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Abstract  

Timber has throughout history played an important role in all kinds of construction work 

where its properties are very sought after. Engineered timber products such as glulam have 

managed to increase these properties even more with stronger and stiffer material. In recent 

years new ways have emerged that enhance these properties even further by strengthening it 

with materials that have more tensile strength and higher modulus of elasticity. To study the 

effect of gluing basalt fibres on the tension zone of glulam beams an experiment was conducted 

in the structural laboratory (Sel) of Reykjavik University. 12 glulam beams 3,2 m long, 65 mm 

wide and 167 mm high in strength class GL30c were randomly divided into 3 groups with 4 

beams in each group. For each group the beams were either reinforced with slack basalt fibres, 

pre-stressed basalt fibres or with no reinforcement for comparison. The reinforcement ratio of 

the basalt fibres was about 0,45% of the beams cross section for both slack and pre-stressed 

beams. The pre-stressing was done with cambering where the beam was cambered to the point 

where the stresses in the timber reached 90% of authorized stresses according to the standard 

EN 14080:2013. The beams were then tested in a four-point bending test. 

Results of the experiment showed a 37% increase in moment capacity for the slack 

reinforced beams and 64% for the beams reinforced with pre-stressed fibres. The modulus of 

elasticity also increased but not as much as the moment capacity or 11% for the slack reinforced 

beams and 19% for the pre-stressed beams. When the experimental results were compared with 

values estimated by calculations to predict the pre-stress in the fibres and the moment capacity, 

an apparent difference was found in the values where the calculations under estimated the 

moment capacity and overestimated the pre-stress. 
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Útdráttur  

Timbur hefur í gegnum tíðina spilað mikilvægt hlutverk í alls konar 

byggingarframkvæmdum þar sem efniseiginleikar þess hafa verið eftirsóknarverðir. 

Verkfræðilega hannaðar timbur afurðir eins og límtré hafa náð að auka þessa eiginleika enn 

frekar svo útkoman verði sterkara og stífara efni. Á síðustu árum hafa komið fram á sjónarsviðið 

nýjar aðferðir til að auka þessa efniseiginleika enn frekar með því að styrkja límtré með efnum 

sem hafa meira togþol og hærri fjaðurstuðul. Til að rannsaka áhrif þess að líma basalt trefjar á 

togbrún límtrésbita var tilraun framkvæmd á rannsóknarsetri Háskólans í Reykjavík í 

mannvirkjahönnun (SEL). Tólf límtrés bitum, 3,2 m löngum, 65 mm breiðum og 167 mm háum 

í styrkleikaflokki GL30c var skipt af handahófi niður í 3 hópa þar sem voru 4 bitar í hverjum 

hóp. Allir bitarnir í hverjum hópi voru annað hvort styrktir með slökum basalt trefjum, 

forspenntum basalt trefjum eða voru hafðir óstyrktir til viðmiðunar. Styrkingarhlutfall basalt 

trefjanna var um 0,45% af þversniði bitans bæði fyrir slöku og forspenntu bitana. Forspenna 

trefjanna var framkvæmd með yfirspennu þar sem bitinn var yfirspenntur þar til spennan í 

timbrinu hafði náð 90% af leyfilegri spennu samkvæmt staðlinum EN 14080:2013. Bitarnir 

voru svo prófaðir í fjögurra punkta álags prófi. 

Niðurstöður rannsóknarinnar sýndu 37% aukningu á vægisþoli fyrir bitana sem styrktir 

voru með slökum basalt trefjum og 64% aukningu fyrir bitana styrkta með forspenntum basalt 

trefjum. Fjaðurstuðullinn jókst einnig en þó ekki jafn mikið og vægiþolið eða um 11% fyrir 

bitana styrkta með slökum trefjum og 19% fyrir forspenntu bitana. Þegar niðurstöður 

tilraunarinnar voru bornar saman við reiknuð gildi sem áætluðu forspennu í trefjunum og 

væntanlegt vægiþol, kom fram greinilegur munur þar sem reikningarnir vanáætluðu vægiþolið 

og ofáætluðu forspennukraftinn.  

 

Lykilorð: Styrkt límtré, Basalt trefjar, Forspennt límtré, Yfirspenna 
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1. Introduction 

Throughout the centuries timber has been one of the most widely used construction 

material (Thelandersson & Larsen, 2003, Chapter 1). Timber is a sustainable resource if forests 

are renewed and maintained and there is no reason to think otherwise than that will continue. 

In recent decades the interest in timber as building material has increased significantly due to 

the increased awareness of sustainability and greenhouse gases. Because of modern 

requirements in the construction industry designers and researchers have been looking for ways 

to improve timber products to meet those demands and to make timber more competitive with 

other construction materials like steel and concrete. Steel and concrete are man-made materials 

designed for specific tasks and therefore they are less likely to have defects and weak points 

like timber.    

Glued laminated timber, glulam, is an engineered wood product that has been used as a 

building material for well over a century. Glulam is made from small timber boards that are 

usually in the range of 19 to 50 mm thick and 1.5 to 5 m long. The boards are joined together 

by using finger jointing. The boards have been graded after strength and are glued together 

under pressure with the timber fibres parallel to the beam length. The strength of the timber is 

usually determined by how flawless it is. Fracture usually happens at the weakest point which 

is usually where there are knots or cracks. Within the glulam defects in the timber are distributed 

more evenly throughout the section resulting in an increased strength of the timber. This makes 

the glulam stronger and stiffer than standard timber, as can be seen Figure 1 (Porteous & 

Kermani, 2007; Thelandersson & Larsen, 2003). 
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Figure 1: Shows the strength properties of standard building timber vs glulam. f axis is the 

strength and the n axis is number of specimens. As can be seen the average strength (fm) is 

higher for glulam. The characteristic strength fk is also higher and the variance is less (Carling 

& Svenskt limträ AB, 1995). 

Manufacturing glulam provides various other benefits. Timber has very high strength to 

weight ratio which makes glulam beams a good choice when beams have to cover long spans. 

Glulam can be fabricated in many shapes and sizes, straight and bent beams or columns as can 

be seen in Figure 2. 

 

Figure 2: Part of the wide range of different types of glulam beams (“Glulam - glued-laminated 

timber - CWC,” n.d.). 
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The limit is not necessarily the strength of the beam but rather the production or whether 

it is possible to transfer it. Glulam possesses all the advantages of wood. It is easy to put together 

and easy to saw and nail (Thelandersson & Larsen, 2003).  

Although the use of glulam is widespread and internationally recognized there are a few 

problems with its use. More often than not the design with glulam beams is determined by the 

deflection of the beam rather than the strength. This problem can be solved by increasing the 

height of the cross section of the beam which is not always possible due to various reasons and 

not to mention it is not economically viable. Glulam also has the drawback of breaking rather 

brittle in the tensile area, but it can also behave plastically under pressure. Tensile strength is in 

most cases less than the plastic yield point in timber under pressure. This means that the timber 

can break very quickly in the tension zone (André, 2011; Thelandersson & Larsen, 2003). This 

can be explained by the impact of defects such as knots which have greater effect on tensile 

strength than compressive strength (Ágústsson, 1986). 

In recent decades various studies have been conducted that attempt to strengthen timber 

further. Many of these studies focus on strengthening the tension zone of glulam beams with 

materials that have more tensile strength and higher modulus of elasticity (Borri, Corradi, & 

Grazini, 2005; Dagher, Kimball, Shaler, & Abdel-Magid, 1996; Fiorelli & Dias, 2003; Johns & 

Lacroix, 2000; Romani & Blaβ, 2001). By reinforcing the glulam in the tension zone many 

benefits can be acquired. An increase in mechanical properties of the timber, instead of 

increasing beams cross sections to gain more strength, cross-section can almost be the same or 

even less, lower grate timber could be an option and it can give the timber more ductile 

behaviour (André, 2011).   

1.2 Purpose 

There are many ways to strengthen glulam beams. They can be strengthened with steel 

or FRP, and be either pre-stressed or not. This theses examines what impact it has on the 

strength and stiffness of glulam beams if they are reinforced with basalt fibres on the tension 

side. The beams that are examined are divided into three groups, un-strengthened, reinforced 

with slack basalt fibres and reinforced with pre-stressed basalt fibre. This will be tested by 

making the glulam beam undergo tests according to standard EN 408: 2010 for determining the 

modulus of elasticity and the bending strength. The study also seeks to find a method of pre-

stressing the fibres without the need for large equipment and much complexity that could be 

used at the building site. 
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1.3 Objectives  

The objective of this theses is to examine the performance of glulam beams reinforced 

with basalt fibre on the tension zone compared to unreinforced glulam beams and to see if the 

performance is enhanced if the fibres are pre-stressed. The aim is also to assess whether a 

calculation model can be used to predict the expected pre-stress in the fibre and the 

corresponding cambering. Another calculation model is used to predict the expected moment 

capacity of the beam and the values compared with the experimental results. This will be 

achieved by: 

 Comparing the performance of unreinforced glulam beams with beams reinforced with 

slack and pre-stressed basalt fibres. 

 Measuring the pre-stressing force in the experimental beams and comparing them with 

calculated values from a calculation model. 

 Measuring the moment capacity of the pre-stressed glulam beams and comparing with 

calculated values from a calculation model. 

 Measuring the camber due to pre-stressing force and comparing with calculated values 

from a calculation model.  

 Measuring the efficiency of the fibres and comparing the efficiency of slack reinforced 

beams with the pre-stressed beams.  

 The characteristic value for bending strength (fk) of the experimental beams is calculated 

and compered, both internally and with the value from standard. 

 The behaviour of beams when tested is examined to see whether the strengthening 

induces more ductile behaviour.    

1.4 Thesis overview 

This theses is divided into seven chapter and their contents are as following: 

First chapter features the introduction of the theses, purpose and objectives. 

Second chapter features a general introduction of the materials used in the study and a brief 

presentation of several studies that have been conducted in this field. 

Third chapter features a presentation of the two calculation models used for comparison with 

the results of the experiment. 



     

Guðmundur Ingi Hinriksson 

 

5 

 

Fourth chapter features the research, how it was conducted and the equipment and materials 

used. 

Fifth chapter features the results of the experiment. 

Sixth chapter summarizes the main findings of the experiment, a comparison is made between 

the beams and the results are discussed. 

Seventh chapter features the final conclusion and the need for further research discussed.   
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2. Background 

2.1 Timber 

Timber has throughout the ages been one of the most widely used construction materials 

(Thelandersson & Larsen, 2003, Chapter 1). If the forests are renewed and well maintained 

timber can be an endless source of construction material in the future. Advantages of using 

timber as building materials are many. Timber has a high strength to weight ratio and it is 

capable of transferring both tension and compression forces which makes it very competitive 

with other building materials such as steel and concrete (Porteous & Kermani, 2007). Other 

benefits include good insulation against heat and sound, long service life if handled correctly 

and well-designed from the beginning, it is easily shaped into form and easy to connect other 

building parts by using screws, nails or bolts (Porteous & Kermani, 2007).  

2.1.1 The structure of timber 

A tree consists of roots, a trunk and a crown. The roots spread through the soil 

surrounding the tree and absorb water and minerals from it that are needed so the tree lives. The 

tree trunks main purpose is to carry the tree due to gravity and other external forces caused by 

wind, snow and slope of the soil. The trunk also transfers water and minerals from the roots up 

to the tree crown. The tree crown consists of tree branches and leaves. The leaves work carbon 

dioxide from the air along with minerals and water from the soil and form a chemical reaction 

that generates sugar and cellulose causing the tree to grow (Porteous & Kermani, 2007). Figure 

3 shows a typical cross section of a tree trunk. 

 

Figure 3: A typical cross section of a tree trunk (Porteous & Kermani, 2007). 
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 Outer bark: is the protection layer of the tree. It is a dry dead tissue that protects the tree from 

external elements. 

 Inner bark: transports the sugar from the leaves to the rest of the tree. 

 Cambium: a very thin layer inside the inner bark. The cambium is responsible for the growth 

of the tree. It adds new growth ring to the tree every season. 

  Sapwood: is the outer living wood. The sapwood stores food and transports water from the 

roots to the leaves. It also stores water and distributes as needed.  

 Heartwood: when the sapwood becomes inert and dies it becomes heartwood. The heartwood 

increases the rigidity of the tree. 

 Rays: are cells that run perpendicularly through the tree. They store and distribute food and 

water through the tree. 

 Annular rings: the annular rings happen because of growth speed of the tree. The inner ring is 

bigger because during the summer the tree grows rapidly and the cells are bigger, during the 

fall the tree grows slower and the outer ring is denser and consequently stronger. 

 Pith: the middle of the tree.  

(McKenzie, 2007; Porteous & Kermani, 2007) 

2.1.2 Types of timber 

Trees are sorted in two categories, softwood and hardwood. These definitions have 

nothing to do with whether the wood is hard or not, they are theoretical definitions derived from 

botany. The softwood has the growth rate of under 30 years. As a result it has low density and 

low strength. The growth rate of the softwood makes it cheaper to manufacture than hardwood 

and therefore less expensive. The hardwood has slower growth rate or around 100 years. It has 

higher density and is consequently stronger than softwood (Porteous & Kermani, 2007).   

2.1.3 Natural characteristics of timber 

Timber is a natural material that grows outdoors and encounters various seasonal effects 

during the growing period. Consequently, it is inevitable that defects and other characteristics 

occur in the timber. These defects can significantly affect the strength and appearance of the 

timber (Porteous & Kermani, 2007; Thelandersson & Larsen, 2003).  
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Knots 

Knots are probably the most common and most 

influential defects in timber. Knots are remains of 

branches that grow out from the middle of the timber. 

Where the knot grows out of the timber the fibres structure 

is distorted causing unpredictable stresses around him. 

This distortion of the fibres can cause tension 

perpendicular to the grain when the wood is loaded and 

that is the weakest direction in the wood. The defects 

caused by knots depend on the size and location of the 

knot. A knot on the compression side has much less effect on the compression strength of the 

timber than a knot located on the tension side of a timber under bending (Porteous & Kermani, 

2007; Thelandersson & Larsen, 2003).    

Cracks and fissures  

Fissures and cracks are divergences between the cells of the wood. They are usually in 

the radial direction. They often happen at the end of the timber but do not necessarily go 

through. Cracks and fissure are often the first indication of degeneration (Porteous & Kermani, 

2007).(“Lesson One - The Structure of Wood,” n.d.) 

Reaction wood 

Reaction wood occurs in the 

timber when trees are exposed to great 

external forces such as wind or they 

grow in a slope. Reaction wood is a 

way for the tree to counter such forces 

so it does not fall on its side. There are 

two types of reaction wood, 

compression wood and tension wood. 

Compression wood forms in softwood 

on the lower side of the trunk. As the 

name implies, compression wood is formed on the side of the tree that has to withstand more 

pressure. Compression wood is much denser than normal wood (around 35%) and disrupts 

during drying. It has low bending strength and tends to fail in a brittle manner. Tension wood 

Figure 4: A typical knot (Porteous 
& Kermani, 2007). 

Figure 5: Compression and tension wood (“Lesson 
One - The Structure of Wood,” n.d.). 
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forms on the upper side of the trunk in hardwood. It contains more cellulose then compression 

wood and can withstand more tension and bending than normal wood. It is formed on the side 

of the tree that is under tension pulling it towards the force. Although tension wood has 

extraordinarily good qualities under tension it is weak in longitudinal compression (McKenzie, 

2007; Porteous & Kermani, 2007; Thelandersson & Larsen, 2003). 

Other defects 

Density and annual ring widths often go together. Strength of the timber is often greater 

in timber with higher density. If the ring width is great it indicating that the timber has grown 

rapidly and it has low density (Porteous & Kermani, 2007). 

Fungal decay: Some fungal cause damage to timber (Porteous & Kermani, 2007).  

2.1.4 Moisture content of timber 

When a tree is cut down, all cell walls and voids in the timber are saturated by water. 

After the tree has been cut down, it starts to lose its moisture balance and water which is not 

bound in the cell walls is first to go. When the tree loses this excess water it has little or no 

effect on the mechanic properties of the timber up to a certain point. This point is called fibre 

saturation point and is typically in the range of 25-35% but generally there is talk about the 

average which is 28%. When the timber moister content is above saturation point the timber is 

in stable condition but if it goes lower, the timber starts to shrink and swell depending on 

whether the moisture reduces or increases which can have great effect on the mechanic 

properties of the timber (Handbook 1 Timber structures, 2008; Porteous & Kermani, 2007).  

The relationship between moisture content and strength/stiffness is great as Figure 6 

shows. The relationship is almost linear up to saturation point. As the moisture content increases 

the strength and stiffness decreases. After the fibre saturation point is reached an increased 

moisture has no significant impact on strength and stiffness. This also applies to other 

characteristics of timber like shrinkage, creep and durability. They behave similar depending 

on the moisture content just with other values (McKenzie, 2007; Porteous & Kermani, 2007). 
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Figure 6: Relationship between strength and stiffness and moister content (Porteous & 

Kermani, 2007). 

Timber is a very hygroscopic material. That means it is highly dependent on 

environmental moisture. If the timber is under constant load it creeps because the modulus of 

elasticity decrease. As the moisture ratio is higher in the timber, the greater the impact 

(Thelandersson & Larsen, 2003). It is important to consider this part of the design. In the 

standard (Eurocode 5, 2004) this is done with modification factors kmod that take into account 

the effect of load duration and moisture content and kdef  which is a deformation factor 

dependent of type of material and moisture content.   

2.2 Glulam 

Glued laminated timber or glulam is a method that first appeared in the early 19th 

century in Germany. The starting point can be traced to a patent given to Otto Hetzer in 1906 

(Thelandersson & Larsen, 2003). The method is based on at least two strength graded timber 

lamellae made from regular wood that are glued together under pressure in a controlled 

environment. With this method defects in the timber can be distributed more evenly throughout 

the section or cut out, resulting in increased strength of the timber and better utilization of the 

timber properties. 

The glulam lamellae are usually in the range of 19 to 50 mm thick and 1.5 to 5 m long. 

They are glued together parallel to the fibre direction. The boards are joined together by using 
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finger jointing. By producing glulam beams with this method there are almost no limits to the 

shape or length of the beams. The limit only come from the producers themselves as the size of 

production facilities and transporting the product are the major obstacles (Porteous & Kermani, 

2007; Thelandersson & Larsen, 2003).  

The benefits of producing glulam are numerous such as: 

 Good strength to weight ratio: This makes glulam a good option when the beams have to 

cover long spans. It can be produced in virtually any length. In glulam beams the defects that 

are present in standard structural timber have been distributed so they have less impact on the 

strength and stiffness. Also it is considerably lighter than for example concreate and steel which 

is good when you need to take into account the beams own weight. 

 Insulation: Glulam has, like standard structural timber, very good insulation properties against 

heat and sound. 

 Fire resistance: Because of its good insulation properties timber does not burn as fast as many 

would imagine. When it burns the outer layer of the beam changes to charcoal witch isolates 

the rest of the beam against further damage. This causes that the glulam beam can maintain its 

strength longer than if it was made from other building materials. 

 Durable: If glulam is properly designed, it is extremely durable. Timber has high chemical 

resistance. 

 Environmentally friendly: If forests are renewed and well maintained timber is a sustainable 

material. Glulam can be reused in constructions or as an energy source. 

 Easy to transport and easy to erect: Because of its lightweight glulam is exceptionally good 

for production and transport. It also makes it very easy to erect and can be put under full load 

immediately. 

(Thelandersson & Larsen, 2003) 

2.2.1 Glulam production 

It can be said that the production of a glulam beam begins in the forest when the tree is 

cut down. Figure 7 shows the process the timber goes through to create a glulam beam. 
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Figure 7: The manufacture process of glulam (Carling & Svenskt limträ AB, 1995). 

The tree is sawn into suitable lengths of laminates and then dried. From there the timber 

is strength graded and the modulus of elasticity determined. Laminates with same strength are 

finger jointed together and when the glue has hardened the laminates are planed. Humidity in 

the timber is of great importance when boards are glued together. Desirable humidity is in the 

range of 8-15%, but differences between two lamellae that are glued together may not exceed 

5%. If the difference is greater there is a risk of unwanted stress difference between the 

laminates which can lead to dissociation. A glulam beam is never stronger than its weakest link 

which can be a knot or other defects. Before the laminates are glued together to form a beam 

they are arranged in the right place to maximize the beam strength. This way defects are 

distributed over the entire cross-section and the strongest laminates are on the top and bottom 

of the beam where most compression and tension forces can be expected. The beam is then 

glued together under pressure, planed and inspected, and if nothing is wrong it is then ready 

(Thelandersson & Larsen, 2003). 
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2.2.2 Glulam properties  

In glulam production there is only used strength graded timber. Two methods are used 

when glulam beams are produced. One of which is the homogeneous method. In this method 

there is only used timber within the same strength class (see Figure 8). 

 

Figure 8: The two types of glulam beams (Porteous & Kermani, 2007). 

The other method is combined glulam where timber in different strength classes is used. 

Laminates with higher strength are put on the top and bottom of the beam where most 

compression and tension forces can be expected (Porteous & Kermani, 2007). 

2.2.3 Size effect 

The strength of a cross-section may be affected by the cross-sectional size, especially in 

materials that break in brittle failure. According to the theory of Weibull the likelihood of 

defects will be greater as the size of the cross-sections increase. As a result the cross-sectional 

strength lowers as the height increases. Size effects are often taken into account in standards(EN 

408:2010, 2012) as predetermined length / height ratio (Thelandersson & Larsen, 2003). 

2.2.4 Creep 

When a timber element is subjected to load it causes deformation. This deformation is 

usually linearly related to that load. If this load lasts for a long period of time it can cause a 

permanent change to the timber element called creep. This means that though no load is added 

to the element it continues to deflect. The things that most affect creep are relative humidity in 

the timber, how high the load is and for how long the timber will be affected to that load 

(Thelandersson & Larsen, 2003).  
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2.2.5 Failure modes 

Construction timber can break in many different ways which is dependent on many 

variables. Examples of such variables include load, knots, humidity, cross-section size and other 

defects. When considering the designs of structures it is necessary to consider this and take into 

account. The main failure modes that can happen in glulam are tensile, compressive, shear and 

adhesive failure as discussed below. 

 Tensile failure 

Tensile failure is the most common failure mode for unreinforced glulam beams. The 

failure is generally brittle and occurs when the tensile strength of the timber is as great as the 

tension strength of the timber. Tensile failure will usually happen on the bottom of the beam 

where the tension is the greatest when a beam is in pure bending (Garzon Barragán & Jacob, 

2007). 

Usually there is talk about two types of tension failure occurring in timber. One is a 

failure on the tension side when the tension strength has reached its maximum and the 

compression zone is still on the linear elastic phase. This is most common when the timber is 

un-strengthened. The tensile strength is less than the compressive strength because various 

defects have a greater effect on tensile strength than the compressive strength.  

The other failure is when some of the compressive zone has entered the plastic phase 

but not nearly all, when the tension strength reached its limits. When this happens the beam 

shows more ductile behaviour before, it breaks but the failure is still always brittle when it 

happens (Garzon Barragán & Jacob, 2007). 

Compressive failure 

This is a ductile failure that happens when any part of the beam has reached compressive 

plastic stress limit. This is not a very common failure in timber but can happen if a beam is 

heavily reinforced on the tension side (Garzon Barragán & Jacob, 2007). 

Shear failure 

When the shear force from the load of the beam reaches the beam limit a shear failure 

occurs. This failure is abrupt and manifests itself in cracks spreading along the fibres direction. 

This form of failure usually happens in short beams and if the beam has been strengthened 

excessively on the tension and the compressive side (Garzon Barragán & Jacob, 2007). 
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Adhesive failure 

Because adhesive plays such a major role in binding the fibres and the timber together 

and transfer stresses from the timber to the reinforcement, it is important that there is no failure 

in the adhesive (Garzon Barragán & Jacob, 2007). This can happen if the adhesive is not 

properly mixed or if the surface where it is applied is not clean and free of dust.  

2.3 FRP 

Fibre reinforced material or FRP is a name that is commonly used over materials 

composed of fibres and some kind of polymer matrix. FRP originated in the aerospace industry 

and was later used in other sectors such as the marine, automobile and construction industries 

as well (Hollaway & British Plastics Federation, 1994). In recent decades there have been major 

advances in the production of fibres and the cost has reduced. Since the use of FRP offers huge 

potential to the construction sector it has led designers to look at it in much greater extent than 

in the past to strengthen timber buildings, both older buildings in need of maintenance as well 

as new buildings (Bank, 2006). The main advantages of using FRP for designers in the 

construction industry are: 

 High strength and stiffness 

 Easy to mould into complex shapes 

 High environmental resistance  

 Low thermal conductivity 

 Low density  

 No risk of corrosion 

(Bank, 2006; SP Guide to Composites, n.d.) 

Fibres commonly used in the construction industry are very long and go by the name 

continuous fibres. Because of that the total volume of the fibres in the composite material is 

very high or between 20-60% (Bank, 2006). As stand-alone material fibres only contain tension 

properties parallel to the fibre direction. The fibres are usually the stronger material in the 

composite. When mixed with resin both of the materials hold their individual properties so the 

overall properties of the FRP will be some kind of relative average of both (see Figure 9) (SP 

Guide to Composites, n.d.). 
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Figure 9: Stress strain graph for the fibres and the resin. Then we have the composite material 

which is relative average of both (SP Guide to Composites, n.d.). 

The resin glues the fibres together and spreads the load to all the fibres giving the 

composite material superior properties (SP Guide to Composites, n.d.). Listed below are the 

three most widely used fibres in the industry along with basalt fibres that researchers have 

begun exploring in recent years. 

 Glass fibres (GFRP) 

 Carbon fibres (CFRP) 

 Aramid fibres (AFRP) 

 Basalt fibres (BFRP) 

When talking about the strength of FRP, it is usually alleged how much load resistant 

the material has before it completely breaks down. But with FRP it is not quite as simple. 
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Figure 10: Typical FRP stress/strain graph (SP Guide to Composites, n.d.). 

Figure 10 shows a typical stress / strain curve for FRP materials. It can be seen that 

when the material has reached a certain stress there is a little variation in the curve, which is 

where the resin starts to crack. FRP does not really rupture all at the same time. When a certain 

stress is reached defects start to occur in the material, resin begins to crack and rupture of 

individual fibres and they start to pull themselves from composite material. Although the 

material has not completely broken down, it can be said that the process has started and the 

material will gradually break completely (SP Guide to Composites, n.d.). 

2.3.1 Basalt fibres 

Basalt fibres are made from basalt rock which is one the most common type of rock on 

Earth. It is believed that basalt rock is about 33% of the Earth´s crust (Dhand, Mittal, Rhee, 

Park, & Hui, 2015). The fibres are formed through a melting process where melted basalt is 

pushed through specific circuits to form continuous fibres. They are then wound up on a bobbin, 

from which it is possible to make the fibre mat. In this process no additives or precursors are 

needed resulting in less environmental impact and reduced costs (Wu, Wang, & Wu, 2009).  

Basalt fibres are a relatively new type of fibres in the construction market. Studies 

suggest that their properties closely resemble the properties of glass fibres such as modulus of 

elasticity, tensile strength, maximum strain and density. However, there is one feature that 

basalt fibres have over other types of fibres. Temperature resistance of the basalt fibres is very 

good. Research suggests that they keep their full strength in the range of -269 to 650°C (Wu et 
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al., 2009). In a study conducted by Sim, Park & Moon (Sim, Park, & Moon, 2005) where they 

compared the strength of carbon, glass and basalt fibres at different temperatures showed that 

the basalt fibres held 90% of its strength in a temperature of up to 600°C. While carbon and 

glass fibres started to lose strength at about 200°C. The study also showed that when the 

temperature reached 1200°C the carbon fibres had melted completely and the glass fibres 

partially while the basalt fibres held its shape altogether. These features make basalt fibres a 

good alternative were heat-resistant materials combined with structural properties are required. 

 Key Features of basalt fibres that are useful in the construction industry may be 

considered: 

 Environmentally friendly 

 Strong and lightweight 

 Chemical resistant 

 Highly resistant to corrosion 

 Low thermal conductivity  

 Very heat resistant  

(Dhand et al., 2015). 

2.3.2 Resin 

Resin is usually 30-40% of the FRP composite material. The resins role is to hold the 

fibres together and maintain fibre strength. The resin distributes the load between the fibres and 

protects the fibres from environmental impact and other harsh treatment. The most common 

types of resin used are polyester, vinyl ester and epoxy (Bank, 2006).  

Epoxy resin is widely used to strengthen FRP products. Epoxy resin has high strength 

and endurance against corrosion. Epoxy is used both to produce FRP and to glue on the surface 

of the object that is being strengthened. The epoxy dries rather slowly and is rather brittle after 

it has fully dried. It is moisture-resistant, strong and light. Epoxy resin tensile strength is in the 

range 35-130 MPa and modulus of elasticity in the range 2-6 GPa (Bank, 2006). 

2.4 Strengthening of glulam 

Tension strength of flawless timber is according to researches generally in the range of 

80-100 MPa, while compression strength is in the range of 40-50 MPa. Timber is a natural 

material and therefor there are always defects that significantly reduce this strength. Therefore, 
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these numbers are more in the range of 10-40 MPa for tension strength and 25-40 MPa for 

compression strength (CRN, 2007). As can be seen by these numbers the defects in timber 

affect its strength, significantly more so the tensile strength than the compression strength.  

As previously mentioned glulam can break very quickly in the tension zone (André, 

2011; Thelandersson & Larsen, 2003) because of how dependent it is on the strength of the 

laminates and their production quality (CRN, 2007). Figure 11 shows the different failure 

modes for glulam timber under uniaxial bending.  

 

 

Figure 11: The different failure mode for glulam (CRN, 2007). 

In Figure 11 the letter η is the ratio between the compression strength/tension strength. 

As the glulam tends to break quickly on the tension side it is difficult to obtain the plastic 

behaviour in the compression side. The consequences are that failure mode 1 and 2 become the 

most common results rather than mode 3 and 4 (CRN, 2007). 

The main purpose of strengthening glulam beams is to enhance the strength and stiffness 

of the beam and to induce more ductile behaviour by increasing the value of η coefficient. This 

can be achieved by gluing a material that has a higher tensile strength on the tensile area of the 

beam. This reduces the effects of defects in the timber in which it distributes the forces from 

the weaker areas over to the stronger areas and leads to better use of the total capacity of cross-

section. With this the failure mode should shift from mode 1 or 2 to mode 3 (CRN, 2007). 
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2.4.1 Previous studies 

In their study Raftery and Rodd (Raftery & Rodd, 2015) examined the effect of 

reinforcing low grade 215 x 96 x 3420 mm glulam beam with pultruded glass fibre plates that 

were placed between the two bottom boards of the beam. To investigate other cheaper options 

by gluing together the beam and the reinforcement plate, all of the beams are laminated with 

phenol resorcinol formaldehyde. The result of testing show that by using the reinforcement 

percentage of 1,86% the increase in stiffness enhancement is around 18% and the increase in 

moment capacity is around 31%. The bound between the wood and the reinforcement was good 

and no delamination was noted during testing. 

Borri, Corradi and Speranzini (Borri, Corradi, & Speranzini, 2013) examined the effect 

of reinforcing timber beams with fabrics made from natural fibres such as hemp, flax, basalt 

and bamboo fibres. Two groups of 200 x 200 x 4000 mm beams were tested, beams with pore 

mechanical properties and beams with good mechanical properties. The experiments showed 

that for the low quality beams there was an increase in ultimate load capacity but no significant 

difference in stiffness. For the low quality beams reinforced with basalt there was a significant 

increase in strength and the beam gave a good ductile behaviour. For the low quality beams 

reinforced with flex, was a very high increase in load capacity even more than in the beams 

reinforced with basalt. For the good quality beams there was no significant increase in load 

carrying capacity for the beams reinforced with natural fibres and the results gave unsatisfactory 

results especially for bamboo fibres. 

Ívar Hauksson (Hauksson, 2012) did an experiment that was conducted in the structural 

laboratory (Sel) of Reykjavik University on glulam beams reinforced with basalt fibre (BFRP) 

and glass fibre (GFRP). The glulam beams were reinforced on the bottom edge in the tension 

zone. Twelve beams in class GL-32H, 3.2 meters long, 65 mm wide and 167 mm in height were 

fractured in four-point bending test according to standard (EN 408:2010, 2012). Five beams 

were reinforced with BFRP and four with GFRP. The fibres were glued on with epoxy resin. 

The reinforcement ratio of the BFRP and GFRP was approximately the same or about 0.5% of 

the beam cross-section. For comparison, 3 beams with no reinforcement were fractured. The 

beams that were reinforced were selected randomly among the 12 beams. 

The study showed that if the beams were reinforced with basalt fibre the bending 

strength increased by 37% and 57% for the glass fibres. Modulus of elasticity also increased 

but not as much as the bending strength or about 16% for basalt fibres and 21% for glass fibres. 
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Lindyberg and Dagher (Lindyberg & Dagher, 2011) experimented on 90 fibre 

reinforced glulam beams strengthened on the tension side and compare the results of the 

experiment with a computer model called the reinforced laminated model or the ReLAM. The 

glulam beams were reinforced with two different strength ratios, 1.1% and 3.3%. The results 

showed that by strengthening the beams with 3% FRP reinforcement ratio the allowable 

bending stress can be increased by more than 100%. They also found out that the ReLAM 

program performed very well in predicting the beams MOE and MOR. 

Borri et al. (Borri et al., 2005) examined the effect of CFRP with different density that 

were glued on the tension zone of glulam beams with epoxy. Some beams were reinforced with 

pre stressed CFRP. The bearing capacity increased by 40% for the lower density and 60% of 

the higher density. The stiffness increased by 22.5% for the lower density and 29.2% for the 

higher density compared to unreinforced beams that were used for comparison. There was no 

significant difference in the beam that were pre-stressed and those who were not.  

Fiorelli and Dias (Fiorelli & Dias, 2003) strengthened pine by gluing two different types 

of FRP materials, GFRP and CFRP on the tension zone of the timber. The reinforcement ratio 

for GFRP was 1% of the cross-section of the timber and the CFRP the reinforcement ratio was 

0.4%. The failure occurred in two steps first there was the crushing of the timber on the 

compression side followed by shear and tension failure. Stiffness increased by 15 to 30%.  

Romani and Blaβ (Romani & Blaβ, 2001) at the University of Karlsruhe examined 

glulam beams reinforced with AFRP and CFRP and developed a mathematical method which 

takes into account the plastic behaviour of the timber when it is under bending and tension stress 

parallel to the fibres direction. According to Romani and Blaβ a reinforced glulam beam can 

fail in several different ways like is shown in Figure 12. 

 

Figure 12: Different failure modes according to Romani and Blaβ (Romani & Blaβ, 2001). 
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To test this, 38 beams of two different types of cross sections were tested as shown in 

Figure 13. 

 

Figure 13: The two types of cross-section that were tested (Romani & Blaβ, 2001). 

30 glulam beams of type 1 were tested and 8 of type 2. The results were compared with values 

calculated from the mathematical method they designed. Results of the experiment showed a 

major increase in flexural strength of the beams with CFRP reinforcement. A significant 

difference in values was between the calculations and the results of the experiment when the 

bending strength was viewed. The difference was on average 49% where the calculation model 

gave rather conservative value.   

Johns and Lacroix (Johns & Lacroix, 2000) examined what effect length has when two 

layers of CFRP fibre mats were glued on the tension side of wood with epoxy. On one hand 

fibre was glued on the whole beam and on the other hand only in the area that has the most 

bending moment. It was demonstrated that the strength increased in the range of 40 to 100% 

when compared to unreinforced timber. 

Dagher et al. (Dagher et al., 1996) examined the effect of strengthening glulam beams 

that were made from eastern hemlock on the tension side with FRP. Three strength classes of 

glulam beams were reinforced, low, medium and high with two reinforcement ratios 1.1 and 

3.1%. In any case the material properties increased or up to 56% for strength and 37% for 

stiffness, but the greatest difference was when the timber grade was low. The authors came to 

the conclusion that it is because there is a greater difference between tension and compression 

strength in that category and FRP helps reducing the impact it causes. 

In their paper Post-tensioning glulam timber beams with basalt FRP tendons 

McConnell, McPoline and Taylor (McConnell, McPolin, & Taylor, 2015) describe an 

experiment they carried out on four groups of glulam beams. Each group contained 5 beams. 

One group contained unreinforced reference beams and three of the groups contained beams 
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that were reinforced with 12mm basalt tendon that was placed in the beams cross section as 

Figure 14 shows.  

 

Figure 14: Shows the location of the basalt tendons and the cross section in McConnell, 
McPolin and Taylor experiment (McConnell et al., 2015). 

For each reinforced group the tendon was either bonded and slack, bonded and post-tensioned 

or un-bonded and post-tensioned. The timber used for the glulam was European spruce and the 

glulam was clashed in strength class GL28. The bounding was done whit epoxy resin. The 

tendon post-tensioned force was 20 kN. The study showed that for bonded and slack 

reinforcement the stiffness increased by 15.8%. For un-bonded post tensioned reinforcement 

the ultimate capacity increased by 2.8% and stiffness by 8.7% and for the bonded post tensioned 

reinforcement the ultimate capacity increased by 15.4% and stiffness by 11.5%. All of the 

strengthened beams failed in bending with more ductile behaviour. Some visible compression 

could be seen but nevertheless they failed in tension. 

Brunner and Schnueriger (Brunner & Schnueriger, 2005) tested glulam beams that were 

reinforced with pre-stressed carbon laminates. To bond the pre-stressed laminates to the timber 

they used a special device that bonds the laminates in stages. By accelerating the curing of the 

adhesive by heating in a controlled manner starting from the middle of the beam. They slowly 

reduced the force while the device moved towards the beam end. This ensured that the pre-

stressing force was sufficiently anchored over the entire length of the beam. 

 A calculation model was used to estimate the likely increase in load bearing capacity. 

The model used was a slightly modified version of the older model that is shown in Figure 15. 
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Figure 15: Stress-strain diagram for the older model (Brunner & Schnueriger, 2005). 

The older model is interactive. Where assumptions are made about the location of the 

neutral axis. Failure strain of the tension zone is estimated based on the bending strength and 

modulus of elasticity. Strain in the compression zone and the fibres can then be calculated 

accordingly. Stress distribution in the FRP is calculated according to Figure 15. The internal 

forces in the cross section must be in equilibrium and where there are no external forces they 

must be zero.  

The change that was made to be able to calculate beams with pre-stressed FRP is that 

the initial pre-stressing force was added in addition to the force that is in accordance with the 

strain level. Distribution of stresses are similar to that shown for the old model in Figure 15 but 

the neutral axis moves lower to counteract to the pre-stress force.  

18 glulam beams were tested in 3 different groups, 6 un-reinforced beams, 6 reinforced 

with slack carbon FRP and 6 reinforced with 60 kN pre-stressed carbon FRP. All of the beams 

failed in brittle failure on the tension side. The bending resistant of the slack reinforced beams 

increased by 22% compared to the naked beams and 34% for the pre-stressed beams. The 

calculation model gave good results and in accordance with the tests. 

Lehmann, Milena, Frédéric and Pascal (Lehmann, Milena, Frédéric, & Pascal, 2006) 

introduced a method of pre-stressing timber beams that are easy to apply on the construction 

site. Key to this approach is that the beam is cambered before carbon fibre strips are installed. 

The cambering is performed with adjustable jack located on the middle of the beam as Figure 

16 shows.  
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Figure 16: Shows how the cambering was done (Lehmann et al., 2006). 

When the force is released the beam seeks to recover and become straight, it stretches the fibres 

and creates pre-stress in the CFRP. The pre-stress that this method creates is not constant over 

the entire beam length but it is triangular. In other words, it is highest in the middle of the beam 

where it is most needed and reduces to the beams ends. The moment created is also triangular 

in shape and there for the shear stresses in the glue line of the beam is constant and low which 

prevents delamination of the fibres. To estimate the pre-stress in the fibres a calculation model 

was done. The calculation model allows for three stages in its calculations. Stage 1 represents 

the beam once the force from the jack has been placed on but before the fibres are glued on. 

Stage 2 represents the beam after the force is removed. To model this the cambering force is 

placed on top. This makes it possible to determine the level of stress in cross section and the 

FRP. Stage 0 represents the system equilibrium by adding stage 1 and stage 2 like can be seen 

in Figure 17. The force due to pre-stressing are internal forces. 

 

Figure 17: Stage 0 in the model. The system equilibrium by adding of stage 1 and stage 2 
(Lehmann et al., 2006). 

P0 in Figure 17 is the pre-stressing force and is not a constant over the beam length. The moment 

M0 is the moment created by the pre-stressing force in the FRP and is applied on the beam 

bottom. N0 is the normal force in the timber and is the same as the tension force in the FRP. 

The Mg is the own weight of the system. 
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To verify the procedure tests were performed. Two series were made, series 1 and 2. Series 1 

was made from 40x53 mm Picea abies but series 2 was made from 120x160 glulam GL24. The 

carbon fibre strips were Sika Carbodi with MOE of 165 GPa. Cross-section of the fibres was 

1,2x15 for series 1 and 1,2x50 for series 2.  

Series 1 was divided into 7 different samples. Each sample was different from the other, either 

with different bending stress when the CFRP was installed or with different type of adhesive to 

glue it on. 5 specimens were in each sample for series 1. For series 2 only one adhesive was 

used and number of specimens were 10. Overview of the test samples can be seen in Table 1.  

 

Table 1: Overview of test samples (Lehmann et al., 2006). 

The production of test samples was done upside down. The smaller specimens were bent with 

weights attached at the middle of the beam. The curing of the adhesive was conducted over 

night at 50°C. The bending of the larger specimen was done in machine. The curing of the 

adhesive was done with Sika Carboheater system that sends current through the lamellas which 

heats them up. The temperature is than controlled by a K-wire located in the glue line. To 

prevent separation of fibres and the beam because of vapor pressure created when the timber 

closest to the glue line heats up, clamps are put on the beam that hold them down while the 

heating is conducted. To verify the stress in the CFRP strain gauges were used for measuring. 

All specimens were then tested in four point bending test according to EN 408 (EN 408:2010, 

2012). 

The results of the tests can be seen in Tables 2 and 3. 
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Table 2: Overview of the test results for the smaller specimens (Lehmann et al., 2006). 

 

Table 3: Overview of the test results for the larger specimens (Lehmann et al., 2006). 

The pre-stressing force for the smaller specimens was generally overestimated by the 

calculation model and the resin type had no apparent effect on the load bearing capacity. The 

stiffness of all the samples increased to the same extent.  

For the larger specimens the pre-stressing force was as expected by the calculation model. The 

load bearing capacity increased by about 30% and the bending stiffness by 14%. The cambering 

do to the pre-stressing force was about 4 mm which is a significant contribution to the service 

limit state.    

Negrao, Balseiro and Faria (NEGRAO, BALSEIRO, & FARIA, 2008) tested 4,5 m 

long, 90 mm wide and 225 mm high glulam beams that were reinforced with pre-stressed CFRP. 

Three types of beams were tested, beams with no reinforcements, slack reinforcement and pre-

stressed reinforcement. The pre-stressing was done with cambering where maximum bending 

strength caused by the cambering was 90% of the characteristic bending strength according to 

standard EN 1194 (IST EN 1194:1999, 1999). The study showed that compared to beams with 

no reinforcement, the strength increased approximately 19% for beams with slack 

reinforcement and up to 26% for the beams with pre-stressed CFRP.  
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 3. Calculation models 

In this chapter the calculation models used to calculate stress in the fibres and 

corresponding pre-stressing force are introduced along with the model used to predict moment 

capacity of the beam after it is reinforced with pre-stressed fibres. 

3.1 Calculation model for the pre-stressing force  

The pre-stressing of the basalt fibres was made by cambering as described in Lehmann, 

Milena, Frédéric and Pascal´s study (Lehmann et al., 2006) in section 2.4.1. 

To gain the desired information the calculations are broken down into three stages. The 

calculations take into account that to create the camber, the beam is first cambered in a machine 

with the tension side facing up while the fibres are glued on, after the fibres have cured the 

beam is turned so that the fibres are facing down, before they are tested. 

The first order of Calculations is to define variables that are known. This is the height of the 

beam and the fibres, width, modulus of elasticity and density. It is also needed to define the 

desired stress in the timber due to the cambering. These calculations are based on using 90% of 

the permissible bending strength according to EN 14080:2013 (EN 14080:2013, 2013). 

Stage 1 of the calculations represents the beam once the force from the jack has been placed on 

but before the fibres are glued on. The following shows the calculations for stage 1. 

The section modulus for the timber is calculated: 

������� =
������� ∗ ℎ������

�

6
 

(1) 

Moment of inertia: 

������� =
������� ∗ ℎ������

�

12
 

(2) 

Stiffness of the timber section:  

�������� = ������� ∗ ������� (3) 

Weight of the timber beam: 

������� = ������� ∗ ℎ������ ∗ ������� ∗ � (4) 
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Moment due to beams own weight: 

  
�������� =

������� ∗ �����

8
 

(5) 

Bending moment required to get desired stress in the timber: 

����� = ������� ∗ �������� (6) 

Force required from the jack and own weight to get desired stress in the timber: 

����� = −
4 ∗ �����

����
 

(7) 

Stress in the timber on the top of the beam stage 1: 

����� = −
�����

�������
 

(8) 

Stress in the timber on the bottom of the beam stage 1: 

�������� =
�����

�������
 

(9) 

Deflection of the beam due to the force from the jack: 

������ =
����� ∗ �����

48 ∗ ��������
 

(10) 

 

Stage 2 represents the beam after the force is removed. To model this the cambering force is 

placed on top. This makes it possible to determine the level of stress in cross section and the 

FRP. 

The ratio between the modulus of elasticity of FRP and timber: 

� =
����

�������
 

(11) 

Positioning of the neutral axis: 

�� =
ℎ������ ∗ ������� ∗ �ℎ��� +

ℎ������

2 � + ℎ��� ∗ � ∗ ���� ∗
ℎ���

2
ℎ������ ∗ ������� + ℎ��� ∗ � ∗ ����

 

(12) 
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Moment of inertia for the composite section: 

���������� =
� ∗ ���� ∗ ℎ���

�

12
+

������� ∗ ℎ������
�

12
+ ℎ������ ∗ �������

∗ ��ℎ��� +
ℎ������

2
� − ���

�

+ ℎ��� ∗ � ∗ ����

∗ ��� −
ℎ���

2
�

�

 

(13) 

Stiffness of the composite:  

����������� = ������� ∗ ���������� (14) 

The top section modulus for the composite: 

�� =
����������

��
 

(15) 

The bottom section modulus for the composite: 

�� =
����������

ℎ������ + ℎ��� − ��
 

(16) 

Bending moment due to force from the jack: 

����� =
����� ∗ ����

4
 

(17) 

Stress on the top of the beam stage 2: 

����� = −
�����

��
 

(18) 

Stress on the bottom of the beam stage 2: 

�������� =

�����

��

��
∗ (�� − ℎ���) 

(19) 

Stress in the FRP stage 2: 

����� = � ∗
�����

��
 

(20) 

Stage 0 represents the system equilibrium by adding of stage 1 and 2 together. 
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Stress on the top of the beam stage 0: 

����� = ����� + ����� (21) 

Stress on the bottom of the beam stage 0: 

�������� = �������� + �������� (22) 

Stress in the FRP stage 0: 

����� = ����� (23) 

The pre-stressing force: 

���� = ����� ∗ ���� ∗ ℎ��� (24) 

Moment due to pre-stressing force: 

�� = −���� ∗ �
ℎ������

2
+

ℎ���

2
� 

(25) 

Camber due to pre-stress 

������ =
�� ∗ �����

12 ∗ �����������
 

(26) 

The calculations were made in Excel and can be seen in annex A. 

3.2 Calculation model for moment capacity of the pre-stressed beam  

 The calculation model that was used to compare to the experiment results is the same as 

used in Brunner and Schnueriger (Brunner & Schnueriger, 2005) study mentioned in section 

2.4. 

The calculations are iterative so they are done in the computer program Excel.  

Characteristic strain  

Tension failure happens when tension strain reaches: 

�� =
��

�������
 

(27) 
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Yielding of the compression face: 

�� =
��

�������
 

(28) 

 

First the location of the internal forces is found as shown in Figure 18 were assumptions must 

be drawn about the location of the neutral axis z1. 

�� =
ℎ���

2
 

(29) 

�� = (? ) 
(30) 

�� = �
��

��
� ∗ �� 

(31) 

�� = ℎ������ − (�� + ��) 
(32) 

Maximum strain on the compressive face: 

��,��� = �� ∗ �
�� + ��

��
� 

(33) 

 

Strain in the FRP in addition to pre-stressing:  

Figure 18: A diagram of internal forces and their location (Brunner & Schnueriger, 2005). 
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���� = �
(�� + ��)

��
� ∗ �� 

(34) 

Additional stress in FRP: 

���� = ���� ∗ ���� (35) 

 

Then the internal forces are calculated.  

Compressive face: 

�� =
(�� ∗ �������) ∗ ��

1000
 

(36) 

�� =
0,5 ∗ (�� ∗ �������) ∗ ��

1000
 

(37) 

������ = �� + �� (38) 

Tensile face: 

�� =
0,5 ∗ (�� ∗ �������) ∗ ��

1000
 

(39) 

FRP: 

���� = ���������� ���ℎ ����������� ����� ��� �ℎ� ���

− ��������� �����   

(40) 

Additional force  

�� =
���� ∗ (ℎ��� ∗ ����)

1000
 

(41) 

������ = ���� + �� + �� (42) 

 

When the total compressive force (Dtotal) and the total tensile force (Ztotal) are equal the iterative 

process is ended. The distance between the forces can be found with geometry. 
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The distance from the top of the beam to Dtotal: 

�� =

�� ∗ �

��

2
1000 � +

1
3 ∗ ��

1000 +
��

1000

������
 

(43) 

The distance from the top of the beam to Ztotal: 

�� =

�2
3� � ∗ ��

1000 ∗ �� +
��

1000 ∗ ���� +
�� + ��

1000 ∗ ��

������
+

�� + ��

1000
 

(44) 

 

The expected failure moment can then be calculated: 

���� = ������ ∗ (�� − ��) (45) 

The calculations were made in Excel and can be seen in annex B. 
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4. Experiment and procedure  

This section will cover the methods that were used for testing, how the test pieces were 

prepared and what methods, equipment and materials were used. 

4.1 The four-point bending test 

The standard ÍST EN 408: 2010 (EN 408:2010, 2012) focuses on how to experiment on 

timber and glulam beams to determine their structural characteristics. There are certain rules 

about the size and the ratio between the length and height of the samples tested that must be 

followed. 

The determination of modulus of elasticity in bending 

The test piece should be simply supported and cover a span length which is 18 times its 

height. The length of test piece should be at least 19 times its height. The load on the beam must 

be equal on two points that are located at a distance which is equal to six times the height of 

test piece from the support of the piece. If the equipment does not allow this set up there is a 

deviation of 1.5 times the height of the test piece allowed. The gap between the load points is 6 

times the height of test piece. 

If there is a risk of lateral torsional buckling a restrain is needed to prevent that. The 

restrains have to permit a deflection of the test piece without a significant friction between the 

two.  

It is allowed to put steel plates between the load points and the experimental piece to 

prevent damage but the width of such steel plate may not be greater than one half the height of 

experimental piece. Figure 19 shows the test arrangement as it is shown in the standard. 
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Figure 19: Test arrangement for measuring modulus of elasticity in bending (EN 408:2010, 
2012). 

The load on the test piece should come with a constant rate and with a speed not greater 

than 0.003 times the height per second. Maximum load that goes on the experimental piece 

shall not be greater than 0.4 times the Fmax unless the bending strength is also tested. 

When assessing the results of the experiment, only the portion of the graph that is in the 

range of 0.1 times the Fmax and 0.4 times Fmax is used like is seen in Figure 20. 

 

Figure 20: The portion of the graph used to determine modulus of elasticity (EN 408:2010, 
2012). 
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As Figure 20 shows it is necessary to find the portion of the graph in this range that 

gives the correlation coefficient of 0,99 or better, but with the condition that it extends over an 

area that is at least 0.2 to 0.3 times Fmax. 

The modulus of elasticity can then be calculated with the equation below. 

��.� =
3��� − 4��

2�ℎ� �2
�� − ��

�� − ��
−

6�
5��ℎ

�
 

(46) 

Where F2-F1 is the rise in load and w2-w1 is the deformation. G is the shear modulus of the 

material. 

Bending strength parallel to grain 

The experimental set up is the same as for the modulus of elasticity. The maximum force 

that is needed to break the beam is listed down (Fmax) and then the bending strength can be 

calculated with the equation: 

�� =
3�����

�ℎ�
 

(47) 

4.2 Experiment  

The experiment was conducted in the structural laboratory (Sel) of Reykjavik University 

on 12 glulam beams reinforced with basalt fibre (BFRP). The glulam beams were reinforced 

on the bottom edge or in the tension zone. Twelve beams in class GL-30c, 3.2 meters long, 65 

mm wide and 167 mm high were tested in four-point bending test according to standard (EN 

408:2010, 2012). 
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Figure 21: Some of the 12 glulam beams used in the experiment. 

12 glulam beams were tested in 3 different groups. 4 of the beams were reinforced with 

slack basalt fibres and 4 reinforced with pre-stressed basalt fibres. The reinforcement ratio of 

the fibres was the same for both groups or about 0.5% of the beam cross-section. For 

comparison, 4 beams with no reinforcement were tested. The beams that were reinforced were 

selected randomly among the 12 beams. 

4.3 The glulam 

The glulam timber beams used in the experiment were from Límtré vírnet ehf. The 

beams were 167 mm high, 65 mm in width and the length was 3200 mm. According to the 

manufacturer’s website the timber that the beams are made of is machine sorted pine in strength 

class GL30c. Table 4 shows the characteristic strength and stiffness properties for combined 

glulam according to IST EN 14080:2013 (EN 14080:2013, 2013). 
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Table 4: Characteristic properties for combined glulam (EN 14080:2013, 2013). 

4.4 The basalt fibres  

The basalt fibres used for the experiment are called BAS UNI 350. They are 

unidirectional mats and the fibres relative density is 416 g/m2. The thickness of the mats is not 

mentioned on the manufacturer data sheet but according to measurements it appeared to be 0.25 

mm thick. Three layers of basalt fibre were put together and the total thickness of the 

reinforcement was therefore 0.75 mm. The reinforcement ratio was approximately 0.5% of the 

cross section. In Table 5 the material properties for the basalt fibers have been listed. 

 

Table 5: The material properties of the basalt fibres. 

4.5 The epoxy 

SP 115 two components epoxy glue from Gurit was used to glue both glass and basalt-

fibre mat on the glulam. The glue and hardener are mixed in a ratio of 3:1 by weight. Epoxy 

glue reaches sufficient strength in 14 days at a temperature of 15°C to 30°C. It is not necessary 

to glue under pressure according to the manufacturer. Tensile strength according to the 

Glulam strength class GL 26c GL 28c GL 30c GL 32c

Bending Strength fm.g.k 26 28 30 32

Tension strength ft.0.g.k 19 16,5 19,5 19,5

ft.90.g.k 0,5 0,5 0,5 0,5

Compression strength fc.0.g.k 23,5 24 26,5 26,5

fc.90.g.k 2,5 2,5 2,5 2,5

Shear strength fv.g.k 3,5 3,5 3,5 3,5

Modulus of elasticity E0.g.mean 12000 12500 13000 13500

E0.g.0,5 10000 10400 10800 11200

E90.g.mean 300 300 300 300

Shear modulus Gg.mean 650 650 650 650

Density ρg.k 385 390 390 400

ft E εt Density Thickness

[MPa] [MPa] [%] g/m
2 [mm]

Basalt 2500 84000 3,15 416 0,25

Fiber

Basalt fiber
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manufacturer is 70.3 MPa and modulus of elasticity is 3.67 GPa. In Table 6 the material 

properties for the Epoxy have been listed. 

 

Table 6: The material properties of the epoxy resin. 

4.6 Installing the strengthening material 

Strengthening of the glulam beams was conducted in the structural laboratory (Sel) of 

Reykjavik University. The glulam beams that were reinforced with slack basalt fibres were all 

made on the same day but glulam beams that were reinforced with pre-stressed fibres were 

produced over a period of time since the laboratory equipment only allowed production of one 

beam at a time. 

4.6.1 Slack basalt fiber reinforcement 

In the beginning of the procedure four beams were randomly chosen from among the 

beams to be strengthen. This was done so the results of the study would not be distorted as it is 

a human tendency to choose the best beams and leave those who have poorer properties by.  

First step of preparation was to cut the basalt fibers to 80 mm wide and 3.5 m long strips. 

To prepare the glulam beams for ligation the side of the beam that was to be strengthened was 

lightly wipe down with sandpaper of roughness number 60. This was done to get a rougher 

surface on the beam so that the epoxy would get better binding to the timber. After the wiping 

down the beam with sandpaper the surface was cleaned with air pressure pump. The epoxy resin 

and the hardener was then mixed to gather in a bowl, in the right proportions 3 parts resin to 1 

of hardener.   

ft E εt Density Thickness

[MPa] [GPa] [%] g/m
2 [mm]

Epoxy 70,3 3,67 - - -

Fiber

Epoxy
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The epoxy was applied to the bottom edge of the beam with a brush and a layer of basalt 

fiber mats laid on top. Thereafter a thin layer of epoxy was applied on top of the mat and all 

excess material scraped off. To ensure that no air was between the fibres and the timber the 

mats was rolled over with a special roller which prevents that. Next layer of fibres was then 

placed over and the epoxy applied on in the same manner. This was done for all three layers. 

The beams were then set aside and the adhesive allowed to cure for at least 14 days before the 

beams were tested. 

4.6.2 The Pre-stressing method 

The pre-stressing of the basalt fibres was made by cambering as described in Lehmann, 

Milena, Frédéric and Pascal (Lehmann et al., 2006) study in section 2.4.1. 

The beams that were reinforced with pre-stressed fibres were randomly selected. The 

fibres were embedded with the same procedure as described for the slack reinforcement in 

article 4.6.1, except for one modification. Three layers of fibres were placed with wet adhesive 

on the middle of the beam. Then the jack was used to press on the beam with a single force to 

create the cambering like can be seen in Figure 23. After the beam was cambered to the desired 

stress level the rest of the fibres were finished like described for the slack fibres. 

Figure 22: The fibres attached to the beams. 
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Figure 23: Shows how the beam was cambered. 

The beam was cambered to the point where the stresses in the timber reach 90% of 

authorized stresses according the standard EN 14080:2013 (EN 14080:2013, 2013). To ensure 

the correct deflection, a timber piece was placed under the beam so he would not be deflecting 

more than estimated. To ensure that the jack would not loosen if the pressure would fall, the 

jack was restrained with iron rod. The beam was kept like this for 7 days while the glue cured.  

Five stress sensors were placed on the beam at certain points and when the pressure was 

removed from the jack, the strain in the fibres were measured and compared with the calculated 

values. 
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4.7 Strain sensors 

Strain sensors were placed on all of the beams both to measure the strain in the fibres 

when pre-stressed, to compare with the calculated values and also to measure the strain when 

the beams were tested. Strain sensors on the unreinforced beams and the once with the slack 

basalt fibres were placed in the middle of the beam on the tension side. It was slightly different 

with pre-stressed basalt beams as shown in Figure 24. 

 

Figure 24: Shows the location of the strain sensors on the pre-stressed beams. 

 Location of strain sensors was chosen so that it was possible to estimate how pre-stress 

spread over the beam length and whether it showed a triangular shape as the theory indicates. 

 4.8 Measurement of moisture content in the timber 

To measure the moisture content in the timber a testo 616 moisture measuring device 

was used, as shown in Figure 25. 

 

Figure 25: Testo 616 moisture measuring device. 

The measurements were carried out after each beam was tested. The moisture in the 

timber wound or the damage around the failure were measured and write down. 

4.9 The Equipment 

The beams were tested in a horizontal bench which was specially equipped for this 

experiment. A jack with a maximum load capacity in pressure of 150 KN and 100 KN in tension 
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was hung up in HE-120B beam which was sustained with four 20 mm rods. When the 

equipment was set up, the instructions of the standard ÍST EN 408:2010 (EN 408:2010, 2012) 

where followed. The load on the glulam beam comes equally from two load points. The load 

from the hydraulic jack was distributed to two load points with steel beam HE-140B. Between 

load points and the timber a 10 mm thick and 60 mm wide flat steel plates were placed to 

prevent compression failure in the timber. According to standard the width of these plates 

cannot be more than 1.5 times the height of the beam. 

 

Figure 26: Equipment setup (Hauksson, 2012). 

To prevent lateral torsional buckling of the beams 4 mm flat steel plates were placed on 

both sides of the beam, and then welded to the bench like Figure 26 shows. According to the 

standard (EN 408:2010, 2012) it is allowed to install such equipment if friction is prevented. 

That was done by having a 5 mm space between the plates and the beam. The beams were 

simply supported on a cylinder which was 100 mm in diameter. The cylinders were then placed 

on 5 cm steel plates that made the height from the beam to the bottom 15 cm. The speed of the 

loading was adjusted so failure would approximately occur after 5 minutes.   
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5. Experimental results  

In this section the results of the experiment that were presented in section three will be 

reviewed.  

The beams bending test 

5.1 The reference beams 

Four reference beams were tested and have been numbered T1-Ref, T2-Ref, T3-Ref and 

T4-Ref. Below the results for each beam are individually analysed, discussed and explained. 

5.1.1 Results for T1-Ref. An unreinforced glulam beam 

The load level on the beam went up to 27.8 kN with a corresponding deformation of 

24.7 mm. The maximum bending moment when the beam failed was 13.9 kNm and the bending 

strength was 46 MPa, which is considerably more than the standard (EN 14080:2013, 2013) 

assumes. Modulus of elasticity was calculated according to equation 46) and it proved to be 

23850 MPa. That is 83% higher value than the average modulus of elasticity for glulam timber 

in the strength class GL30c according to standard, where it is 13000 MPa. The beam showed 

almost linear behaviour right up to failure as Graph 1 shows. The room temperature when the 

experiment was carried out was found to be 21°C. The relative humidity in the air was measured 

30% and the humidity in the timber was measured 10.2%. 
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Graph 1: Load deformation graph for beam T1-Ref. 

The beam failed in a brittle way on the tension side because of a knot that was located 

almost in the middle of the beam. The knot reached across the beam perpendicular to the fibre 

direction and reached 6mm down to the bottom lamella as can be seen in Figure 27.  

    

Figure 27: Beam T1-Ref. Failure because of a knot on the tension side. 
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Table 7 shows the main results of tests and calculations of material properties for the 

beam T1-Ref. 

 

Table 7: Summarised results for beam T1-Ref. 

5.1.2 Results for T2-Ref. An unreinforced glulam beam 

 The load level on the beam went up to 22.5 kN with a corresponding deformation 

of 25.3 mm. The maximum bending moment when the beam failed was 11,3 kNm and the 

bending strength was 37 MPa, which is little bit more than the standard (EN 14080:2013, 2013) 

assumes. The modulus of elasticity was calculated according to equation 46) and it proved to 

be 19468 MPa. That is 50% higher value than the average modulus of elasticity for glulam 

timber in the strength class GL30c according to standard, where it is 13000 MPa. The beam 

showed almost linear behaviour right up to failure as Graph 2 shows. The room temperature 

when the experiment was carried out was found to be 21°C. The relative humidity in the air 

was measured 30% and the humidity in the timber was measured 9,9%. 

 

Graph 2: Load deformation graph for beam T2-Ref. 

Beam Fmax Mmax fm Em,g Time to failure Deflection

(kN) (kNm) (Mpa) (Mpa) (sec) (mm)

T1-Ref 27,8 13,9 46 23850 294 24,7

T1-Ref unreinforced beam
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The beam failed in a brittle way on the tension side because of a knot that was located 

430 mm from the middle of the beam. The knot reached across the beam perpendicular to the 

fibre direction and reached 15 mm down to the bottom lamella as can be seen in Figure 28. 

  

 

 

Table 8 shows the main results of tests and calculations of material properties for the 

beam T2-Ref. 

 

Table 8: Summarised results for beam T2-Ref. 

5.1.3 Results for T3-Ref. An unreinforced glulam beam 

 The load level on the beam went up to 28.1 kN with a corresponding deformation 

of 31.3 mm. The maximum bending moment when the beam failed was 14,1 kNm and the 

bending strength was 47 MPa, which is considerably more than the standard (EN 14080:2013, 

2013) assumes. The modulus of elasticity was calculated according to equation 46) and it 

Beam Fmax Mmax fm Em,g Time to failure Deflection

(kN) (kNm) (Mpa) (Mpa) (sec) (mm)

T2-Ref 22,5 11,3 37 19468 388 25,3

T2-Ref unreinforced beam

Figure 28: Beam T2-Ref. Failure because of a knot on the tension side. 
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proved to be 19488 MPa. That is 50% higher value than the average modulus of elasticity for 

glulam timber in the strength class GL30c according to standard, where it is 13000 MPa. The 

beam showed almost linear behaviour right up to failure as Graph 3 shows. The room 

temperature when the experiment was carried out was found to be 21 °C. The relative humidity 

in the air was measured 30% and the humidity in the timber was measured 10%. 

 

Graph 3: Load deformation graph for beam T3-Ref. 

 

The beam failed on the tension side because of a knot that was located 460 mm from the middle 

of the beam. The knot reached 47 mm across the beam perpendicular to the fibre direction and 

reached 7 mm down to the bottom lamella as can be seen in Figures 29-31. After the knot failed 

the beam added some load on to him again until he split from the knot parallel to the fibre 

direction. 
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Figure 29: T3-Ref.The beams first failure. 

Figure 30: T3-Ref. The beams second failure. 
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Table 9 shows the main results of tests and calculations of material properties for the 

beam T3-Ref. 

 

Table 9: Summarised results for beam T3-Ref. 

5.1.4 Results for T4-Ref. An unreinforced glulam beam 

 The load level on the beam went up to 16,5 kN with a corresponding deformation 

of 20,3 mm. The maximum bending moment when the beam failed was 8,3 kNm and the 

bending strength was 27 MPa, which is considerably less than the standard (EN 14080:2013, 

2013) assumes. The modulus of elasticity was calculated according to equation 46) and it 

proved to be 17947 MPa. That is 38% higher value than the average modulus of elasticity for 

glulam timber in the strength class GL30c according to standard, where it is 13000 MPa. The 

beam showed almost linear behaviour right up to failure as Graph 4 shows. The room 

temperature when the experiment was carried out was found to be 21 °C. The relative humidity 

Beam Fmax Mmax fm Em,g Time to failure Deflection

(kN) (kNm) (Mpa) (Mpa) (sec) (mm)

T3-Ref 28,1 14,1 47 19488 550 31,3

T3-Ref unreinforced beam

Figure 31: Beam T3-Ref. Failure because of a knot on the tension side. 
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in the air was measured 30% and the humidity in the timber was measured 9,0 % which is a 

little lower value than for the others reference beams. 

 

Graph 4: Load deformation graph for beam T4-Ref. 

 The beam failed in a brittle way on the tension side because of a knot that was 

located 390 mm from the middle of the beam. The knot reached 47 mm across the beam 

perpendicular to the fibre direction. The knot was triangular shaped and reached 17mm down 

to the bottom lamella and faded out to nothing 47 mm into the beam as can be seen in Figures 

32-33. It was noticed that a high cracking sounds began to be heard from the beam at 10 kN 

load which indicated that he would not endure a large load.  
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Figure 32: T4-Ref.The beam failure. 

Figure 33: T4-Ref. Close-up of the failure. Triangular knot. 
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Table 10 shows the main results of tests and calculations of material properties for the 

beam T4-Ref. 

 

Table 10: Summarised results for beam T4-Ref. 

5.1.5 Summary of results for the reference beams 

All the beams failed on the tension side because of a knot, which underlines just how 

much influence one knot can have on the strength of timber. Of the four beams tested there 

were two that somewhat stand out from the others. Beam T1-Ref had a considerably higher 

modulus of elasticity than the rest of the beams and beam T4-Ref failed far before the others 

and did not comply with the standard for bending strength. Graph 5 shows the load / 

deformation curve for all the beams together. 

 

Graph 5: Load deformation graph for all of the beams. 

 As can be seen on the graph, the lines for T2-Ref and T3-Ref closely resemble all to 

failure of beam T2-Ref. That is because the beams are almost with the same modulus of 

Beam Fmax Mmax fm Em,g Time to failure Deflection

(kN) (kNm) (Mpa) (Mpa) (sec) (mm)

T4-Ref 16,5 8,3 27 17947 281 20,3

T4-Ref unreinforced beam
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elasticity but the knot on beam T2-Ref has had more influence on its strength than the knot on 

T3-Ref.  

 As previously stated beam T4-Ref stands out, however the difference in bending 

strength is greater than the modulus of elasticity, the probable reason for this is the knot on the 

tension side. Table 11 shows the summarised results for all of the beams and also the mean 

value and standard deviation. 

 

Table 11: Summarised results for all Ref beams. 

5.2 The slack basalt fibre beams  

Four beams reinforced with slack basalt fibres were tested and have they been given the 

numbers T1-Bas, T2-Bas, T3-Bas and T4-Bas. Below the results for each beam are individually 

analysed, discussed and explained. 

5.2.1 Results for T1-Bas. Glulam beam reinforced with slack basalt fibres 

The load level on the beam went up to 36,6 kN with a deformation of 52,8 mm. The 

maximum bending moment when the beam failed was 18,3 kNm and the bending strength was 

61 MPa, which is much more than the standard (EN 14080:2013, 2013) assumes. Modulus of 

elasticity was calculated according to equation 46) and it proved to be 24840 MPa. That is 91% 

higher value than the average modulus of elasticity for glulam timber in the strength class 

GL30c according to standard, where it is 13000 MPa. The beam showed a great plastic 

behaviour before it failed as Graph 6 shows. The room temperature when the experiment was 

carried out was found to be 22°C. The relative humidity in the air was measured 32% and the 

humidity in the timber was measured 9,8%. 

Beam Fmax Mmax fm Em,g Time to failure Deflection

(kN) (kNm) (Mpa) (Mpa) (sec) (mm)

T1-Ref 27,8 13,9 46 23850 294 24,7

T2-Ref 22,5 11,3 37 19468 388 25,3

T3-Ref 28,1 14,1 47 19488 550 31,3

T4-Ref 16,5 8,3 27 17947 281 20,3

Mean 23,7 11,9 39 20188 378 25,4

σ 4,7 2,4 7,8 2205 107 3,9

The reference beams
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Graph 6: Load deformation graph for beam T1-Bas. 

The beam showed great plastic behaviour in compression zone. After the load reached 

about 30 kN the upper side of the beam started crushing but mainly around one of the load 

points as can be seen in Figures 34-35. The compression failure continued until the beam 

completely failed when there was a separation between the bottom lamella and the rest of the 

beam right in the glue line. As soon as it happens, a tension failure happened in the middle of 

the beam. No visible damages were on the bottom lamella of the beam after testing and no 

delamination between the fibres and the timber. 
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Figure 35: T1-Bas. Close-up of the failure. 

Figure 34: T1-Bas. The failure of the compression zone. 
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Table 12 shows the main results of tests and calculations of material properties for the 

beam T1-Bas. 

 

Table 12: Summarised results for beam T1-Bas. 

5.2.2 Results for T2-Bas. Glulam beam reinforced with slack basalt fibres 

The load level on the beam went up to 31,1 kN with a corresponding deformation of 

29,7 mm. The maximum bending moment when the beam failed was 15,6 kNm and the bending 

strength was 52 MPa, which is much more than the standard (EN 14080:2013, 2013) assumes. 

Modulus of elasticity was calculated according to equation 46) and it proved to be 22813 MPa. 

That is 75,5% higher value than the average modulus of elasticity for glulam timber in the 

strength class GL30c according to standard, where it is 13000 MPa. The beam showed almost 

a linear behaviour right up to failure as Graph 7 shows. The room temperature when the 

experiment was carried out was found to be 22°C. The relative humidity in the air was measured 

32% and the humidity in the timber was measured 9,7%. 

 

Graph 7: Load deformation graph for beam T2-Bas. 

Beam Fmax Mmax fm Em,g Time to failure Deflection

(kN) (kNm) (Mpa) (Mpa) (sec) (mm)

T1-Bas 36,6 18,3 61 24840 661 52,8

T1-Bas. Slack basalt fibres
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The beam failed in a brittle way on the tension side. The beam fractured because of 

tensile failure in the fibres on the bottom lamella. All of the lamella failed perpendicular to the 

fibre direction completely up to the glue line between the two bottom lamellae. From there the 

beam split parallel to the fibre direction. There were no visible signs that a knot or other defects 

had affected the strength of the beam. The failure was located 340 mm from the middle of the 

beam. No delamination between the fibres and the timber was visible before fracture but when 

the beam failed the bottom lamella tore the fibres of the beam as can be seen in Figures 36-37. 

 

 

 

Figure 36: T2-Bas. The beam failure and how the bottom lamella tore the fibres from the 
timber. 
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Table 13 shows the main results of tests and calculations of material properties for the 

beam T2-Bas. 

 

Table 13: Summarised results for beam T2-Bas. 

5.2.3 Results for T3-Bas. Glulam beam reinforced with slack basalt fibres 

The load level on the beam went up to 28,9 kN with a corresponding deformation of 

28,8 mm. The maximum bending moment when the beam failed was 14,5 kNm and the bending 

strength was 48 MPa, which is much more than the standard (EN 14080:2013, 2013) assumes. 

Modulus of elasticity was calculated according to equation 46) and it proved to be 20905 MPa. 

That is 61% higher value than the average modulus of elasticity for glulam timber in the strength 

class GL30c according to standard, where it is 13000 MPa. The beam showed almost a linear 

behaviour right up to failure as Graph 8 shows. The room temperature when the experiment 

Beam Fmax Mmax fm Em,g Time to failure Deflection

(kN) (kNm) (Mpa) (Mpa) (sec) (mm)

T2-Bas 31,1 15,6 52 22813 312 29,7

T2-Bas. Slack basalt fibres

Figure 37: T2-Bas. Close-up of the failure. 
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was carried out was found to be 22°C. The relative humidity in the air was measured 32% and 

the humidity in the timber was measured 9,9%. 

 

Graph 8: Load deformation graph for beam T3-Bas. 

The beam failed in a brittle way on the tension side. The beam fractured because of 

failure in the finger jointing on the bottom lamella. All of the lamella failed perpendicular to 

the fibre direction completely up to the glue line between the two bottom lamellae. From there 

the beam split parallel to the fibre direction. The failure was located 240 mm from the middle 

of the beam. No delamination between the fibres and the timber was visible before fracture but 

when the beam failed the bottom lamella tore the fibres of the beam as can be seen in Figures 

38-39. 
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Figure 38: T3-Bas. The beam failure and how the bottom lamella tore the fibres from the 
timber. 

Figure 39: T3-Bas. Close-up of the failure. 
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Table 14 shows the main results of tests and calculations of material properties for the 

beam T3-Bas. 

 

Table 14: Summarised results for beam T3-Bas. 

5.2.4 Results for T4-Bas. Glulam beam reinforced with slack basalt fibres 

The load level on the beam went up to 33,6 kN with a corresponding deformation of 

30,1 mm. The maximum bending moment when the beam failed was 16,8 kNm and the bending 

strength was 56 MPa, which is much more than the standard (EN 14080:2013, 2013) assumes. 

Modulus of elasticity was calculated according to equation 46) and it proved to be 20876 MPa. 

That is 60,6% higher value than the average modulus of elasticity for glulam timber in the 

strength class GL30c according to standard, where it is 13000 MPa. The beam showed almost 

linear behaviour right up to failure as Graph 9 shows. The room temperature when the 

experiment was carried out was found to be 22°C. The relative humidity in the air was measured 

32% and the humidity in the timber was measured 9,8%. 

 

Graph 9: Load deformation graph for beam T4-Bas. 

Beam Fmax Mmax fm Em,g Time to failure Deflection

(kN) (kNm) (Mpa) (Mpa) (sec) (mm)

T3-Bas 28,9 14,5 48 20905 275 28,8

T3-Bas. Slack basalt fibres
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The beam failed in a brittle way on the tension side because of a knot that was located 

345 mm from the middle of the beam. The knot reached across the beam perpendicular to the 

fibre direction and was positioned around the middle of the bottom lamella. The beam showed 

a slight plastic behaviour when the load reached 30 kN and until failure. At first a crack began 

to form from the knot parallel to fibre direction which grew when the beam added load on again. 

This led to a complete failure of the beam. No delamination between the fibres and the timber 

was visible before fracture but when the beam failed the bottom lamella tore the fibres of the 

beam as can be seen in Figures 40-42. 

 

 

 

Figure 40: T4-Bas. A crack starting to form parallel to fibre direction. 
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Figure 41: T4-Bas. A complete failure of the beam. 

Figure 42: T4-Bas. Close-up of the failure. 
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Table 15 shows the main results of tests and calculations of material properties for the 

beam T4-Bas. 

 

Table 15: Summarised results for beam T4-Bas 

5.2.5 Summary of results for beams reinforced with slack basalt fibres. 

What was interesting for this group of beams was that none of the beams failed in a 

similar way. Beam T1-Bas stood out because it showed great plastic behaviour on the 

compression zone and endured the most load. Beam T2-Bas failed in the traditional way in the 

tension zone because of a knot and beam T3-Bas which failed under the lowest load, failed due 

to a defected finger jointing in the bottom lamella. Beam T4-Bas failed because of a knot in the 

tension zone that caused cracking in the bottom lamella which led to the complete failure of the 

beam. Despite of this the difference in results is not very great, as shown in Graph 10 and Table 

16.  

 

Graph 10: Load deformation graph for all of the slack basalt beams. 

Beam Fmax Mmax fm Em,g Time to failure Deflection

(kN) (kNm) (Mpa) (Mpa) (sec) (mm)

T4-Bas 33,6 16,8 56 20876 275 30,1

T4-Bas. Slack basalt fibres
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As can be seen on the graph the lines of beam T3 and T4 closely resemble until T3 fails. 

That is because the difference between the modulus of elasticity is small amongst them but 

beam T3 failed because of defective finger jointing. Beam T1-Bas stands somewhat out where 

his modulus of elasticity is a little higher than of the other beams. All of the beams can withstand 

greater load than the reference beams which tells us that the fibres restrain the effects of defects 

in timber, causing the material properties of the timber to be better utilized. Table 16 shows the 

summarised results for all the beams. 

 

Table 16: Summarised results for all slack reinforced beams. 

 5.3 The pre-stressed basalt fibre beams  

Four beams reinforced with pre-stressed basalt fibres were tested and have they been 

given the numbers T1-PRS, T2-PRS, T3-PRS and T4-PRS. Below the results for each beam are 

individually analysed, discussed and explained. First the results of the strain sensors (which 

measured the pre-stress in the fibres) are presented, followed by the results of the four-point 

bending test.  

5.3.1 Results for T1-PRS. Beam reinforced with pre-stressed basalt fibres 

Strain sensors 

For the first beam there was a problem with the connection of the sensors and only data 

from two of the sensors were usable. To deal with that problem the results from one side of the 

beam were mirrored around the middle so that it is possible to realize how the strain distribution 

was on both sides of the beam around the middle. 

Graph 11 shows the strain distribution over the length of the beam were the x-axis 

represents the length. It was not possible to put a strain sensor right in the middle of the beam 

Beam Fmax Mmax fm Em,g Time to failure Deflection

(kN) (kNm) (Mpa) (Mpa) (sec) (mm)

T1-Bas 36,6 18,3 61 24840 661 52,8

T2-Bas 31,1 15,6 51,7 22813 311,6 29,7

T3-Bas 28,9 14,5 48 20905 274,8 28,8

T4-Bas 33,6 16,8 56 20876 274,8 30,1

Mean 32,6 16,3 54 22358 380 35,3

σ 2,9 1,4 4,8 1633 162 10,1

Beams reinforced with slack basalt fibres
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because the jack that made the cambering was in the way. The expected strain was predicted 

with a tangent line (dotted line) that takes into account the slope of the line and predicts how 

the curve continues. 

 

Graph 11: T1-PRS. Strain distribution over the beam length. 

If the stress is multiplied by the modulus of elasticity of the fibres which is 84000 MPa 

the pre-stress in the fibres can be estimated over the beam length as shown in the Graph 12. 
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Graph 12: T1-PRS. Stress distribution over the beam length. 

The four-point bending test 

The load level on the beam went up to 43 kN with a deformation of 42,8 mm. The 

maximum bending moment when the beam failed was 21,5 kNm and the bending strength was 

71 MPa, which is more than double what the standard (EN 14080:2013, 2013) assumes. 

Modulus of elasticity was calculated according to equation 46) and it proved to be 22485 MPa. 

That is 73% higher value than the average modulus of elasticity for glulam timber in the strength 

class GL30c according to standard, where it is 13000 MPa. The beam showed a linear behaviour 

before it failed as Graph 13 shows. The room temperature when the experiment was carried out 

was found to be 20°C. The relative humidity in the air was measured 32% and the humidity in 

a timber was measured 10%. 
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Graph 13: Load deformation graph for beam T1-PRS. 

The beam failed in a brittle way on the tension side because of a knot that was located 

143 mm from the middle of the beam. The knot reached 27 mm across the beam perpendicular 

to the fibre direction and 8 mm down in the bottom lamella. All of the lamella failed 

perpendicular to the fibre direction completely up to the glue line between the two bottom 

lamellae. From there the beam split parallel to the fibres direction in both directions. No 

delamination between the fibres and the timber was visible before fracture but when the beam 

failed the bottom lamella tore the fibres of the beam as can be seen in Figures 43-44. 
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Figure 43: T1-PRS. Failure of the beam. 

Figure 44: T1-PRS. Close-up of the failure. 
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 Table 17 shows the main results of tests and calculations of material properties for the 

beam T1-PRS. Also in the table is the value for the camber due to the pre-stressing. The value 

was measured after the force was released that made the camber. The pre-stress value is 

estimated from the tangent line of the stress distribution; it is the estimated value for the stress 

on the middle of the beam. 

 

Table 17: Summarised results for beam T1-PRS. 

5.3.2 Results for T2-PRS. Beam reinforced with pre-stressed basalt fibres 

Strain sensors 

For beam T2-PRS all of the sensors worked like they should. Graph 14 shows the strain 

distribution over the length of the beam were the x-axis represents the length. It was not possible 

to put a strain sensor right in the middle of the beam because the jack that made the cambering 

was in the way. The expected strain was predicted with a tangent line (dotted line) that takes 

into account the slope of the line and predicts how the curve continues. 

 

Graph 14: T2-PRS. Strain distribution over the beam length. 

Beam Fmax Mmax fm Em,g Time to failure Deflection Camber Pre-stress

(kN) (kNm) (Mpa) (Mpa) (sec) (mm) (mm) (Mpa)

T1-PRS 43,0 21,5 71 22485 355 42,8 2 146,7

T1-PRS. Pre-stressed basalt fibres
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As shown on Graph 14 the strain distribution is not linear on both sides around the 

middle. On the right side of the beam the strain is almost linear but something happens on the 

left side in a point located 100 mm from the middle. It is like the fibres will not stretch around 

that point. 

If the stress is multiplied by the modulus of elasticity of the fibres which is 84000 MPa 

the pre-stress in the fibres can be estimated over the beam length as shown in the Graph 15. 

 

Graph 15: T2-PRS. Stress distribution over the beam length. 

Graph 15 shows that based on the right side the stress in the middle of the beam is 

estimated 140.5 MPa but 99.5 MPa based on the left side.  

The four-point bending test 

The load level on the beam went up to 35,2 kN with a deformation of 28,5 mm. The 

maximum bending moment when the beam failed was 17,6 kNm and the bending strength was 

58 MPa, which is much more than the standard (EN 14080:2013, 2013) assumes. Modulus of 

elasticity was calculated according to equation 46) and it proved to be 27730 MPa. That is 113% 

higher value than the average modulus of elasticity for glulam timber in the strength class 

GL30c according to standard, where it is 13000 MPa. The beam showed a linear behaviour 

before it failed as Graph 16 shows. The room temperature when the experiment was carried out 

was found to be 20°C. The relative humidity in the air was measured 32% and the humidity in 

the timber was measured 10%. 
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Graph 16: Load deformation graph for beam T2-PRS. 

The beam failed on the tension side around a knot that was located right in the glue line 

between the two bottom lamellas. First a crack was formed out of the knot in the glue line that 

then bent down through the bottom lamella. The knot was located 212 mm from the middle of 

the beam and was about 20 mm wide. A light cracking sound could be heard for about 15 

seconds before the beam failed. After the load was removed from the beam it restored its former 

shape. No delamination between the fibres and the timber was visible before or after fracture 

as can be seen in Figures 45-47. 
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Figure 45: T2-PRS. Failure of the beam. Crack between the two bottom lamellas. 

Figure 46: T2-PRS. Crack between the two bottom lamellas and how the crack bends down 
through the bottom lamella. 
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 Table 18 shows the main results of tests and calculations of material properties for the 

beam T2-PRS. Also in the table is the value for the camber due to the pre-stressing. The value 

was measured after the force was released, that made the camber. The pre-stress value is 

estimated from the tangent line of the stress distribution; it is the estimated value for the stress 

on the middle of the beam. 

 

Table 18: Summarised results for beam T2-PRS. 

5.3.3 Results for T3-PRS. Beam reinforced with pre-stressed basalt fibres 

Strain sensors 

For beam T3-PRS all of the sensors worked like they should. Graph 17 shows the strain 

distribution over the length of the beam were the x-axis represents the length. It was not possible 

to put a strain sensor right in the middle of the beam because the jack that made the cambering 

Beam Fmax Mmax fm Em,g Time to failure Deflection Camber Pre-stress

(kN) (kNm) (Mpa) (Mpa) (sec) (mm) (mm) (Mpa)

T2-PRS 35,2 17,6 58 27730 446 28,4 2,2 140,5

T2-PRS. Pre-stressed basalt fibres

Figure 47: T2-PRS. Close-up of the failure. 
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was in the way. The expected strain was predicted with a tangent line (dotted line) that takes 

into account the slope of the line and predicts how the curve continues. 

 

Graph 17: T3-PRS. Strain distribution over the beam length. 

As shown in Graph 17 the strain distribution is almost linear on both sides around the 

middle, though the right side shows a slightly higher values.  

If the stress is multiplied by the modulus of elasticity of the fibres which is 84000 MPa 

the pre-stress in the fibres can be estimated over the beam length as shown in the Graph 18. 
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Graph 18: T3-PRS. Stress distribution over the beam length. 

Graph 18 shows that based on the estimation the value in the middle of the beam is 118 

MPa.  

The four-point bending test 

The load level on the beam went up to 40,3 kN with a deformation of 47,4 mm. The 

maximum bending moment when the beam failed was 20,2 kNm and the bending strength was 

67 MPa, which is more than double than the standard (EN 14080:2013, 2013) assumes. 

Modulus of elasticity was calculated according to equation 46) and it proved to be 22943 MPa. 

That is 76,5% higher value than the average modulus of elasticity for glulam timber in the 

strength class GL30c according to standard, where it is 13000 MPa. The beam showed 

considerable plastic behaviour before he failed as Graph 19 shows. The room temperature when 

the experiment was carried out was found to be 20°C. The relative humidity in the air was 

measured 32% and the humidity in the timber was measured 10,1%. 
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Graph 19: Load deformation graph for beam T3-PRS. 

The beam starts to fail due to compression on the top of the beam around 30 kN force. 

It is during this period that the beam shows plastic behaviour, as shown in Graph 19. When the 

force reaches 40 kN the beam completely fails in a brittle way when it splits around a knot that 

is located in lamella number two from the bottom. A crack is formed through the beams middle 

and along the glue line of the two bottom lamellas. When this happens the bottom lamella tears 

away from the rest of the beam until a finger jointing fails. No delamination between the fibres 

and the timber was visible before or after fracture except where the bottom lamella tore them 

from the beam when it split, as can be seen in Figures 48-50. 
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Figure 48: T3-PRS. The beam fails in compression. 

Figure 49: T3-PRS. A complete failure of the beam. 
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Table 19 shows the main results of tests and calculations of material properties for beam T3-

PRS. Also in the table is the value for the camber due to the pre-stressing. The value was 

measured after the force was released, that made the camber. The pre-stress value is estimated 

from the tangent line of the stress distribution. It is the estimated value for the stress on the 

middle of the beam. 

 

Table 19: Summarised results for beam T3-PRS. 

5.3.4 Results for T4-PRS. Beam reinforced with pre-stressed basalt fibres 

Strain sensors 

For beam T4-PRS all of the sensors worked like they should. Graph 20 shows the strain 

distribution over the length of the beam were the x-axis represents the length. It was not possible 

to put a strain sensor right in the middle of the beam because the jack that made the cambering 

was in the way. The expected strain was predicted with a tangent line (dotted line) that takes 

into account the slope of the line and predicts how the curve continues. 

Beam Fmax Mmax fm Em,g Time to failure Deflection Camber Pre-stress

(kN) (kNm) (Mpa) (Mpa) (sec) (mm) (mm) (Mpa)

T3-PRS 40,3 20,2 67 22943 495 47,4 1,9 118

T3-PRS. Pre-stressed basalt fibres

Figure 50: T3-PRS. Close-up of the failure. 
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Graph 20: T4-PRS. Strain distribution over the beam length. 

As shown on Graph 20 the strain distribution is almost linear on both sides around the 

middle, though the right side shows slightly higher values.  

If the stress is multiplied by the modulus of elasticity of the fibres which is 84000 MPa 

the pre-stress in the fibres can be estimated over the beam length as shown in the Graph 21. 

 

Graph 21: T4-PRS. Stress distribution over the beam length. 
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Graph 21 shows that based on the right side the stress in the middle of the beam is 

estimated 119,4 MPa but 111,5 MPa based on the left side.  

The four-point bending test 

The load level on the beam went up to 37,4 kN with a deformation of 35,6 mm. The 

maximum bending moment when the beam failed was 18,8 kNm and the bending strength was 

62 MPa, which is almost double than the standard (EN 14080:2013, 2013) assumes. Modulus 

of elasticity was calculated according to equation 46) and it proved to be 23196 MPa. That is 

78% higher value than the average modulus of elasticity for glulam timber in the strength class 

GL30c according to standard, where it is 13000 MPa. The beam showed a linear behaviour 

before it failed as Graph 22 shows. The room temperature when the experiment was carried out 

was found to be 20°C. The relative humidity in the air was measured 32% and the humidity in 

the timber was measured 9,8%. 

 

Graph 22: Load deformation graph for beam T4-PRS. 

The beam failed on the tension side about 50 mm from the middle of the beam. To begin 

with it was difficult to detect how the beam failed and where it started. When a video of the 

experiment was viewed there is a little click heard about half a second before the fraction occurs. 

This happens right where the beam failed. From there a crack opened up the bottom lamella 

diagonally, to the glue line between the two bottom lamellas and follows it along the beam. 
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After the load was removed from the beam it restored his former shape. No delamination 

between the fibres and the timber was visible before fracture as can be seen in Figures 51-53. 

 

 

 

 

 

Figure 51: T4-PRS. The beam right before he failed. 

Figure 52: T4.PRS. The beam after failure. 
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Table 20 shows the main results of tests and calculations of material properties for beam 

T4-PRS. Also in the table is the value for the camber due to the pre-stressing. The value was 

measured after the force was released that made the camber. The pre-stress value is estimated 

from the tangent line of the stress distribution. It is the estimated value for the stress on the 

middle of the beam. 

 

Table 20: Summarised results for beam T4-PRS. 

5.3.5 Summary of results for beams reinforced with pre-stressed basalt fibres 

Looking at the results of the strain measurements in Graph 23 it shows that the strain is 

usually linear. However, one point stands out, for the linear distribution that is the point closest 

to the middle for the T2-PRS left side. Something is causing the fibres not to stretch around the 

point. Results for beam T1-PRS are not completely comparable as the strain sensors are not 

exactly in the same places as for the other beams. They show however that the distribution is 

linear. 

Beam Fmax Mmax fm Em,g Time to failure Deflection Camber Pre-stress

(kN) (kNm) (Mpa) (Mpa) (sec) (mm) (mm) (Mpa)

T4-PRS 37,4 18,8 62 23196 321 35,6 2,1 119,4

T4-PRS. Pre-stressed basalt fibres

Figure 53: T4-PRS. Close-up of the failure. 
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Graph 23: Strain distribution over the beam length for all of the PRS beams. 

Graph 24 shows the corresponding stress distribution in the fibres for all the beams. 

 

Graph 24: Stress distribution in the fibres for all the beams. 

The results of the bending test show that beam T1, T3 and T4 have almost the same 

modulus of elasticity. Graph 25 shows this by how their lines closely resemble until beam T4 
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fails. The line for beam T2-PRS is a little bit different mainly because it has a higher modulus 

of elasticity.  

 

Graph 25: Load deformation graph for all of the PRS beams. 

Table 21 shows the results of all the PRS beams together with measured cambering and 

estimated stress in the fibres on the middle of the beam. 

 

Table 21: Summarised result for all pre-stressed beam. 
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Beam Fmax Mmax fm Em,g Time to failure Deflection Camber Pre-stress

(kN) (kNm) (Mpa) (Mpa) (sec) (mm) (mm) (Mpa)

T1-PRS 43,0 21,5 71 22485 355 42,8 2,0 146,7

T2-PRS 35,2 17,6 58 27730 446 28,4 2,2 140,5

T3-PRS 40,3 20,2 67 22943 495 47,4 1,9 118,0

T4-PRS 37,4 18,8 62 23196 321 35,6 2,1 119,4

Mean 39,0 19,5 65 24088 404 38,6 2,1 131,1

σ 2,9 1,5 4,9 2118 69 7,2 0,1 12,7

Beams reinforced with pre-stressed basalt fibres
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6. Discussion 

This chapter includes the main results of the experiments where the experimental values 

will be compared with each other and with the calculation models. 

6.1 The increase in strength 

A summary of the results of the experiment are shown in Table 22. As can be seen there 

is an obvious increase in almost all aspects measured. 

 

Table 22: Summary of the experimental results. 

In the table above the Em,g  is the modulus of elasticity calculated using equation 46 and 

fm is the bending strength parallel to the grain calculated using equation 47. Fmax is the single 

force that comes from the jack. It is then divided into two individual forces that are put on the 

beam as shown in Figure 26. Mmax is the maximum bending moment that the beam can 

withstand. 

The mean value of the bending strength and modulus of elasticity for the reinforced 

glulam beams are compared with the mean value of the reference beams to estimate increase in 

strength.  

Beam Fmax Mmax fm Em,g

(kN) (kNm) (Mpa) (Mpa)

T1-Ref 27,8 13,9 46 23850

T2-Ref 22,5 11,3 37 19468

T3-Ref 28,1 14,1 47 19488

T4-Ref 16,5 8,3 27 17947

Mean 23,7 11,9 39,3 20188

T1-Bas 36,6 18,3 61 24840

T2-Bas 31,1 15,6 52 22813

T3-Bas 28,9 14,5 48 20905

T4-Bas 33,6 16,8 56 20876

Mean 32,6 16,3 54 22358

T1-PRS 43,0 21,5 71 22485

T2-PRS 35,2 17,6 58 27730

T3-PRS 40,3 20,2 67 22943

T4-PRS 37,4 18,8 62 23196

Mean 39,0 19,5 64,6 24088

A summary of the experimental results 
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Table 23: Increase in bending moment. 

Table 23 shows that the maximum bending moment for beams reinforced with slack 

basalt fibres increases by 37% and if the fibres are pre-stressed the difference will be even 

greater, or 64%. 

 

Table 24: Increase in modulus of elasticity. 

Table 24 shows that the mean value of modulus of elasticity for beams reinforced with 

slack basalt fibres increased by 11% while the beams with pre-stressed fibres showed a 19% 

higher value. 

6.2 Comparison of the calculation model and the experiments results 

Estimated values for the beams were calculated with a calculation model. The values 

were then compared with the results of the experiments. In Table 25 the calculated values of 

the stress in the fibres because of pre-stress are compared with the test results. Also the 

calculated values for cambering due to the pre-stress are compares to the measured values.  

Beam Mmax Strength gain

(kNm) (%)

T-Ref 11,9 -

T-Bas 16,3 37%

T-PRS 19,5 64%

 The strength increase  

Beam Em,g Strength gain

(Mpa) (%)

T-Ref 20188 -

T-Bas 22358 11%

T-PRS 24088 19%

 The increase in modulus of elasticity   
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Table 25: Calculated stresses and camber compared to experiment. 

As shown in Table 25 the calculated stresses in the fibres are about 17% higher than in 

the measured values. This could be because the fibres are glued on manually and some small 

error can affect the outcome. The calculated values for camber is slightly lower than the 

measured value which is in contrast to the stresses outcome. Possible explanation for this could 

be that when the beam was under load for 7 days while the adhesive cured itself, creep could 

have had some effect. Effects of creep were not examined in this theses. 

The mean values from the experiment were entered into the calculation model that 

estimated the maximum moment capacity and the results compared with the experimental 

values. The calculation model expects that a value for compressive strength (fc) is entered. The 

value used is the one given in the standard (EN 14080:2013, 2013), but it is increased 

proportionally to the bending strength of the experiment versus declared value in the standard 

(EN 14080:2013, 2013). In Table 26 the comparison is listed.  

 

Table 26: Maximum moment capacity from the model compared to experiment result. 

As shown in Table 26 the calculation model is very conservative. The mean difference 

between the calculated values and the experimental results is about 45%. This difference can 

be explained to some extent because one of the reference beam was below the standard values 

for bending strength. This beam reduces the average value for bending strength used in the 

calculation model. If this beam is skipped the average value increases and the difference 

between the model and experimental results is reduced to 33%. 

σestimated σTest Diffrence chamberestimated chamberTest

Beam (Mpa) (Mpa) (%) (mm) (mm)

T1-PRS 157,6 146,7 93% 1,4 2,0

T2-PRS 157,6 140,5 89% 1,4 2,2

T3-PRS 157,6 118 75% 1,4 1,9

T4-PRS 157,6 119,4 76% 1,4 2,1

Mean 157,6 131,2 83% 1,4 2,05

Mestimated MMax Diffrence

Beam (kNm) (kNm) (%)

T1-PRS 13,5 21,5 59%

T2-PRS 13,5 17,6 30%

T3-PRS 13,5 20,2 50%

T4-PRS 13,5 18,8 39%

Mean 13,5 19,5 45%
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6.3 Results from the strain sensors 

As said before, strain sensors were placed on the beams. The sensors placed on the slack 

fibres beams were placed right in the middle and they measured strain in the fibres right up to 

failure. Strain sensors on pre-stressed beams were about 100mm from the middle of the beam 

and could therefore not measure strain exactly at the same place but by using the tangent line 

the estimated value could be read and compared with the slack beam. 

Table 27 shows the results of the strain measurements and the level of efficiency of the 

overall strain tolerance of the fibres. Where there was a failure of the strain sensors for beam 

T1-PRS the measurements cannot be displayed.  

 

Table 27: The overall efficiency of the fibres compared. 

As shown in Table 27 there is a significant increase in efficiency of the fibres that are 

pre-stressed. The average efficiency goes from 12.3% for the slack fibres to 22.3% for pre-

stressed fibres. 

6.4 Normal distribution  

After calculating the bending strength of the beams the results can be submitted with a 

normal distribution. The strength of timber is said to follow a normal distribution and the 

characteristic values expressed in standards are based on a 5% chance that the timber does not 

reach the listed value. The normal distribution is calculated with the probability density function 

(Navidi, 2011) shown in equation 48. 

�(�) =
1

� ∗ √2 ∗ �
∗ �

�
(���)�

�∗��  
(48) 

σ = standard deviation 

μ = mean value  

εmax εmax Efficiency fm Em,g

Beam (%) (%) (%) (Mpa) (Mpa)

T1-Bas 3,15 0,407 13% 61 24840

T2-Bas 3,15 0,381 12% 52 22813

T3-Bas 3,15 0,337 11% 48 20905

T4-Bas 3,15 0,409 13% 56 20876

T1-PRS 3,15 - - 71 22485

T2-PRS 3,15 0,668 21% 58 27730

T3-PRS 3,15 0,814 26% 67 22943

T4-PRS 3,15 0,626 20% 62 23196
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If the probability density function is plotted it is the normal curve for the sample. To find the 

5% limit equation 49 can be used. 

�� = ����� − � ∗ � (49) 

fk = The characteristic value  

fmean = Mean bending strength from experiment 

c = constant that ensures that 95% of the beams tolerate the characteristic value 

 

In Table 28 the characteristic value for the reference beams is calculated and compared 

with the value provided by the standard IST EN 14080:2013 (EN 14080:2013, 2013). 

 

Table 28: The characteristic value for the reference beams. 

As shown in Table 28 the characteristic value for the experimental beams is lower than 

the standard requires. It may be largely explained by the sample being small and beam T4-Ref 

failing under the requirements of the standard, dragging down the average. 

In Table 29 the characteristic value for the slack reinforced beams is calculated and 

compared with the value provided by the standard IST EN 14080:2013 (EN 14080:2013, 2013). 

 

Table 29: The characteristic value for the slack reinforced beams. 

Table 29 shows that when the beams are reinforced with slack basalt fibres the 

characteristic value goes up by 63% compared to the value given in the standard. 

 In Table 30 the characteristic value for the slack reinforced beams is calculated and 

compared with the value provided by the standard IST EN 14080:2013 (EN 14080:2013, 2013). 

Beams fmean σ c fk fm,g,k fk/fm,g,k

Count (Mpa) (Mpa) (Mpa) (Mpa) (%)

4 39,3 7,8 1,56 27,1 30 90%

Characteristic value for bending strength for the reference beams   

Beams fmean σ c fk fm,g,k fk/fm,g,k

Count (Mpa) (Mpa) (Mpa) (Mpa) (%)

4 54,0 4,8 1,11 48,8 30 163%

Characteristic value for bending strength for the slack reinforced beams   
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Table 30: The characteristic value for beams reinforced with pre-stressed basalt fibres. 

Table 30 shows that when the beams are reinforced with pre-stressed basalt fibres the 

characteristic value goes up by 98% compared to the value given in the standard. 

In Graph 26 the distribution of strength is set up graphically with normal distribution to 

better understand the results. 

 

Graph 26: Normal distribution of bending strength. 

When the normal distribution in Graph 26 is examined, it can be seen that the greatest 

variance is with the unreinforced beams. The reason for this are defects in the timber, but all 

the beams failed due to a knot in the bottom lamella. This underlines the influence that one knot 

can have on the bending strength of glulam and how hard it can be to predict its strength. The 

curves for slack reinforced and pre-stressed beams are almost identical except that the bending 

strength of the pre-stressed beams are higher.  

  

Beams fmean σ c fk fm,g,k fk/fm,g,k

Count (Mpa) (Mpa) (Mpa) (Mpa) (%)

4 64,63 4,87 1,05 59,5 30 198%

Characteristic value for bending strength-beams reinforced with pre-stressed basalt fibres  
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7 Conclusion 

The purpose of the project was to examine if it was possible to achieve more strength in 

glulam beams by gluing basalt fibres on the tension zone and whether it would increase the 

strength more if the fibres were pre-stressed. Efforts were made to find a method of pre-

stressing the fibres without the need for large equipment and much complexity, a method that 

could be used at the building site.   

The fibres were pre-stressed with cambering. The method is based on the beam being 

cambered with a single force in the middle to a certain extent before the fibres are glued on. 

When the cambering force is taken away the beam corrects itself and stretches the fibres. 

 The results of the experiment showed that by strengthening the beams with slack basalt 

fibres the increase in average moment capacity was 37% compared to the reference 

beams. Those are exactly the same result as Ívar Hauksson (Hauksson, 2012) got from 

his experiment that was conducted in the same laboratory in 2012. The results for the 

pre-stressed fibre beams showed that it was possible to achieve even further strength 

gains. The moment capacity increased by 64% compared to the reference beams. 

 The modulus of elasticity for the reinforced beams also increased but not as much as the 

moment capacity. For the beams reinforced with slack basalt fibres the modulus 

increased by 11% and for the pre-stressed beams by 19% compared to the reference 

beams. 

 Strain measurements were made on the pre-stressed fibres when cambering force was 

removed. The results showed that the average value of the pre-stress in the fibres from 

the experiment was about 83% of the value that the calculation model predicted. The 

reason for this could be that the fibres are glued on manually and some small error can 

affect the outcome. 

 The moment capacity was calculated using a calculation model that takes into account 

the pre-stress. The values were then compared with the results of experiments. The mean 

value from the experiment was considerably higher than the calculated value or about 

45%. This difference can be explained to some extent because one of the reference beam 

was below the standard values for bending strength. This beam reduces the average 

value for bending strength used in the calculation model. If this beam is skipped the 

average value increases and the difference between the model and experimental results 
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is reduced to 33%. However, the values of experiment is still well above the calculated 

values which is difficult to explain and indicates that the model is not precise enough.  

 The camber due to the pre-stressing force was larger in all cases than the calculation 

model predicted. The model predicted a 1.4 mm camber but the mean value of the 

experiment was 2.05 mm. This camber can be used to counteract the strict deflection 

requirements of the standards. 

 The efficiency of the fibres for the pre-stressed beams was considerably higher than the 

slack beams. The mean efficiency went from 12.25% for the slack fibres to 22.3% for 

pre-stressed fibres which is about 82% increase. 

 The characteristic value (fk) which is the value used for structural design was calculated 

for all beams groups. The difference between the value of the reference beams and the 

beams with pre-stressed fibres was more than double or 120%. If compared to the values 

given in the standard the difference is around 98%.  

 Only two of the reinforced beams showed more obvious ductile behaviour during the 

experiment. What those beams had in common was that the bottom lamella was 

undamaged after failure.  As has been stated before, it is precisely that lamella which is 

the strongest since this is combined glulam. If all the lamellas were equally strong like 

in homogenous glulam, there would perhaps be more of this ductile behaviour since the 

whole cross section should endure an equally high stresses. 

When all the results are viewed they show that a significant increase in glulam beams 

properties is achieved by reinforcing them with pre-stressed basalt fibres. With this method to 

pre-stress the fibres, about 64% higher moment capacity and 19% higher modulus of elasticity 

can be achieved compared to the unreinforced beams. With this method the characteristic value 

used for designing with glulam, can be increased by 120%. The procedure is easy and 

manageable. It can easily be used in the work place and could be useful, especially for repairing 

or renovating old houses or if the use of the building changes and needs to pass stricter 

requirements according to building standard and regulations. 

7.1 Recommendation for further research 

The experimental data show significant strength gain by pre-stressing the fibres. But 

there is room for further research and certainly aspects that would be interesting to examine 

further.  
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The glulam used for this experiment was combined, with lamellas made from timber in 

different strength classes. It would be interesting to do a similar study with homogenous glulam. 

In at least two cases the bottom lamella was almost undamaged which tells us that the stress at 

the bottom had not reached maximum. But it is harder to predict for the middle of the beam 

because the lamellas there are not in the same strength class.  

It would also be interesting to conduct a similar research using production made basalt 

FRP to glue on the tension zone. Then one would get rid of the hand-laid method of gluing the 

fibres on the beam and eliminate the possible errors that procedure can cause.  
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