treatment and,
acrylic acid treatment (Li et al. (2004)), are used to improve mechanical
properties. Wang et al. (2003) established that silane, benzoylation and
peroxide treated fibres exhibit higher physical and mechanical properties than
untreated fibres, and that water absorption is lower and hence decrease the
swelling of the flax fibres. This investigation has been carried out with highdensity polyethylene (HDPE) and linear low-density polyethylene (LLDPE).
Improvement in mechanical properties has been observed for a 20% fibre
volume fraction and was up to 50% for the tensile strength for peroxide and
silane treatment. Li et al. (2004) observed the same trend. Acrylic acid treated
fibres reinforced LLDPE showed the most promising results in terms of
mechanical properties. Other studies where polypropylene has been used as the
matrix investigated the possibility to increase the fibre/matrix adhesion by
using maleic-anhydride grafted polypropylene (MAPP) (Garkhail et al. (2000);
Van den Oever et al. (2000); López Manchado et al. (2003); Cantero et al.
(2003)). Van den Oever et al. (2000) reported that the use of MAH on hackled
flax/PP had a stronger impact on the tensile and the flexural strength than with
scutched flax/PP. Both Cantero et al. (2003) and López Manchado et al. (2003)
affirmed a positive use of MAH as a compatibilizer and better interfacial
adhesion between the fibres and the matrix.
By using treated flax fibres as reinforcement in composite materials, higher
mechanical properties can be reached, but also a more durable material. Indeed,
untreated flax fibres are highly subjected to moisture absorption. Water
degrades the fibre/matrix bonding and decreases the mechanical properties. By
decreasing the hydrophobic feature of flax fibres under treatment, it is possible
to increase the durability of flax fibre composites (Stamboulis et al. (2000)).
The mechanical properties have been investigated and some prediction models
(Lamy et al. (2000)) or strength distributions of elementary fibres (Andersons
et al. (2004)) have been proposed. Lamy et al. (2000) studied a stiffness
prediction model depending strongly on the fibre diameter. It was
demonstrated that from 6.8 m to 34.5 m diameter fibres, the stiffness
decreases continuously from 79 GPa to 39 GPa respectively. It is preferable to
reinforce composite materials with small diameter fibres to improve the
stiffness.
Properties of flax fibres are listed in Table 2-6. If compared to glass fibre, flax
fibres show very interesting specific properties, especially regarding the
Young’s modulus (Glass fibres: 29 GPa – Flax fibres: 26-46 GPa) and the
tensile strength (Glass fibres: 770 MPa – Flax fibres: 570-1000 MPa).
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Table 2-6: Flax fibre and glass fibre properties

2000 (a)

76 (a)
29

2.6 (a)

–

Flax

1,4 (b)

800–1500

60 – 80 (b)
26 – 46

1,2 –
1,6 (b)

7 (b)

a: Varna et al. (1996)
(2007)

(b)

b: Lightweight Structures B.V. (2007)

1,3 (b)
(1,7/3,8)(b)
0,5 – 1,5
(b)

(2/4)

(b)

Microfibril
angle (°)

2.6 (a)

Cellulose /
Lignin (%)

E-glass

Price / kg
($), raw
(mat /
fabric)

Moisture
absorption
(%)

Elongation
at failure
(%)

Tensile
strength
(MPa)

E-modulus
(GPa)
Specific
(E/density)

Density
(g/cm3)

Fibres

Properties

–

–

71 /
2,2 (c)

6-10 (c)

c: Kenaf Eco Fibers Italia s.p.a.

Mechanical process for fibre separation
To obtain the full length of the fibres, the flax plant is not cut but mechanically
pulled out from the field. After the de-seeding step comes the retting, most of
the time achieved on the field itself. It can be made with dew or water, but
dew-retting is generally chosen because it is more economical. The retting
consists of separating the wooden straw from the fibre. The dew, water, rain,
sun and the bacteria present on the ground react with the flax plant and loosen
the interface between the flax plant and the outer bark.
The next step consists of scutching. This process separates the fibre bundles
from the retted straw mechanically. Most of the researchers (Van den Oever et
al. (2000); Li et al. (2004)) do not use these fibres bundles directly because of
the weak bonds between the technical fibres which compose the fibre bundles
(see figure 5.5). The pectin and lignin interphase between the technical fibres is
relatively weak and can be remove during a hackling process, i.e. during
combing the fibre bundles (Van den Oever et al. (2000)). However, these
mechanical processes can damage the fibres, and decrease their mechanical
properties. A chemical separation of the fibres has been suggested by using an
enzyme mixture to increase the control during separation processing and to
provide high quality fibres (Foulk et al. (2004)).
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3 Probabilistic method

While building an engineering structure, the question of safety is always raised
first. During many years, deterministic approaches have been used, taking into
consideration specified material properties, applied loads and procedures to
determine load deflection and stresses. Nowadays, the use of probability,
partial coefficients or stochastic features of the variable during the design of a
structure introduces the notion of “tolerance” regarding failure of the system.
For instance, the Swedish structural design code (Boverkets
Konstruktionsregler (2003)) indicates that the yearly probability of failure of a
structure designed in safety class 1 is 1/10000.
3.1

Safety theory fundamentals

Under its life time, the resistance of a given structure should be higher, than the
applied constraints. The resistance should provide a low probability of failure
of the structure at a given limit state, which is defined as safe. The structural
safety can be described by Equation (3-1) when the variables are deterministic
RS t0

(3-1)

where R and S are respectively the resistance and the load effect.
Define two statistically independent variables describing R and S, with known
distribution functions fR and fS, the definition of the structural safety enter the
probabilistic area and becomes

p safe

P RS !0

(3-2)

where psafe is the probability of non failure of the structure.
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However, it is more interesting to focus on the probability of failure, which is
the complementary to 1 to the probability of survival.

pf

1  p sasfe

P RS d0

f

³F

R

x f S x dx

(3-3)

f

where pf is the probability of failure of the structure.
In equation (3-3), the failure of the structure occurs when S is in a range of
values [x,x+dx] and R is less or equal to x. The explanation can be visualized
in Figure 3-1 (Tholf-Christensen et al. (1982)).
S, fS(s)

R, fR(r)

Probability f

dx

x

r,s

Figure 3-1: Probability of failure - graphical representation
Note that the probability of failure is not the overlapping area between the
probability density function FR(r) and FS(s).
3.2

Monte Carlo method

A Monte Carlo method is a method where probability and random numbers are
used in order to calculate a numerical value and solve a problem. Deterministic
models or stochastic variables can be used. The main principle of a Monte
Carlo simulation can be represented as in Figure 3-2.
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X1

y1
Model
f(x)

X2

y2
X3

Figure 3-2: Monte Carlo Simulation principle
The variables Xi are used as inputs to the model. They are randomly generated
from probability distributions of Xi.

Figure 3-3: Some variable distributions (lognormal, normal and rectangular)
The model reflects the real event and the use of random input variables gives
the possibility to see to what extent their variability influences the sensitivity,
the performance and the reliability of the system. Good knowledge of the input
data distribution functions, from the literature or experiments, is recommended
to minimize errors introduced in the model. The output variables yi depends on
the input variables xi. The MC simulation determines the variations of the
results data.
3.3

First Order Second Moment method (FOSM)

The First Order Second Moment method (FOSM) is commonly used in
structural systems reliability analysis (Tholf-Christensen et al. (1982)). The
method is based on linearization of the limit state function and replacing
random variables by normal ones.
The failure density function can be plotted as shown in Figure 3-4. The
resistance of the structure R  N (m R , V R ) and the load effect S  N (m S , V S ) ,
and are independent. The failure function is g(r,s), and represents the failure
surface when null (g(r,s)=r-s=0).
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s
Design point
(r*,s*)

R-S=0
Limite
State

R-S<0
Failure of
the structure

S, f S(s)

R-S>0
Survival of
the structure

r

R, fR(r)

Figure 3-4: Two dimensional joint probability density
The probability of failure is greatest at the point r ; s defined as the design
point, which represents also the failure point of the structure.

Probability f

The safety margin M  N (m M , V M ) and is defined as M = R-S. Its probability
density function is represented in Figure 3-5.

M,

M

0

mM

x

Figure 3-5: Probabilistic distribution for the safety marginal M (TholfChristensen et al. (1982))
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The probability of failure of the structure pf is calculated as:
0

pf

P M 0

³f

M

1

x .dx

V M . 2S

f

Introduce the standardised variable y

0

.³e



x  mM
2
2.V M

2

(3-4)

dx

f

x  mM

and replace it in the probability
VM
density function fM(x), the standardised probability density function (y) is
obtained. The use of the standardised function instead of the previous one gives
the possibility to introduce the safety index  since:

pf

) E

§ 1 E
.¨ 
.e 2
2S ¨©  E

2

1

·
¸
¸
¹

(3-5)

Where the safety index  is defined as the ratio

E

EM

mR  mS

mM

Var M

V V

VM

2
R

2
S

(3-6)

Probability

The safety index  represents graphically the distance between the origin of the
function ) y  N (0,1) and the upper point on the x-axis of the failure region
limit, as represented in Figure 3-6 below:

Failure area upper limit



0

x

Figure 3-6: Definition of safety index , Tholf-Christensen et al. (1982)
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In the Swedish structural design code (Boverkets Konstruktionsregler (2003)),
the safety class is related to the safety index:
x
x
x

Safety Class 1: pf = 10-4 and  = 3.72. Structural failure exposes persons
to a low risk of serious injuries.
Safety Class 2: pf = 10-5 and  = 4.26. Structural failure exposes persons
to some risk of serious injuries.
Safety Class 3: pf = 10-6 and  = 4.75. Structural failure expose persons to
a high risk of serious injuries

3.4

The Hasofer-Lind (HL) approximation

When the limit state function (LSF) is not a linear combination of the design
variables, the failure surface can be approximated using the Hasofer-Lind
method. The approximate linear state function is obtained by taking the first
terms of a Taylor expansion of the true non-linear LSF.

f x

df a
d2 f a xa
f a 
. xa 
.
dx
2!
dx 2

2

 ...

(3-7)

The method returns the Hasofer-Lind safety factor HL which represents the
shortest distance from the origin of the space where the variable is normalised
to the failure surface. It provides as well the sensitivity factors Zi which give
information about the contribution of the variable in the model. If the
sensitivity factor of a variable is close to zero, it means that the variable,
considered as stochastic the first time, could be considered as deterministic in
the model and the mean value could be used. If the sensitivity factor of a
variable is significantly different from zero, one can conclude that this
stochastic variable contributes significantly in the determination of the failure
point and reduction coefficients have to be used if a deterministic model is
used for the design of the structure. The values are included in the interval [1;1]. Positive values refer to the resistance parameter while negative values
refer to load or geometrical parameters (Tholf-Christensen et al. (1982)).
The design variables have to be normalized. Let us assume Xi as the primary
variable where X i  N m X i , V X i . The Xi variables are normalised:
Zi

X i  mXi

VX

x

And Z i  N 0,1
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The LSF g(Xi) is then transformed to g(Zi) using equation (3-8) and the
approximation g*(Zi) is determinate.
The calculation of the sensitivity factors i and the HL safety index HL is done
by knowing that at the design point ( 1, ..., N),
i²=1 and
g * D 1 E ,.., D N E 0 .
From this point in the method, an iterative calculation is made to find out the
values of the sensitivity factors i and the HL safety index HL At the starting
point, arbitrary values are given to i and .

wg
wg
and
are calculated using the
wE
wZ i
previous values of i and . Then, i is calculated as:
At each step, the partial derivatives



Di

wg
wZ i

§ wg
¦1 ¨¨ wZ
© i
N

·
¸¸
¹

2

(3-9)

wg
wg
,.., 
) represents the normal vector to g(Zi) at the
wZ 1
wZ N
failure point and ( 1,.., N) is its unit vector. Iterations are made until a suitable
convergence criterion is met. Figure 3-7: below illustrates the Hasofer-Lind
method where two variables Z1 and Z2 are considered.

The vector ( 
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Exact LSF g(Zi)

Design point
(r*,s*)

Z2
Approximate
LSF g*(Zi)

Z2.

f Z2



Z1

Z1.

f Z1

Figure 3-7: Determination of the design point with the Hasofer-Lind
approximation
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4 Experiments

4.1

Materials

4.1.1 Glulam

The prismatic glulam specimens were of Swedish strength class L40 (BFS
2003:6), which is similar to GL32c in Eurocode 5 (2003).
All laminations were made of picea abies (Norway Spruce), generally used for
timber construction in northern Europe.
Glulam specimens were cut at the dimensions 405×223×115 mm, and had a
volume of 0.01 m3 (European Standard EN 408 (2003)).

Figure 4-1: Prismatic glulam specimen
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4.1.2 Fibre Reinforced Polymer

Fibre Reinforced Polymer (FRP) was used as the reinforcement device. Glass
fibre and flax fibre reinforced epoxy laminates were produced and bonded on
both vertical sides of the prismatic glulam specimens (Figure 4-4).
Glass fibres were used to produce a reference FRP composite for the
experiment. The glass fibre weave was unidirectional with a weight of 250
g/m² (denoted “GFRP-250” in the report). Flax fibres from Finflax, Finland,
were weaved by Engtex, Sweden, to obtain two technical textiles (The textiles
were derived from project Texflax Contract N°: G5ST-CT-2001-50111). The
first flax fibre weave was 185 g/m² (“FFRP-185”) and the second 230 g/m²
(“FFRP-230”).
FRP composites were manufactured using epoxy as matrix (NM infusion 664)
and the resin infusion processing technique. The properties of the matrix are
shown in Table 4-1 (from manufacturer). The FRP composites have been glued
to the sides of the curved beams using the same epoxy.

Table 4-1: NM infusion 664 – Material data
Flexural strength (MPa)
E-modulus (GPa)
Tensile strength (MPa)
Elongation at break (%)
Viscosity (mPa.s)
Potlife, 100g, 20ºC (mm)
Mixing ratio, resin/hardener (by weight)

4.2

91,5
3,3
69
6,4
275
>180
100:35

Test set-up

4.2.1 Determination of flax fibre composite elastic constants

The UD flax fibre/epoxy composite is characterized by five engineering
constants: the longitudinal modulus EL, the transverse modulus ET, the shear
modulus GLT and the Poisson’s ratios LT and TL.
Considering the flax fibre composite as an orthotropic material, the stiffness
matrix [Q] is defined by equation (2-11).
Three different tensile tests are needed to determine the engineering constant.

x
x
x
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A loading in the longitudinal direction gives EL and LT. (0º specimens)
A loading in the transversal direction gives ET. (90º specimens)
An off-axis loading ( = 10º angle with the fibres) gives the off-axis
modulus EX. (10º specimens)

Experiments

The tests were performed following the instructions of the ASTM Designation:
D 3039/D 3039M - 95a (1995): “Standard Test Method for Tensile Properties
of Polymer Matrix Composite Materials”. Strain gauges were used in order to
record the strain.
TL

and GLT are calculated using the following equations (4-1) and (4-2):

Q TL

Q LT

ET

EL

1
EX

§ 2Q
cos 4 T sin 4 T
1

 cos 2 T sin 2 T ¨¨  LT 
EL
ET
G LT
© EL

(4-1)
·
¸¸
¹

(4-2)

4.2.2 Fibre volume fraction: microscopic analysis

The volume fraction of fibres in the reinforcement was determined by
microscopic picture analysis. After polishing, a picture of the surface was
taken using a microscope. The picture was first transformed to black and white
using the software PhotoFiltre Studio 8. This step is important since the
volume fraction of the fibres will depend directly on the choice of the black
and white parameters. The black and white picture was then exported and
analyzed in Matlab. Figure 4-2 below shows the surface of the flax fibre
composite (185 g/m2) and its treated image ready for analysis in Matlab. The
bundle of fibres and the stitches from the textile are visible.

Figure 4-2: Microscope analysis of a flax fibre/epoxy laminate (The white and
black areas represent respectively the fibres and the matrix)
This method to determine the volume fraction is fairly correct but still
approximate, due to the small difference in contrast between the fibres and the
matrix, and due to the choice of the limit between black and white. The volume
fraction of flax fibres was approximately Vff = 20% and the volume fraction of
glass fibres Vfg = 45 %. Potential voids were neglected in the calculations.
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Figure 4-3 below shows two magnifications of the flax fibre/epoxy composite.
The fibres were well impregnated by the resin and no significant voids were
present. However, the distribution of the fibres is not even in the same bundle
of fibres.

Figure 4-3: Magnification of the flax fibre composite
4.2.3 Prismatic glulam specimens reinforced with FRP

Specimens of glulam were reinforced with fibre reinforced polymer (FRP)
composites (0.7 mm thick, one layer), and tested in tension perpendicular to the
grain. Unidirectional laminates were prepared with flax and glass fibres. Epoxy
resin, which provides good bonding with hydroxyl groups in natural fibres, was
used.

Figure 4-4: Strengthening of glulam specimens
Figure 4-4 shows the strengthening process and the preparation of the
specimens before the tests. Each specimen surface was sandblasted in order to
provide a good bond with the epoxy. The epoxy was then applied to the sides
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of the specimen and the laminates were bonded to the specimens. After
hardening, the specimen was glued to the steel plate providing the interface
“testing machine–specimen”. The hardening time was one week at room
temperature.
A total of 28 glulam specimens (405 mm u 223 mm u 115 mm) were tested to
failure (10 reinforced with GFRP-250, 6 unreinforced, 6 reinforced with FFRP185 and 6 reinforced with FFRP-230). The testing equipment used was a
Dartec Ltd RE 8991 machine with a 600 kN load cell (Figure 4-5). The tests
were conducted in displacement control mode, and the rate was 0.15mm/min
for all specimens. Two Linear Variable Displacement Transducers (LVDT)
were used to measure the displacement in the load direction. The gauge length
was 240mm.

Figure 4-5: Test set-up for prismatic glulam specimen
All specimens were previously conditioned at (20±1) º C and (30±10) %
relative humidity in a climate room.
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5 Tests results and evaluation

5.1

Tensile tests: FRP engineering constants

The tensile tests performed in order to determine the engineering constants of
the FFRP gave the following results:

Table 5-1: Flax fibre composite engineering constants
EL
13012 MPa

ET
4017 MPa

LT
0.34

TL
0.10

GLT
1119 MPa

Figure 5-1 shows a typical graph of a tensile test in the longitudinal direction
for determination of the longitudinal modulus EL and the Poisson’s ratio LT.
45
40

Stress (MPa)

35
30
25
20
15
10
5
0
-0,002

-0,001

0

0,001

0,002

0,003

0,004

Epsilon (mm/mm)

Figure 5-1: Tensile test in the L- direction. Determination of EL and LT
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The strain at failure for the FFRP was H u 1.36 % and the ultimate stress
registered was V u 131 MPa (mean values).
For further calculations, it will be assumed:

x

Fibre diameter D of 15 m

x

Fibre length L of 20 mm. Goutianos et al. (2006) have been studying
the same material and showed that the mean length of fibres in long
fibre yarn is 68.4 mm and the standard deviation 37.1 mm. The choice
of 20 mm is motivated by Andersons et al. (2004).

x

The volume fraction of the fibres Vf is equal to 20%

x

The shear modulus of the resin Gm is 1 GPa

x

All the fibres have the same orientation angle, i.e. an=1 and K 0 0.67 .
This last assumption corresponds to a fibre angle of 25º, which is quite
accurate for the yarn used in this project. The calculation for K L gives a
value of 0.99.

Glass fibres are human made fibres and their mechanical properties can
therefore be considered as deterministic (EGF = 76 GPa). The same remark can
be made concerning epoxy matrix (Em = 3 GPa).
Using the above data and models, it is now possible to calculate the theoretical
stiffness of the composite Ec (See Table 5-2). Mean values are used.

Table 5-2: UD laminates theoretical longitudinal modulus
Composite
FF/EP
GF/EP

Vf (%)
20
45

Ef (GPa)
64
76

Em (GPa)
3
3

o
0.67
-

L
0.99
-

Ec (GPa)
10.49
35.85

The theoretical value of the longitudinal modulus of the FFRP presented in
Table 5-2 is lower than the experimental value by almost 20%. This is due to
the fact that the average value has been used for Young’s modulus of the
fibres, and that the volume fraction of the fibres has been approximately
calculated by image analysis.
5.2

Small scale experiments

The test set-up of the experiments was described in Chapter 4. The results are
presented in Table 5-3 in terms of maximum load, maximum displacement and
failure mode. Failure modes A, B and C correspond respectively to failure of
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the glulam perpendicular to the grain, failure of the glulam perpendicular to the
grain followed by fibre failure of the composite, and failure of the glulam
perpendicular to the grain followed by debonding of the composite.

Table 5-3: Experimental results
Name
UNR-01
UNR-02
UNR-03
UNR-04
UNR-05
UNR-06
FFRP-185-01
FFRP-185-02
FFRP-185-03
FFRP-185-04
FFRP-185-05
FFRP-185-06
FFRP-230-01
FFRP-230-02
FFRP-230-03
FFRP-230-04
FFRP-230-05
FFRP-230-06
GFRP-250-04
GFRP-250-05
GFRP-250-07
GFRP-250-08
GFRP-250-09
1

Failure load
(kN)
G1
S2
13.15
11.54
20.03
28.28
22.99
26.14
27.25 28.54
28.28 32.68
27.17 29.82
17.41 33.91
31.07 35.47
24.12 33.43
44.37 37.57
32.56 32.99
42.42 40.91
36.15 37.80
32.27 38.16
27.95 40.40
23.94 53.30
24.19 55.68
34.36 51.22
20.40 55.36
23.11 54.90

: Failure of the glulam

2

Max. Displacement at failure (mm)
LVDT 1
LVDT2
Stroke
G1
S2
G1
S2
G1
S2
1.00
0.94
0.41
0.36
0.67
0.67
0.71
1.14
0.88
0.89
1.50
0.67
0.56
1.00
0.70
0.88
1.28
0.88
1.07 0.96
1.01
1.48
1.62
0.60
1.19 0.49
1.09
1.02
1.71
0.50
1.01 0.68
1.27
1.08
1.67
0.59
1.31 0.51
1.20
0.86
1.88
0.66
1.31 0.64
1.43
1.35
2.13
0.47
1.34 0.41
1.15
0.88
1.88
0.94
1.20 0.86
1.04
1.72
1.87
0.69
1.10 0.53
1.04
1.34
1.83
0.83
1.34 0.84
1.47
1.58
2.14
0.69
1.19 0.74
1.29
1.36
1.92
0.60
1.09 0.60
1.21
1.20
1.99
0.42
1.02 0.47
1.02
0.90
1.89
0.44
2.49 0.47
1.99
0.88
4.14
0.46
2.50 0.65
2.72
0.99
3.82
0.72
2.36 0.66
2.43
1.36
3.86
0.44
3.17 0.49
2.97
0.87
4.44
0.44
2.81 0.45
3.25
0.90
4.50

Failure
mode
A
A
A
A
A
A
B
B
B
B
B
B
B
B
B
B
B
B
C
C
C
C
C

: Failure of the entire specimen

The average value along the cross section of the tensile strength perpendicular
to the grain before failure in the glulam has been calculated using the failure
loads and the stressed area of the specimens (Table 5-4).

Table 5-4: Maximum stress at glulam failure
Mean (MPa)
Standard deviation (MPa)
Average displ. (mm)

Unreinforced
0.79
0.27
0.67

FFRP-185
0.99
0.18
0.62

FFRP-230
1.38
0.24
0.69

GFRP-250
0.97
0.21
0.5

The maximum tensile stress perpendicular to the grain is increased by
respectively +25 %, +74 % and +23 % when the specimens are reinforced with
FFRP-185, FFRP-230 and GFRP-250. It is interesting to note that apart from
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the GFRP reinforced specimens, the maximum displacement at failure is
comparable.
From the experimental results, the tensile modulus perpendicular to grain E90
has been determined for each specimen based on the displacement recorded
with the two LVDT, Table 5-5.
The stiffness of the specimens increased for all strengthened specimens. The
use of FFRP-185 enhanced the stiffness by +32 %; with FFRP-230, the
stiffness was increased by +41 % and with GFRP-250, by +35 %.

Table 5-5: Tensile modulus perpendicular to grain
Unreinforced
glulam
E90 (GPa)
E90,g,mean Mean P (GPa)
Stand. Dev.  (GPa)
Variance V(x)
FFRP-185 reinforced
glulam
E90 (GPa)
E90,g,mean Mean P (GPa)
Stand. Dev.  (GPa)
Variance V(x)
FFRP-230 reinforced
glulam
E90 (GPa)
E90,g,mean Mean P (GPa)
Stand. Dev.  (GPa)
Variance V(x)
GFRP-250 reinforced
glulam
E90 (GPa)
E90,g,mean Mean P (GPa)
Stand. Dev.  (GPa)
Variance V(x)

Sp. 1

Sp. 2

Sp. 3

Sp. 4

Sp. 5

Sp. 6

0.276

0.281

0.296

0.328
0.313
0.0349
0.111

0.332

0.366

Sp. 1

Sp. 2

Sp. 3

Sp. 4

Sp. 5

Sp. 6

0.418

0.404

0.414

0.428
0.412
0.0218
0.053

0.373

0.433

Sp. 1

Sp. 2

Sp. 3

Sp. 4

Sp. 5

Sp. 6

0.408

0.408

0.440

0.442
0.442
0.0322
0.073

0.463

0.491

Sp. 1

Sp. 2

Sp. 3

Sp. 4

Sp. 5

Sp. 6

0.426

0.390

0.423

0.445
0.424
0.0210
0.049

0.436

-

5.2.1 Unreinforced glulam specimens

Figure 5-2 shows typical load-displacement curves for unreinforced
specimens. A brittle failure of the specimen occurs between 20 and 25 kN with
a displacement at failure close to 0.65 mm (LVDT1). The failure occurs in the
middle of the specimen. Only one crack was registered in the specimen. A
crack was already present in the glulam, and propagated during loading. It was
marked before the test. This section was the weakest of the specimens and
therefore failure was initiated at this position.
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Unreinforced specimen: typical load displacement curves
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25

Load (kN)

20
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0
0
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Displacement (LVDT1, mm)

Figure 5-2: Load-displacement curve for unreinforced glulam

a.

b.

Figure 5-3: Failure in unreinforced glulam
5.2.2 Flax fibre composite reinforced glulam specimens

Typical load-displacement graphs for FFRP reinforced glulam are shown in
Figure 5-4. The failure occurred in two steps. First, a crack in the glulam
appeared at a displacement between 0.5 and 0.7 mm. This displacement
corresponds to the displacement at failure of the unreinforced specimen. Then,
the final failure occurs when the maximum strain of the fibres is reached. The
failure was more ductile compared to the unreinforced specimens. In Figure
5-5 a typical failure of FFRP reinforced glulam can be seen. As for the
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unreinforced specimen showed before, a crack was found prior to the test, but
did not propagate in this case.
FFRP-185 reinforced specimen: typical load
displacement curves
35
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0
0
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FFRP-230 reinforced specimen: typical load
displacement curves

Load (kN)

50
45
40
35
30
25
20
15
10
5
0
0

0,5

1

1,5

Displacement (LVDT1, mm)

Figure 5-4: Load-displacement curve for FFRP-185 and FFRP-230
reinforced glulam
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a.

b.

Figure 5-5: Failure in FFRP reinforced glulam
5.2.3 Glass fibre composite reinforced glulam specimens

Results from the tensile tests of GFRP reinforced glulam are shown in the
load-displacement plot in Figure 5-6. Many cracks occurred in the glulam
before ultimate failure. Again, the first crack in the glulam occurred around 0.5
mm displacement. Several new cracks appeared as the displacement increased,
Figure 5-7a. The phenomenon of debonding at interface glulam/GFRP where
the crack ends is visible in Figure 5-7b.
Ultimate failure never occurred in the fibre as expected, contrary to the FFRP
reinforced glulam. Figure 5-7b shows that debonding occurred in the upper
part of the system.
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GFRP-250 reinforced specimen: typical load
displacement curves
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Figure 5-6: Load-displacement curve for GFRP reinforced glulam

a.

b.

Figure 5-7: Failure in GFRP reinforced glulam
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6 Probabilistic evaluation

The experimental results are statistically analyzed. A model based on
micromechanics is built and theoretical results are compared to the
experimental results. Material parameters obtained from experiments and taken
from the literature are used to run a Monte Carlo simulation in order to
investigate the variability of the load bearing capacity obtained from the
experiments. The First Order Second Moment method is used to determine to
what extent the stochastic parameters of the model influence the variability of
the load bearing capacity.
6.1

Statistical analysis of the experimental results

Tensile properties are considered. The model used is based on strain at failure
and modulus of elasticity. These mechanical properties take positive values.
The lognormal distribution is therefore a good distribution to use, since the
variable cannot be negative (Isaksson (2003)).
The experimental failure load results reported earlier are fitted to a lognormal
distribution.

Table 6-1: Distribution fitting for the load bearing capacity (kN)
Unreinforced
FFRP-185
FFRP-230
GFRP-250

mlnx
2.960
3.342
3.634
3.990

V(x)
0.335
0.081
0.074
0.034

lnx
0.326
0.081
0.074
0.034

Distribution fitting
lognormal
lognormal
lognormal
lognormal
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The fit is checked using probability plots generated by STATGRAPHICS Plus
Version 5.1 (2001), (Figure 6-1).
Lognormal Probability Plot
cumulative percent
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Figure 6-1: Plot of log-normal distribution fitting
Data fits a log-normal distribution. Plotting the curve representing the
characteristic distribution of the tensile strength of the strengthened system
(Figure 6-2), leads to a confirmation of the expectations posed in Figure 2-15.
Equation (6-1) is describes the frequency function of the load:

fX x
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2V ln x
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0,25

GFRP-250

Frequencyy

0,2

FFRP-230

0,15

FFRP-185

0,1
Unreinforced

0,05

0
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80

100
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Figure 6-2: Characteristics of unreinforced glulam, FFRP-185, FFRP-230 and
GFRP-250 reinforced glulam
6.2

Analytical model

Assuming iso-strain ( H FRP H GL ) and perfect bond between laminate and
glulam in the system, the elastic behavior of the FRP reinforced glulam
composite can be represented as:
F = FFRP + FGL

FFRP

FGL

Figure 6-3: Elastic model of the strengthening system
Using Hooke’s law equation (6-2) can be derived. The equality is valid until
the first crack appears in wood. The dimensions of the specimen are shown in

75

Licentiate thesis

Figure 6-4, where t = 0.7 mm, T = 115 mm, L = 223 mm. l = 240 mm is the
gauge length of the LVDT.

V*

F
A

A
A ·G
§
¨ EGL . GL  E FRP . FRP ¸. ,
A
A ¹ l
©

A = AGL + AFRP

(6-2)

AFRP (mm2)
AGL (mm2)

L

t

T

t

Figure 6-4: Geometrical dimensions of the specimens
A typical load-displacement curve is presented in Figure 6-5. For unreinforced
specimens, strain at ultimate failure and strain at first crack coincide.

Load

1st crack

ultimate failure

Figure 6-5: Typical load displacement curve for strengthened specimens
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Assuming no stiffness reduction of the composite before total collapse of the
system, the ultimate strength of the flax fibre reinforced glulam can be
calculated using equation 6-3:

V th

E GL .T  E FRP .2t
.H u
2t  T

E FRP

K 0K l E f V f  E m 1  V f , and after failure in the glulam, EGL=0MPa

Then:

V th

K 0K l E f V f  E m 1  V f .2t
2t  T

.H u

Where th is the theoretical strength, and H u

(6-3)

Gu
l

is the strain at which the

specimen fails.
The first crack always occurs in the glulam which is the “weakest link” in the
system. After the first crack, it is assumed that Eglulam= 0 MPa, which mean
that the glulam cannot carry further load. The final failure of the system occurs
when the FRP fails.
This model can be used to analyze FFRP reinforced glulam, but is limited for
GFRP reinforced glulam since debonding took place instead of failure in the
fibres. Fracture mechanics is suggested to investigate this mode of failure
(Gustafsson (2003)).
6.3

Comparison between experimental and theoretical results

The comparison is made using the average values of material properties,
reported in Table 5-2 and the average value of the displacement when the first
crack occurs registered during the experiment (Table 5-3). Model results and
experimental results are plotted against each other to evaluate the success of
the model (Figure 6-6).
The curve y = x or theoretical = experimental results is plotted as a reference
(perfect model). The linear elastic model suggested provides results in good
agreement with the experiments. Results are scattered over and under the
reference curve for unreinforced and FFRP-185 reinforced glulam, but are
mainly above for FFRP-230 reinforced glulam. It is premature to draw
conclusions about the over- or underestimation of the model since
deterministic values were used for materials where the variation is large. In
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order to analyze the model using stochastic variables, a Monte Carlo
simulation is performed further in section 6.4.
45
FFRP-230

Experimental results

40
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35
30
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15

Unreinforced

y=x
10
5
0
0

10

20

30

40

Theoretical results

Figure 6-6: Theoretical results plotted against experimental results
6.4

Model parameters for MC and FOSM

All parameters used in the analysis are reported in Table 6-2.

Table 6-2: Model parameters: average value () and standard deviation ()
Parameter
glulam_failure

Max displacement when the
glulam fails (mm)

FFRP-185 first crack in glulam
FFRP-230 first crack in glulam

t
Geometrical dimensions

Material stiffness (MPa)

L
T
L
EEpoxy
EFlax fibres
EGlulam

Cox-Krenchel coefficients

Kl
K0

Volume fractions

Vf FFRP-185
Vf FFRP-230 (estimated)
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Distribution
Lognormal
(LN)
LN
LN
Deterministic
(Det)
Det.
Det.
Det
Det.
LN
LN
Det
Det
Det
Det





0.666

0.168

0.617
0.695

0.146
0.180

0.7

0

223
115
240
3000
64000
313
0.99

0
0
0
0
21000
34.9
0

0.67
0.2
0.3

0
0
0
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6.5

Monte Carlo simulation

The experiments were made with a total of six replicates for each type of
specimen. In order to investigate the variability of the load bearing capacity, a
Monte Carlo simulation was made where variables of the system are isolated
and treated as stochastic. The software VaP 2.3 - Variable Processor (2007)
was used for the Monte Carlo simulation. It provides a Monte Carlo method
(Crude Monte Carlo method or CMC) that calculates an approximation of the
probability of failure by comparing the return value of each realisation of the
Limit State Function (LSF) in the failure domain with 0. Each realisation is
provided by VaP-CMC in a random and unbiased sequence. The LSF G = R-S
is either positive or negative. For each comparison, a return value (1 if negative
and 0 if positive) is introduced in an indicator function I() and the
approximation of the probability of failure is given by:

p f | pˆ f

1
N

¦I G x

d0

(6-4)

All simulations were run with 100 000 specimens and results presented in table
6-3. Mean values do not differ much from those obtained from the
experiments. The standard deviations are much higher than the experimental
ones. This is mainly due to the higher number of specimens in the MC
simulation and partly to the stochastic parameters chosen for the natural fibres
which are probably not the best fit.
Table 6-3: Probability distribution: Average value () / Standard deviation ()
Experiment

Monte Carlo

Specimen

 (kN)

 (kN)

Specimen

 (MPa)

 (kN)

Unreinforced exp.

20.3

6.82

Unreinforced MC

22

5.75

FFRP-185 exp.

25.9

4.71

FFRP-185 MC

29.3

7.57

FFRP-230 exp.

35.9

6.35

FFRP-230 MC

36.6

10.3

The simulated and experimental characteristic for each type of specimen was
plotted (Figure 6-7).
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Figure 6-7: Probability distributions from experiments and Monte Carlo
Simulation
The characteristic value for timber strengths is equal to the fifth percentile of
the strength distribution (Eurocode 5 (2003)). Figure 6-7 shows that the design
value of prismatic glulam specimen reinforced with FFRP is increased.
6.6

Probability of failure analysis (FOSM)

Assume that the specimens should belong to safety class 1, with Pf =10-4 (
=3.7). The purpose of the analysis is to determine to what extent the stochastic
parameters of the model influence the variability of the system strength, and if
some of them could be considered as deterministic.
Deterministic value were calculated for the load effect in order to have a safety
class 1 (Pf =10-4) for each type of specimen. The probability of failure in the
glulam was plotted against the applied load on the system, figure 6-8.
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Unreinforced glulam - Probability of
failure vs Applied load

FFRP-185 Reinforced glulam
Probability of failure vs Applied load
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Figure 6-8: Probability of failure versus applied load
The shaded area represents the load under which the probability of failure is
under or equal to Pf =10-4. For FRP-185 and FRP-230 reinforced glulam, the
probability of failure Pf =10-4 is obtained for an applied load increased by
+39% and +57% respectively when compared to the unreinforced specimen.
The load effect used in the study was assumed deterministic.
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Table 6-4: Load effect
Applied load (kN)
7.825
10.875
12.300

Unreinforced
FFRP-185
FFRP-230

The sensitivity factors corresponding to the stochastic parameters are reported
in Table 6-5:
Table 6-5: Results from FOSM analysis
Pf
Unreinforced
FFRP-185
FFRP-230

E glulam

Displacement

-0.408
-0.317
-0.273

-0.913
-0.916
-0.916

1.043.10-4
1.001.10-4
1.010.10-4

3.708
3.719
3.717

E flax
fibres
-0.245
-0.293

The sensitivity factors are related to the possible use or not of the deterministic
mean value in the model. As seen in table 6-5, the variation in the three
stochastic parameters influence the model significantly. The influence of the
variation in the displacement, linked to the strain at failure of the material, is
especially strong.
The influence of the FFRP reinforcement on the safety of the structure was
also studied. A lognormal distributed load effect S with mean value P = 5.175
kN and standard deviation  = 1.5 kN was chosen in order to have a
probability of failure Pf =10-4 for the unreinforced specimen. The FOSM
method was applied on unreinforced and FFRP reinforced specimens with P as
the load effect. The results are reported in Table 6-6.
Table 6-6: FFRP influence on the safety of the structure
Pf
Unreinforced
FFRP-185
FFRP-230

3.719
4.535
4.88

9.992.10-5
2.874.10-6
5.313.10-7

E glulam

Displacement

-0.283
-0.211
-0.190

-0.631
-0.611
-0.641

E flax
fibres
-0.167
-0.208

S
0.722
0.744
0.714

Under the same load, the safety is upgraded from safety class 1 for
unreinforced specimens to safety class 2 and 3 for specimens reinforced with
FFRP-185 and FFRP-230 respectively.
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6.7

Conclusions from the probabilistic evaluation

A model describing the behavior of FFRP reinforced glulam under tensile
loading perpendicular to the grain was developed.
The Monte Carlo (MC) simulation showed that the mean values obtained from
experiments are in agreement with those from MC. However, the standard
deviations from the MC simulation were much higher.
From the FOSM analysis, it was demonstrated that the variation within the
stiffness perpendicular to grain of the glulam, the stiffness of the flax fibres
and the strain at failure of the specimen causes the variation in the system
strength. The variation in strain/displacement has the highest impact.
The use of FFRP to reinforce glulam prismatic specimens upgrades the safety
of the structure from safety class 1 to safety class 2/3.
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7 Finite Element Modelling

Finite Element modeling of prismatic glulam specimen reinforced with FRP
and curved glulam beams reinforced with FRP have been performed using the
commercial, multi-purpose, finite element software ABAQUS (2006).
7.1

Theory

7.1.1 Influence of annual rings on the tensile stress perpendicular to the
grain

Annual rings have a strong influence on the tensile stress distribution
perpendicular to the grain in glulam (Dahlblom et al. (1993)).
If a glulam cross section is considered using the laminate theory for
composites, it can be shown qualitatively that the stiffness along the width is a
function of the position from the center of the cross section:

b
Figure 7-1: Stiffness along the width of a glulam cross section (qualitative)
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Both rhombic orthotropic and cylindrical orthotropic models have been
investigated in the thesis (see Figure 7-2). It has been reported by Aicher et al.
(2005) and Aicher et al. (2001) that using a cylindrical coordinate system to
model glulam gives a maximum tensile stress perpendicular to the grain 2-4
times higher than those obtained if assuming rhombic orthotropy. It was also
reported that the stress distribution through the width of the lamina was
different depending on the coordinate system.

Figure 7-2: Cross section with cylindrical orthotropy and rhombic orthotropy
7.1.2 Tension perpendicular to the grain in curved glulam beams

Curved glulam beam design can be made using Eurocode 5 (2003). The
geometrical parameters influencing the design are presented in Figure 7-3.

Figure 7-3: Geometrical parameters for curved glulam beam design
Under service load, curved beams do not behave as straight beams and
therefore, the Euler-Bernoulli beam theory is not applicable. The bending stress
distribution is non-linear and stresses perpendicular to the grain, caused by the
bending moment, appear along the beam. These stresses are especially high at
the apex area of the beam (Figure 7-4).
The maximum bending stresses are present on the tension side of the beam, and
the neutral axis is displaced downwards in order to assure equilibrium of the
internal forces.
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Figure 7-4: Stress distribution at the apex area of a curved glulam beam
The derivation of the bending stress distribution is described by Larsen (2003)
and the main equations are reported below.

V z

Where

rmean

M
M

.
bhrmean I ef

z
1

(7-1)

z
rmean

z 2b
dz
³
z
1
rmean
R  0.5h
I ef

is

an

effective

moment

of

inertia

and

Maximum radial stresses are situated at the neutral axis, which is situated at
rmean .I ef
from the geometrical axis.
z
2
I ef  bhrmean
7.1.3 Fracture Mechanics

Timber is usually modelled using a linear stress analysis (Larsen (2003)). The
material is considered as brittle with deterministic properties. A stress based
failure criteria is used. However, conventional stress analysis does not model
the reality with 100% accuracy.
Wood is a material that present a softening behaviour (Boström (1992)). The
fictitious crack model (Hillerborg et al. (1976)), which is a non linear fracture
mechanics representation (NLFM), is considered herein based on the fracture
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energy of timber (Gf  0). The crack forms and propagates in the RLorientation (Radial-Longitudinal). Gradual damage and fracture performance of
timber have been studied by e.g. Gustafsson (1992), Boström (1992) and
Larsen et al. (1990). The fracture energy Gf has been found to be strongly
dependent on the wood density . Based on an extended study of fracture
energy for different species, Equation (7-2) was reported by Larsen et al.
(1990) for determination of the critical energy released in fracture mode I GIc:
G Ic

146  1.04 U

(7-2)

In this expression, the energy is given in Nm/m2 and the density in kg/m3. The
density of wood is variable within the same member. For softwood,
Thelandersson (2003) reported a density between 400 and 600 kg/m3, which
corresponds to the fracture energy GIc varying between 270 and 478 Nm/m2.
In order to determine the load share taken by the reinforcement during loading
of reinforced specimens, a damage model is derived. The model is based on the
study of the linear elastic response of prismatic glulam specimens and curved
glulam beams. The linear elastic model was done in order to determine where
in the specimen the failure perpendicular to the grain was most likely to occur.
The fictitious crack model, first introduced by Hillerborg et al. (1976) has been
used mostly for concrete fracture processes (Bazant et al. (1990); Lundqvist
(2007)), but has also been extended to wood (Boström (1992; Gustafsson
(1992), Daudeville (1999)). Contrary to linear fracture mechanics, it is
assumed that the crack occurs in a plane (interface) where the variation of
cohesive stresses, governed by a specific traction separation law, generates the
damage of the material and the decrease of stress transfer.
7.1.4 Cohesive elements in FE modelling of fracture

Cohesive elements are usually used to model the behaviour of interfaces
(between layers in composites, adhesive joints, etc.). A model with cohesive
elements does not need an initial crack, the place where damage initiates first is
a part of the analysis. In the case of wood and fracture perpendicular to the
grain, a crack propagates in the same section as it starts and parallel to the
fibres. The cracked section is not strictly perpendicular to the load axis (Figure
7-5). Indeed, the crack propagates at an angle to the orientation of the annual
rings and perpendicular to late wood, which creates a wavy pattern between
annual rings (Gustafsson (2003)). For simplicity, I assume that the crack
propagates in a plane perpendicular to the load direction.
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Figure 7-5: Typical crack in unreinforced prismatic glulam specimens
The crack propagation is generated by the high stress perpendicular to the grain
in that plane. The cohesive elements are given material properties
corresponding to the strength of the surrounding material (glulam) in tension
perpendicular to the grain.
Two and three-dimensional cohesive elements (COH2D4 and COH3D8) have
been used (Figure 7-6). Cohesive elements spatial representation is similar to
continuum elements. However, cohesive elements are seen as two faces
separated by a thickness. The opening of the crack is represented by the
relative displacement between the two faces.
Thickness direction

Upper face
Cohesive element node

3
Bottom face

2

1

Figure 7-6: An 8-node three-dimensional cohesive element (COH3D8)
Cohesive elements deformation modes considered in ABAQUS (2006) are the
transverse shear in the plane 2-3 and 1-3, membrane shear and stretch, and
behaviour through the thickness (opening, closing).
Cohesive elements were used together with a traction separation law (TSL),
which defines the traction function of the separation distance between interface
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elements (Figure 7-7). The material has an initial linear elastic behaviour. The
elastic response is followed by damage initiation and evolution until total
degradation of the elements.
Consider an initial thickness of the cohesive element T0. This thickness is very
small in order to model the interface as a plane. It can be considered that before
loading, the nodes from the upper and bottom surfaces are confounded. The
nominal traction stress vector components are defined as:
t

t n ½
° °
®t s ¾
°t °
¯t¿

ª K nn
«K
« ns
«¬ K nt

K sn
K ss
K st

K tn º H n ½
° °
K ts »» ®H s ¾
K tt »¼ °¯H t °¿

KH

(7-3)

Where K is the general stiffness matrix of the interface layer and i are the
components of the strain vector defined as:

Hn

Gn
T0

where

Gs

, Hs
i

T0

Gt

, Ht

T0

(7-4)

are the relative displacements or separations in the three directions.

The model used will not consider possible coupling between the components of
the traction and separation vectors. The off-diagonal terms of the K matrix
introduced in equation (7-3) are null.
The stiffness matrix component Knn, Kss and Ktt are directly related to the
thickness of the cohesive layer and to the material stiffness E. A general
expression of this relation is:

K

E
T

(7-5)

During separation of the cohesive element surfaces, the thickness increases and
the stiffness K degrades. The quadratic nominal stress criterion was used as
damage initiation criterion, Equation (7-6). The criterion defines when the
process of degradation starts. The maximum values of the nominal stress
allowed before degradation (strength) are chosen as material properties and are
denoted t i0 .
2

2

 t n ½  t s ½  tt ½
® 0 ¾ ® 0¾ ® 0¾
¯ t n ¿ ¯t s ¿ ¯tt ¿

2

1

(7-6)

The damage evolution of a material can be based on energy dissipation or on
effective displacement. In both cases, the idea is to determine the rate of
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material stiffness degradation. A damage variable D together with predicted
values of the stress components at the same strains without damage t i are used
to determine the stress components after the damage criterion is fulfilled ( t i ),
Equation (7-7).
1 D ti

ti

(7-7)

The fracture energy Gf is introduced as a material parameter. It represents the
energy released under damage evolution, and is graphically the area under the
traction separation curve which can be described as an exponential, linear or
tabular function (Figure 7-7). Crack models have mostly been investigated
using a linear (Silva et al. (2005)) or bilinear softening curve (Coureau et al.
(2006)). Linear softening is chosen for the current investigation.
Traction

to i

Exponential

Gf
Tabular
o

f
i

i

Separation

Figure 7-7: Traction separation response
The element is totally degraded when the damage parameter D is equal to one.
The stress component t i0 is then zero. When fracture energy governs damage
evolution in a linear traction separation response, the damage parameter is
described as:

D

G i f . G imax  G i0
G imax . G i f  G i0

(7-8)

where
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G if

2G f

7.2

Material parameters

(7-9)

t i0

Three different materials were identified and characterized: the timber, the
cohesive interface and the reinforcement. Depending on the model (prismatic
glulam specimen / curved glulam beam), the cohesive interface was assigned
different values based on experimental results (see chapter 6 and Larsen et al.
(1992)). The glulam and the FRP reinforcement remained identical.
The glulam is considered defect free, i.e. local inhomogeneities such as knots,
slope of grain, compressive wood, etc. are neglected. The stiffness parameters
for glulam were taken from Larsen (2003). The engineering constants for the
FFRP were determined from experiments (see chapter 6).

Table 7-1: Material properties
Glulam L-40 (Larsen (2003))
14 000 MPa
800 MPa
EL
GLR
800 MPa
500 MPa
ER
GLT
500 MPa
60 MPa
ET
GRT
FFRP (from experiments, see Chapter 6)
13 012 MPa
1119 MPa
EL
GLT
4 017 MPa
ET
Cohesive interface (prismatic glulam specimens)
Elastic
E (MPa)
G1 (MPa)
G2 (MPa)
properties
800
800
500
ft,90 (MPa)
fv (MPa)
Damage
0.7 – 0.4
3
criterion
Gf (N/m)
Damage
370 - 200
evolution
Cohesive interface (curved glulam beams)
Elastic
E (MPa)
G1 (MPa)
G2 (MPa)
properties
800
800
500
ft,90 (MPa)
fv (MPa)
Damage
1.2
3
criterion
Gf (N/m)
Damage
370
evolution

7.3

LR
LT
RT

0.02
0.02
0.45

LT
TL

0.34
0.10

from Larsen (2003)
from Chapter 6
Gustafsson (2003)

and

from Larsen et al. (1990)

from Larsen (2003)
from Larsen et al. (1992)
and Gustafsson (2003)
from Larsen et al. (1990)

Prismatic glulam specimens

In this section, the prismatic glulam specimen with a reference volume
V0=0.01m3 is considered (Reference volume used in Eurocode 5 (2003) related
to ft,90,g,k).
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7.3.1 Linear elastic modelling
7.3.1.1 Unreinforced, rhombic orthotropy

A 3D model was built where the glulam was unreinforced and the rhombic
orthotropy assumption used. Therefore, the laminations are not represented in
the model.
8-node linear brick elements (C3D8) with full integration points were used.
The element size was 5 mm and 84 870 elements constituted the entire
prismatic glulam specimen. Boundary conditions have been placed on the top
and bottom surfaces. On the bottom surface displacements in all directions
were prevented, and the other one allows a displacement of +1 mm in the offaxis direction only. The displacement models the loading of the specimen,
which took place under displacement control during the experiments.
Contour plots of the stresses perpendicular to grain at two different loading
points are presented in Figure 7-8 below.

Height

P = 10 kN

P =17.8 kN
Depth
Width

Figure 7-8: Contour plot for tensile stresses perpendicular to the grain at
different loading points
The maximum stress perpendicular to the grain is situated at mid-height in the
middle of the specimen. From the experimental result presented in chapter 6,
the failure load of the prismatic specimens had an average value of 20 kN.
The distribution of the tensile stresses perpendicular to the grain at mid-section
are plotted in Figure 7-9. The stresses are constant along the width of the
specimen, with a value of 0.69 MPa. This value is in good agreement with the
average value reported in chapter 6 and by Blass et al. (1999).
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Figure 7-9: Tensile stress distribution perpendicular to the grain (P=17.8 kN)
7.3.1.2 Unreinforced, cylindrical orthotropy

The laminations in glulam were modeled and a cylindrical coordinate system
was assigned to each one of them (See Figure 7-10). 8-node linear brick
elements (C3D8) with full integration points were used. The element size was
5 mm and 84 870 elements constitute the entire specimen. Boundary conditions
were placed on the top and bottom surfaces as for the previous model.

Figure 7-10: Assembly, mesh and boundary conditions for unreinforced glulam
with cylindrical orthotropy assumption
The contour plots of the stresses perpendicular to grain at different loading
points are presented in Figure 7-11.
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P = 9.3 kN

P =18.7 kN

Figure 7-11: Contour plot for tensile stresses perpendicular to the grain
The stresses perpendicular to grain along the length of the specimen at mid
section is shown in Figure 7-12. It shows that almost no variation (0.01 MPa)
of the stress perpendicular to the grain occurs along the length of the specimen.
0,88

Stress (MPa)

0,875

0,87

0,865

0,86
-120

-80

-40

0

40

80

120

Length coordinate (mm)

Figure 7-12: Distribution of the tensile stress perpendicular to the grain along
the length at mid section
Since the stress perpendicular to the grain can be considered as constant along
the fibre, a 2D model is done with a finer mesh at the interface between
lamellas as proposed by Aicher et al. (2005). Figure 7-5 shows that the lumbers
of the glulam used during the experiment did not have the same sawing pattern.
Aicher et al. (2005) studied three different sawing patterns with identical
lumbers in the glulam (Figure 7-13), and in comparison the glulam used in the
present study was not as homogeneous. The placement of the pith influences
greatly the tensile stress perpendicular to the grain. Aicher et al. (2005)
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reported twice as high peak stress perpendicular to the grain depending on the
glulam lay-up.

Figure 7-13: Glulam lay-up studied by Aicher et al. (2005)
A parametric study of the influence of the origin of the cylindrical coordinate
system, which represents the pith of the lumber, was carried out. Different
sawing patterns, more similar to those of the glulam used during the
experiment were considered. The aim was to avoid compressive stresses
perpendicular to the grain which was suspected to occur for some lay-ups. The
cohesive layer used further in the damage modelling is defined by a traction
separation law, and does not undergo damage under pure compression.

Figure 7-14: Sawing patterns studied
Three different sawing patterns were considered; one with the pith situated on
the edge of the lumber, and two with the pith situated at a distance d = 15 mm
and d = 30 mm from the edge of the lumber.
4-node bilinear plane stress quadrilateral elements (CPS4) with full integration
points were used. The element size was 5*5 mm in the coarse mesh and 5*0.5
mm in the fine mesh at the interface between two lamellas (Figure 7-15). A
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total of 5359 elements mesh the entire model. The same material properties and
orientation were used as for the 3D model. Boundary conditions were also the
same.

Figure 7-15: Prismatic 2D model – mesh (d=0mm)
The position of the pith of the lumbers influences the load-displacement curves
(Figure 7-16). The curves are confounded for d = 30 mm and d = 0 mm. A
lower slope is observed for d = 15 mm.
30
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Load (kN)

20
15
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d=30 mm

d=15mm

d=0mm

Figure 7-16: Load-Displacement curves
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The stress perpendicular to the grain was investigated for the three models at
identical applied load and in the same section. The plots of the stress
perpendicular to the grain and the contour plots are shown in Figure 7-17. In
the contour plots, regions where compressive stresses occur have been
coloured in yellow (tensile stress coloured in blue). Both models with d = 0mm
and d =15 mm exhibit compressive stresses.

1
0,8

Stress (MPa)

0,6
0,4
0,2
0
-0,2

-55

-35

-15

5

25

45

-0,4
-0,6
-0,8
Width coordinate (mm)
d=30

d=15

d=0

Figure 7-17: Tensile stress perpendicular to the grain - Influence of pith
distance (d)
The assumption of d = 30 mm is in good agreement with most of the specimens
used during the experiment (see Figure 7-5). Therefore, the following models
considers the origin of the cylindrical coordinate system at d = 30 mm.
The contour plot of the stresses perpendicular to the grain at identical loading
steps as for the 3D-model reveals a similar stress distribution over the
specimen (Figure 7-18).
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P = 9.6 kN

P =19.1 kN

Figure 7-18: Contour plot of stress perpendicular to the grain
The distribution of the stress perpendicular to the grain at this section was
investigated at an applied load of 19.1 kN, which was the closest load in the
output results to 20 kN (Figure 7-19).
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Figure 7-19: Stress perpendicular to the grain in "Peak section"
The maximum stress perpendicular to the grain is situated in the middle of the
width and is equal to 1.64 MPa. The tensile stress distribution perpendicular to
the grain is uneven, and lower values are observed near the outer edges.
Experimental results gave a mean value of 0.79 MPa and Blass et al. (1999)
reported a mean value of 0.82 MPa.
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Table 7-2: Stress perpendicular to grain
Rhombic orthotropy model (3D)
Cylindrical orthotropy model (2D)
Experimental results
Blass et al. (1999)

t,90 (MPa)
0.69
1.64
0.79
0.82

stress peak / mean value
stress peak
mean value
mean value

The 2D model with cylindrical orthotropy assumption is used in the further
study of the prismatic glulam specimen.
7.3.1.3 FFRP Reinforced, cylindrical orthotropy

The FRP was added to the 2D-model with the cylindrical orthotropy
assumption. The glue line between FRP and glulam was not modeled. Instead,
the FRP was tied to the glulam (tie constraints used in ABAQUS (2006)). An
exploded view of the assembly is shown in Figure 7-20.
FRP
Glulam

Figure 7-20: Assembly glulam-FRP and mesh
The same element size as for the unreinforced model was used. For the FRP
part, 4-node bilinear plane stress quadrilateral elements (CPS4) with full
integration points were used and the element size was 1 mm. Boundary
conditions have been placed on the prismatic top and bottom surfaces as for the
previous model.
The load displacement curve has been plotted and compared with unreinforced
specimens in Figure 7-21. The stiffness of FFRP reinforced glulam specimens
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is higher than unreinforced specimens, which was also noticed during
experiments.
50
45
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35
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20
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0
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FFRP-185 FEM
Unreinforced Experiments

Unreinforced FEM
FFRP-185 Experiments

Figure 7-21: Load displacement curves for FFRP reinforced and unreinforced
specimens
From the experimental result presented in chapter 6, the failure load of FFRP
reinforced glulam has an average value of 26 kN. The stress perpendicular to
the grain was plotted at a displacement corresponding to the load P = 26 kN
(Figure 7-22). At this load, the tensile stress in the FFRP reinforced glulam
reached a peak value (1.51 MPa) comparable to the maximum value reported
for unreinforced specimen at 19 kN. The FFRP decreases the maximum tensile
stress perpendicular to the grain by 26 %, and the failure load is increased by
37%.
Higher stiffness is predicted for unreinforced specimens with the FE model.
Regarding the specimens reinforced with FFRP, the stiffness from the FE
model is in good accuracy with the experiments.
Longitudinal stresses in the FFRP are not constant along the height of the
specimen. Higher stresses are situated at mid-height (if the boundary condition
effect is not considered). At the level of one lamination, and in a similar pattern
for all laminations of the specimen, higher stresses are observed at the
interfaces between laminations (see Figure 7-23 and Figure 7-24).
Peak stresses occur in the composite close to the interface between two
laminations, where the tensile stress perpendicular to the grain is greater.
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Figure 7-22: Tensile stress perpendicular to the grain in the middle lamination
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Figure 7-23: Longitudinal stresses along the FRP

Figure 7-24: Peak stress in the FFRP
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7.3.2 Damage modelling
7.3.2.1 Unreinforced, cylindrical orthotropy

A 2D-model is used. The crack is assumed to take place in the middle lamella
(since the wood is free from defect, there is no weakest section). The cohesive
interface was positioned in a section close to the bottom lamination interface.
In reality, it was shown that most of the cracks propagated from the interface
between two lamellas on a rather long distance if compared to the width
(Figure 7-5)
The mesh of the specimen was done with 2.5 mm element size in the glulam
and 1 mm in the cohesive layer. A total of 7602 elements mesh the entire
model. Tie constraints were used between the glulam and the interface layer.
Load displacement curves are plotted in Figure 7-25.
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Figure 7-25: Load displacement curve for damage modelling of unreinforced
specimen
During the experiment, most of the specimens had from the beginning a weak
section characterized by defects present inside the wood. Most of the cracks
propagated from these defects and therefore, the energy needed to produce the
crack was not necessary. The crack “only” had to propagate. In the model, the
glulam was considered free from defects and the crack needed to open after the
critical energy was reached and then propagation occurred.
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P = 3.7 kN

P = 7.4 kN

P = 9.4 kN

P = 11.6 kN

P = 14.3 kN

P = 16.1 kN

P = 16.5 kN

P = 17 kN

P = 7.5 kN

P = 0 kN

Figure 7-26: Crack propagation (Deformation Scale factor = 50)
Contour plots of the crack propagation under loading are shown in Figure 7-26.
The crack forms around 11 kN in the middle of the width and propagates in
both directions towards the outer edges. The load still increases while the crack
propagates. The load starts to decrease around 17 kN.
The influence of the normal component of the nominal traction stress vector tn,
which represents the stress when the damage process starts, has been studied
together with the fracture energy. The model was identical to the one presented
previously. The parameter table is shown below:

Table 7-3: Matrix for the parameter study
tn (MPa)
0.1
0.4
0.7
1.5

200
I
IV
VII
X

GIc (Nm/m2)
370
II
V
VIII
XI

500
III
VI
IX
XII

For each model, the load-displacement curve was plotted in Figure 7-27,
together with one typical load displacement curve from the experiment.
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Figure 7-27: Load displacement curve: parameter study
Results from Figure 7-27 shows that the two parameters studied are not
independent from each other. If studied separately, the failure load increases
when the normal component of the nominal traction stress vector increases.
The influence of the fracture energy change is small for the lowest value of tn
(curves I, II and III), but a change in the descending branch can be noticed.
When the value of tn increases, the change of fracture energy input influences
not only the softening part of the curve but also the maximum load. This effect
was also reported by Boström (1994).
From experiments, the mean value of the failure load was 20 kN. The
experimental load-displacement curve corresponding to a specimen that failed
at 20 kN is also plotted for comparison in Figure 7-27. If the average value of
the tensile stress perpendicular to the grain at failure reported in chapter 6 and
by Blass et al. (1999) is used to model the prismatic glulam specimen in
tension perpendicular to the grain, FE results can be compared with the
experimental ones.
The model with parameters VIII in Table 7-3 is now considered, and the crack
formation and propagation investigated at different loading. The crack
formation appears at a load close to 11 kN. When the crack opens, the
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maximum tensile stress perpendicular to the grain in the specimen moves from
the cracked section to the middle of the two parts above and under the crack.

Figure 7-28: Tensile stress distribution before and after crack opening
Before the peak stress reaches the maximum value allowed in the cohesive
layer, the distribution of stresses perpendicular to the grain is similar to the one
observed in the linear elastic model. When the maximum stress is reached in
one element, degradation starts and the tensile stress decreases. The tensile
stress distribution in the cohesive layer at different loading is shown in Figure
7-29.
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Figure 7-29: Tensile stress along the width under loading
The contour plot of the tensile stress in the cohesive layer at 17 kN is presented
in Figure 7-30.
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Figure 7-30: Tensile stress in the interface cohesive layer at P = 17 kN
(Deformation scale factor = 50)
The tensile stress evolution is different from the middle of the width to the
outer edge. At mid-width, Figure 7-31, the stress increases until reaching the
maximum stress around 9 kN. Then the stress is slightly decreasing until 17 kN
and decrease linearly from this point. At the outer edges, the stress increase
until 17 kN and decrease directly after reaching the maximum value. The
timber behaves like a ductile material in the middle of the width and behaves
more brittle closer to the edge.
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Figure 7-31: Comparison of the tensile stress evolution at mid- width and at
the outer edge
The load-step time curve is plotted in order to relate the step time to the load in
the stiffness degradation and the quadratic damage evolution plots presented
further.
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Figure 7-32: Load versus step time
The relation between stiffness degradation and quadratic damage criterion is
shown in Figure 7-32 and Figure 7-33. The stiffness degradation starts when
the criterion is fulfilled. Damage starts at mid-width. The load continues to
increase until all the cohesive layer elements have fulfilled the damage
criterion (step time 0.55, load P = 17 kN).
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Figure 7-33: Stiffness degradation
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Figure 7-34: Quadratic damage evolution
7.3.2.2 FFRP Reinforced, cylindrical orthotropy

FFRP strengthening is added to the model. Plane stress quadrilateral elements
are used and the element size is 0.7*1 mm. 810 elements mesh the entire
strengthening device. Full integration is used (CPS4). Parameters IV from
Table 7-3 are used for the cohesive elements. An exploded view of the
assembly is shown in Figure 7-35.
FFRP

Cohesive
Layer

Glulam

Figure 7-35: Exploded view of the assembly
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The load displacement curves of the linear elastic model, the damage model
and the experiment are plotted together in Figure 7-36. A better estimation of
the stiffness in the linear elastic region is done with the model using cohesive
elements. The failure in the glulam occurs around 20 kN in the experiments
and for the damage model. After failure, the stiffness decrease in both cases,
but more pronounced in the model. It can be suspected that the stiffness of the
glulam in the cracked section is greater in reality; the fibre bridging process,
which was not modelled, has an important contribution in the softening part of
wood under loading (Vasic et al. (2001)).
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Figure 7-36: Load displacement curves
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Figure 7-37: Crack propagation under loading (Deformation Scale factor=50)
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The failure starts in the wood. The crack opens at mid-width and propagates
towards the outer edge of the glulam. Then, the load is transferred to the FFRP.
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Figure 7-38: Tensile stress in the FFRP under loading
The FFRP is loaded uniformly along the height of the specimen until total
opening of the crack at P = 22 kN. When the crack reaches the outer edge of
the glulam, the FFRP acts like a stress bridge. In the vicinity of the FFRP, the
glulam still takes a small share of the load, as shown by the status of the
interface elements (0=totally damage, 1=not totally damaged) at 25.5 kN
(Figure 7-39).

Figure 7-39: Cohesive elements status at P=25.5 kN
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Figure 7-40: Tensile stress in the FFRP in the vicinity of the crack
Tensile tests of the FFRP gave a tensile strength of 131 MPa (see Chapter 6).
The FFRP was modelled as linear elastic, since the strength of the FFRP was
reached at an applied load of about 25.5 kN.
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7.4

Curved glulam beams

Curved and pitched beams have been studied by Larsen et al. (1992), whose
experimental results will be used in order to control the validity of the finite
element models built and presented in this thesis. Reinforced and unreinforced
curved glulam beams were tested in four point bending (Larsen et al. (1992)) as
shown in Figure 7-41. A hydraulic testing machine (MAN) was used. The
beam was simply supported. The load was distributed to the beam through steel
plates, both at the support and at the loading points. The deflection at mid-span
was recorded continuously and the beam was loaded at a constant cross-head
movement of 2 mm/min.
The geometrical dimensions used by Larsen et al. (1992) and in the FE models
are reported in Table 7-4 below in accordance to Figure 7-3:

Table 7-4: Curved Beam Dimensions:
L (mm)
2060

R (mm)
1235

h (mm)
240

b (mm)
60

c (mm)
-

(º)
20

Figure 7-41: Test set-up for curved glulam beam
The beams were 2060 mm long, with a height of 240 mm and a width of 60
mm. The curved part is characterized by a 1235 mm inner radius and an angle
of 20º (between the vertical symmetry line in the middle of the beam and the
section where the curved part ends).
The FE models presented consider the curved part of the beam only, which is
under constant moment. A longitudinal symmetry is used. The stress
perpendicular to the grain, which is the focus of the modeling, is highest in this
region.

113

Licentiate thesis

7.4.1 Linear elastic modelling
7.4.1.1 Unreinforced, rhombic orthotropy

While assuming rhombic orthotropy, the curved part of the beam is partitioned
in 20 arcs in order to reproduce the curved pattern of the fibres. Each arc has a
rectangular beam orientation. The laminations are modeled for visual
representation only, but the annual ring effect is neglected. Figure 7-42 depicts
the coordinate systems model.

Figure 7-42: Curved glulam beam with rhombic orthotropy assumption
Cubic elements with size 5 mm were used for the mesh of the curved part. A
total of 57 600 elements meshes the curved part of the glulam beam. Each
brick element C3D8 is composed of 8-nodes, and full integration is applied.

Figure 7-43: 5 mm cubic elements (C3D8) - 57 600 elements
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Vertical symmetry is modeled by restricting the displacement in the x-direction
(fibre direction). An analytical rigid surface was added to the model and tied to
the glulam, Figure 7-44. The constant moment was applied at the reference
point of this surface. For comparison with the experimental results reported by
Larsen et al. (1992), the applied load on the entire beam will be calculated with
P=2M/a, where a is the distance between the applied load and the support (500
mm), M is the moment in the curved part and P is the total load applied on the
beam.

Vertical
symmetry

Figure 7-44: Load and symmetry in the model
The distribution of the stress perpendicular to the grain in the center of the
beam along the fibres was plotted in Figure 7-45.

Figure 7-45: Tensile stress perpendicular to the grain in the centre of the beam
In Figure 7-46, the distribution of the tensile stresses is of interest. The scale
on the stress axis is therefore overlooked. The tensile stresses perpendicular to
the grain are greatest close to the neutral axis at mid-span.
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Figure 7-46: Stress perpendicular to the grain in the centre of the beam along
the fibres and the depth
Experimental results reported by Larsen et al. (1992) for the bending test of the
same type of curved glulam beam (geometry, material) show a stress
perpendicular to the grain of 1.18 MPa at a load of 63 kN (mean values for five
beams tested). The tensile stresses were calculated as for a homogeneous beam.
Figure 7-47 shows the contour plots for the bending stress parallel to the grain
and perpendicular to the grain at an applied load of 50 kN, which was the
closest load in the output results to 63 kN. However, since the model is linear
elastic, the tensile stress at 63 kN can be calculated from the the tensile stress at
50 kN. The maximum stresses perpendicular to the grain t,90 (0.97 MPa) are
situated in the middle of the beam. The maximum tensile bending stresses are
about 23.7 MPa. Contrary to the stresses perpendicular to the grain, the
bending stresses are constant along the width of the glulam.

a)

b)

Figure 7-47: a) stresses perpendicular to grain and b) Bending stresses
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The highest stresses perpendicular to grain are situated on the neutral axis
which is shifted downwards due to the curved geometry of the beam (Figure
7-48). The tensile stress varies slightly in this section, but it is reasonable to
consider it as constant (variation less than 0.01 MPa).
As expected, the bending stress distribution is non-linear and the position of
the neutral axis is different from the geometric center of the cross section
(Figure 7-49).
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Figure 7-48: Tensile stress perpendicular to the grain at mid section (50 kN)
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Figure 7-49: Bending stress distribution along the depth
The tensile stress perpendicular to the grain at 63 kN has been calculated and is
equal to 1.22 MPa. Larsen et al. (1992) reported an average value of 1.18 MPa,
which is close to the FEA results. The rhombic orthotropy model can be used
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to determine the average tensile stress perpendicular to the grain in curved
glulam beams.
7.4.1.2 Unreinforced, cylindrical orthotropy

Adding the cylindrical coordinate system, the modelling is more complex and
more time demanding. The laminations of the curved glulam beam are now
taken into account, Figure 7-50.

Figure 7-50: Curved part with a cylindrical coordinate system for each
lamination
In the curved part of the beam, the cylindrical orthotropy has to be model
simultaneously with the curved geometry of the laminations. The method used
was to create a “cell part” of the curved part of the beam. This “cell part” is
partitioned in 24 laminations (10 mm in depth each, similar to the beam studied
by Larsen et al. (1992)) and a cylindrical coordinate system, defining the
material orientation, is assigned to each one of them. The radial pattern tool is
then used to reproduce the curved part of the beam from the “cell part”. Using
tie constraints, the straight part and the 20 “cell parts” constituting the curved
part are assembled. Details about the pith position for the laminations were not
reported by Larsen et al. (1992). A distance d = 10 mm was used in the model.
It was verified that the pith position does not generate compressive stresses
perpendicular to the grain in order to use cohesive interface elements for the
damage modelling.
The same element size and type, boundary conditions, moment and material
properties as the previous rhombic orthotropic model were used. The
cylindrical orthotropy assumption only was added.
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Tensile stresses perpendicular to the grain were plotted against the relative
angle with the longitudinal symmetry line and the depth position. As for the
model with rhombic orthotropic assumption, the highest stresses are situated in
the center of the beam at mid-depth.
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Figure 7-51: Stress perpendicular to the grain in the centre of the beam along
the fibres and the depth
Figure 7-52 shows the contour plots for the bending stresses parallel and
perpendicular to the grain at an applied load of 50 kN. The maximum stresses
perpendicular to the grain t,90 is equal to 1.87 MPa. The maximum tensile
bending stresses are close to 24.7 MPa.

a)

b)

Figure 7-52: Contour plots: a) stresses perpendicular to grain and b) Bending
stresses
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The annual rings and the cylindrical orthotropy strongly influence the
distribution of the stress perpendicular to the grain along the width of the beam
(Figure 7-53). Close to the outer edge (b=30 mm), the stresses perpendicular to
the grain are ten times lower than in the center.
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Figure 7-53: Stress distribution perpendicular to the grain
Concerning the bending stress distribution, a stress jump occurs at the glue line
between two laminates, which is due to the sudden change of material and fibre
orientation (Figure 7-54). The glue line was not modeled explicitly and a more
detailed model may be achieved in order to determine the stress distribution in
the glue line.
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Figure 7-54: Bending stress distribution along the depth (P=50 kN)
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The values of the maximum stresses perpendicular to the grain t,90 and the
maximum bending stresses m for both models are reported in Table 7-5:

Table 7-5: Maximum stress perpendicular to grain at mid section
t,90 (MPa)
0.97
1.22
1.87
2.35
1.18

Rhombic orthotropy model (at 50 kN)
Rhombic orthotropy model (at 63 kN)
Cylindrical orthotropy model (at 50 kN)
Cylindrical orthotropy model (at 50 kN)
Larsen et al. (1992) (at 63 kN)

m (MPa)
23.69
24.70
-

The maximum stress perpendicular to the grain reported by Larsen et al. (1992)
can be considered as an global tensile stress perpendicular to the grain for the
entire beam. Figure 7-55 shows the evolution of the maximum stress
perpendicular to the grain during loading for both models. The dotted line
represents the tensile stress perpendicular to the grain at failure reported by
Larsen et al. (1992). At the same applied load, the rhombic orthotropic
assumption has tensile stresses perpendicular to the grain equal to those
reported by Larsen et al. (1992). The cylindrical assumption model predicts
tensile stress perpendicular to the grain twice as high. It is interesting to see
that stresses perpendicular to the grain equal to 1.2 MPa are already present
around 30 kN applied load for the cylindrical orthortropy model.
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Figure 7-55: Maximum stress perpendicular to the grain during loading
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7.4.1.3 FFRP Reinforced, cylindrical orthotropy

Apart from the addition of the FFRP bonded to the side of the beam and a
change of element size, the model is the same as the one studied previously
(geometry, material properties for glulam, boundary conditions, etc.).
The mesh used for the glulam has larger elements (6 mm against 5 mm for the
unreinforced model). Cubic elements are used with full integration points. The
glulam is modeled with 22 560 elements in total. The FFRP is 0.7 mm thick
and is unidirectional with the fibres oriented in the same direction as the
vertical symmetry line. At most, the fibres have an angle of 20º with the tensile
stresses perpendicular to the grain direction. The FFRP covers the entire side
surfaces of the beam and is bonded to the glulam beam with a “tie” constraint
(Figure 7-56). The glue line is not explicitly modeled. Cubic (linear
hexahedral) elements of size 10 mm have been used for the mesh of the FFRP.
A total of 2 256 elements constitute the FFRP parts. Each brick element C3D8
is composed of 8-nodes and full integration is applied.

Figure 7-56: FRP reinforced curved glulam beam: assembly and mesh
The deflection a mid span was evaluated in order to plot the load-deflection
curves and compare them with experimental results. However, the choice of
points where to determine the deflection influences the result, since the vertical
displacement varies significantly in the beam (see Figure 7-57).

Figure 7-57: Contour plot of the vertical displacement
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The deflection is calculated as the relative vertical displacement between the
two nodes showed in Figure 7-58. This displacement measurement is similar to
the one recorded by the displacement trandsducers used in Larsen et al. (1992).

Figure 7-58: Nodes used for deflection calculation
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Figure 7-59: Load deflection curves - elastic response
The load deflection curves from the FEA give higher deflections than the
experimental result from Larsen et al. (1992). The difference is greater for the
unreinforced specimens. Larsen et al. (1992) reported an average deflection of
1.75 mm and 3.49 mm against 2.19 mm and 3.63 mm from the FEA
(unreinforced and reinforced respectively). Note that the reinforcement
composite is GFRP-225 in one case and FFRP-185 in the other.
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Figure 7-60: Stress perpendicular to the grain in the middle of the beam along
the depth and the length
The position of the neutral axis has been switch even closer to the bottom face
of the beam (z = 30 mm against 3.55 mm for the unreinforced specimens).
Both Traberg et al. (1993) and Larsen et al. (1992) reported failure in tension
perpendicular to the grain near the tension side for GFRP reinforced curved
glulam beams.

Figure 7-61: Contour plot: Bending stresses
Experimental results reported by Larsen et al. (1992) for the bending test of the
same type of curved glulam beam reinforced with GFRP (225g/m2) show a
stress perpendicular to the grain of 2.19 MPa at a load of 117 kN (mean values
for three beam tested).
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Contour plots for bending stress and tensile stress perpendicular to the grain at
P=117 kN are plotted in Figure 7-61 and Figure 7-62. The maximum bending
stress is situated at mid section in the bottom lamella and is equal to 56.5 MPa.
The characteristic value for glulam L40 (GL32) is fm=32 MPa, which indicates
that failure in bending can be a possibility for FFRP reinforced curved glulam
beams. The tensile stresses are highest in the middle part of the beam, and are
equal to 3.3 MPa. The analysis does not consider any crack formation and
propagation, and therefore only gives an idea of how the material behaves
elastically under loading.

Figure 7-62: Contour plot: stresses perpendicular to the grain
The tensile stress distribution along the width, in the vicinity of an interface
between laminations is plotted in Figure 7-63. The highest stresses in the
glulam are about 12 times lower than those in the FFRP. The contour plot in
Figure 7-64 shows the tensile stress distribution in the reinforcement, which is
quasi-similar to the one in the glulam. Since the fibres do not follow the curved
shape of the beam, the stressed areas are not perfectly superposed.
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Figure 7-63: Tensile stress along the width
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Figure 7-64: Contour plot: Tensile stresses in the FFRP (P = 117 kN)
The tensile stresses in the FFRP are also highest at the neutral axis, 30 mm
below mid-depth (Figure 7-65).
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Figure 7-65: Stress in the FFRP along the depth
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7.4.2 Damage modelling
7.4.2.1 Unreinforced, cylindrical orthotropy

Crack initiation and propagation is considered in this part. 3D cohesive
elements are used in the section where the tension perpendicular to the grain is
highest and where a crack is more likely to occur. In the theory, it was shown
that the highest stress perpendicular to the grain is situated at the neutral axis.
For curved beams loaded in bending, the neutral axis is shifted downward at a
distance z from the geometrical central axis. This distance is a function of the
dimensions of the curved glulam beam. For the unreinforced curved beam
studied in this work, z has been determined as equal to 3.55 mm.
Figure 7-66 shows an exploded view of the assembly between the curved
glulam beam and the interface elements.

Cohesive
layer
Glulam

Figure 7-66: Assembly: exploded view
The load displacement curve was plotted in Figure 7-70. A linear elastic
behaviour is observed until P = 62 kN (approximate displacement 2.1 mm).
Larsen et al. (1992) reported a maximum load P = 63 kN at a displacement of
1.75 mm. After 62 kN, the stiffness of the glulam decreases, which indicates
that damage has initiated in the cohesive layer. The maximum load from the
FEA is in good agreement with the experimental results. However, the
deflection is slightly higher in the model. This can be explained by a deviation
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in measurement between experiments and model, but also by the assumption
regarding the material parameters in the model and the annual rings pattern.
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Figure 7-67: Load-deflection curve
Similar to the prismatic glulam specimens, the crack formation and
propagation in the cohesive layer starts already while the load still increases.
At 44 kN, the crack has appeared in the middle of the beam close to mid-span.
The crack propagated both along the fibres and along the width of the beam as
the load increases, Figure 7-68. Around 62 kN, the crack has propagated
through the entire width at mid-span. Figure 7-69 shows the crack opening at
62.7 kN in the middle of the beam (cut view) and on the outer face. The crack
has propagated on a longer distance in the middle of the beam, where the
tensile stresses perpendicular to the grain are highest.
The tensile stress distribution around the crack changes as the crack opens. At
13 kN, high stresses are situated around mid-width, mid-span and mid-depth.
When the crack opens, tensile stresses perpendicular to the grain around the
cohesive layer decreases. This is clearly visible at 56.4 kN for instance. The
same redistribution of tensile stresses was also observed for prismatic glulam
specimens..
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P = 13.34 kN
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Figure 7-68: Crack propagation under loading (Deformation Scale factor=50)

Figure 7-69: Crack opening in the middle of the beam and in the outer side
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In order to investigate the stiffness degradation and the damage evolution, the
stress displacement curve is plotted for the element situated at mid-span and
mid-width (Figure 7-70). This element is one of the most highly stressed under
loading. The strength defined in the traction-separation law was reached and
the element is damaged. This can be seen on the graph as a decrease of the
stress in the element. Figure 7-71 shows the contour plot of the tensile stresses
in the cohesive layer at 62.7 kN, where stresses have started to decrease at midspan and mid-width.
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Figure 7-70: Stress-displacement curve at mid-span and mid-width in the
cohesive layer

Figure 7-71: Tensile stress in the cohesive layer (P = 62.7 kN)
At 62.7 kN, the damage criterion is fulfilled in more than half the interface
layer (Figure 7-72-a) and degradation initiated in these elements.
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a)

b)

Figure 7-72: Damage criterion and stiffness degradation in the cohesive layer
(P = 62.7 kN)
7.4.2.2 FFRP reinforced, cylindrical orthotropy

It was shown that the plane section where highest stress perpendicular to the
grain occur is shifted downward if compared to unreinforced curved glulam
beams. From the linear elastic model of FFRP reinforced curved glulam beam,
the position of this section has been determined. FFRP is added to the previous
model, which is unchanged regarding the remaining parameters. A view of the
assembly is shown in Figure 7-73.
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FFRP

Figure 7-73: Assembly: Exploded view
The load-deflection curve have been plotted in Figure 7-74 together with the
results from Larsen et al. (1992). The stiffness of the reinforced beams is
increased. At identical load, the deflection is decreased by 7%. The stiffness
predicted with FEA is lower than the one from experiments. The mechanical
properties of the reinforcement used in the model were lower than the one in
the experiments (FFRP-185 in the model against GFRP-250 in the experiment),
and the amount of reinforcement was higher in the experiments. It is therefore
reasonable to claim that FFRP reinforcement is comparable to GFRP in terms
of stiffness and strength.
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Figure 7-74: Load-deflection curve
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The damage initiated as for unreinforced beams, at mid-span and mid-width.
The tensile stress of one element in that area is plotted against the relative
displacement between the top and bottom surface of the interface layer. The
tensile stresses perpendicular to the grain in the glulam are redistributed above
and under the cracked section, Figure 7-75. These stresses are greater than the
strength of the cohesive layer. Damage could have initiated in these sections if
a cohesive interface would have been modelled. Larsen et al. (1992) reported
several cracks over the cross section for some of the tested beams.
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Figure 7-75: Stress-displacement curve at mid-span and mid-width in the
cohesive layer
Contour plots show the crack formation and evolution under loading in Figure
7-76. For unreinforced beams, which fail at a load close to 63 kN, the crack
appears and starts to propagate around 44 kN. Using the same deformation
scale factor, the crack opening is visible at 77 kN for FFRP reinforced beams.
The crack propagates along the width and along the fibres of the beams, as for
unreinforced beams. It is interesting to note that while the unreinforced glulam
beam fails around 62 kN, the FFRP reinforced beams can still be considered as
undamaged.
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Figure 7-76: Crack propagation under loading (Deformation Scale factor=50)
As shown in Figure 7-77, the bending stresses reach values close to 50 kN at an
applied load of 97 kN. Bending failure, which have also been reported by
Larsen et al. (1992) for GFRP reinforced curved glulam beams, has to be taken
in consideration. No stress based failure criteria was used in the current model.

Figure 7-77: Bending stress in the glulam at 97 kN
The tensile stress in the cohesive layer at 97 kN are shown in Figure 7-78
together with the quadratic failure criterion and the stiffness degradation in the
cohesive elements. The crack has propagated at mid-width along the fibres.
However, the propagation of the crack seems to be slower along the width.
This can be explained by the presence of the FFRP reinforcement which
prevents or decreases the opening rate of the crack.
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Figure 7-78: Tensile stress, quadratic damage and stiffness degradation in the
cohesive layer at 97 kN
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7.5

Conclusion

The conclusions of the finite element analysis (FEA) are:
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x

A model of glulam specimens where high tensile stresses perpendicular
to grain are expected should take into account the cylindrical orthotropy
(annual rings) assumption.

x

For both prismatic glulam specimens and curved glulam beams, the
tensile stresses perpendicular to grain obtained with FEA (ABAQUS
(2006)) are comparable to those from experiments.

x

Cohesive elements can be used to model damage initiation and
evolution if the section where the crack is most likely to occur is
known. A traction separation law is used successfully but the sawing
pattern of the glulam modeled should not generate compressive stresses
since interface elements do not undergo compressive damage.

x

The material model used for the cohesive layer is a success factor and
should therefore be considered in depth.

Conclusion and Future Work

8 Conclusion and Future Work

8.1

Conclusions

The use of flax fibre reinforced polymer as a strengthening device for timber
structures has been investigated. Flax fibre is widely available in Europe, and
one of the most promising natural fibres as an alternative to glass fibre.
Fibre Reinforced Polymer (FRP) was used as the reinforcement device to
strengthen prismatic glulam specimens in tension perpendicular to the grain.
Glass fibre and flax fibre reinforced epoxy laminates were produced and
bonded on both vertical sides of the prismatic glulam specimens.

x Does the use of flax fibre/epoxy composites to reinforce glued laminated
timber in tension perpendicular to the grain increase the strength ft90d?
The maximum tensile stress perpendicular to the grain was increased by
respectively +25 %, +74 % and +23 % when the specimens were reinforced
with FFRP-185 (Flax Fibre Reinforced Polymer - 185 g/m2), FFRP-230 and
GFRP-250 (Glass Fibre Reinforced Polymer - 250 g/m2). The stiffness of the
specimens increased for all strengthened specimens. The use of FFRP-185
enhances the stiffness by +32 %; with FFRP-230 the stiffness is increased by
+41 % and with GFRP-250 by +35 %.

x The failure of wooden structures is often brittle and sudden. Does the
strengthening with flax fibre composite give the structure a more ductile
behaviour?
For all specimens reinforced with fibre polymer composite, higher failure
strains were recorded. The specimens had a semi-ductile failure, with warning
cracks in the glulam before failure in the fibers.
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x Can a simple model give information on the load bearing capacity of the
strengthening system using a probabilistic approach?
A model describing the behavior of FFRP reinforced glulam in tension
perpendicular to the grain was derived and experimental results are comparable
to theoretical ones. A Monte Carlo (MC) simulation showed that the mean
values obtained during experiments where rather close to those from MC.
However, the standard deviations from the MC simulation are much higher.
From a First Order Second Moment analysis (FOSM), it has been
demonstrated that the variation within the stiffness perpendicular to grain of
the glulam, the stiffness of the flax fibres and the strain at failure of the
specimen are driving the variation in results significantly. The variation in
strain/displacement has the strongest influence.
The use of FFRP to reinforce glulam prismatic specimens upgrades the safety
of the structure from safety class 1 to safety class 2/3. It was shown in the FEA
(Finite Element Analysis) that the damage in the cohesive layer starts at higher
loads for FFRP reinforced specimens, which supports the results from the
FOSM analysis.

x To what extent can finite element analysis be used to predict the stresses
and deformations in a strengthened structure? Which model can be used
to analyse flax fibre composite reinforced glued laminated timber?
An FE model of glulam specimens where high tensile stresses perpendicular to
grain are expected should take into account the cylindrical orthotropy (annual
rings) assumption. For both prismatic glulam specimens and curved glulam
beams, the tensile stresses perpendicular to grain obtained with FEA
(ABAQUS (2006)) can be compared to those from experiments.
Cohesive elements can be used to model damage initiation and evolution if the
section where the crack is most likely to occur is known. A traction separation
law was used successfully. The sawing pattern has a strong influence on the
result.
8.2

Future work

The use of epoxy as matrix was motivated by its good bonding with natural
fibres. However, epoxy is not an environmentally friendly material, and
therefore should be replaced by another matrix.
Bending tests on curved glulam beams reinforced with flax fibre composites
would be interesting to carry out as a complement to the FEA.
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The analytical model does not consider the GFRP reinforced glulam
specimens, since the mode of failure involved debonding and shear stresses.
The next step would be to consider this failure type in the model, but also to
model the glue line between the composite and the glulam both analytically
and numerically.
In the FEA, the material models can be studied and analysed deeper. For
instance, the softening part was chosen as linear for the material definition of
the cohesive layer. However, bilinear curves are also commonly used and
experiments have shown exponential softening responses. Then, a failure
criteria, energy or stress based, should be applied to the composite.
It would be interesting to study moisture transport in wood and in the FRP
since humidity generates higher swelling and shrinking in wood than it does in
FRP. Internal stresses at the interface can appear due to this phenomenon and
should be avoided to provide a good interface bonding between glulam and
FRP.
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