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Abstract

 III 

Abstract

Wood properties are often inappropriate for heavy loads construction 
applications. Major drawbacks like durability and high variability among the 
properties present in timber can be reduced by using glued-laminated timber. A 
further step to decrease this variability has been widely investigated during the 
last decades by bonding FRP (carbon, aramid and glass fibres) to timber or 
glulam beams. Many reinforcement devices have been experimented, with 
promising result most of the time. However, a great concern about 
environmental friendly materials showed up a few years ago, and the 
reinforcement used today are far from fitting to this approach. 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. The properties of some natural fibres (bamboo, flax, hemp, cotton, 
wool, etc.) have been investigated and the reported results showed promising 
utilisation of some of them as an alternative to glass fibres in many 
applications. 

Keywords: Natural fibres, Glued-laminated timber, Tension perpendicular to 
the grain, Flax fibres composites, FRP composites, Strengthening 
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AFRP Aramid Fibre Reinforced Polymer 
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CFRP Carbon Fibre Reinforced Polymer 

CNSL Cashew Nut Shell Liquid 
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fc,0 Compressive strength parallel to the grain  
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RH Relative Humidity 
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SEM Scanning Electron Microscope 

SPI Soy Protein Isolate resin 

THC Tetra Hydrocanabinol 

UD UniDirectional 

UP Polyester 
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1 INTRODUCTION

The overall aim of this report is to make a state-of-the-art review of timber 
reinforced with FRP (Fibre reinforced polymer). Timber is one of the oldest 
materials that human beings have used in construction. Bridges, houses, 
cathedrals, boats, and even planes, since the end of the 19th century, have been 
built with timber. 

Some great civil engineering structures of the past have been made of wood, 
e.g. the Buddhist monuments in the Horyu-ji area, Japan, late 7th century, 
which are ones of the oldest wooden buildings in the world; or the Kintai 
Bridge, Japan, 1673, an impressive 200 meters timber structure where not one 
nail have been used during the construction. 

Figure 1.1: Kintai Bridge, Japan, 1673 (Miley and Fukken, 2005) 
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Northern Europe countries like Sweden, Norway and Finland have been using 
wood as raw material for construction for years. Many of these old buildings 
are still standing or even inhabited today (Figure 1.2). 

Timber has thus been widely used across the age in many fields and 
particularly in civil engineering, until the arriving of concrete and steel in the 
20th century. Buildings have become higher; bridges have to withstand higher 
loads because of the increase in traffic and trucks size. Besides, those new 
materials had higher strength, durability, and contrary to timber, no natural 
variations. All these “advantages” led to the decrease in timber for high loads 
structures until the end of the 1980s, but it is still one of the most popular in 
light construction. 

Figure 1.2: Puohi, Finland, 1601 (Alann André, LTU) 

Engineered Wood Products (EWP), such as glue-laminated timber (glulam), 
have helped to increase the mechanical properties such as strength and stiffness 
in timber construction. Indeed, natural variations like knots, micro fibrils angle 
and homogeneity, which were the natural mechanical limits of massive timber, 
are considerably reduced in glulam.  

With higher mechanical properties and less variability, glulam has become an 
interesting alternative to traditional materials (e.g. concrete, steel) for high load 
structures in civil engineering. 

Besides, timber is a renewable material, environmentally friendly and available 
in large quantities almost all around the world.  
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A recent application where engineers preferred timber to steel can be seen in 
Mäntyharju, Finland. The Vihantasalmi Bridge, constructed between 1997 and 
1999, is one of the largest wooden bridges in the world built for a main road. 
The bridge is 168 meters long and 14 meters wide. The load bearing structure 
was built using glued-laminated timber (Figure 1.3) 

Figure 1.3: Main road bridge over Vihantasalmi, Finland, 1999 (Svenskt 
Limträ AB, 2005) 

These improvements in mechanical properties have contributed to extend the 
fields of applications in timber engineering. 

During the last years, reinforcement of glulam has been one of the most 
intensive research projects 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 many projects.  

However, the use of petroleum- or mineral-based fibres in FRP components 
makes them difficult to recycle. Today, the pressure from the society to use 
sustainable, renewable natural material 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 suitable to be 
used for strengthening of structural elements made of wood. 
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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 
which are the softwoods and the hardwoods. This differentiation is made on the 
method the species use to reproduce but also on their microscopic structure.  

The chemical and mechanical properties of one piece of wood from one given 
tree specie or even more from the individual tree vary. The first feature of 
wood products is their origin: a living tree. Many parameters (e.g. the 
geographic location, the climate, the soil condition, etc.) affect the growing of a 
tree and consequently its properties.

For instance, the angle of the microfibrils in the S2 layer of the cells wall is 
playing a major part in the mechanical properties of wood like the strength. By 
increasing this angle, the strength decreases. Since the variation in microfibril 
angle between two trees of the same specie is common, the variations in the 
mechanical properties can also be large. Variation in microfibril angle in 
Eucalyptus clones growing at four sites in Brazil has been investigated by Lima 
(2004). He reported that the difference in microfibril angle was significant both 
between sites and clones. The mean angle varied between 7.4° to 10°.
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Figure 2.1: Structure of wood cell wall structure: P=Primary Wall, 
ML=Middle Lamella  (Rowell, 1995) 

The wood fibres are composed with different layers, and can be compared to a 
laminate. In this lamination, the S2 layer is the one giving the mechanical 
properties to the fibre. Thus the orientations of the microfibril of this layer are 
important to provide high mechanical properties. An angle close to 0° will 
generally give higher mechanical properties.  

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.  
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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 (Figure 
2.2).

Figure 2.2: Anisotropy in wood 

Consequently, twelve constants (9 are independent) are necessary to describe 
the mechanical behaviour of wood (Forest Products Laboratory, 1999): 

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 
greater in the direction parallel to the grain.
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2.2 Mechanical properties of wood species 

The large number of species gives a large panel of different wood with 
different properties. Average values of wood mechanical properties used in 
construction are approximately (for spruce):  

90 MPa in tension parallel to the grain (ft.0),
3 MPa in tension perpendicular to the grain (ft,90),
30 MPa in compression parallel to the grain (fc,0)
6 MPa in compression perpendicular to the grain (fc,90)
7 MPa in shear parallel to the grain (fv)

These values are average values. 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. 

The following table 2-1 (Dinwoodie, 2000) shows mechanical properties of 
selected timbers at 12% moisture content from small clear test pieces. 
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Table 2.1: Mechanical properties of selected timbers 

Static bending in three 
point loading Density 

when

Dry 

(kg/m3)

Modulus
of

rupture
(MPa)

Modulus of 
elasticity 

(MPa)

Compression:
parallel to grain 

(MPa)

Hardness:
on side 

grain (MPa) 

Shear: 

Parallel to 
grain
(MPa)

Hardwoods

Balsa 176 23 3200 15.5 - 2.4 

Obeche 368 54 5500 28.2 1910 7.7 

Mahogany 497 78 9000 46.4 3690 11.8 

Sycamore 561 99 9400 48.2 4850 17.1 

Ash 689 116 11900 53.3 6140 16.6 

Oak 689 97 10100 51.6 5470 13.7 

Greenheart 977 181 21000 89.9 10450 20.5 

Softwoods

Norway 
Spruce 

(European)
417 72 10200 36.5 2140 9.8 

Yellow pine 
(Canada) 433 80 8300 42.1 2050 9.3 

Douglas fir 
(UK) 497 91 10500 48.3 3420 11.6 

Scots pine 
(UK) 513 89 10000 47.4 2980 12.7 

Caribbean
pitch pine 769 107 12600 56.1 4980 14.3 
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Low tension properties perpendicular to the grain is one of the major 
drawbacks of solid wood. Within timbers of the same specie and the same 
grade, the distribution of the strength properties is large (see figure 2.3). In 
construction of wooden structure, the fifth percentile strength is the design 
value. That means that statistically, 95% of the timbers can withstand higher 
loads, but prudence and laws impose the use of this value.

Figure 2.3: Typical characteristic of timber bending test (John and Lacroix, 
2000) 

Timber beams tested in bending usually failed in the tension side at knots or 
defects positions (weak sections).

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, usually metal made, are then often used to produce 
larger span up to 30-40 m. To overcome this limitation, 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 (Thelandersson and Larsen, 2003). More 
details of glulam laminated timber are given in chapter 2.4. 
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2.3 Strength grading 

To be able to optimize the use of timber, i.e. 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 coming from, 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: Correlation coefficients between grading characteristics and 
strength properties

Correlation with 

Grading parameter 
bending strength      

fm

tensile strength       
ft,0

compressive strength 
fc,0

Knots 0.5 0.6 0.4 

Slope of grain 0.2 0.2 0.1 

Density 0.5 0.5 0.6 

Ring width 0.4 0.5 0.5 

Knots + ring width 0.5 0.6 0.5 

Knots + density 0.7 – 0.8 0.7 – 0.8 0.7 – 0.8 

Modulus of elasticity 0.7 – 0.8 0.7 – 0.8 0.7 – 0.8 

E + density 0.7 – 0.8 0.7 – 0.8 0.7 – 0.8 

E + knots > 0.8 > 0.8 > 0.8 

2.4 Glued-laminated timbers 

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 
to form a specific piece of wood for a specific load. The interest to use this 
technology is to decrease product variability and make it less affected by 
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natural growth characteristics like knots. Indeed, it is possible to remove these 
defects and get a more homogeneous material.  

Besides, the glulam technology offers almost unlimited possibilities of shape 
and design for construction, and is widely used for load bearing structures in 
houses, warehouses, pedestrian bridges, etc. Its use for high load constructions 
is still limited due to lower bending strength and stiffness, higher cost, 
durability and maintenance drawbacks compared to concrete and steel 
structures. However, strong driving forces (environmentally friendly and 
aesthetic aspects) give wood and glulam a promising future.  

Countries where wood is a common raw material, like Sweden, Finland, 
Norway, Canada, etc., are already using glulam in a large scale. Some great 
construction, like the railroad station in Stockholm, Sweden (1920s) or the 
more recent Vihantasalmi bridge, Finland (1990s), are made of glulam. 

Figure 2.4: Some famous glulam constructions in Scandinavia (Svenskt Limträ 
AB, 2005). a) Swimming pool Kaskad, Kinna, Sweden, b) Håkons Hall, 

Lillehammer, Norway, c) Main road bridge over Vihantasalmi, Finland, d)
Stockholm railroad station, Sweden

a) b)

c) d)
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One of the most modern hospital in Europe, situated in Northern Sweden 
(Sunderbyn Hospital), has put forward the use of environmentally friendly 
material and care about the environment. Glulam columns have been used to 
fulfil these conditions (See figure 2.5).  

Figure 2.5: Glulam columns – Synderbyn Hospital, Sweden (Alann André, 
LTU) 

As mentioned previously, glulam are available is many shapes. Some of them 
are shown in figure 2.6 (Canadian Wood Council, 2005). However, 
transportation issues limit the size of glulam members.  

Figure 2.6: Glulam shapes for buildings 



Fibres for Strengthening of Timber Structures 

14

2.4.2 Production

The lumbers used to produce glued-laminated timber are first graded to 
determine their strength (visual grading) and stiffness (mechanical grading) so 
as to optimize the mechanical properties of each component of the glulam and 
place each member in the most optimal place. Lumbers with the highest 
mechanical properties will be placed in the top and bottom of the glulam, 
where the bending stresses (both compression and tension) are the greatest.

After grading, the lumbers with the same grade are joined together to produce a 
full length lamina. The lumber are often joined together with finger joints 
(Figure 2.7) 

Figure 2.7: Finger joint in Glulam 

The full length lamina obtained are assembled together to get the glulam shape. 
The initial assembly is achieved in dry state. The glue is then applied and the 
laminas are glued together. Pressure is applied during curing to obtain the 
desired curvature or pattern, and to provide a good bonding between the 
laminas. 

As a final step, surface planing, patching and end trimming are achieved to get 
a smooth surface. See figure 2.8 for details. 
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Figure 2.8: Manufacturing steps of glued-laminated timbers (Canadian Wood 
Council, 2005) 

2.4.3 Characteristic

Glulam timbers exhibit the same kind of characteristic as lumber. However, 
glulam has less variability and higher mechanical properties since it is more 
possible to control and remove the natural defects present in wood like knots, 
shakes, slope of the grain, etc. (see figure 2.9) 

Figure 2.9: Decrease in the characteristic variability by removing defects
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Therefore, the characteristic of glulam is narrower and higher than the one of 
timber. The fifth percentile value, used to design wooden constructions, is 
shifted to the right, like the average value of the strength. That means that the 
same piece of wood (same dimensions) made with the same specie of wood 
will be able to withstand higher loads. Or that for the same load, less wood will 
be needed if glulam technology is used. 

Figure 2.10: Glulam characteristic compared to timber characteristic 
(Carling, 2001) 

Glulam beams tested in bending usually fails in the tension side at knots, 
defects or finger joints positions, (Blaß and Romani, 1998-2000).  
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3 FRP: FIBRE REINFORCED POLYMER 

3.1 Glass, Carbon and Aramide fibres 

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 components leads 
to different type of glass fibres (E, C, R, S and T glass). Each one has different 
uses and consequently different properties. 

This blend is then submitted 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 bundle (Net 
composites, 2005).   

E-type glass fibres are often used, because of their good mechanical properties 
and relatively low cost (1.5-3 €/kg). (Table 3.1) 

Table 3.1: E-glass fibres properties (Varna and Berglund, 1996, and Net 
composites, 2005)

Eaxial / Eradial

GPa

max 

GPa

max

% Mg/m³ 

Price

€/kg

E-Glass Fibres 76 / 76 2.0 2.6 0.22 2.6 1.5 – 3 (a)
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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 (PAN). The last one is the most common 
used and was developed by Dr. Shindo in Japan, nearly 45 years ago. 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 much more expensive than glass fibres (20-60 €/kg), but also 
have much higher mechanical properties (table 3.2). Their use has been 
restricted to fields like aerospace for a long time, but has been widely extended 
to other application over the last years, sports commodities, etc. 

Table 3.2: HM and HS carbon fibres properties (Varna and Berglund, 1996, 
and Net composites, 2005) 

Eaxial / Eradial

GPa

max 

GPa

max

% Mg/m³ 

Price

€/kg

HM Carbon Fibres 380 / 12 2.4 0.6 0.2 1.95 20 - 60 

HS Carbon Fibres 230 / 20 3.4 1.1 0.2 1.75 20 - 60 

The actual process to produce carbon fibres leads to much 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 3.1) 
(Ogawa, 2000)
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Figure 3.1: Mechanical properties of PAN-based CF

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 fibres types can be cited: the para-aramid and meta-
aramid fibres. They have very high mechanical properties like tensile strength, 
Young’s modulus, and good resistance to impact (widely used in ballistic 
applications). Aramid fibres are also very 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 
3.3)

Table 3.3: Aramide fibres properties (Varna and Berglund, 1996, and Net 
composites, 2005) 

Eaxial / Eradial

GPa

max 

GPa

max

% Mg/m³ 

Price

€/kg

Aramide Fibres 130 / 10 3.0 2.3 0.35 1.45 20 - 35 
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3.2 Resins

When matrices are chosen to produce FRP composites, three essentials feature 
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. 

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 from 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 3.4: 

Table 3.4: Properties of matrix (Varna and Berglund, 1999, Net composites, 
2005) 

E

GPa

max 

MPa 

max

% Mg/m³ 

Price

€/kg

Thermoplastics       
Polypropylene (PP) 1.0-1.4 20-40 300 0.3 0.9 - 

Polyetheretherketone 
(PEEK) 3.6 170 50 0.3 1.3 - 

Polyamide (PA) 1.4-2.8 60-70 40-
80 0.3 1.14 5 

Thermosets   
Epoxy (EP) 2-5 35-100 1-6 0.35–0.4 1.1-1.4 6.5 

Polyester (UP) 2-4.5 40-90 1-4 0.37-
0.39 1.2-1.5 1.5 

Vinylester  3  70  5 0,35 1.2 2.5 
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3.3 Mechanics of fibre composite material 

Fibre reinforced polymer composites mechanical properties can be determine 
theoretically. The mechanical properties of FRP composites are function of the 
fibres 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. 

3.3.1 Unidirectional fibre composite mechanics

a. Volume fraction 

The fibre volume fraction of a composite is obtained by the following formula: 

mffm

fm
f WW

W
V  (3.1)  

where Wf is the fibre weight fraction, Wm the matrix weight fraction, f the 
density of the fibres and m the density of the matrix. 

b. longitudinal modulus EL

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

)1( fmffL VEVEE    (3.2) 

where Vf is the volume fractions the fibres. Ef and Em are respectively the fibre 
and the matrix Young’s modulus.  

c. transverse modulus ET  (constant stress model) 

If we assume 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 U.D. composite 

m

m

f

f

T E
V

E
V

E
1  (3.3) 
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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 

m

m

f

f

LT G
V

G
V

G
1  (3.4) 

Gf and Gm is the shear modulus in the fibre and matrix respectively.  

e. major Poisson’s ratio LT

If the composite is made of isotropic constituents, the rule of mixture can be 
used to calculate the major Poisson’s ratio, 

mmff
L

T
LT VV  (3.5) 

f. HalpinTsai equations 

Since 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%) 

Transverse modulus ET : 
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where
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 (3.7) 

The parameter  is a fitting parameter and Halpin and Tsai suggested  = 2 for 
fibres with circular cross section (most man-made fibres) 
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In-plane shear modulus GLT:
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where
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 (3.9) 

 = 1 is suggested for fibre with circular cross section (most man-made fibres)  

The elastic constant 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).

3.3.2 Elastic behaviour of the lamina 

In all the laminate theory, indices m and n are used. 

 m = cos( ) and n = sin( ) where  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): 
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The equations for the transformation of stress and the strain are: 
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The generalised Hook’s law, for a continuous fibre composite is the following 
in the local coordinate system (L-T): 

LTLTLTLT QandS   (3.12) 

where [S] is the compliance matrix. 1QS  where [Q] is the stiffness matrix 
(for orthotropic materials) 
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The generalised Hook’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. 

TSTS T   (3.15) 



FRP: Fibre Reinforced Polymer 

 25 

The different terms of S  can be expressed by using the engineering constants 
of the laminate 
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4 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.

At the beginning, traditional reinforcement materials were used like aluminium 
and steel, but the objective was the same, increase the mechanical properties of 
timber to be able to use it for high load structures. However, the decrease of the 
fibres price makes 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) 

There is today a necessity to increase, maintain and upgrade old wooden 
structures and to allow new constructions using wood timber and especially 
glulam.  

Many reinforcement layouts exist (see figure 4.2-4.4), but since each choice 
can lead to a different result, an investigation must be carried out for the 
selection in order to avoid ineffective interventions (Borri et al., 2005) 

The role of the FRP reinforcements, which have high mechanical properties, is 
often 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. Besides, 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.
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Thus, reinforcement can have major advantages: 

Increase the mechanical properties 
Decrease the wooden members dimension and consequently weight, 
which provides easier handling 
Introduce the use of lower wood grades 
And off course… decrease of the total cost of the structure if compared 
to conventional material 

Figure 4.1: Characteristics of timber (3), glulam (2) and FRP reinforced 
glulam (1). 

The expected results of reinforcing glued-laminated beams with FRP can be 
represented in figure 4.1. (this representation has not been realised 
experimentally). By comparing the characteristics of timber, glulam and FRP 
reinforced glulam, we can also 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 possible to build wooden structures with FRP reinforced glulam that 
can sustain higher loads. 

In all cases, the application of reinforcement must be carried out with 
precautions. The wood surface must be even, clean, unweathered and dry 
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(moisture content < 16%) to optimize the bonding between the wood and the 
FRP.

4.1 Flexural Strengthening 

As mentioned before, glulam beams tested in bending usually failed at the 
tension side at knots, defects or finger joints positions. Glulam are thus mostly 
reinforced at the tension side to enhance the tensile properties and to make the 
glulam fail in compression mode, which is more ductile. 

Different ways to reinforce wood shear properties is presented in figure 4.2. 
The dimensions (length, angle, thickness, etc.) of FRP are not quantitative. The 
arrow represents the bending load. Different type of load application are using 
among the investigations (bending 3 points, 4 points). 

a. The tension failure in wood in bending is brittle, random and difficult to 
predict (John and Lacroix, 2000). As a result, reinforcement of timber 
or glulam beams with FRP layers bonded in the tension side of the 
beam has been very “popular” the last years and the involved in many 
investigation (John and Lacroix, 2000; Hernandez et al., 1997; Blaß and 
Romani, 1998-2000; Fioralli et al., 2003; Borri et al., 2005; Romani and 
Blaß, 2001). The overall aim of this application is commonly to 
increase the flexural strength and stiffness, and to get a compression 
failure mode, more predictable and more plastic, and thus increasing the 
evacuation time of a failing wooden structure.  
Johns and Lacroix (2000) investigated the length effect of CFRP 
(Epoxy) bonded onto the tension side of timbers (CFRP layer on the 
full length or on the constant moment area only). It was reported a 
strength increase between 40 to 70 % if compared to the unreinforced 
control beam. A more narrow distribution has also been observed, 
which indicate a higher strength of the fifth percentile for CFRP 
reinforced timbers. More failures occurred in the compression side, 
which indicate a more ductile behaviour.  

Hernandez et al. (1997) have been investigated the flexural strength and 
stiffness of yellow-poplar glulam reinforced with GFRP (Vinylester). 
Three percent by volume were added. Two layers were bonded on the 
tension zone. The small size of the piece couldn’t give significant 
statistical comparison, but it was reported higher flexural strength and 
stiffness with the reinforcement. They also observed catastrophic 
failure on the tension side with delamination failure of the GFRP layers. 
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Blaß and Romani (1998-2000, 2001) reported a great increase of the 
flexural properties with CFRP as reinforcement. Failure at knots or 
finger joints have however been observed for all specimens at the 
tension side above the reinforcement. 

Fiorelli et al. (2003) reinforced Pinus Caribea timber beams by using 
external bonding of FRP sheets on their tension sides. GFRP (1% of the 
volume of timber) and CFRP (0.4% of the volume of timber) were used 
as reinforcement and were compared. The failure process occurred in 
two stages, were the first failure was due to the crushing of the timber 
in the compression side followed by shear or tensile failure of the 
timber, which correspond to a more ductile failure mode. 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. It was reported 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 
(if compared to the control). Pre-stressing of the CFRP sheets did not 
lead to any significant improvement compared to the non prestressed 
reinforcement.   

b. The glulam beam is reinforced in the tension side with FRP layers, 
hidden between lumbers of the glulam for reasons of fire safety or to 
keep the aesthetic aspect of the wood. 
Dagher et al. (1996) studied FRP reinforced eastern hemlock glulam 
beams. Eastern hemlock was chosen because the authors believed that 
FRP reinforced glulam or timber can be used with great results to 
reinforced inexpensive and low mechanical properties wood like 
eastern hemlock. Low, medium and high graded glulam beams were 
reinforced with FRP (Two different volume ratios: 1.1 and 3.1 %). 
Increasing flexural properties have been reported in all cases, but the 
greatest enhancements have been registered with the lower grades of 
wood. The flexural strength of the medium grade glulam beams were 
affected by increasing the volume ratio of FRP (+33% to +55%, if 
compared to the un-reinforced beams). However, no significant 
improvement of the flexural strength was reported with high grade 
glulam beams bonded with FRP.      
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Galloway et al. (1996) reinforced southern pine glued-laminate timber 
with non stressed and prestressed aramid (Kevlar) FRP layers. It was 
shown that the glulam beams reinforced with the prestressed AFRP 
does not show significant increase of the flexural strength. Most of the 
beams failed at finger joints in the tension side. Shear strength tests of 
Kevlar/wood interface showed a decrease of the bonding between 
wood/Kevlar interface while increasing the prestressing level. 

Blaß and Romani (1998-2000, 2001) bonded AFRP and CFRP layers 
between the two last lumbers of a glued-laminated timber. As before in 
(a.), most of the failure occurred above the reinforcement, but also 
under the reinforcement (tension failure) and at the compression side 
(Failure at finger joints mostly) for the AFRP and CFRP reinforced 
glulam. 

c. The timber or glulam beam is reinforced with FRP sheets or layers in 
both compression and tension sides, based on the sandwich 
construction, with high mechanical properties skins and glulam core. 
This reinforcement type is expected to increase the durability of the 
wooden members by providing environmental protection (Lopez-Anido 
and Xu, 2002). 

Hernandez et al. (1997) have been investigated the flexural strength and 
stiffness of yellow-poplar glulam reinforced with GFRP (Vinylester). 
Three percent by volume were added. One layer was bonded on the 
tension zone and one on the compression zone. As explained previously 
(see a.), the small size of the piece couldn’t give significant statistical 
comparison but it was reported that the reinforcement gave higher 
flexural strength and stiffness. However, if compared with (see a.), a 
lower flexural strength was reported (13% lower). Tested beams failed 
catastrophically in tension as in (see a.), and delamination of the fibres 
composite layers was observed. 

Lopez-Anido and Xu (2002) studied, as Dagher et al. (1996), the 
reinforcement of eastern hemlock glulam. Vinylester and glass fibres 
were chosen for the 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 it was observed a change of the failure mode with greater 
ductility. The second reinforcement (±45° laminates) doesn’t improve 
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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 (ILSS) with CFRP to provide a good fire 
resistance. The flexural properties increased regardless of the kind of 
wood 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). As mentioned earlier (Dagher et al., 1996), the most defects-
filled specimens showed the greatest flexural properties increase. It was 
shown that bonded CFRP sheets on both side of the glulam provide 
good protection against fire (800°C under a constant load) since oxygen 
supply is stopped by the CFRP sheets. Hence the safer feature of CFRP 
reinforced glulam (the use of the new phenolic resin fire resistant) is 
also an improvement compared to unreinforced glulam specimens.  

d. The timber beam is reinforced over the bottom timber laminate with 
FRP. 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 
somewhat identical to the flexural properties of the beams reinforced 
with high density CFRP in the tension side (see a.).
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Figure 4.2: Different investigations to increase wood flexural properties

e. In this method to reinforce timber or glulam beams, NSM (Near 
Surface Mounted) reinforcements have been positioned along the larger 
dimension of the beam. One or several grooves are made in the wood to 
put FRP bars in general. A resin is used to bond the FRP to the wood 
(e.g. epoxy).
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) have been introduced in each side of the timber in 
the tension zone. The volume ratio of reinforcement was 0.42%. An 
enhancement of the flexural properties was reported (up to 46%). 
Besides, 60% of the reinforced beams failed in flexural compression 
mode, which is more ductile and controllable than the brittle failure of 
the unreinforced beams. 

Amy and Svecova (2004) reinforced dapped Douglas fir timber beams. 
The stress concentration formed at the dap in the timber stringers used 
in some timber bridges (e.g. in Manitoba, Canada) made them to 
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investigated FRP reinforced dapped timber beams. GFRP/Epoxy bars 
of 12 mm in diameter were used for flexural strengthening. The control 
beams (unreinforced but higher grade if compared to the reinforced 
beams) exhibits an average ultimate load of 121.3 kN, and dap or shear 
failure mode were reported in all cases. The use of flexural GFRP bars 
led to a slight increase of the average ultimate load (123.5 kN), and dap 
or shear failures were observed. It was noticed that the flexural bars 
could not prevent from failure in shear or at the daps of the timbers. An 
improved design of this reinforcement is proposed in chapter 4.3   

f. The timber or glulam is reinforced with the so-called NSM/FRP bars 
situated in the tension zone of the timber. One or several notches are 
made on the length of the wooden member. The bars are then put inside 
the notched and bond 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:  

o one CFRP bar in the centre 
o two bars positioned symmetrically from the centre 

In both cases, an enhancement of the maximum load and the stiffness 
have been reported (28.9 % and 22% for the first case, 52 % and 25.5in 
the second case). The presence of two CFRP bars increase significantly 
the maximum load but, the same statement cannot be claimed for the 
stiffness. A less ductile behaviour was also observed if compare 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. However, the aesthetic aspect is much better by using 
this method. 

Gentile et al. (2002) studied the effect of NSM reinforcement 
(GF/Epoxy) in 30 years old Douglas fir timber beams. Four bars 
(diameter 13 and 10 mm) were introduced in the tension side area. The 
volume ratio of reinforcement was respectively 0.42% and 0.26%. 
Same phenomenon has been reported as in (e.). 

Johnsson et al. (2005) investigated the strengthening of spruce glulam 
beams with CFRP rods (rectangular cross section, 10*10 mm). Epoxy 
resin was used. Three sets of reinforcement were selected:  

o one CFRP bar in the centre 
o two bars positioned symmetrically from the centre 
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o one shortened CFRP bar in the centre 
All reinforced glulam beams showed higher flexural properties if 
compared with the control beams. The increase in mean load capacity is 
between 44 and 63%. As in other studies (Gentile et al., 2002, etc.), 
ductile failure mode in compression side has been registered in 
reinforced glulam beams.  

g. Buell et al. (2005) have been investigated this single reinforcement. It 
consists in placing CFRP reinforcement at the bottom of the timber 
beam in the tension side far from the neutral axis to maximize the 
bending resistance. The shift of the CFRP has been achieved by 
positioning long piece of wood to the bottom of the beam. An 
additional carbon fabric was wrapped around the beam in the side and 
the tension area. It was reported a 69% increase of the bending strength 
if compared to the control beam and a compression failure mode. This 
reinforcement provided much higher strength in comparison to the 
other reinforced beams tested in bending by Buell et al. (see “shear and 
flexural strengthening” b. and c.).It was also reported an increase of the 
stiffness by 18%.

4.2 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 the shear is a 
rare failure mode for timber beams. 

Figure 4.3: Different investigation to increase wood shear properties
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A panel of different ways to reinforce wood shear properties is presented in 
figure 4.3. The dimensions (length, angle, thickness, etc.) of FRP are not 
quantitative. The arrow is also a “colourful” way to represent the load. 
Different type of load application are using among the investigations (bending 
3 points, 4 points). 

a. The timber or glulam beam is reinforced where the shear force attain its 
maximum value during bending with FRP laminates or fabric. The 
dimension of the FRP varied between investigations and the orientation 
angle of the fibres as well. Triantafillou (1998) has studied effect of 
FRP laminates or fabrics epoxy bonded to the shear length. It was 
reported an increase of the shear capacity by increasing the FRP area 
fraction. Radford et al. (2002) published 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. The timber beam is reinforced with pultruded FRP rods from the 
bottom to the top of the beam. The number of rods can vary through the 
length and the thickness, as well as the place and dimension.  
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 have been 
studied: the relative location and the number of GFRP rods. It was 
reported that the stiffness increase by increasing the number on 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. The 
results were compared to GFRP shear plates, see figure 4.2a). An 
effective reinforcement was reported but the unaesthetic aspect; the 
larger amount of material and the unpractical application are also noted.

Svecova and Eden (2004) reinforced Douglas fir timbers from a bridge 
with GFRP bars. Three different specimen type were tested (space 
between GFRP dowels, and disposition on the entire length or just on 
the shear length, were the parameters). 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 also significantly, from 44 kN to 144 kN with decreased 
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variability. It was noticed that this method, as before, can be carried out 
in situ without disturbing the traffic. 

4.3 Shear and Flexural strengthening 

Different ways to reinforce wood shear and flexural properties is presented in 
figure 4.4. The dimensions (length, angle, thickness, etc.) of FRP are not 
quantitative. Different type of load application are using among the 
investigations (bending 3 points, 4 points). 

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 and Svecova, 2004). The control beam 
(unreinforced but of higher grade compared to the reinforced beams) 
exhibits an average ultimate load of 121.3 kN, and dap or shear failure 
mode are reported in all cases. The use of flexural GFRP bars and 
dowels led to an enhancement of the ultimate load by 22% (149.1 kN) 
and a different failure mode (compression perpendicular to the grain), 
even if the reinforced beams were graded as much lower grade. 

b. The timber beam (Douglas fir) is reinforced with a large piece of 
carbon fabric (CFRP) covering the tension face of the beam, two third 
of the compression face and the two side faces (Buell and 
Saadatmanesh, 2005). The carbon fibres are oriented with a ± 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 if compared to unreinforced timbers. 
Besides, a failure in the tension side was mostly registered for the 
reinforced beams, i.e. no difference with the control. The Shear strength 
and modulus also increased significantly; +68% and +7% respectively 
compared with the control beam. The failure mode in shear was parallel 
to the grain. 

c. The timber beam (Douglas fir) is reinforced with four large pieces of 
carbon fabric (CFRP) covering all the faces. The CFRP pieces were 
wrapped around the beam, perpendicular to the longitudinal axis, and 
the purpose was to investigate the effect of the fabrics overlapping on 
the mechanical properties (Buell and Saadatmanesh, 2005). The timbers 
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were tested in bending and shear. Increase in flexural strength and 
modulus by 43% and 27% respectively were reported compared with 
the unreinforced timbers. Most beams failed in the tension. The Shear 
strength and modulus also increased significantly; +23% and +26% 
were respectively reported if compared to the control beam. The failure 
mode in shear was parallel to the grain. 

d. The timber beam is reinforced in the tension part (bottom of the beam) 
and in its sides with FRP (U-shaped half wrapping). Johns and Lacroix 
(2000) have investigated the effect of using a U-shape to reinforce 
timber beam, and reported a general increase in flexural strength by 
more than 40%. 

Figure 4.4: Different investigations to increase wood shear and flexural 
properties
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e. The timber beam is 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 and Eden (2004) reinforced Douglas 
fir timbers from a bridge with GFRP dowels and NSM bars. Four 
different specimen types 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 time 
higher minimum modulus of rupture (MOR) compared with control 
beams (from 10.1 GPa to 28.4 GPa for the worst specimen). The 
highest ultimate strength reported for the unreinforced timbers (144 kN) 
was equivalent to the lowest value with GFRP dowels and bars as 
reinforcement .The variability was also narrower (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. It was mentioned that this strengthening method can be 
carried out in situ without disturbing the traffic. 

f. The glulam beams, which are supporting parts of a floor, have been 
reinforced in situ with CFRP plates (Epoxy) bounded at 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) Hence the special reinforcement plates in 
compression. The difference in vertical position prevents a plane of 
weakness in the glulam. A 67 % increase in strength was reported 
between unreinforced glulam beams and reinforced ones. This method 
to reinforced floor has been applied in a high school gymnasium in 
USA and has been considered cheaper than all other alternatives (e.g. 
additional timber glulam was more difficult and more expensive).
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4.4 Summary

The needs govern the type of reinforcement to be used when a timber or glulam 
as to be strengthened. Glass fibre, carbon fibre and aramide fibre have been 
used in many studies and great results have been mostly reported. It has been 
shown that it was possible to increase the flexural properties, the shear 
properties, or both of them simultaneously, depending on the strengthening 
device. Some products are design 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. The common purpose of all 
these previous projects is to give the timber ductile failure behaviour.  
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5 NATURAL FIBRES: AN ALTERNATIVE TO 
GLASS FIBRES 

Natural fibres as reinforcement in composite materials have gained new 
interests. Indeed, ecological considerations such as recyclability and 
environmental friendly products are the new driving forces in our society 
where pollution and global warming issues have become almost incontrollable. 
The use of natural fibres does not provide the mechanical characteristics of 
carbon fibres, and consequently will not be use for high performance 
composites. However, they are a promising alternative to glass fibres, and 
some industries, e.g. the automotive industries, have already bet on their 
interesting properties. Although the presence of some negative points as lower 
strength properties, variable quality depending on unpredictable parameters, 
high moisture absorption, lower durability or limited processing temperature, 
interesting feature (Lower density, high specific mechanical properties, CO2 
neutral (see figure 5.1), unabrasive material, recyclable) give natural fibres a 
promising future.  

Figure 5.1: Natural fibres life cycle 
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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. 

The following fibres have been the purpose of many researches to determine 
their mechanical and chemical properties.  

Figure 5.2: Principal classes of natural fibres 
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5.1 Bast Fibres 

5.1.1 Bamboo Fibres 

Introduction

Bamboos are woody perennial plants from the grass family Poaceae, subfamily 
Bambusoideae. Certain species of bamboo can be up to 30 meters high, making 
them the largest members of the grass family. 

Bamboos are spread over many latitudes, altitudes and climates, from cold 
mountains to hot tropical regions. They are found in Asia in large quantities, 
but also in North Australia, sub-Saharan Africa, South U.S.A. and South 
America. 

The stalks/trunks are rounds, and composed of different parts joined together 
with nodes along the length. Bamboo has been used for many years as a 
building material and to construct tools (Jain et al., 1992). 

Figure 5.3: Bamboo plant (S.I.U., 2005) 

Since the high potential of using bamboo fibres as reinforcement in FRP 
products, many research projects have been carried out to characterize bamboo 
fibre properties, above all in Asian countries. 
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Properties

The bamboo composition has been studied by Jain et al. (1992). It was 
established that vascular bundles and xylem where the two major components 
in the bamboo column. Vascular bundles, surrounded by xylem, are composed 
of four groups of fibres, two vessels and sieve tubes. Average fibre diameter is 
10-20 m. Bamboo is a ligno-cellulosic based fibre, and has 60.8% of cellulose 
and 32.2% of lignin.

Bamboo is a natural composite material, unidirectionally reinforced with 
fibres. The location, the density and the orientation of the fibres have been in 
the centre of studies over the last years in order to predict the mechanical 
properties of bamboo fibres. 

Properties of a composite material are in strong correlation with the bonding 
between the different materials involved, i.e. the adhesion between fibres and 
matrix. Bamboo has often been studied as an alternative for wood, since it is 
renewable much more rapidly than wood (a tree bamboo is mature in only six 
to eight months) (Yongli et al., 1997). In order to be competitive, the matrix 
used in the bamboo fibres composites has to have a low price and good 
mechanical properties. Polypropylene fits well in that approach.

The interface between fibres and matrix, and its influence in the composite 
properties have been studied (Yongli et al., 1997; Xiaoya et al., 1998). First, 
differential scanning calorimetry, wide angle X-ray diffraction (WAXD) and 
optical microscopy have been used to look at the crystallization and the 
interfacial morphology of both bamboo fibres reinforced PP-composite and 
bamboo fibres reinforced MAPP-composite (maleic anhydride polypropylene). 
The previous reactive agent (MAH) was used to increase the bonding in the 
interface region between bamboo fibres and the polypropylene, and 
observations confirmed better bonding. The influence of MAH regarding 
mechanical properties has then been studied. The role of MAH, which acts as a 
compatibilizer between the hydrophilic bamboo surface and the hydrophobic 
properties of PP, has been considered as rather important since both tensile 
strength and tensile modulus reached values much higher than the ones 
obtained without MAH.

Other studies established that dividing the fibres bundles into single fibres was 
of importance to increase the mechanical properties. Okubo et al. (2004) 
investigated the use of the steam explosion technique to extract the bamboo 
single fibres. The study showed an increase for both tensile strength and 
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Young’s modulus of about 15% and 30% respectively if compare with bamboo 
fibre reinforced MAPP-composite. This can be explained by a better 
impregnation of the matrix between the single bamboo fibres. 

The following table 5.1. shows the bamboo fibres properties and a comparison 
with those of glass fibres. 

Table 5.1: Bamboo fibres and E-glass fibres properties 
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E-glass 2.6 (a) 2000 (a)
76 (a)

29
2.6 (a) – 

1,3 (b)

(1,7/3,8)(b)
– – 

Bamboo 1.4 (c) 450 – 800
(c)

18,5 – 30
(c)

13 – 22 (c)

1.3  (d) 13 (e) ? 60,8 / 
32,2 (f) 2–10 (f)

a: Varna and Berglund, 1996,  b: Centre of Lighweight Structures, 2005, c: Thwe and Liao, 2003, d: Okubo et al., 
2004, e: Thwe and Liao, 2001, f: Jain et al., 1992.

Tensile tests have been performed by Amada et al. (1997) on slices cut directly 
on the bamboo’s culm. Assuming that the rule of mixture for composites can 
be applied to the bamboo’s culm, mechanical properties of natural bamboo 
matrix and fibres have been estimated. The results were in correlation with the 
ones presented in the table above.

Properties of bamboo-glass/polypropylene hybrid composites have been 
investigated for a few years by Thwe et al. (2000, 2002 and 2003) to 
characterize a low cost composite material with higher properties than full 
bamboo fibres composite. By increasing the percentage in glass fibres from 10 
to 50w% of the total fibre w% (kept at 20%), the tensile strength increased by 
21% and the tensile modulus by 31%. An analysis of the effects of 
environmental aging on the mechanical properties has been carried out using 
water. The results in table 5.2 shows the importance of the mechanical 
properties degradation after aging in water at 25°C for 520 and 1200 h. 
Dissolution of the polymer matrix and decomposition of the bamboo fibres into 
thin fibrils and detached layers (Thwe et al., 2002), can explain the debonding 
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in the interface region and then lower mechanical properties. An other point is 
that the MAPP composite has better properties after water absorption.   

Table 5.2: Tensile strength degradation after 520 and 1200h in water at 25°C 
(Thwe et al., 2002) 

% degradation in tensile strength Glass
Fibre 
w% 

Bamboo
Fibre 
w% 

Matrix
520h 1200h 

0 30 PP 7.92 13.95 

10 20 PP 5.89 9.11 

20 10 PP 4.5 7.47 

0 30 MAPP 6.84 11.55 

10 20 MAPP 5.62 8.9 

20 10 MAPP 3.54 6.84 

Mechanical process for fibres separation 

To separate the bamboo fibres from the stem, mechanical and chemical 
processes are used to get a better fibre quality. Deshpande et al. (2000) have 
been studying the process of bamboo fibres extraction and have determined 
two major steps. A chemical treatment which consists on the delignification of 
bamboo is made by dissolving the lignin in sodium hydroxide (NaOH). The 
higher the NaOH solution concentration is, the greater the lignin dissolution is. 
Then, mechanical treatments such as Compression Molding Technique (CMT) 
or Roller Mill Technique (RMT) are processed. It has been suggested to apply 
sufficient stresses during the separation of the fibres. Too much stresses can 
lead to the fracture of the fibres themselves. The two methods showed that both 
of them were reliable to produce bamboo fibres. The fibre diameter obtained 
by RMT is smaller than the one of the fibre obtained by CMT. However, this 
lower diameter is obtained because of higher stresses during the separation 
process. Hence, the RMT fibres have inferior mechanical properties due to a 
larger density of internal defects. 
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Conclusion

Bamboo fibres exhibit interesting specific mechanical properties compared to 
glass fibres, especially regarding the Young’s modulus. Besides, the short time 
required to reach the adult size make bamboo fibres highly available. 
Improving bonding between fibres and polypropylene can be achieved by using 
maleic anhydride (MAH) as coupling agent. The separation of the single fibre 
through the steam explosion technique also leads to better mechanical 
properties of the fibres. The durability of the bamboo fibre/polypropylene 
composite has been tested and it was shown that MAH decrease the 
degradation of the tensile properties. 

5.1.2 Flax Fibres 

Introduction

Flax fibres are located in the bast of the linacea plant. Flax fibres have a long 
traditional use in textile in the history of mankind. The Neolithic people made 
fish nets of it in 7500 B.C.; burial shrouds for the pharaohs of the Ancient 
Egypt were linen made. Nowadays, flax fibres have gained the interest of many 
researchers around the world. Indeed, mechanical properties of flax fibres 
reach high values and can be used as reinforcement in composite material. 

Figure 5.4: Flax in the field (Alann André, LTU) 

Flax is grown in abundance in Europe, from Finland to Italy, and in many other 
countries around the world. Temperate climate fits well to flax and European 
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countries have focused their natural fibre composite research principally on 
flax fibres because of its availability in Europe and its high performance in 
term of mechanical properties. 

Properties

As bamboo fibre, flax fibre is a ligno-cellulosic fibre that has been intensely 
studied over the last years. 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 
5.5) (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 fibres chemical 
constituents (Shin and Yipp, 1989). However, the high content in cellulose 
provides also more reactive hydroxyl groups situated in the cellulosic fibre 
surface and thus decrease the resistance of moisture absorption in flax fibres.  

Figure 5.5: Flax fibre composition (Bos et al., 2004) 

These previous hydroxyl groups are hydrophilic, but react also strongly with 
thermosetting resins like polyester, vinylester or epoxy, unlike other 
thermoplastic matrixes (Joseph et al., 1996). Many researches have oriented 
their investigations towards flax fibres reinforced thermosetting resins 
(Hepworth et al., 2000; Lamy and Baley, 2000; Andersons et al., 2004; Bos et 
al., 2004). However, the higher cost, the difficulties to process and the 
unrecyclable feature of thermosetting resins have increased the interests for 
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flax fibres 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 and Wool, 
2000)

As for bamboo fibres, the bonding between fibres and matrix is needed to be 
very strong to give the material the possibility to withstand the load. A poor 
interface connection generates poor mechanical properties. Besides, untreated 
flax fibres, reinforced composite present after wetting many available hydroxyl 
groups and are subjected to high moisture absorption. Flax fibres are 
dimensionally unstable under humidity condition 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 matrixes, 
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 the access to 
the reactive hydroxyl groups difficult (Bos et al., 2004). Maleic anhydride has 
been used with epoxy by Bos et al. (2004) to improve the reactivity between 
epoxy and flax fibres after dewaxing of the fibres in ethanol while studying the 
compressive properties of flax fibres reinforced composites. It was established 
that such treatment increase the Inter Laminar Shear Strength and consequently 
the bonding.

The fibre surface pre-treatment has been a large research area concerning flax 
fibres 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., 
2003), potassium permanganate treatment, sodium chlorite treatment, acrylic 
acid treatment (Li et al., 2004), are used to improve mechanical properties. 
Wang et al. 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 high-density 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. observed the same trend. Acrylic acid treated fibres reinforced LLDPE 
showed the most promising results in terms of mechanical properties. Other 
researches where polypropylene has been used as matrix investigated the 
possibility to increase the fibre/matrix adhesion by using maleic-anhydride 
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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 more durable material. Indeed, 
untreated flax fibres are highly subjected to moisture absorption. Water 
degrades the fibres/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 fibres composites (Stamboulis et al., 
2000).

Table 5.3: Flax fibres and E-glass fibres properties 
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E-glass 2.6 (a) 2000 (a)
76 (a)

29
2.6 (a) – 

1,3 (b)

(1,7/3,8)(b)
– – 

Flax 1,4 (b) 800–1500
(b)

60 – 80 (b)

26 – 46 

1,2 – 
1,6 (b) 7 (b)

0,5 – 1,5 
(b)

(2/4) (b)

71 / 
2,2 (c) 6-10 (c)

a: Varna and Berglund, 1996                        b: Centre of Lighweight Structures, 2005                 c: Kenaf Eco Fibre 
Italia, 2005                                

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) have been studying a 
stiffness prediction model depending strongly on the fibre diameter, which 
varies between 5 and 35 m. It was demonstrated that from 6.8 m to 34.5 m
diameter fibres, the stiffness decreases continuously from 79GPa to 39GPa 
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respectively. It is preferable to reinforced composite material with small 
diameter fibres to improve the stiffness. 

Properties of flax fibres are listed in table 5.3. If compare to glass fibre, flax 
fibres show very interesting specific properties, especially regarding the 
Young’s modulus (Glass fibres: 29GPa – Flax fibres: 26-46GPa) and the 
tensile strength (Glass fibres: 770MPa – Flax fibres: 570-1000MPa). 

Mechanical process for fibres separation 

To get the full length of the fibres, flax plant are 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’s more economical. The retting 
consists on 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 in scutching. This process separates the fibres bundles 
from the retted straw mechanically. Most of the researches (Van den Oever et 
al., 2000; Li et al., 2004) do not however use directly these fibres bundles 
because of the weak bonds between the technical fibres which composed the 
fibres 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 of the fibres 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 pointed out 
by using enzyme mixture to increase the control during separation processing 
and to provide high quality fibres (Foulk et al., 2004). 

Conclusion

Flax fibres are widely available in Europe, which make it easier to be studied 
deeply in our countries. Besides, their great mechanical properties make flax 
fibres one of the most promising natural fibres as an alternative to glass fibre. 
The hydrophilic feature of flax fibres can be overcome by treating the fibres. 
Sodium hydroxide, silane treatment, and other treatments have been carried out 
on flax fibres successfully. The use of MAH when polypropylene is used as a 
matrix gives also positive results.   
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5.1.3 Hemp Fibres 

Introduction

Hemp, or cannabis sativa, is from the Cannabinaceae family, and is annual 
plant. It is cultivated for its stem from which are extracted the fibres, contrary 
to cannabis indica, cultivated for its high THC content. Hemp has been one of 
the first natural fibres used as a textile raw material. Some piece of textile 
made of hemp fibres have been estimated from 8000 B.C. Hemp is native from 
Central Asia, but has been rapidly spread over China, Asia and around the 
Mediterranean Sea. Hemp is easy to cultivate, and can be harvested within 3 
months after sowing.

Figure 5.6: Hemp in the field (Alann André, LTU) 

Hemp is a bast fibre, and is contained in the stem of the plant. At full maturity, 
hemp plant can reach 3 to 5 meters high. Hemp has been intensely used to 
produce ropes and textiles, mostly for the marine (e.g. in France). Hemp is 
today cultivated in many countries all around the world, since it is easy to look 
after. In Europe, 50% of hemp fibres are producing in France. Today, a new 
interest has been found for hemp fibres in the industry. Their mechanical 
properties, along with their possible utilization as reinforcement in a composite 
material, have been investigated for many years.   

Properties

Together with flax fibre, hemp fibre is the other great natural fibre in Europe. 
Dimensionally and structurally, hemp fibres are close to flax fibres and their 
structure can be compared to the one in figure 5.5. Hemp technical fibres are 
reported to have 50-100 m diameter, while microfibrils are 5-50nm in 
diameter (Prassad and Sain, 2003). The chemical constituents’ contents have 
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been reported in many papers (Kenaf Eco Fibre Italia, 2005; Vignon et al., 
1996; Mwaikambo and Ansell, 2002; Prassad et al., 2004). Hemp is, again, 
fairly similar to flax, with a cellulose content of 70-88% and a lignin content of 
3-4%. The high cellulose contents and low lignin content make hemp fibres 
having a high moisture absorption rate and a poor microbial resistance (Prassad 
et al., 2004). 

Hemp fibres have been used as reinforcement in thermosetting matrices such as 
EP (Hepworth et al., 2000; Bledzki et al., 2004; Hautala et al., 2004), PEA 
(Keller, 2003), and PE (Aziz and Ansell, 2004) where the fibres hydroxyl 
groups react strongly with the resins (Joseph et al., 1996), thermoplastic matrix 
PP (Vignon et al., 1996; Bledzki et al., 2004) and bio-matrix from cashew nut 
CNSL (Mwaikambo and Ansell, 2003; Aziz and Ansell, 2004). 

Like other bast fibres reported previously, one of the main researches carried 
out nowadays deal with chemical or mechanical treatment, and extraction 
process to improve the mechanical properties of the fibres. Indeed, hemp fibres 
are highly hydrophilic due to the same reason as flax fibres: the presence of 
hydroxyl groups on their surface. The bonding with the hydrophobic 
thermoplastic matrices remains then weaker and lead to poor mechanical 
properties of the composite.  

The use of maleic anhydride (MAH) have been use to improve the bonding 
between PP and hemp fibres (Vignon et al., 1996; Bledzki et al., 2004). Both 
studies mentioned significant increase of the mechanical properties for the 
MAPP composite.

Hemp fibres treatments remain a major step to increase the mechanical 
properties. Alkalization, by using sodium hydroxide, is the most common 
treatment used today. Mwaikambo and Ansell (2002-2003), and Aziz and 
Ansell (2004) have investigated the chemical modification of hemp fibres by 
alkalization. NaOH treatment allows the removing of pectin, lignin and waxy 
substances of the fibres cell wall. The overall aim is to liberate the access to the 
reactive hydroxyl groups of the cellulose. This process is well illustrated by 
Mwaikambo and Ansell (2002). SEM showed obvious differences between 
treated and untreated fibres surfaces and crystallographic structure. Treated 
fibres exhibit uneven surfaces and untreated fibres smooth surfaces.  Besides, 
the NaOH concentration must be carefully selected since high concentration 
can damage the cellulose (Mwaikambo and Ansell, 2003). A 6% NaOH 
concentration is suggested. Hemp treated and untreated fibres were tensile 
tested. The Young’s modulus and the tensile strength were respectively 70% 
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and 80% higher after alkalization. Using treated fibres in composites give also 
higher mechanical properties (Mwaikambo and Ansell, 2003; Aziz and Ansell, 
2004). The hemp/CNSL composite exhibits better mechanical properties with 
treated fibres, but it was found that the fibre-matrix interface in more coherent 
for untreated fibres.

Table 5.4: Hemp fibres and E-glass fibres properties 
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(b)
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47
1,6 (b) 8 (b)

0,6 – 1,8 
(b)

(2/4) (b)

70-88
/

 3-4 (c)

6 -10 (c)

a: Varna and Berglund, 1996             b: Centre of Lighweight Structures, 2005             c: Kenaf Eco Fibre Italia, 2005 

Prasad et al. (2003, 2004) have investigated the thermal treatment of the fibres. 
First, thermal treatment in inert and nitrogen atmosphere was carried out. 
Lignin glass transition temperature is 142°C, and lignin begins to degrade at 
214°C. The heat treatment was then performed at 200°C on hemp fibres 
bundles. The process increase the number of separate fibres (+32% in inert 
environment and +39% in air environment). Stiffer and stronger fibres were 
obtained after treatment in inert environment, while lower mechanical 
properties were reported for fibres treated in air environment due to oxidation 
of the fibres. 

Mechanical process for fibres separation 

As flax fibres, the most often used processes to extract the fibres from the stem 
are the retting, scutching and hackling processes. Retting consists to lay down 
the cut hemp stem in the field after harvesting, and let the sun, the water and 
the dew separate the bast fibres from the woody core by micro-organism 
enzymes which degrade the pectin. The bast fibres are reported to represent 
about 20 to 30% of the whole plant (Vignon et al., 1996). The stalks are then 
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dried and the woody core broken. The bast fibres are finally separated by 
scutching. The last step, the hackling process, separates the technical fibres 
from the bundle of fibres (Prasad et al., 2003). This process induces many 
uncontrollable parameters such as weather condition during field retting 
(Vignon et al., 1996; Hepworth et al., 2000), especially in some countries like 
Finland (Hautala et al., 2004), microbiological contamination of the fibres 
(Hepworth et al., 2000), or internal stresses during scutching or hackling.

Some research projects have been focused on the possibility to have a better 
control of the fibre separation process.

The steam explosion treatment has been investigated by Vignon et al. (1996) as 
an alternative to extract the fibres from the plant. Hemp bast fibres were 
mechanically separated from the woody core of hemp semi-retted stems. The 
hemp bundles obtained were then alkali-impregnated and submit to the steam 
explosion treatment. It was shown to be an effective method to produce 
elementary hemp fibres. 

Hautala et al. (2004) have been confronted with the field retting process 
problem in Finland. Indeed, the bad weather condition in autumn and the high 
indoor retting costs. Very cost effective methods have been introduced to 
separate the fibres from green, frozen and spring harvested hemp. It was 
reported that used in plywood-type structure, those hemp fibres are a cheaper 
alternative to plywood due to minimal harvesting and decorticating cost. 

Unretted hemp fibres in composite manufacture have also been investigated 
(Hepworth et al., 2000). The composites made with unretted fibres have as 
strong and stiff mechanical properties as the ones made with retted fibres. 
However, it was also reported that the useful life of the unretted fibres 
composite could be shorter due to the break down of the interfaces between the 
fibres and the epidermis.

Conclusion

Hemp fibres have very interesting mechanical properties and are easy to 
cultivate in Europe. They are with flax the promising natural fibres for 
composite application in Europe. Thermosetting and thermoplastic matrices are 
both used and exhibit strong bonding with treated hemp fibres (NaOH, steam 
explosion process, heat). Their low price and high specific properties in 
comparison to glass fibre is the driving force of hemp fibres. However, its drug 
raw material cousin, cannabis indica, makes it difficult to extend the 
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production since many restrictions and laws have been established in Europe to 
cultivate hemp.   

5.1.4 Jute Fibres 

Introduction

Member of the tiliaceae family plants, corchorus capsularis or corchorus
olitorius, commonly called jute, is cultivated for its fibres. Jute is a tropical 
annual plant intensely cultivated in India and Bangladesh, but also in China, 
Brazil and Thailand. Historically, jute has been cultivated for a long time in 
India and its origin is estimated around 1520B.C. The optimum conditions for 
growth are hot temperature (34°C), high relative humidity (65% to 95% RH) 
and a mean precipitation fall of 100mm.  

Figure 5.7: Jute in the field (B.a.S.E., 2005)

Three month after sowing, harvesting takes place. Jute plants have then the 
highest quality fibres. In that time, jute is 3 to 4 meters high with a stem of 2 
cm in diameter. Jute fibres are located in the bast the plant. During a long time, 
jute fibres have been principally used for ship bags confection, carpets, 
cordage, etc., but researches have recently been carried out to investigate the 
use of jute fibres in composite materials.  

Properties

Jute fibres dimensions have been reported (Ramaswamy et al., 1983). Jute 
fibres can reach up to 8 m in length and have a diameter varying between 20 to 
100 μm. The cross section in roughly considered as polygonal. Jute is 
composed of 63-70% and 12% of cellulose and lignin respectively. The 
interesting part of the fibres for reinforcement is the cellulose. The same 
problems of adhesion between untreated fibres and matrices have been 
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observed (Gassan et al., 1997, 1999, 2000; Hassan et al., 2003) due to difficult 
access to the reactive hydroxyl groups. Chemical and physical treatments have 
been carried out to enhance the bonding between fibres and matrices, and the 
fibres mechanical properties. Investigations on jute fibres reinforced 
composites have been made both with thermoplastic (Gassan et al., 2000) and 
thermosetting (Gassan et al., 1999; Santulli et al., Ray et al., 2001) resins.  

Gassan et al. (1999) have been studying the influence of alkali (NaOH) 
treatment in the structure and the mechanical properties of yarn jute fibres. It 
was reported that an isometric NaOH treatment (20min at 20°C in 25% NaOH 
solution) give the best results since it avoid the shrinkage of the jute fibres. 
Indeed, the shrinkage has negative effects on the fibres mechanical properties. 
Tensile tests on Yarn Jute fibres showed an increase both in tensile strength 
and modulus by 120% and 150% respectively. It was shown that the 
crystallinity ratio, the degree of polymerization and the chain orientation of the 
crystallites with respect to fibre axis governs these parameters.  

Ray et al. (2001) were looking at the effect of sodium hydroxide treatment on 
jute fibres as well, but with a constant concentration of NaOH (5%) at 30°C. It 
was reported that a treatment during 4, 6 or 8 hours increase respectively the 
Young’s modulus by 12%, 68% and 79%. In the same time, the strength of the 
fibres was increased by nearly 50% after 6 and 8 hours alkali treatment. Alkali 
treated jute fibres reinforced composites (35 wt%) were produced and both the 
tensile strength and modulus showed an enhancement by about 20%.  

Hassan et al. (2003) focused their work on jute yarn treatment by photografting 
with 3-(trimethoxysilyl) propylmethacrylate, an alkoxy silane monomer. This 
monomer has been chosen because of its high resistance to temperature, 
moisture, environment, etc. which makes it ideal for grafting application 
(Thompson et al., 1992). The treatment has been carried out under UV 
radiation. Treatments with different monomer concentration and time of 
radiation have been made, and the highest increase in tensile strength (159%) 
has been observed for the yarn treated with 30 wt% silane in methanol during 
30 min under UV. The fibres surfaces were observed (X-ray Photoelectron 
Spectroscopy XPS, Fourier-Transform Infrared Spectroscopy FTIR and 
Environmental Scanning Electron Microscopy ESEM). The existence of 
polysiloxanes due to UV radiation has been observed.

Gassan et al. (1999-2000) have focused their researches on the bonding 
fibres/matrices after treatment. Jute/epoxy composites have been produced. 
Before wetting, jute fibres have been treated, i.e. dewaxed in methanol-benzene 
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and then alkali treated. The mechanical properties of the composites increased 
by 60% . However, this increase was not due to better interface fibres/matrix 
but to better alkali treated fibres properties. Jute polypropylene composites 
were also investigated (Gassan et al., 1997 and 2000). The tensile strength 
increased by 50% when using the maleic anhydride coupling agent (MAH).  

Table 5.5: Jute fibres and E-glass fibres properties 

Properties 

Fi
br

es

D
en

sit
y

(g
/c

m
3)

T
en

si
le

st
re

ng
th

 
(M

Pa
)

E-
m

od
ul

us
(G

Pa
)

Sp
ec

ifi
c 

(E
/d

en
si

ty
)

E
lo

ng
at

io
n

at
 fa

ilu
re

 
(%

)

M
oi

st
ur

e 
ab

so
rp

tio
n

(%
)

Pr
ic

e 
/ k

g 
($

), 
ra

w
 

(m
at

 / 
fa

br
ic

)

C
el

lu
lo

se
 / 

L
ig

ni
n 

(%
) 

M
ic

ro
fib

ri
l 

an
gl

e 
(°

) 

E-glass 2.6 (a) 2000 (a)
76 (a)

29
2.6 (a) – 

1,3 (b)

(1,7/3,8)(b)
– – 

Jute 1,3 (c) 393-773
(c)

26,5 (c)

20,4

1,5-1,8 
(c) 12 (b)

0,35 (b)

(1,5/ 0,9-
2)(b)

63-70
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a: Varna and Berglund, 1996                           c: Gassan, 1997           b: Centre of Lighweight Structures, 2005   
d: Kenaf Eco Fibre Italia, 2005 

Hassan et al. (2003) exposed treated and untreated jute yarn to simulated 
weathering and soil degradation test. Weathering was running during 600 
hours. A reduction in tensile strength by respectively 11.06% and 2.97% for 
untreated and treated jutes yarn was reported. The soil degradation experiment 
was processed during 16 weeks where jutes yarns were kept in soil with 25% 
water. Reduction in tensile strength was recorded for both untreated and treated 
jute yarns (83% and 37% respectively).

Mechanical process for fibres separation 

After the harvest, the fibres are submitted to water-retting. Retting is a 
biochemical process which provides the separation of the bast fibres from the 
woody core. The quality of the fibres depends on the retting condition, i.e. the 
quality of the water. The retting is finished after 2 to 3 weeks during the warm 
season. After retting, the plants are taking out of the water and the fibres are 
separated from the core. The bundles of fibres obtained are then carefully 
washed in clear water. The last step of fibres separation consists in drying the 
fibres in sunlight during 2 to 3 days (Ministry of jute, 2005).
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Conclusion

With their low cost (More than 4 times cheaper than glass fibres), low density, 
and high specific mechanical properties, jute fibres are really promising to be 
used as reinforcement in composite material. The hydrophilic feature due to the 
celluloses hydroxyl groups is easily overcome by alkali treatment. The 
enhancement of the bonding jute fibres / polypropylene is achieved with MAH. 
By treating jute fibres, it was reported a decrease in the weathering and soil 
degradation process. Jute fibres are widely available, easy to produce and grow 
fast. The intensive use of these high mechanical properties fibres in composite 
material could lead also to a significant economical impact in some countries 
like India or Bangladesh. 

5.1.5 Kenaf Fibres 

Introduction

Kenaf plant originally comes from West Africa, and its first cultivation goes 
back to 3500 B.C. Later on, the lack of jute during the Second World War due 
to the Japanese occupation in South East Asia made the United States 
increasing researches about kenaf in the 1940s to replace jute for sack 
confection. Kenaf, scientifically called Hibiscus cannabinus, Malvaceae,
grows during the warm-season in Central America, South America, the south 
of USA, Africa and Australia, and is an annual plant. It can be 3 to 7 meters 
high and is today mostly cultivated for its fibres. 

Figure 5.8: Kenaf in the field (S.I.U., 2005) 
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Kenaf plants are considered matured after five months. Kenaf fibres come from 
the bast of the plant, and have been widely used as a jute-like material in the 
past. Today, new interests, as kenaf fibres as reinforcement in composite 
material, surround the kenaf fibres researches. 

Properties

Kenaf fibres are bast fibres. The long filaments extracted from the plant can 
reach more than 1 m in length, and are composed of individual fibres from 2 to 
6 mm long (Sanadi et al., 1995). As Other natural fibres, kenaf fibres are ligno-
cellulosic fibres, hence their hydrophobic feature and the poor bonding 
expected if kenaf fibres are used as reinforcement without any modification of 
the fibres themselves or of the matrices used.  

Tensile properties of kenaf single fibres have been reported by Bolton (1994). 
Kenaf single fibres exhibit a tensile strength and a tensile modulus of 11.91 
GPa and 60 GPa respectively. Kenaf fibres have been used as reinforcement in 
thermoplastics resins such as polyethylene (Chen et al., 1994), polypropylene 
(Sanadi, 1994; Sanadi et al., 1995 and 2005; Chen et al., 1995; Karvani et al., 
1997; Rowell et al., 1999; Ramaswamy et al., 1999; Feng et al., 2001), and 
thermosetting resins like polyester (Aziz et al., 2005) and polybenzoxazine 
(Dansiri et al., 2002).

Chen et al. (1994) have been studying unidirectional composite of polyethylene 
and kenaf fibres. The fibres were untreated and coupling agent has been used. 
The U.D. composites have been tensile tested and it was reported that kenaf 
fibres enhance of the tensile properties of the polyethylene. Indeed, the tensile 
modulus of the U.D. composite with 57 v% of fibres was 7 times as much as 
the tensile modulus of the polyethylene. The tensile strength, with the 57 v% of 
fibres, is 4 times higher. 

Many research projects have been carried out to determinate the mechanical 
properties of kenaf fibres reinforced polypropylene (Sanadi et al., 1995 and 
2005; Chen et al., 1995; Karvani et al., 1997; Rowell et al., 1999; Ramaswamy 
et al., 1999; Feng et al., 2001). Sanadi et al. (2005) have been working high 
kenaf fibre content/PP composites. The purpose was to find an alternative to 
wood particle, and low and medium density hardboards. The plasticization is 
the process used to reach this high fibre content. The study reports much higher 
flexural properties for the 85% kenaf-PP and the 60% kenaf-PP if compared 
with wood fibreboards. The effect of the maleic anhydride coupling agent has 
been intensely investigated (Sanadi et al., 1995; Chen et al., 1995; Karvani et 
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al., 1997; Rowell et al., 1999; Ramaswamy et al., 1999; Feng et al., 2001). 
Sanadi et al. (1995) published significant increases in the flexural and tensile 
strength when using maleated polypropylene (2 wt% of maleic anhydride). 
However, no significant difference can be observed between kenaf fibre 
reinforced polypropylene and kenaf fibre reinforced maleated polypropylene 
regarding the tensile and flexural modulus. The tensile and flexural modulus 
increase when increasing the fibre content. The positive effect of the maleic 
anhydride agent on the bonding kenaf fibre/PP has been reported. Besides, it 
was shown that the specific tensile and flexural moduli of kenaf/PP composite 
with a 50 wt% fibre content (7.2 and 7.3 GPa respectively) have comparable 
values as a glass fibre/PP with a 40% fibre content (7.3 and 5 GPa 
respectively) (Sanadi, 1994). Feng et al. (2001) also reported better adhesion 
between kenaf fibres and PP by using maleic anhydride (MAH). Karnani et al. 
(1997) focused their research in the improvement of kenaf fibres/PP interfacial 
adhesion. Maleic anhydride was used as coupling agent and kenaf fibres were 
treated with silane (2 wt% in water). SEM observations of kenaf fibres/MAPP 
composite show a better wettability of the fibre if compare with kenaf fibres/PP 
composites. At 20 wt% fibre content, the tensile strength and modulus increase 
from 26.9 MPa / 2.7 GPa (PP without MAH) to 38.1 MPa / 3.2 GPa (PP with 
5% MAH). It is also reported a significant mechanical improvement after 
surface modification of kenaf fibres with silane (42.5 MPa / 3.3 GPa at 20 wt% 
fibre content).

Table 5.6: Kenaf fibres and E-glass fibres properties 

Properties 

Fi
br

es

D
en

sit
y

(g
/c

m
3)

T
en

si
le

st
re

ng
th

 
(M

Pa
)

E-
m

od
ul

us
(G

Pa
)

Sp
ec

ifi
c 

(E
/d

en
si

ty
)

E
lo

ng
at

io
n

at
 fa

ilu
re

 
(%

)

M
oi

st
ur

e 
ab

so
rp

tio
n

(%
)

Pr
ic

e 
/ k

g 
($

), 
ra

w
 

(m
at

 / 
fa

br
ic

)

C
el

lu
lo

se
 / 

L
ig

ni
n 

(%
) 

M
ic

ro
fib

ri
l 

an
gl

e 
(°

) 

E-glass 2.6 (a) 2000 (a)
76 (a)

29
2.6 (a) – 

1,3 (b)

(1,7/3,8)(b)
– – 

Kenaf 1,5 (c) 350–600
(c)

40 (c)

27

2,5 – 
3,5 (c) ?

0,33–

0,88 (d)

75 – 
90 (c) 9–15 (c)

a: Varna and Berglund, 1996                  c: (Kenaf Eco Fibre Italia, 2005)               
b: (Centre of Lighweight Structures, 2005)                                                        d: Feng et al., 2001 



Fibres for Strengthening of Timber Structures 

62

A selection of four different polyester resins have been used for kenaf fibres 
composites (Aziz et al., 2005). One of them was a conventional unsaturated 
polyester, the others have been modified to improve the adhesion with natural 
fibres (e.g. make them more polar). An alkali surface treatment has been 
achieved on the fibre with a 6% NaOH solution. Composite with ~60 v% fibres 
content have been produced and tested in bending. Modified polyester 
exhibited higher flexural properties. One of the composite, reinforced with 56 
v% fibre content, almost had respectively 2 and 3 times higher flexural 
modulus and strength if compare to a unmodified composite with higher fibre 
content (63 v%). A moisture absorption test showed a weight increase divided 
by 3 if compare unmodified (~+60%) and modified polyester composite 
(~+20%).

The biodegradable polymer poly-L-lactic (PLLA) was used to produce kenaf 
fibre reinforced composites with a 70v% fibre content (Nishino et al., 2003). 
Interesting tensile properties were reported and were attributed to the strong 
bonding between kenaf fibres and PLLA. 

20 wt% kenaf fibre content U.D. composites using a polybenzoxazine (PBZX) 
resin matrix have been produced and investigated by Dansiri et al. (2002). The 
composites were tested in bending and it was shown that composites from 
polybenzoxazine resin have lower flexural strength but higher flexural modulus 
if compared to composites from unsaturated polyester resin. 

Mechanical process for fibres separation 

Kenaf harvesting and processing to separate the fibres from the stem have been 
investigated for many years (Dempsey, 1975; Chen et al., 1995; Ramaswamy 
et al., 1999; Webber III et al., 2002). Kenaf was used to be hand harvested and 
cut as near the ground to provide longer fibres. The stems were then submitted 
to air-retting that is achieved by aerobic bacteria. Today water-retting is a more 
commonly use. Before retting, the upper non-fibrous part of the stem can be 
removed to accelerate the retting process. The drying after harvesting, to 
promote defoliation, can also increase the retting process (Webber III et al., 
2002). The ideal temperature during water-retting of kenaf is 34°C, and it takes 
between 29 to 70 hours, depending if the kenaf is green or dry. Water-retting 
by anaerobic bacteria and fungi is today widely used, but researches have been 
carried out to enhance the uniformity of the fibres by chemical-retting 
(Dempsey, 1975; Chen et al., 1995; Ramaswamy et al., 1999). Ramaswamy et 
al. (1999) investigated the use of NaOH to ret kenaf stem and reported the 
possibility to extract good quality fibres with this process. 
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Conclusion

Kenaf fibres have been investigated and great mechanical properties have been 
reported. The specific stiffness is comparable to the glass fibres one, and the 
price is 3 to 2 times lower than the glass fibres one. The elongation at failure is 
comparable to the one of glass fibres. Thermoplastic and thermosetting 
matrices have been used to produce kenaf fibres reinforced composite. It was 
reported a positive effect of MAH on the bonding and the wettability of kenaf 
fibres / polypropylene. The pre-treatment of the fibres increase the mechanical 
properties of the composite.   

5.1.6 Ramie Fibres 

Introduction

Ramie or Boehmeria nivea is commonly called the Chinese grass, and is from 
the Urticaceae or nettle family. As the other natural fibres mentioned before, 
ramie fibres have been used for many centuries and its first use as a textile is 
reported to be around 5000-3000 B.C. Ramie is a perennial rhizomes-like 
plant, and can be harvested many times a year (up to 6 times). From the 
rhizome grow stems from which are extracted the fibres. Due to high pectin 
and gums contains in the bark, the fibres must be chemically treated before 
being used. Ramie is widely cultivated in Asia, but also in Brazil. Hot 
temperatures and high relative humidity are necessary to get a good harvest.

Figure 5.9: Ramie plant (Philippine National Program for Fibrecrops 
Research and Development, 2005) 
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High rainfall (1000mm) is also a sine qua non condition. Ramie stems reach 
the height of 1 to 2.5 meters at maturity. Ramie fibres are extracted from the 
bast just after harvesting, and are mainly used in the ramie producing-country, 
and France, Germany, U-K and Japan. Fabrics and clothe are the common 
applications made from ramie fibres. However, some researchers have focused 
their work in reinforcing composite materials with ramie fibres.  

Properties

Ramie fibres are lingo-cellulosic based fibres, and are composed of 70-80% of 
cellulose and 0.5-1% of lignin. They have an average diameter between 30 and 
50 μm and are approximately 150 mm long (Goda et al.; Lodha and Netravali, 
2002 and 2005; Nishino et al., 2004).

Ramie fibres mechanical properties have been widely studied and characterized 
by tensile tests of single filament. For instance, Nishino et al. (2004) reported a 
Young’s modulus of 42 GPa (standard deviation: 9 GPa) and a tensile strength 
of 730 MPa (standard deviation: 190 MPa). Other papers (Goda et al.; Lodha 
and Netravali, 2002 and 2005) reported higher or lower values, but since the 
ramie fibres mechanical properties depend also on the length and the diameter 
of the fibres, the differences can’t be considered as significant.

Chemical treatments of the ramie fibres were studied (Wakida et al.; Lodha and 
Netravali, 2002). Wakida et al. showed the effect of alkali (NaOH) and liquid 
ammonia treatments (NH3). It was observed that NaOH treatment increase the 
water absorption, contrary to NH3. The tensile strength is much higher after 
both treatments. However, the Young’s modulus of the NH3 treated fibres 
decreased drastically while alkali treatment enhances it. The flexural and shear 
properties exhibit lower properties after both treatments if compared to 
untreated fibres. Zhou et al. (2004) treated ramie fibres with sodium hydroxide 
at different concentration. It was reported a general increase of the tensile 
properties after alkali treatment at a concentration up to 8%. A decrease is then 
observed.

Pal et al. (1988) investigated the properties of ramie fibres reinforced polyester. 
They used polyesteramide polyol (PEAP) as interfacial agent. The produced 
composite were submitted to a bending test. Composites treated with PEAP 
exhibits better flexural strength and less water uptake. However, the flexural 
modulus slightly decreased.
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Table 5.7: Ramie fibres and E-glass fibres properties 
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Bio-matrices, as soy protein isolate resin (SPI) (Lodha and Netravali, 2002 and 
2005), Randy (Goda et al.) or cellulose matrix (nishino et al., 2004) have been 
used to produce and study ramie fibre reinforced composites. Lodha et al. 
(2002) produced ramie fibres/SPI composites with different fibre length and 
weight content. The specimens were tensile tested and it was observed that the 
tensile properties increase by increasing the fibre length and weight content. 
The effect of stearic acid on SPI was reported (Lodha et al., 2005). The tested 
ramie fibres/MSPI (modified SPI) specimens showed better tensile and flexural 
properties than ramie fibre/SPI specimens in both longitudinal and transverse 
directions for the tensile tests, and length wise and crosswise directions for the 
flexural tests. 

Goda et al. showed the mechanical properties of ramie fibres reinforced Randy 
composites. Alkali or acetylation treatments were previously performed on the 
fibres. Lower tensile strength was reported for acetylated treated ramie fibres 
reinforced Randy, while no significant difference was observed for alkali 
treated ramie fibres reinforced Randy. However, the Young’s modulus 
increased by 20 and 30% for acetylated and alkali treated ramie fibres/Randy 
respectively if compared to untreated ramie fibres/Randy. 

Nishino et al. (2004) focused their research on an all-cellulose composite with 
ramie fibres as reinforcement. A composite with 80 v% fibre content was 
produced and tensile tested. The strength was reported as equal to 480 MPa, 
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and it was noticed that it was comparable to that of conventional glass-fibre-
reinforced composites. 

Mechanical process for fibres separation 

One of the major drawbacks of ramie fibres is the difficulty to extract and 
process the fibres due to their high pectin and gums contents. Indeed, the 
retting process used for others bast fibres studied before (Hemp, flax, kenaf) 
doesn’t give high quality ramie fibres (Brühlmann et al., 2000). Mechanical 
processes are then usually preferred to an enzymes retting process.  

Ramie stems are harvested close to the ground. Then, the fibres extraction 
process takes place in three steps. The harvested stems are decorticated 
mechanically or by hand just after harvest. The removed cortices or barks are 
dried directly after decortications, and scraped once dried undesirable materials 
like the outer bark and some gums and pectin. The remaining part of the cortex 
is then washed, dried and chemically degummed to extract the fibres 
(SWECOFIL, 2005).  

Enzymatic degumming has been investigated by Brühlmann et al. (2000). It 
was reported that the use of the Amycolata sp. could reduce the amount of gum 
on the ramie fibres by 30% in 15h. 

Conclusion

Ramie fibres have one of the highest mechanical properties among the natural 
fibres, and can be compared to glass fibres if the weight is a significant 
parameter. Alkali and liquid ammonia treatments increase the tensile strength 
and stiffness (NaOH only for the latter). However, the flexural and shear 
properties are brought down with the chemical treatment cited previously. The 
use of a too high NaOH concentration (>8%) leads to lower tensile properties. 
Chemical treatments are necessary to give higher properties and bonding to 
ramie fibres reinforced plastic composites. High fibre content all cellulose 
composite (80 v%) have been produced with properties comparable to the one 
of conventional glass-fibre-reinforced composites. 
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5.2 Fruit Fibres 

5.2.1 Coir (coconut) Fibres 

Introduction

Coir (coconut fibre) is also a lignocellulosic fibre considered as a potential 
alternative for fibre reinforced composites. Coconut fibre is highly available 
and is obtained from the fibrous outer shell of a coconut palm (cocos nucifera)
fruit. Coconut palms are grown all around the world on the tropical and 
equatorial regions, and especially West Africa, Central and South America and 
South-West Asia. Historically, coconut palms come from West Pacific regions, 
and have been spread by currents or people for years. Coconuts have been used 
in India for 3000 years, and first time discovered by the European in the 14th

century (Marco Polo). Their fibres were already widely used.

Figure 5.10: Coconut in the palm (I.S.U, 2005) 

Two different types of fibres can be extracted from the coconut, depending on 
the harvesting time. White fibres, when harvesting takes place after six to 
twelve months and brown fibres when coconuts are fully mature. Main 
products made of coconut fibres are ropes, cords, brushes, etc. 

Properties

Coir fibres dimensions have been reported (Ramaswamy et al., 1983). Coir 
fibres can be 125 to 300 mm long and have a diameter varying between 200 to 
250 μm. The cross section is nearly circular. Coir fibres have high lignin 
content (40-45%), which make them very durable and resistant to environment 
attack. 32-43% of the chemical composition is cellulose.  
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Thermosetting and thermoplastic matrices have been used to produce coir 
fibres reinforced composite. Polypropylene and two different PVC have been 
compounded (Owolabi et al., 1988). Polyester (Hill et al., 2000; Rout et al., 
2001) and polystyrene (Hill et al., 2000) have also been studied as matrices in 
coir fibres composites. Characteristics of the bio-matrix polyester amide have 
been pointed out (Rout et al., 2001). 

But before analyzing the fibre/matrices interface properties, coir fibres 
mechanical properties have been studied (Kulkarni et al., 1983; Hill et al., 
2000). Kulkarni et al. (1983) have carried out a Weibull analysis of untreated 
coir fibres strength. A linear relationship between the strength and the length 
has been reported for fibres between 0.065 and 0.006 m long. Below 0.006 m, 
the strength is independent of length. For coir fibres of 0.25 mm in diameter, 
and gauge length varying between 6 to 65 mm, mean strength have been 
registered between 423 to 162 MPa respectively. Mean strength (between 138 
to 175 MPa) for different fibre diameter (from 0.15 to 0.35 mm) have also been 
reported. It was found that the strength distribution of coir fibres can be 
represented by unimodal Weibull distributions (for any length and diameter). 

Hill et al. (2000) have investigated unmodified coir fibres mechanical 
properties. It was shown, for a mean length of 113 mm and a mean diameter of 
0.336 mm, a mean strength and Young’s modulus of 144 MPa and 4.69 GPa 
respectively. Their work has been extended to treated coir fibres by acetylation. 
It was reported higher tensile strength and Young’s modulus (152 MPa and 
5.12 GPa respectively) if compared with untreated coir fibres.  

The mechanical characteristics of coir fibres reinforced polyester and 
polystyrene matrices have also been determined after modification of the fibres 
(acetylation) or the use of coupling agent (silane or titanate). The fibre weight 
fraction was 45wt% for all specimens. The Interfacial Shear Strength (I.S.S.) 
test on acetylated fibres reinforced polyester or polystyrene shows higher I.S.S. 
for all composites if compared to untreated fibres. However, the use of 
coupling agents silane or titanate doesn’t lead to any enhancement on the 
mechanical properties. Owolabi et al. (1988) worked with radiation-treated coir 
fibres reinforced polypropylene and PVC. Tensile and impact tests have been 
performed on composite with fibre contents up to 30%, but no increase of the 
mechanical properties has been found if compare to the starting thermoplastic.  
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Table 5.8: Coir fibres and E-glass fibres properties 
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Rout et al. (2001) have investigated the modification of coir fibres surface by 
alkali treatment, bleaching, vinyl grafting and cyanoethylation. Polyester and 
biodegradable polyester amide (BAK) were used as matrices. In both case, all 
fibres were scoured and soaked in a mixture of ethanol and benzene to remove 
the wax. Different treatments were then performed. Coir/polyester composites 
with 17wt % fibre content have been produced. Tensile and flexural strength of 
untreated coir fibres reinforced polyester have been reported (~ 22 MPa and 52 
MPa respectively). The NaOH treatment with a 2% concentration increases the 
tensile strength and the flexural strength by 26 and 15% respectively. This 
increase is due to a better interlocking between the fibre and the polyester 
resin. Bleaching decreases the tensile strength at any temperature, but increases 
the flexural strength by 20% with coir fibres bleached at 65°C. Acrylonitrile 
grafting (10%) increases both the tensile strength and the flexural strength by 
14 and 15% respectively. The effect of the treatments on the water absorption 
has been investigated as well. The results are shown in table 5.9. 
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Table 5.9: Effect of the treatments on the water absorption 

Water absorption (%) 
Surface modification 

Coir-polyester

Untreated 8.530 

Alkali treated (5%) 4.994 

Bleached (65°C) 5.861 

AN-grafted (10%) 4.119 

All fibres surface treatments lead to considerable reductions in water 
absorption. This is due to the hydrophobic feature of the fibres after surface 
treatments.  

Coir/polyester amide composites with 50wt% fibre content have been produced 
(Rout et al., 2001). Tensile and flexural strength of untreated coir fibres 
reinforced polyester amide have been reported (~ 28.9 MPa and 53.9 MPa 
respectively). The effects of alkali treatment, cyanoethylation and bleaching on 
tensile and flexural strength have been compared. Alkali treated coir fibres 
reinforced polyester amide composites exhibit a better flexural strength (+19% 
in comparison to untreated coir fibres reinforced polyester amide composites) 
and composites prepared with cyanoethylated coir fibres have better tensile 
strength (+23% in comparison to untreated coir fibres reinforced polyester 
amide composites). Grafted coir-polyester amide composites have higher 
flexural and tensile strength. All these enhancements in mechanical properties 
have been investigated with SEM. A better fibres/matrix adhesion after 
treatment has been reported.  

Biodegradation experiments were performed in soil. A decrease in flexural 
strength has been generally observed after 35 days in soil burial. More than 
70% decrease in flexural strength has been observed for alkali treated coir 
fibres reinforced polyester amide composites. 

Mechanical process for fibres separation 

Coir fibres are extracted from the coconut husk fruit. The method is a 
biological retting process. After the harvest, coconut husk are soaked in saline 
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water during 8 to 10 months to weaken the bonds between the husk and the 
fibres. After retting, it is easy to extract the fibres. A manual process is still 
generally achieved. The fruit envelope is removed by beaten the husk on a 
stake. The inner part containing the fibres is then sun-dried. The fibres are then 
extracted and ready to be used.

Conclusion

Coir fibres are widely available and very cheap. The classical treatments 
administrated to natural fibres (alkali treatment, etc.) increase the mechanical 
properties of coir fibres.  Unfortunately, the use of coir fibres as reinforcement 
in composite material could not be compared with other natural fibres studied 
previously and later on, due to its low cellulose content (32-43%), high lignin 
content (40-45%) and high microfibrillar angle (30-49°).   

5.3 Seed Fibres 

5.3.1 Cotton Fibres 

Introduction

The cotton plant or Gossypium hirsutum, from the Malvaceae family, is native 
to India, and is cultivated in many countries for the fibres surrounding the 
seeds when mature. The cotton is an old natural fibre already used in India and 
South America 5000 years ago. It has been spread all over the world from India 
to the Middle East and the rest of the world. Cotton arrived in Europe in the 
14th century. The major producing-countries are the United-States, China, 
Egypt and India.

Figure 5.11: cotton in the field (Université Pierre et Marie Curie, 2005) 



Fibres for Strengthening of Timber Structures 

72

The plant reaches the height of 50 to 60 cm. Harvest takes place during a long 
period since cotton plants get flowers and seeds in the same time. 

Properties

Cotton fibres have a circular shape of 15 to 40 mm long. They are attached at 
the end at the cotton seeds. Cotton fibres sections show different structural part, 
as other natural fibres. A first wall, 0.1 μm thick, is composed of cellulose, 
pectin and wax. The secondary wall is thicker (0.4 μm) and is composed of 
three cellulosic inner layers. These layers are made of closely packed 
microfibrils with a spiral orientation between 20 and 30°. In the centre of the 
fibre, the lumen contains cells constituents. The lumen is circular in cross 
section when moisture takes place. When cotton fibres are dried, the lumen 
becomes oval-shaped and the cotton fibres twist (Université Pierre et Marie 
Curie, 2005). 

Contrary to all other natural fibres, cotton fibres have very high cellulose 
content (90-95 %) and no lignin. Cotton has been used as a textile fibre for 
many years, but recent investigation focused their work on cotton as 
reinforcement in composites. Thermosetting resins as phenol (Zárate et al., 
2000; Walsh et al., 2002), and thermoplastic resin as polypropylene and 
polyethylene (Masahiro et al., 2004) have been used to produce cotton 
reinforced composites. 

Bisanda et al. (1991) studied the mechanical tensile properties of cotton fibres. 
It was reported a tensile strength of 539 MPa and a tensile modulus of 8.8 GPa 
for 25 mm long fibres and 19 μm in diameter. 

Resol, or phenol-formaldehyde resin, has been chosen to produce composites 
reinforced with cotton fibres because of its affinity with lingo-cellulosic fibres 
(Zárate et al., 2000). Indeed, the high polarity of this resin provides strong 
hydrogen bonds with the hydroxyl groups of the cellulose fibres. The values of 
the tensile strength and Young’s modulus of resol are 28 MPa and 1.99 GPa 
respectively (Kuruvilla et al., 1993). Raw cotton (i.e. without any treatment, 
coming directly form the crop), and clean cotton fibres have been used. Surface 
treatments were not achieved since the adhesion was expected to be strong 
between the fibres and the matrix. Composite with fibre content from 28 to 
65v% have been produced and tested in bending. The results showed a increase 
of the flexural strength and modulus until a maximum fibre volume fraction 
around 40-50 v%. The composites made with raw cotton fibres showed the 
highest flexural properties with a 81.1 MPa flexural strength and a 4.6 GPa 
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flexural modulus at a fibre content of 47 v%. The decrease after 50 v% could 
be due to a poor wetting when the fibre content increase. SEM observation 
reported a good bonding cotton fibres/resol. 

Walsh et al. (2002) reported mechanical properties of cotton/phenolic 
laminates at low temperatures (4 K). The Young’s modulus and compressive 
strength gave higher values at low temperature than at room temperature. 
Tensile strength property is not affected.

Table 5.10: Cotton fibres and E-glass fibres properties 
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a: Varna and Berglund, 1996            b: Centre of Lighweight Structures, 2005             c: Kenaf Eco Fibre Italia, 2005 

Bhat et al. (2004) produced sandwich-type composites with cotton core and 
binder polymers surfaces made of thermoplastic binder fibres like cellulose 
acetate. Fibre mix composites were also produced with the same components. 
Both composites exhibited higher tensile properties, while the fibre-mixed 
composite showed better bonding between cotton fibre and binder fibres. 

High cotton fibre content polymer composites (70 wt%) were molded by 
Kurasaka et al. (2004). Polypropylene/polyethylene fibrous resin was used. The 
samples were tensile tested and it was reported a tensile strength of 75 MPa at 
70 wt% cotton fibre content, which can be compare to the tensile strength of 
glass fibres/polypropylene at 30 wt%. 
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Mechanical process for fibres separation

Most of the time, cotton is harvested mechanically, but manual cotton picking 
is still achieved. Cotton fibres are first extracted from the seeds after different 
steps (Ginning). The seeds are generally air-dried in sunlight during some days. 
Then the long fibres are mechanically extracted from the seeds and cleaned to 
remove the external constituents like limbs or branches which have fallen from 
the cotton plant during harvesting. The fibres compressed and packaged to be 
moved easily from the field to the textile industry, to be mechanically 
processed and chemically treated (Université Pierre et Marie Curie, 2005). 
Among mechanical processes, the fibres are submitted to spinning and weaving 
(Economic Expert, 2005). Chemical treatments are usually performed 
according to the use of the cotton fibres. For instance, alkali treatment is often 
used to remove the waxy materials present in the fibres surfaces.    

Conclusion

The cotton fibres have high cellulose content (90-95 %). However, the high 
microfibril angle (20-30°) gives cotton fibres low tensile strength and stiffness. 
The use of cotton fibres as reinforcement in composite materials is thus limited 
to pieces “lightly” loaded.
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5.4 Leaf Fibres 

5.4.1 Henequen Fibres (or Sisal) 

Introduction

Henequen, also called sisal, is an agave from the Amarylidaceae family. Native 
from Yucatan Peninsula, Mexico, henequen fibres have been used by the Maya 
and the Aztecs for years to produce ropes, shoes, etc. It has then been introduce 
in Europe by the Spanish settlers. Henequen is a hardy perennial that can live 
until 7 years. A plant can be harvested after 2-3 years old. Henequen fibres are 
situated in the leaves of the plant, and are their reinforcement. The fibres 
represent 4 to 5 % of the leaves. The leaves are selectively cut from the plant, 
but a minimum must be left to provide the plant to survive.   

Figure 5.12: Henequen in the field (A.R.C., 2005) 

Leaves average 120cm long and are arranged spirally around the thick stem. 
They provide a stock of water for the plant, as henequen grows in the tropics 
and subtropics region (temperatures above 25 C).

Henequen is still produce today in Mexico, but also in Brazil, Madagascar, 
Tanzania and Manila, and is mainly used for ropes, carpets, building panels, 
etc., but also more recently as reinforcement in composite material. 

Properties

Henequen fibres are also from the ligno-cellulosic fibres “family”. The lignin 
and cellulose content have been investigated and it was reported that henequen 
fibres are composed of 66-72 % of cellulose and 10-14 % of lignin. Henequen 
fibres are built up by steps, as other natural fibres. 70 to 120 cm long technical 
henequen fibres are not rare. These technical fibres have a circular cross 
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section from the bottom to the top of the leaf, but can sometimes be 
approximated as rectangular at the bottom of the leaf (Cazaurang-Martinez et 
al., 1991). Aguilar-Vega et al. (1995) investigated the properties of cellulosic 
fibres extracted from henequen fibres. The cellulose is the supporting 
constituent of ligno-cellulosic plants, hence its interesting mechanical 
properties as reinforcement for polymer. The distributions of the dimensions 
(length and diameter) have been plotted and it was reported that the average 
apparent length and diameter of a random sampling of 125 cellulosic fibres are 
1.3 mm and 15 μm respectively.  

Henequen fibre is a hydrophilic fibre which exhibits hydroxyl groups as other 
cellulosic fibres. This feature makes them almost incompatible with common 
hydrophobic resins. Fibre surfaces treatments (Valadez-Gonzales et al., 1999; 
Herrera et al., 2004) and matrix modifications (Canché-Escamilla et al., 1999) 
have been investigated to increase the interface henequen fibres/matrix. 

Cazaurang-Martinez et al. (1991) looked at the relation between the properties 
of henequen fibres and their place in the leaf. The leaves were separated in 
three sections (close to the bottom, middle and close to the top) and it was 
concluded that henequen fibres have more uniform properties in the middle 
section of the leaves. 

Henequen fibres reinforced thermosetting (Bai et al., 1998; Bisanda, 2000) and 
thermoplastic (Canché-escamilla et al., 1997 and 1999; Valadez-Gonzales, 
1999; Herrera et al., 2004) resins have been produced and investigated. 

The tensile failure of henequen fibres reinforced epoxy has been studied by Bai 
et al. (1998). Tensile tests of five henequen fibres/epoxy composites were 
carried out in the longitudinal direction of the fibres. A previous chemical 
treatment was performed to modify the fibre surface. The composite showed 
lower tensile properties than pure epoxy. A brittle characteristic of the fracture 
surface was reported, as well as interfacial debonding and pull out. 

Canché-Escamilla et al. (1997 and 1999) investigated the mechanical 
properties of grafted henequen cellulose used as reinforcement in PVC 
(Polyvinyl chloride) and SAN (Styrene Acrylonitrite). It was reported that 
tensile properties of the composites were increased with grafted henequen 
fibre. SEM observations showed a better bonding between grafted fibres and 
matrices. Increasing the amount of grafted agent (Methyl methacrylate) also 
increase the mechanical properties. 
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Table 5.11: Henequen fibres and E-glass fibres properties 
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Bisanda (2000) studied the influence of NaOH treatment in the adhesion 
between sisal fibres and epoxy matrix, and reported that treated fibres 
reinforced epoxy had higher compressive strength and lower moisture 
absorption.

High density polyethylene (HDPE) has been used with chemically treated 
henequen fibres (Valadez-Gonzales, 1999; Herrera et al., 2004). The fibres 
were treated with an aqueous alkaline solution (2%), a silane coupling agent, or 
both of them (an aqueous alkaline solution followed by a silane coupling 
agent). In all cases, a better tensile strength has been observed for treated 
henequen fibres composites with 20 v% fibre content. The adhesion of the 
fibres with the matrix is also reported to be better after treatment (SEM). The 
best enhancement in tensile strength have been registered for the composites 
reinforced with the fibres treated with both NaOH and silane coupling agent 
(27 MPa). The tensile strength of the reference composite with untreated fibres 
was 21 MPa.

Unidirectional continuous henequen fibres reinforced HDPE where produced 
with 46 wt% fibre content (Herrera et al., 2004). Henequen fibres were 
previously treated as reported above (an aqueous alkaline solution followed by 
a silane coupling agent). An enhancement in tensile strength has been reported 
if compared with untreated henequen fibres reinforced HDPE. (+ 10% and + 
43% in longitudinal and transverse direction respectively). No significant 
improvement in Young’s modulus after treatment has been noticed. Flexural 
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strengths increase after fibre treatment by +36% and 251% in longitudinal and 
transverse direction respectively. However, no significant changes have been 
reported concerning the flexural modulus.    

Thermal degradation tests have been performed on henequen fibre, and it was 
shown that the onset of thermal degradation for henequen fibres takes place 
around 320°C, due to the depolymerization of the cellulose (Aguilar-Vega et 
al., 1995).

Mechanical process for fibres separation 

Henequen first harvest takes place in two-three years old plants. It consists in 
cutting the ripest leaves, i.e. the ones situated close to the ground. During the 
first four years, two harvests are done each year, which represents about 200 
leaves per henequen plant, each leaf weighing approximately 1 kg. Henequen 
plants, which have a lifespan of 7 years, develop a flower after the fourth year. 
Only one harvest per year is then possible. 

After cutting, the leaves are crushed ant beaten mechanically to powder and 
separate all other constituents and extract the fibres. The crushed and beaten 
leaves are washed in the same time to remove the foreign materials from the 
fibres. Henequen fibres are then sun-dried, air-dried or artificially dried. 

Conclusion

Henequen fibres are extracted from the leaves of henequen plants. High tensile 
properties together with low density (1.33 g/cm3) and price (half of the price of 
glass fibres) have been reported. Like previously for other natural fibres, 
chemical treatments have been achieved to increase the properties (bonding, 
etc.). Alkali treatment and silane coupling agent are showing good results to 
increase the mechanical properties and the bonding between the fibres and the 
matrix.  

5.4.2 Abaca Fibres 

Introduction

Abaca, also known as Manila hemp, is native to the Philippine where it has 
been cultivated from the 16th century, and has strong similarities with banana 
plant. It belongs to the Musasea family and is cultivated for its fibres. The long 
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abaca fibres are extracted from the petiole of the leaves that converge at the 
base to form a false stem. The first harvest takes place between 18 and 24 
months after planting. At that time, the abaca plant is 4 to 7 meters high and 
consists of about 12 to 30 stalks.

Figure 5.13: Abaca plant (Republic of Philippines, Department of Agriculture, 
2005) 

Abaca has been introduced in South and Central America, particularly in 
Ecuador, but also in Indonesia. However, Philippine is still the largest producer 
in the world. Abaca fibres are extensively used to produce ropes, weave 
fabrics, tea bags, etc. Only few applications have been dedicated to use abaca 
fibres as reinforcement in composite materials, but some publications have 
shown interesting results. 

Properties

Abaca fibres, as other natural fibres, have quite important variation along their 
dimensions. Abaca elementary fibres are between 2 and 12 mm long, and have 
a diameter varying between 12 and 36 μm (HurterConsult, 2005). Abaca fibres 
are ligno-cellulosic fibres with high cellulose content (78%) and a lignin 
content of approximately 9%. 

Abaca fibres reinforced composites have been investigated by Shibata et al. 
(2002 and 2003) and by Teramoto et al. (2004). Their work was focused on 
thermosetting matrices, especially polyester. The mechanical properties of 
single fibres have been reported after tensile tests (Shibata et al., 2002 and 
2003). The span length of the fibres was 45 mm. Surface treatments of the 
fibres such as esterification (with acetic anhydride (or butyric 
anhydride)/pyridine), alkali treatment and cyanoethylation have been achieved. 
During esterification, the fibres have been soaked in acetic anhydride (or 
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butyric anhydride)/pyridine solution during 5h (Shibata et al., 2002) and 3h 
(Shibata et al., 2003). A 2% sodium hydroxide solution has been used for the 
alkali treatment. The cyanoethylation has been carried out in two steps. First 
the abaca fibres were soaked in a 4% sodium hydroxide solution, and then in 
acrylonitrile. The tensile properties of the treated and untreated fibres have 
been compared and reported in table 5.12. 

Table 5.12: Tensile properties of untreated and treated Abaca fibres (Shibata 
et al., 2002 and 2003) 

Fibres 
Average Diameter  

(mm)

Tensile strength  

(MPa)

E-modulus  

(GPa)

Untreated abaca

(Shibata et al., 2002 / 2003) 
0.202 / 0.194  756 / 813 31.1 / 33.6 

Acetic Anhydride - Abaca 0.166 574 39.1 

Butyric Anhydride (3h) – Abaca  0.160 806 46.6 

Butyric Anhydride (5h) – Abaca  0.181 842 36.6 

NaOH – Abaca 0.166 707 48.8 

Cyanoethylation - Abaca 0.175 333 25.9 

In both studies, it was reported an enhancement in tensile properties with 
decreasing the fibre diameter for treated and untreated fibres. Not significant 
difference could have been underlined between untreated and treated abaca 
fibres, except for fibres with cyanoethylation treatment which exhibit 
considerably lower tensile properties.   

The following table 5.13 compares properties of glass and abaca fibres. Abaca 
fibres have comparable properties if the weight is considered. Especially, the 
abaca fibres E-modulus is 22.4 GPa, while the glass fibres one is 29 GPa.  
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Table 5.13: Abaca fibres and E-glass fibres properties 
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Short treated and untreated abaca fibres have been used as reinforcement in 
poly (3-hydroxybutyrate-co-3-hydroxyvarelate) (PHBV), biodegradable 
polyester (Shibata et al., 2002). As kenaf is a ligno-cellulosic fibre, it was 
suspected that a surface treatment (Butyric anhydride and pyridine) could 
increase the bonding between the fibres and the matrix by decreasing the 
hydrophobic feature of the fibres. SEM investigation on the interface between 
fibres and matrix confirm a better bonding after treatment. It was found that the 
use of treated abaca fibres in PHBV with a weight content up to 20wt% 
increase the flexural properties of the composite, but not the tensile properties 
which remain unchanged. It was reported that glass-fibres/PHBV and treated-
abaca fibres/PHBV composites has comparable flexural properties at 20wt% 
fibre content.

Short treated and untreated abaca fibres have been used as reinforcement in 
polyesters poly (butylenes succinate) PBS, polyester carbonate PEC / poly 
(lactic acid) PLA blend, and PLA (Shibata et al., 2003). An enhancement of 
flexural properties has been reported by increasing the fibre content. However, 
the flexural properties are only slightly improved by the fibre treatments. 
Esterification of the fibre by butyric anhydride gave the best results. No 
difference has been observed between the matrices. Soil burial tests, during up 
to 24 weeks, have been performed and it was shown that composites reinforced 
with treated fibres degrade slower.   
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Biodegradation of treated and untreated abaca fibres reinforced aliphatic 
polyester composites have been investigated. It was shown that the use of 
abaca fibres in the bio-polyester affects significantly the weight loss (Teramoto 
et al., 2004). 

Mechanical process for fibres separation 

During the harvesting process of abaca plants, two steps have to be considered. 
First, the leaves are separated from their petiole and the stalks (Topping). 
Indeed, the abaca leaves petioles grow from the bottom of the plant along the 
stem. The fibres are further extracted from the petiole. The all stalk and petiole 
is then cut close to the ground during tumbling. The petiole or leaf sheaths are 
then separated from the stalks (Tuxying). The fibres can be then extracted from 
the tuxy, the outer covering of the leaf sheath, by two common processes: 
hand-stripping and spindle-stripping. The stripped fibres are then sun dried or 
air dried in open or shaded structures (Isarog Pulp and Paper, 2005).

Conclusion

High mechanical properties have been reported for abaca fibres. Abaca fibres 
are approximately as costly as glass fibres, but have a much lower density. 
Abaca treated fibres exhibits no significant difference if compared to untreated 
abaca fibres considering the tensile properties. Better interface between the 
fibres and the matrix has however been reported after treatment of the abaca 
fibres. Besides, treatment slow down degradation of the abaca fibres reinforced 
composites. 
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5.5 Viscose Fibres 

Introduction

Most of the research projects on natural cellulosic fibres reinforced composites 
have focused their work on the previous cited fibres. However, viscose fibres, 
which are fibres hand-made from natural cellulose extracted from the wood as 
raw material, have not been studied extensively. 

Figure 5.14: SEM picture of viscose fibres (Université Pierre et Marie Curie, 
2005) 

Viscose is made from chemically treated cellulose extracted from cellulosic 
plants, mostly from the wood. Viscose was invented in 1884 in France by 
Hilaire de Chardonnet, and has been widely used as a textile raw material until 
synthetic fibres appeared in the 1950s.

Properties

Viscose fibres are produced with the desire diameter since they are man-made 
fibres. Their mechanical properties have been investigated by Zeronian (1991) 
and are reported in table 5.14. Viscose fibres are cellulosic fibres and have 
consequently the same hydrophilic and polar feature as all cellulosic fibres. 
Viscose is a 100% cellulose content fibre. A poor bonding between the matrix 
and the fibres is reported and chemical treatments have been investigated to 
overcome this problem (Basu et al., 1998; Paunikallio et al., 2003 and 2004).
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Table 5.14: Viscose fibres and E-glass fibres properties 
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Viscose ? 593 (c) 40 (c) 11.4 (c) ? ? ? ? 

a: Varna and Berglund, 1996       b: Centre of Lighweight Structures, 2005         c: Zeronian, 1991 

Mechanical process for fibres production 

Viscose comes from chemically treated wood cellulose, usually with caustic 
soda that breaks the hydrogen bonds. The chemically treated cellulose is then 
mechanically processed by extrusion to obtain the fibres (regeneration).  

Conclusion

Viscose fibres have been and is still used mostly for clothe manufacturing. 
Therefore, the investigations and applications as reinforcement in composite 
material are not common. Viscose fibres exhibit high mechanical properties, 
and the process to produce them is more than 100 years old, which makes it 
fairly reliable. The cellulose hydrophilic feature has to be overcome by 
chemical treatments to provide strong bonding with the polymer matrices.  
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5.6 Comparison

The following table gives is a comparison between all the fibres reported 
previously. It is obvious that the mechanical properties of these natural fibres 
vary within a wide range. A previous study of the utilization of the future 
product must be carried out with meticulous care to choose the right fibre for 
the right application.  

Table 5.16: Natural and glass fibres properties 
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90 9 - 15 
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quen 1,33 600 – 700 
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Abaca 1,5 813  
33.6
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2.9  ? 1.5 – 2.5 78 / 9 ? 

Viscose ? 593 (c) 40 (c) 11.4 (c) ? ? ? ? 

Glass fibre exhibits some advantages if compared to natural fibres: 

No natural variations, since it is a hand made fibre (e.g. the fibres are 
all oriented in the same direction, i.e. the direction of maximum applied 
load),
Dimensional stability (no humidity absorption, no shrinkage and no 
swelling), 
Good knowledge of the technology used for GFRP manufacturing, 
since widely used for many years, 
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Higher mechanical properties if the density is not considered (it is 
worth to noticed that some natural fibres like hemp and flax can equal 
glass fibres if compared the Young’s modulus).  

However, natural fibres are/have: 

Much lower density than glass fibre (about 1.5 against 2.44 g/cm3),
Lower price for most of them if compared to glass fibres, 
Renewable,
Recyclable, 
Widely available, 
CO2 neutral, 
Not abrasive for the machine, 
Not unhealthy to work with, 
Biodegradable,
Comparable specific mechanical properties for some of the fibres. 
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6 CONCLUDING REMARKS 

All natural fibres exhibit interesting properties and all composites produced 
during the investigations cited previously would probably find an industrial 
application sooner or later for structural or non structural member. For 
instance, flax and hemp fibres are used in the most recent Mercedes, BMW, 
Renault, Volvo, etc. to produce interior panels (door, headliner, instrument, 
etc.), seat backs, etc. These elements are however often non structural. 

In the present case, reinforcement of wooden beams has to be achieved. Thus, 
high mechanical properties fibres must be used.  

Cotton and coir fibres have to low strength and stiffness due to their low 
cellulose content (coir) and/or high microfibril angle (cotton and coir).

On the other hand, flax and hemp fibres exhibit very interesting features 
(mechanical properties, price, density, availability in Europe, etc.) and are a 
promising alternative to glass fibres as reinforcement for timber or glulam 
beams. For instance, flax fibres show very interesting specific properties, 
especially regarding the Young’s modulus (Glass fibres: 29GPa – Flax fibres: 
26-46GPa) and the tensile strength (Glass fibres: 770MPa – Flax fibres: 570-
1000MPa).

Chemical or mechanical treatments and proper extraction process are key steps 
that lead to better mechanical properties of the natural fibres.  

It has appeared that without chemical and/or mechanical treatments, mostly 
low mechanical properties natural fibres composites have been produced. It 
seems then of great importance to use chemicals to change the hydrophilic 
feature of the cellulose based fibres. The maleic anhydride, for instance, often 
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used with polypropylene, acts as a compatibilizer between the hydrophilic 
natural fibre surface and the hydrophobic properties of polypropylene.

It has also been established that thermosetting resins provide better bonding to 
the natural fibres than thermoplastic resins.  

An interested investigation would be to reinforce glulam beams with natural 
fibres composites with the same reinforcing devices used with glass fibres in 
previous research projects. 
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