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Abstract 

A key factor regarding fire safety of timber buildings is the performance of connections 

between the structural elements, since this determines the load-carrying capacity of the 

structure. Traditional timber connections do generally perform poorly in a fire compared to 

surrounding parts since the joints often consist of exposed metal parts and cavities which 

locally decreases the fire resistance. This weakness does often lead to the appliance of gypsum 

which removes the aesthetic appearance of timber. Through an innovative timber connection 

design, the hope is that the failings at elevated temperature are changed from the connection 

itself to surrounding parts thus increasing the fire resistance to the limits of the connected 

components. 

Two types of glue-laminated timber connections have been built and tested at RISE facilities 

in Borås with the purpose to determine if these could withstand fire exposure for 90 minutes 

under load. The connections are assembled by expanding hollow steel tubes that clinches the 

members together and at the same time makes the steel tube yield against the inside of the 

pre-drilled hole. Pre-stresses are created in the connection during this process that avoids an 

initial slip if the connection is loaded, which is one of the reasons that this type of connections 

is suitable in earthquake-prone areas. The joint design results in a significantly increased 

rotational stiffness, moment capacity and embedded energy of the joint in comparison with 

conventional timber connections. 

One of the connections is designed to withstand moment forces. The specimen is built as a 

beam to beam connection that is subjected to a four-point bending test at both ambient and 

elevated temperature. The connection withstood 39.5 kNm in ambient temperature and failed 

after 87 minutes and 6 seconds of fire exposure under load. However, failure in elevated 

temperature did not occur within the connection, and visual inspection after the test indicated 

that the steel tubes still were in excellent condition. The connection is therefore expected to 

have been able to withstand 90 minutes of fire exposure.  

The other connection is designed to withstand shear-forces and is built as a column to beam 

connection that is tested at both room temperature and elevated temperature. The connection 

endured a maximum shear-force of 181.4 kN in ambient temperature, approximately 30 kN 

higher than previously performed test with identical setup, and failed after 113 minutes of fire 

exposure under load. The failure in elevated temperature did however not occur inside the 

connection. 

The testing is limited to unprotected connections consisting of glue-laminated timber which 

are tested in accordance with ISO 834. 
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Sammanfattning 

En nyckelfaktor för brandsäkerheten i träbyggnader är prestandan hos förbanden mellan 

konstruktionselementen eftersom dessa bestämmer konstruktionens lastbärande kapacitet. 

Traditionella träförband har i allmänhet dåligt brandmotstånd i förhållande till omgivande 

delar, detta eftersom förbanden ofta består av exponerade metalldelar och kaviteter som lokalt 

försvagar brandmotståndet. Dessa svagheter motverkas ofta genom att montera gips vilket 

negativt påverkar träets estetiska utseende. Genom en innovativ konstruktion av träförband är 

hoppet att den svaga punkten vid förhöjd temperatur flyttas från själva anslutningen till 

omgivande delar, vilket ökar konstruktionens brandmotstånd genom att brandmotståndet då 

begränsas av prestandan hos de anslutna komponenterna. 

Två typer av limträförband har byggts och testats vid RISE-anläggningen i Borås med syfte att 

bestämma om dessa under belastning skulle kunna stå emot brandexponering under 90 

minuter. Förbanden monteras genom att expandera ihåliga stålrör som klämmer samman 

elementen och samtidigt deformeras mot insidan av det förborrade hålet. Förspänningar skapas 

i förbandet under denna process som förhindrar en primär förskjutning om förbandet är lastat, 

vilket är en av anledningarna till att denna typ av anslutningar är lämpliga i 

jordbävningsbenägna områden. Denna konstruktion resulterar i en betydligt ökad 

rotationsstyvhet, momentkapacitet och inbäddad energi i jämförelse med konventionella 

träförband. 

En av anslutningarna är konstruerad för att motstå momentkrafter. Provkroppen är byggd som 

en balk-balkanslutning som utsätts för ett fyrapunkts böjningstest vid både rumstemperatur och 

förhöjd temperatur. Anslutningen klarade 39.5 kNm vid rumstemperatur och fallerade efter 87 

minuter och 6 sekunder av belastning i förhöjda temperaturer. Brottet i förhöjd temperatur 

inträffade emellertid inte i anslutningen och den visuella inspektionen som utfördes efter testet 

indikerade att stålrören fortfarande var i utmärkt skick. Anslutningen bedöms därför ha kunnat 

motstå 90 minuters brandexponering. 

Det andra förbandet är konstruerat för att motstå tvärkrafter och är byggt som en pelare-

balkanslutning som testas vid både rumstemperatur och förhöjd temperatur. Anslutningen 

klarade en maximal skjuvkraft på 181.4 kN vid rumstemperatur, cirka 30 kN högre än tidigare 

utfört test med identisk uppställning, och fallerade efter 113 minuters belastning i förhöjd 

temperatur. Brottet i förhöjd temperatur inträffade emellertid inte i själva anslutningen. 

Testerna är begränsade till oskyddade förband bestående av limträ som under brandpåverkan 

testas enligt ISO 834.    
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Nomenclature 

Latin letters 

𝐴  Area of the acting cross-section, [mm2] 

𝐴90  Effective area, [mm2] 

𝐴𝑒𝑓𝑓  Area of the remaining cross-section in fire, [mm2] 

𝑏  Width, [mm] 

𝑏𝑒𝑓  Effective width, [mm] 

𝑏𝑒𝑓𝑓  Effective width in fire, [mm] 

𝑏𝑚𝑖𝑛  Minimum width, [mm] 

𝑑0  Depth of layer with assumed zero strength and stiffness [mm] 

𝑑𝑐ℎ𝑎𝑟,0  One-dimensional charring depth, [mm] 

𝑑𝑒𝑓𝑓  Effective charring depth [mm] 

𝐸  Modulus of elasticity parallel to the grain, [MPa, GPa] 

𝐸𝑓𝑖  Modulus of elasticity in fire, [MPa] 

𝑓𝑑  Design bending strength, [MPa]  

𝑓𝑚  Bending strength, [MPa] 

𝑓𝑚,0  Estimated average bending strength, [MPa] 

𝑓𝑚,𝑓𝑖  Bending strength in fire 

𝑓𝑡   Compressive strength parallel to the grain [MPa] 

𝑓𝑡,0  Compressive strength along the grain, [MPa] 

𝑓𝑡,𝑓𝑖  Design compressive strength in fire, [MPa] 

𝑓𝑢  Tensile strength, [MPa] 

𝑓𝑣  Shear strength, [MPa] 

𝑓𝑣,𝑘   Characteristic shear strength, [MPa] 
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𝑓𝑦  Yield strength, [MPa]  

ℎ  Height, [mm] 

ℎ𝑒𝑓𝑓  Effective height in fire, [mm] 

𝑘  Instability factor, [-] 

𝑘0  Coefficient [-] 

𝑘𝑐  Reduction factor for buckling, [-] 

𝑘𝑐,𝑓𝑖  Reduction factor of the load-bearing capacity in fire, [-] 

𝑘𝑐𝑟  Constant, [-] 

𝑘𝑐𝑟𝑖𝑡  Factor, [-] 

𝑘𝑒  Elastic rotation stiffness, [kNm/rad] 

𝑘𝑓𝑖  Coefficient in fire, [-] 

𝑘ℎ  Depth factor, [-] 

𝑘i  Tangent rotational stiffness, [kNm/rad] 

𝑘𝑚𝑜𝑑  Modification factor for duration of load and moisture content, [-] 

𝑘𝑚𝑜𝑑,𝑓𝑖  Modification factor for fire, [-] 

𝑘𝑠  Modified rotational stiffness, [kNm/rad] 

𝐿  Buckling length, [mm] 

𝐿0  Length, [mm] 

𝑀𝑅𝑑  Bending moment capacity, [kNm, Nmm]  

𝑀𝑅𝑑,𝑓𝑖  Bending moment capacity in fire, [kNm, Nmm] 

𝑁90,𝑅𝑑   Shear-force capacity, [kN, N] 

𝑁90,𝑅𝑑,𝑓𝑖  Shear-force capacity in elevated temperature, [kN, N] 

𝑁𝑡,0,𝑅𝑑  Compressive capacity parallel to the grain [kN, N] 

𝑁𝑡,𝑅𝑑,𝑓𝑖  Compressive capacity parallel to the grain in elevated temperature, [kN, N] 
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𝑡  Time of fire exposure, [min] 

𝑊  Effective section modulus, [mm3] 

𝑊𝑒𝑓𝑓  Effective section modulus, [mm3] 

Greek letters 

𝛽0  Design one-dimensional charring rate, [mm/min] 

𝛽𝑐  Straightness factor, [-] 

𝛽𝑛  Design notional charring rate, [mm/min] 

𝜀𝑢  Ultimate strain, [%] 

𝜃  Rotation, [rad] 

𝜆𝑟𝑒𝑙  Relative slenderness parameter, [-] 

𝜌  Density, [kg/m3] 

𝛾𝑀  Partial factor, [-] 

𝛾𝑀,𝑓𝑖  Partial factor in fire, [-] 
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1 Introduction 

Timber is a valued construction material due to its aesthetic appearance, sustainable aspects of 

the environment and good material properties (Nordic Innovation Centre, 2012). As the 

interest to design and build multi-story buildings increases, higher demands are set on the 

load-bearing structure in ambient, but especially in fire conditions. It also leads to increased 

fire resistance requirements for connections that bind the load-bearing elements together, 

which without protection, are difficult to fulfil for conventional timber connections (SP, 

2010). The low fire resistance of these connections does, therefore, require extra protection, 

e.g. gypsum, which removes the aesthetic appearance that often is requested from the 

architects. By replacing or reinforcing the weak parts of the connection, restrictions of 

designing the load-bearing system can be altered from the joint itself to the supporting 

elements and, thereby, increase the fire resistance to the limits of the timber. 

The usage of expanded steel tubes together with densified veneer plywood (DVW) in timber 

connections has been proven to increase the rotational stiffness, moment capacity and 

embedded energy in comparison with conventional timber joints in ambient temperature 

(Brandon & Leijten, 2014). Through a few adjustments of the joints design to increase the fire 

resistance, the strengths can be maintained even at elevated temperatures. These modifications 

will further be examined in this report together with the results of the change, which will be 

analysed by actual experimental tests.  

There were in total be four connection tests performed that are equally divided into two test 

series with one ambient temperature test and one elevated temperature in each. The first test 

series consist of a shear-force connection with a column-beam formation, and the other one is 

a moment connection where the extension of beams is examined. The connections were built 

and tested at RISE facilities in Borås, Sweden. The purpose is to analyse the limitations and 

strengths of these timber connections to withstand fire for more than 90 minutes under load 

without active or passive fire protection.  

1.1 Background 

Timber has always been an appreciated material to build with since it is easy to obtain, 

relatively easy to use and possesses excellent stiffness and strength in relation to its weight. 

During the last few years, the usage of timber has increased significantly due to its 

environmental advantages and aesthetic appearance (Nordic Innovation Centre, 2012). The 
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increased use of wood for higher and more complicated buildings increases the need for 

structural solutions with high fire-performance. 

1.1.1 Timber 

Timber as a material differs compared to other materials when exposed to fire. Decomposition 

of the wood occurs in the pyrolysis zone, which approximately can be found between the 200 

°C and 300 °C isotherm. As the pyrolysis zone penetrates the material it leaves a layer of 

charcoal behind that possesses insulation properties and helps to protect the timber from the 

fire. The strength and the stiffness of the wood are massively reduced in the charcoal layer and 

the pyrolysis zone. The pyrolysis zone is assumed to be 7 mm wide for durations of fire longer 

than 20 minutes according to Eurocode 5. The part of the timber that is not within the char 

layer or pyrolysis zone can be assumed to be unaffected by the fire (EN 1995-1-2, 2004). An 

illustration of the different layers can be seen in Figure 1. (König, 2005) 

 

Figure 1. Picture of the different layers of timber exposed to fire. 

1.1.2 Timber connections 

One of the key factors regarding the fire safety of timber buildings is the connections between 

the structural elements (SP, 2010). The connections are important since these determine the 

load-carrying capacity of the structure and its safety at both ambient and elevated 

temperatures. There is a wide variety of timber connections used in buildings and all behave 

differently in fire situations which complicates the work of fire safety engineering. Timber 

connections generally perform poorly in a fire compared to surrounding parts, since the 

connections often consist of metal parts which can conduct a significant amount of heat into 

the connections and locally weaken the strength of wood adjacent to the metallic members. 

However, most focus is put on the fire resistance of timber beams, walls, and columns 

(Brandon, 2017). A greater understanding can be achieved if the focus is placed on the joints, 

which is necessary for future improvements.  

Three essential properties are studied to obtain optimal structural performance within the field 

of Civil Engineering; load-bearing capacity, stiffness, and ductility. These apply to the 
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structural members as much as the joints between them. Ideally, the joints should be as strong, 

or even stronger than the timber elements they connect, both at ambient temperatures and at 

elevated temperatures. If this can be achieved, the design process would be simplified since it 

all comes down to the dimensions and the fire resistance of the structural timber members. 

The joints would no longer be the weakest link in the chain. (Leijten, 1999) 

1.1.3 Limitations of traditional connections and how these can be overcome 

It is essential to be aware of flaws in the conventional joints and how the components behave 

during the fire to develop a connection with higher fire resistance. These are analysed in the 

following preliminary study which aims to localise the weaknesses and to find solutions to 

these feeble parts.  

1.1.3.1 Metal details 

The weaknesses of today’s connections need to be rectified to design connections with higher 

fire resistance. One of the main limitations of timber connections is the exposed metal details 

(Carling, 1989). If the metal details are exposed to fire, the heat conductivity conditions 

change at the contact surface, and heat energy can be transmitted into the connection. This 

conductivity change will in general increase the penetration rate of heat and make the 

connection less resistant to fire (Carling, 1989). Tests performed in Finland demonstrate how 

the heat penetration rate increases when metal nails are used in timber. An illustration of the 

results can be seen in Figure 2. If metal plates are used in the connection, stresses at the 

contact surface can compress or even crush the charred layer which will reduce its insulating 

efficiency. 

 

Figure 2. An illustration of charring penetration close to metal nails. (Aarnio, 1979) 

Steel possesses material properties that are temperature dependent. Features such as strength, 

stiffness and modulus deteriorate as the temperatures increase. The resistance of a steel member 

has usually decreased by 70 % at a temperature of 450 °C. If the temperature continues to rise, 

which is likely to happen during a fire, the resistance decreases even more rapid. (Isaksson, 

Mårtensson, & Thelandersson, 2011) 
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The temperature span from -50 °C to 600 °C is of interest for steel. In Figure 3, yield strength 

(fy), tensile strength (fu), and ultimate strain (εu) alterations of steel can be seen within the given 

temperature span. (Isaksson, Mårtensson, & Thelandersson, 2011) 

 

Figure 3. Material properties for steel varying over temperature. 

At higher temperatures, the ultimate strains increase at the same time as the load-bearing 

capacity rapidly decreases. These alterations are one of the reasons why steel needs to be 

protected during a fire. (Isaksson, Mårtensson, & Thelandersson, 2011)  

The strength reduction of timber occurs however at lower temperatures, as timber chars at 

approximately 300°C and, char has a strength that is negligible in comparison with that of 

uncharred timber. As mentioned before, metallic members conduct heat into the connection 

and transfer it to wood deeper in the connection. Weakening of the generally highly stressed 

timber around metallic parts, such as dowels, screws or nails often leads to embedment failure, 

such is evidenced by the work of Palma (2016). 

1.1.3.2 Metal details – the solution 

There are mainly two different solutions to overcome the problem of metal details that help to 

transmit energy into the timber and increase the penetration rate. Since the metal needs to be 

exposed to heat to conduct it, one option is to create a protecting layer that separates the 

metal from the heat. There are many ways this can be done, for example by using adding 

another material between the metal and the fire. Such materials need a lower thermal 

conductivity than metal; high-density wood boards or gypsum are commonly used for this 

purpose. The timber beam itself can also be used as a protecting layer if the dowel-typed 

fastener is embedded into the timber and a plug is inserted in the hole to create seamless 

protection. A picture showing different kind of protections can be seen in Figure 4. 
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The other solutions consist of choosing other materials than metal for details within the joint. 

It is possible to manufacture joints using non-metallic components, but these joint often lack 

the strength and stiffness which the metal parts provide. (Leijten, 1999)  

 

Figure 4. Picture showing how metal details in a connection can be protected. 1 – protecting timber plugs, 2 – 
protective board, 3 – fasteners keeping the protective board in place. 

1.1.3.3 Gaps 

Another weakness of today’s connections is gaps which are proven to be a critical factor in the 

fire resistance of timber beams (Aarnio, 1979). As the width of the gap between two glue-

laminated timber beams, or a glue-laminated timber beam and a floor structure, increases, the 

protection effectiveness of the charcoal on the inner layer decreases as the fire may affect the 

beam through the gap. An investigation of gap widths performed by Aarnio (1979) with 

standard fire conditions concludes that the critical gap width is 5 mm as gaps wider than this 

result in charcoal right across the gap. Figure 5 and Figure 6 illustrate the critical gap. The 

temperature in the gap is also distance-dependent (Aarnio, 1979). For a gap less than 5 mm 

wide, the temperature has not in any of the 12 tests reached above 160°C after 15 minutes of 

fire exposure. In 9 of the 11 tests with a gap larger than 5 mm, the temperature had reached 

above 300°C after 15 minutes fire exposure. Aarnio’s results are independent of the width of 

the beam and the duration of the fire. 

 

Figure 5. Picture demonstrating actual fire tests of the effects caused by the width of a gap between a floor 
structure and a glue-laminated timber beam. The average horizontal depth of penetration is shown as dashed 

lines. 
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Figure 6. Picture demonstrating actual fire tests of the effects caused by the width of a gap between two glue-
laminated timber beams. The average horizontal depth of penetration is shown as t (dashed lines). 

Gaps within drilled holes, for instance between a fastener and the hole-surface, form a 

mechanical a problem for timber connections with dowel type fasteners. These should be 

avoided to prevent undue deformations caused by delay in load take-up in the presence of 

hole clearance (Brandon & Leijten, 2014). The presence of the clearance is due to standard 

practice. These gaps could, for instance, be caused by inaccurately drilling in separately aligned 

members which creates misalignment of the holes (ibid.). This problem occurs at the assembly 

stage where generally over-sized holes are made to make assembly easier.   

1.1.3.4 Gaps – the solution 

To resolve the issue of low fire resistance in today’s connections that are caused by gaps, 

studies of tube fasteners has been conducted by Leijten & Brandon (2013). The idea is to 

reduce clearance by expanding a steel tube within the drilled hole, a cross-section of the 

specimen can be seen in Figure 7. The study indicates that connections with a steel flitch plate 

and tube fasteners results in significantly increased rotational stiffness, moment capacity and 

embedded energy in comparison with conventional timber connections (Brandon & Leijten, 

2014). It was furthermore shown that these connections lead to improved seismic performance 

(van Bakel et al., 2017). A comparison with today’s connections, conducted with dowel-type 

fasteners, in ambient temperature is shown in Figure 7. The comparison involved timber 

members of the same size. However, the ultimate moment capacity and the rotational stiffness 

of the tube connections were significantly higher. In order to comply with lateral deflection 

criteria, connections with high stiffness properties are necessary for tall timber structures. 
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Figure 7. To the left, a cross-section of a tube fastener can be seen displaying its tightness and to the right, there is 
a graph illustrating the increased structural properties of this joint. (Leijten & Brandon, 2013) 

1.1.3.5 Splitting cracks 

There is a risk of failure that leads to splitting cracks in joints with dowel-type fasteners. The 

splitting cracks can occur since timber is an orthotropic material with a relatively low tensile 

strength in the direction perpendicular to the grain and the dowel-type fasteners are subjecting 

the timber to highly concentrated stresses. It is, therefore, essential to ensure that the timber 

can develop its full embedment resistance before any cracks appear and that the fasteners can 

yield. Today, spacing requirement between the dowels is implemented to achieve these goals 

for joints with traditional dowel-type fasteners, but this will only delay the occurrence of 

splitting cracks and not prevent it. (Leijten, 1999) 

1.1.3.6 Splitting cracks – the solution 

In order to achieve high capacity connections, which could be required in tall buildings, the 

occurrence of cracks is vital to prevent, not only to delay. It can be achieved by reinforcing 

the surface where the concentrated loads need to be transferred, at the interface of the jointed 

section. It is essential to choose a material that suits the purpose of the reinforcement, steel and 

fibreglass has earlier been tested with little success (Leijten, 1999). An analysis performed by 

Leijten (1999) has proven that densified veneer plywood (DVW) possesses many suitable 

qualities. It is a commercially available material that requires little or none surface treatment, 

besides sanding. No extraordinary tools or methods are required when working with the 

material and since DVW is manufactured with cross-wise layered veneers the direction of the 

applied load is of less importance when compared to ordinary timber. 

1.2 Purpose 

Methods in EN 1995-1-2, which is the European standard for the structural fire design of 

timber structures, specify designs for connections that can withstand standard fire conditions 

up to 60 minutes. As the demand for more complex constructions increases, fire resistance of 

maximum R60 will not be enough to meet the requirements specified in national building 

regulations. To fulfil the demands, the timber structures need to be protected by active or 
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passive fire protection. The protection does often entail that architects and designers instead 

select alternative materials as the load-bearing structure. The purpose is, therefore, to analyse 

and design a superior connection through ambient and elevated temperature tests which can 

withstand fire for more than 90 minutes under load. Through the prospected design of the 

timber connection, the hope is that the weaknesses at elevated temperature are changed from 

the connection itself to the connected beams, thus increasing the fire resistance to the limits of 

the timber beams. 

1.3 Problem statements 

This thesis aims to answer the following questions: 

• Is it possible to create a timber connection that can withstand fire for 90 min under 

load?  

• What is the weakest part of a joint exposed to fire and how can it be improved? 

• Are hand calculations valid for the presented connections? 

• What are the advantages and the disadvantages of the presented connections? 

• Are the presented connections practically justifiable compared to traditional joints?  

• What is the rotational stiffness, moment capacity and shear-force capacity for these 

types of connections? 

1.4 Limitations 

The tests are designed to only evaluate timber connections where the constituent wood 

consists of glue-laminated timber. The thermal effect on the adhesive will not be evaluated in 

this thesis. The beams will be exposed to the standard fire curve, ISO 834, and no type of 

protection will be used on the connections. The dimensions of the included materials have 

been chosen based on fire exposure of 90 minutes.  

There is currently no developed calculation method for connections of this sort which makes 

it difficult to assess the capacity in advance. The capacity of each part of the setup has therefore 

been analysed separately, and it is estimated that the same capacity is achieved in conjunction 

with the other embedded elements. Hand calculations are performed with equations presented 

in the Eurocodes.  
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2 Theory 

To determine the load to apply in elevated temperature it is first necessary to determine the 

capacity of the connection in ambient temperature. The load-carrying capacity of the glue-

laminated timber is calculated and compared to the load-carrying capacity of the joint to get 

an estimation of the failure mode in each test series. The expected capacity of each joint was 

based on actual tests. 

2.1 Procedure for calculation of load capacity 

Based on the goals of this thesis to alter the weakness of the structure from the joint to the 

actual glue-laminated timber, expectancy shear-force and moment capacity calculations of the 

timber are performed in accordance to EN 1995-1-1 and EN 1995-1-2. The load-carrying 

capacity of the timber is later compared to actual test results of the steel tube capacities 

performed by Leijten (1998) and Leijten & Brandon (2013) to determine the weakest part of 

the setup.   

Timber that is exposed to fire will produce charcoal and thereby isolate the core. The core 

can, therefore, be assumed to have initial strength and stiffness. EN 1995-1-2 provides two 

methods for taking the charcoal and the combustion of wood into account: reduced cross-

section and reduced properties. The Swedish annex recommends the usage of reduced cross-

section method, which will be applied in further calculations. The calculation of an effective 

cross-section is required within the method. The way of calculating the effective cross-section 

is also used to analyse necessary lengths for the metal-protecting parts of the connections. 

2.1.1 Properties of the glue-laminated timber 

Calculation methods in Eurocode are structured with safety factors of material properties to 

ensure that the designed building has a satisfying safety. Thus, it is often a lower capacity of 

the structural element that is calculated. Since the tests are performed in a lab environment 

where the actual failure load is examined, a more exact capacity could be calculated using 

average material properties and neglect some of the safety factors presented in Eurocode.  

Moelven delivered GL30c timber that was used for the moment connections, which means 

that the 5th percentile strength is equal to 30 N/mm2. The mean bending strength could be 

estimated using JCSS (2006). The ratio between average and characteristic value of the 

bending strength is  

𝑓𝑚 = 1.29𝑓𝑑. (2.1) 
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The glue-laminated timber for the shear-force connection arrived together with average 

properties of each lamella within the glue-laminated timber. A mean value of these is 

presented in Table 1 and Table 2.  

Table 1. Material properties including bending moment of elasticity (MOE), density and IP-density. 

IP-Wood Eye (local bending MOE) 

between loads [GPa] 

Calculated density based on 

weighing [kg/m3] 
IP-density [kg/m3] 

12.74 466.5 466.3 

Table 2. Material properties including moisture content, C-class and bending strength. 

Moisture 

content [%] 

C-class to which the board segment between loads 

should have been graded in single-class grading 

Estimated "average" 

bending strength [MPa]  

12.0 C40 51.0 

The shear strength and compressive strength parallel to the grain is required for calculations in 

further sections. JCSS (2006) has presented a method to obtain material properties using 

reference material properties, which is determined from standard tests. The reference material 

properties are bending strength, the bending moment of elasticity and density. The correlation 

between the properties are quantified into four categories:  

- 0.8 ⟷  high correlation  

- 0.6 ⟷  medium correlation  

- 0.4 ⟷  low correlation 

- 0.2 ⟷  very low correlation.  

The equation to convert the estimated average bending strength, 𝑓𝑚,0, to compressive strength 

parallel to the grain, ft, is 

𝑓𝑡 = 0.6𝑓𝑚,0 (2.2) 

where the correlation between material properties amounts to 0.8, i.e. a high correlation. The 

relationship between the bending strength and shear strength, fv, is 

𝑓𝑣 = 0.2𝑓𝑚,0
0.8

 (2.3) 

and has a correlation of 0.4 (JCSS, 2006). This low correlation should be kept in mind.   
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2.1.2 Effective cross-section 

The method to calculate effective cross-section of timber in accordance to EN 1995-1-2 is 

dependent on the width, i.e. the shortest side, of the fire exposed part of the beam. The reason 

for this is that the effects of two-dimensional heat transfer, caused by multiple sides being 

exposed to fire, is more significant for a smaller beam than a larger one. EN 1995-1-2 treats 

the two-dimensional heat transfer through a notional charring rate, 𝛽𝑛, which includes the 

effect of corner rounding’s and fissures. The difference of notional (two-dimensional) and 

one-dimensional charring depth is described in Figure 8.  

 

Figure 8. Picture from EN 1995-1-2 describing the difference between notional and one-dimensional charring 
depth. 

The type of charring rate to apply in further calculations of the effective cross-section can be 

determined through a minimum width, 𝑏𝑚𝑖𝑛, that is calculated as 

𝑏𝑚𝑖𝑛 = {
2𝑑𝑐ℎ𝑎𝑟,0 + 80 𝑓𝑜𝑟 𝑑𝑐ℎ𝑎𝑟,0 ≥ 13 𝑚𝑚

8.15𝑑𝑐ℎ𝑎𝑟,0 𝑓𝑜𝑟 𝑑𝑐ℎ𝑎𝑟,0 < 13 𝑚𝑚
 (2.4) 

where the one-dimensional charring depth, 𝑑𝑐ℎ𝑎𝑟,0, is determined through 

𝑑𝑐ℎ𝑎𝑟,0 = 𝛽0𝑡. (2.5) 

One-dimensional charring rate, 𝛽0, can be applied if the actual width is bigger than the 

calculated minimum width, provided that the increased charring near corners is considered. If 

not, the notional charring rate should be used. Design values for charring rates, 𝛽0 and 𝛽𝑛, is 

provided in EN 1995-1-2 for unprotected glued laminated timber. These are presented in 

Table 3.  
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Table 3. Design values for charring rate of unprotected glued laminated timber. 

 
One-dimensional charring 

rate, 𝛽0 [𝑚𝑚/𝑚𝑖𝑛] 

Notional charring rate, 

𝛽𝑛 [𝑚𝑚/𝑚𝑖𝑛] 

Glued laminated timber with 

a density, 𝜌 ≥ 290 kg/m3 
0.65 0.7 

The effective charring depth is calculated by adding the charring depth, which is calculated 

with design values of charring rate inserted into Eq. (2.5), and the zero-strength and stiffness 

layer as follows  

𝑑𝑒𝑓𝑓 = 𝑑𝑐ℎ𝑎𝑟 + 𝑘0𝑑0. (2.6) 

In Eq. (2.6), 𝑘0 is a coefficient dependent on the fire exposure time and 𝑑0 is the depth of 

layer with assumed zero strength and stiffness. The coefficient 𝑘0 is calculated as 

𝑘0 = {
1.0 𝑓𝑜𝑟 𝑡 >  20 𝑚𝑖𝑛𝑢𝑡𝑒𝑠

𝑡/20 𝑓𝑜𝑟 𝑡 ≤  20 𝑚𝑖𝑛𝑢𝑡𝑒𝑠
. (2.7) 

The effective cross-section can then be calculated by removing the effective charring depth 

from the initial width and height of the exposed sides. The effective width is calculated as  

𝑏𝑒𝑓𝑓 = 𝑏 − (2 − "𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑒𝑑 𝑠𝑖𝑑𝑒𝑠") ∗ 𝑑𝑒𝑓 (2.8) 

and the effective height, ℎ𝑒𝑓𝑓, as 

ℎ𝑒𝑓𝑓 = ℎ − (2 − "𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑒𝑑 𝑠𝑖𝑑𝑒𝑠") ∗ 𝑑𝑒𝑓 (2.9) 

where b is the initial width and h is the initial height.  

2.1.3 Shear-force resistance 

Timber has varying capacity depending on whether the force is applied parallel or 

perpendicular to the grain. It is important to calculate both for the actual test since both load-

bearing cases occur; parallel to the grain in the column and shear perpendicular to the grain in 

the beams.  

2.1.3.1 Axial force parallel to the grain - Column 

The calculation of compression parallel to the grain is 

𝑁𝑡,0,𝑅𝑑 = 𝑘𝑐𝑓𝑡,0𝐴, (2.10) 
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where 𝑘𝑐 is the reduction factor for buckling, 𝑓𝑡,0 the design compressive strength along the 

grain and A the area of the acting cross-section. The reduction factor for buckling is calculated 

as 

𝑘𝑐 =
1

𝑘 + √𝑘2 − 𝜆𝑟𝑒𝑙
2

 (2.11) 

with 𝑘 as an instability factor that is determined by 

𝑘 = 0.5(1 + 𝛽𝑐(𝜆𝑟𝑒𝑙 − 0.3) + 𝜆𝑟𝑒𝑙
2) (2.12) 

and 𝜆𝑟𝑒𝑙 as a relative slenderness parameter which is   

𝜆𝑟𝑒𝑙 =
𝜆

𝜋
√

𝑓𝑡

𝐸
=  

𝐿√12

ℎ𝜋
√

𝑓𝑡

𝐸
. (2.13) 

𝛽𝑐 is a factor for members within the straightness limits which for glue-laminated timber is 

equal to 0.1, 𝐿 the buckling length, 𝑓𝑡 the compressive strength parallel to the grain and 𝐸 the 

modulus of elasticity parallel to the grain. The compressive strength is calculated through 

𝑓𝑡,0 = 𝑘𝑚𝑜𝑑

𝑓𝑡

𝛾𝑀
 (2.14) 

where 𝑘𝑚𝑜𝑑 is the modification factor for duration of load and moisture content and 𝛾𝑀 the 

partial factor which for glue-laminated timber is equal to 1.25. EN 1995-1-1 presents several 

values for 𝑘𝑚𝑜𝑑 based on service and load-duration class. Since the structural elements have a 

moisture content of 12%, i.e. service class 1, and an imposed load in long-term, the 

modification factor for duration of load and moisture content is equal to 0.7 (Isaksson, 

Mårtensson, & Thelandersson, 2011). The acting cross-section area is calculated as 

𝐴 = 𝑏ℎ (2.15) 

with the width as 𝑏 and the height as ℎ.  

2.1.3.2 Shear-force capacity - Beams 

The equation for calculation of shear-force capacity in the beams is 

𝑁90,𝑅𝑑 =
𝑓𝑣𝐴90

1.5
 (2.16) 

where 𝑓𝑣 is the shear strength and 𝐴90 the area of acting cross-section. The effective area is 

calculated as 
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𝐴90 = ℎ𝑏𝑒𝑓 (2.17) 

where 𝑏𝑒𝑓 is the effective width which includes the impact of cracks through the constant 𝑘𝑐𝑟 

as 

𝑏𝑒𝑓 = 𝑘𝑐𝑟𝑏. (2.18) 

The value of the constant is dependent on the influence of weather: rainfall and solar 

radiation. These conditions are neglectable since the tests are performed in lab-environment 

which means that the constant can be calculated according to 

 𝑘𝑐𝑟 = 𝑚𝑖𝑛 {
3.0

𝑓𝑣,𝑘

1.0
 (2.19) 

where 𝑓𝑣,𝑘 is the characteristic shear strength of the glue-laminated timber. (Svenskt Trä, 

2016) 

2.1.3.3 Compression parallel to the grain in elevated temperature - Column 

The capacity parallel to the grain in elevated temperature is calculated with 

𝑁𝑡,𝑅𝑑,𝑓𝑖 = 𝑘𝑐,𝑓𝑖𝑓𝑡,𝑓𝑖𝐴𝑒𝑓𝑓 (2.20) 

with 𝑘𝑐,𝑓𝑖 as the reduction factor of the load-bearing capacity in a fire, 𝑓𝑡,𝑓𝑖 the compressive 

strength in fire and 𝐴𝑒𝑓𝑓 the area of the remaining cross-section. The compressive strength in 

fire is calculated as 

𝑓𝑡,𝑓𝑖 = 𝑘𝑚𝑜𝑑,𝑓𝑖

𝑘𝑓𝑖𝑓𝑡

𝛾𝑀,𝑓𝑖
 (2.21) 

where the coefficient 𝑘𝑓𝑖 amounts to 1.15 in accordance to Table 2.1 in EN 1995-1-2, the 

modification factor for fire, 𝑘𝑚𝑜𝑑,𝑓𝑖, equals 1.0 and the partial factor in a fire, 𝛾𝑀,𝑓𝑖, which 

amounts to 1.0. The reduction factor 𝑘𝑐,𝑓𝑖 is calculated through Eq. (2.11) with the alteration 

that the relative slenderness is determined as 

𝜆𝑟𝑒𝑙,𝑓𝑖 =
𝜆𝑓𝑖

𝜋
√

𝑓𝑡,𝑓𝑖

𝐸𝑓𝑖
=  

𝐿√12

ℎ𝑒𝑓𝑓𝜋
√

𝑓𝑡,𝑓𝑖

𝐸𝑓𝑖
. (2.22) 

The resistance of modulus of elasticity in fire is calculated as 
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𝐸𝑓𝑖 = 𝑘𝑚𝑜𝑑,𝑓𝑖

𝑘𝑓𝑖𝐸

𝛾𝑀,𝑓𝑖
. (2.23) 

2.1.3.4 Shear capacity in fire conditions - Beams 

According to EN 1995-1-2, shear-force capacity may be disregarded in rectangular cross-

sections which means that there are no rules available for calculating the capacity. However, 

an estimation of the load-carrying capacity is made through Eq. (2.16) with the alteration of a 

reduced cross-section and neglecting initial cracks. The equation for calculation of shear-force 

capacity in elevated temperature is thereby  

𝑁90,𝑅𝑑,𝑓𝑖 =
𝑓𝑣𝐴𝑒𝑓𝑓

1.5
 (2.24) 

with the effective cross-section as  

𝐴𝑒𝑓𝑓 = 𝑏𝑒𝑓𝑓ℎ𝑒𝑓𝑓 . (2.25) 

2.1.4 Moment resistance both in ambient and elevated temperature 

The failure mode of the moment connection is most likely to be the steel tubes or the glue-

laminated timber beams. A theoretical estimation of each component’s capacity is, therefore, 

necessary to determine the load-carrying capacity of the connection. The load-carrying 

capacity of the steel tubes will be decided through an empirical study and the capacity of the 

glue-laminated timber beams is calculated with Eurocode 5 which is described in the two 

following sections.  

2.1.4.1 Moment capacity in ambient temperature  

The equation to calculate moment capacity of the timber in ambient temperature in 

accordance to EN 1995-1-1 is 

𝑀𝑅𝑑 = 𝑓𝑑𝑊𝑘𝑐𝑟𝑖𝑡 (2.26) 

where 𝑓𝑑 is the design bending strength, 𝑊 the effective section modulus and 𝑘𝑐𝑟𝑖𝑡 a factor 

used for lateral buckling that correlates to the beam’s ability to tilt. Since the beam is 

constrained against a structural floor, its ability to tilt is limited and this factor will, therefore, 

be set equal to 1.0. The design bending strength is calculated as  

𝑓𝑑 = 𝑘𝑚𝑜𝑑

𝑘ℎ𝑓𝑚

𝛾𝑀
, (2.27) 

where 𝑓m is the bending strength and 𝑘h the depth factor which is calculated through 
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𝑘ℎ = 𝑚𝑖𝑛 {(
600

ℎ
)

0.1

1.1

 (2.28) 

with h as the cross-section height. The assumption for 𝑘𝑚𝑜𝑑 that was made in 2.1.3.1 applies 

here too. The effective section modulus is formulated through the cross-section width and 

height as 

𝑊 =
𝑏ℎ2

6
. (2.29) 

2.1.4.2 Moment capacity in elevated temperature 

The procedure of calculating bending moment resistance of fire exposed timber, 𝑀𝑅𝑑,𝑓𝑖, is 

based on the method for ambient temperature, with alteration for the reduced cross-section 

and material properties. The moment resistance in fire is calculated as  

𝑀𝑅𝑑,𝑓𝑖 = 𝑓𝑚,𝑓𝑖𝑊𝑒𝑓𝑓𝑘𝑐𝑟𝑖𝑡. (2.30) 

As already mentioned, since the beam is constrained against a structural floor its ability to tilt is 

limited and kcrit will, therefore, be set equal to 1.0. The bending moment capacity in fire is 

calculated by multiplying the initial bending strength, 𝑓𝑚, with a coefficient, 𝑘𝑓𝑖, that is equal 

to 1.15 for glued-laminated timber in fire and the modification factor in a fire, 𝑘𝑚𝑜𝑑,𝑓𝑖, which 

amounts to 1.0. The equation for bending strength in fire is 

𝑓𝑚,𝑓𝑖 = 𝑘𝑚𝑜𝑑,𝑓𝑖

𝑘𝑓𝑖𝑓𝑚

𝛾𝑀,𝑓𝑖
, (2.31) 

where the partial factor for timber in a fire, 𝛾𝑀,𝑓𝑖, is equal to 1.0. The effective section 

modulus takes the reduced cross-section into account and is calculated as 

𝑊𝑒𝑓𝑓 =
𝑏𝑒𝑓𝑓ℎ𝑒𝑓𝑓

2

6
. (2.32) 

2.2 Calculation procedure for rotational stiffness – moment connection 

Rotation of the timber beams occurs when the moment increases in the connection. The 

calculation procedure to determine the angle of rotation of each side is shown in Figure 9.   
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Figure 9. Calculation procedure to determine the rotation. 

The entire rotation, 𝜃, is obtained by adding these two angles together as 

𝜃 = 𝜃𝑢 + 𝜃𝑣. (2.33) 

The rotation is further used to calculate the rotational stiffness. The definition of rotational 

stiffness in accordance with ISO 6891 is presented in Figure 10. As seen in the graph, there are 

three lines which illustratively describes the modified rotational stiffness, 𝑘𝑠, the tangent 

rotational stiffness, 𝑘i, and the elastic rotation stiffness, 𝑘𝑒.  

 

Figure 10. Definition of the rotational stiffness in accordance to ISO 6891, further explanation is presented in 
section 2.3 Loading procedure. 
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The value for each parameter is equal to the slope of the line which is calculated as  

𝑘𝑠 =
𝑀40% − 𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 10%

𝜃40% − 𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 10%
, (2.34) 

𝑘𝑖 =
𝑀40% − 𝑀0%

𝜃40% − 𝜃0%
 (2.35) 

and 

𝑘𝑒 =
𝑀40% − 𝑀10%

𝜃40% − 𝜃10%
. (2.36) 

2.3 Loading procedure 

The process to determine the load that should be applied to the connections in the fire tests 

starts by obtaining a load capacity of each connection in ambient temperature. The load 

capacity is calculated through ISO 6891 which uses a theoretically expected load to obtain the 

load-carrying capacity and deformation characteristics of the joint. The theoretical estimation 

of each connection is performed in Section 4.4 Expected capacities of each connection.  

The loading procedure in accordance with ISO 6891 is shown in Figure 11. The method is 

based on different percentages of the estimated load that are applied over time. The first load 

placed on the connection amounts to 40 % of the estimated force and is held for 30 seconds. 

The load is then reduced to 10 % of the estimated force and is maintained for 30 seconds. 

Then the load is increased until failure of the connection or a deflection of 15 mm is reached.  

 

Figure 11. Loading procedure used in the room temperature tests (ISO 6891, 1983). 
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A percentage value of the load capacity in ambient temperature is used in elevated 

temperature. This decrease agrees with how a building is designed in practice where a 

reduction factor for the design load in the fire situation is used. The reduction factor is used 

because an expected maximum load is not assumed to occur at the same time as a fire. 

2.4 Seismic behaviour of connections with expanded tube fasteners  

It is commonly known that connections that possess great characteristics regarding ductility 

and dissipation of energy are well suited in earthquake-prone areas (Rinaldin, Fragiacomo, 

Leijten, & Bakel, 2017). Ductility is defined as the ability of a material to undergo deformation 

in the plastic range without a substantial reduction of strength (Leijten, 1998). In Eurocode 8, 

European design standard EN 1998-1, three ductility classes are given. Joints with a ductility 

ratio lower than 4 is classified as having Low ductility (L), if the ductility ratio is between 4 

and 6 it is classified as having Medium ductility (M) and if the ductility ratio is higher than 6 it 

is classified as having High ductility (H) (Rinaldin, Fragiacomo, Leijten, & Bakel, 2017). The 

ductility ratio is measured by the ratio between the ultimate slip and the first yield slip.  

The dissipation of energy is a dimensionless parameter, that describes the hysteresis damping 

properties of the connection (Leijten, 1998). The energy dissipation is often presented in a 

plot with rotation on the x-axis and moment on the y-axis, the area within one loop of the 

curve then represents the energy absorbed. 
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3 Methodology 

This thesis has its base in a quantitative method that focuses on translating actual tests into data 

and further knowledge regarding the specimens. By the usage of an empirical study and ISO 

6891, the capacity of each connection tested was achieved. A proportion of the joints ultimate 

load bearing capacity was then applied onto similar specimens in fire tests after which the 

failure mode and fire resistance of each connection were analysed.    

3.1 Initial stage 

The thesis was initiated with an empirical study. Previous experiments were reviewed, and 

information was obtained regarding timber, connections, and further subjects which will be 

addressed in this thesis. Most of the literature was provided by our supervisor regarding 

expansion of steel tubes, some was obtained by searching the internet. 

A meeting with participants from different countries in Europe was held in Barcelona at the 

beginning of November 2017 to discuss fire safety and timber connections in fire situations. 

The goal was to get opinions and comments on how to design the tests so that these should be 

valid for other countries in Europe as well. Considering these comments and the information 

from supervisors a configuration of two test models was developed, a moment connection and 

a shear-force connection.  

3.2 Connection setup 

The connections were assembled at the fire test facility located at RISE in Borås. Moelven 

delivered the glue-laminated timber. RISE supplied remaining materials and tools to create the 

connections and perform the tests. The work of assembling the connections and performing 

the tests was assigned to the authors of this thesis under supervision by RISE personnel. 

3.2.1 Shear-force Connection 

The shear-force connection consists of two beams placed on each side of a pillar. Each beam 

has been milled at the end where they connect to the pillar to fit a 15 mm thick DVW plate. 

The DVW plates have been fastened to the beams with a two-component Melamine 

Formaldehyde glue consisting of an adhesive and a hardener which required some protection 

when handling in terms of a respiratory mask and plastic gloves, see Figure 12.  
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Figure 12. Safety gear required to apply the two-component glue. 

The quantity of glue used on the surface amounted to 300 g/m2, divided into 60% of adhesive 

and 40% hardener. The glue had an operational time of 15 minutes after the two components 

had been mixed. After an even amount of glue had been applied at the milled surface, 12 

screws were used to clamp the plates during hardening of the glue. The same procedure was 

performed on the pillar with a DVW plate attached to each side of the pillar where it is 

connected to the beams. A DVW plate glued to the pillar can be seen in Figure 13.  

 

Figure 13. Picture of a DVW plate that has been glued and screwed into place. 

Once all DVW plates were attached, both beams and the column were drilled through at the 

centre of the DVW plates using a drill with a diameter of 35 mm. Figure 14 shows the 

column placed in the drilling machine before the hole was made and the result afterwards.  
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Figure 14. Drilling of the 35 mm hole in the glue-laminated timber. 

The beams were then drilled once more on the opposite side from the DVW using a drill with 

a diameter of 65 mm. The new hole was placed at the same location as the one going through 

but did only pierce the beam by 80 mm. Once all holes had been drilled, the connection was 

assembled by expanding a hollow steel tube with a diameter of 33.3 mm. For more 

information regarding the expansion and the measurements of the steel tubes, see Section 4.3 

Experimental work of steel tube lengths. The last step was to protect the steel tubes from fire 

exposure; this was done by fitting a wooden plug inside the hole with a diameter of 65 mm. 

The timber plugs are only applied to the fire test connections. The assembled connection, 

except for the wooden plug, can be seen in Figure 15.    

 

Figure 15. Picture of the assembled shear-force connection. 
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3.2.1.1 Preparations before room temperature test 

Once the two shear connections had been built, one of them was prepared for the room 

temperature test. Measurement equipment was installed on each of the beams right above the 

steel tube. The ends of the beams required support to avoid rotation, which was solved by 

stacking large pieces of timber and some smaller pieces of steel in the gap between the floor 

and the beams, see Figure 16. A loading cell that measured the force distributed to the ends of 

the beams was placed in-between the timber layers. The test set-up is schematically presented 

in Figure 17. 

 

Figure 16. Picture of the stacked materials to support the beams. 

 

Figure 17. Schematically picture of the ambient test setup for the shear-force connection. 
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3.2.1.2 Preparations before the fire test 

For the connection that was tested during a fire, more substantial preparations had to be done. 

Much of the timber outside of the connection that still would be inside the furnace, had to be 

protected by three layers of gypsum to limit the fire load and thereby the temperatures during 

the fire test. A picture of the specimen placed in the furnace with areas protected by gypsum 

can be seen in Figure 18. Notice that the gypsum did not protect the connection.  

  

Figure 18. The picture displays the unprotected connection and the protected timber surrounding it. 

A steel console was bolted to the top of the pillar witch the hydraulic jack was attached to, as 

well as the welded rods that prevented the beams from rotating. The steel console mounted to 

the pillar can be seen in Figure 19. The hydraulic jack and the welded rods had already been 

attached when the picture was taken.  
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Figure 19. Picture of the steel console bolted on the top of the column. 

Further, preparations were made so that the specimen could be handled using a forklift; this 

was the easiest way to transport the specimen before and after the fire test.  

3.2.1.3 Placement of Thermocouples and Displacement measurements 

No thermocouples were required for the room temperature test, but a total of two 

displacements measurements were used. One on each side of the pillar and measured the 

displacement on top of the beams. These are visualised in Figure 55 and Figure 56. 

The location of displacement equipment was replicated for the fire test. Pictures of the 

equipment after installation can be seen in Section 5.1.2.5 Deformation. 

For the fire test, thermocouples were added to measure temperatures at specific locations. 

Some of the thermocouples were placed at specific depths so that a charring rate could be 

calculated using their measurements. Others were placed at locations of interest; within the 

steel tube and on the DVW plates. The placements can be seen in Figure 20 and Figure 21, 

these pictures are also presented in Section 5.1.2.3 Temperatures so that the data becomes 

quicker to interpret.  
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Figure 20. Front view of the thermocouple placement in the shear-force connection. 

 

Figure 21. Top view of the thermocouple placement in the shear-force connection. 

The thermocouple placed inside the steel tube was attached with silver tape against the tube as 

could be seen in Figure 22. 
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Figure 22. Picture visualising the placement of TC inside the steel tube. 

3.2.2 Moment Connection 

The other specimen used in this test series was the moment connection. The joint consisted of 

four beams put together with a steel plate and eight expanded hollow steel tubes. More 

information regarding the steel plate is given in section 4.2.3 Steel Plate. Each beam was 

milled at the end on one side by the depth of 21.5 mm to fit a DVW plate, half of the steel 

plate and to make a 3 mm space between the beams with parallel directions next to each 

other, see Figure 23.  

 

Figure 23. Milling of the moment connection beams. 

Glue and screws were then used to apply the DVW plates to the beams in the same way that 

has been explained above for the Shear-force connection. Four holes with a diameter of 18 
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mm were then drilled through each beam. These holes were countersunk to a depth of 70 

mm on the opposite side of the DVW with a 45 mm drill. The countersunk is visualised in 

Figure 24.  

 

Figure 24. Countersinking of the holes in the timber beams. 

The steel plate that was used to connect all beams was approximately 66 mm shorter on the 

height than the DVW plate to fit an extra strip of DVW below it to protect the steel from 

direct fire exposure in the furnace. The strip, which is visible in the bottom of Figure 25, was 

only placed on one of the two parallel beams and was fastened with three screws and glue of 

the same area amount as before.  

 

Figure 25. DVW stripe in place to protect the steel plate from direct fire exposure.  

Once all holes had been drilled, the connection was assembled by expanding hollow steel 

tubes with a diameter of 17 mm inside the drilled holes. For more information regarding the 
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expansion and the measurements of the steel tubes, see Section 4.3 Experimental work of steel 

tube lengths. The last step was to protect the steel tubes from fire exposure; this was done by 

fitting wooden plugs inside the holes with a diameter of 45 mm. The assembled connection 

without the wooden plugs can be seen in Figure 26.    

 

Figure 26. Picture of the assembled moment connection. 

One additional step for the fire test connection was the usage of fire sealant to make sure that 

hot gases could not reach the steel plate through gaps. An approximately amount of 196 g 

Bostik Firebond Sealmax Pro fire sealant was used. The appliance can be seen in Figure 27. 

 

Figure 27. Picture showing the application of fire sealant. 
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3.2.2.1 Preparations before room temperature test 

The only preparations performed before the room temperature test were the installation of the 

displacement measurement equipment and the fitting of the supports. Once this had been 

done, the test was performed. A schematic picture of the set-up can be seen in Figure 28.   

 

Figure 28. Schematically picture of the placement of measuring equipment and supports. 

3.2.2.2 Preparations before fire test 

Before the moment connection was tested in fire, gypsum was attached to the top of the 

beam. Once the gypsum had been attached, gaps were filled with fire foam to prevent any 

airflow of hot gases. The specimen placed on the furnace with the gypsum on top can be seen 

in Figure 29. To avoid a structural contribution of the gypsum board during the fire test, a gap 

at the symmetrical plane in the middle of the gypsum boards was made and sealed with Bostik 

Firebond Sealmax Pro fire sealant. 

 

Figure 29. Preparation for the fire test of the moment connection. 
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3.2.2.3 Placement of Thermocouple and Displacement measurements 

Four displacement measurements were used during the testing of the moment connection in 

ambient temperature and elevated temperature. The equipment was placed at the same 

locations on the specimens for both tests. Pictures of the installed equipment can be seen in 

Section 5.2.1.1 Deformations.  

Thermocouples were used for the specimen tested at elevated temperatures. The placement of 

these was chosen for the same reasons as described in Section 3.2.1.3 Preparations before the 

fire test. The placements for the moment connection can be seen in Figure 30 and Figure 31. 

These figures are also presented in Section 5.2.2.3 Temperatures to interpret the data quickly.  

 

Figure 30. Front view of the thermocouple placement in the moment connection. 

 

Figure 31. Top view of the thermocouple placement in the moment connection. 

3.3 Structural methods 

Two different setups have been used when testing the connections: shear-force and four-point 

bending. These test setups were used both for the ambient test as well as the fire tests with 

only minor alterations.   
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3.3.1 Shear-force tests 

The shear-force setup consisted of an active load on the beams close to the column and two 

supports at the beams ends as well as the column base that created reaction forces. These are 

visualised through a schematically drawing in Figure 32.  

 

Figure 32. The picture describes the different forces in the shear-force connection at ambient temperature. 

In the ambient temperature test, the press machine Torwald was used to apply the force. 

Torwald can be seen in Figure 33. Further description of Torwald could be found in Section 

3.4 Experimental work of tube lengths. 

 

Figure 33. Picture of the active load created by the machine Torwald. 
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To achieve the shear-force in the furnace, a hydraulic press was used. This setup can be seen 

in Figure 34. Welded steel rods were used instead of the stacked pieces in between the beams 

and the floor to take up the load in the beam ends.   

 

Figure 34. The picture describes the different forces in the shear-force connection at elevated temperature. 

3.3.2 Four-point bending tests 

The four-point bending test was designed to create a moment in the centre of the specimen. 

A force was applied at two points on top of the specimen, which created reaction forces at the 

two supports. Since forces occurred at four points, the created moment was constant in-

between the points where the force is applied. The setup for the four-point bending test at 

ambient temperature can be seen in Figure 35. 

 

Figure 35. The picture describes the different forces in the moment connection at ambient temperature. 

The four-point bending test performed at elevated temperatures had some minor alterations 

compared to the ambient test. These alterations had to be done so that the test could be 

performed in the furnace. The difference was that the initial force was given at the bottom 

supports, not the top supports. The setup for the four-point bending test at elevated 

temperatures can be seen in Figure 36. 
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Figure 36. The picture describes the different forces in the moment connection at elevated temperature. 

3.4 Experimental work of tube lengths  

The specific approach for expansion of steel tubes in each connection is further described in 

Section 4.3 Experimental work of steel tube lengths. The initial method of performing the 

expansion of tubes was to use the compression machine called Torwald which has a capacity 

of 300 kN. As seen in Figure 37, the tubes were compressed from one side as the other was 

fixed to create the required reaction force. The setup consisted of two steel washers that were 

placed against the wood, one on each respective side; two dies positioned on each tube end 

and some extension parts.  

The steel tubes were galvanised mild steel gas tubes, of which two different dimensions were 

used. Tubes for the shear connection had an outer diameter of 33.3 mm and a wall thickness 

of 3.25 mm and tubes for the moment connection had an outer dimension of 17 mm and a 

wall thickness of 3.25 mm. Both the tube diameters are less than the standardised outer 

diameters of 33.7 mm and 17.2 mm.  

 

Figure 37. Compression of steel tubes using the machine called Torwald. 
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This experimental method was useful for the over-length determination of the moment 

connection but was changed for the larger tube in the shear connection. Instead, a hydraulic 

press was used together with a welded steel rod, steel washers and nuts. The welded steel rod 

was pulled into tension which put the tube into compression. An image of the setup can be 

seen in Figure 38, and a more detailed schematically image can be seen in Figure 39. The 

hydraulic press had a capacity of 200 kN.  

 

Figure 38. Compression of steel tubes using a hydraulic press. 

 

Figure 39. Detailed explanation of the expansion method (van der Aa & Martens, 2012). 
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3.5 Criticism of the methodology 

The main features of the method have been predetermined by supervisors, as the thesis is part 

of significant work. However, these methods are assessed to be well-developed. 

One of the things that could have been investigated more closely is the configuration of the 

test setups, failure occurred outside of the connection for both of the tests. It can be carried 

out by calculations and assessments that prevent premature failure. The second, which may not 

be method criticism to the same extent as material choice, is to increase the dimensions of the 

beams in the bending moment test. Thirdly, all expansion processes should have been 

performed with the welded steel rod and hydraulic press 

3.5.1 Criticism of the references 

An important part to increase the credibility of the report is to be critical of the used 

references. Therefore, the choice of sources has mainly been based of the authors who wrote 

the documents where only credible companies and competent engineers / Ph.D.s has been 

selected.  

The credibility of a report, and especially the facts presented, could also be increased by the 

usage of multiple sources. The quantity of references has, however, been a difficulty when it 

comes to validation of information regarding joints with expanded steel tubes. There is only a 

limited amount of research performed of this type of connection and these are mainly 

conducted by Leijten and Brandon. Since the expanded steel tube joints are a large part of the 

report’s content, these individuals have been analysed further:  

Adrian Leijten Ph.D. M.Sc. is a former associate professor at the University of Technology in 

Eindhoven and the University of Technology in Delft, where he gave courses in structural 

timber engineering. He authored over 60 journal and conference papers on timber 

engineering, timber connections and fracture mechanics. Adrian has been a member of CEN 

standardization committee (Eurocode 5, SC5) and he was the secretary of the Delft Wood 

Science Foundation. He has been an editor of: Wood Material and Engineering Journal; 

Biosystems Engineering Journal; Structural Engineering International Journal; and Journal of 

Wood Science. Adrian retired from his work in January 2018. 

Daniel Brandon Ph.D. M.Sc. is a researcher at RISE (Research Institutes of Sweden) is a 

Swedish delegate within the CEN standardization committee (Eurocode 5, SC5) appointed by 

Swedish Wood and Swedish Standards Institute (SIS). Within this committee he is a member 

of Eurocode 5 Work Group 4 on the structural performance of timber in fire. He has received 
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the Howard Medal as the main author for the best Journal paper in Construction Materials by 

the Institution of Civil Engineers, for a paper on the fire performance of metal free timber 

connections. He has authored 35 journal and conference papers since 2013 about the 

structural behaviour of timber, timber connections, timber under fire conditions and fire 

dynamics. In addition, he is the main author of three reports about fire safety challenges of tall 

wood buildings published by the National Fire Protection Agency, USA. He was key-note 

speaker at international conferences and platforms such as NFPA Webinars (Invited by the 

National Fire Protection Association, USA) and COST Action FP1404 expert meeting in 

Belfast 2018 and was a member of the Scientific Committee of Structures in Fire Conference 

in 2018 which was held in Belfast. He is the leader of COST FP1404 work groups on fire 

safety regulations and natural fires within timber buildings.  
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4 Pre-tests 

Before the tests are performed, calculations, evaluations and determination of test models were 

conducted. There will in total be two test series, one for the shear-force joint and one for the 

moment connection, which is described in Section 4.1 Test setup below. The capacity of each 

joint is further examined in Section 4.4 Expected capacities of each connection. 

4.1 Test setup 

The basic idea of each test is based on weaknesses of today’s joints. Improvements are made in 

each vulnerable part of the connections that in detail are presented in Section 1.1.3 Limitations 

of traditional connections and how these can be overcome: exposed steel, gaps and splitting 

cracks. In the following subsections, the setup of each connection is presented and explained 

through an exploded specimen view. 

4.1.1 Shear-force Connection 

The shear-force connection is presented in Figure 40. The base consists of three glue-

laminated timber parts, one acting as a column and the other two as beams. The column has a 

cross-section of 215 x 260 mm with a length of 950 mm for the ambient test specimen and 

2800 mm for the fire test specimen. All beams have the same dimensions of 180 x 260 x 1000 

mm. Each glue-laminated part is milled 260 x 260 mm to a depth of 18 mm to fit a DVW 

plate of that size which then is glued and screwed into place. A hole of 35 mm is drilled 

through all timber parts, and the beams are countersunk on the opposite side of the DVW 

plate with a 65 mm drill. A single steel tube with a diameter of 33.3 mm together with two 

steel washers are then used to assemble the two glue-laminated timber beams with the 

column. The steel tube is compressed and expanded within the hole to reduce the eventual 

clearance between the steel and the glue-laminated timber. To embed the steel and protect it 

from fire exposure, 65 mm timber dowels are inserted in the holes and make up the rest of the 

distance to the beams’ surface. The exact length of the steel tube, the distance to countersink 

and thereby the length of timber dowels is further described in Section 4.3 Experimental work 

of steel tube lengths and Section 4.4 Expected capacities of each connection. 
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Figure 40. The configuration of the shear-force connection. Subpicture A presents the included parts while 
subpicture B presents an assembled view of the connection. 

4.1.2 Moment connection 

The moment connection specimen can be seen in Figure 41. The connection consists in its 

entirety of four glue-laminated timber beams, a steel plate, five DVW plates, eight steel tubes 

together with sixteen steel washers and timber dowels. The beams are of dimension 115 x 360 

x 2000 mm. Each one of the glue-laminated timber beams is milled 300 x 330 mm on the end 

of one side by a depth of 21.5 mm to make room for a DVW plate, half the thickness of the 

steel plate and a 3 mm space between the beams next to each other for assembly purposes. 

The DVW plates are glued and screwed into place on the milled part of the beams and four 

holes of 18 mm are drilled. The edge distance of each hole is 3.5 times the hole diameter 

which has been proven by Leijten (1998) to assure the connections ductility and prevent 

premature failure of the DVW/timber. The holes in the beam are countersunk on the 

opposite side of the DVW with a 45 mm drill. Two DVW stirpes are then attached to the 

already positioned DVW plates on two opposite beams which will protect the steel plate 

against fire from below. With the steel plate in the middle joining the two connecting sides, 

the joint is composed of eight 17 mm steel tubes that are expanded in place with steel washers 

on each side. To imitate reality, where margins for assembly is used, a 5 mm gap between the 

two connected sides is created which been proven to be the critical distance in Section 1.1.3.4 

Gaps – the solution. The last assembled parts are the 45 mm timber dowels that are placed in 

the countersink of the holes which protects the steel from direct fire exposure.  
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The exact length of the steel tube, the countersink of the beams and thereby the timber 

dowels are further described in Section 4.3 Experimental work of steel tube lengths and 

Section 4.4 Expected capacities of each connection. 

 

Figure 41. The configuration of the moment connection. Subpicture A presents the included parts while 
subpicture B presents an assembled view of the connection. 

4.2 Application and material properties 

Some of the including materials presented in the connections above is selected due to their 

ability to improve the overall resistance of the joint in comparison to conventional 

connections. A few of these enhancements have already been presented in Section 1.1.3 

Limitations of traditional connections and how these can be overcome. How the individual 

materials further advance the connection and how these are applied within the joint is 

described in the following sections.  

4.2.1  Steel tube 

The hole-clearance has been the primary cause for unreliable stiffness in traditional joints, see 

Section 1.1.3.3 Gaps. As already been proven by Leijten & Brandon (2013), expanded steel 

tubes could resolve the issue of lower strength caused by gaps and will lead to improved 

seismic behaviour, higher load-bearing capacity and ductility together with increased initial 

rotational stiffness. The comparison presented in Figure 7 shows that the bending moment 

capacity of joints with expanded steel tubes are at least four times higher than that of joints 

with traditional dowels in the compared configuration. 
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4.2.1.1 Expansion phenomenon 

The decision of using steel instead of other materials is not just because of its high strength; it 

is also due to the possibility of plasticity expand the diameter when being compressing. The 

physical definition of this phenomenon is described by Poisson’s coefficient and is determined 

by the ratio of transverse contraction to the longitudinal extension. For steel, the ratio amount 

to 0.29 which mean that a lateral expansion will occur if a compressive load is applied to the 

material. See Figure 42 for a visual explanation.  

 

Figure 42. Expansion phenomenon due to compression. Red represents the original geometry and blue the 
lateral expanded. 

The steel tubes used in the connections are of ductility class H which is the highest class in 

Eurocode 8, further explanation of this could be found in Section 4.5 Seismic behaviour. As 

pointed out in Section 2.4 Seismic behaviour of connections with expanded tube fasteners, 

ductility is defined as the ability to undergo deformation in the plastic range without a 

substantial reduction of strength.  

4.2.2 Steel washers 

The function of the steel washer is to give anchorage for the steel tube and to obviate severe 

damage to the timber that is exposed to compression perpendicular to the grain caused by the 

compression of the steel tube. (Leijten, 1998)  

4.2.3 Steel Plate 

The steel plate is a useful component in the connection as it enhances the moment capacity by 

about 10% (Brandon & Leijten, 2014). Monné (2008) has also shown that neither ductility nor 

strength is significantly affected using steel plates to connect timber members. Placing a steel 

plate between two connected sides does also results in the same rotational stiffness as one side 

alone (Brandon & Leijten, 2014). 
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An important part is to shield the steel from direct fire exposure. As explained in Section 

1.1.3.1 Metal details, the strength rapidly decreases as the steel temperature increases. Strips of 

DVW are, therefore, used to shield the steel plate from fire exposure and thereby keeping the 

steel temperature low. The height of these stripes is further analysed in the calculations below.  

4.2.4 DVW plates 

There are several benefits of adding DVW plates to a connection. As already analysed in 

Section 1.1.3.6 Splitting cracks – the solution, when applying DVW with cross-wise layered 

veneers the mechanical properties are less affected by the direction of the applied load in 

comparison to ordinary timber. The test has shown that DVW has embedding strength value 

up to 160 MPa, which is half that of steel and approximately eight times that of timber. The 

analysis performed by Leijten (1998) also proved that the usage of DVW could create much 

lower stress concentrations when compared with other materials, such as steel. By adding a 

material like DVW, splitting is prevented which means that bigger fasteners can be used in the 

joint. When bigger fasteners can be used, the number of fasteners can be decreased which 

leads to a lower cost and faster assembly of the joint (Leijten, 1998). The DVW does also, in 

comparison to glue-laminated timber, possess a lower charring rate which implies that the 

material can maintain its load-carrying capacity for a more extended fire exposure and can also 

shield embedded parts during an extended time.  

4.2.5 Timber dowels 

Another critical part of increasing the fire safety of the connection is to protect the steel from 

direct fire exposure. The basic idea is to shield the steel by inserting timber dowels within the 

glue-laminated timber and close all holes used to insert the steel tubes. The minimum length 

of these timber dowels can be calculated in accordance with EN 1995-1-2 by analysing the 

expected effective charring depth for the expected fire exposure. The dimension varies for 

each of the two connections. This length of dowels is further analysed in Section 4.4.2 Length 

of dowels.  

Increasing the length of the plug increases the fire resistance. However, if the size of the 

timber members is not increased, this would mean that the embedment length, i.e. the length 

at which forces are transferred between dowels and timber, would be reduced. This reduction 

can significantly decrease the load-bearing capacity of the connection. For a DVW reinforced 

connection, reducing the embedment length has less effect on the load-bearing capacity since 

the DVW reinforcement takes a significant part of the embedment stresses. Therefore, 
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increasing the size of a fire protective timber plug does not lead to the same degree of capacity 

loss in a connection reinforced with DVW plates. 

4.3 Experimental work of steel tube lengths 

Something that requires investigation is the length of steel tubes. Since the initial diameter of 

the tube is smaller than that of the hole, it needs to have protruding parts to have the extra 

volume/mass to fill out the clearance. Investigations of the over-length of the tube to the 

depth of the hole are performed through actual tests which results are presented in the 

following subsections.   

4.3.1 Experimental work of tube lengths – Moment Connection 

The moment connection has a total of eight steel tubes that is expanded. The length of the 

tubes has not been determined in advance due to the lack of previous tests performed with a 

hole depth of this length, which approximately amounted to 93 mm. An experimental work 

of trial and error has been performed with a base in the findings by Leijten & Brandon (2013). 

Leijten & Brandon’s result points out that the recommendation of Leijten (1998) to use an 

over-length of the tube to the depth of the hole by 10% is not enough and instead presents an 

over-length of 15%. Leijten & Brandon also concludes that tubes with an over-length of more 

than 18% are not advisable as the tube ends buckles outside of the hole which compels the 

timber to split. Later investigation of the required extra tube length performed by Brandon & 

Leijten (2014) shows that an over-length of 16% is preferable and will be the basis of this 

experimental work.  

The test specimen setup consists of two 15 mm DVW plates that are fastened next to each 

other on a 78 mm wide glue-laminated timber beam, see Figure 43. The setup results in a 

thickness of the test specimen that roughly amounts to the combined hole depth of the actual 

connection. Two holes with a diameter of 18 mm are drilled all the way through the 

specimen to fit two steel tubes.  

 

Figure 43. Test setup for analysing over-length of the smaller steel tube. 
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The over-length is calculated from the outside of the 3 mm high steel washers that are placed 

against the wood on the outside of each protruding pipe end which means a total length of 99 

mm (6 mm steel washers, 15 mm DVW plate and 78 mm glue-laminated timber). 

4.3.1.1 Pre-study Test 1 

The first test is based on the 16 % over-length that Brandon & Leijten (2014) recommends. 

The over-length of 16 % means that the steel tube amounts to 115 mm, giving a protruding 

part on each side of the hole that is equal to 8 mm. The quality and diameter of the steel tube 

are equal to those for the steel tube used to build the moment connection.  

The mechanical press Torwald is used to compress and expand the steel tubes. The basic idea 

is to reach a compression force of 92 kN, which had been recommended by Brandon (2017).  

At this point, the operation of Torwald was not apparent and it ended with the test being 

performed with a remote control which led to an uneven action of applied force. The 

imposed load amounted to a maximum of 90 kN before it was removed, but the expansion 

was not optimal, probably due to the intermittent operation. As the applied force was 

increased and decreased in fast sequences, the steel tube was not allowed to plastically yield 

and fill out the clearance of the hole. The result of the compression can be seen in Figure 44 

which also display the expanded diameter of the original 17 mm steel tube over the length of 

the glue-laminated timber hole.  

 

Figure 44. Picture showing the results of test 1.  

4.3.1.2 Pre-study Test 2 

Since the result of the first test was good at several parts, the over-length of the tube is kept at 

16 % for test 2. The difference between the two experimental tests is the operation of 

Torwald. Instead of using the remote control, the process is executed with an operator panel 

and a force/displacement-graph where the yielding of the tube can be visualised. By the usage 
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of the graph, the compressed distance of the steel tube can be read which means that an idea 

of when the steel tube is pressed against wood can be obtained. So instead of focusing on the 

applied force, the expansion is expected to be completed based on the deformation. 

The deemed deformation was assessed to be achieved as the applied force amounted to 75 kN. 

The result of the compression can be seen in Figure 45 which also display the expanded 

diameter of the original 17 mm steel tube over the length of the glue-laminated timber hole. 

Notice that the expansion is greater than the initial hole diameter.  

 

Figure 45. Picture showing the results of test 2. 

4.3.1.3 Pre-study Test 3 & 4 

The last two experimental tests are performed with an over-length of 20 %. Even though 

Leijten & Brandon (2013) had advised not to go over 18 %, there is a curiosity to explore the 

possibility to expand the tube diameter further, and the tests are conducted since the glue-

laminated timber hole length differs from Leijten & Brandon (2013). The fundamental idea of 

these two tests is to duplicate the operation of Torwald from Test 2 with the aim to reach a 

force of 75 kN. Since the two test runs and results were similar, only one summarisation is 

presented below. 

The tests started like the first two by plasticization of the tube ends at approximately 25 kN. 

At roughly 50 kN both steel tubes cracked the glue-laminated timber wide open as they 

buckled in the middle, see Figure 46. The middle bending would however not be a likely 

scenario in the actual connection between the two DVW plates, and steel plate limits the 

movement of the tube in the middle. 
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Figure 46. Picture showing the results of test 3 & 4. 

4.3.1.4 The conclusion of the Test Series – Moment connection 

Test 1 was conducted with an uneven operation of Torwald which is a method that is difficult 

to duplicate further on. The result of this run is useful in some parts but not optimal overall.  

Test 2 was performed with an over-length of the same proportion as test 1, but the method 

for operation of Torwald and assessment of completion differed. The new performance 

resulted in a steady run with a satisfactory outcome where the tube has filled out the clearance 

of the glue-laminated timber hole.  

For Test 3 & 4, the tubes buckled in the middle during both tests which means that the result 

cannot be used further.  

The experimental study concludes that the compression and expansion of steel tubes in the 

moment connection should be performed with a similar execution as Test 2. The over-length 

of the tube to the depth of the hole should amount to 16 %, and the operation of Torwald 

should be done with an operator panel where the assessment of completion is based on the 

deformation. 

4.3.2 Experimental work of tube lengths – Shear-force connection 

One steel tube is used to keep the including parts together in the shear-force connection. Just 

as in the moment connection, there is a limited amount of documented analyses of the over-

length of the steel tube to the depth of the hole for similar joints. It is therefore essential to 

perform some experimental work to determine the total length required for the steel tube.  

Leijten (1998) did have successful attempts using a joint width of 450 mm with a 10 % over-

length, but the timber split as it was increased to 20 %. Further research performed by 

Brandon & Leijten (2014) did conclude that the 10 % was not enough to fill the entire 
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clearance and imposed an over-length of 16 %. Brandon & Leijten’s specimens had a thickness 

of 165 mm with steel tubes of 18 mm which differs from the current setup, but the over-

length could provide guidance of the start value for the experimental work.   

The test specimen is a simplified replica of the actual connection and consists of three parts 

which could be seen in Figure 47. The middle part consists of two 18 mm DVW plates that 

are fastened to the opposite sides of a 179 mm thick glue-laminated timber beam. The two 

parts outside the middle specimen are identical and each consist of an 18 mm DVW plate that 

is fastened to an 82 mm thick glue-laminated timber beam. Two holes of 35 mm are drilled 

through all three parts which together form a thickness of 415 mm.   

 

Figure 47. Test setup for analysing over-length of the bigger steel tube. 

4.3.2.1 Pre-study Test 1 

The first test is conducted with an over-length to the depth of the hole of 16 %. The total 

tube length does thereby amount to 493 mm, and each side has a protruding tube length of 34 

mm. The quality and diameter of the steel tube are like those that will be used in the actual 

shear-force connection.  

The basic idea is to use the developed method from the experimental tests for the moment 

connection where the mechanical press Torwald was used to compress and expand the steel 

tube. The approximate required compression force for the tube with a diameter of 33.3 mm 

could be calculated from the pressure that was used to expand the tube with a diameter of 17 

mm. The pressure is equal to the force divided by the cross-section, which for the tube with a 

diameter of 17 mm amounted to 75 kN respective 60 mm2. Since the cross-section of the tube 

with a diameter of 33.3 mm equals 158 mm2, it requires a force of 197.5 kN to be 

compressed. This value is used as a benchmark.  

The tube ends started to yield at 40-45 kN and around 60 kN the first longer plastically 

deformation occurred. At approximately 125 kN, the steel tube buckled around the washer 
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and bent close to the outer DVW which made the glue-laminated timber split, see Figure 48. 

The initial conclusion was that the protruding tube end was too long.  

 

Figure 48. Picture showing the results of test 1. 

4.3.2.2 Pre-study Test 2 

As the conclusion of Test 1 was that the protruding tube ends were too long, the over-length 

to the depth of the hole is decreased to 13 %. The new over-length meant that the new tube 

length equals 480 mm.  

At the initial stages of the run, similar behaviour as Test 1 was noticed. The ends yielded at 

around 40-45 kN, and further plastically actions occurred at around 60 kN. The load was then 

increased up to 125 kN that made the tube bend in a comparable manner as in Test 1. The 

test was therefore aborted before the timber split, and the conclusion was, as in Test 1, that the 

tube was too long. The remaining part of the tube that had not been compressed can be seen 

in Figure 49. 

 

Figure 49. Picture showing the results of test 2. 



4 Pre-tests 

 

 
49 

4.3.2.3 Pre-study Test 3 

Since the conclusion remained that the tube was too long, an even smaller tube length is 

chosen. The newly determined over-length amounted to 8 %, roughly 459 mm, which means 

that 17 mm of the steel tube is initially protruding outside of the timber on each side.  

The tube was compressed until the entire protruding parts of the steel tube had been pressed 

into the specimen. At this point, the applied force approximately amounted to 125 kN. The 

test piece was divided in the middle to see if any expansion had occurred. The result can be 

seen in Figure 50. The diameter had at most expanded approximately 0.5-1 mm which means 

that the clearance of the hole was not filled. The result was not optimal. 

 

Figure 50. Picture showing the results of test 3. 

4.3.2.4 Pre-study Test 4 

The conclusion after the first three experimental tests is that a change in the execution of the 

expansion must be made to optimise the result. The compression of the 8 % over-length tube 

was effective in the way that the protruding ends were pressed all the way into the wood, but 

the expansion of the diameter was not ideal. This result indicates that a larger compressible 

volume/mass is required, but buckling and bending of the tube occurred as the tube over-

length amounted to 16 %. The solution is to use a welded steel rod through the tube to fix the 

ends and prevent them from lateral movement. A hydraulic press and nuts are also used to 

accomplish the compression, see Figure 51 for a full explanation of the arrangement. The same 

setup has been used by Martens & van der Aa (2012) who have analysed steel tube over-length 

of, among others, 13% and 18% with a diameter equal to the shear-force connection. The 

result of 13 % was good, but the expansion was not optimal, and the 18 % over-length 
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resulted in an undesired buckling (van der Aa & Martens, 2012). An over-length in between 

the two values is therefore chosen, and the decision fell on 15 % for Test 4. Martens & van der 

Aa (2012) did reach a compression force of 192 kN which is used as a benchmark.   

 

Figure 51. Explanation of the new expansion method (van der Aa & Martens, 2012). 

The actual setup is visualised in Figure 52. The test run reached a compression force of 190 

kN before the pressure was released. It is noticeable that the tube had buckled a bit just on the 

inside of the steel washers. Measurements of the expanded tube diameter showed that the 35 

mm glue-laminated timber hole had been filled out.  

 

Figure 52. Picture showing the results of test 4. 

4.3.2.5 The conclusion of the Test Series – Shear-force Connection 

As the thickness of the connection increases, the usage of percentile over-length results in a 

longer protruding part of the steel tube which gives it greater freedom to bend outside the 

hole edge. The result of the first two experimental tests shows that if there is nothing to fix the 

protruding part of the steel tube and restrain lateral movement, it is most likely for buckling to 

occur. If the length is reduced to an over-length of 8 %, the clearance of the glue-laminated 

timber hole will not be filled as shown in experimental test 3. By the usage of a steel rod and a 

hydraulic press, the tube ends are fixed which allows a compression without complications, 

and an over-length of 15 % showed an optimal expansion result.  
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The conclusion for the actual compression is to use the method with the welded steel rod and 

the hydraulic press to a force of 190 kN and an over-length of 15 %.  

4.4 Expected capacities of each connection  

Some pre-calculations are required to get an estimation of what kind of failure modes that 

should be expected in the different test series. An assessed load-carrying capacity of each 

connection is also necessary to determine since it is a prerequisite for being able to use ISO 

6891. Other parts that need to be determined in advance are the length of the timber dowels 

that are protecting the steel tubes from direct fire and the DVW stripe that is used to shield the 

steel plate from direct fire exposure in the moment connection. 

4.4.1 Properties of the glue-laminated timber 

To be able to get an estimation of the failure loads, values for average material properties are 

required. JCSS (2006) has developed equations for converting characteristic bending strength 

to average bending strength as well as the average bending strength 𝑓𝑚 to compressive strength 

parallel to the grain and shear strength. These are further described in Section 2.1.1 Properties 

of the glue-laminated timber where the reference material properties also are presented. The 

average bending strength could be calculated using Eq. (2.1) and the characteristic value of  

30 N/mm2 which equals  

𝑓𝑚 = 1.29𝑓𝑑 = 1.29 ∗ 30.0 = 38.7 𝑀𝑃𝑎. (4.1) 

The average bending strength of the current beams amounts to 51.0 MPa which makes the 

compressive strength parallel to the grain equal to 

𝑓𝑡.0 = 0.6𝑓𝑚,0 = 0.6 ∗ 51.0 = 30.62 𝑀𝑃𝑎 (4.2) 

and the shear strength equal to 

𝑓𝑣 = 0.2𝑓𝑚,0
0.8 = 0.2 ∗ 51.00.8 = 4.65 𝑀𝑃𝑎. (4.3) 

4.4.2 Length of dowels 

One important part of increasing the fire resistance of the joint is to protect the steel from fire 

exposure. The basic idea is to shield the steel by embedding it within the glue-laminated 

timber and clogging holes, which is due to steel tubes, with timber dowels. The minimum 

depth of these dowels could be calculated in accordance with EN 1995-1-2 by analysing the 

expected effective one-dimensional charring depth for 90 minutes fire exposure. By the usage 
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of Eq. (2.5) and one-dimensional charring rate from Table 3, the charring depth is calculated 

to  

𝑑𝑐ℎ𝑎𝑟,0 = 𝛽0𝑡 = 0.65 ∗ 90 = 58.5 𝑚𝑚. (4.4) 

Inserting that value into Eq. (2.6) gives an effective charring rate which amounts to  

𝑑𝑒𝑓 = 𝑑𝑐ℎ𝑎𝑟 + 𝑘0𝑑0 = 58.5 + 1 ∗ 7 = 65.5 𝑚𝑚. (4.5) 

These calculated values represent the minimal depth of the dowels that is necessary to protect 

the steel tubes during 90 minutes of fire exposure. The calculated length of the timber dowels 

applies both to the shear and moment connection.  

4.4.3 Protection of steel plate – Moment Connection 

From below, the steel plate is protected by a stripe of DVW. The height of the DVW 

protection could be calculated through the effective charring depth. A paper written by 

Brandon indicated that the DVW approximately has a 30% lower charring rate than the glue-

laminated timber (Brandon, o.a., 2014). The one-dimensional charring depth could thereby 

be calculated with Eq. (2.5) and amounts to 

𝑑𝑐ℎ𝑎𝑟,0 = 𝛽0𝑡 = 0.65 ∗ (1 − 0.3) ∗ 90 = 41.0 𝑚𝑚. (4.6) 

Inserting this value into Eq. (2.6) gives the effective charring depth that is 

𝑑𝑒𝑓 = 𝑑𝑐ℎ𝑎𝑟 + 𝑘0𝑑0 = 40.95 + 1 ∗ 7 = 48.0 𝑚𝑚. (4.7) 

A DVW stripe with a minimum height of 48 mm should be enough to protect the steel plate 

from below for 90 minutes fire exposure.  

4.4.4 Estimated load-carrying capacity - Shear-force Connection 

An estimation of the load-carrying capacity for each included part must be determined to see 

the overall capacity of the connection, both in ambient and elevated temperature. For the 

column and beams, calculations of capacity in accordance with EN 1995-1-1 and EN 1995-1-

2 are performed. The strength of the steel tube is assessed through an empirical study.  
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4.4.4.1 Compression of glue-laminated timber column in ambient temperature 

The compressive load-carrying capacity of the glue-laminated timber column in ambient 

temperature is calculated with Eq. (2.10). Inbound parameters needed to perform the 

calculation are presented in Table 4. 

Table 4. Glue-laminated timber parameters to calculate the capacity of the column. 

Type Symbol Value Unit 

Height h 260 mm 

Width b 215 mm 

Length 𝐿0 670 mm 

Partial factor 𝛾𝑀 1.25 - 

Compressive 

strength 
𝑓𝑡 30.62 MPa 

Average value of the 

modulus of elasticity 

parallel to the grain 

𝐸 12740 MPa 

Factor for members 

within the 

straightness limits 

𝛽𝑐 0.1 - 

Modification factor 

for duration of load 

and moisture 

content 

𝑘𝑚𝑜𝑑 0.7 - 

Relative slenderness is required to determine the reduction factor for buckling. The buckling 

length for the current connection is equal to 50 % of the original length since it is constrained 

in both ends. The relative slenderness is calculated by Eq. (2.13) to  

𝜆𝑟𝑒𝑙 =  
𝐿√12

ℎ𝜋
√

𝑓𝑡

𝐸
=

0.5 ∗ 670 ∗ √12

260 ∗ 𝜋
∗ √

30.62

12740
= 0.070. (4.8) 

The instability factor could be calculated with the relative slenderness which amounts to  
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𝑘 = 0.5(1 + 𝛽𝑐(𝜆𝑟𝑒𝑙 − 0.3) + 𝜆𝑟𝑒𝑙
2) = 0.5 ∗ (1 + 0.1 ∗ (0.070 − 0.3) + 0.0702)

= 0.491. 
(4.9) 

By inserting the instability factor and relative slenderness into Eq. (2.11), the reduction factor 

for buckling could be estimated to 

𝑘𝑐 =
1

𝑘 + √𝑘2 − 𝜆𝑟𝑒𝑙
2

=
1

0.491 + √0.4912 − 0.0702
= 1.024. (4.10) 

The design compressive strength is calculated by Eq (2.14) to 

𝑓𝑡,0 = 𝑘𝑚𝑜𝑑

𝑓𝑡

𝛾𝑀
= 0.7 ∗

30.62

1.25
= 17.1 𝑀𝑃𝑎. (4.11) 

The acting cross-section area is calculated with Eq (2.15) and amounts to  

𝐴 = 𝑏ℎ = 215 ∗ 260 = 55 900 𝑚𝑚2. (4.12) 

The compressive capacity parallel to the grain of the glue-laminated timber column is thereby 

equal to  

𝑁𝑡,0,𝑅𝑑 = 𝑘𝑐𝑓𝑡,0𝐴 = 1.024 ∗ 17.6 ∗ 55900 = 981 253 𝑁 = 981.3 𝑘𝑁. (4.13) 

4.4.4.2 Shear capacity of glue-laminated timber beams in ambient temperature 

The expected shear capacity of the timber beams is calculated where the cross-section is as 

smallest. The thinnest part of the beam is where 18 mm has reduced the width due to the 

milling, i.e. where the beam is attached to the column. The required parameters are 

summarised in Table 5, and additional values can be found in Table 4. 

Table 5. Glue-laminated timber parameters to calculate the capacity of the beams. 

Type Symbol Value Unit 

Width b 162 mm 

Shear strength 𝑓𝑣 4.65 MPa 

Characteristic 

shear strength* 
𝑓𝑣,𝑘 4.0 MPa 

* Characteristic shear strength of C40 in accordance with EN 338 which were the general classification 
class of each lamella.  

The constant that takes the impact of cracks into account, Eq. (2.19), amounts to 
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 𝑘𝑐𝑟 = 𝑚𝑖𝑛 {
3.0

𝑓𝑣,𝑘

1.0
= 𝑚𝑖𝑛 {

3.0

4.0

1.0
= 𝑚𝑖𝑛 {

0.75
1.0

= 0.75 −. (4.14) 

The effective width is then equal to  

𝑏𝑒𝑓 = 𝑘𝑐𝑟𝑏 = 0.75 ∗ 162 = 121.5 𝑚𝑚, (4.15) 

which means that the effective cross-section area is  

𝐴90 = ℎ𝑏𝑒𝑓 = 260 ∗ 121.5 = 31 590 𝑚𝑚2. (4.16) 

The shear-force capacity of each beam is thereby equal to 

𝑁90,𝑅𝑑 =
𝑓𝑣𝐴90

1.5
=

4,65 ∗ 31590

1.5
= 97 898 𝑁 = 97.9 𝑘𝑁. (4.17) 

Since there are two beams in the setup, the total shear capacity amounts to 195.8 kN. 

4.4.4.3 Steel tube strength in ambient and elevated temperature 

Leijten (1998) presents results from similar test setups with tube fasteners that have a diameter 

of 35 mm. The obtained shear-force for the tests is based on the thickness of the DVW and 

the end distance, i.e. the distance from the edge of the DVW plate to the hole. The end 

distance is calculated through a constant multiplied by the hole diameter, which for the 

current shear connection approximately equals 3.5 d. The thickness of the DVW in the 

current setup is 18 mm. Leijten’s result of shear-force capacity for this type of arrangement, in 

ambient temperature, roughly amounts to 150 kN.  

In elevated temperature, the strength of the steel tube is reduced with a reduction factor for 

the yield strength according to EN 1993-1-2. The reduction factor remains 1,0 up until the 

steel temperature reaches 400°C which implies that the strength of the steel remains 

unchanged until that temperature. Since the tube is shielded from direct fire by the timber for 

90 minutes, it is not likely that its temperature exceeds 400°C. Therefore, it is assumed that 

the strength of the steel tube is the same in ambient and elevated temperature, i.e. 150 kN.  

4.4.4.4 Compression of glue-laminated timber column in elevated temperature 

The compressive capacity parallel to the grain in elevated temperature can be calculated with 

Eq. (2.20). Parameters that are required for the calculation of the compressive strength in 

elevated temperature are presented in Table 3, Table 4 and Table 6.  
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Table 6. Glue-laminated timber parameters to calculate the capacity of the column in elevated temperature. 

Type Symbol Value Unit 

Length 𝐿0 1190 mm 

Partial factor in 

fire 
𝛾𝑀,𝑓𝑖 1.0 - 

Factor 𝑘𝑓𝑖 1.15 - 

Modification 

factor for duration 

of load and 

moisture content 

in fire 

𝑘𝑚𝑜𝑑,𝑓𝑖 1.0 - 

The depth of layer 

with assumed zero 

strength and 

stiffness 

d0 7.0 mm 

Coefficient k0 1.0 - 

The reduced cross-section is calculated through Eq. (2.8) and Eq. (2.9) where the one-

dimensional charring depth is equal to 

𝑑𝑐ℎ𝑎𝑟,0 = 𝛽0𝑡 = 0.65 ∗ 90 = 58.5 𝑚𝑚. (4.18) 

The check of minimum width, Eq. (2.4), equals 

𝑏𝑚𝑖𝑛 = 2𝑑𝑐ℎ𝑎𝑟,0 + 80 = 2 ∗ 58.5 + 80 = 197 𝑚𝑚 (4.19) 

which indicates that the usage of one-dimensional charring rate in the further calculation of 

charring depth is possible as the actual width exceeds the calculated minimum width. Inserting 

the one-dimensional charring depth into Eq. (2.6), the effective charring depth amounts to 

𝑑𝑒𝑓 = 𝑑𝑐ℎ𝑎𝑟 + 𝑘0𝑑0 = 58.5 + 1 ∗ 7 = 65.5 𝑚𝑚. (4.20) 

The reduced cross-section dimensions after 90 minutes of a fire are therefore equal to  
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𝑏𝑒𝑓𝑓 = 𝑏 − (2 − 0) ∗ 𝑑𝑒𝑓 = 215 − 2 ∗ 65.5 = 84 𝑚𝑚 (4.21) 

and 

ℎ𝑒𝑓𝑓 = ℎ − (2 − 1) ∗ 𝑑𝑒𝑓 = 260 − 65.5 = 194.5 𝑚𝑚. (4.22) 

which constitute an effective area equivalent to 

𝐴𝑒𝑓𝑓 = ℎ𝑒𝑓𝑓 ∗ 𝑏𝑒𝑓𝑓 = 194.5 ∗ 84 = 16 338 𝑚𝑚2. (4.23) 

The material properties and resistances of design compressive strength and modulus of 

elasticity in fire is equal to 

𝑓𝑡,𝑓𝑖 = 𝑘𝑚𝑜𝑑,𝑓𝑖

𝑘𝑓𝑖𝑓𝑡

𝛾𝑀,𝑓𝑖
= 1.0 ∗

1.15 ∗ 30.62

1.0
= 35.2 𝑀𝑃𝑎 (4.24) 

and 

𝐸𝑓𝑖 = 𝑘𝑚𝑜𝑑,𝑓𝑖

𝑘𝑓𝑖𝐸

𝛾𝑀,𝑓𝑖
= 1.0 ∗

1.15 ∗ 12740

1.0
= 14651 𝑀𝑃𝑎. (4.25) 

As already discussed, the buckling length for the current connection is equal to 50 % of the 

original length since it is constrained in both ends. The relative slenderness does thereby 

amount to 

𝜆𝑟𝑒𝑙,𝑓𝑖 =
𝐿 ∗ √12

ℎ𝑒𝑓𝑓𝜋
√

𝑓𝑡,𝑓𝑖

𝐸𝑓𝑖
=

0,5 ∗ 1190 ∗ √12

194.5 ∗ 𝜋
√

35.2

14661
= 0.165 , (4.26) 

which makes the instability factor equal to  

𝑘 = 0.5(1 + 𝛽𝑐(𝜆𝑟𝑒𝑙 − 0.3) + 𝜆𝑟𝑒𝑙
2) = 0.5 ∗ (1 + 0.1 ∗ (0.165 − 0.3) + 0.1652)

= 0.507. 
(4.27) 

Inserting the relative slenderness and instability factor into Eq. (2.11), the reduction factor for 

buckling in fire is calculated to 

𝑘𝑐 =
1

𝑘 + √𝑘2 − 𝜆𝑟𝑒𝑙
2

=
1

0.507 + √0.5072 − 0.1652
= 1.014. (4.28) 

The compressive capacity of the glue-laminated timber column after 90 minutes of fire is 

thereby 

𝑁𝑡,𝑅𝑑,𝑓𝑖 = 𝑘𝑐,𝑓𝑖𝑓𝑐,𝑓𝑖𝐴𝑒𝑓𝑓 = 1.014 ∗ 35.2 ∗ 16338 = 583 393 𝑁 = 583.4 𝑘𝑁. (4.29) 
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4.4.4.5 Shear capacity of glue-laminated timber beams in elevated temperature 

As explained in Section 2.1.3.4 Shear capacity in fire conditions - Beams, EN 1995-1-2 does 

not present any calculation method for shear-force capacity and instructs that this may be 

disregarded in a rectangular cross-section. However, an estimation of the capacity is obtained 

through Eq. (2.24) which considers the reduced cross-section. The input values to perform 

the calculation are presented in Table 3, Table 5, Table 6 and Table 7.  

Table 7. Glue-laminated timber parameters to calculate the capacity of the beams in elevated temperature. 

Type Symbol Value Unit 

Original width 𝑏0 180 mm 

Since the width of the beam alters along its length, two reduced cross-sections will be 

calculated. The first one is at the milled part of the beam where the width amounts to 162 

mm. Here, the beam is exposed to fire from two directions, the outside side and the bottom. 

The other cross-section is out of the milled part where the width is equal to 180 mm. At this 

part, the beam is exposed to fire from three directions, the two sides and the bottom. As 

already calculated in Eq. (4.19), to be able to use the one-dimensional charring rate the 

minimum width must be 197 mm which none of these widths exceeds. The notional charring 

rate is, therefore, applied in further calculations. The charring depth of the cross-sections is 

thereby equal to 

𝑑𝑐ℎ𝑎𝑟,𝑛 = 𝛽𝑛𝑡 = 0.7 ∗ 90 = 63 𝑚𝑚. (4.30) 

Inserting this value into equation (2.6) gives the two-dimensional charring depth which 

amounts to 

𝑑𝑒𝑓 = 𝑑𝑐ℎ𝑎𝑟 + 𝑘0𝑑0 = 63 + 1 ∗ 7 = 70 𝑚𝑚. (4.31) 

The reduced cross-section dimensions of the milled part after 90 minutes in fire is therefore 

equal to  

𝑏𝑒𝑓𝑓,𝑚𝑖𝑙𝑙𝑒𝑑 = 𝑏 − (2 − 1) ∗ 𝑑𝑒𝑓𝑓 = 162 − 70 = 92 𝑚𝑚 (4.32) 

and 

ℎ𝑒𝑓𝑓 = ℎ − (2 − 1) ∗ 𝑑𝑒𝑓 = 260 − 70 = 190 𝑚𝑚. (4.33) 

which constitute an effective area of the milled part equivalent to 
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𝐴𝑒𝑓𝑓,𝑚𝑖𝑙𝑙𝑒𝑑 = ℎ𝑒𝑓𝑓 ∗ 𝑏𝑒𝑓𝑓,𝑚𝑖𝑙𝑙𝑒𝑑 = 190 ∗ 92 = 17 480 𝑚𝑚2. (4.34) 

The effective height remains the same for the entire beam, but out of the milled section the 

reduced width amounts to 

𝑏𝑒𝑓𝑓,𝑜𝑡ℎ𝑒𝑟 = 𝑏 − (2 − 0) ∗ 𝑑𝑒𝑓 = 180 − 2 ∗ 70 = 40 𝑚𝑚 (4.35) 

which makes the reduced cross-section of the part that is not milled equal to 

𝐴𝑒𝑓𝑓,𝑜𝑡ℎ𝑒𝑟 = ℎ𝑒𝑓𝑓 ∗ 𝑏𝑒𝑓𝑓,𝑟𝑒𝑠𝑡 = 190 ∗ 40 = 7 600 𝑚𝑚2. (4.36) 

The shear-force capacity in elevated temperature for the milled cross-section and the part out 

of the milled section are respectively 

𝑁90,𝑅𝑑,𝑓𝑖,𝑚𝑖𝑙𝑙𝑒𝑑 =
𝑓𝑣𝐴𝑒𝑓𝑓,𝑚𝑖𝑙𝑙𝑒𝑑

1.5
=

4.65 ∗ 17480

1.5
= 81 256 𝑁 = 81.3 𝑘𝑁 (4.37) 

and 

𝑁90,𝑅𝑑,𝑓𝑖,𝑜𝑡ℎ𝑒𝑟 =
𝑓𝑣𝐴𝑒𝑓𝑓

1.5
=

4.65 ∗ 17480

1.5
= 35 329 𝑁 = 35.3 𝑘𝑁. (4.38) 

The total capacity of the beams in each part is thereby estimated as 162.5 kN and 70.7 kN, 

respectively. 

4.4.4.6 Failure modes and load-carrying capacity 

In the ambient temperature test, the load-carrying capacity of the inbounded parts is as follow: 

• Glue-laminated Timber Column – 981 kN 

• Glue-laminated Timber Beams – 195.8 kN (97.9 kN per beam) 

• Steel tube – 150 kN 

The conclusion is that it is most likely for the connection to fail in the steel tube which will 

yield. However, as the shear-force capacity of each separate beam is lower than the capacity of 

the steel tube it might fail in the timber if the connection is biased loaded.  

The load-carrying capacity of each component in the fire test amounts to:  

• Glue-laminated Timber Column – 583 kN 

• Glue-laminated Timber Beams – 70.7 kN (35.3 kN per beam) 

• Steel tube – 150 kN 
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In the fire test, it is most likely for the beams to fail in the shear plane which isn’t desired since 

the basic idea of this thesis is to examine the connection itself. The beams’ shear-force capacity 

does, therefore, require reinforcement to prevent premature failure. A shear-force capacity 

equal to or higher than the milled section is desired.  

4.4.5 Estimated load-carrying capacity - Moment Connection 

An estimation of the load-carrying capacity for each included part in the moment connection 

must be determined to see the overall capacity of the joint, both in ambient and elevated 

temperature. For the beams, calculations of capacity in accordance with EN 1995-1-1 and EN 

1995-1-2 are performed. The strength of the steel tube is assessed through an empirical study.  

4.4.5.1 Bending moment capacity of glue-laminated timber beams in ambient 

temperature 

The moment connection has two glue-laminated timber beams abreast. The capacity for one 

of them will be calculated below and multiplied by two to get the combined capacity. These 

beams are exposed to fire on two sides since the top of the connection is carrying a structural 

floor, and the inner sides are facing the other beam. The point of interest is where the milling 

has been performed, i.e. a reduction of the width by 21.5 mm. The parameters in Table 8 is 

for one beam in the setup. 

Table 8. Glue-laminated timber parameters to calculate the bending moment capacity of the beams. 

Type Symbol Value Unit 

Width 𝑏 93.5 mm 

Height h 330 mm 

Bending strength 𝑓𝑚 38.7 MPa 

The depth factor is calculated with Eq. (2.28) and amounts to 

𝑘ℎ = 𝑚𝑖𝑛 {(
600

ℎ
)

0.1

1.1

= 𝑚𝑖𝑛 {(
600

330
)

0.1

1.1

= 𝑚𝑖𝑛 {
1.06
1.1

= 1.06. (4.39) 

This value is inserted into Eq. (2.27) and the design bending strength is calculated as  

𝑓𝑑 = 𝑘𝑚𝑜𝑑

𝑘ℎ𝑓𝑚

𝛾𝑀
= 0,7 ∗

1.06 ∗ 38.7

1.25
= 23.0 𝑀𝑃𝑎. (4.40) 
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The effective section modulus is formulated through the cross-section width, 𝑏, and height, ℎ, 

as 

𝑊 =
𝑏ℎ2

6
=

93.5 ∗ 3302

6
= 1,7 ∗ 106 𝑚𝑚3. (4.41) 

The bending moment capacity of one timber beam is thereby equal to 

𝑀𝑅𝑑 = 𝑓𝑑𝑊𝑘𝑐𝑟𝑖𝑡 = 23.0 ∗ 1.7 ∗ 106 ∗ 1.0 = 39 043 700 𝑁𝑚𝑚 = 39.0 𝑘𝑁𝑚, (4.42) 

which means that the total moment capacity of the timber beams in ambient temperature is 

78.1 kNm.  

4.4.5.2 Steel tube strength in ambient and elevated temperature 

Leijten & Brandon (2013) has performed four-point bending tests in ambient temperature 

with a similar setup as the current moment connection where eight steel tubes are expanded 

inside holes with a diameter of 18 mm. The results of the experimental test are that the 

expanded steel tubes can withstand bending moments up to approximately 41 kNm. Due to 

the similarity of the setups, the same maximum bending moment will be expected in this test 

series.  

As discussed in Section 4.4.4.3 Steel tube strength in ambient and elevated temperature, the 

temperature of the steel tubes will not, with a very high probability, exceed 400°C which 

means that the theoretical capacity in elevated temperature will be the same as in ambient 

temperature.  

4.4.5.3 Bending moment capacity of glue-laminated timber beams in elevated 

temperature 

An expected moment capacity after 90 minutes of fire exposure can be calculated using 

parameters from Table 8. The minimum width has been calculated in Section 4.4.4.4 

Compression of glue-laminated timber column in elevated temperature and, a comparison 

with that current width shows that it is not possible to proceed with the usage of one-

dimensional charring rate in further calculations. The notional charring rate from Table 3 

should thereby be used. The effective charring depth over 90 minutes of fire exposure has 

already been calculated in Eq. (4.31) which amounted to 70 mm. With Eq. (2.8) and Eq. 

(2.9), calculation of the remaining cross-section is performed which amounts to 

𝑏𝑒𝑓𝑓 = 𝑏 − (2 − 1) ∗ 𝑑𝑒𝑓 = 93.5 − 70 = 23.5 𝑚𝑚 (4.43) 

and 
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ℎ𝑒𝑓𝑓 = ℎ − (2 − 1) ∗ 𝑑𝑒𝑓 = 330 − 70 = 260 𝑚𝑚. (4.44) 

The theoretical value for moment resistance of glue-laminated timber beam in fire is 

calculated in accordance with EN 1995-1-2 using equation (2.30). The calculation is 

performed by first determining the effective section modulus and the design moment strength 

in a fire which amounts to 

𝑊𝑒𝑓𝑓 =
𝑏𝑒𝑓𝑓ℎ𝑒𝑓𝑓

2

6
=

23.5 ∗ 2602

6
= 264 767 𝑚𝑚3 (4.45) 

and 

𝑓𝑘,𝑓𝑖 = 𝑘𝑚𝑜𝑑,𝑓𝑖

𝑘𝑓𝑖𝑓𝑚

𝛾𝑀,𝑓𝑖
= 1.0 ∗

1.15 ∗ 38.7

1.0
= 44.5 𝑀𝑃𝑎. (4.46) 

Combining these together with the factor used for lateral buckling that correlates to the 

beam’s ability to tilt, the moment resistance in fire is calculated to  

𝑀𝑅𝑑,𝑓𝑖 = 𝑓𝑘,𝑓𝑖𝑊𝑒𝑓𝑓𝑘𝑐𝑟𝑖𝑡 = 44.5 ∗ 264767 ∗ 1.0 = 11 783 441 𝑁𝑚𝑚

= 11.8 𝑘𝑁𝑚. 
(4.47) 

The total bending moment capacity of the glue-laminated timber beams after 90 minutes in 

fire is thereby equal to 23.6 kNm.  

4.4.5.4 Failure modes and bending moment capacities  

The load-carrying capacity of the inbounded parts in the ambient temperature test is as follow:  

• Glue-laminated Timber Beams – 78.1 kNm (39.0 kNm per beam) 

• Steel tube – 41 kNm 

Based on the theoretically calculated values of the bending moment capacity in ambient 

temperature, it is most likely for the steel tubes to yield first and thereby causing the 

connection to fail. Since the capacity of each glue-laminated timber beam is higher than the 

steel tubes, it is a low probability that the beam will fail at all.  

In the fire tests, the load-carrying capacity of each component amounts to:  

• Glue-laminated Timber Beams – 23.6 kNm (11.8 kNm per beam) 

• Steel tube – 41 kNm 
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The conclusion from the theoretical capacities of the moment connection in fire is that it is 

most likely for the connection to fail in the glue-laminated timber beams since the combined 

bending moment capacity of the timber beams is lower than the capacity of the steel tubes.  

4.5 Seismic behaviour  

Previous research on the reversed-cyclic behaviour of DVW connections with expanded steel 

tube fasteners showed a ductility ratio and ultimate rotation significantly higher than using 

traditional dowel-type fasteners (Rinaldin, Fragiacomo, Leijten, & Bakel, 2017). The ductility 

ratio for the 18 mm diameter tube connection is in the rage of 6 and for the 35 mm diameter 

tube connection this value amount to 14. According to the classes given in Eurocode that are 

presented in Section 2.4 Seismic behaviour of connections with expanded tube fasteners, these 

connections belongs to ductility class H. 

A dissipation of energy plot for moment connections using expanded steel tubes can be seen in 

Figure 53. It is stated by Leijten (1998) that the type of connections tested in this thesis 

followed this pattern. By inspecting the diagram, one can see that as the rotation increase, so 

does the area within the loops. This behaviour indicates that the amount of energy absorbed 

increases as the joint start to deform. It can also be seen that the joint has a plastic behaviour 

which is necessary to absorb energy. Studying the graph closely one can see that there is no 

free movement without resistance since the steel tubes in the connection are expanded for a 

tight fit, energy will be absorbed immediately. To conclude the test of seismic behaviour the 

joint proved to possess good qualities in multiple areas, all of which are desired when building 

in earthquake-prone areas. 

 

Figure 53. Plot showing the dissipation of energy for the connections tested in thesis during a seismic test 
(Rinaldin, Fragiacomo, Leijten, & Bakel, 2017). 
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The results presented in Figure 53 are easier to interpret once compared to the result of a 

typical timber connection. The dissipation of energy for a typical timber connection, shown in 

Figure 54, have decreased areas within the loops compared to the result presented in Figure 

53. A smaller area indicates a lower absorption of energy. 

 

Figure 54. Plot showing the dissipation of energy for a typical timber connection during a seismic test (Wong, 
1997). 
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5 Result  

Tests are performed at RISE to obtain performances of each connection. Features such as 

deformations, ultimate loads, failure modes, oxygen levels, temperatures and charring rates are 

being examined. Results from these will be presented below.   

5.1 Shear-force connection 

Two tests are performed with the shear-force connection, one in ambient temperature and 

one in elevated temperature. The results of these test are described in the following 

subsections.  

5.1.1 Room temperature test 

First out is the room temperature test where the setup described in Section 3.2.1.1 

Preparations before room temperature test is used. The theoretically calculated load capacity of 

the connection is applied with ISO 6891 to obtain the ultimate load which later will be used 

as a benchmark for the load in elevated temperature.  

5.1.1.1 Deformations 

The equipment used to measure the deformations can be seen in Figure 55. Measurements are 

taken at the top of the beam on each side of the column to obtain the beam’s deformation in 

comparison to the column. The placement of the measurement equipment can be seen in 

Figure 56.  

 

Figure 55. Mounted displacement equipment.  
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Figure 56. Displacement measurement on each side of the column. 

The deformation at point one and two is plotted against time in Figure 57. The position of 

Torwald, in practice the position of the pressure point, is used as a comparison in the same 

figure. In the beginning, the deformation follows the curve of the applied force. Then the 

displacements increase linearly up to approximately 20 minutes. The deformations measured at 

point 2 is slightly larger than for point 1 during this interval. Towards the end, the 

deformations at point 1 and point 2 levels out. Failure is defined as a deformation of 15 mm 

which occurs after 29.2 minutes at point 1.    

 

Figure 57. Diagram of the beams deformations compared to the column over time, the measuring points can be 
seen in Figure 56. 
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In Figure 58, the force applied by Torwald is plotted against the deformations at point 1 and 

point 2. Initially, the load is absorbed without any substantial deformations, but the 

deformations start to increase at about 150 kN. The deformation in point 2 amounts to 13.5 

mm when a maximum force of 229.3 kN is applied after 19.7 minutes. The force applied as 

failure occurs amounts to 225.8 kN. The connection does, however, continue to withstand 

forces above 225.8 kN after failure. It is important to remember that this load is the force 

applied by the machine which is distributed both to the connection and to the end of the 

beams. The force is decreased back to zero as the test ends. During the removing of the load, 

the measurement equipment at point 2 got stuck between a DVW plate and the glue-

laminated timber which created the odd increase of deformation in the graph. The equipment 

stuck between the beam and the DVW plate can be seen in the right subpicture of Figure 63. 

 

Figure 58. Diagram of force applied over the beams deformations compared to the column. 

5.1.1.2 Load 

The load is applied by a custom-made steel construction that loads both beams at the same 

time. Steel plates, wider than the beams, are placed between the steel construction and the 

beams to increase the loading area. The setup can be seen in Figure 59. 
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Figure 59. Test setup of the shear-force connection in ambient temperature. 

The force applied by the testing machine Torwald is plotted against time in Figure 60. 

Initially, the load is applied according to Section 2.3 Loading procedure, although a 

miscalculation made the curve slightly lower than desired. More information regarding this 

error can be found in Section 5.3 Errors. The load is then increased, and after approximately 

18 minutes the load levels out for a duration of 13 minutes where the force fluctuates between 

220 kN and 225 kN. The test is aborted as failure occurs and the load falls back down to zero. 

The maximum load applied by Torwald amounts to 229.3 kN.  

 

Figure 60. Diagram of the applied load over time. 
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A calculation is performed to obtain the amount of force distributed into the connection. The 

calculation is performed by subtracting the force measured by the loading cell at the end of the 

beams from the force applied by Torwald. The loading cell is built to measure forces up to 20 

kN which means that measurements higher than this value are more unreliable. During the 

test, the load cell displays values up to approximately 27 kN. Then the loading cell stops 

working for extended periods of times. The few times the load cell shows values, 49 kN 

returns each time. The force measured at the loading cell is plotted against the applied force in 

Figure 61. The background colours demonstrate how reliable the measurements are at a 

certain load level. The colours are based on the calibration of the loading cell. 

 

Figure 61. Diagram of the force at loading cell over the applied force. 

Since the loading cell continuously provides values up to about 27 kN, these are used to find a 

relationship between the applied load and the force at the loading cell. This relationship is 

then used to calculate the force at the loading cell when Torwald applies maximum force. The 

analysis can be seen in Figure 62. 
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Figure 62. Diagram of the force at loading cell over the applied force and the equation of the trendline. The 
trendline is dashed in the figure and represents a first-degree polynomial.  

The equation of the trendline shows the linear relationship between the force applied by 

Torwald and the force obtained at the loading cell. By inserting the maximum applied force of 

229.3 kN, the force at the load cell is calculated to  

𝐹𝐿𝑜𝑎𝑑𝑐𝑒𝑙𝑙 = (0.2125 ∗ 229.28) − 0.8399 = 47.9 𝑘𝑁. (5.1) 

As explained before, the force obtained by the connection is equal to the force applied by 

Torwald minus the force registered at the load cell. This amount to 

𝐹𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛 = 229.28 − 47.88 = 181.4 𝑘𝑁 (5.2) 

5.1.1.3 Failure mode 

The beam did fail when the deformation at point 1 reached 15 mm in accordance with ISO 

6891. The connection has been visually inspected after the test, and it shows that the angle of 

the beams has changed and that one of the beams has started to crack. The beams have been 

compressed at the bottom and, a gap has been created at the top. One of the DVW plates has 

also come loose at the top of one of the beams. Figure 63 displays the beams and the column 

after the test. 
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Figure 63. Picture taken during the initial inspection of the connection after the test. 

Inspection of the steel tube shows that it has been bent and compressed, but it is still possible 

to see through the tube at a certain angle. In Figure 64 screenshots are presented from the two 

movies that recorded the test. The pictures at the top are taken just as the test begins, the 

pictures in the middle are taken after 20 minutes and, the pictures at the bottom are taken after 

28 minutes when the failure has occurred.    

 

Figure 64. Screenshots are taken from the camera at various times during the test. 
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By inspecting the pictures of the steel tube in Figure 64, it is confirmed the tube curves and 

gets compressed as the test proceeds. No dislocation of the steel tube occurs during the test. 

Looking at the overview of the connection in Figure 64, it is difficult to visually see any 

difference in the sequences as the connection only moves a few centimetres.      

5.1.2 Fire test 

The results from the fire test have been compiled and are presented in separate subheadings 

below. Since the subheadings sometime overlap the same set of data might be presented more 

than once. Total time until failure amounted to 113 minutes. The furnace is manually 

controlled to follow the ISO-834 standard fire curve. 

5.1.2.1 Specifications of components  

Calculations have been performed in Section 4.4 Expected capacities of each connection to 

determine specifics of the components in the connection.  

In accordance with Section 4.4.2 Length of dowels, the timber dowels that are used to protect 

the steel tube from direct fire exposure must be at least 65.5 mm long. Adding a safety margin 

of 4.5 mm and the length of the dowels equals 70 mm.  

As described in section 4.4.4.6 Failure modes and load-carrying capacity, the beams’ low shear 

strength requires reinforcement to prevent premature failure in the shear plane. The beams are 

partly reinforced by applying two layers of gypsum F boards. The gypsum causes a delay until 

the start of charring, 𝑡𝑐ℎ, which can be determined with EN 1995-1-2. Each gypsum board 

has a panel thickness, ℎ𝑝, of 15 mm but only 80 % of the outer layer’s thickness can be 

counted for according to Eurocode which means that the total panel thickness equals 27 mm. 

The delayed time until the start of charring is then equal to 

𝑡𝑐ℎ = 2.8ℎ𝑝 − 14 = 2.8 ∗ 27 − 14 = 62 𝑚𝑖𝑛. (5.3) 

To further increase the shear-force capacity, three self-tapping screws are inserted to reinforce 

each timber beam. The screws are placed on a row with an internal distance of 60 mm on top 

of the beam 7 cm from the inner edge, see Figure 65. The screws will carry shear-forces 

diagonal to the grain as well as compression and tension loads rectangular to the fibre direction 

(Trautz & Koj, 2009). Using reinforcement of this sort does also reduce the risk of 

unpredictable failure caused by negative effects of local material deficiencies (ibid.).   



5 Result 

 

 
73 

 

Figure 65. Picture of the screw reinforcement of the beams. The back of the beam is laying on the floor.  

5.1.2.2 Load 

The load to apply during the fire test is calculated based on the room temperature test. The 

force distributed into the connection at the ambient temperature test amounted to 181.4 kN, 

and 30% of this value is desired in the fire test which means that 

𝐹𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛,𝑓𝑖𝑟𝑒 = 181.4 ∗ 0.3 = 54.4 𝑘𝑁 (5.4) 

should be applied to the connection. The load from the hydraulic press needs to be greater 

than that since only a portion of the force is distributed to the connection. The force can be 

estimated by assuming a two supported beam, with the tube as one support and the welded 

steel rod as the other and calculating equilibrium of moment at both ends. Measurements for 

the calculation are shown in Figure 66. As the desired force in the connection is known, the 

load from the hydraulic press is calculated by the equilibrium of moment around the welded 

rod support. The load to be applied equals  

𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑,𝑓𝑖𝑟𝑒 =
54.4 ∗ 780

550
= 77.2 𝑘𝑁. (5.5) 
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Figure 66. Picture of calculation parameters to determine the force obtained in the ends of the beam. The 
measurements are given in millimetres. 

To validate that the load distribution during the test calculations is performed for the force 

obtained at the end of the beams. Equilibrium of moment around the steel tube makes it 

possible to calculate the vertical force received by the two welded rods, and it amounts to 

𝐹𝑝𝑒𝑟 𝑤𝑒𝑙𝑑𝑒𝑑 𝑟𝑜𝑑 = 77.2 ∗
230

780
= 22.7 𝑘𝑁. (5.6) 

The rods are in a 20.5-degree angle from the vertical force component which means that 24.3 

kN is obtained in the steel rods, i.e. 12.1 kN in each welded rod. Looking at Table 9 that 

presents the forces measured in the welded rods during the fire test, it is validated that the 

applied load got distributed in an acceptable way. 

Table 9. Measured force in the actual test of each welded steel rod. 

Rod number Force measured [kN] 

Rod 1 10.6 

Rod 2 11.5  
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5.1.2.3 Temperatures 

Temperatures obtained during the fire test are plotted against time in the Figures below where 

the measurements have been divided into separate plots depending on its placement in the 

connection. The placement of thermocouples can be seen in Figure 20 and Figure 21.      

TC 1 located inside the steel tube, broke and fell off during the preparation of the specimen in 

the furnace. Therefore, no values will be presented from TC 1 but, the temperature inside the 

steel tube is still obtained by TC 2 which is presented in Figure 67. The temperature inside 

the steel tube reaches a maximum value of 81 degrees Celsius. 

 

Figure 67. Diagram of the Temperature of the Steel Tube over time. 

The thermocouples placed at different depths inside the beams are plotted together in Figure 

68. TC 3, TC 4, TC 5 and TC 6 are placed at 20 mm, 40 mm, 60 mm, and 80 mm to the 

edge of the unprotected side, i.e. the side that faces outwards from the connection. TC 7, TC 

8, TC 9, and TC 10 are placed at the same depths as mentioned above but at the side that is 

protected by two layers of gypsum, i.e. the side that faces inwards.  
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Figure 68. Diagram of the Thermocouples Temperature over time. 

Thermocouples are also placed at the DVW plates in the shear plane between the beams and 

the pillar close to the steel tube. The temperatures obtained at these positions can be seen in 

Figure 69. 

 

Figure 69. Diagram of the Temperature of the DVW plates in the shear plane over time. 

5.1.2.4 Charring rate 

To obtain the charring rate of the beams temperatures from the thermocouples placed at 

certain depths in both beams are used. The plot used for the charring rate calculations can be 
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seen in Figure 70. It is assumed that the charring layer can be found at the 300-degree 

isotherm according to Section 1.1.1 Timber. 

 

Figure 70. Diagram of the charcoal temperature over time. 

When investigating charring for the unprotected part of the beam, measurements are taken 

from the side facing outwards from the connection itself. From Figure 70 above, it is given 

that TC 3, TC 4 and TC 5 are the only thermocouples that registered a temperature higher 

than 300 degrees Celsius which is assumed to be the charring layer temperature. The charring 

rate from the edge of the beam to the depth of 20 mm amounts to 

𝛽20𝑚𝑚 =
20

35.011217
= 0.57 𝑚𝑚/𝑚𝑖𝑛.  (5.7) 

 The charring rate from the edge of the beam to the depth of 40 mm is equal to 

𝛽40𝑚𝑚 =
40

62.019734
= 0.65 𝑚𝑚/𝑚𝑖𝑛. (5.8) 

The charring rate from the edge of the beam to the depth of 60 mm is 

𝛽60𝑚𝑚 =
60

112.8716
= 0.53 𝑚𝑚/𝑚𝑖𝑛.  (5.9) 

For the beam protected by two layers of gypsum, none of the measurements registered 

temperatures above 300 degrees Celsius which indicates that the charring layer did not reach 

20 mm into the timber.  
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5.1.2.5 Deformation 

The measuring of deformations is performed in an analogous way as in the room temperature 

test. The measurement equipment is placed on the side of the column which can be seen in 

Figure 71.  

 

Figure 71. Picture displaying the placement of the measuring device. 

The measured deformations can be seen in Figure 72. The sudden decrease in deformation 

after approximately 87 minutes as well as the rapid increase of deformation after 103 minutes 

occurs because of a smaller accident. The load is removed for a few minutes and is then added 

once more. More details can be read in Section 5.3 Errors. The furnace did, however, 

continue to follow ISO-834 during this time interval. The maximum value of deformation is 

registered at point 1, and it amounts to 2.1 mm. 
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Figure 72. Diagram of measured deformations over time. 

5.1.2.6 Oxygen level 

The oxygen level inside the furnace for the entire fire test can be seen in Figure 73. Initially, 

the oxygen level is approximately 21 %, but as the burners are lighted, it drops drastically to 

about 0.2 % and remains between 0.2 % and 0.4% for the duration of the test. 

 

Figure 73. Diagram of measured oxygen level over time. 

5.1.2.7 Failure mode 

The failure that occurs after 113 minutes is not located at the actual connection. Instead, the 

failure is found at the end of one beam. The welded rods that keep the beams from rotating 
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are attached with large screws, and the screw-head on one of them broke which caused the 

specimen to collapse. Pictures, in which the screw that failed are highlighted, can be seen in 

Figure 74.   

 

Figure 74. Picture of the area where the failure occurred. 

The test is aborted as the beam, that the screw initially is attached to, fell into the furnace as it 

is only being held up by the steel tube. A visual inspection of the connection shows that the 

steel tube completed the test without any major deformation. The tube is slightly curved but 

not compressed, and it is possible to see straight through. The steel tube after the test can be 

seen in Figure 75. 
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Figure 75. Picture that shows the tube’s inner hole through the timber.  

The charring has made the beams and column thinner, but both do still have a working core. 

The specimen stayed intact during offloading and extinguishing. An overview of the specimen 

after the test is seen in Figure 76.  

 

Figure 76. Picture of the shear-force connection after the fire test. 
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5.2 Moment connection 

In this section, the results are given for the moment connection regarding the room 

temperature test and the fire test. Preparations in the form of displacement equipment 

installation, thermocouple placements, the positioning of oxygen level measurements and 

arrangement of the load are all in accordance with Section 3.2.2 Moment Connection.  

5.2.1 Room temperature test 

The four-point bending test in ambient temperature is performed in accordance with ISO 

6891. Five displacement measurements are used, and the load is given by Torwald. Results 

from the test are presented in the following subsections.  

5.2.1.1 Deformations 

The equipment used to measure the displacement of the timber relative the steel plate is built 

and placed according to Section 3.2.2.3 Placement of Thermocouple and Displacement 

measurements. The displacements are measured at four points, an individual measurement 

point, as well as an overview of all four, can be seen in Figure 77. 

 

Figure 77. Picture of the displacement measurements. 

The displacement measurement points are placed straight above the steel tubes and named 1-4 

from left to right. These points can be seen in Figure 78. 
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Figure 78. The names of the displacement measurements displayed on top of the beams. 

The deformations during the test plotted against time can be seen in Figure 79, and a graph of 

the deformations over the force is presented in Figure 80. 

 

Figure 79. Diagram of deformation of the beams in comparison to the steel plate over time. 
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Figure 80. Diagram of deformation of the beams in comparison to the steel plate over applied force. 

In Figure 81, deformation at the centre and the movement of Torwald are plotted against 

time. Initially, the deformation at the centre of the connection follows the position of 

Torwald, although the centre deformation is slightly lower. After approximately 7 minutes the 

deformation at the centre increases rapidly relative to the positioning of Torwald and 

continues to do so until the deformation reaches 46 mm and the equipment have reached its 

maximum.     

 

Figure 81. Diagram of deformation in centre of the beams and Torwald position over time. 
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Initially, the beam absorbed the force without any substantial deformations, but after 

approximately 7 minutes the deformation increases and the beam is visibly curved. The beams 

are compressed at the top of the connection and torn apart in the bottom. After roughly 23 

minutes the pressure at the top made one beam crack at the pressure location, as visualised in 

the right subpicture of Figure 82. Since none of the deformation measurements above the steel 

tubes reaches 15 mm, failure is determined from the ultimate load. In Figure 82, pictures of 

the beam can be seen at various times during the test. The subpicture to the left presents the 

beam as the test starts and the subpicture in the middle visualises the initial deformation of the 

beam.   

 

Figure 82. Picture of the beams during different steps of the test. 

5.2.1.2 Load 

The load is applied according to Section 2.3 Loading procedure, but the testing procedure is 

initially performed with a lower force than desired. The error arose since the load was assessed 

to be reached when Torwald applied the desired amount. However, since there are two 

pressure points in the setup, the force applied by Torwald is divided in two. In practice, this 

means that only half the desired bending moment is reached. More details regarding this error 

can be found in Section 5.3 Errors.  
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Figure 83. Diagram of applied load over time. 

The load plotted against time can be seen in Figure 83. The maximum value of the load 

before failure amounts to 79 kN and occurs after 21.3 minutes.  

5.2.1.3 Moment capacity 

Since the beam is placed on two supports with one meter to the nearest pressure point, the 

load of 79 kN result in a maximum bending moment of 39.5 kNm. The moment capacity 

over time is presented in Figure 84. 

 

Figure 84. Diagram of the bending moment over time. 

5.2.1.4 Rotational stiffness 

The beams rotational stiffness is obtained from the bending moment over the rotation as 

explained in Section 2.2 Calculation procedure for rotational stiffness – moment connection. 
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Figure 85 displays the correlation between these parameters in the ambient test of the moment 

connection.  

 

Figure 85. Graph showing the rotational stiffness of the beams. 

As explained in the previous section, the applied load differentiates from the loading 

procedure explained in ISO 6891. The 40 % and 10 % value that should have been applied at 

each pressure point, following ISO 6891, was instead applied by Torwald meaning that only 

half the desired bending moment could be created in the connection. This error entails that 20 

% of the estimated maximal bending moment is applied instead of 40 %, and 5 % is applied 

instead of 10 %. The modified, tangent and elastic rotational stiffness are still possible to 

estimate, but the new percentages must be used. Values that are required to perform the 

calculation is presented in Table 10. 

Table 10. Values required for the calculation of rotational stiffness. 

Percentage value of the applied load Rotation [rad] Bending Moment [kNm] 

0% 0 0 

5% initial 0.000826 1.96 

5% 0.00223 1.96 

20% 0.00343 8.01 
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The modified rotational stiffness is calculated with Eq. (2.30) and amounts to  

𝑘𝑠 =
𝑀20% − 𝑀𝑖𝑛𝑖𝑡𝑎𝑙 5%

𝜃20% − 𝜃𝑖𝑛𝑖𝑡𝑎𝑙 5%
=

8.01 − 1.962

0.00343 − 0.000826
= 2333 𝑘𝑁𝑚/𝑟𝑎𝑑. 

 

(5.10) 

By the usage of Eq. (2.31), the tangent rotational stiffness is equal to 

𝑘𝑖 =
𝑀20% − 𝑀0%

𝜃20% − 𝜃0%
=

8.01 − 0

0.00343 − 0
= 2319 𝑘𝑁𝑚/𝑟𝑎𝑑. (5.11) 

The elastic rotational stiffness is calculated by Eq. (2.32) and equals  

𝑘𝑒 =
𝑀20% − 𝑀5%

𝜃20% − 𝜃5%
=

8.01 − 1.96

0.00343 − 0.00223
= 5034 𝑘𝑁𝑚/𝑟𝑎𝑑. (5.12) 

To validate the obtained values for rotational stiffness a comparison to results produced by 

Leijten & Brandon (2013) is performed in Figure 86 and Table 11. Leijten & Brandon (2013) 

had no gap between the beams and did follow ISO 6891 which is noticeable by the larger 

deviating pattern in the beginning. 

 

Figure 86. Comparison of rotational stiffnesses. 
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Table 11. Values obtained for the different rotational stiffnesses. 

Test 
Modified rotational 

stiffness [kNm/rad] 

Tangent rotational 

stiffness [kNm/rad] 

Elastic rotational 

stiffness [kNm/rad] 

Current test 2333 2319 5034 

Leijten & Brandon 

(2013) Test 1 
2387 2595 7828 

Leijten & Brandon 

(2013) Test 2 
2328 2695 7278 

Even though the load was not applied in accordance with ISO 6891, the rotational stiffnesses 

have similarities to values obtained by Leijten & Brandon (2013). Differences in the elastic 

rotational stiffness can, however, be distinguished. 

5.2.1.5 Failure mode 

Each steel tube was photographed after the test. These photos can be seen in Figure 87 where 

they have been placed at the correct location. The steel tubes inside the left beam have 

undergone a more substantial deformation than the tubes in the right beam. It is possible to 

see straight through all steel tubes in the right beam but none of the steel tubes in the left 

beam. It is also possible to see a significant difference in dislocation, the steel tubes in the right 

beam have stayed in the same position during the test. Three out of four steel tubes in the left 

beam are dislocated.  

 

Figure 87. Steel tubes dislocations after the test. 
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It took a long time until failure, and no sudden deformations of large amplitude occurred. As 

seen in Figure 80, the beam continues to withstand high bending moment even after the 

maximum capacity has been reached. Failure is not defined by the displacement but is assessed 

after severe cracking at 26.3 minutes.  

The entire specimen after the test can be seen in Figure 88, and a zoomed picture of the gap 

between the beams is shown in Figure 89.  

 

Figure 88. Picture of the beam after the test. 

 

Figure 89. The gap between the beams after the test. 
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5.2.2 Fire test 

The results from the fire test have been compiled and are presented in separate subheadings 

below. Since the subheadings sometime overlap the same set of data might be presented more 

than once. Total time until failure amounts to 87 minutes and 6 seconds. The furnace is 

manually controlled to follow the ISO-834 standard fire curve during the test. 

5.2.2.1 Specifications of components  

In Section 4.4 Expected capacities of each connection, calculations are performed to 

determine specifics of the components in the connection. The minimum length of timber 

dowels is presented in Section 4.4.2 Length of dowels, and the minimum height of DVW 

stripe is obtained in Section 4.4.3 Protection of steel plate – Moment Connection. 

As described in Section 5.1.2.1 Specifications of components, by adding a safety margin to the 

minimum length of the timber dowel the dimension amounts to 70 mm which is used in the 

specimen.  

The minimum height of the DVW stripe is equal to 48 mm. Due to the required height of 

the steel plate, the DVW stripe used amounts to 62 mm, resulting in a 14 mm safety margin.  

5.2.2.2 Load 

The load applied during the fire test is based on the critical moment obtained during the room 

temperature test. The connection will be exposed to 40 % of the maximum bending moment 

at ambient temperature, which amounted to 39.5 kNm. The desired load is thereby equal to 

𝑀𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛,𝑓𝑖𝑟𝑒 = 39.5 ∗ 0.4 = 15.8 𝑘𝑁𝑚. (5.13) 

The distance between the top supports and the nearest pressure point was 1 meter and 

therefore a force of 15.8 kN needed to be applied. The force applied at the ends was displayed 

on one of the computers when the load reached 15.8 kN it was kept there for the duration of 

the fire test. The load was applied at least 15 min before the furnace was ignited. 

5.2.2.3 Temperatures 

A detailed overview of the thermocouple placement is shown in Figure 30 and Figure 31.  

Unfortunately, the thermocouple that is supposed to measure the temperature of the steel 

tube, TC 5, broke during assembly and did therefore not record any temperatures during the 

test. TC 11 is however operational and validated the temperature of the steel tube which at 

most amounted to 55 °C. 
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The temperatures registered by thermocouples placed at certain depths inside the timber beam 

can be seen in Figure 90. 

 

Figure 90. Temperatures obtained at TC 6 -TC 9, placed at certain depths. 

The temperatures registered by the remaining thermocouples can be seen in Figure 91. 

 

Figure 91. Diagram of registered temperatures from thermocouples over time. 

TC 2, placed in the gap between the connecting sides, is periodically exposed to hot gases 

which explains the appearance of the curve. 
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5.2.2.4 Charing rate 

Temperatures registered by thermocouples placed at certain depths are used to obtain the 

charring rate of the timber. The plot used for the charring rate calculations can be seen in 

Figure 92. It is assumed that the charring layer can be found at the 300-degree isotherm 

according to Section 1.1.1 Timber. 

 

Figure 92. Diagram of the charcoal temperature over time. 

The charring rate from the edge of the beam to the depth of 20 mm is equal to 

𝛽20𝑚𝑚 =
20

42.515114
= 0.47 𝑚𝑚/𝑚𝑖𝑛  (5.14) 

and the charring rate between the edge of the beam to a depth of 40 mm is 

𝛽40𝑚𝑚 =
40

72.444433
= 0.55 𝑚𝑚/𝑚𝑖𝑛.  (5.15) 

As seen in Figure 92, the charring layer did not reach 60 mm into the timber during the fire 

test.  

5.2.2.5 Deformation 

The four measurement points used to determine the deformation of the beam can be seen in 

Figure 93. The measured values have been compiled, and all four measuring points are plotted 

in Figure 94. A sudden change of deformation occurs towards the end of the test. The final 

minutes have therefore been enlarged in Figure 95.  
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Figure 93. A picture of the equipment that measured the deformations during the fire test. 

  

Figure 94. Diagram of measured deformation of the timber beam in comparison to the steel plate over time. 
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Figure 95. A detailed diagram of measured deformation of the timber beam in comparison to the steel plate over 
time. 

5.2.2.6 Furnace temperature and oxygen level 

The temperature measured inside the furnace can be seen in Figure 96. The temperature 

deviates from the ISO-834 fire curve in the beginning due to an error. The settings of the 

furnace have been altered during relocation, which is noticed during the test and actions is 

taken. It took 20 minutes before the temperature could be controlled as desired. Further 

information regarding this can be found in Section 5.3 Errors.  

 

Figure 96. A graph showing the comparison between the furnace temperature and ISO 834. 
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The oxygen level inside the furnace is measured during the test and can be seen in Figure 97. 

The increase in oxygen between 12 and 22 minutes is due to the error, further information 

regarding this can be found in Section 5.3 Errors. 

 

Figure 97. Diagram of measured oxygen level over time. 

5.2.2.7 Failure mode 

The failure did not occur within the connection but in the timber just next to the connection 

at the start of the milled section. The location where the beam failed is illustrated in Figure 98.    

 

Figure 98. A picture with the location of the failure highlighted by a dashed line. 
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Images of the specimen after the test has been performed can be seen in Figure 99 and Figure 

100. As visualised in the pictures, the failure occurred outside the connection next to the 

DVW plates where the milled section begins. The expanded steel tubes have not collapsed and 

seem to be unaffected. Several of the wooden plugs that protect the steel tubes remained in 

place after the test. 

 

Figure 99. The failure which occurred outside the connection shown in two pictures. 

 

Figure 100. The unaffected steel tubes photographed during an inspection after the test. 
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5.3 Errors 

The tests proceeded with a few minor errors which are described in this section. None of the 

errors has been assessed to have a high impact on the outcome of this thesis. 

During appliance of the load in the ambient test of the shear-force connection, which is 

presented in Section 5.1.1.2 Load, the force is meant to follow ISO 6891 presented in Section 

2.3 Loading procedure. The test however proceeded with an error due to miscalculations. 

The initial peak that is aimed to reach 40 % of the estimated capacity, only reached 30 % 

during the test. The force applied at this point is 25 % lower than desired, but the rest of the 

test proceeded as explained in Section 2.3 Loading procedure. Since only a small alteration 

occurred at the beginning of the test, this error is assessed to be negligible for determining the 

maximum load bearing capacity and therefore without any noticeable effect on the outcome 

of the test.  

The deformation measurements from the fire test of the shear-force connection, presented in 

Section 5.1.2.5 Deformation, registered an error. An I-profile beam, placed between the 

hydraulic jack and the specimen, managed to get dislocated after approximately 87 minutes. 

The dislocation produced an alarming noise which initially is assumed to indicate failure. The 

load is removed while the cause of the sound is investigated followed by the I-profile being 

put back into place. The load is applied again after approximately 103 minutes. The furnace 

has kept going during the incident, still following the ISO-834 fire curve. As the load is re-

applied, the connection withstood the forces without failure, and the error is therefore assessed 

to be of no substantial importance to the result of the test. 

When testing the moment connection at ambient temperature the load is applied according to 

Section 2.3 Loading procedure, but a miscalculation is made. A value of 41 kNm is the 

expected maximum load carrying capacity of the connection which means that a force of 41 

kN should be applied at each pressure point. However, this load is applied by Torwald which 

means that only half the desired bending moment could be obtained. This error is assumed to 

have none impact on the determined load bearing capacity as the cycle between 10 and 40% is 

to determine the stiffness. 

The fire test of the moment connection is not only the first test performed in this thesis but 

also the first test performed using the furnace since its relocation from Stockholm to Borås. 

During re-installation of the furnace, settings in the system that controls the temperatures 

inside the furnace are altered which causes the errors that can be seen in Figure 96 and Figure 
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97. The effects are initially a lower temperature than desired, but the error is noticed, and the 

temperature is increased. The increase did, however, become too large as the temperature 

raised above the desired pattern of ISO-834 which caused another alteration and the 

temperatures are back on track after approximately 20 minutes. Since the temperature deviates 

in both directions compared with the standard fire curve, the error is assessed to be of little 

importance.  
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6 Analysis  

In this section, the result is examined and analysed. Failure modes, load capacities and vital 

elements of each connection will be presented.  

6.1 Room temperature test - Shear-force connection 

The deformation of the shear connection during the room temperature test is shown in Figure 

57. The two measurement points follow the same pattern although point 2 register slightly 

larger deformations in general. The difference between the deformation points is at most 5 

mm, a difference small enough to depend on characteristics of the specimen. Failure of the 

connection occurs after 29.2 min when the applied force amounts to 225.8 kN. The 

maximum force registered during the test is however slightly higher and amounts to 229.3 

kN. The maximum capacity of the joint is equivalent to 181.4 kN, which is higher than the 

value of earlier performed tests. The connection failed when the deformation reached 15 mm 

at point 1. The slip of the steel tube is deemed the cause of this failure. Cracking occurred at 

the end of the test in one of the beams which are possible to be caused by a biased load that 

results in one beam obtaining a force equal or higher than its shear-force capacity. Figure 64 

confirms that the steel tube is deformed during the test, however not to the extensive amount 

that has been reported at previous tests. This behaviour is assumed to correspond to the 

obtained shear-force capacity which previously stated is higher for the examined connection.  

6.2 Fire test - Shear-force connection 

The load applied in the fire test is chosen as 30 % of the maximum load carrying capacity that 

is obtained in the room temperature test which makes it equal to 77.2 kN. The calculation of 

load takes the distribution of force between the steel tube and the end of the timber beams 

into account. The calculations are deemed valid since the forces measured in the welded rods 

are close to the theoretically calculated value. The average force of the rods amounts to 11,1 

kN, which is 8.3 % lower than the expected value of 12.1 kN. Since the force at the end of 

the beams is slightly lower than expected, the force distributed to the joint itself is higher than 

expected and the test is, therefore, more conservative.   

The temperature of the steel tube presented in Figure 67 is as expected not near the critical 

temperature of 400 degrees Celsius. Using timber dowels to protect the steel tube is deemed 

successful since it allowed the steel tube to keep its strength throughout the entire test. The 

visual inspection performed after the test confirmed this since the steel tube was found without 

any significant deformation.  
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The temperatures presented in Figure 68 are deemed correct since the thermocouples closest 

to the fire register the highest temperatures. TC 7-TC 10 placed near the surface protected by 

gypsum registered much lower temperatures than TC 3-TC 6 that are placed at the same 

depths but close to an unprotected surface. The gypsum did provide protection at the inside of 

the beam as desired. Thermocouples 11 and 12 placed on the DVW plates registered 

temperatures lower than 100 degrees Celsius for the duration of the test, which proves that the 

protection is enough for the DVW to keep its load-carrying capacity even when the 

connection is submitted to elevated temperatures. 

The charring rate to the depth of 20 mm and 60 mm amounted to 0.57 mm/min and 0.53 

mm respectively, which is significantly lower than the expected value of 0.70 mm/min. The 

charring rate to the depth of 40 mm equals 0.65 mm/min which is closer to the design value 

but still lower. The temperatures registered by the thermocouples placed near the surface 

protected by gypsum did not reach 300 degrees Celsius, which indicates that the gypsum 

prevented the charring layer from penetration even 20 mm into the timber.  

The deformation registered during the fire test, shown in Figure 72, does not exceed 2.5 mm. 

Compared to the deformation of 15 mm achieved in the room temperature test, it can be 

established that the connection did not fail because of the deformations of the joint in the fire 

test. The deformation rapidly increases minutes before failure and would probably have 

continued doing so if the beam would not have failed at another location. The design failure 

mode is predicted to occur in the steel tube. Unfortunately, the screws attaching the welded 

rods to the beams has not been considered. The screws are of a larger dimension and are 

inserted deep into the timber beams. No calculations of the capacity have been performed 

since an assessment is made that the screws are oversized compared to the expected force.    

6.3 Room temperature test - Moment connection 

The deformation during the room temperature test can be seen in Figure 79. The presented 

values are given as the difference in deformation between the steel plate and the timber next 

to it. These are assessed to be valid since the steel plate can be viewed as a rigid body that stays 

horizontal during the test. The deformation at point 1 is compared to point 4 since these are 

placed with the same distance from the middle of the connection. The same goes for point 2 

and point 3. The measurements follow each other well for approximately 20 minutes. At that 

time, both deformations measurement on the left side in Figure 78 continues to increase while 

the measurements on the right side stagnate. This behaviour corresponds well with the fact 
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that the beams on the left cracked towards the end of the test and kept on deforming while 

the beams on the right stayed still.  

Inspecting Figure 80, where the deformations are plotted against the applied force, it is 

possible to see that the connection keep withstanding high forces even after the maximum 

moment of 39.5 kNm has been reached. Comparing the maximum value of 39.5 kNm with 

results from previous tests performed by Leijten & Brandon (2013), the results correspond 

well. Leijten & Brandon (2013) has reported a value of 41 kNm, 1.5 kNm higher than 

obtained during the current test series.  

The load applied during the room temperature test, seen in Figure 83, is applied in accordance 

with Section 2.3 Loading procedure. However, miscalculations are made which causes the test 

sequence to be performed with a lower force than desired. The test is operated using half of 

the desired force, but this did not alter the result in a significant way. Comparisons with 

Leijten & Brandon (2013) indicates that the rotational stiffness corresponds well to previously 

performed tests. The lower strength at smaller rotations is caused by the small gap between the 

beams, which Leijten & Brandon (2013) did not have. When the rotation increases the DVW 

plates comes into contact, and the capacity becomes higher. This behaviour can be seen at a 

rotation of 0.04 rad in Figure 86. The difference in the calculated values for rotational stiffness 

is mainly due to the miscalculations which created the deviation from ISO 6891. Instead of 

going from 40 to 10 % of the force, which is a 30 % difference, the test went from 20 to 5 %, 

i.e. a 15 % disparity. This has a profound influence on the elastic and tangent rotational 

stiffness, but not at the modified stiffness. 

Failure occurs after 26.3 minutes as severe cracking made the connection significantly decrease 

in load-bearing capacity which can be seen in Figure 83. Failure is determined by the ultimate 

load as none of the measurements placed above the steel tubes exceeded 15 mm. The 

deformation measurement in the middle of the connection is not relevant to the definition of 

failure since it is limited to the fasteners, i.e. the steel tubes. The maximum deformation 

amounts to 8.9 mm at point 1. 

The steel tubes placed on the left-hand side of the beam has undergone more substantial 

dislocations than the ones in the right-hand side as the embedded strength of the timber has 

not been enough to withstand the forces. The deformation of the steel tubes on the left-hand 

side is also more extensive than on the right-hand side.    
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6.4 Fire test - Moment connection 

The load applied during the fire test is chosen as 40 % of the maximum load carrying capacity 

obtained at the room temperature test. It is accepted to choose a percentage lower than 40 %, 

but this value makes the test more conservative. 

The temperatures presented in Figure 90 are deemed valid since the thermocouples closest to 

the fire register the highest temperatures. This applies to temperatures presented in Figure 91 

as well since TC 2, which is placed at the bottom of the gap closest to the fire, registered 

higher temperatures than the other thermocouples. The temperature inside the steel tube, 

given by TC 11, reach a maximum value of 54.6 degrees Celsius. This proves that the timber 

dowels provide sufficient protection and that the steel tubes keep its strength throughout the 

fire test.  

Data obtained from TC 6-TC 9 is used to calculate the charring rate of the timber beam. 

These values are all lower than the design charring rate of 65 mm/min. The difference could 

be caused by the initial problems with the furnace that decreased the charring rate of the 

timber beams.  

The deformations, seen in Figure 94 and Figure 95, are obtained during the fire test. The 

deformation obtained at point 1 amounts to 8.1 mm which is less than the measured value at 

the same location in the room temperature test. In the fire test, the maximum deformation 

occurs at point 2 which registered a maximal deformation of 13.9 mm. Since the maximal 

value of deformation is lower than 15 mm, failure cannot be determined based on the 

deformations. 

Failure of the specimen occurs after 87 minutes and 6 seconds in the timber beams outside the 

connection just next to the DVW plates at the sharp edge of the milling. This failure mode is 

partly in line with the purpose of the thesis as the weakness is relocated from the connection 

to the connected beams. However, the desire to reach a fire resistance of 90 minutes is not 

fulfilled. Visual inspection after the test indicated that the steel tubes, which temperature only 

amounted to 55°C, are in good condition and would have been able to withstand fire 

exposure for the goal of 90 min if the timber would not have failed. Theoretical calculations 

of the timber bending moment capacity indicate that the two parallel beams should be able to 

carry 23.6 kNm after 90 minutes of fire exposure which means that the applied load of 15.8 

kNm should not have been enough to cause the failure. However, at the sharp edge caused by 

the milling both shear and tensile stresses occur which is most likely to be the cause of failure.   
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7 Discussion 

In this section the methodology, result and analysis are objectively discussed to further on be 

able to draw valid conclusions. 

7.1 Assembly 

The work effort to prepare and assemble the steel tube connections has been extensive and 

time-consuming, much more than expected. For each connection, the total time of 

preparation and assembly did approximately amount to 10 days. This differs from a traditional 

steel-shoe connection that could be prepared and assembled in a few days, where the assembly 

alone could be performed in less than an hour. Based on this, it is possible to say that the steel 

tube connections are far from practically justifiable but this is not true.  

For this thesis, the material arrived unprepared, which will not be the case at an actual 

construction site where only the assembly part must be performed. A significant work effort is 

put into milling, sawing, and drilling to prepare the beams for assembly, all time-consuming 

tasks were performed by only one person at RISE in Borås. The DVW plates are attached 

using an adhesive which requires time for hardening. Altogether, the preparations alone take at 

least nine days per connection which is the time that can be neglected at an actual 

construction site as these preparations will be made in advance. This means that the 

connection requires less than one day for assembly. For the moment connection where 

Torwald is used for the assembly, heavy lifting and altering of the position of the beams to fit 

the machine increased the assembly time. It should be mentioned that the time for assembling 

the moment connection could be reduced if a welded steel rod is used. For the shear 

connection, where a welded rod is used, the assembly is much quicker. The compression 

procedure is performed in less than an hour in a lab-environment, which is as quick if not 

quicker than the assembly of a traditional connection.  

However, are these connections practically justifiable compared to traditional connections? 

The answer is yes provided that the beams are pre-prepared and are ready to be assembled 

straight away as the connections can be assembled just as quick, if not quicker than traditional 

connections. It is also required that a welded rod and a hydraulic jack are used for the 

expansion of the steel tubes since Torwald cannot be brought to the construction site. This is 

something that will decrease the time of assembly, ensure a desired result of the expansion as 

well as provide a more convenient work environment.   
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7.2 Length of steel tubes  

During the pre-study, it became clear that the length of the steel tubes is of high importance. 

Leijten & Brandon have already come to this conclusion, but further analysis of the over-

length is required since no previous tests have been performed with a similar setup as the 

current connections. To find an optimal length for each specimen is a demanding task since 

variables as the width of the connection, the diameter of the steel tube, the thickness of the 

steel tube and the protruding part of the steel tube must be considered.  

The determination of the steel tube over-length is mainly based on experiments performed in 

this thesis. Different over-lengths are tested and analysed in the experiments where a 

correlation between the width of the connection and the optimal length is obtained. The tube 

length could be expressed as a percentage of the connection’s width. This is however only 

possible for smaller connections. At a certain width, the part of the steel tube placed outside 

the timber becomes too long which causes the tubes to buckle.  

This correlation should be investigated further to develop an equation for the over-length. An 

equation that describes the optimal length of the steel tube and is applicable for various setups. 

Determining a general formula could secure an accepted relationship between expansion 

within the connection and altering of the member widths. Even the required compression 

force could be included in the equation for an optimal result. However, a problem of 

producing and using a general equation may be the variation of steel quality of different tubes.  

7.3 Room temperature test - Shear connection 

The force distributed to the joint is calculated to 181.4 kN, a force higher than ever reached 

in similar tests before and higher than predicted by initial calculations. The fact that the 

connection withstood a higher force than expected might depend on several things. The 

improved test result is most likely to be explained by the expansion process. The pre-study is 

extensive which made it possible to determine the correct length of the steel tube. This is 

assumed to be of high importance since the tube needs to be expanded through the entire 

length of the hole and at the same time clinch the members together. It can, however, be 

discussed whether the quality of the steel makes a difference in the result. The steel quality 

used for this connection is slightly lower than that of steel tubes used before. It is likely that 

the lower steel quality made the steel yield more easily during expansion which would assure a 

perfect fit inside the hole. Further work needs to be performed regarding the steel quality of 

the tubes. The reason why the connection could withstand higher forces than earlier tests 

might also depend on the width of the connection, and thereby the width of the steel tube. 
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Earlier connections tested have been significantly shorter than the connection tested for this 

thesis. The importance of the width of the connection is also something that requires further 

investigation.  

The connection failed because of yielding in the steel tube, just as expected. The steel tube 

could not withstand the force and therefore deformed at the shear planes between the beams 

and the column. The steel tube became curved, but it is still possible to see through it after the 

test. At the end of the test, the deformation of the steel tube subsided, and the force is 

absorbed by the beams which made one of them crack. It is assumed that the load became 

biased as the steel tube yielded and thereby reached the shear-force capacity of the timber 

beam. It is also possible that the embedded strength of the actual steel tube is higher than what 

has been taken account for in the calculation. This behaviour, however, occurred after the 

failure of the connection. 

The load applied during the test is meant to follow the pattern presented in Section 2.3 

Loading procedure. Unfortunately, miscalculations resulted in an applied force that is 25 % 

lower than desired at the beginning of the test. This is however not assumed to be significant 

for the result, more about this error has already been presented in Section 5.3 Errors. 

7.4 Fire test - Shear connection 

The load applied during the fire test amounts to 30 % of the maximum load carrying capacity 

at room temperature. This value is commonly accepted to use in fire tests. The forces 

registered from the steel rods at the end of the beams indicates that the force distributed into 

the joint is slightly higher than the calculated value of 30 %. The test can, therefore, be 

evaluated as conservative. 

Using steel is one of the main causes of low fire resistance in traditional connections as steel 

loses its strength at elevated temperature. However, the steel tube in the current test did not 

reach critical temperatures which prove that the protection provided by the timber plugs is 

effective. This is an advantage since the strength of the steel can be utilised, including its 

seismic behaviour, without any risk of losing capacity during a fire. The aesthetic appearance 

of timber could also be used since no extra protection of gypsum, or densified wooden boards 

are required. The gypsum used in the test does not protect the joint as it is attached next to 

the connection to limit the fire load and thereby the temperature in the furnace as well as 

reinforcing the timber beams to ensure failure at the joint. The general idea is that the later of 

the two reasons will be governed by the dimensions of the beams in the design preparations 
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further on. If the joint proves to withstand fire for 90 minutes under load, which it did, the 

task of designing timber structures against fire is then limited by the dimensions of the 

members. When the focus is changed from the connections, which often have complex 

constructions, to the dimensions of a member the task of fire design is significantly simplified.  

The fact that the connection withstood fire for more than 90 minutes, one of the primary 

goals of this thesis, proves that this type of connection has potential and should further be 

examined for use in buildings with requirements of load-bearing capacity in a fire for more 

than 90 minutes. The failure of the specimen, which occurs after approximately 113 minutes, 

is not related to the steel tube but to the screws that help to carry the beams. The steel tube is 

still in good condition as failure occurs and is with high probability resilient enough to 

withstand fire exposure under load for 120 minutes. This indicates that the setup with 

protection calculated in accordance with Eurocode ensures the strength of the steel tube and 

thereby the connection. Further tests of longer fire exposure under load should, therefore, be 

performed where the load-carrying capacity of the glue-laminated timber is considered and 

designed to withstand fire for more than 120 minutes. The connection could then be used in 

high-risk timber structures, a result that would be highly impressive for a timber connection 

without any extra protection.      

7.5 Room temperature test - Moment connection 

The behaviour of the moment connection during the room temperature test is, as expected, 

slow. No sudden deformations of large amplitude occur which is most desirable for structural 

members. If used in an actual building, this behaviour provides time to evacuate once the 

deformation is noticed. It correlates with the ability to continue withstanding high forces after 

deformation, an ability confirmed by the behaviour during the test. Finally, the beams are 

pressed against each other forcing one of them to crack. The crack becomes more severe as 

the load increases, and eventually, the specimen is assumed as failed. If the gap of 5 mm 

between the beams is removed, the pressure would have been distributed on a larger area of 

the cross-section which could have prevented the cracking. Removing the gap would also 

increase the load-carrying capacity in smaller rotations as the DVW plates would have been in 

contact and could have utilised its entire strength, but the gap is there for a reason. At actual 

construction sites, margins are added to simplify assembly which is something that must be 

considered. By removing this gap, the test result would represent a perfectly assembled 

connection leaving no room for errors. The comparison with Brandon’s rotational stiffness 



7 Discussion 

 

 
108 

results does indicate that the gap has little, but noticeable, influence on the strength. By using 

this argument, there is no gain in increasing the strength at the expanse of its applicability.  

Tests with a similar connection have been performed by Leijten & Brandon where the result 

shows a maximum capacity of 41 kNm, 1.5 kNm higher than the capacity obtained during 

the test for this thesis. The fact that the difference is quite small can be used to validate the 

effectiveness of the DVW plates. Leijten and Brandon’s connection has an embedment length 

of 150 mm per tube. The connection is otherwise built as the one tested during this thesis 

using DVW plates as reinforcement. The embedment length for the connection tested in 

Borås amounts to 78 mm, approximately half the length used by Leijten & Brandon. Since the 

results are close to each other, the length of the glue-laminated timber must be of less 

importance when DVW plates are used to reinforce the connection. The utilisation of DVW 

plates is considered a big advantage with this type of connections as the DVW plates absorb 

most of the embedment stresses. The embedment length can, therefore, be reduced, and the 

length of the protecting timber plugs increased. As already mentioned in section 4.2.5 Timber 

dowels, the fire resistance increases if the protecting timber plugs are longer. The difference in 

embedment length can be one explanation for the small deviation of the results.             

One other possibility to why the connection built by Leijten & Brandon got a better result 

might depend on the fact that their specimen was built stronger. The density and strength of 

the timber used for this thesis are, however, slightly higher in average than the timber used by 

Leijten & Brandon. The DVW plates are of equal qualities, although it is not sure that the 

same can be said about the adhesive used to attach them. Comparing the adhesives is 

troublesome since not much information is given by Leijten & Brandon nor by the labels of 

the components used for this test series. Since one of the DVW plates slightly rotated during 

the current test, it is possible that the adhesive is the reason for the lesser strength. However, it 

is most likely that the difference depends on the expansion procedure. The pressure machine 

called Torwald is used to compress the steel tubes in the moment connection. The reason for 

using the machine is due to safety as high forces are required to compress and expand the 

tubes. A procedure that could be dangerous when using welded rods, at least if the quality of 

the rods is unknown as its exposed to a tension of 1250 MPa. The major difference of using a 

welded rod instead of Torwald is that the compression force is applied from both directions 

which cause both ends to be pushed together simultaneously. With Torwald, only one side is 

moving as the other side provides a counterforce. Leijten & Brandon used a welded rod when 

assembling the connection, which indicates that a better expansion and tighter fit is achieved 
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using this method. Proper expansion of the steel tube provides a higher load-bearing capacity 

and could explain the difference of 1.5 kNm between the tests.  

It must be said that the steel quality of the tubes is lower for the specimen in this thesis than 

the one built by Leijten & Brandon. However, this it is not deemed a disadvantage. 

Comparing the results from the shear-force tests, the connection built for this thesis proves to 

be stronger than the one built by Leijten. The lower steel quality might even be one possible 

explanation for the improvement. In conclusion, comparing the shear-force connection built 

for this thesis with Leijten’s, both built using welded steel rods for the expansion, the 

connection presented in this thesis proved to be stronger. When comparing the moment 

connections, the conclusion is that Leijten and Brandon’s specimen became stronger. They 

used a welded rod to expand the steel tubes for the moment connection while Torwald has 

been used during this thesis. It is therefore of a high probability that the expansion process is 

the cause of the decreased load-carrying capacity.    

7.6 Fire test – Moment connection 

A load of 40 % of the maximum load carrying capacity in ambient temperature is applied in 

the fire test. The choice is made with high confidence in the connection and with a desire to 

perform a conservative fire test. In retrospect, since failure occurred approximately 3 minutes 

quicker than desired a lower percentage might have been favourable. With that said, failure 

did not occur inside the connection but in the timber beams next to it. The steel tubes are 

assessed to be in good condition based on the inspection after the test. Just minor deformations 

had occurred. This indicates that the connection, including the steel tubes, would have 

managed to withstand fire for the three remaining minutes. The steel tube temperature of 

55°C does also prove that the protection which is calculated through Eurocode is sufficient to 

avoid strength reduction due to temperature increase. In a way, the failure of the beam can be 

viewed as a positive outcome. The connection proved stronger than the timber beams which 

is one of the goals of this thesis. It would, however, have been desired that the failure 

occurred later to prove, and not just assume, that the connection can withstand fire for 90 

minutes.  

Calculations of the bending moment capacity in a fire have been performed in accordance 

with EN 1995-1-2. These indicate that the timber beams would have been able to carry the 

applied load of 11.8 kNm. However, at the sharp edge at the beginning of the milled section, 

both shear and tensile stresses occur. The combination of stresses has not been analysed to any 

extent in advance which means that the failure mode is not predicted. 
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Deviations from ISO 834 occurred during the fire test. This has further been assessed in 

Section 5.3 Errors. It is due to altered settings during re-installation of the furnace. The initial 

impact is lower temperatures than desired which after approximately 20 minutes is corrected, 

and the temperatures continue to follow the ISO-834 curve. The influence of deviation is 

asses to be of little importance since the temperature both have been lower and higher than 

the standard fire curve. The exact effects of this error are hard to determine and have not been 

investigated further.           

Further tests should be performed to confirm that the connection can withstand fire under 

load for at least 90 minutes. The test should even be performed for 120 minutes of fire 

exposure as the protection of the steel is proven to be sufficient to avoid the strength 

reduction due to elevated steel temperature.   
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8 Conclusions 

Based on the results, analysis and discussion, conclusions are drawn to answer the initial 

problem statements which are described in Section 1.3 Problem statements. The conclusions 

are:  

• It is possible to build timber joints that can withstand fire for 90 minutes, this is 

proven by the shear-force connection. The moment connection does have the 

potential of reaching load-bearing capacities in a fire for 90 minutes if the capacity of 

the timber is ensured.  

• One of the weakest parts in commonly used connections is the steel exposed to a fire 

which drastically reduces the load-carrying capacity of the joint. This can be 

prevented by embedding the steel into the timber which in this test series ensured a 

steel temperature below 81°C. 

• The capacity of the connection appeared to be relatively insensitive to the embedment 

length of the tube in the timber members. Therefore, implementation of protecting 

plugs does not necessarily weaken the connection, which is in contrast with most 

conventional connections.  

• There are no existing equations for this type of connections. The load-carrying 

capacity of the joint is based on previously performed tests. This is however not an 

issue in fire conditions since it has been proven that the load-carrying capacity of the 

specimen is limited by the timber, which there are sufficient methods available to 

determine the capacity.  

• The connections presented in this thesis have an increased fire resistance compared to 

commonly used timber connections and possesses excellent abilities for usage in 

earthquake-prone areas. The usage of steel tubes as fasteners result in significantly 

increased rotational stiffness, moment capacity and embedded energy in comparison 

with conventional timber connections. Through the design of the joints, the aesthetic 

appearance of the timber could be utilised as there are no requirements of extra 

protection, causing it to blend in with the rest of the timber structure naturally.  

• Time and work effort can be reduced if the preparation of components used in the 

presented connections is pre-manufactured. If this can be a prerequisite, the 

connections would be practically justifiable in comparison to traditional joints since 

the assembly of the connections is quick and effortless, provided that the correct 

equipment can be used.     
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9 Further work 

Several questions have been answered in this report, but there are still some that need to be 

validated through further tests. Questions have also risen during the work process of the thesis. 

Several exciting subjects which require further work has been mentioned earlier in the report 

and to summarise, all subjects of interest for further work are presented below. 

One of the main subjects, where further work is necessary, is the expansion of the steel tubes. 

The expansion process is of high importance for the connection as it determines the load 

carrying capacity. Comparing results in this thesis to earlier work performed by Leijten & 

Brandon, the question has arisen whether a low steel quality of the steel tubes could be of 

advantage for the expansion and thereby the load-bearing capacity of the connection. A steel 

tube of lower quality yields more easily which could be beneficial for filling out the hole 

clearance, but does a lower steel quality imply a lower load-carrying capacity of the final 

connection?  

During the expansion process, the length of the steel tube is proved to be critical. The over-

length must be adapted to the width of the specimen, but for the moment it does not exist any 

rules, that is applicable for all type of connections, of how this adaptation should be made. By 

performing further tests with varying widths and tube lengths, the expansion phenomenon 

could be investigated further, and an equation could be developed. This should be done using 

different tube diameters and thicknesses so that the equation becomes applicable for all 

connections. 

It is of high interest to perform more tests using this type of connections in a fire. None of the 

specimens failed at the connections which mean that the limits of the joints not have been 

reached. The shear-force connection reached a fire resistance of 90 minutes, but the result 

indicates that it is highly possible that it can withstand fire for 120 minutes. The moment 

connection withstood fire for 87 minutes. It is however assessed that the connection would 

have reached 90 minutes if the pre-maturely failure outside the connection did not occur. 

Further tests should be performed to validate this assessment.  
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