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Abstract 
Recent studies showed the need for timber connections with high fire performance. 

Connections of members in timber structures commonly comprise steel connectors, such as 

dowels, screws, nails and toothed plates.  However, multiple studies have shown that the 

presence of exposed metal in timber connections leads to a poor performance under fire 

conditions. Replacing metallic fasteners with non-metallic fasteners potentially enhances 

the fire performance of timber connections.  

Previous studies showed that Glass Fibre Reinforced Polymer (GFRP) dowels can be a viable 

replacement for steel dowels and that Densified Veneer Wood functions well as a flitch 

plate material.  However, as the resin matrix of GFRP dowels is viscoelastic, connection 

creep, which is not studied before, can be of concern. Also no research has been carried out 

on the fire performance of these connections. Therefore, a study of the creep behaviour 

and the fire performance of non-metallic timber connections comprising GFRP dowels and 

a Densified Veneer Wood flitch plate was performed, as is discussed in this thesis. 

Predictive models were proposed to determine the connection slip and load bearing 

capacity at ambient and elevated temperatures and in a fire. The material properties and 

heat transfer properties required for these models were determined experimentally and 

predictions of these models were experimentally validated. Furthermore, an adjustment of 

the predictive model of connection slip at ambient temperature allowed approximating the 

creep of the connection. The material properties, required for the creep model, were 

determined experimentally and predictions of the model were compared to results of long-

term connection tests. 

The study confirmed that timber members jointed with non-metallic connectors have a 

significantly improved fire performance to timber joints using metallic connections. Models 

developed and proposed to predict fire performance gave accurate predictions of time to 

failure. 

It was concluded that non-metallic connections showed more creep per load per connector, 

than metallic connections. However, the ratio between initial deflection and creep (relative 

creep) and the ratio between load level and creep were shown to be similar for metallic 

and non-metallic connections.  
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1 Introduction 
A general concern regarding the use of timber in structures is the combustibility of the 

material. For this reason many standards and building regulations limit the use of timber in 

buildings. Fire safety requirements are often regulated on a national level, and standards 

for the technical assessment of structures are often international.  

Prescriptive design codes often define fire safety requirements based on the number of 

storeys of a building and the amount of exposed wood in interior and exterior applications 

(Östman et al., 2010). An example of a requirement in prescriptive design codes is a 

required fire resistance of the structural system of a building. The fire resistance rating is 

here defined as the time to failure of a structure exposed to a standard fire in a fire 

resistance test (Buchanan, 2002), which is described in international standards. The 

standard fire is a description of the required furnace temperature as a function of time. 

Most of the current knowledge of fire safety of timber structures is based on the standard 

fire and the fire resistance rating.   

The national requirements in a prescriptive design code are based on historical events. 

Thureson et al. (2008) state that for unusual buildings historical events rarely lead to a good 

assessment of the fire safety risks. Therefore, an increasing number of countries allow a 

performance based approach in which design objectives are regulated instead of prescribed 

fire safety requirements. This approach relies on modelling tools and engineering principles 

and is considered as the long term objective of fire safety engineering (Buchanan et al. 

2014).  

Timber structures are often divided into two categories: heavy timber structures; and light 

frame timber structures (Buchanan, 2002). In heavy timber structures, the principal 

members of the structure are generally beams, columns and trusses (e.g. Figure 1-1 and 

Figure 1-2). Buchanan (2002) defined heavy timber structures as ones consisting of 

members whose smallest dimensions were 80mm or more. He stated that heavy timber 

structures are most common in commercial, industrial and historic buildings. Under fire 

conditions, at the surface of exposed timber a char layer comes to exist, which functions as 

an isolative layer. The uncharred inner material stays structurally effective, leading to good 

structural performance of members with large dimensions. 
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 In contrast with heavy timber structures, light frame timber structures are mainly used for 

residential buildings. Walls in light frame timber structures generally consist of studs and 

panels. As the structural timber members of light timber are small, it is of importance that 

they are well protected using claddings, such as gypsum plasterboard.  

 

Figure 1-1: Metallic connection in the 5-storey Earth Systems Science Building (photo by 
Wen-Shao Chang) 

In heavy timber structures, connections are generally of concern as the stiffness of many 

timber connection types is not comparable to the stiffness of the connected members. Also 

in fire, connections are often the weakest link. Carling (1989) stated that connections 

containing exposed metal generally lead to a fire resistance less than twenty minutes (i.e. 

time to failure in a standard fire). In a fire, the exposed metal (often steel) conducts the 

heat rapidly into the timber connection, where the stresses are highest. This generally leads 

to failure of the timber around the metallic parts. The structural performance of these 

connections is, therefore, directly related to the exposed area of the metallic connectors 

(Laplanche et al., 2006). The fire resistance of toothed plate connections was, for example, 

reported to be only eleven minutes (Carling, 1989). This fire resistance is inadequate for 

many building applications.  
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It should be mentioned that not all connections containing exposed metal will lead to a 

poor fire performance. Some mechanical connections of timber members transfer all forces 

that are present during a fire, through direct contact between the timber members. If this 

is the case, the fire performance of the connection is dependent on the fire performance of 

the connected timber members instead of the fasteners (Buchanan, 2002). 

 

Figure 1-2: One of many metallic connections in the Gene H. Kruger Pavilion at Laval 
University in Quebec City 

Passive fire protection (e.g. encapsulation or complete embedment of metallic part in the 

timber) positively affects the fire performance of the connections (Buchanan, 2002). This is 

commonly adopted in order to meet the fire safety requirements. Often, only some iconic 

connections (e.g. Figure 1-1) are visible and exposed in a fire. In many of these cases active 

fire protection, such as adopted in the Gene H. Kruger Pavilion (Figure 1-2) is used to 

improve the structural fire performance. The Fire Protection Research Foundation (NFPA) 

and Arup North America recently concluded from a literature study that encapsulation or 

complete embedment of metallic parts are generally expensive and reduce construction 

efficiency (Gerard et al, 2013). Furthermore, they stated that encapsulation of connections 

often does not meet aesthetic requirements of timber structures and concluded that there 

was an emergent need for connections that allow efficient construction and do not require 

fire barriers in order to perform well in fires. 

 This thesis discusses a study of a non-metallic timber connection for heavy timber 

structures. In this connection the use of highly thermally conductive materials is avoided. 
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Therefore, these connections can potentially perform better in fires and avoid the need for 

additional passive fire protection. 

Timber connections are often divided into mechanical connections (comprising mechanical 

connectors) and glued connections (Thelandersson and Larsen, 2003). However, it should 

be mentioned that relatively new connections that combine, both, mechanical fasteners 

and adhesive bonds exist (e.g. Leijten, 1998).   

Examples of glued connections are shear lap joints, finger joints and glued in rods. 

Compared to mechanical connections, glued connections generally have superior rigidity 

and higher capacity (Thelandersson and Larsen, 2003). However, they often suffer from 

very brittle failure modes, which can be prevented in some cases. For example, glued in 

rods can be designed so that the rod yields before the bond line fails (Madsen, 2000). Glued 

connections require skilled manufacturing in controlled environments resulting in 

significant restrictions for on-site manufacturing (Thelandersson and Larsen, 2003). 

Therefore, the research discussed in this thesis only studied mechanical timber connections 

without the use of adhesives.  

 
Figure 1-3: Connections of timber members in a common plane 

Mechanical connections use hardware, which can be divided in bearing type fasteners such 

as split rings, and dowel type fasteners, such as bolts, nails and screws. The most commonly 

used timber connections are those comprising dowel-type fasteners (Thelandersson and 

Larsen, 2009). Common dowel-type fasteners are nails, screws, bolts, dowels, threaded 

rods. In combination with dowel type fasteners gusset plates (e.g. Figure 1-3a) or flitch 

plates (e.g. Figure 1-3b), that are generally made of steel, can be used to connect timber 

members that are in a common plane. When exposed to the high heat fluxes of a fire, 

metallic flitch plate connections function significantly better than metallic gusset plate 
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connections as the exposed metallic surface is significantly smaller. Similarly fasteners with 

projecting heads, such as bolts, absorb heat more rapidly than dowels without projecting 

heads (Ostman et al. 2012).  

 Non-metallic timber connections 1.1
Non-metallic timber connections can most commonly be found in the form of pegged 

mortise and tenon connections (Harris, 1978). A typical assembly of a pegged mortise and 

tenon connection is shown in Figure 1-4. Mortise and tenon connections generally have 

high compressive and shear capacity (Schmidt and Miller, 2004). This high capacity is 

achieved when direct contact force between the connected members is the main means of 

force transmission. In other words, high capacity is achieved if the connection does not rely 

on the load bearing capacity of the dowel. In order to make sure that the members are in 

contact after assembly, often the peg is driven into drilled holes that are intentionally 

misaligned. Due to this misalignment, or draw bore, the connected members are pulled 

together when the peg is driven through. If a mortise and tenon joint is loaded in tension, 

the load bearing capacity can depend on the capacity of the dowel.  

 

Figure 1-4: Typical assembly of a mortise and tenon connection 

Glass fibre reinforced polymer (GFRP) was proposed as a new dowel material by Drake 

(2003). Pultruded GFRP dowels have a higher load bearing capacity than wooden pegs of 

the same size. Another advantage is the improved dimensional stability of the dowel.  

Studies of the short term structural behaviour of non-metallic timber connections 

comprising glass fibre reinforced polymer (GFRP) dowels have been performed (Drake, 
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2003; Pederson, 2002; Thomson, 2011). Drake (2003) was studying the applicability of GFRP 

in flitch plate timber connections. In this connection the flitch plate and the dowel were 

both made of pultruded GFRP. Drake’s study included a three-dimensional finite element 

(FE) analysis using ANSYS, several experiments of connections, and comparisons of his 

results with equations of Eurocode 5. Moment resisting knee-joints were tested using a 

relatively small moment arm. Furthermore, in-line joints were studied using four point 

bending tests. He also proposed two different models to predict the connection capacity as 

will be discussed in Section 2.1.1. Drake concluded that the use of GFRP dowels instead of 

steel dowels led to a slightly decreased capacity. However, it led to an increased ductility, 

resulting in an absorbed energy increase of up to 60%. 

Pederson (2002) conducted connection tests and embedment tests of the flitch plate. He 

showed that the load bearing capacity of connections with GFRP dowels was significantly 

lower than the load bearing capacity of connections with steel dowels. He also showed that 

the embedment strength of the pultruded flitch plate was low, especially in the direction 

perpendicular to the direction of the fibre reinforcement.   

Thomson et al. (2010) replaced the GFRP flitch plate with a densified veneer wood (DVW) 

Flitch plate in the connection. The GFRP plates used in the previous researches were uni-

directionally reinforced, while the DVW is made out of compressed cross layered Beech 

veneer. Therefore, DVW shows nearly isotropic behaviour (Leijten, 1998) and is significantly 

less sensitive to the load direction. Thomson experimentally studied the required edge and 

end distances for GFRP dowels.  He concluded that the spacing between the GFRP dowels 

can be smaller than the spacing between steel dowels according to Eurocode 5 (BSI, 2004a). 

This makes the load bearing capacity of a non-metallic and a metallic connection, of the 

same size, comparable. Therefore, it was concluded that the non-metallic connection is a 

viable alternative for traditional dowel type connections.  

 Potential advantages of non-metallic timber connections 1.1.1
The load bearing capacity of single GFRP dowel is significantly lower than the load bearing 

capacity of a conventional steel dowel (Pedersen, 2002). Furthermore, conventional steel 

connectors are more widely available than the non-metallic connectors. However, potential 

advantages of non-metallic connections have previously been reported. 
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Potential advantages of non-metallic connections compared to metallic connections are 

(Drake 2002; Pedersen, 2002; Thomson et al., 2010): 

- increased corrosion resistance; 

- reduced thermal bridging; 

- reduced weight; 

- increased production ease and dimensional tolerance (Pedersen, 2002):  

 cutting the flitch plate is easily done and does not require pre-

manufacturing;  

 holes can be drilled through the whole flitch plate connection comprising 

the timber side members and the slotted in flitch plate; 

Directly after a hole is drilled through the flitch plate connection, the dowel can be 

positioned. Therefore, a small hole clearance (the void between the fastener and the 

timber) can be achieved. This increases the initial stiffness (Leijten, 1998). 

It was also stated that the connection performs well in fires (Thomson et al., 2010). 

However, that has never been proven. One of the concerns can, namely, be that the 

viscoelastic GFRP material can soften at temperatures well below 100°C (Bank 2006), which 

are far below temperatures that generally occur in a fire. Therefore, it cannot be stated 

that non-metallic connections lead to improved fire resistance without additional research. 

Polymers are viscoelastic and show creep under constant loading (Bank, 2006). The 

application of GFRP dowels as connector materials will, therefore, lead to an increased 

creep of the connection. Studies of the creep behaviour of connections comprising GFRP 

dowels need to be performed before this connection type can be used for long-term 

applications.  

Drake (2003), Pederson (2002) and Thomson (2011) all proposed methods to predict a 

failure of the dowel. These models will be discussed in the literature review (Section 2.1.1). 

 Scope and objectives of study 1.2
The study discussed in this thesis concerns non-metallic flitch plate connections for timber 

structures, comprising GFRP dowels and a densified veneer wood flitch plate (Figure 1-5). 

The main objective of this work was studying the creep behaviour and the fire performance 

of this type of non-metallic connection.  
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Figure 1-5: Non-metallic timber connection comprising a DVW flitch plate and GFRP 
dowels 

A large part of the study involves predicting the creep behaviour and the behaviour at 

elevated temperatures or in a fire. However, first it was important to be able to accurately 

predict the deflections and connection capacity at ambient temperature. As will be 

discussed in the literature review (Section 2.1.1), previous predictions of the connection 

capacity are not suitable for connections comprising GFRP dowels, for a number of reasons.  

Also no accurate or useful predictions of the deformations were given in previous research 

(see Section 2.1.2). Thus, the first aims of this thesis were: 

- proposing a method to accurately predict the (time independent) slip or 

deformations of the connection at ambient temperature, without relying on 

empirical relationships, but solely using material properties (Chapter 3); 

- proposing a method to accurately predict the load bearing capacity of the 

connection at ambient temperature, without relying on empirical relationships, but 

solely using standardised material properties (Chapter 5). 

The next step of the research was using the obtained methods to predict the 

temperature and time dependent behaviour of the connection. These models required 

time dependent and temperature dependent material properties. Therefore, additional 

aims of this study were: 

- experimentally determine required material properties at elevated temperatures 

(Chapter 4); 

- experimentally determine required time dependent material properties (Chapter 

8). 
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For predictions of the fire performance, heat transfer within the connection during a fire 

had to be studied. This was mainly done experimentally. The objective of this experimental 

study was: 

- obtaining method(s) to predict the heat transfer within non-metallic connections in 

a fire (Chapter 6 and 7). 

In order to verify the predictions, additional objectives of this study were: 

- performing connection creep tests and comparing the results with the predictions 

(Chapter 8); 

- performing connection tests at high temperatures, and comparing the results with 

the predictions (Chapter 6). 

As will be further discussed in Section 2.3.2, creep of timber is dependent on the changes of 

moisture content or changes of relative humidity in the environment. This type of creep is 

named mechano-sorptive creep. It is questionable whether the changes of moisture content 

deeper in the timber members are significant enough to show significant mechano-sorptive 

creep (Schniewind, 1967). The current study aims to show whether the mechano-sorptive 

creep of connections can be significant. However, as mechano-sorptive creep concerns all 

timber connections and not specifically non-metallic timber connections, predictions of 

mechano-sorptive creep are considered out of the scope of this thesis.  

For a comparative study between metallic and non-metallic connections, also creep tests 

and tests at elevated temperatures of metallic connections of the same dimensions were 

carried out. The objectives of this comparative study were: 

- comparing the time to failure of metallic and non-metallic connections at elevated 

temperatures; 

- comparing the heat transfer in metallic and non-metallic connections; 

- comparing the creep of metallic and non-metallic connections. 

For this study neither standard fire resistance test nor a study of the fire resistance rating 
was performed. Instead a more fundamental approach was chosen for the study of the fire 
performance, in which heat transfer modelling and structural modelling at elevated 
temperatures were supported by experimental research. 
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 Layout of this thesis 1.3
This thesis consists of nine chapters and four appendices. In Chapter 2 the current 

knowledge of non-metallic timber connections is discussed in a literature review. 

Furthermore the literature about creep, fire performance of dowel-type timber connections 

and corresponding predictive models is reviewed.  

The basis for predictions of the connection performance under fire conditions or under 

long-term loads is a numerical model (1) and an analytical model (2). The numerical model 

(1), which is discussed in Chapter 3, predicts the deformations of the connection. The 

model is compared to a three-dimensional finite element model and to experimental 

results of connection tests found in the literature. The model discussed in Chapter 3 

requires material properties, which are not all generally available. Therefore, material tests 

corresponding to the model of Chapter 3 are discussed in Chapter 4. The analytical model 

(2) predicts interlaminar shear failure of the dowel. This type of failure does not occur in 

conventional steel dowels and requires a new predictive model, which is presented in 

Chapter 5. Using the combination of the numerical (1) and analytical (2) model and existing 

models for other failure modes, the deflections and the load bearing capacity of non-

metallic timber connections can be estimated.  

In order to predict the connection performance under fire conditions, knowledge was 

required of the heat transfer behaviour of the non-metallic connection. Also mechanically 

loaded connection tests at elevated temperatures were required to validate the model. This 

was obtained from an experimental study that is discussed in Chapter 6.  Subsequently, the 

final fire models and their results are discussed in Chapter 7.  

Predictions of the creep behaviour required material tests. Also connection tests were 

essential to validate predictions of the creep behaviour. The performed experimental and 

numerical study of the creep behaviour of non-metallic timber connections is discussed in 

Chapter 8. Conclusions of all chapters are summarised and recommendations for future 

research are given in Chapter 9.  

The appendices contain tables of results of the creep tests that are not included in the main 

text of this thesis. Also the Matlab codes, which resulted from this study, are given in the 

appendices A to F, to allow future researchers to use the models proposed in this thesis. 

Appendix G shows data obtained from the creep tests and Appendix H refers to the work 

published by the author, during the research project.  
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2 Literature review 
In this chapter previous studies of the fire performance of timber connections and the 

creep of timber connections are discussed. Furthermore, background information of some 

theories used in this thesis is given. Previous models for determining the load bearing 

capacity and the stiffness of non-metallic connections are discussed first. 

 Predictive models of non-metallic connection behaviour 2.1

 Capacity predictions of connections with composite dowels 2.1.1
The capacity of dowel type connections is generally predicted using the European Yield 

Model (BSI, 2004a) which originates from Johansen’s Theory of Timber Connections 

(Johansen, 1949). This model consists of a set of equations, each of which describes a 

failure mode, such as the ones shown in Figure 2-1. The European Yield Model considers 

embedment failure of the timber and plastic bending of the dowel. Separate rules are given 

for plug shear failure in Eurocode 5 (BSI, 2004a). However, no interlaminar shear failure of 

the dowel is included in the models. 

 

Figure 2-1: Failure modes of flitch plate connections corresponding to the European Yield 
Model 

Drake (2003), Pederson (2002) and Thomson (2011), all showed that a common failure 

mode of connections comprising GFRP dowels was interlaminar shear failure of the dowel. 

A similar failure mode was observed in wood pegs by Schmidt and Mackay (1997), Shanks 

and Walker (2009), Miller et al.(2010). As the European Yield Model does not give a 
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prediction for interlaminar shear failure, different models have been proposed to predict 

this failure type.  

Drake and Ansell (2000) first proposed a model based on the European Yield Model, which 

uses the plastic bending moment of the dowel for predictions. However, Drake (2003) 

concluded later that the use of a plastic moment of the dowel is not justified, as shear 

failure of the dowel occurs instead of bending failure. Drake used the general shear formula 

to predict the shear failure of the dowel, which can be found in many textbooks (e.g. Gere 

and Timoshenko (1991) in the following form: 

       
s

VQ
b I

   
Eq. 2-1 
 

Where: 

τ shear stress; 

V is the shear force; 

Q is the static moment of area; 

I is the second moment of area; 

bs is the breadth (the dimension in the cross section that is perpendicular to the 

shear force). 

The shear capacity of the dowel was determined by using a shear stress equal to the shear 

strength of the dowel material in the equation. Although the equation is straight forward, it 

is not clear how Drake (2003) obtained the predictions he reported.  

Pedersen (2002) presented a model using the European yield model failure mode III (Figure 

2-1). Instead of a plastic bending moment he used an empirical linear failure criterion which 

is a simplification of the real behaviour as shown in Figure 2-2. The result was a linear 

relationship between shear force and maximum bending moment. As the shear force in the 

dowel can be directly derived from the applied load, the maximum bending moment can be 

derived. The bending moment was used as a substitution for the plastic bending moment in 

the equation of the European Yield Model (Mode III). 

In European Yield model mode III, the location of the plastic hinges in the dowel is 

determined as the location of the maximum bending moment (Johansen, 1949). As a failure 
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criterion based on a combination of shear force and bending moments was implemented, it 

cannot be stated that the post elastic (shear) hinge occurs at the location of the highest 

bending moments. Therefore, Pedersen’s approach is based on a questionable assumption. 

 

Figure 2-2: Ultimate load combinations compared to his linear failure criterion (from 
Pederson, 2002)  

Failure criteria of a material are generally given in the form of ultimate stress combinations. 

Kaddour et al. (2004) performed a comparative study of different failure criteria from the 

literature. None of these criteria described a linear relationship between maximum shear 

stress and maximum axial stress parallel to the fibres, suggesting that the relationship given 

by Pedersen (2002) is over simplified. Furthermore, failure criteria for GFRP and other 

composite materials found in the literature (e.g. Liu and Tsai, 2004) are dependent on the 

material properties of the polymer resin matrix. This means that GFRP comprising a 

different polymer resin, will give a different relationship between shear force and 

maximum bending moments. 

Shanks and Walker (2009) developed a new model using dissipated energy to calculate an 

effective plastic bending moment, Meff. They designed a three-point bending test setup 

from which the energy dissipated and subsequently the effective plastic bending moment 

can be determined. The span of the three-point bending test was determined visually from 

failed specimens and was found to be different for different oak pegs. Thomson (2011) 

used the same method for GFRP dowels. However, he used different supports for his three-

point bending tests and he consistently used a span of 1.5d (i.e. 1.5 x dowel diameter) for 

these tests. In line with the work of Shanks and Walker, Thomson determined the span 
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visually from failed specimens. For this method to be applied in practice, the tests would 

have to be performed for every dowel diameter and every dowel material that is used.  

The effective bending moment proposed by Shanks and Walker (2009) and later by 

Thomson (2011) was simply used as a substitute for the plastic bending moment in the 

European Yield Model (mode III) equation. As mentioned before, this equation originates 

from the assumption that plastic (or post elastic) hinges occur at the location of the highest 

bending moments. This is not a logical assumption in this case, as the hinges are caused by 

shear failure instead of plastic bending. It will also be shown in Chapter 5 that the span of 

the used three-point bending tests does not coincide with the distance between the hinges 

corresponding to the European Yield Model.  

Schmidt and Miller (2004) gave relationship between (1) the connection capacity of mortise 

and tenon joints and (2) the density of the timber peg and timber member. This 

relationship was obtained by regression of a number of tests and finite element model 

results and was, therefore, purely empirical: 

              0.926 0.7784810vy peg baseF G G    Eq. 2-2 

 

Where: 

Fvy is the shear yield stress (psi) 

Gpeg is the specific gravity of the peg (-)  

Gbase is the specific gravity of the timber member (-) 

This relationship was determined from six tests and nine finite element models. The use of 

finite element models to give an empirical relationship can be questioned, especially 

because the predicted stiffness of the finite element models did not match the stiffness 

found experimentally. The relationship of Eq. 2-2 is also used by Miller et al. (2010). As the 

relationship is purely empirical, it cannot be applied for GFRP dowels.  

 Stiffness predictions of connections with composite dowels 2.1.2
There is very little work presented on the stiffness predictions of timber connections 

comprising dowels of composite materials. Thomson (2011) proposed to model the dowel 

as a short beam on elastic foundation as shown in Figure 2-3 on the right hand side. The 
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finite element formulation of the beam on elastic foundation used, was published by 

Aydogan (1995). As can be seen in the figure, the space between the timber side members 

is ignored in the model. Thomson’s predicted stiffness overestimated the experimentally 

determined stiffness by approximately 57%. Similar overestimations were seen in three-

dimensional finite element models (e.g. Schmidt and Miller, 2004). 

 

Figure 2-3: Schematic connection assembly and stiffness model (from Thomson, 2011)  

 Sandberg et al. 2000 proposed to model the dowel as a beam on two supports loaded as 

shown in Figure 2-4. The location of the loads and supports were approximated visually 

from failed specimens, and there was no theoretical evidence given. The contribution to 

the deformation of the timber members was given as an empirical function of specific 

gravity. The accuracy of the model is questionable as there is no evidence that the dowel 

deflection is determined correctly.  

Drake (2003) performed a finite element analysis of non-metallic connections comprising 

one GFRP pultruded dowel and a GFRP pultruded flitch plate, in which he assumed elastic 

behaviour of all materials. He only showed a small number of stress plots, which are 

presumably results that were averaged by the post-processor (Ansys). As he does not give 

any information of the elements (or element stiffness matrix), the element mesh, or the 

discontinuities of the results, it is impossible to judge whether the results are valid. No 

predictions of the slip modulus or the failure load were given, however, he concluded from 

the analysis that the dowel fails in shear which corresponds to his experimental results. 
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Figure 2-4: Stiffness model for double shear wood peg connections (from Sandberg, 2000)  

 Timber in fire 2.2
As mentioned in Chapter 1 the fire resistance of timber connections is generally lower than 

20 minutes, meaning that they would fail within 20 minutes in a standard furnace test 

following a standard fire. A standard fire is an important term in the field of fire safety 

engineering. Östman et al. (2010) stated that almost all of the current knowledge of timber 

in fire is based on the standard fire. Therefore, the background of the standard fire is 

discussed first. 

 Standard fire test 2.2.1
The fire safety of structures has been assessed using standard fire tests for almost a 

century. Sachs (1903) stated that the misuse of the term ‘fireproof’ in business for 

construction applications should be avoided by introducing a classification of fire 

resistance. He suggested the first standard for fire tests, by specifying a minimum test 

temperature, exposed area, load and required test time (Figure 2-5). This led to the British 

Fire Prevention Committee standard 1903 BFPC. Babrauskas and Williamson (1978) 

summarised the history of fire testing and stated that the first national testing standard for 

fire testing in the United States was setup by the American Society for Testing and 

Materials ASTM in 1907.  
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Figure 2-5: Suggested standard for fire resistance of floors and ceilings (from Sachs, 1903) 

 

Figure 2-6: The standard fire curve as a result of earlier tests (from Babrauskas and 
Williamson, 2003) 

As a result of two international meetings in 1916 and 1917 a new national standard of the 

United States was introduced (Babrauskas and Williamson, 1978). The new standard took 

into account that it was not possible to instantaneously achieve the temperatures, 

described by previous standards, in furnaces. The result was a specified standard time-
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temperature curve which was based on a fit on previous test results (Figure 2-6). 

Remarkably, the curve has not changed since then.  

2.2.1.1 Criticism of the standard fire test 
It is clear that the standard fire curve was never based on a real fire, but on experiments 

conducted before 1916. Instead of simulating a real fire, the standard fire is used in order 

to classify structural elements and is, therefore, a base for comparisons. However, a 

number of concerns were raised about the standard fire test. 

Harmathy and Lie (1970) stated that rational comparisons of the fire resistance of different 

materials cannot be made using a standard fire test as the amount of fuel (or energy) 

required to perform the standard fire test is material dependent. Also questions have been 

raised about the homogeneity of the temperatures in a furnace. Gotfried et al. (2010) 

reviewed large scale fire tests and concluded that the temperature differences of a single 

test in the test environment were in the order of hundreds of degrees Celsius. 

Law et al. (2011) stated that the heat flux subjected to the specimens depends on the 

geometry of the furnace and the lining material used in the furnace, which are inconsistent 

in different testing facilities.  

Heat can be transferred to an object through convection (if it is not located in vacuum) and 

radiation (Incropera et al., 2006). The heat flux due to convective heat transfer can be 

determined as follows (Buchanan, 2002): 

        " ( )c f sq h T T   Eq. 2-3 

Where: 

hc is the convection coefficient; 

Tf is the temperature of the environment (e.g. furnace temperature in a test); 

Ts is the surface temperature.  

The convection coefficient depends on the airflow. In a furnace test, the airflow depends on 

the heat source, location of the heat source, and the geometry of the furnace.  

The heat flux due to radiation can be determined using (Buchanan, 2002): 

       4 4" ( )eff fw sq T T     Eq. 2-4 
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Where: 

Φ is the configuration factor; 

σ is the Stefan Boltzmann constant; 

εeff is the effective emissivity; 

Tfw is the temperature of the radiating surface. 

The configuration factor is dependent on the distance between the radiating surface and 

the subjected surface. It can, therefore, be stated that the radiative heat flux depends on 

the geometry of the specimen and the geometry of the furnace. The effective emissivity εeff 

can be determined with (Peng et al., 2010): 

       f s
eff

f s f s

 


   


 
 

Eq. 2-5 
 

Where: 

εf is the furnace emissivity; 

εs is the surface emissivity. 

The emissivity of the furnace depends on the materials of the furnace walls.  

From the equations above it can be concluded, that the air temperature on its own does 

not give enough information to determine the heat transfer. Newer testing methods exist 

in which the heat transfer is dominated by radiation. In these tests convective heat transfer 

plays a less significant role than in furnace tests. The external heat transferred to the test 

specimen can, therefore, be controlled more accurately. 

 Cone calorimeter 2.2.2
An example of a fire test in which the energy or incident heat flux exposed to a specimen is 

controlled instead of temperature, is the cone calorimeter test. The standard cone 

calorimeter test was developed by Babrauskas (1984) and was accepted as a standard 

testing method, BS ISO 5660-1 (BSI, 1993). A standard cone calorimeter test subjects a 

constant incident heat flux to the specimen, can perform gas analysis to determine the heat 

release rate, and can determine the weight loss of a specimen. Due to the conical shape of 
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the heater, the subjected incident heat flux is practically homogeneous. Tested specimens 

generally have an exposed surface of 100 x 100 mm or smaller.  

Using the cone calorimeter, the heat release rate of the tested material can be determined 

from the O2 and CO2 content in the extracted air. This property can be related to a real fire 

and can lead to predictions of the flashover in a real fire (Östman and Tsantaridis, 1994).  

The cone calorimeter can also purely be used for studying the heat transfer, by determining 

the temperature profile within the specimen using thermocouples (Bregulla, 2003 and 

Naughton et al. 2014). Furthermore, the charring behaviour can be studied and related to 

the temperature measurements. Bregulla (2003) stated that common incident heat fluxes 

in building fires range from 20 to 50 kW/m2 and that an incident heat flux of 50 kW/m2 

corresponds well with the ISO 834 standard fire curve for the first 30 minutes. 

 H-TRIS 2.2.3
At the University of Edinburgh BRE Centre for Fire Safety Engineering, a new testing facility, 

named the Heat-Transfer Inducing System HTRIS, was developed very recently (Maluk, 

2014). The testing apparatus comprises of an array of position controlled propane fired 

radiant heat panels (Figure 2-7). A varying incident heat flux can be exposed to the 

specimens by changing the position of the radiant heat panels relative to the specimen. The 

relationship between the position and the corresponding incident heat flux should be 

determined in advance of the test using a water cooled heat flux sensor.  

 
Figure 2-7: HTRIS setup comprising position controlled radiant heat panels 
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In contrast with a standard fire test, in which the air temperature is controlled, the H-TRIS 

test controls the incident heat flux exposed to the tested materials. Maluk concluded that 

advantages of HTRIS compared to standard fire tests are: higher repeatability, higher 

homogeneity and significantly lower costs. 

 Previous experimental studies of timber connections in fire 2.2.4
Carling (1989) presented the most extensive overview of connection tests performed in a 

standard fire. He concluded that timber connections which contain exposed metal 

connectors generally fail within 20 minutes in a standard fire. Another overview was given 

by Buchanan (2002), leading to similar conclusions. Most fire tests of timber connections 

were performed for connections with metallic connectors (e.g. Frangi et al., 2010; Palma et 

al., 2014; Erchinger et al., 2006; Laplanche et al., 2006; Lau, 2006; Chuo, 2007; Moss et al., 

2009). However, no research has been found on timber connections comprising GFRP 

dowels or/and a non-metallic flitch plate.  

The research studies in this area have mainly focused on the fire behaviour of conventional 

steel timber connections in standard fires. However, non-standard fire tests at a small scale 

can often generate design and model input data for predictions of real fires and standard 

fires (Östman and Tsantaridis, 1994; Bisby et al. 2013; Naughton et al. 2014). For instance, 

Moss et al. (2009) have presented a series of non-standard fire tests of metallic connections 

that led to conclusions similar to comparable studies using standard fire testing furnaces.  

 Existing models of timber connections in fire 2.2.5
Eurocode 5 (BSI, 2004b) offers two standard methods for estimating the fire resistance of 

timber connections. The simplest method does not necessarily involve a calculation and is 

given in the form of a table. Table 2-1 shows the fire resistance of connections comprising 

different fasteners according to Eurocode 5, providing the dimension requirements of the 

fastener diameter d and the side member thickness t1 are met. Rules are given for an 

increased fire resistance for the use of fasteners with non-projecting heads, but are not 

allowed to exceed 30 minutes. 
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Table 2-1: Fire resistance of timber connections with timber side members (BSI, 2004b) 

 Time of fire resistance td,fi 

(min) 

Provisions 

Nails 15 d≥2.8 mm 

Screws 15 d≥3.5 mm 

Bolts 15 t1≥45 mm 

Dowels 20 t1≥45 mm 

 

A second method that is offered by Eurocode 5, gives the reduction of load bearing capacity 

in a fire in the form of: 

       , , ,v Rk fi v RkF F   Eq. 2-6 
 

With: 

       ,d fik te    Eq. 2-7 
 

Where: 

Fv,RK is the characteristic load bearing capacity 

k is a factor given in the Eurocode 5 (BSI, 2004b) for different fasters 

td,fi is the design fire resistance.  

Eurocode 5 gives values of k for nails, screws, bolts that are only valid for a design fire 

resistance up to 30 minutes. Values of k given for dowels are valid for a design fire 

resistance up to 40 minutes. 

The rules given by Eurocode 5 are limited to metallic fasteners and cannot be implemented 

for non-metallic fasteners. They also only hold for a standard time-temperature exposure 

(the standard fire curve). For the prediction of non-metallic connections in a fire, a different 

model is required. 

2.2.5.1 Reduced material property method 

The reduced material property method is a more advanced calculation method used for 

timber in fire. For this method, the temperatures throughout the structure need to be 

determined, which is generally done using a heat transfer model (Buchanan 2002). 
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However, a heat transfer model is not capable of modelling the mass-transfer that is 

present in fires. The mass transfer that occurs in timber consists of moisture flow and gas 

flow during pyrolysis (Frangi, 2001). The moisture flow within timber in a fire is dependent 

on the grain direction and the changing pressure. Modelling this mass transfer is to date 

not well understood and is considered out of the scope of this thesis.  

Konig (2006) stated that, when using only a heat transfer model to predict the 

temperatures in the timber, it is necessary to use effective thermal properties rather than 

physically correct thermal properties. Sets of effective thermal properties were published 

by Knudson (1973), Fredlund (1993), Mehaffey et al. (1994), Janssens, (1994), Konig and 

Walleij (2000), Frangi (2001), and Erchinger et al. (2010). These sets comprised of the 

thermal conductivity, specific heat and density at temperatures ranging from 0 to 1200°C. 

In response, Eurocode 5 (BSI, 2004b) included the set of Konig and Walleij (2000) in the 

form of an annex (Annex B) for advance calculation methods. The three corresponding 

graphs are shown in Figure 2-8.  

In Figure 2-8 the jump of specific heat at 100°C was included in order to take the 

evaporation of moisture into account. This is done by simply summing up the energy 

required to vaporise the water present in the timber (the graphs correspond to a moisture 

content of 12%). At the same temperature the density drops, as the water disappears from 

the material. At temperatures above 200°C pyrolysis starts. Frangi (2001) and Mehaffey et 

al. 1994, increased the specific heat at temperatures between 200 and 300°C, to take 

combustion into account. However, Konig (2006) stated that it is highly disputed whether 

pyrolysis is exothermic or endothermic. The significant increase of thermal conductivity in 

Figure 2-8 was included by Konig and Walleij (2000) to take fissure in the char layer into 

account.  

In the reduced material property method the temperatures determined, are related to the 

properties of a mechanical model. The mechanical modelling is often done using three-

dimensional finite element modelling (e.g. Laplanche, 2006; Audebert et al. 2012). 

However, finite element software can often be seen as a black box (Liu and Quek, 2013), 

making it often uncertain how to interpret the results. Simpler models, were presented 

using reduced embedment properties of timber and are discussed next. 
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Figure 2-8: Set of effective thermal properties (From: Eurocode 5 (BSI, 2004b) 
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Noren (1996) presented an analytical model to predict the fire resistance of nailed timber 

connections. The temperatures were interpolated from experimental results, by assuming 

that the 100, 200 and 300°C isotherms moved in the sections at a constant rate. Three 

different curves, for reduction of embedment properties were assumed. However, these 

curves were based on the reduction of parallel to grain strength at elevated temperatures, 

as there was no knowledge available of the actual reduction of embedment properties. The 

prediction of embedment failure was simply given as the integration of embedment 

capacity per unit length. This model was also implemented by Peng et.al (2010). Also 

Erchinger et al. (2010) presented a model for predicting embedment failure in timber 

connections (failure mode I of the European Yield Model). This failure mode is generally 

reported for dowel-type timber connections in fire. However, it is not yet known if this will 

be the governing failure mode for non-metallic dowelled connections in a fire. 

A model that considered different failure modes in a fire was proposed by Moss et al. 

(2009). They proposed the use of the Johansen yield equations for the prediction of 

different failure modes. However, there was only a single temperature for the dowel 

assumed. In other words it was assumed that the dowel at the exposed surface had the 

same temperature as the dowel in the centre of a connection. This might be sufficiently 

accurate for highly thermally conductive materials like steel. However, it is expected that 

this cannot be assumed for lowly thermally conductive materials like GFRP.  

Cachim and Franssen (2009) presented a model that took into account different failure 

modes, by modelling the dowel connections as a dowel on springs. The springs in this 

model represent the embedment of the dowel. This model can take into account yielding of 

the dowel and bi-linear embedment behaviour. It is also the only embedment based model 

found in the literature, that describes increasing deformations during fire. 

Most models discussed above used the reduced strength (due to temperature increase) of 

timber in the direction parallel to the grain, rather than reduced embedment strength 

(except for Moss et al., 2009). Only two publications were found on the embedment 

strength of timber at elevated temperatures (Moraes et al., 2005 and Moss et al. 2009). 

Moraes et al.(2005) determined the dowel embedment strength of Pinus Sylvestris was 

reported for 8 mm dowels at temperatures up to 240°C. Moss et al. determined the 

embedment strength for LVL (made of Pinus Radiata). The configuration of a specimen is 

shown in Figure 2-9. This specimen was heated in a furnace for two hours, before they were 
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loaded (in tension) to failure. The change of embedment strength given in the two studies 

(Moraes et al., 2005 and Moss et al. 2009) was significantly different. 

 

Figure 2-9: Specimen for determining the embedment strength (from Moss et al. 2009) 

Failure in a fire is sometimes defined by a maximum allowable deformation rate. Carling 

(1989), for example, defined moment of failure as the moment at which the deformation 

rate is 10mm/min. As there is no information found of the change of embedment stiffness 

(only of embedment strength) at elevated temperatures it is not yet possible to determine 

this type of failure using a model based on dowel embedment. There was also no model 

found that included interlaminar shear failure of a dowel at elevated temperatures, as this 

failure mode does not occur in steel dowels. Also no model was found that included 

increased shear deformations of the dowel in fires. 

 Time dependent structural behaviour 2.3
Rheology is the study of time dependent behaviour (Bodig and Jayne, 1993). The time 

dependent behaviour of structures is highly dependent on the structural material used. As 

discussed before, timber, timber composites and glass fibre reinforced polymers are 

materials used in the non-metallic connection studied in the present research. These 

materials can show significant time dependent behaviour (Bank, 2006; Dinwoodie, 2000). 

Rheological phenomena that are considered important in civil and structural engineering 

are creep and relaxation (Bodig and Jayne, 1993). Creep can be defined as the time 

dependent deformation or strain of material under constant load or stress. Relaxation can 

be defined as the reduction of stress under constant deformation or strain. However, both 

terms describe the same material behaviour.  
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 Viscoelastic Creep  2.3.1
A viscoelastic material behaves partly viscous and partly elastic. If viscoelastic material is 

loaded there will be very fast (almost instant), deformations. These deformations are 

caused by the lengthening and rotating of chemical bonds between atoms to positions of 

higher internal energy (Roylance, 2001).  This deformation only takes a very small fraction 

of a second and is, therefore, generally considered as instant deformation in the field of 

structural engineering. After this initial deflection, arrangements of a larger scale can take 

place (Roylance, 2001). In polymers, molecules can stretch out and in timber, the direction 

of the micro fibrils can change. Also cell layers of wood cells can slide relative to each other 

in time (Mukudai and Yata, 1988). These larger scale deformations will take more time. The 

speed of the deformations, however, does decrease and will die out eventually, if creep 

failure does not occur. Figure 2-10 shows the strain in time for a typical viscoelastic material 

with a constant load. The second part of the curve shows the strain recovery when the load 

is removed. The area under the curve is divided in an elastic, delayed elastic and plastic 

strain. The delayed elastic strain is also termed recoverable creep or viscoelastic strain, as 

the deformations are not permanent. Similarly the plastic strain is also called irrecoverable 

creep or viscous strain. The ratio between recoverable and irrecoverable creep depends on 

the material. 

 
Figure 2-10: Typical viscoelastic behaviour (reproduced from Dinwoodie, 2000) 

 For linear viscoelasticity, the Bolzmann principle of superposition holds (see Figure 2-11). 

Explanation of this theory can be found in most textbooks on viscoelasticity (e.g. Roylance, 

2001). According to the Bolzmann principle the total creep can be calculated as the sum of 

strains caused by each load step (i.e. change of stress).  
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Figure 2-11: Stresses and corresponding strains in accordance with Bolzmann’s principle.  

In Figure 2-11 the stress history given by stress-time curve A, B and C correspond to the 

creep given by strain-time curve A, B and C, respectively. If stresses σ1, σ2 and σ3 are equal, 

they cause the same creep action. The total creep action is the sum of the creep actions 

caused by all stresses and can be expressed as (Morlier, 1994): 
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ε  is the total strain; 

σ  is the total stress; 

t  is the total time; 

σn is stress step; 

tn  is the time of stress step σn; 

J  is the compliance. 

The compliance J gives the relationship between strain and stress, but is not similar to the 

Young’s modulus as it changes in time. For pure elastic behaviour, the compliance would be 

equal to the inverse of the Young’s modulus. Referring to Figure 2-11 the total strain at t7 is 

equal to:  

        7 1 7 2 7 1 3 7 2( ) ( ) ( )t t t t t t         Eq. 2-10 
 

Where: 

       ( ) ( )i it J t    Eq. 2-11 
 

Eq. 2-9 can be written in integral form (Morlier, 1994): 

0

( )( ) ( )
t

t J t d   



 

  
Eq. 2-12 
 

Many materials show non-linear viscoelastic behaviour. For creep modelling generally 

experimentally determined material parameters are used. However, including non-linear 

viscoelasticity would require testing of the material at many different stress levels. Though, 

often only limited data of creep tests is available and linear viscoelasticity has to be 

assumed. Modelling non-linear viscoelasticity is, therefore, considered out of the scope of 

this thesis. 

Dinwoodie (2000) showed in an overview of creep tests that the linearity of the viscoelastic 

behaviour is dependent on the timber species. Figure 2-12 shows that the relationship 

between creep and stress level is approximately linear at low stress levels (up to 

approximately 40%). However, lower stress limits have been reported for wood composite 

materials (Morlier, 1994). It should be noted that assuming linear behaviour at higher stress 

level could be dangerous. However, the stresses caused by permanent load in timber 
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structures are often low: between 2 and 5 MPa according to Gowda et al. (1996). Based on 

material properties given by Bodig and Jayne (1993), this would roughly result in load levels 

between 10 and 30% for Sitka Spruce in compression. 

 

Figure 2-12: Relationship of relative creep for redwood timber and several board types 
(From Dinwoodie, 2000) 

It is generally known that the moisture content has a significant influence on the creep 

response of timber. Clouser (1958) showed a 20% deflection increase for a moisture 

content increase from 6% to 12%. The influence of a constant moisture content is, 

however, not nearly as significant as the influence of a changing moisture content (Morlier, 

1994). 

It should be noted that viscoelasticity is temperature dependent (Tokita and Kanamaru, 

1958). However, most building structures function at a small temperature range. 

Furthermore, it can be argued that the inner temperature range of the connection is 
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smaller than the temperature range of the environment. Therefore, temperature 

dependent creep is considered out of the scope of this thesis. 

 Mechano-sorptive creep 2.3.2
The change of moisture content plays a significant role in creep behaviour of timber. Creep 

which is caused by a change of moisture content is called mechano-sorptive creep. Gowda 

et al. (1996), also published by Ranta-Maunus and Kortesmaa (2000), performed a number 

of four point bending tests in sheltered environment. They protected and treated some of 

their specimens before initiating the tests. Four different treatments were compared with 

the untreated timber, from which it was concluded that creosote impregnated timber 

showed less than 30% relative creep and specimens coated twice with an alkyd paint 

showed about 40% relative creep. The coatings are considered to be an effective barrier 

against moisture flow. The untreated timber showed more than 80% relative creep. The 

effectiveness of the treatments showed the significant influence of moisture flow on the 

creep behaviour. 

   

Figure 2-13: Creep of timber at constant and at varying relative humidity (From Hearmon 
and Paton, 1964) 

Different authors published work on creep response of timber with varying relative 

humidity. Hearmon and Paton (1964) published the graph of Figure 2-13 which shows the 

severe effects of cyclic variations in moisture content. The creep in a constant high relative 
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humidity of 93% was compared to the creep in a relative humidity cycling between 0% and 

93%. The specimen under cycled humidity bearing 3/8 of its failure load, failed after 14 

cycles (after 28 days) and showed a relative creep of 2500% (i.e. 25 times the initial 

deflection). The specimen under a constant high humidity did not nearly show such a 

severe creep response. For nailed connections similar tests were performed (Feldborg and 

Johansen, 1988) and led to comparable results.  

That the moisture change is of influence is clear for small beams. Schniewind (1967), 

however points out that the moisture change caused by daily changes of relative humidity 

for larger beams only occurs in the material near the surface. The seasonal change of 

relative humidity would more likely be of influence.  

In the flitch plate connection of this study, the stresses are highest inside the connection. 

The daily moisture change might not be of significant influence for the reason mentioned 

above. For the current study tests were designed to study the influence of daily changes of 

relative humidity.  

 Viscoelastic models 2.3.3
Viscoelastic modelling can be done using empirical relationships between stress and creep 

strain. Another possible way of modelling involves rheological models. These models have 

the advantage that behaviour corresponding to changing stresses or/and changing strains 

can be determined using a single theory. Therefore, a single rheological model allows 

determining, for example, the creep, relaxation and creep recovery. 

A number of rheological models is shown in Figure 2-14 and can be found in most textbooks 

on viscoelasticity (e.g. Roylance, 2001).  

2.3.3.1 Maxwell model 

The Maxwell model (shown in Figure 2-14a) is the oldest viscoelastic model. This model 

includes a linear (or Newtonian) dashpot, which represents a relationship between stress 

and velocity. The dashpot constant η, therefore, gives the ratio between stress and velocity 

(example of units: Ns/mm3). This can also be written as: 

       
d
dt





 
 
 

 

 

Eq. 2-13 
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 Where: 

σ  is the stress 

ε  is the strain 

t  is the time 

In the above equation the time derivative of the strain is equal to the velocity or the strain 

rate. 

 

Figure 2-14: Viscoelastic Rheological models 

 

The Maxwell model consists of a Hookean spring and a Newtonian dashpot. Hooke’s law of 

elasticity is here written as a derivative of time: 

       
1d d

dt E dt
 
  

Eq. 2-14 
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As the spring and dashpot are placed in series, they both bear the same stress. It can, 

therefore, be said that: 

       s d     Eq. 2-15 

 Where: 

 σs  is the stress in the spring 

σd  is the stress in the dashpot 

Furthermore, it could be stated that the total strain is equal to the strain of the spring plus 

the strain of the dashpot: 

       s d     

       or 

       s dd dd
dt dt dt

 
   

Eq. 2-16 

 

Eq. 2-17 

Where: 

 εs  is the strain of the spring 

εd  is the strain of the dashpot 

Substitution Eq. 2-13 and Eq. 2-14 in Eq. 2-17 gives the equation for the strain rate: 

          
1 1s ddd d

dt dt E dt E
   

 
     

Eq. 2-18 

 

Creep can be defined as the deformation under constant stress and relaxation can be 

defined as the reduction of stress under constant strain. In the situation of a constant stress 

(creep), σ=σ0, the time derivative of the stress is zero. So: 

          0d
dt




  
Eq. 2-19 

 

Integrating this with respect to time gives: 

          0
1C t




   
Eq. 2-20 
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The strain at t=0 is equal to the elastic strain, ε=ε0. Therefore, the constant C1, must be 

solely giving the elastic relationship: 

          0 0 t
E
 




   
Eq. 2-21 

 

In the above equation the left term gives the elastic strain, represented by the Hookean 

spring, and the right term gives the creep rate represented by the Newtonian dashpot. 

For the case of constant strain or relaxation the time derivative of the strain is equal to 

zero.  Eq. 2-18 then becomes: 

          
1 0d

dt E
 


   

Eq. 2-22 

 

As relaxation is the reduction of stress for constant strain, is it useful to write this equation 

for stress σ, as is done using the next steps. Multiply all terms of Eq. 2-22 by 1/σ: 

          
1 1 1d

E dt


 
   

Eq. 2-23 

 

          
1 Ed dt
 

   
Eq. 2-24 

 

Integrating both sides of Eq. 2-24 gives: 

          
1 Ed dt
 

    
Eq. 2-25 

 

          2ln E t C


    
Eq. 2-26 

 

          
2

2
3

E E Et C t t
Ce e e e C  

   
      

Eq. 2-27 

 

In the last equation exp(C2) is constant and is substituted by C3. 

The dashpot cannot describe instant deformation. Therefore it can be stated that the initial 

strain is equal to the elastic strain. So for t=0, σ=σ0 and: 

          0 0

E Et t
E e e   

 
     

Eq. 2-28 

 

As shown here, the strain rate corresponding to a Maxwell model is constant, but as 

discussed before the strain rate of timber decreases in time. The consequence of this is 
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shown using Figure 2-15. The strain can be determined accurately for very short time 

periods, but the modelled behaviour will significantly deviate from the real behaviour for 

longer time periods. 

 

Figure 2-15: Creep according to Maxwell’s model versus viscoelastic material behaviour 

In the model the total strain is calculated by the addition of elastic strain and viscous strain. 

The viscous strain, however, does not recover after the stress is removed, as the strain rate 

of the dashpot will be zero if the stress is zero. This means that the model can only describe 

irreversible creep, and, therefore, cannot fully describe the creep behaviour of timber. 

2.3.3.2 Kelvin-Voigt model 
The Kelvin-Voigt model is shown in Figure 2-14b. In this model a Hookean spring and a 

Newtonian dashpot are placed in parallel, so that the strain of the spring should equal the 

strain of the dashpot: 

          s d     Eq. 2-29 

The total stress is in this configuration equal to the stress in the spring plus the stress in the 

dashpot. 

          s d     Eq. 2-30 

Substituting Hooke’s law and Eq. 2-13 in Eq. 2-30 gives: 
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dE
dt
     

Eq. 2-31 

For a constant stress, σ=σ0. Solving the last equation for strain ε is done in a similar fashion 

as described by Eq. 2-23 to Eq. 2-28. These steps result in: 

          0 1
E t

e
E




 
    

 
 

Eq. 2-32 

For relaxation the strain is constant. For a constant strain Eq. 2-31 becomes: 

          E   Eq. 2-33 

The last equation remarkably indicates that the stress is constant for constant strain. Thus, 

according to the Kelvin-Voigt model there is no relaxation.  

The Kelvin-Voigt model is in contrast with the Maxwell model able to describe creep 

recovery. Creep recovery can be determined by substituting 0 for σ in Eq. 2-31. The creep 

can however fully recover as the spring will introduce a stress in the dashpot until the strain 

is fully recovered (theoretically after an infinite amount of time). This means that the 

Kelvin-Voigt model is incapable to describe irreversible creep (see Figure 2-16). There is also 

no purely elastic behaviour described by the model, which means that the initial (elastic) 

strain is always equal to zero.  

 

Figure 2-16: Creep according to Kelvin’s model versus viscoelastic material behaviour 
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2.3.3.3 Burgers model 
To summarise the discussed rheological models, it can be stated that the Maxwell model 

can describe irreversible creep and elastic behaviour and that the Kelvin model can 

describe reversible creep. Burgers’ model includes all of these features and simply consists 

of a Maxwell model and a Kelvin-Voigt model placed in series (Figure 2-14c). The creep 

equation than becomes: 

          Maxwell Kelvin Voigt      Eq. 2-34 

Where εMaxwell and εKelvin-Voigt can be calculated using Eq. 2-21 and Eq. 2-32, to obtain: 

 20 0 0

1 2 1

1
E t

e t
E E

  


 
      

 
 

Eq. 2-35 

The Burgers model can describe recoverable creep, irrecoverable creep and elastic 

deformations. The Burgers model, therefore, leads to more accurate predictions of 

viscoelastic material behaviour than the Maxwell or Kelvin-Voigt model. However, for long 

periods it does not necessarily lead to accurate predictions of real material behaviour. 

Dinwoodie (2000) stated that Eq. 2-35 is capable of describing creep of timber for ‘short’ 

periods. In order to describe the creep of timber for longer periods implementing Kelvin 

Voigt series can result in higher accuracy as discussed next. Furthermore, it is possible to 

use a non-linear dashpot instead of the Newtonian dashpot, as done by van der Put (1989) 

for applications in timber. 

 
Figure 2-17: Creep according to Burgers’ model versus viscoelastic material behaviour 
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2.3.3.4 Kelvin-Voigt series 
Figure 2-14d shows a Maxwell model and a series of Kelvin-Voigt models placed in series. A 

Kelvin-Voigt model comprising a dashpot with a low stress-velocity ratio η describes quick 

viscoelastic behaviour. Similarly a Kelvin-Voigt model comprising a dashpot with a high 

stress-velocity ratio η describes slow viscoelastic behaviour. By placing these Kelvin-Voigt 

models in series, a combination of slow and fast viscoelastic behaviour can be modelled.  

The creep equation becomes: 

           Maxwell Kelvin Voigt      Eq. 2-36 

Where εMaxwell and εKelvin-Voigt can be calculated using Eq. 2-21 and Eq. 2-32, to obtain: 

 0 0 0

21 1

1
i

i

En t

i i

t e
E E

  






 
      

 
  

Eq. 2-37 

Eq. 2-37 includes the behaviour of all previously discussed rheological models. The Kelvin-

Voigt series can be fitted more accurately to the material behaviour than the Burgers 

model. Of course the creep constants have to be obtained in some way. This is usually done 

using experiments. Jang and Polensek (1989) and van de Kuilen (2008) have determined 

creep constants for different types of mechanically fastened timber connections. However, 

as the factors are determined empirically, they only hold for the specifically tested 

configurations and dimensions. In Chapter 8 a novel model is proposed that can include the 

creep of different fastener materials and different dimensions. 

2.3.3.5 Simplified Findley Power law 
A different approach for describing creep behaviour is by considering the material 

properties as a function of time. If for example the Young’s modulus reduces in time, the 

deflections will increase. This can also be done for the shear modulus. The following 

empirical equations originate from the simplified Findley power law (Findley, 1960) and are 

independent of stress: 

 ( )
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Eq. 2-38 
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Eq. 2-39 
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Where: 

( )v
LE t is the viscoelastic modulus; 

( )v
LTG t is the viscoelastic shear modulus; 

LE and LTG are the instantaneous moduli; 

t
LE and t

LTG are the creep moduli; 

en  and gn are the creep rate exponents. 

These equations will not always be accurate. It is for example unlikely that the moduli 

decrease in time if the stress is zero. However, it is proven to be accurate for pultruded 

reinforced polymers at a certain range of stress level. Scott and Zureick (1998) showed that 

for compressive tests of a pultruded E-glass vinyl ester composite, loaded at stress levels of 

20%, 40% and 60% for a period of approximately 10,000 hours, the simplified Findley model 

shows an accurate prediction. Shao and Shanmugam (2004), showed that the model gave 

good predictions for the flexural behaviour of short beams, comprising E-glass and a 

polyester resin matrix, loaded at stress levels of 25% and 50%. The creep constants were 

given in these studies for pultruded GFRP comprising different resin matrices. It should be 

noted that the Timoshenko beam theory is used to determine the constants. Applying the 

viscoelastic moduli using beam theories other than a Timoshenko beam would be 

unfounded. The Timoshenko beam theory will be further discussed in Chapter 3. 

 A mechano-sorptive model 2.3.4
Modelling mechano-sorptive creep is considered out of the scope of this thesis as it 

concerns most timber connections and not only non-metallic timber connections. However, 

the work of Husson et al. (2010) and Dubois et al. (2012) is mentioned here as their findings 

give an important insight as will appear in Chapter 8.  

Mechano-sorptive creep is complex to model, because of its non-linear and history 

dependent behaviour. Husson et al. (2010) included history dependent behaviour by using 

a ‘minimum stiffness’ of timber kmin (see Figure 2-18). The stiffness of timber k is influenced 

by the moisture content w. The minimum stiffness kmin can be defined as the lowest 

stiffness that occurred while stressed in the past or present.  
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The minimum stiffness was used in a rheological model shown in Figure 2-19, in which the 

minimum stiffness was equal to the stiffness of the spring. The location of the spring 

depended on the ratio between the stiffness k and the minimum stiffness kmin. In the 

model, the total strain εe was equal to the mechano-sorptive strain εMS plus the elastic 

strain εinst. During a wetting phase the spring of Figure 2-19 moves downwards, making the 

mechano-sorptive creep less apparent. In the drying phase the mechano-sorptive creep 

begins to show as the spring moves upwards. This corresponds to observations that 

mechano-sorptive creep occurs in the drying phase (Morlier, 1994). 

Dubois et al. (2012) implemented the mechano-sorptive spring of Figure 2-19 in a model 

that was similar to the Kelvin Voigt series discussed earlier. However for this application all 

Hookean springs of the model were replaced by Husson’s mechano-sorptive spring. 

Additionally the dashpot constants were implemented as a function of moisture content 

η(w). In the same study the model was compared to an experiment in which a thin strip of 

0.7x3.0x30mm was loaded in tension and subjected to variations of relative humidity. From 

the comparative study it was concluded that the model accurately represents the mechano-

sorptive behaviour of timber.  

 

Figure 2-18: Minimum stiffness kmin (From Husson et al. 2010, with kind permission from 
Springer Science and Business Media)  
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Figure 2-19: Mechano-sorptive spring (From Husson et al. 2010, with kind permission 
from Springer Science and Business Media)  

 Previous research on creep of dowel type timber connections 2.4
Creep of dowel-type timber connections has been studied by a small amount of 

researchers. Morlier (1994) presented a literature review, but concludes that modelling 

creep of timber connections had to wait for future developments. Mostly studies found on 

this subject consist of creep tests and proposed empirical models (e.g. Leivo, 1992; Jang 

and Polensek, 1989; van de Kuilen 2008).  

Jang and Polensek (1989) created a model that can predict the creep under changing load 

conditions. The input of the model used, was the experimentally determined load-slip 

behaviour at constant conditions. These data were generated from three samples of twenty 

nailed connections in shear for (only) two weeks. Each sample was loaded at a different 

load level.    

Van de Kuilen (2008) published connection tests with a duration of 15 years in an 

uncontrolled environment. The tests were initiated by Kuipers and involved nailed 

connections, toothed plate connections, and split ring connections. The results were fitted 

on a constitutive model, proposed by van der Put (1989). Using an empirical fit the creep 

constants corresponding to different connection types were determined. 

The models found in literature, directly predict the load slip behaviour of different types of 

timber connections. Creep constants for these predictions were determined directly from 
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connection creep tests. These tests comprised of specimens with specific dimensions made 

from specific materials. Therefore, the constants are only valid for connections with 

comparable dimensions and comparable materials. No model was found that can include 

the slenderness of a dowel, possible creep of a dowel and different timber materials.  

 Concluding remarks 2.5
The following gaps of the current knowledge were found regarding non-metallic dowel 

connections in timber structures: 

- Models found for stiffness predictions of timber connections with composite 

dowels are inaccurate or empirically based. None of the models found seems 

suitable for accurate predictions of the slip of non-metallic connections comprising 

GFRP dowels. 

- Only a small number of studies of interlaminar shear failure prediction of dowels 

were found. The most significant development for interlaminar shear failure 

predictions of dowels was presented by Shanks and Walker (2009). However, their 

method includes the assumption that post-elastic hinges form at the location of the 

peak bending moment. Furthermore, there is an inconsistency of geometry, as the 

(European Yield Model) equation is based on a different shear span than the tests 

from which the model parameters were extracted. 

- No predictions or any experimental data were found of the creep behaviour of 

laterally loaded GFRP dowels in timber connections.  

- A very limited number of studies is found on mechano-sorptive creep of timber 

connections. It is not clear whether mechano-sorptive creep, due to short (daily) 

intervals of high or low relative humidity, would be significant for flitch plate 

connections. 

- Only two experimental studies of the embedment properties at elevated 

temperatures were found, which showed significantly different results. 

- Predictive structural models for non-metallic timber connections comprising GFRP 

dowels under fire conditions have never been made.  

- There is no knowledge found about the behaviour of laterally loaded GFRP dowels 

in timber connections at elevated temperatures or in a fire. 

The work presented in this thesis aimed to improve the current knowledge of the points 

listed above.  
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3 Modelling of deformation of dowel connections at 

ambient temperature 
In this chapter the connection slip of non-metallic dowel-type connections is predicted.  It is 

uncommon in structural timber engineering to calculate the stiffness of connections. 

However, Leijten (2011) concluded that stiffness requirements are not easily met in portal 

frame timber structures, using conventional connections with dowel-type fasteners. 

Stiffness predictions become increasingly more important, as the first high-rise timber 

structures have been built recently. The modelling of the deformation of connections, 

therefore, plays a significant role in this study. 

This chapter discusses models that are developed to predict the instant (time-independent) 

connection behaviour at room temperature. Firstly, a 3-dimensional (3-D) finite element 

(FE) model will be discussed to clarify the behaviour of the connection. Secondly a more 

simple but accurate 2-D numerical model is introduced. The predictive stiffness model of 

Thomson (2011) was used as a starting point for this model. The models discussed in this 

chapter require material properties. The results of material tests will be described in 

Chapter 4, so for now most material properties obtained from literature are used in this 

chapter.  

 Three-dimensional Finite Element Model 3.1
A non-linear three-dimensional finite element analysis was performed to predict the 

connection stiffness and the connection load bearing capacity. The results were compared 

with experimental results reported by Thomson (2011). The goals of the analysis were to (a) 

study the behaviour of the connection in detail and (b) generate results that cannot be 

found with simpler models. The three-dimensional finite element analysis discussed was 

performed in ABAQUS version 6.10. Finite element models were made of dowelled 

connections loaded in the direction parallel and perpendicular to grain. The assembly, 

elements, element mesh and material properties of the models are discussed in the 

following sections. 

 Model Assembly 3.1.1
The model discussed in this section aims to determine the slip modulus and the load 

bearing capacity of a non-metallic flitch plate connection, comprising a single GFRP dowel 
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and a DVW flitch plate, in the parallel to grain direction. This dowel connection has two 

shear planes and has two planes of symmetry. Using symmetry, only a quarter of the joint 

(or half a shear plane) was modelled resulting in reduced computing time (or cost). The 

planes of symmetry are marked red in Figure 3-2 and Figure 3-3. These planes were defined 

in ABAQUS as boundary conditions in which out of plane translation and out of plane 

rotation were restrained. The boundary conditions shown in Figure 3-1 are a controlled 

displacement at the end of the DVW plate in the direction shown and a restrained 

displacement at the end of the timber (both coloured red). 

 
Figure 3-1: Boundary conditions, drawn in red, in force direction 

  
Figure 3-2: Plane of symmetry (shown in red) in the xy plane 
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Figure 3-3: Plane of symmetry (shown in red) in the yz plane 

 Properties of Douglas Fir 3.1.2
Thomson (2011) made experimental measurements of connection slip using Douglas Fir. 

Predictions of the finite element model were compared to the experimental work on 

Douglas Fir connections. 

For the analysis, timber properties for Coastal Douglas Fir were used as given by Bodig and 

Jayne (1993). Timber properties are generally given for each direction of the radial 

coordinate system as in Table 3-1. Since the location of the centre and the direction of the 

annual rings vary for each beam or lamella, there is no point in modelling with a radial 

coordinate system. In the numerical analysis the difference between the directions 

perpendicular to the grain was neglected and simply the average values of the 

perpendicular to grain directions were used. Therefore, the variables of Table 3-2 were 

implemented in ABAQUS.  

Table 3-1: Typical mechanical properties of Coastal Douglas Fir (extracted from Bodig and 
Jayne, 1993) 

 Modulus of elasticity 

(GPa) 

Shear modulus 

(GPa) 

Poisson’s ratio 

(-) 

 EL ER ET GRT GLT GLR νRT νLT νLR 

Coastal Douglas Fir 14.8 0.98 0.63 0.008 0.74 0.80 0.47 0.42 0.37 
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Table 3-2: Implemented mechanical properties of Coastal Douglas Fir 

 Modulus of elasticity 

(GPa) 

Shear modulus 

(GPa) 

Poisson’s ratio 

(-) 

 E11 E22 E33 G23 G13 G12 ν23 ν13 ν12 

Coastal Douglas Fir 14.8 0.81 0.81 0.008 0.77 0.77 0.47 0.40 0.40 

 

3.1.2.1 Hill yield criterion 
Describing plastic timber behaviour in the model is essential as the timber stresses around 

the dowel surpass the yield stress at relatively small loads (independent of the grain 

direction). A yield criterion for anisotropic plasticity was given by Hill (1950). The Hill yield 

criterion is based on the Von Mises yield criterion for isotropic materials and also has a 

stress potential: 

  

     
1

2 22 22 2 2
1 2 3 4 5 63 3 3

2

y z z x x y zx yz xya a a a a a        


            

      1 2 3 4 5 62 2 2 2
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a a a a a a
f f f f

        

 

 

Eq. 
1 

Where: 

σi is the axial stress in direction i; 

τij is the shear stress in plane i,j; 

fc,90 is the compressive yield stress in the direction perpendicular to the grain; 

fc,0 is the compressive yield stress in the direction parallel to the grain; 

fv is the shear yield stress. 

It is important to realise that yield criteria are empirical and that they include assumptions 

of the behaviour under tri-axial stresses. Using the Hill Yield Criterion, the yield stress can 

be defined per direction, but it is assumed that the material yields in tension and shear the 

same way as it yields in compression (e.g. perfectly plastic in every direction). As the dowel 

is loaded in parallel to grain direction, perfectly plastic (i.e. no strain hardening or 
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softening) behaviour is assumed. This assumption is supported by results from Fiorelli and 

Alves Dias (2003) and Santos et al. (2010) in which the stress strain curve corresponding to 

parallel to grain compression was practically elastic-perfectly plastic. In the direction 

perpendicular to grain, however, a long hardening process is occurring after the yield stress 

is exceeded, which can be seen, for example, in the test results of Santos et al. (2010) and 

Serrano and Enquist (2010). In tension, timber in general shows no plastic behaviour at all. 

Furthermore, the tensile strength of timber perpendicular to the grain is lower than the 

perpendicular to the grain compressive strength. Therefore, interpreting finite element 

results in which the Hill Yield Criterion is used to describe timber, requires close attention 

to the combination of stresses that cause the timber to yield. In timber tensile stresses and 

shear stresses and a combination of both can cause brittle failure. Therefore, the model will 

fail to predict tensile failure properly. 

The yield stresses of Douglas Fir are taken from Bodig and Jayne (1993): 24.9MPa for 

compression parallel to grain, fc,0 ; 6.36 MPa for compression perpendicular to grain, fc,90; 

and 3.17MPa for shear, fv. 

 Densified veneer wood 3.1.3
Densified veneer wood (DVW) is made of laminated beech veneer which is compressed at 

high pressure and temperature. The material is available in different densities and has 

extensively been tested by Leijten (1998). He concluded that cross-laminated densified 

veneer wood has almost isotropic behaviour in in-plane directions. A material density of 

1300kg/m3 results in high embedment strength (140MPa according to EN383), with a very 

low variability compared to timber. The in plane Young’s modulus and full stress strain 

relationship in compression were experimentally determined by Brandon and Leijten (2014) 

for DVW of 1300kg/m3. For the finite element analysis of this study the material properties 

of Brandon and Leijten (given in Table 3-3 and Table 3-4) were assumed. Table 3-4 gives the 

values for the plastic strain at certain stresses. The plastic strains at other stresses were 

linearly interpolated from Table 3-4 (e.g. at 90MPa the plastic strain was 0.002).  Figure 3-4 

shows the modelled elastic, plastic and total strain. 
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Table 3-3: Elastic properties of DVW (from Brandon and Leijten, 2014) 

E (GPa) ν (-) 

18.0  0.3 
 
 

Table 3-4: Post-yield properties of DVW (from Brandon and Leijten, 2014) 

Yield stress (MPa) Plastic strain (-) 

80 0 

100 0.004 

115 0.015 

122 0.038 

 

 
 
Figure 3-4: Modelled elastic strain, plastic strain and total strain of DVW (properties 
obtained from Brandon and Leijten (2014)) 

The in-plane tensile strength of 110MPa as reported by Leijten (1998) for DVW with a 

density of 1300kg/m3
, is used to check for tensile failure. In the model it is assumed that the 
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material is isotropic, meaning that the material also simulates yielding in tension if the 

stresses exceed 80MPa (Table 3-4). Therefore, the analysis loses accuracy if predicted 

tensile stresses in the DVW start to exceed 80MPa.  

 GFRP 3.1.4
The finite element analysis will be compared to the experimental results of Thomson 

(2011). Thomson used pultruded GFRP dowels with a polyester resin matrix, for which the 

Young’s modulus was determined to be 51.2GPa. However, no shear modulus was 

determined for his dowels. For the present study the shear modulus of GFRP dowels with a 

polyester resin was determined using torsion tests, as will be further described in Chapter 

4. In the finite element analysis, the shear modulus for the glass fibre reinforced polyester  

dowel of 2.74GPa, determined in Chapter 4, is assumed. Furthermore, the behaviour of the 

GFRP dowel is assumed to be linear elastic and isotropic. 

 Elements 3.1.5
Three-dimensional 8-node elements (with six faces) using reduced integration (C3D8R) are 

used to describe the behaviour of timber, DVW and GFRP. The displacements are 

determined in the 8 nodes. Reduced integration is adopted for these elements, meaning 

that the strain is estimated at the Gauss integration point(s). In the case of the 8-node 3-

dimensional element there is only one integration point at the centre of the element.  

 Element mesh 3.1.6
The finite element analysis approximates a displacement field (the displacement 

throughout the structure) at a number of nodes. Strains and stresses are determined in 

each element from the approximate displacements and can show discontinuities, meaning 

that stresses and strains determined in neighbouring (integration) points can be very 

different. The strain field in reality is continuous, meaning that discontinuities in the finite 

element stress or strain results indicate errors. These discontinuities can be kept small by 

increasing the number of nodes in which the displacement is approximated. Therefore, the 

accuracy of the model can be increased by refining the mesh where stress peaks are 

expected.  A too fine mesh can, however, result in rounding errors and long calculation 

times.  

Stress peaks are expected in all materials at the shear plane of the connection. It is also 

expected that the stresses in the timber and the DVW flitch plate are largest around the 
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dowel. Therefore, the chosen element mesh is finer around the dowel and is finest near the 

shear plane of the connection (see Figure 3-5). 

 

 

Figure 3-5:  Element mesh of Finite element model, comprising flitch plate, dowel and 
timber 

Later in this chapter it will be explained that a plane cross section of the dowel does not 

necessarily remain plane when loaded. To show this change of shape, the dowel requires a 

certain number of elements in the radial direction. The dowel therefore has a finer mesh 

than the other parts of the assembly. The element mesh of the dowel is also finer at the 

shear plane.  In the DVW, the elements are thinner where the plastic deformation is 

expected. 

 

 Contact interface 3.1.7
Elements connect nodes using a set of linear equations to describe the relationship 

between nodal forces and displacements. However, in the finite element assembly of this 

study there are three objects (parts) where the nodes are not inter-connected. For 

example, no node in the dowel is connected to a node in the timber. Without some 
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interaction between these nodes, parts are allowed to move freely through each other. 

ABAQUS offers the option to use a master-slave contact interaction where a master and 

slave surface must be defined. The nodes of the slave surface are not allowed to penetrate 

the elements of the master surface, but the nodes of the master surface are allowed to 

penetrate the slave surface. Therefore, the slave surface should be chosen as the surface 

with the finest mesh to avoid inaccurate results. The contact interaction requires an 

iterative procedure. For example, consider a node in the dowel surface that is moving 

through the surface of the timber. In the initial step the node has to be moved through the 

surface in order to calculate the reaction of the timber surface on the node. Iteratively 

there has to be found a position of the node in which the node is “exactly” on the timber 

surface and there is equilibrium of reaction forces. However, this iteration often does not 

converge if penetration of the master surface is not allowed. Therefore ABAQUS offers the 

use of a penalty stiffness, which allows the slave node to penetrate the master surface to a 

certain extent. The surface then acts as a foundation with a defined stiffness. The penalty 

stiffness is for this study taken equal to 10 times the stiffness of the material of the master 

surface as recommended by the ABAQUS 6.10 user’s manual (SIMULIA, 2010). 

 Quality control 3.1.8
Finite element software such as Abaqus can be useful and attractive. However, many 

possible mistakes can be made without any warning in the final results. Therefore, a 

number of checks are performed to control the accuracy of the results of the finite element 

model: 

- Equilibrium check of the total model: the action force must be equal to the reaction 

force. 

- Discontinuity check: in regions where stress results are important the 

discontinuities should be kept small. 

- Contact/interaction check: materials can flow into each other up to a certain level. 

The behaviour of the contact surfaces should look realistic, also if the deformations are 

magnified. 

- Benchmark tests: simple models were generated to check the behaviour of the 

materials, elements and contacts. 
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 Results of 3D FE model 3.1.9
To give insight into the discontinuity, the figures concerning finite element results are given 

as non-averaged (actual) results with a continuous colour spectrum. A white to black 

spectrum, for example, means that an integration point with a certain calculated stress 

value is shown darker than all integration points with lower stress values. As mentioned 

before the elements have only one integration point and one stress and strain value per 

calculation (Gauss integration point). All the elements shown in the figures of this section 

therefore only have one colour. As no averaging is implemented, the fluency of the colours 

in the figures gives an indication of the continuity and accuracy of the results. 

 

Figure 3-6:  Shear stress τ13 at a 2.49kN connection load (deformations multiplied by 30, 
values given in MPa) 

Figure 3-6 shows the shear stress τ13 in the longitudinal section of the dowel when the 

connection is loaded at a 2.5kN connection load. As the model simulates only a quarter of 

the connection the load applied in the model is a quarter of the connection load. For the 

dowel, directions 1 and 3 are the longitudinal (horizontal) direction and the radial (vertical) 

direction respectively. From the figure it can be concluded that the discontinuities in the 

dowel are relatively small, since the colour gradient is fluent (with non-averaged results). 

The highest discontinuities are seen at the top and bottom of the dowel near the shear 

plane. The values of stress at the very top and bottom are supposed to be zero, while the 

elements experience a small positive stress. This is because the stresses are only calculated 

in the centre of the element and not at the very top or bottom due to reduced integration. 

The stress levels at these points are of minor significance compared to the (maximum) 

stress levels halfway across the width of the dowel. Significantly less discontinuity is seen in 



Chapter 3. Modelling of deformation of dowel connections at ambient 
temperature 
 

78 
 

the area of the maximum stress since the stress levels of adjacent elements are 

comparable. In the analysis, shear failure was considered to take place at the moment the 

maximum shear stress in the section surpasses the shear strength. 

In Figure 3-6 the deformations are depicted magnified to 30 times the calculated 

deformations. From the exaggerated deformation the interaction between contact surfaces 

can be checked. As mentioned before, to avoid convergence problems the surface nodes 

were, to a certain extent, allowed to penetrate adjacent surfaces. These imperfect 

interactions can be judged when the deformations are exaggerated. The figure shows 

imperfections of the contact interaction near the corners of the timber and DVW materials. 

These imperfections only became visible after significant plastic deformations and are not 

considered significant for the determination of the initial stiffness. From the figure it can 

also be noticed that the dowel cross-section is warped. The cross-section rotates more 

where the shear stress is higher.   

  

Figure 3-7:  Perpendicular to grain stress σ22 at a 2.49kN connection load (values given in 
MPa) 

The discontinuities of the stress results in the timber are relatively higher and of more 

concern than the discontinuities in the dowel. Figure 3-7 shows the axial stresses in the 

perpendicular to the grain direction in the timber surface at the shear plane, where the 

stresses in the timber are highest. A finer mesh would result in less discontinuity and it 

would likely result in even higher stresses. Three-dimensional finite element analyses 

refining a mesh require significantly more calculation time. Doubling the amount of 

elements in all three dimensions would lead to a required calculation time which is eight 

times longer. Therefore, there is a practical limit to the size of the elements. Despite the 
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discontinuities, conclusions can be drawn. The tensile stress peak perpendicular to the 

grain shown in Figure 3-6 is already worrying. Refining the mesh would only make the stress 

peak higher and would lead to the same problem. The combination of stresses in the 

indicated location of Figure 3-7 comprises compression parallel to the grain, tension 

perpendicular to the grain and shear. According to the results this element starts to yield 

before the connection load reaches 1kN (see Figure 3-8). As mentioned before, the applied 

yield criterion is not suitable for tensile failure perpendicular to the grain. In tension, 

yielding does not describe the correct behaviour of timber. Instead of yielding, local 

damaging/softening of a material should be taken into account for more accurate 

predictions. A fracture mechanics analysis is required to model the local fractures properly. 

However, as will be discussed in the next subsection it is considered out of the scope of this 

thesis. 

 

Figure 3-8:  Predicted and experimental load-slip curves 

Figure 3-8 shows the connection load slip curve of Thomson’s (2011) experiments and the 

results of the presented finite element model. It can clearly be seen that the finite element 

model overestimates the stiffness and that the model predicts (unrealistic) yielding at an 

early stage of the analysis. Furthermore it can be seen that the shear capacity of the dowel 
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is significantly underestimated as well. The finite element model presented here requires 

many input parameters, but provides poor accuracy. Methods requiring considerably less 

calculation time, less material parameters and fewer assumptions will be presented later in 

this chapter and in Chapter 5. 

 Discussion of three-dimensional finite element analysis 3.1.10
The goal of modelling in this research is eventually to describe the viscoelastic behaviour 

and the behaviour at elevated temperatures of DVW flitch plate connections with GFRP 

dowels. The finite element analysis discussed, is a complicated and time consuming way to 

predict the connection stiffness and load bearing capacity with a questionable accuracy. 

More researchers have struggled to predict the connection stiffness of dowel type timber 

connections using finite element analysis (e.g. Schmidt and Miller, 2004) ; Hong and Barrett, 

2010). Hong and Barrett applied different (softer) material properties around the dowel 

instead of timber in their three-dimensional finite element analysis in order to obtain 

accurate results. Their material properties were fitted to results of timber embedment 

tests.  

A reason why the dowel embedment behaviour is difficult to model is suggested in this 

section. Figure 3-9 consists of optical microscope images of timber adjacent to a dowel 

before loading (left) and after loading (right). The load applied was 40% of the ultimate 

embedment strength. It can be seen that the loaded timber experienced small fractures. 

Splitting of timber and buckling of the fibres occurred locally around the dowel.  

Modelling this behaviour in a three-dimensional finite element analysis requires either 

some curve fitting to experimental results and making assumptions about the response of 

materials or some complex fracture mechanical modelling of the timber at a very small 

scale. This complex model would then describe what is already well known from 

experimental studies, namely the embedment stiffness and the embedment strength of 

dowels into timber.  

It is tempting to assume that a more complex model results in higher accuracy. However, it 

is often the case that more assumptions are required. As a basis for predictions of fire 

performance and creep, more accurate methods than the three-dimensional finite element 

analysis are required for the strength and stiffness prediction. These should require fewer 

assumptions and preferably fewer material properties. These simpler methods are then 
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more easily and accurately implemented for time dependent and temperature dependent 

problems. A simplified stiffness model will be discussed in this chapter. A method to predict 

the strength will be discussed in Chapter 5. 

 
Figure 3-9: Timber fibres under the dowel before (left) and after (right) loading  

 Simplified model 3.2
A simplified model able to predict the slip of the connection is discussed in this section. An 

analytical prediction of the strength will be discussed in the next chapter. The first 

simplification is the use of experimentally determined embedment properties instead of 

the complex numerical simulation of these properties. These embedment properties are 

commonly used, e.g. for analytical methods in Eurocode 5 (BSI, 2004b), or in numerical 

models, for example Cachim and Franssen (2009) and Thomson (2011). In order to 

determine the embedment properties different standards tests are available. Commonly 

used standard embedment tests are described by the ASTM D5764 (ASTM Standards, 2002) 

and BS EN383 (BSI, 2007) standards. These tests aim to determine a relationship between 

the load and the embedment of the dowel into the timber. Details of different embedment 

test setups will be further discussed in Chapter 4. It should be mentioned that, using 

embedment stiffness to predict the slip of a connection the following is assumed: 
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- A Winkler foundation is adopted, meaning that the deformation of the foundation 

(or the timber) in one location is independent of the deformation of the foundation 

in another location. 

- The embedment is only dependent on the deformation of timber located around 

the dowel within a volume equal to or smaller than the timber embedment 

specimen from which the embedment stiffness is determined. 

As mentioned in the literature review Thomson’s (2011) predictive model for connection 

stiffness used the embedment stiffness of timber and DVW as a basis. Thomson’s model, 

which was described in more detail in Section 2.1.2, overestimated the stiffness measured 

in the experimental tests by 55 to 59%, partly due to the neglection of the gap in between 

the timber side members. 

In this chapter a different model is proposed that includes the dowel behaviour at the gap 

between the timber side members and includes non-linear (elastoplastic) behaviour of the 

timber. Other than accuracy there are a number of requirements for the model regarding 

predictions of connection behaviour at elevated temperatures or under fire conditions and 

in creep: 

- Material properties should locally adjust during the analysis to simulate 

weakening of materials in fire; 

- Elastic material models may be enhanced by the inclusion of viscoelastic 

(rheological) material models; 

As discussed in the literature review, creep is stress dependent. As the stress in the timber 

is not constant along the dowel it is essential that the model can include creep which is 

location-dependent. Discretising the model allows the adjustment of properties dependent 

on location. A model which is adjustable for non-linear behaviour is proposed. However, 

first the linear version will be discussed. 

Figure 3-10 shows a simplified model with a corresponding section through a (tested) 

connection. In the model the beam elements (straight lines) represent the dowel and the 

spring elements represent the timber and the DVW. The stiffness of the spring elements is 
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for this model derived from embedment test results. Symmetry is used to model only half 

of the connection. One symmetrical half is replaced by a boundary condition restraining 

rotation in the node at the axis of symmetry. This model can be adjusted by using beam 

elements corresponding to different theories and the springs can be adjusted to describe 

viscoelasticity, mechano-sorption or plastic behaviour. Also the number of elements is 

easily adjustable. The deformation of the dowel is higher near the shear plane and there is 

a stress peak in the timber near the shear plane if the connection is loaded. This suggests a 

higher number of elements near the shear plane will improve the accuracy. The number of 

elements could, therefore, be locally increased around the shear plane to efficiently 

increase accuracy. However, in a fire, heat enters the timber via the exposed surface, 

changing the properties of the timber locally near the surface. This suggests that the 

number of elements near the surface should be increased as well. Therefore, it is chosen to 

evenly distribute the spring elements over the thickness of the side member. The model is 

considered to have sufficient elements if an analysis comprising half of the applied beam 

elements leads to a maximum displacement that differs less than 1%. 

 
Figure 3-10: Section of tested connection (above) and corresponding two-dimensional 
model (below) 
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Figure 3-11: Assumed deformation of the cross-section according to different beam 
theories 

The application of Euler-Bernoulli and Timoshenko beam theories was considered to 

describe the behaviour of the dowel. The principal assumptions of these theories are 

shown in Figure 3-11 and will be discussed next. 

 Bernoulli beam theory 3.2.1
The Bernoulli beam theory is generally used for calculation of beams in structural 

engineering. The theory can, therefore, be found in many text books (e.g. Gere, 2004). In 

this sub-section the differential equations and the corresponding numerical matrix 

equation are discussed to clarify the way the numerical model of this section (Figure 3-10) 

works. 

The Bernoulli beam theory assumes that plane cross sections of a beam stay plane and 

perpendicular to the midline of the beam (see Figure 3-11a). It can, therefore, be said that 

the slope of the midline ‘dw/dx’ at any cross-section is equal to the rotation ‘ϕ’ of the cross 

section:  

dw
dx

  Eq. 3-2 
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Using Eq. 3-2, the generally known beam equations can be determined. The beam 

equations can be found in many textbooks, but two examples of beam equation derivations 

are given here in order to derive the beam matrix equation.  

 

Figure 3-12: Cantilever beam with lateral load at the beam end 

Consider a cantilever beam of length L with a lateral load P at the end (Figure 3-12). The 

first derivative of the deflection (dw/dx) is the slope of the beam and the second derivative 

of the deflection is the change of slope, i.e. the curvature. In the Bernoulli beam theory 

curvature has a direct relationship with the bending moment. The differential equation 

giving the relationship between bending moment and displacement is: 

2

2

d wM EI EI
dx

     Eq. 3-3 

Where: 

I is the second moment of area 

E is the flexural modulus 

κ is the curvature of the beam 

In the cantilever beam of Figure 3-12 the bending moment can be written as a function of x: 

         ( )M x Px   Eq. 3-4 
 

Where x and P are shown in Figure 3-12.  

Substituting Eq. 3-4 in Eq. 3-3 and solving to curvature gives: 

         

2

2

d w Px
dx EI

  
Eq. 3-5 
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Integrating twice gives (shown in two steps): 

         

2

12
dw Px C
dx EI

     
Eq. 3-6 

 

         

3

1 26
Pxw C x C
EI

    
Eq. 3-7 

 

The boundary conditions can be used to determine C1 and C2, as w=0 and ϕ=0 at x=L.  

         

2

1 2
PLC
EI

   
Eq. 3-8 

 

         

3

2 3
PLC
EI

   
Eq. 3-9 

 

The beam equations give the displacement and rotations at the end of the beam where 

x=0: 

         

2

2
PL
EI

    
Eq. 3-10 

 

         

3

3
PLw
EI

   
Eq. 3-11 

 

In this study a number of finite beam elements will be used to predict the behaviour of the 

dowel. A stiffness matrix of the finite beam element is required for this. The goal of the 

finite element stiffness matrix is to describe the linear relationships between a lateral load 

or bending moment and the displacement and rotation at the beam end. The beam 

equation for a lateral load is already discussed. The derivation of the beam equation for a 

beam subjected to a bending moment at the end will be discussed next. By integrating Eq. 

3-3 twice, using the boundary conditions (w=0 and ϕ=0 at x=L) we get for x=0: 

ML
EI

   Eq. 3-12 
 

2

2
MLw

EI
  

Eq. 3-13 
 

 

The matrix equation for the Bernoulli beam theory can be found in many textbooks but is 

explained here in order to clarify the numerical model of this study, starting from the basic 

principles.  
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The direct stiffness method can be used to determine the matrix equation from beam 

equations. This method considers the four situations shown in Figure 3-13 one by one. In 

each situation one degree of freedom is non-zero (for example w1 = 1) and the other 

degrees of freedom are zero. This way a linear relationship can be determined between the 

non-zero degree of freedom and the force field (lateral forces and bending moments). This 

relationship is determined for each degree of freedom in the same way. Therefore, only a 

first example is discussed. 

 

Figure 3-13: Deformed beams for the unit displacement method 

Using the beam equations the degrees of freedom can be determined using: 

         

3 2
1 1

1 3 2
PL M Lw
EI EI

   
Eq. 3-14 

 

         

2
1 1

1 2
PL M L

EI EI
     

Eq. 3-15 
 

         

3 2
2 2

2 3 2
P L M Lw

EI EI
   

Eq. 3-16 
 

         

2
2 2

2 2
P L M L

EI EI
     

Eq. 3-17 
 

Where subscripts 1 and 2 correspond to the two beam ends. 

Consider the situation of Figure 3-13a where w1= 1 and the other degrees of freedom are 

equal to zero. As equilibrium is required, the following equations can be used to solve the 

unknown forces and bending moments: 

         1 20 0P P P     Eq. 3-18 
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         1 2 20 0M M M P L       Eq. 3-19 
 

         

3 2
1 1

1 1 1
3 2
PL M Lw
EI EI

     
Eq. 3-20 

 

         

2
1 1

1 0 0
2
PL M L

EI EI
      

Eq. 3-21 
 

There are four equations and four unknowns in this system of equations. The unknowns 

are, therefore solvable. The solutions are: 

         1 3

12EIP
L

  Eq. 3-22 
 

         1 2

6EIM
L

  
Eq. 3-23 

 

         2 3

12EIP
L


  Eq. 3-24 

 

         2 2

6EIM
L

  
Eq. 3-25 

 

Eq. 3-22 to Eq. 3-25 give the forces required to deform the beam as shown in Figure 3-13a. 

If the displacement w1 is doubled the forces have to be doubled as well, as linearity has to 

be assumed for a finite element stiffness matrix. These equations therefore give the linear 

relationship between the forces (force field) and displacement w1. The relationships 

between the force field and other degrees of freedom (Figure 3-13b-d) can be derived in 

the same fashion and are not further explained here. 

If the relationship between the force field and all degrees of freedom (of the displacement 

field) are determined the following matrix equation can be written: 

        

2 2

1 1

1 1

2 2
2 2

2 2

12 6 12 6

6 64 2

12 6 12 6

6 62 4

L L L L
w P

MEI L L
w PL

L L L L M

L L





  
                   

      
        

 
 

 

 Eq. 3-26 
 



Chapter 3. Modelling of deformation of dowel connections at ambient 
temperature 
 

89 
 

The elements of the first row and the first column of the matrix can be recognised from Eq. 

3-22 to Eq. 3-25 as they gave the relationship between w1 and the force field (or vector). 

Matrix Eq. 3-26 can also be written as: 

           K d F  Eq. 3-27 
 

Where: 

[K]  is the stiffness matrix  

{d}  is the displacement vector 

{F}  is the force vector 

Eq. 3-27 is the general matrix equation that is solved in finite element analyses. Using a 

finite element method displacements are solved corresponding to forces or vice versa. The 

stiffness matrix [K] corresponding to the Bernoulli beam is found:  

       

2 2

2 2

12 6 12 6

6 64 2

12 6 12 6

6 62 4

Bernoulli

L L L L

EI L LK
L

L L L L

L L

  
 
  

  
   
 
 

 
 

 Eq. 3-28 
 

For beam elements, the stiffness matrix simply gives a linear relationship between the 

action forces and the rotation and displacement at the end of the beam. Doubling a force 

or a bending moment will simply lead to a doubled displacement and rotation. 

Displacements and rotations caused by a combination of forces and bending moments are 

simply calculated as the sum of the displacements and the sum of the rotations by these 

forces and moments.  

 Timoshenko beam theory 3.2.2
In the Timoshenko beam theory it is assumed that plane cross sections remain plane, but 

not necessarily perpendicular to the midline. The rotation of the plane around the midline 

is caused by a shear stress which is assumed to be constant over the height of the beam 

(Figure 3-11b). The shear stresses in a real beam are however known to be zero at the top 
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and bottom of the beam. Many studies have been published on the calculation of a shear 

correction factor k that compensates for this assumption. The calculation of this factor is, 

however, not straightforward and more than one possible value for the shear correction 

factor can be found (Dong et al., 2010). In the Timoshenko beam theory, the slope of the 

midline minus the rotation caused by shear strain γ is equal to the rotation of the cross 

section (Timoshenko and Young, 1962):  

dw
dx

    
Eq. 3-29 

 

The bending moment can be calculated with: 

dM EI
dx


   
Eq. 3-30 

 

If Eq. 3-30 is compared to Eq. 3-3 of the Bernoulli beam theory it can be seen that the 

rotation of the section ϕ of the Timoshenko beam theory should be the same as the slope 

of the midline dw/dx of the Bernoulli beam theory. In the Timoshenko beam theory the 

slope of the midline dw/dx is increased when the shear strain γ is increased. Remarkably, 

the angle of the section ϕ is equal for the two beam theories, as it is solely dependent on 

the bending moment and not on the shear force. 

As mentioned, Timoshenko assumed that the shear stress τ in a cross-section was constant, 

which can be calculated by: 

      

V
kA

   Eq. 3-31 
 

Where: 

V  is the shear force 

k is a shear correction factor 

A is the cross sectional area 

The relationship between shear stress and shear strain is given by the shear modulus. For 

small displacements this relationship is: 

         G   Eq. 3-32 
 

Substituting Eq. 3-32 in Eq. 3-31 gives: 
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V

kAG
   Eq. 3-33 

 

The beam equations can now be determined in the same fashion as for the Bernoulli beam 

theory. If there would be no shear force, V=P1=P2=0, there would be no shear strain γ and 

Eq. 3-29 would be equal to Eq. 3-2. The beam equations which solely consider bending 

moments and no lateral load are, therefore, similar to the beam equations of the Bernoulli 

beam theory (Eq. 3-12, Eq. 3-13). The Timoshenko beam equations corresponding to a 

lateral load can be found in the literature (Timoshenko and Young, 1962). For clarity, the 

derivation of this equation from the previous equations is given here. 

Consider the cantilever beam of Figure 3-12, now for the Timoshenko beam theory. The 

bending moment is independent of the beam theory and can be calculated using Eq. 3-4. 

Eq. 3-4 can be substituted in Eq. 3-30: 

         
dPx EI
dx


    Eq. 3-34 
 

In Eq. 3-29 the only unknown is ϕ, which can be determined by integrating Eq. 3-34: 

         

2

12
Px C
EI

    
Eq. 3-35 

 

C1 can be found using the boundary condition: at x=L, ϕ=0. 

         

2

1 2
PLC
EI

   
Eq. 3-36 

 

Substituting Eq. 3-33, Eq. 3-36 and Eq. 3-35 in Eq. 3-29 gives: 

         

2 2

2 2
dw P Px PL
dx kAG EI EI


    

Eq. 3-37 
 

The deflection of the beam can be determined by integrating the last equation: 

         

3 2

26 2
Px Px PL xw C

kAG EI EI
      

Eq. 3-38 
 

Where C2 can be determined using the boundary condition: at x=L, w=0: 

         

3

2 3
PL PLC

kAG EI
   

Eq. 3-39 
 

The Timoshenko beam equation should determine the deflection at the end of the beam 

for it to be suitable for a stiffness matrix. So at x=0 the deflection can be calculated as: 
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3

3
PL PLw

kAG EI
   

Eq. 3-40 
 

 

Now all beam equations are known to formulate the stiffness matrix corresponding to 

Timoshenko beams. This can be done in the same fashion as shown for the Bernoulli beam 

and is, therefore, not explained here. The Timoshenko beam stiffness matrix is given below: 

 

         

2 2

2 2

12 6 12 6

6 64 2

12 6 12 6(1 )

6 62 4

Timoshenko

L L L L

EI L LK
L

L L L L

L L

  
 
    

      
 
 

   
 

 Eq. 3-41 
 

Where: 

         
212 / ( )sEI GA L   Eq. 3-42 

 

 

A physical model shown in Figure 3-14 represents the Timoshenko beam theory in which 

plane sections remain plane but do not necessarily stay perpendicular to the mid-line. 

These plane sections are represented by the white laths in the model. The transparent 

tubes provide axial and bending stiffness and have the same function as glass fibres in 

unidirectional composites. The physical model was initially straight and had laths 

perpendicular to the tubes. A shear load in the physical model resulted in the deformation 

that can be seen in Figure 3-14. The clear resemblance with Figure 3-15 of Thomson’s 

(2011) three-point bending tests suggests that the Timoshenko beam theory is able to 

describe shear deformation appropriately.  
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Figure 3-14: Loaded physical model corresponding to the Timoshenko Beam Theory 

 

Figure 3-15: GFRP dowel three-point bending tests (Thomson, 2011) 

 Spring element 3.2.3
The structural model discussed in this section comprised of beam and spring elements 

(Figure 3-10). The matrix equations for beam elements were discussed in the previous 

section. The stiffness matrix of linear elastic springs can be found in most finite element 
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text books (e.g. Oñate, 2009) and is very straightforward as the relationship between the 

forces and the displacements can be given by the spring stiffness K: 

         spring

K K
K

K K
 

   
 Eq. 3-43 

 

A spring has one degree of freedom in two nodes, which is axial displacement.  

 Finite element analysis 3.2.4
As discussed, the structure has to be discretised for a number of reasons. One reason is for 

example, the material properties can be adjusted locally for a non-linear analysis. 

Furthermore, using the beam on springs model (Figure 3-10), a high number of springs 

would result in a good approximation of a beam on a Winkler foundation.  

As shown, Eq. 3-26 is a matrix equation giving the relationship between the displacement of 

the end nodes and the forces at the end nodes. This equation was shortened and written as 

Eq. 3-27, which is repeated here: 

[ ]{ } { }K d F  

The stiffness matrices [K] corresponding to the Bernoulli and Timoshenko beam theories 

can be used to describe beams loaded at the ends. However, to describe behaviour caused 

by loads in other locations (for example a lateral load at the centre of the beam), the 

displacement and forces should be related in other locations as well. In other words, the 

displacement vector and force vector should be larger than previously shown. The beam is 

discretised in beam elements of a finite size that are connected in nodes. Connected beam 

elements should describe the same displacement, rotation and nodal force and bending 

moment in a coinciding node. Nodal forces and displacements then can be related using a 

global stiffness matrix using the direct stiffness method (Chandrupatla and Belegundu, 

2002). An example is given for a beam modelled using two Bernoulli beam stiffness 

matrices in Figure 3-16. 
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Figure 3-16: Finite element matrix equation for a model with two Bernoulli beam 
elements 

Using the direct stiffness method a global stiffness matrix can be assembled using element 

stiffness matrices as shown in Figure 3-16. Proof of this can be found in most finite element 

text books (e.g. Chandrupatla and Belegundu, 2002), but is not further discussed here.  

Boundary conditions are needed to solve the system of linear equations (or the matrix 

equation) as there are too many unknowns. These boundary conditions can be substituted 

in the matrix equation. For example, if the matrix equation of Figure 3-16 describes a 

cantilever beam that is fixed in the first node, the displacement and rotation have to be 

restrained at that node. The boundary conditions w1=0 and ϕ1=0 can be substituted in the 

matrix equation. In the matrix calculation, the matrix-elements of the first two columns of 

the global stiffness matrix are multiplied by w1 and ϕ1. As the values of these are zero, the 

first two columns and rows can be eliminated along with the corresponding displacements 

and forces. The remaining stiffness matrix is then a 4 x 4 matrix instead of a 6 x 6 matrix and 

the vectors have a size of 1 x 4 elements. This matrix equation can be solved. 

The present model is made using Matlab v7.11.0, but can be made with many other 

computational software. The implementation of a linear-elastic numerical (finite element) 

model in Matlab will be discussed next. A non-linear elastic plastic model using Matlab will 

be discussed afterwards. 

 



Chapter 3. Modelling of deformation of dowel connections at ambient 
temperature 
 

96 
 

 Finite element implementation in Matlab 3.2.5
In Matlab the global stiffness matrix is formulated from the element stiffness matrix. For 

high efficiency of the calculations the matrix is built up diagonally, resulting in a band 

matrix. It is important that the number of elements and nodes is easily adjustable in order 

to check if the structure is discretised appropriately. Therefore, the number of beam 

elements embedding in the timber nt and the number of beam elements at the gap ng 

should be variable. In Matlab the global stiffness matrix is built up using loops, which repeat 

an action a number of times defined by the user. The Matlab code and a corresponding 

explanation are shown in Appendix A. 

 Non-linear analysis 3.2.6
All previous research on non-metallic timber connections comprising GFRP dowels 

(Pedersen, 2002; Drake, 2003; Thomson, 2011) showed approximately linear elastic 

connection behaviour until shear failure of the dowel occurred. This suggests that a linear 

model would be sufficient to describe the connection behaviour. However, embedded 

timber can show large plastic deformation, which can be essential especially for a fire 

model in which reduced embedment strength at elevated temperatures has to be taken 

into account.  

 

Figure 3-17: Implemented iteration process 
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In a non-linear analysis normally the load or the displacement is increased in increments. A 

tangent stiffness matrix can then be determined based on the strains calculated in the 

previous increment. However, in the model presented in this section the reaction force of 

the springs can be directly determined from the node displacements. The iteration 

procedure used in this study is schematised in Figure 3-17. In case the reaction force of the 

spring resulting from a calculation exceeds the yield load, the secant stiffness is 

overestimated and should be adjusted. Since the node displacement always increases if the 

secant spring stiffness is reduced, it is chosen to reduce the spring stiffness so that the yield 

displacement of the new iteration equals the displacement of the previous iteration. This 

way the secant spring stiffness is always overestimated and never underestimated. 

However, after a certain number of iterations a high accuracy can be achieved. This 

iterative procedure may not be as efficient as iterative procedures found in literature like 

the Newton-Raphson method (Reddy, 2004). However, this procedure never shows 

diversion and only requires one load increment.  

 Adaptive element mesh 3.2.7
It is important to realise that the finite element model gives only an approximation of the 

behaviour of a dowel on a Winkler foundation, as springs are not the same as a continuous 

foundation. Discretising the model is important to achieve high accuracy of this 

approximation. A criterion of the discretisation of the dowel was mentioned earlier, which 

stated that mesh is considered suitable if an analysis with half of the applied beam 

elements leads to a maximum displacement that differs by less than 1%. Using this criterion 

the analysis can be programmed to change the element mesh until the criterion is fulfilled. 

Therefore, if the criterion is not fulfilled, the number of elements is doubled and the 

analysis is run again. The Matlab code that corresponds to this is shown in Appendix C. 

 Results and discussion 3.3
As the material tests still have to be discussed in Chapter 4, for now material properties and 

the connection stiffness were taken (see Table 3-5) from Thomson’s (2011) work in which 

tests were performed using Douglas Fir. The shear modulus of the dowel was not 

determined. However, it was reported that GFRP dowels comprising a polyester resin were 

used. Torsion tests that will be discussed in Chapter 4 were used to determine the shear 

modulus of a dowel with a polyester resin. For comparative purposes it is, for now, 

assumed that the shear modulus of the previously tested dowels is equal to that of the 
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polyester dowels of this study and is 2.74GPa. For information about the torsion tests the 

reader is referred to Section 4.3.  

Table 3-5: Material properties for 12mm dowels (Thomson, 2011) 

 Mean (MPa) COV(%) Number of 
tests 

Embedment stiffness of Douglas Fir parallel 
to the grain 

125·101 13.4 5 

Embedment stiffness of Douglas Fir 
perpendicular to the grain 

321 12.1 5 

Ultimate embedment strength parallel to 
the grain 

31.0 10.6 5 

DVW-GFRP embedment stiffness 400·101 11.0 5 

GFRP flexural modulus 513·102 -* -* 

*One value of the modulus was determined by linear regression of results of independent 
tests 

Thomson (2011) performed a series of connection tests comprising one or three GFRP 

dowels, loaded parallel and perpendicular to the grain (Figure 3-18). The experimental 

results are here compared to the numerical models described in this chapter. The average 

deflection of all tested dowels (30 dowels loaded perpendicular to grain and 95 dowels 

parallel to grain) was estimated. Hereby, it was assumed that all connectors in one 

connection carry the same load. This assumption was confirmed by Thomson (2011), as his 

tested connections comprising three dowels had almost exactly three times the stiffness of 

connections comprising one dowel. By assuming the GFRP-DVW embedment stiffness of 

Table 3-5, the dowel deflection was estimated from Thomson’s connection stiffness results.  

The predicted dowel deflections of one symmetric half using different beam theories are 

shown in Figure 3-19 for connections loaded parallel to the grain and in Figure 3-20 for 

connections loaded perpendicular to the grain. The experimentally determined dowel 

deflection at the shear plane and Thomson’s numerical results are for comparative 

purposes included in the figure. The equilibrium of the action force and reaction force was 

checked and was satisfied in all models (except for Thomson’s model).  

The shear plane is located at 8mm from the symmetry plane and it can be seen that the 

Timoshenko beam theory corresponds better with the experimental results than the 

Bernoulli beam theory. The deflection at the shear plane according to the Timoshenko 

beam theory is 34% higher than the deflection according to the (non-shear deformable) 

Bernoulli beam theory for loads in the direction parallel to the grain. This indicates that 
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shear deformation of the dowel is significant and that a shear deformable beam theory is 

required for an accurate prediction of the connection stiffness. 

 

Figure 3-18: Tests of connections loaded perpendicular and parallel to the grain 

A disadvantage of the Timoshenko beam theory is that a contentious shear correction 

factor is required to compensate for the assumption of constant shear strain over height. 

Shear correction factors for circular cross sections found in literature (Dong et al. 2010), 

assuming a Poisson’s ratio of 0.3, range between 0.85 and 0.92. Figure 3-19 and Figure 3-20 

show predictions made using shear correction factors of 0.85 and 0.92. The difference of 

the predicted deflection is very small and can be considered insignificant for the purpose of 

this study.  

Much more recent than the Timoshenko beam theory, higher order beam theories were 

developed, that included warping of the cross section (Levinson, 1981; Heyliger and Reddy, 

1988). Higher order beam theories have the advantage that no shear correction factor is 
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required. However, the disadvantage of higher order beam theories is that they only hold 

for specific cross-sections. 

 

Figure 3-19: Predicted dowel deflection parallel to the grain and longitudinal section of a 
tested connection 

Higher order beam theories for circular cross sections (e.g. Huang et al. 2013) are scarce 

and no stiffness matrix formulations have been found. This may well be because the shear 

correction is less significant in circular cross sections than in rectangular cross sections or 

other cross sections with a large amount of material at the shear stress free edges. It was 

already seen that the shear correction factor does not significantly influence the results of 

this study in the range between 0.85 and 0.92. The advantage that higher order beam 

theories do not require this correction factor is, therefore, not important. For this reason 
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higher order beam theories are not considered in this thesis. However, predictions of 

connection behaviour using a higher order beam theory for rectangular cross sections were 

shown by the author in available work (Brandon et al., 2013). The Timoshenko beam theory 

using a shear correction factor of 0.88 is used further in this study. 

 

 

Figure 3-20: Predicted dowel deflection perpendicular to the grain 

Figure 3-21 shows the iteratively gained solutions using an adaptive mesh. As explained 

before the number of beam elements was doubled every iteration. The mesh is considered 

suitable if an analysis with half of the applied beam elements leads to a maximum 

displacement that differs by less than 1%. An analysis using 48 elements, of which two-

thirds represented the dowel at the timber and one-third represented the dowel at the 

flitch plate, was considered accurate according to the discretisation requirements of this 

study. In Figure 3-21 it can be seen that the predicted deflection almost does not change if 

the number of elements is doubled again, suggesting that the discretisation requirement 

leads to accurate results. 
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Figure 3-21: Predicted dowel deflection for different number of beam elements 

Figure 3-22 shows the predicted load slip relationship using linear and non-linear models 

with Timoshenko beams. It should be noted that the predicted connection slip is not similar 

to the predicted dowel deflection, because the slip includes the embedment of the GFRP 

dowel and the DVW flitch plate. The curves reported by Thomson (2011) as typical test 

results for connections with varying dowel spacing are shown in the figure for comparative 

purposes. It can be seen that the experimental behaviour is approximately linear elastic 

until a well-definable yield point, at which interlaminar shear failure of the dowel was 

reported. This indicates that these experiments can be modelled using a linear elastic 

model for loads lower than the dowel capacity. The results of the linear model confirm this. 

However, a slight non-linearity was seen in the behaviour of all three tested connections 

with 3 dowels before dowel failure occurred. This behaviour was not entirely correctly 

described by the non-linear analysis. A possible explanation is that the bi-linear 

representation of the embedment behaviour is a simplification of the true behaviour. 

Furthermore, the model assumed a perfect shear plane in which there was no gap between 

the timber and the flitch plate, which is an idealisation of the real connection.  
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* Experimental results from Thomson (2011) 
Figure 3-22: Calculated slip versus displacement experimental results 

The models are compared to a second series of tests (Thomson 2011) performed using 

Kerto-S laminated veneer lumber (LVL) loaded in the direction parallel to the grain. The 

tested connections (see Figure 3-23) consisted of two LVL side members of 48mm thick and 

a DVW flitch plate of 16mm thick. In these test series the dowel diameter was varied. The 

values of the embedment strength used for these predictions are determined according to 

Eurocode 5 for LVL with a density of 476kg/m3, which was the mean density of the tested 

LVL. No values for embedment stiffness of LVL are given by standards. Therefore for this 

study an experimentally determined mean embedment stiffness of 38.6N/mm3 for Kerto-S 

LVL was used for the predictions. The embedment tests used to determine this will be 

further discussed in Chapter 4. 

The predictions of the connection slip can be compared with the experimental results using 

Figure 3-24. In this figure it can be seen that the non-linear model predicts the behaviour 

well until the connection yields due to reported interlaminar shear failure of the dowel. 

Even though the maximum loads and the diameters of the dowels are significantly 

different, there is no clear sign of non-linearity in the connection behaviour until dowel 
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shear failure was observed. The test results indicate that there is no advantage of a non-

linear model compared to a linear model. However, in Chapter 7 it will be shown that the 

non-linearity of embedment behaviour can be significant for predictions of the connection 

behaviour in fires. 

 

Figure 3-23: Test setup for connections with varying dowel dimensions 

 
* Experimental results from Thomson (2011) 
Figure 3-24: Calculated slip versus displacement experimental results 
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The predictions made using the model start significantly deviating from the experimental 

results after shear failure of the dowel. It is, therefore, important to be able to predict the 

failure of the dowel. It was already shown that the three-dimensional finite element 

analysis presented in this chapter resulted in an underestimation of the shear capacity. In 

Chapter 5 novel purely analytical solutions will be given for the prediction of interlaminar 

shear failure of dowels in timber connections. These solutions will be given in the form of 

an equation that can be used as an extension of the Johansen yield equations. 

 Conclusions 3.4
In this chapter two different numerical models aiming to predict the connection stiffness 

were discussed. The first model was a three-dimensional finite element model. The second 

model was a two-dimensional model comprising beam and spring elements. Comparisons 

of the results with experiments from literature led to the following conclusions: 

 A three-dimensional finite element analysis that accurately describes the 

embedment of dowels requires either: the inclusion of fracture mechanics in 

order to predict local cracking and buckling of fibres; or empirical input 

parameters which are fitted to experimental results; 

 Two-dimensional finite element models that simplify the embedment 

behaviour as elastic or elastic-plastic can lead to significantly more accurate 

results using only a fraction of the calculation time compared to three-

dimensional models. 

Using the two-dimensional finite element model, linear and non-linear analyses were 

performed. The non-linear analysis took into account yielding of the timber. However, 

connections tested at ambient temperatures behaved linear elastic until interlaminar shear 

failure of the dowel occurred. Non-linear analysis was, therefore, unnecessary for 

predictions at ambient temperatures. However, to be able to predict embedment failure, 

which generally occurs in metallic connections under fire conditions (Carling, 1989), the 

non-linear analysis will be adopted in Chapter 7. 
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Beam elements corresponding to the (classical) Bernoulli beam theory were compared to 

beam elements corresponding to the shear deformable Timoshenko beam theory. This 

comparison led to the following conclusion: 

 Predictions made using the Timoshenko beam theory corresponded 

significantly better with experimental results than predictions made using the 

Bernoulli beam theory; 

 Predictions made using the Timoshenko beam theory showed 34% more dowel 

deflections in the direction parallel to the grain, indicating the significance of 

the inclusion of shear deformation. 

A disadvantage of the Timoshenko beam theory is the required inclusion of a contentious 

shear correction factor to compensate for the assumption that the shear strain is constant 

in the cross-section. However, different shear correction factors found in literature for 

beams with circular cross-sections resulted in an insignificant difference of dowel 

deflection. 
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4 Tests of connections and connection materials  
This thesis reports on research into a non-metallic connection that uses non-conventional 

connection materials. Not all mechanical properties of these materials are well known. 

Previous studies of material properties of DVW have been found (Leijten, 1998; Brandon 

and Leijten, 2014), but are scarce. Behaviour of GFRP is studied significantly more often. 

However, applications of pultruded GFRP loaded in shear are scarce and shear properties of 

GFRP are, therefore, scarce as well.  

The previous chapter showed a structural model using material parameters, which are not 

all known. These properties are determined at ambient and at elevated temperatures and 

reported in this chapter. Knowledge of the material properties at elevated temperatures 

allows prediction of the fire performance of the connection, using the material property 

reduction method (see the literature review Section 2.2.5). The model described in Section 

3.2 required the embedment strength and stiffness of the timber. It also used a stiffness 

that incorporated the embedment stiffness of the DVW flitch plate and the embedding 

stiffness of the GFRP dowel. Additionally, the GFRP shear modulus, shear strength, Young’s 

modulus and bending strength are required to model the behaviour of the dowel. Most 

tests were performed in an Instron 3111 convection oven which is fitted in different testing 

machines. The maximum temperature of this oven is 200°C. A small number of additional 

tests were performed at higher temperatures. These were performed at the University of 

Edinburgh, BRE Centre for Fire Safety Engineering, in an environmental chamber with a 

maximum temperature of 610°C.  

The timber used throughout testing was Kerto-S Laminated Veneer Lumber (LVL) and the 

tested flitch plate material was densified veneer wood (DVW) with a mean density of 1308 

kg/m3. 

 Embedment tests at ambient and elevated temperatures 4.1
Standard embedment tests were performed at ambient and elevated temperatures. 

Determining the embedment properties at elevated temperatures is part of an approach to 

determine material property reduction of a connection in a fire. Commonly used standard 

embedment tests are described by the ASTM D5764 (ASTM Standards, 2002) and BS EN383 

(BSI, 2007) standards (Figure 4-1). Important differences between the two standard tests 
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are the application of the loads and the geometry of the timber specimens. In accordance 

with BS EN383, a specimen consists of a steel dowel positioned in a drilled hole of a timber 

block. This test is referred to as a full-hole test, as the timber completely surrounds the 

dowel. ASTM D5764 offers a full-hole and a half-hole test. The half-hole test allows the load 

to be applied directly on top of the steel dowel, in contrast with the BS EN383 test. The BS 

EN383 and the ASTM D5764 full-hole test specimens have to be loaded at the dowel ends, 

which results in a bending and shear deformation of the dowel, requiring a correction of 

the raw test results. Santos et al. (2010) showed, with a large number of tests, that the raw 

test results (i.e. the relationship between load and embedment) of both tests are 

equivalent for parallel and perpendicular to grain specimens.  

 
Figure 4-1: Embedment tests according to ASTM D5764 
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A significant difference between the ASTM D5764 and BS EN383 standards is the 

determination of the embedment strength. In the ASTM D5764 the embedment strength is 

defined as the load at which the yield embedment is equal to five percent of the dowel 

diameter. Figure 4-2 shows that this strength value can be found by offsetting the elastic 

line by a distance of five percent of the dowel diameter. The load at which this line and the 

experimental curve intersect is then equal to the five percent offset embedment strength 

according to ASTM D5764. The EN383 code defines the embedment strength as the 

maximum embedment load before the dowel is embedded 5mm into the timber. 

Embedment strength determined in this manner is named the ultimate embedment 

strength in this thesis. 

The EN383 specifies different embedment stiffnesses, which are shown in Figure 4-2. The 

stiffness Ki is defined as the average slope of the experimental curve between 0% and 40% 

of the ultimate load. The stiffness Ks is defined as the average slope of the experimental 

curve between 10% and 40% of the ultimate load. Both stiffnesses will be used for 

predictions and the results will be compared further in this thesis. 

 

Figure 4-2: Strengths and stiffnesses according to BS EN383 and ASTM D5764 

In this study, half-hole embedment tests according to ASTM D5764 were performed. This 

test is chosen over the test described in BS EN383, because the specimens can more quickly 

adapt to the humidity and temperature of the environment as the distance between the 
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embedded material and the surrounding air is smaller. The specimen of the ASTM D5764 

test can also be positioned more quickly in a controlled testing environment than 

specimens of the BS EN 383 test.  

The tests to determine the embedment properties of timber at elevated temperatures 

were performed in an Instron 3111 convection oven that fitted in the testing machine. The 

test setup is shown in Figure 4-3. Three thermocouples were used to measure the 

temperature. One thermocouple was placed in a drilled hole in the steel fixture and one 

thermocouple was placed in a 25mm deep hole drilled from the top (20mm left of the 

centre) of an unloaded specimen. The specimen dimensions and loads were in agreement 

with ASTM D5764 for 12mm dowels. However, the specimens had a reduced thickness of 

20mm in order to achieve more homogeneous temperatures of the tested LVL. Five tests 

were performed at temperatures of 20°C, 60°C, 100°C; three tests were performed at 

140°C, 160°C, 200°C; and one test was performed in a different oven at 250°C.  

 

Figure 4-3: Embedment test at elevated temperatures 
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Prior to the test the oven and all steel parts were pre-heated until the required 

temperature ±3°C was measured in the steel fixture and the air. Subsequently, the loaded 

and unloaded specimens were positioned. The heating continued and the mechanical 

loading was initiated when the temperature measured in the unloaded sample, the air and 

the steel fixture was equal to the required temperature ±3°C. For all temperatures, the test 

was displacement controlled with a rate of 0.4mm/min for the parallel to the grain 

embedment tests and 1.0mm/min for the perpendicular to the grain embedment tests. The 

timber tested was laminated veneer lumber (LVL) Kerto-S and had an average density of 

508kg/m3 after being stored at a relative humidity of 60% for more than two months. The 

same test can be conducted for other timber based materials. However, this is out of the 

scope of the present work. 

 Results 4.1.1
The results of the embedment tests at elevated temperature are shown in Figure 4-4 and 

Figure 4-5. These figures each consist of two graphs showing the embedment properties 

versus the temperature of the test. Here the embedment properties are normalised against 

the average at 20°C. In addition to experimental results the average results are presented 

for the direction parallel and perpendicular to the grain. The thin bi-linear curve represents 

the material property reduction according to Eurocode 5 Annex B (BSI, 2004b). 

The samples were stored at 20°C and 60% relative humidity for at least two months prior to 

testing. The moisture content prior to the test was on average 10.9%, which was 

determined from the weight of the samples tested at 140°C and 160°C before and after 

testing. The moisture content of specimens tested at temperatures well over 100°C had to 

be zero during the test, since water transforms from liquid to gas at this temperature. 

Figure 4-5a and b show the stiffnesses Ki and Ks which are 32.8N/mm3 and 38.6N/mm3 on 

average at 20°C for the parallel to grain direction, respectively, and 13.8N/mm3 and 

15.8N/mm3 for the perpendicular to grain direction, respectively. Figure 4-4a and b show 

the normalised five percent offset embedment strength and the ultimate embedment 

strength. The average ultimate embedment strength at 20°C in the direction parallel to the 

grain was 30.1MPa and the average five percent offset embedment strength was 24.5MPa. 

In perpendicular to grain direction these strengths were 26.8 and 20.5MPa, respectively.  

 



Chapter 4. Tests of connections and connection materials  
 

112 
 

 

Figure 4-4: Embedment strength at elevated temperatures 
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Figure 4-5: Embedment stiffness at elevated temperatures 
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As the load was not applied instantly, viscoelasticity has an influence on the determined 

properties. Heat and moisture both encourage viscoelastic behaviour (softening and 

weakening) of timber (Morlier, 1994). It is, therefore, possible that a completely dry 

specimen at temperatures exceeding 100°C showed less viscoelastic deformations than a 

specimen below 100°C with a certain moisture content. As the tests were 

embedment/displacement controlled at a constant temperature, the specimens close to 

but below 100°C could have shown more relaxation than the specimens above 100°C. This 

is a possible explanation for the decreased embedment properties between 20 and 100°C 

and the increased embedment properties between 100°C and 140°C. If this explanation is 

correct, similar experiments comprising completely dry specimens should show a smaller 

property decrease between 20 and 100°C and should not show a property increase 

between 100 and 140°C. However, these tests are not discussed in this thesis and are 

recommended for further research.  

A consequence of the suspected time and moisture dependence can be that the 

temperature dependent material property reduction method is oversimplified, as it does 

not take into account time and moisture dependency. However, the inclusion of moisture, 

time and temperature dependency would result in a very complex model. Therefore, this is 

left out of the scope of this thesis. In Section 7.5 it will be shown that a model which 

includes temperature dependency, but ignores time and moisture dependency leads to 

accurate time to failure predictions of connections at elevated temperatures. 

The strong decrease of embedment properties at temperatures higher that 160°C is caused 

by the decomposition of the wood. Hemicellulose, which is one of the three main 

constituents of wood, rapidly decomposes at temperatures around 200°C (Yang et al., 

2007). This is followed by the decomposition of cellulose, another main constituent, around 

300°C (Yang et al., 2007). 

The normalised stiffness and strength curves of Figure 4-4 and 4-5 are very similar, 

indicating that a single general normalised embedment property reduction curve can be 

implemented for embedment stiffness and strength in the directions parallel and 

perpendicular to grain. The material property reduction curve given in Eurocode 5 does not 

correspond well to the experimental results and seems to be very conservative. It should be 

noted that the reduction coefficients of Eurocode 5 are meant for unidirectional parallel or 

perpendicular to grain strength and stiffness. As shown in Section 3.1.10 with microscopic 
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pictures, the embedment strength and stiffness are not only dependent on the 

unidirectional material properties. Dowel embedment also depends on the shear and 

timber fracture around the dowel (splitting between the fibres and buckling of the fibres). 

 

 GFRP Torsion tests at ambient and elevated temperatures 4.2
In Section 3.3 it became clear that shear deformation of the dowel plays an important role 

in the behaviour of the connection. It is also known that shear failure of the dowel is a 

regularly occurring failure mechanism in connection tests. Therefore, knowledge of the 

shear modulus and the shear strength of the dowel is important for predictions of 

connection behaviour.  

Shear properties of orthotropic materials can be given in three planes and shear properties 

of transversely isotropic materials can be given in two planes. For predictions of the shear 

deformation of the transversely isotropic GFRP dowel, the shear properties in identical 

planes 1,2 or 1,3 are required. Where 1 is the direction along the fibres and 2 and 3 are the 

orthogonal directions perpendicular to the fibres.  

Determining shear properties is not straight forward since the required absence of bending 

moments is hard to achieve. The Iosipescu shear test (Figure 4-6) is a generally accepted 

test. The original test (Iosipescu, 1967) was applied for metals and had a v-notch angle α of 

45°. The v-notch homogenises the shear stresses in the centre cross section. At the same 

location the bending moment is zero as the boundary conditions and acting forces are point 

symmetric. For orthotropic materials such as GFRP the v-notch angle of 45° introduces a 

less homogeneous stress distribution, and different v-notch angles have been proposed 

(e.g. Melin and Neumeister, 2006). The region from which the shear properties is 

determined is, however, very small and a large number of test samples would be needed to 

determine the average behaviour of materials with high variability or low homogeneity. The 

test also requires a sample depth of 19mm (in this case perpendicular to the fibres), which 

could not be made from the available dowels. A torsion test is less commonly performed 

but allows to determine the shear properties in the 1,2 or 1,3 plane of a larger volume of 

material than the Iosipescu test. Furthermore, the cylindrical shape of the dowel is ideal for 

performing torsion tests. Therefore, it is chosen to perform torsion tests in order to 

determine the shear properties of the dowel. 
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Figure 4-6: Iosipescu shear test setup 

The torsion test setup is shown in Figure 4-7. Torsion is applied to the GFRP by the actuator 

of a torsion testing machine through the upper fixture. The lower fixture is allowed to 

translate upwards, but rotation is restrained by L-shaped steel profiles that are fixed to the 

base but not attached to the fixture. This prevents axial stresses from influencing the test 

results. The torque and angle of twist are measured by the testing machine. Since the steel 

clamps are not infinitely stiff, the effective tested length of the dowel is equal to the 

distance between the clamps plus an additional clamping length. This additional length can 

be determined by testing rods of two different lengths. However, from the small variability 

found in the results of different lengths it appeared that this length must be negligible. The 

additional clamping length is therefore not taken into account. 



Chapter 4. Tests of connections and connection materials  
 

117 
 

 

Figure 4-7: Setup of torsion test at ambient temperature 

From the obtained relationship between torque and angle of twist, the shear stress-strain 

curve can be determined using (Colangelo and Heiser, 1974): 

             3

16T
d




  Eq. 4-1 
 

             
r
L
   

Eq. 4-2 
 

Where: 

τ is the shear stress 

γ is the shear strain 

ϕ is the angle of twist 

T is the torque 

d is the diameter 

r is the radius 

L is the loaded length 
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The shear stiffness was determined as the average slope of the shear stress-strain curve 

between 10% and 40% of the ultimate shear stress, which was simply determined as the 

maximum shear stress that occurred.  

 
Figure 4-8: Torsion test at elevated temperatures 

For predictions at elevated temperatures, the shear properties are also required at 

elevated temperatures. In order to determine this, torsion tests have been performed at 

elevated temperatures in an Instron 3111 convection oven (Figure 4-8). Temperatures were 

measured using T-type thermocouples in the air, in the steel fixture and in the centre of an 

unloaded sample. The oven was heated to the required temperature prior to the test. After 

that the loaded and unloaded specimens were positioned in the oven. When the 

temperature of the unloaded specimen was 3°C less than the required air temperature, the 

load was initiated. 

At ambient temperature (20°C) GFRP dowels of two different materials were tested. 

‘Material B’ comprised of 70% (volume fraction) S-Glass and a polyester resin matrix 

(Palatal A 400-03), and ‘Material A’ comprised of 65% S-Glass and a vinyl ester resin matrix 

(Altac 430). The latter is tested at elevated temperatures as well, namely, 60°C, 100°C, 
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140°C and 180°C. Three specimens were tested at these elevated temperatures and six 

specimens were tested at ambient temperature. All tested dowels had a diameter of 12mm 

and were torqued at a constant rate per length of the dowel of 0.13°/mm min. The tested 

lengths were 70mm and 90mm for temperatures up to 100°C and 50 and 70 mm for 

temperatures exceeding 100°C. The reduced length at higher temperatures was required 

due to the limited rotation capacity of the testing machine so that failure in the dowels 

could be ensured. 

Table 4-1: Interlaminar shear properties of GFRP 

GFRP materials Fibre 
volume 
fraction 

Distributor Property No. of 
tests 

Mean 
(MPa) 

COV(%) 

Material A: 

S-glass & vinyl 
ester resin    
(Altac 430) 

0.65 
Woolmer 
Forest 
Composites 

shear 
modulus  6 259·101 10.0 

shear 
strength  6 40.3 2.5 

Material B: 

S-glass & 
polyester resin 
(Palatal A 400-03) 

0.70 
Woolmer 
Forest 
Composites 

shear 
modulus  4 274·101 8.4 

shear 
strength 
(PE) 

4 33.7 4.3 

 

 Results & discussion 4.2.1
Table 4-1 presents the found shear properties of two different GFRP rods. The values of the 

strength and stiffness of the different materials are in the same order of magnitude. The 

shear properties at elevated temperatures of Material A are shown in Figure 4-9. It can be 

seen that both shear strength and shear modulus decrease rapidly between 20 and 60°C 

and continues to decrease at higher temperatures. It can also be noted that the deviation 

between results becomes very small at higher temperatures.  

From the results it is already possible to draw some conclusion about the fire performance 

of connections with dowels of Material A. From previous studies (Thomson, 2011) it 

appeared that the shear strength of the dowel is generally governing the load capacity of 

parallel to grain loaded non-metallic connections. From Figure 4-9 it can be seen that the 

shear strength of the dowel at 60°C is approximately half of the shear strength at 20°C. This 

indicates that in case the connection is subjected to a load of 50% of the maximum 

capacity, the connection would have failed when the temperatures throughout the 
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connection are higher than 60°C. In fact, if it is assumed that shear failure can only occur in 

the shear plane of the connection, it can be stated that the connection is failed when or 

before the temperature of the dowel at the shear plane reaches 60°C. In a fire, the 

temperature of the shear plane is largely dependent on thermal properties and the size of 

the connection.  

 

Figure 4-9: Shear properties of Material A at elevated temperatures 

In order to achieve high fire performance, a more heat resistant resin is recommended. A 

material property that is useful to determine if a material is suitable, is the glass transition 

temperature, Tg. This temperature can be defined as the temperature at which the polymer 

transforms from a glass to a rubber and the stiffness and strength rapidly decrease (Young, 

1981). Polyester and vinyl ester resins can have a glass transition temperature as low as 

40°C (Bank, 2006). GFRP dowels comprising of polymers with a high glass transition 

temperature are, therefore, more suitable to obtain higher fire performances.  

 Dynamic Mechanical Analysis 4.3
Dynamic Mechanical Analysis (DMA) is commonly used to determine the glass transition 

temperatures of materials. The tests discussed here were performed in accordance with BS 

ISO 6721-11 (BSI, 2012a). A Triton Tritec 2000 (Figure 4-10) comprising of a thermal 
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chamber was used to perform the tests. In this chamber a small GFRP specimen 

(5x2x15mm) was tested in the configuration shown in Figure 4-11. The specimen was 

clamped on both ends and was oscillated by the actuator. The frequency was 1Hz and the 

maximum load was 1N. The loads and displacements were measured by a load cell and a 

transducer in the machine. During these loading cycles the temperature was increased in 

the highly controlled thermal chamber. The temperature was measured close to the sample 

by a thermocouple. 

 

Figure 4-10: DMA test equipment 

A dynamic modulus can be determined from the test and gives a measure for the 

viscoelastic behaviour. This stiffness parameter is the ratio between stress and strain under 

an oscillatory load, but due to viscoelasticity of the material this property is time dependent 

and is not similar to the Young’s modulus. It is not possible to calculate the Young’s 

modulus from the storage modulus, because time dependence is not considered in Hooke’s 

law of elasticity. However, knowing the dynamic modulus at a temperature range allows 

determination of the glass transition temperature.  
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Figure 4-11: Single cantilever DMA test setup inside thermal chamber 

The measured dynamic moduli of Material A at temperatures between 20 and 180°C are 

shown in Figure 4-12. Tests using heating rates of 5, 10 and 20°C/min were performed. 

According to BS ISO 6721-11 (BSI, 2012a) the glass transition temperature is equal to the 

inflection point of the dynamic modulus as a function of temperature. However, different 

heating rates will result in different inflection points, simply because the temperature of 

the specimen is not exactly equal to the temperature of the thermal chamber. The glass 

transition temperature would have to be determined using a heating rate of 0°C/min, to 

completely avoid heating rate dependency. Since this is not possible BS ISO 6721-11:2012 

offers the option to determine the glass transition temperature from linear extrapolation of 

the inflection points obtained from three different heating rates (see Figure 4-13). 

However, the curves showed more inflection points. The inflection points corresponding to 

the lowest temperatures was found at temperatures ranging between 40 and 50°C. 

Additionally, inflection points were found ranging between 70 and 90°C.  Using the method 

of BS ISO 6721-11:2012 (Figure 4-13), two potential glass transition temperatures of 39°C 

and 67°C were found. A repetition of the test led to the same results.  
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Figure 4-12: Normalised dynamic moduli and shear properties versus temperature 
(Material A) 

 

Figure 4-13: Glass transition temperature obtained through linear extrapolation 
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From Figure 4-12 it can be seen that the shear properties already significantly reduce at 

temperatures below 60°C. The measured relative reduction of material properties 

corresponding to DMA tests and the torsion tests were not similar. Therefore, it is 

questionable whether the glass transition temperature can be used for predictions of the 

connection behaviour. It should, however, give an indication of the suitability of the dowel 

material. Dowel materials with a higher glass transition temperature will be more suitable 

for a fire resistant connection than dowels with a low glass transition temperature.  

Commonly used polymer matrices used in FRP are: polyesters; vinyl esters; epoxies and 

phenolic resins. Polyesters have glass transition temperatures between 40 and 110°C; vinyl 

esters between 40 and 120°C (Bank, 2006). Epoxy resins can have higher glass transition 

temperatures ranging between 40 and 300°C. Phenolic resins have consistently high glass 

transition temperatures ranging from 220°C to 250°C (Bank, 2006). Therefore, it is 

recommended by the author to use FRP with phenolic resins for connections bearing high 

loads.  

In order to achieve a good fire performance of timber connections GFRP dowels of 

‘Material C’ comprising of 34% E-glass (G016X) and a phenolic resin (F4010) from Fiberline 

Composites were considered as a fastener. DMA was performed on the material for which 

the results are shown in Figure 4-14. It can be seen that the dynamic modulus decreased at 

elevated temperatures. However, this decrease was significantly smaller and occured at 

much higher temperatures (the inflection point occurred at 256°C) than for Material A, 

indicating that the phenolic dowel is more suitable to obtain timber connections with high 

fire resistance.  

As noted before, the results of the DMA cannot directly be translated to the reduction of 

Young’s modulus and shear modulus. Therefore, the reduction of the bending and shear 

properties of dowels of Material C was determined experimentally as discussed in the 

following sections.  
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Figure 4-14: Dynamic modulus of polyester and phenolic GFRP 

 

 Three-point bending tests at ambient temperature 4.4
In earlier sections the shear moduli of GFRP comprising of polyester and vinyl ester resins 

were determined using torsion tests at ambient and elevated temperatures. It was also 

stated that phenolic GFRP dowels can potentially result in higher fire performances. In this 

section the bending and shear properties of a GFRP dowel (Material C) comprising of 34 

volumetric percent E-glass (G016X) and a phenolic resin (F4010) from Fiberline Composites 

are determined. The dowel has a diameter of 10mm and the outer layer consists of a thin 

mat of unidirectional fibres (see Figure 4-15). These fibres increase the interlaminar shear 

strength and stiffness, but since they are located at the edge of the circular cross-section 

the mat would increase the torsional strength more significantly than it would influence the 

shear strength of the dowel in the connection. For using a torsion test to determine the 

shear properties it has to be assumed that the material is homogeneous. The outer mat 

makes this assumption very questionable and it was, therefore, chosen to perform a 

different set of tests to determine the shear properties of the phenolic GFRP dowel. 
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Figure 4-15: Surface mat of a GFRP dowel 

Performing three-point bending tests with different spans theoretically allows estimation of 

the Young’s modulus and the shear modulus. For this a shear deformable beam theory 

should be assumed. The graphical method proposed by Bank (1989) using the Timoshenko 

beam theory can be used for determining the Young’s modulus and the shear modulus.  

Previously this method was implemented by Thomson (2011), who concluded that the 

determination of the shear modulus of GFRP is inaccurate and leads to nonsensical results. 

Therefore, in the present study the test procedure has been modified in order to get more 

reasonable results. The method and the modifications are explained below. 

The Timoshenko beam equation for a beam on two supports loaded in the centre, is 

derivable from the Timoshenko beam equation for a cantilever loaded at the end which 

was discussed before (Eq. 3-40). The corresponding Timoshenko equation is: 

             

3
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Eq. 4-3 
 

Where: 

δ  is the displacement at the centre of the beam 

P  is the load 

E  is the Young’s modulus 

I  is the second moment of area 
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A  is the cross sectional area 

L  is the span 

G  is the shear modulus 

k  is the Timoshenko shear correction factor 

 
The shear correction factor is not included in the original work of Bank (1989) and the work 

of Thomson (2011). However, it is added for this research since it compensates for 

Timoshenko’s assumption of constant shear stress/strain over the height of the beam, as 

discussed in the literature review. Therefore, the following equation slightly differs from 

the equations presented in Bank’s work. As mentioned in section 3.3, a shear correction 

factor of 0.88 is consistently used for the modelling of the dowel in this thesis. It is, 

therefore, chosen to use the same correction factor for the determination of the shear 

modulus properties. 

The beam equation can be rewritten as: 
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Eq. 4-4 
 

Where I is substituted for 
4

4
r

and r is the radius of the dowel section. 

A plot of 
4 kA

PL


versus 
2L

r
 
 
 

 will theoretically result in a linear response with a slope of 

1
3E

and an intersection of 
1
G

with the y-axis (Figure 4-16). Following the graphical method, 

results of tests with different spans can be plotted in this manner and using linear 

regression a straight line can be fitted to the results. The Young’s modulus and the shear 

modulus can then be determined from the slope and the intersection with the y-axis. These 

elastic properties were determined from data taken within the range of 10 and 40% of the 

maximum load.   

Like other beam theories, the Timoshenko beam theory describes the deflection of a beam 

midline. In this case that is the deflection of the centre line of the dowel. Displacements 

measured in the three-point bending tests include this deflection. However, the 

measurement also includes the embedment of the dowel at the supports and the actuator. 

At ambient temperature bending tests were performed, measuring the dowel deflection 
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using digital image correlation (DIC) using a Matlab plugin GEOPIV8 according to White et 

al. (2003). This software allows to track the displacement of user specified points in a 

sequence of photos. These photos were taken with a Canon 650D and an example is shown 

in Figure 4-17. As can be seen in the figure, the midline and cross sections were drawn on 

the dowel. Using DIC the displacement of the intersection of the black lines was followed. 

This way the deflection of the midline was determined rather than the actuator movement. 

 
Figure 4-16: Representation of the shear and Young’s modulus in the graphical method 

 
Figure 4-17: Three-point bending test of a GFRP dowel 
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Using GEOPIV8, displacements in a series of subsequent images were determined from the 

spatial variation of brightness (White and Take 2002). GEOPIV8 uses a cross correlation 

method with which the ‘degree of match’ is determined in a user defined search zone or 

patch. Bicubic interpolation in the zone of best match allows the patch displacement to be 

assessed to sub-pixel precision. In other words, deformations smaller than a pixel can be 

estimated using interpolation methods. It is important to realise that it cannot be stated 

that the results are exact, as an interpolation of numerical results merely gives an 

approximation.  

Although DIC is widely used in different fields, there is not much found on the accuracy of 

the method. Logically the precision is dependent on the interpolation method used. Thus, 

there can be no general statements made for all DIC software. For GEOPIV8 (the software 

used in this work) a study was conducted by the programmers to determine the precision 

(White and Take, 2002). This was done by translating a non-deforming plane of soil in front 

of a fixed camera. The precision was defined as the random difference between multiple 

measurements of the same quantity and was determined from a comparative study of the 

displacement vectors that corresponded to a grid of patches, where a patch is the user 

defined search zone. The result was an empirical equation for the root mean square (RMS) 

error (White and Take, 2002):  

       8

0.6 150000
pixel L L

    
Eq. 4-5 
 

Where: 

ρpixel is the root mean square of the error (pixels) 

L is the breadth and height of the patch (pixels) 

The patch size used on the dowel was L=70 pixels. The relationship of Eq. 4-5 suggests a 

maximum RMS error of 8.6 x 10-3pixel, which was approximately equal to 5.1 x 10-4mm (as 

there were 16.8 pixels per millimetre). All elastic dowel deflections in the three-point 

bending test were expected to be larger than one millimetre, which is approximately two 

thousand times larger than the approximated RMS error. Therefore, the error is considered 

insignificant. Section 8.5.1 discusses a benchmark test regarding the accuracy of the DIC 

method in another application. 
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The three-point bending test was performed with spans of 60, 80, 100 and 120mm. The 

supports consisted of steel semi cylinders (half of a cylinder divided lengthwise) with a 

radius of 20mm or two times the dowel diameter. Tests with different spans have different 

shear load to bending moment ratios. Therefore, it is not possible to have the same rate of 

shear loading and bending in every test. The emphasis in this research is put on shear 

properties since these are generally unknown for GFRP dowels. Therefore, it is chosen to 

perform the tests in load-controlled mode so that the shear loading rate of tests with 

different spans was the same. Thus, the increase of bending moments was different for 

tests with different spans. The loading rate of 300N/min was chosen so that the tests with a 

span of 100mm took approximately five minutes to failure. The stiffness was determined 

from the difference in load and deflection corresponding to load levels of 10% and 40%. 

 

Figure 4-18: GFRP dowel embedment setup 

DIC is a method that was applicable for the tests at ambient temperature. However, the 

environmental chamber used for tests at elevated temperatures did not allow the taking of 

pictures of the specimen during the test. Therefore, another method to determine the 

deflection of the midline of the dowel was required. This method involved an additional 

series of embedment tests (Figure 4-18). For this additional test the dowel was placed in a 

steel sample holder and was embedded with the same steel semi cylinder that was used in 

the three-point bending tests. The load was applied at the same rate and the linear elastic 

material properties were determined from the same range as in the three-point bending 



Chapter 4. Tests of connections and connection materials  
 

131 
 

tests. The dowel deflection could be estimated by subtracting the embedment from the 

logged displacement of the actuator. 

 Results  4.4.1
Results of the three-point bending tests at ambient temperature are shown in Figure 4-19. 

Three data points (from three tests) were determined for the spans (L) of 60, 80, 100 and 

120mm. These points are given using the original method described by Bank (1989) and the 

two proposed methods using DIC and an embedment correction. As mentioned before the 

proposed methods aimed to determine the deflection (δ) of the midline of the dowel in 

contrast with Bank’s method in which the deflection is directly determined from the 

movement of the testing machine’s actuator. It can be seen that the results using the 

proposed methods are significantly different from the results using Bank’s original method 

and that the results of the proposed methods are very similar.  

 

Figure 4-19: Results of three-point bending tests at ambient temperature 

As mentioned earlier the Young’s modulus and the shear modulus can be determined using 

a relationship obtained by linear regression of the results. These results are shown in Table 

4-2.  It can be seen that the Young’s modulus obtained using the different methods is 

relatively similar. However, the shear modulus obtained using different methods is 

significantly different. Mottram (2004) stated that shear moduli between 1.3 and 5.1GPa 
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have been reported and that companies often give shear moduli close to 3GPa in their 

product descriptions. The shear modulus found using Bank’s graphical method and the 

proposed method 2 are not within the range given by Mottram (2004), suggesting the 

values are not reasonable. It was seen that a small difference of measured deflections in 

the small span tests can result in a very large difference in shear modulus. This is in 

accordance with the conclusion drawn by Thomson (2011) after applying Bank’s method.  

Table 4-2: Elastic properties determined using different methods 

 Young’s modulus (GPa) Shear modulus (GPa) 

Bank’s method 31.7  0.6 

Proposed method 1 27.9 2.6 

Proposed method 2 27.1  16.6 

 

The methods appear not to be suitable to determine the shear modulus, because it is 

extrapolated from test results using an indirectly determined Young’s modulus. 

Additionally, a disadvantage of the method is that a large number of specimens is used to 

generate a single value of the shear modulus. Therefore, a third method is proposed in 

which the Young’s modulus is measured directly for each specimen using strain gauges. 

Using the classical beam theory, the flexural deformation can be estimated. The shear 

deformation and shear modulus of every specimen can then be determined by subtracting 

the estimated flexural deformation. This method is applied at ambient and elevated 

temperatures and is discussed in the following chapter.  

Due to softening of polymers at elevated temperatures, the shear deformations of a loaded 

dowel at elevated temperatures must be larger than at ambient temperature. Larger shear 

deformations allow the determination of the shear modulus to be more accurate. 

Therefore, it is expected that the method is more accurate at higher temperatures. 

 Three-point bending tests at elevated temperatures 4.5
From the previous section it became clear that the graphical method proposed by Bank 

(1989) is not suitable to determine the shear modulus (in accordance with Thomson 

(2011)). For the tests of this section the graphical method was not used. Instead, three-

point bending tests were performed from which the Young’s modulus was determined 

using strain gauges. The shear deformation could then be estimated using: 
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        shear tot emb flex       Eq. 4-6 
 

Where: 

δtot is the actuator displacement 

δemb is the embedment of the semi cylindrical steel supports in the dowel 

δflex is the flexural deformation 

δshear is the shear deformation 

If the Young’s modulus is known, the flexural deformation can be calculated using the 

classical beam theory:  
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Eq. 4-7 
 

The shear modulus can then be determined using Timoshenko’s beam theory: 

           4 shear

FLG
A 

  Eq. 4-8 
 

The Young’s modulus was determined on specimens with a span of 120mm or 12d using a 

single strain gauge located at 30 mm from the left support (Figure 4-20). The adhesive used 

was NP-50 from TML and the strain gauge used was BFLA-5-8 from TML. Both were suitable 

to be used at temperatures up to 200°C. The strain gauge was not located in the middle, 

because it could only measure the strain over a certain length around the midpoint and not 

exactly at the midpoint where a peak strain occurs. Furthermore, the induction of the load 

at the centre would influence the principal stress directions locally, while assuming the 

classical beam theory requires the principal stresses to be in the longitudinal direction of 

the dowel.  

The Young’s modulus of each specimen was determined at 20°C in a non-destructive test in 

which the specimen was loaded two times up to 40% of its ultimate capacity. The loading 

rate was 300N/min, which was the same as that used for the graphical method discussed in 

the previous section. The Young’s modulus was determined from the difference between 

the displacements and loads at 10% and at 40% of the ultimate capacity. The Young’s 

modulus of the same specimen was determined using the same strain gauge, loading rate 

and setup in a destructive test at elevated temperatures. The gauge factor of the strain 
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gauges was adjusted to correspond with the test temperature according to the 

specifications of the manufacturer. Three specimens were tested at 140°C and three 

specimens at 200°C. 

 
Figure 4-20: Three point bending of GFRP dowel at elevated temperature setup 

 
Figure 4-21: GFRP dowel embedment test 
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 Results 4.5.1
The GFRP embedment stiffness at ambient and elevated temperatures determined with the 

GFRP dowel embedment tests is shown in Figure 4-22. The load displacement behaviour 

was linear, which allowed the data to be used for estimating the shear modulus. 

Furthermore, this curve potentially contains useful information about the material at 

elevated temperatures. Glass fibres generally have a high stiffness compared to polymer 

materials and they tend to soften at much higher temperatures (Bank, 2006). Dowel 

embedment in this case is mainly dependent on the compressive stiffness perpendicular to 

the fibre and the shear stiffness. The shear stiffness of unidirectional GFRP is generally 

dependent on the matrix (Bank, 2006). Additionally, with the low fibre volume fraction 

(34%) in the dowel, it can be stated the perpendicular to fibre compressive stiffness is 

governed by the matrix. Therefore, the embedment stiffness of the dowel is mainly 

dependent on the Young’s modulus and the shear modulus of the matrix. In isotropic 

materials the Poisson’s ratio is linearly related to the ratio between Young’s modulus and 

shear modulus. If isotropic behaviour of the matrix and a temperature independent 

Poisson’s ratio can be assumed, it could be stated that the (relative) reduction of the shear 

properties would be similar to the reductions of the dowel embedment.  

 
Figure 4-22: GFRP dowel embedment stiffness of Material C at elevated temperatures 
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The estimated shear moduli at elevated temperatures are shown in Figure 4-23. A large 

scatter is seen in the results, which is more apparent at 20°C than at elevated 

temperatures. The method indirectly determines the shear modulus from an average GFRP 

dowel embedment stiffness and a measured Young’s modulus. Errors in these values 

influence the predictions of the shear modulus. At elevated temperatures, larger 

deformations were seen and percentage wise the errors become less significant. Despite 

the large scatter, the average results are realistic since the shear modulus of GFRP usually 

ranges between 1.3 and 5.1 GPa (Mottram, 2004) at ambient temperature. The relative 

reduction of material properties also resembles the reduction found in the GFRP dowel 

embedment tests (Figure 4-22). 

 

Figure 4-23: Estimated shear modulus of Material C at elevated temperatures 
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that this reduction is insignificant until 300°C. Considering the behaviour of the non-

metallic connection of this study, it is known that the timber stiffness at 300°C is 

approaching zero (Buchanan, 2002). If it can be assumed that the dowel temperature is 

similar to the temperature of the adjacent timber and the timber reaches zero strength at 

300°C, the mechanical properties of the dowel at temperatures higher than 300°C will be 

insignificant. In that case the timber properties will govern the connection behaviour and 

the reduction of the Young’s modulus exceeding 300°C can be neglected in models 

predicting the behaviour of the non-metallic connection. 

 

Figure 4-24: Young’s modulus of Material C at elevated temperatures 
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temperature, regardless of the different shear load applied on the dowels. It can, therefore, 

be concluded that bending failure occurred in the dowels rather than shear failure. These 

results show the reduction of the bending strength of the dowel due to increased 

temperatures.  

 

Figure 4-25: Load at failure of all tested specimens of Material C 

The results of the three-point bending tests at ambient and elevated temperatures were 
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 Half-hole connection test 4.6.1
Half-hole connection tests were performed to study the connection properties at elevated 

temperatures. The test was designed so that the interlaminar shear failure of the dowel 

occurred in all specimens. The specimen dimensions are shown in Figure 4-26. 

 
Figure 4-26: Dimensions of half-hole connection test specimen (dimensions in mm) 

The test is potentially equivalent to a compressive test of a flitch plate connection. 

However, a difference is that the timber parts only surround half of the dowel as shown in 

the figure, which is corresponding to the half-hole embedment test described in the ASTM 

D5764 and logically would result in similar accuracy. This configuration allows the dowel 

and the timber adjacent to the dowel to adjust quickly to the temperature of the test 

environment. The strength and stiffness determined with this test should be comparable to 

the strength and stiffness of the (full-hole) connection. However, if the flitch plate of a 

connection moves downwards loading the dowel, the dowel ends can move upwards due 

to rotation. In full-hole connections this upwards movement causes the dowel to embed in 

the timber in the direction opposite to the load. This effect makes the connection stiffer but 

is not accounted for in the half-hole connection tests discussed in this section. Therefore 

the half-hole connection test should give a conservative approximation of the connection 

stiffness.  
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Figure 4-27: Half-hole connection test setup 

The tests were performed in an Instron 3111 convection oven (Figure 4-27). A unloaded 

specimen was placed inside the oven along the tested specimen. The temperature of the 

unloaded specimen was measured in the LVL 25mm under half hole in the centre of one of 

the side members. The test was started when the measured temperature was less than 3°C 

less than the oven air temperature. Three tests were performed at 20°C and five tests were 

performed at 80°C, 140°C and 200°C. The loading rate was 1.7kN/min so that the test at 

20°C took approximately 5 minutes to failure. 

 Full-hole connection tests at ambient temperature 4.6.2
(Full-hole) connection tests at ambient temperature of non-metallic connections 

comprising GFRP dowels have been performed in previous studies (Drake, 2003; Pedersen, 
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2002; Thomson, 2011). However, for the following reasons connection tests were 

performed at ambient temperature for this study as well: 

 Experimental research further discussed in Chapters 6 and 8 was performed on 

connections under constant mechanical load. To be able to state at which load level 

(i.e. the ratio between the ultimate capacity at ambient temperature and the 

applied load) the tests were performed it is necessary to determine the load 

bearing capacity of the connections at ambient temperature.  

 Predictions of connection stiffness and load capacity can be confirmed with the 

results of connection tests at ambient temperature. 

 Half-hole connection tests can be compared to full-hole connection tests in order 

validate the results of half-hole tests, which were tested at ambient and elevated 

temperatures. 

Test specimens consisting of two connections were loaded in series in tension. Non-metallic 

connections comprising dowels of Material C were loaded in parallel and perpendicular to 

grain directions in test series AA and AC respectively (Figure 4-28). The end distance a of 

the non-metallic parallel to grain connections was equal to 5d (five times the dowel 

diameter or 50mm), which was in accordance with Thomson’s (2011) findings. The test was 

performed in accordance with BS EN 26891 (1991). Therefore the load was applied 

following the curve of Figure 4-29. The load level Plevel is hereby defined as: 

       
*100ult

level
PP
P

  Eq. 4-9 

 Where: 

 Pult is the experimentally determined ultimate capacity 

 P is the applied load 

BS EN 26891 (1991) allows the test to be performed under displacement controlled 

conditions, so that the corresponding load rate in the elastic phase is 0.2Pult/min. The 

ultimate capacity and the required load rate were determined using a displacement 

controlled preliminary test at a rate of 2mm/min and 1mm/min for test series AA and AC 

respectively.  Both test series comprised of four tests of two connections in series.  
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According to BS EN 26891 (1991) three different stiffnesses can be determined from the 

tests, namely Ki, Ks and Ke. An initial stiffness Ki can be determined from the load and 

connection slip differences between point A and C of Figure 4-29. This stiffness includes the 

low initial stiffness that is often seen in timber connections. This is however, dependent on 

the tightness of the dowel connection, which is very much dependent on the 

manufacturing process. Therefore the stiffness Ks is often used. This stiffness can be 

determined from the load and connection slip differences between point B and C of Figure 

4-29. Finally an elastic stiffness Ke can be determined from the load and connection slip 

differences between the points C, D and E, F.  

 
Figure 4-28: Dimensions of connection test specimens (dimensions in mm) 

The connection slip, or the relative displacement between the timber member and the 

flitch plate, was measured using transducers (Figure 4-30). As a single specimen consisted 

of two connections, the stiffnesses of two connections were determined in a single test. 

However, as only one connection failed, only the load bearing capacity of the weakest 

connection was determined.   
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Figure 4-29: Loading rate according to BS EN 26891 (1991) 

 

Figure 4-30: Test setup of two non-metallic connections loaded in tension 
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Also metallic connections (Series AB) were tested for the sole reason to determine their 

ultimate capacity. Knowledge of this was required for tests that will be discussed in 

Chapters 6 and 8. Determining the stiffness of metallic connections is considered out of the 

scope of this thesis. Therefore three specimens comprising two metallic connections were 

simply loaded to failure with a constant load rate of 4kN/min so that the specimens failed 

after approximately five minutes. The end distance for the steel dowel was 80mm, which 

was in accordance with Eurocode 5 (BSI, 2004a). 

 Results 4.6.3
Results of the full-hole connection tests are shown in Table 4-3. It can be seen that the 

ultimate load bearing capacity of the non-metallic connections (series AA) was significantly 

lower than that of metallic connections (series AB). The reduced spacing of the GFRP 

connectors recommended by Thomson (2011) can lead to an increased capacity of multi-

dowel connections. However, it has to be concluded that the load bearing capacity of the 

non-metallic connection comprising GFRP dowels cannot be as high as the capacity of a 

metallic connection of similar dimensions, despite the reduced capacity. 

Table 4-3: Mechanical properties of full-hole connections  

  Average 
ult. load 
capacity 
(kN) 

Range of 
ult. load 
capacity 
(kN) 

St.dev. 
ult. load 
capacity 
(kN) 

 Average 
stiffn. 
(kN/mm) 

Range of 
stiffn. 
(kN/mm) 

St.dev. 
stiffn. 
(kN/mm) 

Number 
of tests 

Series 
AA 

9.2 8.6-9.7 0.40 

Ks 6.1 3.3-7.2 1.2 

4/8* Ki 5.1 3.2-6.2 1.0 

Ke 8.7 5.4-12.7 2.8 

Series 
AB 

21.9 21.2-22.5 0.53  NA NA NA 3/6* 

Series 
AC 

3.8 3.6-4.0 0.13 

Ks 5.6 3.5-10.8 2.3 

4/8* Ki 5.6 3.6-12.1 2.9 

Ke 17.8 4.4-31.9 9.5 

* One out of two connections failed as connections were tested in series therefore the load bearing capacity 

was only determined from half of the tested connections 

 Observed failure modes were consistent for the test series. Connections of test series AA 

all failed due to dowel interlaminar shear failure followed by partial plug shear failure. 

Failure mode II of the European Yield Model (see Figure 2-1) occurred in the specimens of 
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series AB and perpendicular to the grain tensile failure occurred in the specimens of series 

AC. 

The load-slip relationships of the half-hole connections and full-hole connections of series 

AA are shown in Figure 4-31. It can be seen that the load bearing capacity of half-hole 

specimens is approximately similar to the load bearing capacity of the full-hole tests. The 

stiffness of the half-hole specimens appeared to be lower, as also appears from Table 4-4. 

However, the difference is small, which is likely related to the limited upwards movement 

of the dowel-ends that corresponds to a large ratio between shear deformation and 

bending deformation.  

 
Figure 4-31: Load versus connection slip of full- and half-hole connection tests 
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dowel. The half-hole test, however, is expected to give a good indication of the strength 

reduction of a full connection at elevated temperatures. 

Figure 4-32 shows the half-hole connection load capacity and stiffness at ambient and 

elevated temperatures. Dowel failure occurred in all half-hole connection tests. Reduced 

load bearing capacity was observed at elevated temperatures. A drop of approximately 25% 

corresponded to a temperature increase from 20°C to 80°C. At the temperature intervals 

between 80°C and 160°C and between 160°C and 200°C smaller reductions of shear 

strength were observed.  

Table 4-4: Mechanical properties of full connections and half-hole connections at 20°C 

  Average 

ult. load 

capacity 

(kN) 

Range of 

ult. load 

capacity 

(kN) 

St.dev. 

ult. load 

capacity 

(kN) 

Average 

stiffn. Ks 

(kN/mm) 

Range of 

stiffn. Ks 

(kN/mm) 

St.dev. 

stiffn. Ks 

(kN/mm) 

Number 

of tests 

Full-hole 

connection 

9.2 8.6-9.7 0.40 6.1 3.3-7.2 0.40 4/8* 

Half-hole 

connection 

8.8 8.1-9.8 0.75 4.8 4.5-5.2 0.31 3 

        

Difference(%) 4.0   20.8    

* One out of two connections failed as connections were tested in series therefore the load bearing 

capacity was only determined from half of the tested connections 

From Chapter 5 it will appear that the load bearing capacity of the connection is not only 

dependent on the dowel material, but also on the embedment properties of the LVL. 

However, it is generally accepted (e.g. by Eurocode 5) that the embedment properties have 

a strong correlation with the timber density. Therefore, it can be stated that the results 

discussed in this chapter would probably be similar for LVL with the same density 

(approximately 500kg/m3). 

The stiffness observed in the half-hole connection tests seemed to reduce approximately 

linearly with increasing temperature. These properties are logically strongly influenced by 

the embedment stiffness of the timber. It can also be expected that the stiffness of the 

connection will be negligible at 300°C as timber chars at approximately that temperature 

(Buchanan, 2002). 
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Figure 4-32: Normalised half-hole connection load capacity and stiffness at elevated 
temperatures 
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x 10 mm with a drilled hole in the centre. A dowel of Material C with a diameter of 10mm 

and a length of 50 mm was positioned in between the embedded DVW specimens. The 

distance between the DVW plates at the initiation of the test was 3 mm. 

 
Figure 4-33: DVW and GFRP bearing stiffness tests at elevated temperatures 

The specimens were tested in an Instron 3111 convection oven. A compressive load was 

initiated after the required temperature minus 3°C was reached inside a similar unloaded 

specimen. The unloaded specimen was positioned in the oven alongside the specimen and 

a thermocouple was positioned in a 25 mm deep hole, drilled from the upper surface 

10mm from the half-hole centre. The temperatures in the loaded and unloaded test 

specimen were assumed to be similar. Two thermocouples measured the air temperature 

and one thermocouple measured the temperature of the loading platen. The loading platen 

was allowed to rotate in order not to induce bending moments in the specimen, but rather 
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to ensure pure compression. The test was load controlled at a rate of 1.7kN/min, which 

resembled the loading rate of the non-metallic half-hole connection tests discussed in 

Section 4.6.2. A representative load bearing capacity was chosen equal to the average load 

bearing capacity of a half-hole connection determined in the previous section. The stiffness 

was determined with the displacement values at 10% and 40% of the representative 

connection capacity. In this way the stiffness was determined in a range that corresponded 

to the connection behaviour. Three samples were tested at the following temperatures: 

20°C; 80°C; 140°C; and 200°C. One sample was tested at 250°C and 300°C. The consistency 

of the densified veneer wood material properties is demonstrated in previous work 

(Leijten, 1998; Brandon and Leijten, 2014), which justifies the small sample size in 

comparison with the sample size of the LVL embedment tests.  

 Results 4.7.1
Figure 4-34 shows the GFRP-DVW embedment stiffness versus temperature. A stiffness 

reduction of approximately 25% was observed between 20°C and 80°C. Remarkably an 

increase of stiffness was observed in the temperature range between 80°C and 140°C. A 

similar stiffness increase was seen in the timber embedment tests that were discussed in 

Section 4.1. For temperatures from 200°C to 300°C a linear stiffness reduction to 

approximately zero was observed.  

 Discussion of material and connection tests 4.8
The experiments discussed in this chapter aimed to determine the change in material 

properties required for the numerical predictions of connection behaviour at elevated 

temperatures. It also allows some rough predictions of failure of the connection to be made 

without having to perform complex structural analyses.  

In this chapter it appeared that the timber embedment properties reduced at elevated 

temperatures. However, an increase was seen roughly between 100°C and 140°C. The same 

was seen in the results of the DVW embedment test. As suggested before, this could be 

caused by the complete drying of the timber at 100°C. 

Figure 4-35 shows that timber embedment properties and the DVW embedment stiffness 

reduced in a similar fashion. As mentioned in the literature review it is often assumed that 

timber has a negligible strength at 300°C. The results show that the same can be assumed 

for DVW embedment. 
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Figure 4-34: DVW and FRP bearing stiffness at elevated temperatures 

 

Figure 4-35: Normalised embedment properties at elevated temperatures 
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For the numerical predictions of the non-metallic connection discussed in Chapter 7 it was 

assumed that the embedment properties at and above 300°C were only 1% of the property 

at 20°C. This way the stiffness was chosen to be small but not zero, because zero stiffness 

would cause singularities in the numerical approach. 

Figure 4-36 shows the material properties of GFRP comprising of E-glass and a phenolic 

resin normalised to the average property at 20°C. It can be seen that the only material 

property that did not reduce significantly at elevated temperatures was the flexural 

modulus. 

 

Figure 4-36: Normalised properties of GFRP material C at elevated temperatures 
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is the glass fibre. The flexural strength remarkably did significantly reduce at elevated 

temperatures, which is in accordance with the experimental work of Wang et al. (1997). 

This indicates that the flexural strength somehow is limited by the matrix rather than the 

glass fibres. The strain limit of phenolic resins is approximately 1.8% (Bank, 2006). Using the 

average bending moment at failure (Mult) found using the three-point bending tests, the 

section modulus (W) and the average flexural modulus, the average strain at moment of 

failure could be calculated using Hooke’s law and the classical beam theory: 

             

3

3

/ 36.2 10 / 69.7 1.4%
27.7 10

ult
ult

M W
E

 
  


 

Eq. 4-10 
 

The calculated strain limit is in the same order of magnitude as the strain limit reported by 

Bank (2006) for phenolic resins, while the strain limit of E-glass fibre is significantly higher 

(approximately 3% according to Kim et al. (2006)). This confirms that the bending strength 

of the GFRP rod is limited by the resin. Also visual evidence is found on the tensile side of a 

failed specimen. Figure 4-37 shows a microscopic picture of the longitudinal section of a 

failed dowel. The picture is zoomed on the tensile side of the dowel and it can be seen that 

the phenolic resin fractured, but most of the fibres stayed undamaged. Some fibres 

snapped, probably due to the excessive deformation just after failure during the load 

controlled test. 

 

 

Figure 4-37: Longitudinal section at the tensile side of a fractured GFRP dowel due to 3-
point bending 
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In Figure 4-38 the found shear properties at elevated temperatures of Materials A and C are 

shown. Although significant reductions of GFRP material properties occurred in the fibre 

reinforced phenolic rod (Material C), it is clear that it is more suitable to use at elevated 

temperatures than Material A.  

 

 

Figure 4-38: Normalised shear properties of GFRP material A and C at elevated 
temperatures 
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 Conclusions 4.9
The main conclusions that may be drawn from the embedment tests discussed in this 

chapter are: 

- the reduction of the timber embedment stiffness and strength at elevated 

temperatures do not correspond well to the reduction of timber stiffness and 

strength given in Eurocode 5; 

- the embedment stiffness and strength of heating timber increase around 100°C; 

- the combined GFRP dowel and DVW embedment stiffness increased in a similar 

fashion around 100°C;  

- and eventually reduced to a negligible value at 300°C. 

Regarding the GFRP dowels at temperatures between 20 and 200°C the following was 

concluded: 

- dynamic mechanical analysis showed that the glass transition temperature of GFRP 

comprising of S-glass and a vinyl ester resin matrix (material A) was significantly 

lower than that of GFRP comprising of E-glass and a phenolic matrix (material C), 

which indicates that the material C softens at higher temperatures than material A; 

- torsion tests, three-point bending tests and half-hole connection tests showed that 

the shear properties of material A dropped more rapidly and more severely than 

the shear properties of material C; 

- the flexural strength of material C reduced in a similar fashion to its shear 

properties at elevated temperatures;  

- however, the flexural stiffness of material C reduced insignificantly in the tested 

elevated temperatures. 

The following is concluded regarding three-point bending tests of GFRP dowels: 

- the graphical method of Bank (1989) leads to an inaccurate Young’s modulus and a 

more inaccurate shear modulus. These inaccuracies are partially caused by the fact 

that not only the dowel deflection at the midline is measured, but also the 

embedment at the three loaded points; 

- determining the deflection of the midline of the dowel directly by digital image 

correlation can lead to a more accurate Young’s modulus;  
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- also, a correction of the embedment in the dowel at the three points can lead to a 

more accurate Young’s modulus; 

- this does, however, not lead to accurate predictions of the shear modulus, because 

they are highly sensitive to errors in the displacement measurements; 

- by measuring the Young’s modulus directly on a specimen using a strain gauge 

during the three-point bending test, the flexural deflection can be estimated and 

subtracted from the measured displacement to estimate the shear deflection and 

the shear modulus; 

- this method leads to a large scatter of results, which are, however, more realistic 

than results obtained using the graphical method; 

- torsion tests gave more consistent and reliable results for shear properties; 

- however, torsion tests are only suitable to determine shear strength of materials 

with a homogeneous section. 
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5 A new approach for interlaminar shear failure 

predictions 
In this chapter novel analytical predictions of interlaminar shear failure of composite 

dowels are presented. The predictions are in the form of simple equations and can be used 

for GFRP dowel connectors. The equations are potentially valid for connections comprising 

other composite dowels such as wood pegs. The applicability of the equations for 

connections comprising wooden dowels or pegs is recommended for further research.  

 Background 5.1
No generally accepted solutions for the interlaminar shear capacity of a dowel exist. 

Eurocode 5 (BSI, 2004a) does not include this failure mode as it does not occur in 

conventional steel connectors. Predictions found in the literature are empirical or partly 

empirical and are meant for wood pegs (Schmidt and Daniels, 1999; Sandberg et al., 2000; 

Shanks and Walker, 2009). These empirical solutions cannot be applied to predictions of 

GFRP dowel failure in timber connections without performing a large number of tests. The 

works of Shanks and Walker (2009) and Thomson (2011) described a mechanism for 

interlaminar shear failure of oak pegs. However, this model was empirical and, therefore, 

cannot be applied to other materials without additional tests. As discussed in the literature 

review, Shanks and Walker (2009) considered a failure mechanism for dowels with four 

hinges with an experimentally determined shear span (the distance between two post-

elastic hinges in the dowel). Shanks and Walker (2009) proposed a three-point bending test 

in order to experimentally determine an effective plastic bending moment of the dowel. 

They visually determined a shear span between 0.7d and 1.5d from failed specimens. 

Thomson used the same approach for GFRP dowels and visually determined a shear span of 

1.5d. Both determined an effective plastic bending moment that they substituted in the 

equation of the European Yield Model mode III. However, neither of them showed 

mathematically if this was actually allowed. The European yield model equation (BSI, 

2004a) was derived using the distance between plastic hinges, which is the geometrical 

equivalent of the shear span. In the case when this distance and the assumed shear span 

are not the same, the analysis does not use a consistent geometry. 

In this chapter it is shown that the implementation of the European Yield equations 

requires assumptions or modifications. It is also shown that the shear span chosen by the 
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previous researchers does not correspond to the European Yield Model mode III theory. 

Purely analytical solutions are proposed and compared.  

 Problem definition 5.2
The shear stress in a cross-section of a dowel is by definition directly related to the shear 

force acting on the cross-section. However, it will be shown that two different 

configurations of dowel tests lead to a significantly different shear capacity. The first test 

setup was a three-point bending using the setup shown in Figure 5-1. This setup was used 

by Shanks and Walker (2009) and Thomson (2011), as the shape of a failed dowel resembles 

the shape of a failed dowel in the timber. The central load was applied via a flat steel plate 

with a semi-circular depression machined to locate with the curved surface of the dowel. 

The second test setup is shown in Figure 5-2. This shearing plates test consisted of a double 

shear connection of steel elements with a varying shear span, b.  

10mm GFRP dowels comprising of 34% (volume) E-glass with a phenol-formaldehyde resin 

matrix were tested. This material was already referred to as Material C previously in this 

thesis. Four three-point bending tests were performed using a shear span of 1.5d, where d 

is the diameter of the dowel. Shearing plate tests were performed using shear spans of 0, 

0.5d, 1.0d and 1.5d. Two shear tests were performed per shear span. Since the stiffness 

was significantly different in tests with different spans, tests were performed under load 

control using a rate of 900N/min. 

The results of both shear tests are shown in Figure 5-3. Unless stated otherwise, the results 

shown in this chapter are given per shear plane so that they are corresponding to the 

predictive equations of Eurocode 5 (BSI, 2004a) which give the capacity per shear plane. It 

can be seen that the capacity of the dowel depends significantly on the shear span. Cutting 

shear failure is observed in tests with a shear span of (practically) zero. Cutting shear failure 

is actually different from interlaminar shear failure as in the case of interlaminar shear 

failure the fibres stay intact but shear relative to each other. This shearing requires a 

rotation in the shear span. When the shear span is zero no rotation is possible. Therefore, it 

can be argued that interlaminar shear failure is impossible when the shear span is zero or 

very close to zero.  
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Figure 5-1: Three-point bending test setup 

 

 

Figure 5-2: Shearing plates test setup 
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Figure 5-3: Shear span versus shear capacity per shear plane 

The initiation of interlaminar shear failure requires a relative movement between the 

fibres. For this movement a mechanism is required. The inclusion of a failure mechanism 

for predictions of the capacity of timber connections with polymer dowels is discussed in 

this chapter. 

 Analytical determination of shear capacity for long shear 5.3

spans 
In the shear tests performed with close to zero shear span an interlaminar shear failure 

mechanism was prevented, but this was not the case in tests with larger shear spans. In this 

section predictions are made for the shear capacity of dowels using a general shear 

formula.  

A simple way to predict the shear capacity of dowel is by defining shear failure as the point 

at which the maximum shear stress in the cross-section exceeds the shear strength. Hereby, 

it is assumed the shear capacity is independent of axial stresses which are acting. The shear 

formula is a general equation for determining the shear stress in a cross section at z1 in 

Figure 5-4 (e.g. Gere, 2004): 
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Where: 

I  is the second moment of area 

bs  is the breadth (see Figure 5-4) 

V is the shear force  

Q is the static moment of area and can be calculated as: 

       upQ A z  Eq. 5-2 

Aup  is the area of the cross section above z1 as shown in Figure 5-4 

z  is the distance to the centroid C as shown in Figure 5-4. 

 

Figure 5-4: Assumed shear stresses in a circular cross-section of a beam 

The derivation of Eq. 5-1 is not discussed here and can be found in the literature (e.g. Gere, 

2004). It should be mentioned that this equation includes the assumptions that the shear 

stress is constant along the breadth bs of a cross section and that the shear stresses act 

parallel to the z-direction (Figure 5-4), which could be questioned. However, it will be 

shown in this chapter that this equation can predict shear failure with good accuracy. It can 

be noted that shear stress at z1=d/2 of Figure 5-4 is zero according to the equation, which is 

in agreement with equilibrium requirements for material at the edge of the section. 

Knowing that the shear stress is highest at the midline of the cross section (z1=0), the 
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equation of the maximum shear stress in a circular section can be obtained by rewriting the 

geometrical properties I, Q and bs of Eq. 5-1 as follows: 
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 Eq. 5-3 

Where: 

r  is the radius of the cross-section 

A  is the cross sectional area 

 Failure criterion 5.3.1
It is commonly assumed that shear failure occurs when the maximum shear stress exceeds 

the shear strength. Using this assumption Eq. 5-3 can be rewritten as: 

Where: 

Fdv is the shear capacity per shear plane of the dowel 

fv is the shear strength of the dowel 

In this sub-section this assumption is tested using results of the three-dimensional finite 

element model discussed in the previous chapter and the quadratic failure criterion for FRP 

proposed by Liu and Tsai (2004). At the midline of the dowel section the bending stress is 

zero (in accordance with the finite element analysis). A check of the stress combinations at 

the shear plane at the midline of the dowel can give insight into the validity of the 

assumption. The quadratic failure criterion by Liu and Tsai (2004), after elimination of the 

terms which include axial stresses in fibre direction, is as follows: 
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 Eq. 5-5 
 

Where: 

σz  is the normal stress in the direction perpendicular to the fibre 

             
3
4dv vF f A  Eq. 5-4 
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τxz is the shear stress 

ft,z is the tensile strength in the direction perpendicular to the fibre 

fc,z is the compressive strength in the direction perpendicular to the fibre 

fv,xz is the shear strength 

 

Figure 5-5: The Liu Tsai failure criterion and stresses according to the finite element 
model 

As can be seen in Eq. 5-5 the maximum shear stress is related to the tensile and 

compressive strength in the z direction according to the failure criterion. In Figure 5-5 the 

failure criterion is shown for the vinyl ester (Altac 430) and polyester (Palatal-A 400-03) 

resins that were used in experiments in this study as discussed in Chapter 4. The 

compressive and tensile strength of the polymers were acquired from the manufacturer, 

DSM, which determined the properties using ISO 527-2. As it is not straightforward to 

determine the tensile and compressive strength of the polymer resin matrix of an FRP 

dowel, it is assumed that this information is correct or at least realistic. The shear strengths 

of both materials were obtained by torsion tests as discussed in Chapter 4 and were 40.3 

and 33.7MPa for the vinyl ester and the polyester materials respectively. The stresses in the 

centre of the cross section at the shear plane according to the three-dimensional finite 
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element analysis for increasing connection load are included in Figure 5-5. Therefore, the 

intersection between the computed stresses (FEA) and the failure curve represents failure 

of the dowel. It can be seen that, according to the Liu and Tsai failure criterion, the 

assumption that shear failure occurs when the maximum shear stress exceeds the shear 

strength is not always valid. However, Figure 5-5 suggests that this assumption is valid for 

the stress combination at the shear plane at the midline of the cross section. The 

assumption would also be realistic if the ratio between the shear and compressive stress, 

found using the finite element analysis, was, for example, to be halved or doubled. 

Although nothing can be irrefutably concluded from this check using FEA, the results 

suggest that it can be safely assumed that shear failure occurs when the shear stress 

exceeds the shear strength. 

It should be mentioned that different failure criteria can lead to different results as noted in 

the comparative study of Kaddour et al. (2004). The failure criterion used is, like other 

failure criteria, purely empirical and it requires material properties that are for most off the 

shelf products not known, e.g. the tensile and compressive strength of the polymer resin. 

To use failure criteria the stresses should be determined and be checked throughout the 

dowel in three dimensions, which requires three-dimensional modelling. As this is not 

practical for most applications, this study assumed that shear failure occurs when the 

calculated shear stress exceeds the shear strength. 

 Analytical solution versus shear tests 5.3.2
The shear strength of the dowel in a three-point bending test can now be estimated using 

Eq. 5-4. Three three-point bending tests using the setup of Figure 5-1 were performed using 

Material B (GFRP comprising a polyester resin). In Chapter 4 the shear strength of this 

material was determined using torsion tests. Figure 5-6 shows the results of both the 

predictions using the determined shear strength and the experimental results. The 

prediction of shear failure seems conservative, but has reasonable accuracy.  

Similar comparisons can be made using tests from previous works. The predicted strengths 

and Thomson’s (2011) three-point bending test results are shown in Table 5-1 and Figure 

5-7. It can be seen that the capacity of the dowel in a three-point bending test with a shear 

span of 1.5d can be predicted accurately using Eq. 5-4.  
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The load displacement curve is almost similar to that of elastic-perfectly plastic materials 

(Figure 5-7). The polymer fails in a brittle fashion, but the friction between the fractured 

materials seems to maintain the capacity. The behaviour can therefore be approximated by 

assuming perfect plasticity after interlaminar shear failure is initiated. This allows the use of 

the principle of virtual work in order to predict the occurrence of the failure mechanism.  

 

 

Figure 5-6: Three-point bending test results versus predicted shear strength for GFRP of 
Material C 

 

Table 5-1: Three-point bending load capacity of GFRP 

Dowel 
diameter 

(mm) 

Average 
capacity 

(kN) 

Range 
(kN) 

COV 
(%) 

Number 
of tests 

Predicted 
capacity 

(kN) 
8.0 2.93 2.87-2.98 1.3 5 2.54 

12.0 5.70 5.58-5.91 2.3 5 5.72 

16.0 10.76 10.40-11.16 2.8 5 10.16 
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Figure 5-7: Load-displacement curves of three-point bending tests versus predicted load 
capacity 

 Derivation of the connection capacity 5.4
The European Yield Model (BSI, 2004a) is based on the Johansen Yield Theory (Johansen, 

1949). Johansen used an elastic moment capacity to calculate the capacity of the 

connection. In contrast, the European Yield Model uses a plastic moment. The European 

Yield model was determined using equilibrium of forces (Johansen, 1949; Thelandersson 

and Larsen, 2003) as will be explained in the next subsection.  

 Derivation of the European Yield Model failure mode III 5.4.1
This subsection discusses the derivation of the Johansen equation of failure mode III as it 

can be found in the literature (Johansen, 1949; Thelandersson and Larsen, 2003). The 

reason for showing this derivation here is that a modified version will be presented further 

in this chapter. 
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In the European Yield Model mode III the yield moment Mp is present in four locations: the 

plastic hinges. The embedded timber between two plastic hinges of the dowel is assumed 

to yield. The plastic hinge at point B occurs at the maximum bending moment. At this 

location the shear force has to be zero, as shear force is the spatial derivative of bending 

moment. The bending moment at a plastic hinge can then be calculated as: 
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p p
f dbM M   

Eq. 5-6 
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Eq. 5-7 
 

Where: 

fh  is the embedment strength  

d is the dowel diameter 

b is the distance between two plastic hinges as shown in Figure 5-8 

 

 

Figure 5-8: Failure mode III according to the Johansen Yield Theory 
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The distance between two plastic hinges can then be obtained by solving for b: 

             
4 p

h

M
b

f d
  Eq. 5-8 

As the shear force at the location of maximum bending moment at point B is zero, only the 

equilibrium of forces between the plastic hinges has to be satisfied: 

             v hF f db  Eq. 5-9 

Where:  

Fv is the connection shear capacity per shear plane. 

Substitute Eq. 5-8 in Eq. 5-9: 

             2v p hF M f db  Eq. 5-10 

Eq. 5-10 is the Johansen/European Yield equation for failure mode III. The question of 

whether this equation is applicable for interlaminar shear failure modes remains. The 

equilibrium of forces was obtained using knowledge of the location where the shear force is 

zero. In a shear failure mechanism it is not known whether the shear force is zero at the 

post-elastic hinges.  

It should be mentioned that the following assumptions were made for the derivation of the 

Johansen/ European Yield equation: 

- All materials are rigid-perfectly plastic; 

- The timber under a rotated dowel is yielding. 

The European Yield Model is generally accepted and currently adopted by European, North 

American and Asian design standards. This indicates that these assumptions can be safely 

made in a similar modified approach.  

 Derivation of the shear span and capacity corresponding to EYM 5.4.2
The assumption of zero shear force at hinge B is questionable. However, it was shown in 

previous studies that shear failure predictions using the European Yield Model as it is, can 

lead to a good approximation of the connection capacity. It is possible that the interlaminar 

cracks in the GFRP continue until the shear stress becomes negative. Therefore, the 
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assumption of zero shear force at point B is considered first. The difference between the 

analysis presented in this sub-section and previous work, is that this sub-section gives a 

purely analytical solution which has a consistent shear span. 

The energy embedded solely in the dowel is required to derive the equation for 

interlaminar shear failure. The energy dissipated in the dowel is in this case not written as a 

function of a plastic bending moment as the real plastic bending moment is insignificant for 

shear failure predictions. Instead the equation is written in the following non-standard 

form: 

       , 2D dE R   Eq. 5-11 

Where: 

R is a rotation resistance 

ED,d is the energy dissipated in the dowel per shear plane 

θ is the rotation 

The rotation resistance R is the equivalent of a plastic bending moment, but is now simply 

defined as the energy dissipated divided by the sum of plastic rotations. In other words, the 

rotation resistance R requires the same amount of work for the same deformations as a 

plastic bending moment of the same value.  As the rotation resistance R and the plastic 

bending moment Mp both can be defined as the energy dissipated divided by the sum of 

plastic rotations, they should be interchangeable.  

The prediction of the rotation resistance should satisfy Eq. 5-8 as the geometry of the 

dowel should correspond to the geometry of the plastically deformed timber. To maintain 

equilibrium the external work has to be equal to the energy dissipated. For small 

deflections: 

             2 dvR F b   Eq. 5-12 

Where: 

b is the shear span  



 Chapter 5. A new approach for interlaminar shear failure predictions 

169 
 

The shear capacity of solely the dowel Fdv can be estimated using Eq. 5-4 as there is no 

material restraining the failure mechanism. Substitution of Eq. 5-4 in Eq. 5-12 and solving 

for R gives: 

             
3

16
vf AbR   Eq. 5-13 

Solving Eq. 5-8 for Mp results in: 

             

2

4
h

p
b f dM   Eq. 5-14 

As both Eq. 5-13 and Eq. 5-14 have to be satisfied and Mp and R are interchangeable, 

substitution results in: 

             

23
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  Eq. 5-15 

Solving for b gives the shear span: 
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  Eq. 5-16 

It can be seen that the dimensions of the dowel, the shear strength of the dowel and the 

embedment strength influence the shear span. The derivation of the connection capacity is 

a simple step since the equations are already given. Eq. 5-16 can be substituted in either Eq. 

5-13 or Eq. 5-14 to achieve R. 

             
 23

2

4
v

h

f A
R

f d
  

Eq. 5-17 
 

Now the effective bending moment can be determined using solely geometric and material 

properties. By substituting R in the European Yield Model equation of failure mode III the 

equation of the load capacity per shear plane becomes: 
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   Eq. 5-18 

             
3
2v vF f A  Eq. 5-19 

This sub-section has derived novel equations for the prediction of the connection capacity 

and the shear span, assuming that the shear force at point B is zero. By comparing Eq. 5-4 

to Eq. 5-19, it can, remarkably, be concluded that the dowel shear capacity in the timber is 
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twice as high as the shear capacity outside of the timber, independent of the embedment 

strength. However, the solution can be questioned because of the assumption made that 

the shear force is zero at hinge B. In Section 5.6 Eq. 5-19 will be tested by comparisons with 

experiments. 

 Modification of the European Yield model 5.4.3
It was shown before that the shear strength of a dowel with a shear span of 1.5 times the 

dowel diameter can be estimated using Eq. 5-4. However, for shear spans smaller than that, 

the dowel shear strength can be significantly underestimated. It was also mentioned that 

the European Yield Model assumes that the shear force at point B is zero. This is the 

location where the bending moment peaks. However, point B is in the case of shear failure 

not necessarily located at the peaking bending moment. In the case of a three-point 

bending test (Figure 5-9), for example, hinges occur above the supports where the 

moments are zero.  

 

Figure 5-9: Interlaminar shear failure in a three-point bending test 

If it is not assumed that the shear force at point B (Figure 5-10) is zero a different 

assumption is required in order to determine the connection capacity. Possible ways to 

solve the problem are to assume a shear span or a shear force at point B. The connection 

shear capacity per shear plane Fv should then be written as a function of the shear span b 

and/or the shear force in point B VB. Using the equilibrium requirement the bending 

moment at point C can be determined (see Figure 5-10 for clarification): 
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Eq. 5-20 
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Eq. 5-21 

 

Figure 5-10: Failure mode V: interlaminar shear failure 

The bending moments at point B and C during plastic deformations do not have to be equal 

in the case of shear failure. As rigid-perfectly plastic behaviour was assumed, the forces do 

not change in the plastic phase. Therefore, if small rotations are assumed, the bending 

moments do not change either. The bending moments at points B and C during the plastic 

phase can be seen as two separate bending moments with a constant value. These constant 

bending moments can effectively be treated in the same way as plastic bending moments 

as they both can be written as the energy dissipated divided by the rotations. Therefore the 

relationship between the rotation resistance and the bending moments is. 

             2
B CM M R

  Eq. 5-22 

Where: 

MB is the bending moment at point B in Figure 5-8 during plastic deformations  

MC is the bending moment at point C in Figure 5-8 during plastic deformations 
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This unusual step may be doubted. Therefore, a second approach which does not use 

bending moments will be shown in subsection 5.4.4 leading to the same results as this 

equilibrium approach. By substituting Eq. 5-22 in Eq. 5-21 we obtain:  

             

2

4 2
h Bf db V bR    Eq. 5-23 

To satisfy equilibrium Eq. 5-23 can be substituted in Eq. 5-12. 
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   Eq. 5-24 

             2
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f dbF V   

Eq. 5-25 

The shear capacity of solely the dowel Fdv is in reality dependent on the shear span b. 

Unfortunately, the analytical relationship between these is unknown. In Section 5.5 a new 

approach to determine this relationship will be presented. For now, an approximation 

independent of the shear span given in Eq. 5-4 is assumed. This approximation was shown 

to be accurate for shear spans of 1.5d, but is not necessarily accurate for smaller shear 

spans. A logical assumption may be that the shear stress at point B is equal to the shear 

strength of the dowel VB=Fdv. However, substitution of VB in Eq. 5-25 would lead to a shear 

span of zero, which is a consequence of assuming that the dowel shear strength is 

independent of the shear span b. 

Either the relationship between the dowel shear capacity Fdv and the shear span b should 

be determined, or a shear span should be assumed in order to determine the connection 

capacity. Both are shown in this chapter. Previous researchers visually determined shear 

spans from 0.7d to 1.5d (Shanks, 2005) and at 1.5d (Thomson 2011) in connections with 

varying materials. In this work analytical solutions are given for shear spans of 1.0d and 

1.5d which are relevant to GFRP dowels. 

The shear force at B can be written as a function of the connection capacity per shear plane 

as vertical equilibrium is required (see Figure 5-10). 

             B v hV F bf d   Eq. 5-26 

Substituting Eq. 5-26 in Eq. 5-25 gives: 

             2
h
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Solving the last equation for Fv and substituting 1.0d for b gives: 
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f dF F   Eq. 5-28 

Substituting 1.5d instead for b gives: 
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f dF F   Eq. 5-29 

The dowel shear capacity Fdv can be determined using Eq. 5-4, but was also determined 

specifically for dowels of Material C (GFRP with a phenolic resin matrix) for corresponding 

shear spans as was discussed at the beginning of this chapter. First the analytical solutions 

are given: 

             
23 1

4 21.0 v v hb F f A f d     Eq. 5-30 

             
23 3

4 41.5 v v hb F f A f d     Eq. 5-31 

 Alternative derivation of the connection capacity  5.4.4
In this sub-section the European Yield Model is derived from the perspective of shear 

failure using the principle of virtual work. For this alternative method, Johansen’s 

assumptions of rigid-perfectly plastic materials and plastic embedment under rotated 

dowels were here adapted as well.  

 

Figure 5-11: Interlaminar shear failure 

In order to visualise the consequences of the assumptions, Figure 5-11 is considered. If the 

material is rigid-plastic and does not fail due to bending, the slope of the lines AB, CD and 

EF must be the same. This statement can be supported by the physical model of the Section 

3.2.2 (Figure 3-14). Additionally, it can be stated for composites that did not fail due to 
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bending, that fibres in the section of the dowel maintain the same length, because rigid 

bending behaviour is assumed. Any rotation of line AB with respect to CD would imply a 

(plastic) bending deformation. Since the problem is symmetrical, the slope of lines AB, CD 

and EF must be horizontal. The lines AB and EF only move when embedment failure under 

the entire dowel occurs or when bending failure occurs. For predictions of interlaminar 

shear failure it can then be stated that dowel parts AB and EF do not move. After shear 

failure, the slopes of BC and DE increase (in absolute terms) and the timber under these 

slopes yields. The embedment stress under lines AB and EF is unknown, but is irrelevant 

using an energy approach as there is no work done without displacements or rotations. 

To satisfy equilibrium in the connection using the principle of virtual work: 

      , ,D D d D t vE E E F     Eq. 5-32 

Where:  

ED is the energy dissipated 

ED,d is the energy embedded in the dowel 

ED,t is the energy embedded in the timber 

δ is the dowel deflection at the shear plane 

 

In Eq. 5-32 the energy dissipated is divided into energy dissipated in the dowel and energy 

dissipated in the timber. The energy dissipated in the timber can be determined by 

multiplying the embedment forces by the displacements (see Figure 5-11): 

             , 2
h

D t
bf dE 

  Eq. 5-33 

 

For small deformations the displacement can be written as a function of rotations: 

             b   Eq. 5-34 
 

The energy dissipated in solely the dowel is determined by considering shear failure in a 

dowel without timber. This is the equivalent of a three-point bending test.  
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             , 0D d dE W   Eq. 5-35 

             d dvW F b  Eq. 5-36 

Where Wd is the external work done by an external force. Note that Eq. 5-36 is valid for 

small deformations.  

By substituting Eq. 5-33, Eq. 5-34 and Eq. 5-35 into Eq. 5-32 and solving for Fv the following 

equation can be obtained: 

             2
h

v dv
bf dF F   Eq. 5-37 

 

Eq. 5-27 and Eq. 5-37 are the same. All predictive equations given before in this chapter can 

be obtained this way including the European Yield model equation, avoiding the use of 

bending moments in the derivation.  

 

 A new shear failure theory 5.5
A problem exists as the shear capacity of a dowel depends on the shear span. There was no 

theory found in literature that addresses this problem. Therefore, a new theory is 

proposed. Further research is recommended for the fine tuning of this theory. 

If it is assumed that shear sections remain plane, no reason can be found for an increased 

shear capacity for short shear spans. However, it is known that shear sections do not 

remain plane as the shear stresses and strains at the edges of the sections remain zero. In 

Figure 5-12a the shear strain γ is independent of the shear span. It is known that there are 

only small shear strains near the upper and lower surface. The dowel could be divided in 

imaginary longitudinal layers or belts, of which the upper and lower belts experience zero 

to low shear. The middle layers (here called the shearing body) would experience high 

shear. Before the occurrence of cracks, the upper and lower belts and the middle shearing 

body have to deflect the same amount because they are physically connected. However, 

the upper and lower belts have to bend in order to deflect, while the middle body is also 

able to shear. This results in warping of cross sections as shown in Figure 5-12b. 
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Figure 5-12: Shear strains of a beam and bending belts 
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In the approach presented here, the beam is simply split up into a shear body and two 

bending belts as shown in Figure 5-12c. Bending belts represent the material that 

experiences no to low shear. The shear capacity of the shear body can be simply estimated 

using Eq. 5-4. No reduction of the shear section is taken into account as the bending belt 

represents the areas where shear strains do not occur or where they are negligible. The 

increased shear capacity of the dowel for short shear spans is caused by the bending belts. 

If the rotation in the middle of the bending belts is equal to the maximum shear strain, the 

dowel fails. The bending behaviour of the entire cross section is ignored as this is expected 

not to play a role in shear failure. Thus, the bending rotation ϕ is assumed to be zero. 

Using a beam equation based on Bernoulli beam theory, of which the derivation was shown 

in Section 3.2.1, the maximum rotation of the bending belts can be determined (Figure 

5-12d). At the moment of failure for small deflections this rotation has to be equal to the 

maximum shear strain as shown in Figure 5-12c. Therefore, from Eq.3-10 (Bernoulli beam 

equation for cantilevers) in Section 3.2.1: 

       

2

22 2
2 16

add

add
ult

belt belt

V b
V b

EI EI


 
 
    Eq. 5-38 

Where: 

γult is the maximum shear strain 

Vadd  is the additional shear force required to fail the beam/dowel 

Ibelt  is the second moment of area of the bending belt 

The additional shear load required to bend the bending belts far enough to allow shear 

failure to be determined by solving Eq. 5-38 for Vadd: 

             2

16 belt ult
add

EIV
b


  Eq. 5-39 

The dowel shear capacity per shear plane can then be estimated by the summation of Eq. 

5-4 and Eq. 5-39: 

             2

16 3
4

belt ult
dv v

EIF f A
b


   Eq. 5-40 
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The connection shear capacity per shear plane can then be estimated by substituting Eq. 

5-40 in Eq. 5-37: 

             2

16 3
2 4
h belt ult

v v
bf d EIF f A

b


    Eq. 5-41 

Logically, b is found at the lowest connection capacity when Fv is a minimum. Therefore: 

             3

32 0
2

v h belt ultdF f d EI
db b


    Eq. 5-42 

             
3

4 belt ult

h

EIb
f d


   
Eq. 5-43 

 

For small deflection the ultimate shear strain can be calculated by: 

             
v

ult
f
G

   Eq. 5-44 

 

Substituting Eq. 5-43 and Eq. 5-44 in Eq. 5-41 gives the final equation: 

             

3
2 2 33

4
v

v h belt v
fF d f EI f A
G

    Eq. 5-45 

 

The thickness of the belts dbelt is in this study determined empirically and it is recommended 

that dbelt is determined analytically in future research. The thickness of the bending belts is 

taken to be 0.2d as this corresponds well with the results of the shear tests discussed 

earlier in this chapter. The second moment of area of the bending belts Ib can then be 

calculated about the centroid of the belt. 

 

 Results and discussion 5.6
The equations which have resulted from this chapter are now compared to experimental 

results from this study and experimental results of connection tests with GFRP dowels from 

previous studies. Table 5-2 summarises the novel analytical predictive equations derived in 

this study.  
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Table 5-2: Novel equations and corresponding assumptions 

Name Shear span Connection capacity per shear 
plane 

Analytical equation 1 

Assumption : VB=0 

3
4

v

h

f Ab
f d

  
3
2v vF f A  

Analytical equation 2 

Assumption: b=1.0d 

1.0b d  23 1
4 2v v hF f A f d   

Analytical equation 3 

Assumption: b=1.5d 

1.5b d  23 3
4 4v v hF f A f d   

Analytical equation 4 

Assumption: dbelt=0.2d 

3

4 belt ult

h

EIb
f d


   
3

2 2 33
4

v
v h belt v

fF d f EI f A
G

    

 

Results of the connection tests and the half-hole connection tests discussed in Chapter 4 

are shown in Figure 5-13. The load given in this figure is not the load per shear plane but 

the load on the whole connection with two shear planes. The red lines correspond to the 

novel analytical equations shown in Table 5-2. The marked intersection of these lines with 

the numerically predicted connection slip (see Section 3.2) gives a prediction of the 

connection slip at which interlaminar shear failure occurs.  

Analytical predictions were made using the material properties for Kerto-S LVL and GFRP of 

Material C as reported in Chapter 4. The embedment strength of the Kerto-S LVL was 

determined for 12.5mm dowels but the connection tests were performed with 10mm 

dowels. Therefore, an additional set of embedment tests was performed solely at 20°C 

using dowels of 10mm. Determined from five half-hole tests, according to the ASTM D5764, 

the mean ultimate embedment strength was 32.9MPa with a corresponding coefficient of 

variance of 9.7%.  

The analytical equations proposed in this chapter predict the point where the experimental 

curves deviate from the numerical curve (Figure 5-13). All equations give similar and 

accurate results except for Analytical equation 3 (Table 5-2). This indicates that a shear 

span of 1.5d is in this case too large and leads to an overestimation of the capacity.  
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Figure 5-13: Stiffness and strength predictions versus test results of connections with 
10mm dowels of Material C 

In contrast to plastic hinges formed due to bending moments, the post-elastic hinges of a 

shear mechanism in the dowel have to occur simultaneously. This is because the glass fibres 

are still intact when no bending failure occurs. These fibres change length due to bending 

but not due to shear. Therefore, the rotations at the ends of the dowel in Figure 5-9 should 

be independent of the shear forces in the dowel and are solely caused by the bending 

moments in the dowel. The equations given in Table 5-2, therefore, predict one single 

point: the initiation of interlaminar shear failure. The hardening that occurs after the 

initiation of shear failure is very likely caused by friction (Figure 5-14). Similar friction occurs 

in metallic timber connections after yielding of the dowel. This friction can be included by 

implementing a very recently developed friction model (Svenson and Munch-Andersen, 

2014), which includes friction based on rotations of the dowel. Although it seems easy to 

implement this theory, because the determined shear span can be directly related to the 

rotations of the dowel, it is considered out of the scope of this thesis, as it is not directly 

related to the main topics of this work 
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Figure 5-14: Schematic load-slip curve of a connection failing due to interlaminar shear 
failure of the dowel 

In order to determine which is the better method of calculating the connection capacity, 

more connection results obtained from the literature were compared with the analytical 

predictions. The material properties used to make predictions were gained from the same 

literature if possible. Some unknown material properties were derived as will be further 

explained. 

Results of Thomson’s (2011) experiments on connections with GFRP dowels of varying size 

are shown in Figure 5-15. These tests were performed using Kerto-S LVL as a timber 

material. The embedment strength of this material was not reported, but the average dry 

density was reported as 476kg/m3. The empirical relationship between density and 

embedment strength given by Eurocode 5 (BSI, 2004a) is used in order to determine the 

corresponding embedment strength. The GFRP bars that were used by Thomson had a 

polyester resin matrix. The Young’s modulus (51.8GPa) was determined by Thomson using a 

regression of three-point bending test results with different spans. Therefore, there is no 

information about the variability of the Young’s modulus. The relatively high Young’s 

modulus indicates a high volume fraction of glass fibre. The shear strength and the shear 

modulus were not reported by Thomson. Shear properties of Material B of this study were 

assumed, as the material has a similar description. From a comparison between Thomson’s 
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test results and the predicted initiation of interlaminar shear failure (Figure 5-15), the same 

conclusions can be drawn as for the results plotted in Figure 5-13. The models seem to 

correspond well to different diameters of the dowels. 

 

Figure 5-15: Stiffness and strength predictions versus experimental results of connection 
tests 

Thomson (2011) performed additional tests using the same dowel material with Douglas fir. 

The embedment strength of this material was determined from five tests. The mean 

embedment strength was reported as 31.0MPa and the coefficient of variance was 10.6%. 

Using the corresponding material properties predictions were made and compared with 
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experimental results that were presented as typical test results for different test series 

(Figure 5-13). Also here the same conclusions can be drawn.  

 

*Results from Thomson (2011) 

Figure 5-16: Stiffness and strength predictions versus experimental results from literature 

With the exception of Analytical equation 3 all the novel equations seem to be capable of 

predicting the connection capacity of non-metallic timber connections comprising GFRP 

dowels. It seems that different values of the shear span can lead to similar predictions of 

the connection capacity. Figure 5-17 shows the results of the shear tests of Material C and 

predicted dowel capacity Fdv according to the novel shear failure theory Analytical equation 

4. It can be seen that the dowel capacity predictions coincide very well with the 

experimental results. The connection capacity Fv is also included and it can be seen that the 

connection capacity is lowest at a shear span of just over 6mm. However, an assumed shear 

span of 10mm (or 1.0d) will give a comparable prediction. The results indicate that a shear 

span of 1.0d can be assumed for GFRP dowels.  
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According to Analytical equation 1, the connection capacity is independent of the 

embedment strength. Remarkably, the equation predicted dowel shear failure from a 

variety of experiments well. However, it can be expected that the equation will 

underestimate the capacity of connections of dense timber with high embedment strengths 

and it may overestimate the capacity of soft timbers. Analytical equation 4 consistently 

gave good predictions of shear failure and is proposed to be used as an extension of the 

European Yield model to check an additional failure mode: failure mode V (interlaminar 

shear failure). 

 

Figure 5-17: Dowel and connection capacity according to tests and the novel shear failure 
theory 
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 Conclusions 5.7
In this chapter analytically determined equations for predicting interlaminar shear failure 

were proposed. Three of the four equations proposed, assumed a dowel shear capacity 

that is independent of the shear span. This assumption leads to an underestimated capacity 

for connections with short shear spans. Analytical equation 1 corresponded entirely to the 

European Yield model failure mode III and was based on the same assumptions. However, 

the assumption of zero shear force at a post-elastic hinge is questionable. The equation for 

the connection capacity per shear plane is repeated here: 

3
2v vF f A   

Despite the questionable assumption, the equation consistently gave good predictions of 

the connection capacity.  

Analytical equation 2 and Analytical equation 3 predicted the connection capacity based on 

an assumed shear span. The shear span of 1.0d led to good estimations for connections 

using GFRP dowels. The equation corresponding to a shear span of 1.0d is repeated here: 

23 1
4 2v v hF f A f d   

This simple equation is suitable for predicting the behaviour of the GFRP connectors with 

different dimensions, fibre volume fractions and polymer resin matrices.  

The last proposed equation is based on a new interlaminar shear failure theory, which is 

based on the fact that parts of the cross section with low shear strains have to bend in 

order to deflect as much as the parts with high shear strains. The simplification of the beam 

into a shear body with two bending belts led to the following equation: 

3
2 2 33

4
v

v h belt v
fF d f EI f A
G

    

This equation led to accurate predictions of interlaminar shear failure of GFRP dowels of 

different sizes and GFRP dowels comprised of different polymers with different fibre 

volume fractions. Therefore, the last equation is proposed as an extension of the European 

Yield Model to predict interlaminar shear failure of composite dowels, which would be a 

fifth failure mode. The inclusion of friction to calculate the interlaminar shear capacity is 

left for further research. 
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6 Fire tests and tests at elevated temperatures 
The experimental work presented in this chapter includes a study of the heat transfer and 

mechanical behaviour of metallic and non-metallic connections. The mechanical 

performance of the connection in a non-standard fire was tested in a thermal chamber with 

temperatures up to 610°C. Additionally, a comparative study was performed between non-

metallic and metallic connections. Also unloaded specimens were tested to determine the 

heat transfer throughout the connections and compare the charring behaviour of the 

different connections. 

Heat transfer was studied in a constant incident heat flux. These tests were performed in a 

standard cone calorimeter and determined the heat transfer of the different non-metallic 

and metallic connection materials. A second approach was adopted in which a specimen 

was subjected to varying radiation (H-TRIS). In these tests, the temperatures were 

measured at points throughout the specimens with thermocouples.  

 Mechanical tests in a thermal chamber 6.1
Tensile connection tests were performed in a high convection thermal chamber at 

temperatures up to 610°C (Figure 6-1). A small window in the door of the thermal chamber 

allowed for photos to be taken during the test. The specimens consisted of two dowelled 

flitch plate connections loaded in series. Both metallic and non-metallic connections were 

tested in the thermal chamber. The timber used was Kerto-S Laminated Veneer Lumber 

(LVL) and the flitch plate consisted of 12mm thick steel or densified cross-laminated beech 

veneer (DVW) with a density of approximately 1300 kg/m3. For the non-metallic 

connections plain glass fibre reinforced phenolic rods produced by Fiberline Composites 

with a diameter of 10mm were used as dowels. The matrix consisted of Phenol F4010 and 

the glass was E-Glass G016X (Material C). The tests were performed at facilities of the 

University of Edinburgh in the BRE Centre for Fire Safety Engineering. The assembled 

connections were conditioned at 60% relative humidity at the University of Bath for at least 

one month before testing and were wrapped in cling film before transportation (Figure 

6-2). The specimens were weighed prior to wrapping and after unwrapping. Insignificant 

weight losses smaller than 0.05% were measured. Therefore, the specimen can be 

considered conditioned at 60% relative humidity until the moment of testing. 
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Figure 6-1:  Tensile connection test setup in environmental chamber 
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Figure 6-2:  Specimens wrapped in cling film 

The flitch plates were located through a hole in the top and bottom of the thermal chamber 

and were gripped by the testing machine on the outside of the thermal chamber. Above 

and under the timber connection a layer of aluminium foil (Figure 6-3) and two layers of 

3mm thick ceramic paper were tightly wrapped around the flitch plate, to prevent flitch 

plate failure in the holes of the thermal chamber. Ceramic fibre board was used above and 

under the specimens (Figure 6-4) to minimise the heat flow in the vertical direction. Zero 

heat flow replicates a symmetry plane, which is generally present in flitch plate 

connections. The ceramic fibre board boundary conditions approximately simulate a 

symmetry plane in the flitch plate connection.  

The connections were loaded in parallel and perpendicular to grain direction with 20% and 

40% of their experimentally determined capacity at ambient temperature. This capacity 

was determined from the full-hole connection tests discussed in Section 4.6.2 and was 

9.2kN for the non-metallic connections and 21.9kN for metallic connections. The load was 

increased at a constant rate to reach the required load in a time of 2 minutes. 30 seconds 

after that the thermal chamber temperature was increased at a rate of 15°C per minute 

until the maximum temperature of 610°C was reached and it was held constant after that. 
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Figure 6-3:  Aluminium foil wrapped around the flitch plate 

 

Figure 6-4:  Insulation board and ceramic paper define the boundary conditions 

The dimensions of the different test series are shown in Figure 6-5. The specimens of test 

series FA and FB had similar sizes and were comprised of non-metallic and metallic 

connections respectively. The only difference was the end distance a, which was 50mm for 

the non-metallic connections as proposed by Thomson et al. (2010) and 80mm for metallic 

connections in accordance with Eurocode 5 (BSI, 2004a). The specimens had an edge 

distance of 50mm, which was larger than required to ensure significant heat transfer in the 

direction along the dowel, which is the case for dowels in larger connections that are not 

located near the edge. 

Specimens of test series FC have the minimum required edge distance of 30mm in 

accordance with Eurocode 5 (BSI, 2004a). In these tests the heat transfer in the direction 

along the flitch plate and perpendicular to the dowel was more significant. In practice this 

will be the case for dowels in small connections or at the edge of larger connections. 
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Figure 6-5:  Dimensions of the tested specimens (dimensions in mm) 
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Specimens in test series FD were loaded perpendicular to the timber grain. In these tests 

the edge and end distances were in accordance with Eurocode 5 (BSI, 2004a). The 

connection is not likely to be applied in practice but the tests will provide information 

about the fire performance of connections with dowels loaded perpendicular to the grain.  

A single unloaded test of series FA, FB, FC and FD was performed with 12 thermocouples 

located inside the connections to determine the heat transfer. These tests also measured 

the shrinkage between the two dowels, which may become significant in the direction 

perpendicular to the grain. The thermocouple positions are shown in Figure 6-5. In the 

specimens of the parallel to grain loaded series FA, FB and FC the thermocouples were 

placed half way through the depth in the dowel and in the timber 15mm under the dowel, 

where the timber was embedded. The temperature measurements of thermocouples 1, 2, 

3 and 7, 8, 9 (in the timber) could potentially be used for predictions of the reduced dowel 

embedment strength and stiffness in Chapter 7. Comparisons between the temperature 

profile of the dowel and of the timber along the dowel will show whether the dowel does 

or does not accelerate the heat transfer through timber.  

The thermocouple diagram of the unloaded test of series FD (FD0%) is shown on the right 

hand side of Figure 6-5. In the ambient temperature tension tests, with similar specimens, 

of test series AC (Section 4.6.2) the failure mode was perpendicular to the grain tensile 

timber failure. It was predicted that the same failure mode would appear in a fire. Since the 

dowel strength and timber embedment were not expected to govern the strength in test 

series FD, the temperature along the dowel was not as informative as the temperature 

profile within the timber. This explains the different thermocouple layout adopted for the 

parallel to grain and perpendicular to grain loaded test series. 

The number of tests performed is given in Table 6-1. The emphasis was put on the 

mechanical performance of non-metallic connections at elevated temperatures. The 

metallic connection tests were only performed for a comparative study. The tests without 

mechanical load where used to study the heat transfer and the charring behaviour. 

However, additional tests that will be discussed in the upcoming sections focus solely on 

the heat transfer. Therefore, no emphasis is put on heat transfer in this test. 
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Table 6-1: Overview of loaded tests in the thermal chamber 

Test 

series 

Description Number of tests 

loaded at 40% of 

the maximum 

ambient capacity 

Number of tests 

loaded at 20% of 

the maximum 

ambient capacity 

Number of 

tests without 

mechanical 

load 

FA Non-metallic 

connections loaded in 

parallel to grain direction 

3 3 1 

FB Metallic connections 

loaded in parallel to 

grain direction 

1 1 1 

FC Non-metallic 

connections loaded in 

parallel to grain direction 

with minimum edge 

distance 

2 3 1 

FD Non-metallic 

connections loaded in 

perpendicular to grain 

direction 

2 3 1 

 

 Mechanical test results 6.1.1
The results of test series FA and FB are shown in Figure 6-6. The three different failure 

modes that occurred are denoted in the legend of the figure. On the y-axis the total 

extension of the machine is given. This includes the slip of both connections and the 

shrinkage of all members. The heating of the thermal chamber started 150 seconds after 

the initiation of the loads. The failure mode represented by the square point is denoted as 

invalid. The failure of this specimen occurred in the slender part of the flitch plate in one of 

the access holes of the oven due to lack of protection by the aluminium foil and ceramic 

paper. Therefore, the failure did not occur within the connection and it cannot be seen as a 

connection failure. If this test is ignored, it can be seen that the non-metallic connections 

perform better for both applied load levels. A significant difference in performance was 

seen between metallic and non-metallic connections at the 20% load level. Failure of the 
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non-metallic connections bearing 20% of the ultimate capacity occurred in the flitch plate 

just outside the connection. This was the weakest location, due to the absence of timber 

protecting the flitch plate, which indicates that additional thermal protection of the flitch 

plate will lead to an increased performance in fire. Plug shear failure occurred in the 

connections that were bearing 40% of the ultimate capacity. This failure mode can 

potentially be postponed by protection in the gap at the end of the timber member. 

 

Figure 6-6:  Extension versus time for test series FA and FB 

The results of test series FC are shown in Figure 6-7. As discussed before, the specimens 

contained a minimum edge distance of 30mm which allows the heat to reach the dowel 

more rapidly than in test series FA. However, the results are very similar to the results of 

test series FA although the failure occurred more quickly in the specimens with the 

minimum edge distance. This leads to the conclusion that the dowels at the edge of the 

connections are more vulnerable than more centrally placed dowels in large connections. 
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This seems obvious, but in the case of unprotected metallic connections this is not as clear. 

Kӧnig and Fontana (2001) reported that in unprotected connections comprising steel 

dowels the number of dowels did not influence the fire resistance of the connection, if the 

applied load level was the same. This is logical when it is known that the steel dowel 

controls heat transfer, which usually leads to embedment failure.  

 

Figure 6-7:  Extension versus time for test series FC  

The connections loaded at a 20% load level showed flitch plate failure, similar to the 

connections of series FA. One of the connections loaded at a 40% load level showed clear 

embedment failure. The diamond shaped point in Figure 6-7 represents a more 

complicated failure mode that only occurred once during the tests. The section of this 

particular test specimen after testing is shown in Figure 6-8. It can be seen that a 

substantial amount of material sheared off and that embedment failure occurred in the 

material that did not shear off. On the other side of the flitch plate shear failure of the 
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dowel occurred. The char layer is deeper near the failed dowel and the flitch plate of the 

failed connection is significantly more charred than the other flitch plate. This suggests that 

a significant air flow existed around the flitch plate and that the boundary conditions 

insufficiently protected the end face of the timber. However, it did not result in a 

significantly different time to failure.  Photos taken every five seconds during the test 

revealed that there was more combustion near the failed end during the last few minutes 

of the test, when the extension started to increase.  

 

Figure 6-8:  Longitudinal section of specimen FC40%2 after test 

The results of test series FD are shown in Figure 6-9. It can be seen that all specimens failed 

in tension perpendicular to the grain and that the time to failure was less than the parallel 

to grain specimens of series FA. The test generally led to quite consistent results with a few 

exceptions. It can be seen that one single test at a 20% load level showed a relatively short 

time to failure. This specific test experienced an excessive deformation during the loading 

phase. Despite the high structural consistency of the LVL used, the excessive deformation 

might have been caused by an imperfection or an initial crack in the timber near the dowel. 

It can be argued that the mechanical properties of timber perpendicular to the grain are 

more variable than properties parallel to the grain (Bodig and Jayne, 1993). 
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Figure 6-9:  Extension versus time for test series FD  

In the results of Figure 6-6, Figure 6-7 and Figure 6-9 a decreasing extension rate can be 

observed after 30 minutes in some specimens. In the perpendicular to grain loaded test 

series the extension even decreased in two specimens. The tests without mechanical load, 

discussed below, will make clear that this was caused by shrinkage of the specimen.  

 Unloaded test results 6.1.2
In Figure 6-10 results of the tests without a (significant) mechanical load are shown. 

However, in order to measure the extension a small tensile load of 80N had to be applied. 

The distance between two dowels in a single test specimen was 140mm. Significantly 

different curves can be seen regarding expansion or shrinkage of the specimens. The 
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specimen that showed the most shrinkage was the perpendicular to the grain (loaded) 

connection (FD0%).  

 

Figure 6-10:  Extension and shrinkage of tests without mechanical load 

It is well known that swelling and shrinkage due to change in moisture content is most 

severe in the perpendicular to grain direction. Test series AC presented in Section 4.6.2 

showed that the deformation capacity of this perpendicular to grain loaded connection at 

ambient temperature was only 0.6 to 1.2mm. In a flitch plate connection with a 

perpendicular to the grain dowel distance a (Figure 6-11) of 140mm a perpendicular to 

grain shrinkage of 4mm will very likely lead to splitting failure. The most significant 

shrinkage takes place when the timber material exceeds 100°C, because all moisture will be 

forced out of the timber. The timber near the surface of the connection will reach higher 

temperatures more rapidly than timber inside the connection, which leads to superficial 

cracks. The temperatures near the shear plane are more important regarding the shrinkage 
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of timber between dowels, but depend highly on the side member thickness ts. Hence the 

perpendicular to grain shrinkage between dowels during a fire depends on: 

- The side member thickness ts (Figure 6-11); 

- the timber species/density; 

- the dowel distance in perpendicular to grain direction a (Figure 6-11); 

- the initial moisture content; 

- the fire/incident heat flux exposed to the connection. 

 
Figure 6-11:  Cracking behaviour due to perpendicular to grain shrinkage 

This test does not make it possible to make general predictions regarding splitting failure 

due to perpendicular to grain shrinkage of non-metallic connections, since it is heavily 

dependent on the side member thickness ts. However, the test shows how severe the 

shrinkage can be. With a heat transfer model and a relationship between moisture content 

and volume, a maximum dowel distance or a minimum side member thickness can be 

determined. In such a model, the reduction of material properties and the shrinkage (or 

thermal expansion) of the flitch plate should also be taken into account. Considering such a 

model is recommended for future research. 

 The non-metallic parallel to the grain connections (FA0% and FC0%) showed some 

shrinkage as well. The test specimen with the minimum edge distance, FC0%, showed more 

shrinkage because the wood near the shear plane dried more rapidly, due to the smaller 

dimensions. This shrinkage was, however, small while the deformation capacity at ambient 
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temperature was shown to be larger than 6mm (see Chapter 3). Test FD0% showed only 

extension, indicating that the thermal extension of the steel flitch plate was larger than the 

parallel to grain shrinkage of the timber.  

 
Figure 6-12:  Temperature measurements as a function of time in non-metallic connection 
FA0%  

The temperature profile of the non-metallic specimen FA0% is shown in Figure 6-12. The 

symmetric thermocouple diagram was explained before and is shown in Figure 6-5.  Curves 

of the same line-type correspond to temperatures measured at the same depth (or 

distance from the exposed surface). TC (thermocouple) 1 to 6 were symmetrical with TC 8 

to 12 and theoretically should show similar results. It can be seen that the results of 

symmetrical thermocouple pairs are very similar. This indicates that the temperature in the 

oven was the same at the top and the bottom. The temperature in the dowel was lower at 

every measured depth (see grey curves) than the temperature in the timber (see black 

curves), suggesting that the heat flow through the timber was higher than the heat flow 
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through the dowel. However it should be noted that the thermocouples for the wood were 

closer to the end of the specimen than the thermocouples for the dowel.   

 
Figure 6-13:  Temperature measurements as a function of time in metallic connection 
FB0%  

The temperature increase of timber paused at 100°C. This pause was caused by the 

moisture in the timber that had to transform into gas, which required energy. After the 

moisture had escaped the temperature increase rate in the timber was higher than before 

because the heat capacity of the timber was lower at this point, since the water had 

evaporated. The thermocouples that were located at 45mm depth measured only a slightly 

lower temperature than thermocouples located at 30mm depth, which suggests that there 

was a significant heat flow from the direction perpendicular to the dowel and that this 

connection cannot be accurately modelled with a one dimensional heat transfer model. 
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The temperature measured in the metallic connection FB0% is shown in Figure 6-13. Clear 

differences with Figure 6-12 can be seen regarding the minimum temperatures and the 

variability of temperatures. The temperatures in the dowel increased rapidly independent 

of the depth. The temperatures in the timber measured by TC1, TC2, TC7 and TC8 were 

lower than the temperatures measured in the dowels for the first 45 to 50 minutes. 

Fourier’s second law of thermodynamics states that heat flows from high temperatures to 

low temperatures, which in this case means that the timber inside was heated by the 

dowel. This confirms the low thermal resistance of metallic connections. 

 
Figure 6-14:  Temperature measurements as a function of time in dowel and flitch plate  

In Figure 6-14, temperatures in the metallic parts of the connections are shown by the grey 

curves and the temperatures in the non-metallic dowel and flitch plate are shown by the 

black curves. It can be seen that the temperatures are higher and less variable in the 
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metallic parts. In the non-metallic connections, the temperature is far more dependent on 

the depth. 

 
Figure 6-15:  Temperature measurements as a function of time in non-metallic connection 
FC0%  

Figure 6-15 shows the temperatures measured in the non-metallic connection with 

minimum edge distance FC0%. If compared with FA0% (Figure 6-12), it can be seen that the 

temperatures after 50 minutes were higher in every position. Since the only difference 

between the tests was the edge distance, it can be concluded that the heat transfer in the 

direction perpendicular to the dowel was responsible. 

 Figure 6-16 shows the temperatures measured in the perpendicular to grain non-metallic 

connection FD0%. In contrast with the results for the other connections, the measured 

temperatures at 16mm depth represented by the continuous lines do not show a very clear 

pause at 100°C. Results of specimens FA0% and FD0% taken from similar depths are shown 
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in Figure 6-17. In this figure similar line types correspond to similar depths. The results of 

FD0% TC4 and TC10 were mainly influenced by heat transfer parallel to the grain as these 

thermocouples were positioned near the exposed end-grain surface. In contrast, results of 

FA0% TC1 and TC7 (at a similar depth) were mainly influenced by heat transfer 

perpendicular to the grain as these thermocouples were positioned near the exposed face-

grain surface. Significant differences can be seen between these results. 

 
Figure 6-16:  Temperature measurements in non-metallic connection FD0%  

A heat transfer model can account for the different heat transfer properties in the different 

directions relative to the timber grain. However, no published parameters have been found 

for heat transfer in the direction along the grain for fire modelling. It is also questionable 

whether the heat transfer along the grain direction significantly influences the fire 

performance. End distances are generally larger than edge distances (in agreement with 

Eurocode 5). Also, in many practical applications, e.g. a splice connection, the beam ends 
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are protected. Therefore, the heat transfer is assumed to be the same in all directions in 

this study.  

 

Figure 6-17:  Temperature measurements in timber of FA0% and FD0%  

Numerical modelling of the connections in this test condition requires knowledge of the 

convection and radiation, which are very difficult to measure inside the thermal chamber. 

The general solution is to make rough assumptions about the convection and radiation. An 

improvement is to use the surface temperature as a boundary condition. For that, the 

surface temperature has to be known, which was estimated during the tests by pressing a 

thermocouple on the surface. It should be noted that the measurements were influenced 

by direct radiation and convection and only give an estimation of the surface temperature. 
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Figure 6-18:  Longitudinal section of non-metallic connection after 50 minutes of heating 

 

Figure 6-19:  Longitudinal section of metallic connection after 50 minutes of heating  

Longitudinal sections of the non-metallic specimen FA0% (Figure 6-18) and metallic 

specimen FB0% (Figure 6-19) show a significant difference in charring behaviour. Figure 

6-18 shows a clear char layer and it can be stated that the char depth was not visibly 

influenced by the dowel. This indicates that the heat transfer along the dowel was 

governed by the timber. In Figure 6-19 it can be seen that the timber charred deeper into 
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the connection. The most significant difference can be seen in the surface of the drilled 

hole. The timber adjacent to the dowel was fully charred in the metallic connection. This 

was the location where the timber stresses were highest, which explains the embedment 

failure that occurred in the mechanically loaded specimens.  

Regarding non-metallic connections, the results suggest that the timber was governing the 

heat transfer along the dowel. Also, temperatures measured deep inside a non-metallic 

flitch plate seemed to be significantly lower than temperatures measured inside a metallic 

plate. These observations were made from only a small number of specimens. However, 

the heat transfer in non-metallic connections was more extensively studied with additional 

experiments as will be discussed in the next sections. Additionally the effect of an 

intumescent layer for protection of the flitch plate was studied in those tests. 

 Heat-transfer tests with constant incident heat flux 6.2
Heat transfer in small specimens comprising the non-metallic and metallic materials of the 

connections was studied using a standard cone calorimeter according to BS ISO 5660-1 (BSI, 

2002) (Figure 6-20). The cone is designed to expose a small specimen to an evenly 

distributed incident heat flux and allows the study of one-dimensional heat transfer in the 

specimen if the right conditions are achieved. However, in theory the heat flow in the 

specimen can never be perfectly one dimensional, as there will always be heat losses 

through the non-exposed sides of the specimen. The effectiveness of the boundary 

conditions, therefore, has to be evaluated with the test results. 

A layer of aluminium foil was tightly wrapped around the sides of the specimen to prevent 

air flow from the four sides as shown in Figure 6-21. The air flow would cause the material 

to combust more along the sides, which could eventually cause a significant airflow in three 

dimensions. The heat flow through the sides was reduced by two layers of 3mm thick 

ceramic paper.  

The specimen was placed on an aluminium block in the specimen holder (Figure 6-22). This 

block was used to measure the temperature of the bottom, non-exposed, surface. Two 

thermocouples were positioned in the block and ceramic paper limited heat flow from the 

aluminium block to the specimen holder. All thermocouples were K-type thermocouples of 

1.5mm diameter and were positioned in drilled holes with a diameter of 1.8mm.  
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Figure 6-20:  Cone calorimeter test setup 
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Figure 6-21:  Specimens tightly wrapped in aluminium foil with an exposed surface of 
100x100mm 

 

Figure 6-22: Specimen wrapped in 2 layers of ceramic paper positioned on top of the 
specimen holder  
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Different materials were tested in different test series. Also tests were performed with two 

different materials in combination, which made the heat flow three-dimensional in some 

cases. The upcoming sections present the dimensions, thermocouple diagrams and the 

results of each test series.  

In order to reach temperatures that are comparable to temperatures of a standard fire, the 

specimens were exposed to an incident heat flux of 50kW/m2. The incident heat flux was 

calibrated prior to the test using a heat flux meter which was held at the same position as 

the exposed surface of the specimen. Unless stated otherwise, three specimens per series 

were tested.  

 Constant heat-flux tests of LVL 6.2.1
Specimens of series CA consisted of an LVL block with dimensions and thermocouples as 

shown in Figure 6-23. Thermocouples (TC) 1 to 6 were placed in one centric line at different 

depths. These thermocouples were used to determine the one dimensional heat transfer. 

However, an eccentric line of thermocouples, TC 7 to 12, was required to confirm that the 

heat transfer was one dimensional. Temperature differences between the lines would 

indicate a heat flow in directions that were not parallel to the exposed radiant heat. Three 

specimens were tested, each with two temperature measurements at the same depth.  

Figure 6-24 shows typical results of the test series. Thermocouples near the exposed 

surface can become loose when the timber slowly burns away. At some point the 

thermocouple can completely lose its position which causes significant jumps in the 

measured temperatures. From that point the results are considered as invalid and are not 

shown in the figures. Curves with similar line types represent results of thermocouples at 

the same depth. TC 13 and 14 were located in the aluminium block in the specimen holder 

and give the surface temperature of the non-exposed side. It can be seen that 

thermocouples at the same depth give similar results. This indicates that the heat flux was 

applied homogeneously. Although the sample size was small it also indicates that the 

material properties were consistent. The curves show reductions of heating rate at 100°C. 

The delay in temperature increase at 100°C was caused by the moisture in the timber which 

had to change phase from liquid to gas. The fluctuations measured by TC 1 and TC 7 after 

approximately 3 minutes indicate that the thermocouples were exposed to airflow and that 

the results were influenced by convection.  
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Figure 6-23:  Thermocouple locations for test series CA (dimensions in mm) 

To visualise the consistency of the tests, the results for all specimens are shown in one 

figure (Figure 6-25). The results measured at 60mm depth and 80mm depth are not 

included to clarify the trends. It should be mentioned that TC 2 and 8 were missing in one 

test. Clear clusters of curves can be seen representing the same depth. This confirms the 

consistency of the tests. Also no significant difference can be seen between the centric line 

of thermocouples, TC 1 to 6, and the eccentric line of thermocouples, TC 7 to TC 12. This 

suggests that the heat flow was practically one-dimensional, which can be confirmed by the 

average results corresponding to each thermocouple (Figure 6-26).  

There is also visual evidence that the heat flow was practically one dimensional. Figure 6-27 

shows the section of a specimen after 1 hour of testing. It can be seen that the char depth 

is constant in the specimen. This indicates that the heat flow was one dimensional and that 

the boundary conditions were sufficient. It can also be seen that the cracks in the char layer 

do not have a significant influence on the char depth.  
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Figure 6-24:  Temperatures measured by thermocouples of test CA2 
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Figure 6-25:  Temperatures measured by thermocouples of test series CA 
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Figure 6-26:  Average temperatures measured by thermocouples of test series CA 
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Figure 6-27:  Section of specimen CA2 

The central crack visible in specimen CA2 appeared exactly in line with a line of 

thermocouples. This allowed the observation of the influence of crack development on the 

heat transfer. Curves corresponding with TC1 to TC6 of Figure 6-24 show the results of the 

thermocouples that were right under the crack. Curves corresponding to TC7 to TC12 show 

the results of a line of thermocouples that was not directly under the crack. It can be seen 

that TC1 measured a higher temperature than TC7 after approximately 15 minutes, 

although they were both positioned 10mm under the surface. This was less significant in 

the next line of thermocouples (TC2 and TC8) which was at 20mm depth. The 

thermocouples that were positioned deeper did not measure significant effects related to 

the crack formation. It is also interesting that the temperature at which the effect of crack 

formation became apparent was above 500°C. At this temperature the timber is fully 

charred and has no significant strength. This suggests that the influence of the crack on the 

mechanical behaviour is negligible. 

 Constant heat-flux tests of GFRP dowels embedded in LVL 6.2.2
Test series CB was very similar to test series CA and consisted of a similar LVL block. The 

difference between the two series was a 10mm FRP dowel located in the centre of the 

specimen as shown in Figure 6-28, allowing the influence of the dowel to be studied. TC 1 

to 6 were placed inside the dowel and thermocouple 7 to 12 were placed 15mm from the 

dowel centre in the LVL. The temperature of the LVL in this location near the dowel is of 

importance in order to estimate the reduction of dowel embedment properties. 
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Figure 6-28:  Thermocouple locations for test series CB (dimensions in mm) 

 

Heating two materials with different heat transfer properties in one specimen will lead to 

heat transfer (thermal conduction) between the materials, which in this case is three-

dimensional. The insulating boundary conditions were the same as described for series CA 

and limit the heat flow through the sides as was concluded from series CA. A plane with 

zero or very low heat flow is equivalent to a symmetry plane. If zero heat flow through the 

isolative boundaries is assumed, the specimens resemble an infinite slab of timber with 

dowels every 100mm. The similar exposure and dimensions of series CA and CB allow a 

comparison of the heat flow, which will show the influence of the dowel on the heat 

transfer. 
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Figure 6-29:  Temperatures measured by thermocouples of test series CB 

0

100

200

300

400

500

600

700

800

900

0 20 40 60

Te
m

pe
ra

tu
re

 (°
C)

Time (min)

TC 1

TC 2

TC 3

TC 4

TC 7

TC 8

TC 9

TC 10

TC 13/14



 
 

 

2
1
7
 

Chapter 6. Fire tests and tests at elevated tem
peratures 

 
Figure 6-30:  Average temperatures measured by thermocouples of test series CA 
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Figure 6-29 and Figure 6-30 show the results and average results, respectively, of tests 

series CB and are similar to Figure 6-25 and Figure 6-26 in the previous section. Curves with 

the same line type represent temperature measurements at the same depth. The black and 

grey curves show temperatures inside the dowel and the LVL, respectively. The tests show a 

consistency similar to that of series CA. The average results show similar temperatures in 

the dowel and the LVL, indicating that there was no significant heat flow from the dowel to 

the timber or vice versa. Also Figure 6-30 shows that the dowel does not visibly increase or 

decrease the char depth. However, it is very unlikely that the FRP and the timber have the 

same heat transfer properties. The similar temperature in the FRP and the LVL therefore 

requires some explanation. Figure 6-30 shows a drop of the heating rate at 100°C in both 

the dowel and the LVL which as explained before was caused by the evaporation of 

moisture. As mentioned before, the timber was conditioned at 60% relative humidity 

resulting in a moisture content of approximately 11%. The FRP dowel contains significantly 

less moisture than the timber, which indicates that the temperature of the dowel is 

governed by the temperature of the timber. The relatively large surface and short distance 

that the heat has to transfer through in the dowel, causes the dowel to adapt to the 

temperature of the timber quickly. Visual evidence, that the dowel did not govern the heat 

transfer can be seen in Figure 6-31. The sections of the specimen show a constant char 

depth, which indicates that the dowel did not increase the heat flow.  

 

 
Figure 6-31:  Section of specimen CB2 
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Figure 6-32:  Average temperatures of test series CA and CB 
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Figure 6-32 shows average results of test series CA and CB, which are very similar. The most 

significant temperature difference of more than 100°C was measured at a depth of 40mm 

after 60 minutes. This suggests that the dowel reduces the heat flow in the specimen. 

However, the variability of the results and the small number of specimens did not allow the 

author to draw this conclusion. 

 Constant heat-flux tests of steel dowels embedded in LVL 6.2.3
Test series CC was designed to study the influence of a steel dowel on the heat transfer 

through timber. As mentioned in Chapter 2, it is known from the literature that metallic 

parts conduct heat rapidly into the timber, causing the timber to char faster around the 

dowel. It is also known that fasteners with a large exposed surface, like bolts, heat up faster 

than fasteners with a small exposed surface, like dowels (Buchanan, 2002). For this test a 

dowel was chosen for a comparison with similar sized (10mm) non-metallic dowels. 

  
Figure 6-33:  Thermocouple locations for test series CC (dimensions in mm) 

Knowing that the three-dimensional heat transfer would be significant was the reason to 

focus on the heat transfer perpendicular to the dowel as well as the heat transfer along the 

dowel. Therefore, the thermocouple diagram of this test series (Figure 6-33) differs from 

diagrams shown before. In this setup it was important that the steel dowel was not directly 

in contact with the aluminium block on the specimen holder. This would cause the heat to 
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Figure 6-34: Temperatures measured by thermocouples of test CC3 
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flow rapidly into the aluminium block without heating the timber. A 3mm thick disc of 

ceramic paper was positioned at the non-exposed dowel end to reduce direct heat transfer 

between the steel dowel and the aluminium block. 

Typical test results are shown in Figure 6-34. The black (TC1 to 5), dark grey (TC6 to 10) and 

light grey curves (TC11 to 14) correspond to measurements in the dowel, 10mm and 15mm 

from the dowel centre, respectively. In the figure it can be seen that the measurements at 

similar depths were not always similar. This was especially apparent at depths of 10, 30 and 

40mm. At 10mm depth (TC2, 7 and 11) the timber was hotter than the steel dowel during 

most of the test. This temperature difference must lead to a heat flow from the timber to 

the dowel, according to the 2nd law of thermodynamics. In the same way it can be 

concluded that the dowel constantly heated the timber at depths of 30 and 40mm. 

The temperature profiles of all three tested specimens are shown in Figure 6-35, Figure 

6-36 and Figure 6-37 after 5, 15 and 25 minutes of exposure, respectively. The curves give 

the average temperatures of the three tested specimens at a certain depth. Curves that 

indicate a horizontal heat flow from the timber to the dowel are black and curves that 

indicate a heat flow from the dowel to the timber are grey. A scatter of results can be seen 

especially after 5 minutes of testing, however the trend is clear. All results indicate a heat 

flow from the timber to the dowel at depths of 3 and 10mm. The dowel heats the timber 

deeper in the specimen.  

 
Figure 6-35: Temperature profile at different depths after 5 minutes of heating 
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Figure 6-36: Temperature profile at different depths after 15 minutes of heating 

 

Figure 6-37: Temperature profile at different depths after 25 minutes of heating 

In Figure 6-38 a section of the tested specimen after 25 minutes of exposure is shown. It 

can be seen that the char depth is higher around the dowel, indicating that the heat flowed 

more rapidly through the dowel than through the timber. The char layer, however, appears 

to be deeper on the sides as well. The boundary conditions were the same as those of test 

series CA/CB, and appeared to be sufficient to avoid combustion in the sides. Therefore, the 

additional char depth must have another cause.   
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Figure 6-38: Section of specimen CC1 after 25 minutes of testing 

The evidenced heat flow from the timber at 15mm distance from the dowel towards the 

dowel, caused the timber 15mm from the dowel near the surface to char slower. The dowel 

conducted the heat to cooler timber deeper inside the connection, increasing the char 

formation along the dowel.  

As discussed before, found literature (Buchanan, 2002) states that steel connectors can 

conduct the heat from the surface into the timber. The test suggests it is true, but not 

entirely complete. It suggests that only the exposed surface of the connector has to be 

protected. The connector appears to also redistribute the heat inside the connection, 

slowing down the heating rate of hot areas and increasing the heating rate of cold areas. 

This can be an important issue since the source of the heat is not only outside the 

connection, but also inside due to combustion of the timber. 

 Constant heat-flux tests of an intumescent layer embedded in 6.2.4

LVL 
The tensile connection tests have shown that the flitch plate of the non-metallic timber 

connection can fail in the gap where it is not protected by timber. Here, an intumescent 

seal can be applied to protect the DVW flitch plate. Test series CD was developed to study 

the heat transfer through an intumescent layer between two timber members.  

The specimen dimensions and thermocouple diagram can be seen in Figure 6-39. Two 

blocks of LVL were held together by a two millimetre thick intumescent layer. The 

intumescent seal used was Hilti CP 611A. Five thermocouples were located in the 

intumescent layer and five thermocouples were located in the LVL in similar depths. 
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Figure 6-39:   Thermocouple locations for test series CD (dimensions in mm) 

Figure 6-40 shows the results of the three tested specimens. The black curves show 

measurements in the intumescent layer (TC 1 to 5) and the grey curves show 

measurements in the LVL (TC 6 to 10). Also in this figure, similar line types represent similar 

depths. It can be seen that the temperature at 3mm and 10mm depth increased more 

rapidly in the timber than in the intumescent layer. At 30mm depth the intumescent layer 

(TC 4) clearly heats up faster than the LVL (TC 9).   

Figure 6-41 is used to explain the heat flow through the specimen. In the beginning stage of 

a fire the intumescent layer reduces the heat transfer, by rapid expansion. This expansion 

protects the layer from direct radiation from the cone. However, when the timber is hotter 

than the intumescent layer, the heat transfer will be going towards the layer through 

conduction. The layer expands, but this does not result in a volume change in the direction 

of the heat flow. Therefore, the intumescent layer deeper in the specimen does not reduce 

the heat flow as effectively as near the surface. The intumescent layer fills the void that 

comes to exist when the timber around the gap shrinks due to drying out.
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Figure 6-40:  Temperatures measured by thermocouples of test series CD 
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Figure 6-41: Section of specimen CD2  

 Constant heat-flux tests of DVW 6.2.5
The in-plane heat flow through DVW was studied with test CE. The tested specimen 

comprised of DVW plates of 60mm depth placed next to each other. Two lines of 

thermocouples were positioned as shown in Figure 6-42.  

 

Figure 6-42:  Thermocouple locations for test series CE (dimension mm) 
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The temperature versus time data that were obtained from the cone calorimeter test CE 

can be seen in Figure 6-43. Curves with similar line types represent results of 

thermocouples with the same depth. It can be seen that thermocouples at the same depth 

gave similar results, which indicates that the heat flux was applied homogeneously. The 

curves show reductions in the slope at 100°C and between 250 and 350°C. These indicate 

endothermic reactions in the material. The delay in temperature increase at 100°C was 

caused by the forced phase change of moisture in the DVW. The second delay was very 

likely caused by pyrolysis, because combustion was observed at temperatures from 250°C. 

Although, as mentioned before, it is questioned by authors whether pyrolysis is exothermic 

or endothermic, these results indicate it is endothermic. The figure also shows smooth 

continuous lines, which indicates that the thermocouples stayed in the DVW. If the 

thermocouples would measure the air temperature the curves would probably be 

fluctuating more. This was seen in every test with LVL and therefore it can be concluded 

that the DVW does not burn away as fast as the LVL does.   

The results of test series CA and CE were compared (Figure 6-44). It can be seen that the 

temperatures in the LVL increased more rapidly than the temperatures in the DVW. The 

curves corresponding to test series CA (LVL tests) show a significant increased heating rate 

at temperatures over 100°C. As discussed before this was caused by a drop of heat 

capacity, due to the evaporation of moisture. This was less apparent in the DVW which was 

probably because the mass and heat capacity of densified wood is higher and the water to 

weight ratio is lower. 

Series CE consisted of only one specimen. The variability of results, however, seems low, 

while a significant difference with series CA was seen. The results show that heat transfer 

through LVL is more significant than heat transfer through DVW. Therefore, an assumption 

that the DVW has the same heat transfer properties as LVL would be conservative. 
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Figure 6-43:  Temperatures measured by thermocouples of test series CE 
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Figure 6-44:  Average temperatures measured by thermocouples of test series CA and CE 

0

100

200

300

400

500

600

700

800

900

0 10 20 30 40 50 60

Te
m

pe
ra

tu
re

 (°
C)

Time (min)

CA (3mm depth)

CA (10mm depth)

CA (20mm depth)

CA (40mm depth)

CE (3mm depth)

CE (10mm depth)

CE (20mm depth)

CE (40mm depth)



Chapter 6. Fire tests and tests at elevated temperatures 

231 
 

 Heat-transfer tests with varying incident heat flux 6.3
The specimens discussed in the last section were subjected to 50 kW/m2 incident heat flux, 

which led to surface temperatures of approximately 780°C. This temperature is comparable 

to temperatures in a standard fire test after 25 to 45 minutes of testing. Conclusions drawn 

in the last section would correspond to this period of a standard fire test.  

As discussed in the literature review in Section 2.2.3, the Heat-Transfer Rate Inducing 

System (H-TRIS) is a testing machine recently developed at the University of Edinburgh 

(Maluk et al. 2014) that controls the heat flux subjected to a test specimen by moving 

radiant heat panels towards or away from the specimen. In an H-TRIS test a radiant heat 

panel is moved towards or from the tested specimen. The machine is able to subject 

varying heat fluxes up to 100 kW/m2 to the specimen. Instead of a time-temperature curve 

which is implemented in standard fire tests, a time-heat flux curve is implemented in the H-

TRIS method.  

In a furnace test the surface temperature of the specimen is dependent on material 

properties e.g. the emissivity, conductivity and heat capacity. Since these are material 

dependent, the surface temperature during a fire test is material dependent. The 

difference between air/furnace temperature and specimen surface temperature 

determines the heat transfer. Therefore, the amount of energy required to control the air 

temperature of the furnace is also material dependent. In the H-TRIS method the exposed 

(radiant) energy is controlled, which can lead to a more objective comparison between 

materials in fires.  

To limit convectional heat losses, ideally the exposed surface should be horizontal and 

heated from above. This was, however, not possible with the available equipment. In a 

vertically positioned exposed surface the bottom loses more heat through convection than 

the upper part of the surface, since the heating air will flow upwards (free convection). The 

significance of free convection will be discussed using the test results in Section 6.3.2. 

 Test specimens, heat flux history and boundary conditions 6.3.1
To study the heat-transfer in non-metallic timber connections, tests using the H-TRIS 

methodology were performed. The implemented heat flux curve was generated by Maluk 

(2014) (Figure 6-45) and was designed to replicate a standard fire test (BSI, 2012b) for 
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concrete specimens. These heat fluxes will lead to a non-standard fire curve when similar 

heat fluxes are subjected to timber, since the material properties are different.  

The tested specimens consisted of two dowelled flitch plate connections. The specimens of 

tests HA and HB were heated on different sides as indicated in Figure 6-46. Fifteen 

thermocouples with a diameter of 1.5mm were placed in the specimen in drilled holes with 

a diameter of 1.8mm. The widths of the heated surfaces were 100mm and 90mm for test 

HA and HB respectively. The flitch plate thickness was 12mm and the side member 

thickness was 39mm. The edge distance was 50mm and the end distance was 50mm, in 

accordance with Thomson’s (Thomson et al., 2010) recommendations. The thermocouples 

were placed in four rows at three different depths. Additionally, thermocouples 14 and 15 

were measuring the temperature at the surface of the timber. The setup was symmetrical, 

so thermocouples 1 to 6 and 14 and thermocouples 7 to 12 and 15 were expected to give 

similar results.  

 

Figure 6-45:  Implemented heat flux curve for H-TRIS test 

Similar tests, HC and HD have been performed containing an intumescent layer protecting 

the flitch plates, as shown in Figure 6-46. By comparing the measurements of thermocouple 

13 in the specimens with and without intumescent layer, the effect of the protection on the 

temperature of the flitch plate can be seen. 
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Figure 6-46:  Position of thermocouples in H-TRIS test specimens 
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Figure 6-47:  Specimen exposed to variable radiant heat in an H-TRIS test 
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In the H-TRIS tests it was important that the heat transfer through the sides of the 

specimen was limited. In case the heat transfer through the sides was close to zero, these 

boundaries could be seen as symmetrical planes. A layer of aluminium foil was wrapped 

tightly around the specimens to block the air flow from and to the specimen. This 

prevented oxygen to cause an increased combustion near the edges. Around this a 3 cm 

thick layer of ceramic fibre board was placed and the whole was placed in a frame that was 

protected by ceramic fibre board as shown in Figure 6-47. 

 Results and discussion 6.3.2
The thermal behaviour of the connection in a fire was studied with H-TRIS tests. The 

measured temperatures of the thermocouples 1 to 15 shown in Figure 6-46 are given in 

Figure 6-48, Figure 6-49, Figure 6-50 and Figure 6-51. The grey curves (TC7 to 12) give the 

temperatures of thermocouples in the lower symmetrical half of the specimen and the 

black curves (TC1 to 6) give the temperatures of the upper half. 

Figure 6-48 shows the results of test HA, in which clusters of curves that represent the 

same depth can be recognised. However, a significant scatter in the results can be seen. 

The temperatures measured in the lower half appear to be lower than the temperatures in 

the upper half. This could have been caused by convection, since hot air and flames move 

upwards. However, the same effect cannot be seen in the results of test HB and HD (Figure 

6-50, Figure 6-51). In tests HB and HD a significantly smaller scatter of the results was seen. 

In these tests most of the thermocouples were positioned in the DVW flitch plate, which 

was in contrast with tests HA and HC. This indicates that the thermal properties of DVW 

were more consistent than the thermal properties of the LVL. From this it can be concluded 

that the temperature difference between top and bottom is best judged with tests HB and 

HD and that no significant effect of free convection can be seen in the results. 

From tests HA and HC no significant difference can be found between measurements made 

in the GFRP dowels or the LVL. Since there was significantly more timber than GFRP, this 

suggests that the timber was governing the heat transfer.  

Thermocouples 14 and 15 were placed on the surface and give only an approximation of 

the surface temperatures, since the results were influenced by direct radiation and 

convection. It should also be mentioned that their position easily changes due to 

combustion and charring of the timber.  
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Figure 6-48:  Temperatures measured by thermocouples in H-TRIS test HA 
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Figure 6-49:  Temperatures measured by thermocouples in H-TRIS test HC 
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Figure 6-50:  Temperatures measured by thermocouples in H-TRIS test HB 
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Figure 6-51:  Temperatures measured by thermocouples in H-TRIS test HD 
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Spontaneous ignition was observed after 10.8 minutes in both tests. This moment can be 

recognised in the curves of thermocouple 14 and 15, by a jump in the measured 

temperatures. The temperature jump of thermocouple 14 was more sudden because the 

flames travel upwards and it was positioned higher than thermocouple 15. 

Thermocouple 13 was located in the centre of the flitch plate, where it was the least 

protected by the surrounding timber. A significant difference can be seen between test HA 

and HC regarding the temperature in this location. In test HA the flitch plate temperature 

increased rapidly compared to temperatures of the same depth (TC 3, 6, 9 and 12), due to 

lack of protection by the timber members. In test HC the temperature of thermocouple 13 

was similar to that of thermocouples 3, 6, 9 and 12 which were located at the same depth. 

This shows that the intumescent protection of the flitch plate effectively reduced the heat 

flow towards the flitch plate. Since failure of the flitch plate appeared to be one of the 

governing failure modes in tests discussed earlier, it can be stated that the application of an 

intumescent protective layer can increase the fire performance of the non-metallic 

connection. Figure 6-52 shows the expanded intumescent layer in the specimen during 

exposure before spontaneous ignition occurred. 

The effect of the intumescent layer in test HB and HD can be seen by comparing Figure 6-50 

with Figure 6-51. TC 13 in the unprotected flitch plate of test HB showed temperatures 

similar to TC 3, 6, 9 and 12 which were at the same depth. In the protected flitch plate of 

test HD, the heating rate was significantly lower. This is remarkable, because the protection 

was not located in between the heat source and TC 13. Therefore, it can be concluded that 

a significant part of the heat must have been conducted into the intumescent layer. 

 Comparison between heat transfer tests 6.4
As mentioned before the H-TRIS testing method is a novel method and therefore it is 

recommended to validate the method in different ways. The author was the first to test the 

same material in both H-TRIS and cone calorimeter tests. Therefore, it offers the 

opportunity to compare both testing methods for the first time. A possible disadvantage of 

the H-TRIS testing method is the vertical position of the exposed surface. For a vertical 

surface that is exposed to horizontal radiation, convection plays a bigger role than in a 

horizontal surface exposed from above (Incropera and DeWitt 1981). Therefore, convection 

is likely to play a bigger role in the H-TRIS test than the cone calorimeter test. It was already 

shown that the temperature difference inside the connection does not significantly differ in 
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different vertical positions, indicating that the convection does not play a significant role. In 

this section the H-TRIS testing method is compared to the standard cone calorimeter test to 

confirm the similarity of results. 

    

Figure 6-52:  Expanding intumescent protection in an exposed specimen  
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Figure 6-53: Temperature profile of cone calorimeter and H-TRIS specimen after 10.36 
kWh heat radiation 

The tests done with the H-TRIS started with a heat flux of only 6.5 kW/m2 and increased at 

variable rate to 100 kW/m2. Since the cone calorimeter tests were subjected to a constant 

heat flux of 50 kW/m2 comparison with the cone calorimeter tests is not straightforward. 

However, it is logical that there must be a point where the test time and the radiated heat 

were similar for both tests. This occurs at a heating time of 12.4 minutes, when the total 

radiated heat is 10.36 kWh. At this point the temperature gradients throughout the 

thickness were compared for both, the cone calorimeter and the H-TRIS test (Figure 6-53). 

It can be seen that, although the cone calorimeter tests (series CA and CB) showed slightly 

higher temperatures, the temperature gradient of the H-TRIS tests (HA and HC) is similar. 

Although the curves theoretically do not have to be the same, it indicates that the H-TRIS 

controls the incident heat flux as well as the cone calorimeter and that the occurring 

convection does not have a significant influence on the results. 
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 Conclusions 6.5
Tests at elevated temperatures and with fire exposure were performed to study the 

behaviour of non-metallic timber connections. The data discussed in this chapter will be 

further used to confirm presented models in Chapter 7. 

The tests discussed in this chapter confirmed that metallic parts in connections have a 

significant influence on the heat transfer. This was concluded from observations of the 

charring behaviour and measurements of the temperatures in the dowel and the adjacent 

timber. The increased char layer around the dowel led to rapid failure of the mechanically 

loaded specimens that contained metallic parts. Similarly all three test methods led to the 

conclusion that GFRP dowels in timber do not govern the heat transfer. The temperature of 

the dowel stayed similar to the temperature of the adjacent timber when it was exposed to 

high temperatures or fire. The dowel also did not have a significant influence on the 

charring depth of the timber. Because of this embedment failure was prevented which led 

to higher times to failure of the tested non-metallic connections compared to the metallic 

connections. 

Using the cone calorimeter, it was concluded that fissures in the char layer did not 

significantly influence the charring depth. Significant effects of crack formation on the 

temperatures were only measured in thermocouples close to the surface not deeper than 

20mm. 

Heat transfer tests have shown that intumescent protection of the flitch plate can enhance 

the fire performance of the non-metallic connection. These tests have also shown that the 

heat transfer through DVW is significantly slower than the heat transfer through LVL.  

From the conclusions combined it can be stated that an increase of the dimensions of the 

timber members will significantly increase the fire performance of the non-metallic flitch 

plate connections. This increase will be less significant for a metallic connection as the 

metallic parts will conduct the heat rapidly into the connection. 
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7 Fire modelling 
When it comes to predicting the behaviour of timber in fires, different methods are 

available. The easiest and most straight forward method is a reduced cross-section (RCS) 

method. The edge of a timber section chars and the mechanical properties of this material 

diminish. In the reduced cross-section method, a structurally effective section of a beam or 

column can be determined by subtracting a charred area from the cross section. The 

charring rate should be known and is given in Eurocode 5 (BSI, 2004b) for standard fires. 

For non-standard fires this charring rate is not suitable. The charring rate will be different 

for every fire and has to be determined in another way.  

The RCS method simplifies the behaviour, by dividing the timber into material without any 

strength or stiffness and material with unchanged mechanical properties. This can be done 

to successfully predict the behaviour of a beam or a column in a fire, but is usually less 

straight forward for mechanical timber connections. As discussed before, mechanical 

connectors which are often made of steel can rapidly conduct the heat into the timber, 

which changes the charring rate locally.  

A method for more advanced predictions is the material property reduction (MPR) method. 

This method requires estimated temperatures throughout the structure and a structural 

model in which the material properties can be changed in correspondence with the 

predicted temperatures. A fire curve can be used as an input variable, which can be a 

temperature-time curve or an incident heat flux-time curve.  

In order to model the structural behaviour of timber in fire according to the material 

property reduction method, different non-linearities have to be taken into account, 

including a varying incident heat flux or temperature, non-linear conductivity changes, non-

linear density changes, non-linear specific heat changes, non-linear structural behaviour, 

and a non-linear reduction of this non-linear material behaviour. These non-linearities 

require numerical solutions, which explains the small amount of fire models of timber 

connections found from before 1990. A very common numerical approach for non-linear 

problems is to divide the analysis in small linear steps or increments. In every increment the 

linear parameters are adjusted, which makes the total analysis non-linear. In the structural 

model for example the load can be applied in steps. The deflection can then be calculated 
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for every time step and subsequently the stiffness can be adjusted for every time step. This 

allows the modelling of local yielding of materials.  

The structural model that is used is very similar to the model discussed in Section 3.2. In 

this model elastoplastic (bi-linear) behaviour of timber embedment is accounted for by 

springs and shear deformation of a dowel is accounted for by Timoshenko Beam elements. 

A difference with the model at ambient temperature is that in this case the mechanical 

properties implemented in the model are changed according to the local temperature. The 

temperatures of the structure were determined using two methods; (a) from the results of 

the fire test and (b) from heat transfer model which uses a finite difference solution of 

Fourier's heat equation. The finite difference method gives a numerical (difference) 

solution of a continuous function as will be explained further in this chapter. In addition to 

the three constituents mentioned so far (fire curve; structural model; heat-transfer model), 

relationships between temperature and material properties should be known. These were 

determined as discussed in Chapter 4.  

The numerical analyses presented in this chapter were performed in Matlab and the 

resulting Matlab codes are explained throughout the chapter. Since the models used 

contain many non-linearities, it was very important to have a sufficient number of time 

increments and elements/nodes in the calculation. In the Matlab codes the node spacing, 

element size, time steps/increments were input variables and could be varied in order to 

check the accuracy. 

 Heat -Transfer modelling  7.1
Predicting heat-transfer in a non-steady state, like in a fire, requires a dynamic model. A 

dynamic model can describe changes in temperature over time and is, therefore, time 

dependent. Heat transfer by conduction can be determined with Fourier's heat equation as 

found in many textbooks (e.g. Incropera and DeWitt, 1981): 

2

2

T Tk c
x t


 


 

 
Eq. 7-1 

Where:  

k is thermal conductivity (W/mK) 

T is temperature (K) 
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ρ is density (kg/m3) 

c is specific heat capacity (J/kgK) 

t is time (s) 

It should be noted that k is the conductivity and is not similar to the Timoshenko shear 

correction factor in this chapter. A numerical solution of the equation (Eq. 7-1) is used for 

the heat-transfer predictions, as discussed in the next section. 

 Finite difference solution of the heat equation 7.1.1
The finite difference method is a numerical method which approximates differential 

equations using finite difference equations. There are many curves that do not have a 

differential equation and a difference equation can then be a good alternative.  

Let us consider a curve y(x). The slope in x=1 can for example be approximated with:  

      

(2) (0)'(1)
2

y yy 
  (centred finite difference solution) 

Eq. 7-2 
 

      
(2) (1)'(1)

1
y yy 

  (forward finite difference solution) 
Eq. 7-3 

 

      
(1) (0)'(1)

1
y yy 

  (backward finite difference solution) 
Eq. 7-4 

 

The forward and backward solution have the disadvantage that the slope is not estimated 

for x=1, but in this case for 1<x<2 and 0<x<1. This error is less significant if the space 

difference (Δx) is smaller. The centred difference solution estimates the slope in the correct 

location, but has the disadvantage that the space difference is twice as big as the space 

difference of the forward and backward solution. As a result, a local peak of a curve can 

more easily be missed. Therefore, it is important that the space difference is kept small 

enough, to obtain accurate results.  

The finite difference solution of the heat equation is not much more difficult than the 

above example. More finite difference solutions exist, but the most straightforward 

solution is given in many text books (e.g. Incropera and DeWitt, 1981). The left hand term 

of Eq. 7-1 can be written as: 
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Eq. 7-5 

 

Where: 

p
mT is the Temperature at time p at point m 

Δx is the space increment in the x direction 

 
Here, simply the difference of the forward difference and the backward difference gives the 

second order difference solution. The second order difference equation is therefore central 

if Δx is constant. The right hand term of Eq. 7-1 can be written as: 

1p p
m mT TTc c

t t
 

 


 
 

Eq. 7-6 
 

Where: 

Δt is the time increment  

The time difference solution is taken forward, simply because the future temperature has 

to be the unknown of the equation in order to find the temperature in the next time step.  

The heat equation in finite difference form can be formed by substitution of Eq. 7-5 and Eq. 

7-6 into Eq. 7-1 and solved for the temperature of the next time step: 
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Eq. 7-7 

 

In a two-dimensional problem (if Δx= Δy): 

1
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Eq. 7-8 
 

Eq. 7-7 and Eq. 7-8 are, however, sensitive to instabilities. In certain ratios between the 

time step (Δt) and the distance step (Δx) the calculated temperatures can oscillate. 

Richtmyer and Morton (1967) showed that instability can be avoided by choosing the time 

step and the distance step so that: 

2( ) 2c x
k t

 



  (for one-dimensional heat transfer) 

 
Eq. 7-9 
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2( ) 4c x
k t

 



 (for two-dimensional heat transfer) 

 
Eq. 7-10 

 

From Chapter 6 it was concluded that the LVL governed the heat transfer along the dowel 

and the flitch plate and that no influence on the charring depth could be seen. This 

indicates that the heat transfer model can be simplified by only accounting for the heat-

transfer properties of LVL for the entire section of the connection.  

 

Figure 7-1: Location of one-dimensional and two-dimensional heat transfer model for test 
series FC and FA (Section 6.1) 

One-dimensional, two-dimensional and three-dimensional heat transfer models were used 

to predict the heat transfer and were compared. The one-dimensional model predicted the 

temperatures along the dowel and the two-dimensional model predicted the temperatures 

of a cross section (see Figure 7-1). A three-dimensional heat transfer model, has the 

advantage of estimating the influence of the heat absorbed in the gap between opposing 

members of a flitch plate connection. The convectional heat flux in the gap is, however, 

unknown and modelling this requires assumptions.  

The heat transfer models consist of equally spaced nodes in one, two or three dimensions. 

The temperature of these nodes is then estimated for each time step, based on the 
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temperature of the neighbouring nodes using Eq. 7-7 or Eq. 7-8. A fine mesh of nodes 

would allow the temperature to be estimated at a large number of points. However, due to 

the stability requirements mentioned before, the time step is limited by the size of the 

mesh. A smaller mesh would not only result in more calculations per time step, but also in 

more time steps to calculate. A time step of one second and a node spacing of 5 mm was 

used in this study since it met the stability criterion, gave enough space increments and did 

not lead to excessive calculation times.  

At the surface nodes, the heat flux due to convection and radiation is calculated as follows 

(Buchanan, 2002): 

4 4" ( ) ( )c f s eff f sq h T T T T      Eq. 7-11 

Where: 

 hc is the convection coefficient,  

Φ is the configuration factor,  

σ is the Stefan Boltzmann constant,  

εeff is the effective emissivity,  

Tf is the fire temperature,   

Ts is the surface temperature.  

As explained in the literature review, the convection and radiation properties are furnace 

dependent and not homogeneous in most furnaces. Therefore assumptions usually have to 

be made. For predictions of standard fire tests, the convection coefficient can be taken as 

25 W/m2K (Buchanan, 2002). The configuration factor Φ is taken as 1.0 to simulate zero 

distance between the heat source and the surface. The effective emissivity εeff can be 

assumed to be 0.8 according to Eurocode 5 or can be calculated with the furnace emissivity 

εf and the surface emissivity εs (Peng et al., 2010; the equation is similar to Eq. 2-5): 

f s
eff

f s f s

 


   


 
 

 
Eq. 7-12 
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εf and εs can both be taken as 0.9 according to Peng et al. (2010). However, it should be 

noted that this is an assumption as the real emissivity values depend on the type of furnace 

used. 

 Implementation of the heat transfer model in Matlab 7.1.2
The fire performance of different configurations can be designed using the method 

discussed in this chapter. However, it was chosen to discuss only connections with one 

dowel in the worst case scenario in which all faces of the beam are subjected to a fire.  

The heat transfer models were implemented using a matrix which is referred to as the 

time-temperature matrix further in this section. An example of a two-dimensional matrix is 

given below in Figure 7-2. The columns represent the nodes with the exception of the last 

two columns, which represent the air/furnace temperature and the time. The rows 

represent the time steps. With the exception of the last column the elements of the matrix 

give the temperature in degrees Celsius. Elements of the last column give the time in 

seconds. 

5 4 3 2 1

20 20 20 20 20 20 1
20 20 20 20 20 25 2
20 20 20 20 20.9 30 3
20 20 20 20.3 23.2 35 4
20 20 20.1 21.0 28.2 45 5

n n n n n fT T T T T T time

 
 
 
 
 
 
  

 

Figure 7-2: Two-dimensional time-temperature matrix for one dimensional heat transfer 

Where: 

Tni is the temperature in node i 

Tf is the temperature of the furnace 

The initial temperature of the material is set to 20°C which is in accordance with Eurocode 

5. The finite difference solution of the heat equation Eq. 7-7 is used to calculate node 

temperatures at the next time step based on the temperature of the adjacent nodes and 

the size of the time step. The node at the surface of the material gains or loses heat 

according to Eq. 7-11 for radiation and convection. The outside temperature (column Tf of 

Figure 7-2) is defined by a time-temperature fire curve (e.g. ISO 834).  
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Let us consider the example matrix of Figure 7-2, in which there are 5 nodes representing 

the timber material and the furnace temperature is given. Here all initial temperatures 

including the furnace temperature are 20°C. If the furnace temperature is higher than 20°C 

in the second time step, the temperature of the surface node (node 1) will be increased in 

the third time step. In the third time step the temperature of nodes 2 to 5 of Figure 7-2 will 

always be equal to 20°C, since the adjacent nodes in time step 2 are 20°C. Let us consider 

an analysis with very large time steps of 1 hour. The analysis will only show a temperature 

increase at the surface after two hours. After three hours only the nodes 1 and 2 will be 

heated and so on. However, it can be expected that after an hour, not only will the surface 

be heated, but also the inside material. This proves that it is important to choose the time 

steps small enough to allow the heat diffusivity to be properly simulated. However, care 

must be taken, as rounding errors appear if time steps are too small. For this study the time 

step is considered appropriate if the temperature results after one simulated hour differ 

less than 0.1°C from results gained with a time step that is twice as large. The time step also 

has to fulfil the stability criterion discussed before (Eq. 7-9 and Eq. 7-10). Time steps of one 

second and node spacing of 5mm fulfilled these requirements for the models used. 

The Matlab code used to generate the time-temperature matrix is shown in Appendix D. 

Thermal properties (specific heat, density and conductivity) are required to run the analysis 

and determine the temperatures at each node for every time step. These properties 

generally change in a very non-linear fashion with increasing temperature. The properties 

used in this study are discussed in the next section. 

 Thermal properties 7.1.3
As discussed in the literature review a number of sets of thermal properties were for the 

prediction of the temperature inside timber in fires (see Section 2.2.5.1). These sets were 

based on the theory of heat transfer and included values for thermal conductivity, density 

and specific heat. By modifying these data sets, complex mass transfer phenomena like 

pyrolysis and gas flow can be evaluated. Simplifications are applied because the complex 

pressure-dependent and timber grain direction-dependent mass transfer inside timber in a 

fire are to date not well understood and are considered out of the scope of this thesis. In 

response to these research papers Eurocode 5 (BSI, 2004) includes a set of thermal 

properties for the so called Advanced Calculation Methods (Annex B). The simplified curves 

presented in Eurocode 5 (Figure 2-8) are calibrated for standard fires and, therefore, cannot 
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be used universally for other fires. Konig (2006) presented properties calibrated for 

different real fires and concluded that it is better to use thermal properties that lead to 

realistic results rather than the real thermal properties which do not take into account mass 

transfer. 

Although the thermal properties given by Eurocode 5 Annex B are intended for standard 

fires, they were implemented for numerical predictions of the temperature through the 

timber section in the non-standard environment employed for the tests. The numerical 

predictions were made using the heat transfer model discussed in Section 7.1.1 and were 

compared to temperatures measured in the unloaded tests of the non-metallic connections 

discussed in 6.1.2.  

 
Figure 7-3: Temperatures of test series FA and numerical prediction 
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Figure 7-3 and Figure 7-4 show experimentally determined temperatures and the numerical 

predictions of test series FA and FC (see section 6.1.2), respectively. The surface 

temperature in node A is experimentally determined using two thermocouples in contact 

with the surface in all loaded tests. The inner temperatures (corresponding to nodes B, C 

and D) are average values of four thermocouples in the unloaded tests (FA0% and FC0%) 

discussed in Section 6.1.  

 
Figure 7-4: Temperatures of test series FC and numerical prediction 

Due to the strong airflow in the thermal chamber (or convection oven) the heating rate of 

the surface is observed only slightly lower than the heating rate of the chamber (see air 

temperature). For simplification of the numerical model, the heating rate of the surface is 

therefore assumed to be equal to the heating rate of the environmental chamber. In this 

way it is unnecessary to make assumptions about convection and radiation in the 

environmental chamber (e.g. air speed, convection coefficient, or the emissivity of the 
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environmental chamber walls). Despite the fact that the thermal properties given by 

Eurocode 5 are meant for standard fires, it can be seen that the numerical analyses using 

these properties led to acceptable predictions of the temperature inside the timber. This 

indicates that structural predictions of the experiments carried out in the environmental 

chamber of Section 6.1, using a heat transfer model, can lead to results of acceptable 

accuracy. 

 Structural modelling 7.2
At ambient temperature, the non-metallic flitch plate connections (comprising GFRP 

dowels), loaded in parallel to grain direction, of this study and also of the experimental 

study by Thomson et al. (2010) showed the shear failure of the dowel in combination with 

partial plug shear failure of the timber.  It is however not justified to assume that exactly 

these failure modes will occur at elevated temperatures or in a fire. It was experimentally 

shown in Section 6.1 that other failure modes occur in loaded connections at elevated 

temperatures. Embedment failure and plug shear failure occurred in these experiments. 

The model described in this chapter aims to determine the time to failure of the metallic 

and non-metallic connection, by predicting the occurrence of different failure modes. 

By applying the minimum end and edge distances for connections as described in Eurocode 

5 (BSI, 2004a), some failure modes are generally prevented, including plug shear failure and 

tensile failure.  In a fire the outer layer of timber chars and becomes structurally 

insignificant. Therefore, the effective end- and edge-distances change, resulting in an 

increased risk of these failure modes. In this chapter the time taken for different failure 

modes to occur is predicted. 

The reduced cross-section method and the material property reduction method are both 

considered for this study. For the material property reduction method a temperature input 

is required which is either determined using experiments or calculated using numerical 

methods. For the reduced cross-section method a charring rate is required, which will be 

determined later in this chapter. 

 Material property reduction method 7.2.1
In the material property reduction method the temperatures of the elements of a structural 

model are determined using a heat transfer model or experiments. These models and 

experiments were discussed in this chapter and Section 6.1. The material properties at 
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ambient and elevated temperatures obtained in Chapter 4 were used to determine the 

material property of each element of the structural model according to the predicted or 

measured temperature.   

7.2.1.1 Dowel and timber embedment failure 
The structural model discussed in Section 3.2 can predict the shear and flexural 

deformation and bending capacity of the dowel in combination with the embedment 

deformation and load bearing capacity of the timber. To obtain predictions at elevated 

temperatures the same model was linked to the heat transfer model discussed in Section 

7.1. The nodes of the heat-transfer model located at the dowel midline therefore had to 

coincide with the structural nodes and elements. The properties of the structural elements 

were then adjusted according to their estimated temperatures. It should be mentioned that 

the resulting model for embedment failure has similarities with the model presented by 

Cachim and Franssen (2009) as both models are linked to a heat transfer model and contain 

beam elements on springs that represent the dowel and timber. Differences of the current 

model are: 

 the inclusion of shear deformation; 

 the use of embedment tests at elevated temperatures; 

 the inclusion of reduced dowel properties; 

 the inclusion of interlaminar shear failure; 

 the inclusion of reduced flitch plate; 

 the automatically adaptable number of beam elements and a discretisation 

accuracy check; 

 the use of general non-specialised software. 

As discussed in Chapter 4, the properties of the GFRP were determined for temperatures 

ranging from 20°C to 200°C. However, predictions of the behaviour of the connections, 

which were tested at temperatures up to 610°C, require an extrapolation of the results. In 

the discussion of this chapter (Section 7.6.2.3) it will be explained why changes in GFRP 

properties at temperatures over 110°C are insignificant, which will validate any assumption 

made for the GFRP property reductions at temperatures exceeding 200°C. Therefore, it is 

simply assumed that the properties of the GFRP dowels do not change at temperatures 

over 200°C. 
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The implementation of the structural model and the heat transfer model in Matlab were 

both discussed previously in this thesis. Material property-temperature vectors were 

generated to establish the material properties corresponding to the predicted temperature. 

7.2.1.2 Tensile failure of the weakest timber section 
The structural model discussed in Section 3.2 includes dowel into wood embedment 

stiffness and strength, dowel shear stiffness and dowel flexural stiffness and bending 

strength. Plug shear failure and tensile section failure are not included in the model, but are 

predicted in separate material property reduction models. Also in this model the 

temperatures are determined for a certain number of nodes in a section. The nodes 

represent an area of the section, for which the local strength can be determined. The total 

load bearing capacity of a section is then simply determined as the sum of the load bearing 

capacities of the local areas. 

 
Figure 7-5: Locations of critical timber sections 

The tensile capacity of the timber in the connection is lowest at the reduced section shown 

on the left hand side of Figure 7-5. Each of the nodes of the heat transfer model for this 

section is dedicated to a specific area as shown in Figure 7-6. As mentioned before, the 

time-temperature matrix gives the temperature of these nodes at every time step. In the 

analysis a new matrix, the node-area matrix, is introduced to account for the area each 

node corresponds to. Additionally a strength matrix, which gives the strength at the nodes, 

is derived from the time-temperature matrix. The Hadamard product (also called the 
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element-wise product) of the strength matrix and the node-area matrix then gives a load 

capacity matrix, which gives the load capacity per node area. The load capacity of the 

section is then equal to the sum of the elements of the load capacity matrix.  

In tests conducted for this study the only specimens that failed in tension were loaded 

perpendicular to the grain. For predictions of the load bearing capacity at ambient 

temperature, the perpendicular to grain strength of 874kPa found by Hummer et al. (2006) 

for LVL with a specific gravity of 550 kg/m3 was used. The reduction of the tensile strength 

at elevated temperatures described by Eurocode 5 Annex B is used for the analysis.  

 
Figure 7-6: Areas dedicated to nodes of the heat transfer model 

In the node-area matrix every element of the matrix corresponds to an area of a node. 

Initially the values of all elements are assumed to be equal to dy*dx. After that the 

elements corresponding to areas of surface nodes, corner nodes and areas of nodes 

partially or fully located in the flitch plate or dowel section, are adjusted so that only the 

area of the net timber section is accounted for. Figure 7-6 shows equations for calculating 

the area corresponding to different nodes. Material in the same local area is considered to 

have the same mechanical properties using this method. This is an approximation that is 

more realistic if the node spacing/areas are small. To analyse the effect of node spacing it is 
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important that the node spacing is an input variable together with the dimensions of the 

section, flitch plate thickness and dowel size. Equations shown in Figure 7-6 are only valid 

for the given geometry and node mesh. To account for changes in node mesh, flitch plate 

and dowel size a larger set of equations is required. This is implemented in Matlab as 

shown in Appendix E. 

The area-strength matrix, B, can be determined from the time-temperature matrix, Kt, and 

the temperature-tensile strength vector, ft, as shown in Appendix F. The Hadamard product 

of the area-strength matrix gives the capacity as a function of time.  

7.2.1.3 Plug shear failure 

Plug shear failure occurred during the tests in test series FA40% and FC40% (see Section 

6.1.1). A failed specimen is shown in Figure 7-7. Plug shear failure is determined using the 

material property reduction method in the same way tensile failure is determined. 

However, there is an additional complexity. In Figure 7-8 the longitudinal section of a 

specimen in which plug shear failure occurred is shown. It can be seen that timber is 

charred at the end of the timber beam. This is the location where the gap of the flitch plate 

connection is, where generally two opposing timber members meet (Figure 1-3). However, 

the convection and radiation in the gap are completely unknown. The tests discussed in 

Section 6.1 were performed in a thermal chamber with a strong airflow in which convection 

was more significant than radiation (a convection oven).  

 

Figure 7-7: Specimen that failed due to plug shear failure 
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Figure 7-8: Longitudinal section of specimen that showed to plug shear failure 

In a standard fire test the temperature is described by the code, but there are no 

descriptions of the proportion of radiation and convection during the test let alone the air 

speed in a gap of a connection. Even if the airflow in the gap was known during the test, 

these data would not be relevant for real-life applications since the air flow in gaps of real 

structures in fire are very much dependent on the direction of external air flows. Therefore, 

assumptions have to be made for predictions of the heat transfer in the gap. 

A conservative solution can be achieved by assuming that the surface nodes at the gap are 

heated in the same fashion as fully exposed surface nodes, termed Assumption 1. With 

respect to the tests of Section 6.1 this may well be an accurate assumption, since the hot 

smoke was collected through the ports through which the flitch plate was loaded. The 

convection was, therefore, high at both ends of the test specimens. Application of 

intumescent flitch plate protection as discussed in Section 6.2.4 and 6.3.1 would have 

prevented convection and radiation in the gap. In that situation the plug shear capacity 

would have been higher and it would have been more accurate to assume that the timber 

at the gap is not exposed to convection and radiation. This assumption is termed 

Assumption 2. 
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Two heat transfer models were generated to determine the temperatures of the shear 

planes shown in Figure 7-5 on the right hand side. The first model determined the 

temperature of the shear plane in the cross section of the timber member with the heat 

transfer model discussed before. This two-dimensional heat transfer model does not 

account for heat fluxes at the gap of the flitch plate connection and is, therefore, only 

suitable for predictions following Assumption 2. The second model determined the 

temperature in the shear plane using a three-dimensional model. The second model can, 

therefore, account for material weakening near the gap which corresponds to Assumption 

1.  

7.2.1.4 Flitch plate failure 

Flitch plate failure occurred in the tests presented in Section 6.1. For the same reasons that 

the heat flux in the gap of the connection is unknown, the heat flux to the flitch plate in the 

gap is unknown. Buchanan (2002) states that gaps smaller than 2mm between two 

opposing elements do not have to be considered, which is related to the small air flow in 

thin gaps. Intumescent flitch plate protection would increase the fire performance of the 

flitch plate. In that case the fire resistance of the flitch plate can be calculated using the 

reduced section method, assuming the section only reduces on the exposed sides. Based on 

photographs of sections after testing and the conclusion of Chapter 6 that heat transfers 

more rapidly through timber than through DVW, it can be stated that assuming charring 

rate of timber given in Eurocode 5 for reduction of the DVW section would lead to 

conservative results.  

The fire performance of an unprotected flitch plate depends on many factors, like the 

direction of the air flow, the speed of the air, the direction of the (furnace) radiation, the 

gap size and the dimensions of the timber. Therefore, a study of the fire performance of an 

unprotected flitch plate is considered out of the scope of this thesis and it is simply 

recommended to protect the gap with an intumescent seal. 

 Material property reduction method using temperatures from 7.2.2

tests 
The material property reduction method accounts for material properties as a function of 

temperature. These temperatures were determined by heat transfer models in the 

previous sections. This material property reduction method using heat transfer models is 

called the MPR1 method. Temperatures can also be determined directly from the test 
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results. This allows confirmation of solely the structural model and the reduced mechanical 

properties obtained in Chapter 4. As discussed in Section 6.1.2 temperatures were 

measured at different depths in unloaded specimens using twelve internally positioned 

thermocouples. The number of positions where the temperature is known is small 

compared to the output of the heat transfer model. Temperatures between measured 

positions were, therefore, linearly interpolated. In this way the prediction of embedment 

and dowel failure was estimated. Tensile and plug shear failure were estimated by 

assuming that the temperatures at similar depths are similar. The material property 

reduction method using experimentally measured temperatures is called the MPR2 method 

further in this thesis.  

 Reduced cross-section method 7.3
The reduced cross-section method is a simple calculation method generally used to 

estimate the strength of timber members in a fire. The method is however less 

straightforward when applied to conventional connections. In connections with 

unprotected metallic parts the heat is conducted rapidly along the metal, making the char 

depth hard to predict. However, from the different fire tests that were conducted, it 

appeared that this is not the case for the non-metallic connections studied in this thesis. 

This suggests that a reduced cross-section method can be applied in order to estimate the 

time to failure of the non-metallic connection. The reduced cross-section method is 

referred to as RCS in this chapter. 

 Charring rate and effective charring rate of experiments 7.4
Mechanically loaded connection tests were performed at elevated temperatures as 

described in Section 6.1.1. The experiments were, however, not performed in a standard 

fire, meaning that the standard charring rate according to Eurocode 5 is not suitable for 

predicting the behaviour of the tested connection in a fire.  

The char depth was measured in the section of specimens after testing, but it must be 

noted that this could only happen with a finite precision. Differences of charring depth of 

up to 2mm were measured in a single specimen. Therefore the average of four 

measurements determined the char depth. Additionally, using numerical predictions and 

the experimental temperature measurements of test FA0% (Section 6.1), the charring rate 

was estimated assuming that timber chars at 300°C, which is in accordance with Eurocode 
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5.  The charring depth determined using these methods are shown in Figure 7-9. Although 

scatter in the measured char depth measurements can be seen it can be stated that the 

char depth can be estimated using measured temperatures and temperature predictions. 

 

 

Figure 7-9: Char depth and depth of the 300°C isotherm 

The reduced cross-section method according to Eurocode 5 uses an effective charring 

depth, which is calculated from a notional charring rate and an additional length. To 

translate the effective charring rate to a rate for non-standard fires, it is assumed that the 

temperature at the perimeter of the effective reduced section in the non-standard fire is 

the same as in the standard fire. The temperature at the perimeter of the reduced section 

is not defined by Eurocode 5, but can be determined using the numerical model discussed 

in Section 7.1. As mentioned in the literature review, heat transfer calculations for standard 

furnace tests require assumptions regarding the heat flux due to convection and radiation 

(in order to use Eq. 7-11). The assumed values were taken as discussed in Section 7.1.1. 
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In Figure 7-10 the charring depth, notional charring depth and the effective charring depth 

for the reduced cross-section method of Eurocode 5 (EC5) are shown. Additionally, a 

numerical estimation of the charring depth is shown assuming that the timber starts 

charring at 300°C. The numerical analysis suggests that the temperature of the perimeter of 

the reduced section is not constant. However, it can be seen in Figure 7-10 that the depth 

of the 110°C isotherm is approximately similar to the effective charring depth of Eurocode 5 

during the first 30 to 40 minutes of exposure. Therefore, an effective reduced section is 

defined as the section with a perimeter of 110°C for this study. 

 
Figure 7-10: Char depths according to Eurocode 5 and estimated depth of temperatures  

Figure 7-11 shows the depth at which the temperature was 110°C according to experiment 

FA0% and numerical predictions. The depth of the 110°C isotherm increased with an 

increasing rate according to the two-dimensional heat transfer model and the experiments. 

However, the one-dimensional heat transfer model showed an increasing depth at a 

constant rate. To resemble the effective charring rate given by Eurocode 5, which is one-

dimensional and includes the rounding effects of corners, the effective charring rate of the 

tests in the environmental chamber was estimated from the one dimensional heat transfer 
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results. This effective rate was estimated by fitting a linear curve into Figure 7-11, which 

was 0.65mm/min starting after 4 minutes of exposure. Similarly. From Figure 7-9 the 

charring rate was estimated as 0.53mm/min starting after 17 minutes. 

 
Figure 7-11: Estimated effective char depth and depth of the 110°C  

 

 Prediction of different failure modes using RCS 7.4.1
Using the reduced cross-section method, plug shear failure can be predicted by reducing 

the critical section by subtracting the effective char depth from the original dimensions of 

the section. In the same way the tensile strength can be predicted. For predictions 

regarding the embedment and dowel behaviour the European yield model is used. At 
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Eq. 7-13 

Where: 

Fv is the load-carrying capacity per shear plane per fastener 

fv is the shear strength of the cylindrical fastener 

A is the cross sectional area of the fastener 

To apply the reduced cross-section method to the European Yield Model only the thickness 

of the side member has to be changed in order to take into account the reduced section. 

 Metallic connection model 7.5
The connection tests described in Section 6.1, performed in an environmental chamber at 

temperatures up to 610°C, were used to confirm the structural numerical model and the 

reduced timber embedment properties found in Section 4.1.  The unloaded test (FB0%) 

gave the input parameters for the temperatures along the dowel and the shrinkage of the 

entire specimen. The extension of the connection was predicted using the reduced 

embedment properties corresponding to the temperature profile of the connection at 

every time step of the analysis. To be accurate, the shear and flexural stiffness reduction of 

the steel dowel was also taken into account. The implemented Young’s moduli for steel at 

different temperatures were linearly interpolated from Table 7-1, which is in accordance 

with ASCE manual no.78 (ASCE, 1992). The reduced Poisson’s ratio (Vigilante et al., 1996) 

was used to determine the shear moduli. For this the general relationship between Young’s 

modulus and shear modulus for isotropic material is used (e.g. Gere, 2004).  

2(1 )
EG





 
Eq. 7-14 
 

 

The equation is for this study simply written as a function of temperature, in order to 

account for a shear modulus reduction at elevated temperatures: 

( )( )
2(1 ( ))

E TG T
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Eq. 7-15 
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Table 7-1: Implemented steel properties at different temperatures (computed from ASCE, 
1992 and Vigilante et al., 1996). 

Temperature (°C) Young’s Modulus * 10-3 (MPa) Poisson’s ratio 

20 210 0.316 

100 207 0.299 

160 203 0.285 

200 199 0.277 

300 188 0.255 

400 173 0.233 

500 128 0.211 
 

In order to validate the embedment properties the experimentally determined 

temperatures, which were measured inside the dowel, were used. With this, it was 

assumed that the temperature of the centre of a steel dowel cross-section was similar to 

the temperature of the timber adjacent to the cross-section. The location of the 

experimental temperature measurements did not perfectly coincide with the nodes and 

elements of the structural model. Therefore, the implemented temperatures were linearly 

interpolated based on location. The average embedment properties as a function of 

temperature found with the experiments described in Section 4.1 were used. As mentioned 

before different embedment test standards will result in different embedment strengths. 

Also different stiffness definitions exist. The stiffness Ki and Ks according to BS EN 383 (BSI, 

2007) were both implemented and compared. Similarly, the ultimate embedment strength 

and the 5 percent offset method were compared.  

The structural model was made using Matlab v.7.11.0 without additional plugins or 

software and was also compatible with older versions of Matlab. The model includes bi-

linear (elastoplastic) behaviour of the timber embedment and linear bending and shear 

behaviour of the dowel.  

 Results and discussion 7.6
Results obtained using the material property reduction and the reduced cross section 

methods are discussed in this section. The predictions are here compared with each other 

and compared with experimental results discussed in the previous chapter (Section 6.1). 
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 Metallic connection (embedment failure)  7.6.1
The numerical predictions of loaded tests of a metallic connection (test series FB) were 

made in order to validate the structural model at elevated temperatures and the reduced 

embedment properties determined in Section 4.1. To confirm the structural model, the 

heat transfer model was left out and the temperature input was gained from an unloaded 

test (FB0%) at elevated temperatures (see Section 6.1).  

The extension versus time of the test with a 40% and 20% load level are shown by a grey 

curve in Figure 7-12 and Figure 7-13, respectively. The dashed curve shows the extension of 

the unloaded tests at elevated temperatures. This extension includes the shrinkage of the 

timber, thermal expansion of all materials (especially steel) and the initial free movement 

due to hole clearance. The dotted and the continuous black curves give the numerical 

prediction of the extension, using the experimentally determined embedment properties as 

a function of temperature. The dotted curve is generated using the 5% offset yield strength 

and the continuous curve is generated using the ultimate yield strength. Although both give 

an accurate prediction of the time to failure, it can be seen that using the ultimate yield 

strength led to the most accurate prediction at the higher load level. 

 

Figure 7-12: Numerically and experimentally determined extension of two metallic 
connections loaded in series at elevated temperatures with 20% load level  
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Figure 7-13: Numerically and experimentally determined extension of two metallic 
connections loaded in series at elevated temperatures with 40% load level 

  Non-metallic connection 7.6.2
Predictions of the behaviour of non-metallic connections at elevated temperatures using 

the reduced cross-section and material property reduction methods are compared with 

experimental results in this section. Additionally the reduced method (RCS) will be 

compared with the material property reduction method (MPR1 & MPR2). 

As mentioned earlier in this chapter, there is not enough knowledge about the convection 

in the gap of the connection for the prediction of the failure of an unprotected flitch plate 

and it is, therefore, not considered in the model. Instead users are advised to protect the 

gap by an intumescent seal as discussed in Section 6.5.  

7.6.2.1 Tensile failure 

Tensile failure only occurred in the experiments on the perpendicular to grain loaded 

connections. Hummer et al. (2006) tested laminated veneer lumber in tension 

perpendicular to the grain according to ASTM D143-94 (ASTM Standards, 2000). Their 

results showed an average strength value of 0.87 MPa with a coefficient of variation (COV) 

of 33%. In this work, assuming that the tensile stress is constant in the section, at ambient 
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temperature the specimens were found to have an average tensile strength perpendicular 

to grain of 0.52 MPa, which is only 60% of the strength found by Hummer et al. (2006). 

However, the stresses are certainly not constant in the section, which is the reason area 

reduction factors are usually given in design codes. For example, for plug shear failure 

Eurocode 5 (BSI, 2004) Annex A suggests that the area of the critical section should be 

multiplied by a factor 0.7, which is done to account for non-homogeneous stresses 

(Hanhijärvi and Kevarinmäki, 2008).  

The perpendicular to grain connection loaded in the environmental chamber as discussed in 

Section 6.1 would not be a practical configuration, and no corresponding design rules were 

found in design standards. However, the strength data of the ambient temperature tests, 

suggest that a correction factor of 0.6 would compensate for the inhomogeneity of the 

stresses in the section. In the reduced cross-section method the charred material located 

outside the perimeter of the reduced section is not considered in the strength analysis. As 

the char layer grows, the effective section becomes smaller and the inhomogeneity 

becomes smaller as well.  Therefore using the correction factor will theoretically lead to 

conservative predictions of the time to failure at elevated temperatures. 

Table 7-2: Experimental and predicted heating times to tensile failure using no correction 
factor 

Series Experimental 

Average (min) 

Property reduction method using: Reduced cross-section 

method (min) 

  Heat transfer 

predictions MPR1 

(min) 

Temperature 

measurements 

MPR2 (min) 

 

FC20% 42.7 46.5 48.6 45.6 

FD40% 32.6 36.5 38.7 36.4 

 

Table 7-2 shows the heating time to tensile failure of the experiments and the predictions 

using no correction factor to account for the inhomogeneity. Table 7-3 shows similar results 

for which a correction factor of 0.6 accounts for inhomogeneity. As expected, the analysis 

using the reduction factor results in conservative predictions while the analysis using no 

correction results in an overestimation of the performance. 
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Table 7-3: Experimental and predicted heating times to tensile failure using area 
correction factor of 0.6 

Series Experimental 

Average (min) 

Property reduction method using: Reduced cross-section 

method (min) 

  Heat transfer  

predictions MPR1 

(min) 

Temperature 

measurements 

MPR2 (min) 

 

FC20% 42.7 39.2 41.8 39.2 

FD40% 32.6 27.0 28.8 27.2 

 

Figure 7-14 shows the reduction of the tensile capacity according to the reduced cross-

section (RCS) and the material property reduction (MPR1 & MPR2) methods. The grey 

curves were generated assuming a homogeneous stress distribution in the section and the 

black curves were generated using a stress-inhomogeneity correction factor of 0.6. The 

connection strength at ambient temperature can be found in the intersection of the black 

curves with the Y-axis. As heating time passes, the outer material of the cross section 

becomes weaker and plays a less significant role and the section strength will be 

increasingly dependent on the timber located in the centre. The material property 

reduction model redistributes the stresses so that the central material can bear the highest 

loads. This means that the correction factor which takes account of the relatively low 

stresses in the outer material become decreasingly significant. Therefore, the theoretical 

tensile capacity is located between the curves of Figure 7-14 corresponding to 0.6 and 1.0 

stress inhomogeneity factors and is lower than the initial capacity corresponding to a factor 

of 0.6. It can be seen that all but one of the experiments failed in the predicted region of 

Figure 7-14. 

From Figure 7-14 it can be seen that the numerical predictions using the heat transfer 

model differ slightly from the predictions using experimentally measured temperatures. 

This indicates that the heat transfer model does not perfectly simulate the real heat 

transfer. However an error of approximately 2 minutes to failure was seen which is quite 

accurate. From the same figure it can also be seen that the simple reduced cross-section 

method using a linear effective charring rate leads to almost exactly the same results as the 

complex numerical model which includes many non-linearities. This indicates that the 

connection behaviour can be predicted using a reduced cross-section method. 
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Figure 7-14: Experimental results and analytical and numerical predictions of the tensile capacity 
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7.6.2.2 Plug shear failure 

Plug shear failure occurred in the non-metallic connections loaded in parallel to grain 

direction using a load level of 40% (FA40% and FC40%). In this section, the predictions of 

the occurrence of plug shear failure by the different models are compared to the 

experimental results. The difference between the two series (FA40% and FC40%) in which 

plug shear failure occurred, was the edge distance. Two different models were tested with 

the following assumptions:  

 Assumption 1 in which the end of the timber member at the gap was fully exposed. 

 Assumption 2 in which the end of the timber member was not exposed.  

As mentioned before, predictions of plug shear failure making Assumption 1 used one of 

three methods: 

 Using a three-dimensional heat transfer model (MPR1 = Material Property 

Reduction 1) 

 Assuming the experimentally measured temperatures correspond to depth (MPR2 

= Material Property Reduction 2)  

 Accounting for an effective charring rate in three dimensions (RCS = Reduced cross-

section) 

As mentioned before, design rules include corrections taking inhomogeneity of section 

stresses into account. Eurocode 5 Annex A (BSI, 2004b) gives the following equation for 

characteristic plug shear failure: 

, , ,0.7bs Rk net v v kF A f  Eq. 7-16 

Where: 

Fbs,Rk  is the characteristic plug shear capacity 

Anet,v is the net shear area in the parallel to grain direction 

fv,k is the characteristic shear strength of the timber member 

In Eq. 7-16 the factor 0.7, here called the inhomogeneity correction factor, compensates for 

the inhomogeneity of the stress distribution in the critical section. As explained before this 

inhomogeneity becomes less significant when the outer timber material of the member 

starts to weaken.  



Chapter 7. Fire modelling 
 

273 
 

Figure 7-15 shows the predictions, using Assumption 1, corresponding to test series FA 

made using different models and the results of tests in which plug shear failure occurred.  

The grey curves give the results using an inhomogeneity correction factor of 1.0 and could 

be seen as upper bound predictions. The black curves give results using a factor of 0.7 as 

recommended in Eurocode 5. These could be seen as lower bound predictions, which are 

accurate especially for short heating times. Although the model predictions deviate for high 

load levels, the plug shear failure that occurred in the tests corresponded well with the 

predictions. Figure 7-15 also shows results of tests in which plug shear failure was 

predicted, but did not occur. Specimens of these tests were all loaded at 20% of the 

maximum capacity, which was the lower load level. In these tests flitch plate failure 

occurred without a sign of plug shear failure. This indicates that the predictions of plug 

shear failure using Assumption 1 are conservative for the 20% load level.  

Results corresponding to Assumption 2 are shown in Figure 7-16, from which it can be seen 

that Assumption 2 led to an overestimation of the capacity for the connections loaded at 

40% of the maximum capacity, but it is possibly more accurate for connections loaded at 

the lower load level. Since the charring behaviour in an unprotected gap is dependent on a 

number of factors that are unknown in fires, Assumption 1 is recommended as it leads to 

conservative results. 

The results of test series FC and the corresponding predictions are shown in Figure 7-17. In 

this case all models overestimated the performance of the connection loaded at 40% of the 

maximum connection capacity. The reduced cross-section method gave the worst 

prediction. After approximately 42 minutes the shear section was fully located in the 

effective char layer and was not taken into account for the strength calculation. The sudden 

disappearance of the critical section resulted in an unrealistic drop of capacity. According to 

the reduced cross-section method the timber section was dependent on the tensile 

strength of the timber after a time of approximately 38 to 42 minutes, where a tensile 

strength of 42MPa was assumed. The material property reduction method using a three-

dimensional heat transfer model showed predictions closest to the experimental results. 

The section of test series FC was only 90*60mm and the edge- and end-distances were only 

30 and 50mm, respectively. The temperature in the critical shear section was heavily 

influenced by heat transfer in three dimensions. Therefore it is logical that a three-

dimensional heat transfer model gave more accurate results than two-dimensional models.  
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Figure 7-15: Experimental results of series FA and analytical and numerical predictions of the plug shear capacity corresponding to Assumption 1  
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Figure 7-16: Experimental results of series FA and analytical and numerical predictions of the plug shear capacity corresponding to Assumption 2
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Figure 7-17: Experimental results of series FC and analytical and numerical predictions of the plug shear capacity corresponding to Assumption 1 
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7.6.2.3 Dowel & embedment failure 

Embedment failure only occurred in the metallic connections which were discussed in 

Section 6.1. The prediction of the heating time to failure calculated using the numerical 

model seemed to be accurate, since using the yield strength according to BS EN 383 (BSI 

2007) led to results that predicted the time to failure with an error of only 50 seconds. In 

this section the predictions of embedment failure in the non-metallic connection test series 

FA are compared to each other. 

Predictions made using the different methods are shown in Figure 7-18. The mechanical 

property reduction method using temperatures from experiments (MPR2) proved itself to 

be accurate for the prediction of embedment failure for metallic connections. However, the 

temperature measurements were only taken for the first 50 minutes since that was the 

duration of the test. Therefore predictions using these data can only be made for heating 

times shorter than 50 minutes. The predictions made for embedment capacity using the 

heat transfer model to determine the temperatures (MPR1) showed higher times to failure. 

The predictions made for embedment failure using the reduced method (RCS), given by the 

second section of the bi-linear curve, showed the lowest time to failure, but seems to result 

in similar results as the material property reduction method MPR1 for the first 50 minutes. 

Hence, the reduced cross-section method is the most conservative of the predictive models 

when it comes to predicting embedment failure in the test configuration of series FA as 

discussed in Section 6.1. 

Predictions of dowel failure suggest that the reduced cross-section method overestimates 

the capacity of the dowel after approximately 20 minutes of heating time. In fact, the 

reduced cross-section method does not at all take into account the reduction of the 

material properties at elevated temperatures up to 110°C. This chapter has shown that the 

assumption of a reduced section with a perimeter of 110°C can lead to appropriate 

predictions. In the reduced section determined using the reduced cross-section method 

used in this study the temperatures therefore are estimated to be equal to or below 110°C. 

A conservative approach to predict dowel failure is, therefore, to only account for the 

strength properties of the dowel at 110°C. This also leads to the conclusion that, if the 

dowel at a temperature of 110°C can withstand the applied load, dowel failure will be 

prevented. According to this premise a dowel of Material A using S-glass and a vinyl ester 

resin, which was tested at elevated temperatures as discussed in Section 4.3 can bear a 

load of approximately 21% of its capacity at ambient temperature, without the occurrence
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Figure 7-18: Analytical and numerical predictions of the embedment failure and dowel failure corresponding to series FA. 
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of dowel failure during a fire.  A load of 21% of the maximum is a realistic load under fire 

conditions. Therefore, these results show that non-metallic connections using Material A 

comprising a vinyl ester resin can lead to good fire performance, depending on the load 

level. Material C, comprising a phenol formaldehyde resin, which is used in the connection 

tests discussed in Section 4.7 and Chapter 6 can be loaded at a load level of 71% or 6.3kN 

without showing dowel failure in a fire. This load level is unrealistically high for building 

structures, and it can therefore be said that the dowel of Material C has good fire 

resistance even under extreme loading conditions. 

 Conclusions 7.7
Different numerical and analytical models, which aim to predict the time to occurrence of 

different failure modes of metallic and non-metallic connections at elevated temperatures, 

were discussed in this chapter. Comparisons between predictions of the models and 

comparisons with the experimental results presented in Chapter 6 led to conclusions which 

are discussed in this section. 

Conclusions regarding the heat transfer model are: 

- The use of the thermal properties specified by Eurocode 5 annex B, led to 

appropriate predictions of the temperatures inside the timber of the tests 

discussed in Section 6.1, despite the fact that these properties are meant for 

predictions in a standard fire. 

- Predictions of the heat transfer model showed that the GFRP dowel and the DVW 

flitch plate can be modelled using the same thermal properties as timber (or LVL). 

Therefore, the cross section of the model can be simplified to be one material for 

predictions of the heat transfer. 

- This suggests that the connection capacity can also be calculated using a reduced 

cross-section method. 

Conclusions regarding the reduced section method are: 

- According to one-dimensional heat transfer predictions of LVL in a standard fire, a 

reduced section with a perimeter of 110°C resembles the effective reduced section 

for LVL from Eurocode 5, during the first 40 minutes of a standard fire. 

- By defining the reduced section as the part of the section with temperatures of 

110°C or lower, an effective charring rate of 0.65mm/min starting after 4 minutes 
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was determined for predictions of the tests in an environmental chamber of 

Section 6.1. This was determined by using numerical predictions of the heat 

transfer model and the measured temperatures in tests. 

Structural predictions were made for different failure modes using: a reduced cross-section 

method (RCS); a material property reduction method using a two-dimensional or three-

dimensional finite difference heat transfer model (MPR1); and a material property 

reduction method using the average experimentally measured temperatures at certain 

depths to estimate the temperatures (MPR2). Comparisons between predictions using 

MPR1 and MPR2 gave an indication of the accuracy of the heat transfer model. 

Regarding predictions of tensile failure of the critical cross section the following was 

concluded: 

- Predictions using RCS, using a linear charring rate, were very similar to the results 

of the much more complex material property reduction method at all load levels 

(MPR1). 

- Using MPR2, the time to tensile failure was approximately 2 minutes longer than in 

predictions of the RCS and MPR1 methods and showed a similar capacity decrease 

in time. 

- Comparisons between the predictions and the experimental results of 

perpendicular to grain loaded connections at elevated temperatures (series FD), in 

which tensile failure occurred, showed that the predictions of all models were 

appropriate. 

Plug shear failure was predicted using two different assumptions: (Assumption 1) the 

timber at the gap of the flitch plate connection is fully exposed, heating up and charring at 

the same rate as fully exposed timber at the perimeter of the timber section; (Assumption 

2) the timber at the gap of the flitch plate connection is not exposed to convection or 

radiation. For predictions of Assumption 1 three-dimensional heat transfer was taken into 

account. Using RCS the effective charring rate was used in all directions of exposure, 

reducing not only the section, but the three-dimensional geometry. Finally, using the MPR2 

method it was assumed that temperatures at the same minimum distance from an exposed 

surface would be similar.  

Regarding predictions of plug shear failure the following conclusions were drawn: 
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- Predictions of plug shear failure occurring in test series FA40% were accurate using 

Assumption 1 and overestimated the performance using Assumption 2. 

- Predictions, especially by the RCS method, of plug shear failure occurring in test 

series FC 40% overestimated the performance using Assumption 1. 

- The MPR1 method showed the most accurate predictions for plug shear failure 

when Assumption 1 was used. 

Specimens of test series FC had the smallest (60*90mm) section tested. The distance 

between the shear plane and the parallel exposed surface was only 25 mm. According to 

the determined effective charring rate, the char layer completely absorbed the shear plane 

resulting in a sudden elimination of the plug shear capacity. The time it takes to completely 

lose all strength seems similar to the other predictions. However, before this happens the 

performance is significantly overestimated by the RCS method. An almost instant 

disappearance of capacity is not logical, knowing the gradual reduction of material 

properties determined in Chapter 4. This leads to the following conclusion:  

- The RCS method is inaccurate if the effective charring rate results in a sudden 

disappearance of the critical section. 

Using Assumption 1, heat transfer in three dimensions becomes significant, especially in the 

small specimens of series FC. The RCS method is meant for two-dimensional analysis and 

the effective heating rate given in Eurocode 5 includes the effects of rounding at the corner 

and fissures in the surface for two-dimensional examples. In problems with significant heat 

transfer in three dimensions, the uncharred wood can simply heat up faster, since the wood 

can gain heat from an additional dimension. Therefore: 

- The RCS method is inaccurate when three-dimensional heat transfer is 

significant, even if the charring rate is accounted for in three dimensions.  

The MPR2 method used temperatures that were measured in a cross-section where there 

was no significant heat transfer in the longitudinal direction. This can be stated since 

experimental measurements in parallel cross sections did not show different results (See 

Section 6.1). As mentioned before using the MPR2 method it was assumed that locations at 

the same depth (or distance from an exposed surface) had the same temperature. 

Assuming this, significant heat transfer from an additional 3rd dimension will automatically 

lead to inaccurate temperature predictions. The MPR1 method used a three-dimensional 
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heat transfer model, designed to account for three-dimensional heat transfer, which 

explains why this method resulted in the most accurate predictions of plug shear failure. 

Embedment failure of the timber at elevated temperatures only occurred in the metallic 

connection tests of Section 6.1 (series FB). Predictions were made using embedment 

properties determined following ASTM D5764 (ASTM Standards 2002) and BS EN 383 (BSI, 

2007). The following conclusions were drawn regarding predictions of embedment failure 

in the metallic connections: 

-  Using MPR2 the embedment failure was predicted very accurately, as the 

largest difference between experimental and predicted time to failure was only 

50 seconds; 

- The most accurate predictions were made using the ultimate yield strength 

determined in accordance with BS EN 383. 

- The slip of the connection was most accurately determined using stiffness Ks 

determined in accordance with BS EN 383. 

Embedment failure did not occur in the non-metallic connections, but predictions using 

different models were compared, leading to the following conclusions: 

- All models showed a similar reduction of the embedment capacity of the 

timber of the connection. 

- The RCS method showed the most conservative predictions. 

The MPR2 method was accurate for predictions of embedment failure for metallic 

connections, suggesting that it will also be accurate for non-metallic connections. The RCS 

method showed results that were only slightly more conservative, suggesting the simple 

linear RCS method is suitable for predicting embedment failure. 

Dowel failure did not occur in any test. However comparisons between predictions of the 

different models lead to the following conclusions: 

- The dowel strength is overestimated using the RCS method since the reduction 

of material properties is not taken into account for temperatures under 110°C, 

while the shear strength of the used dowel comprising a phenolic resin drops 

approximately 29% between 20 and 110°C. 

- This indicates that dowel failure would be completely prevented if the dowel 

properties at 110°C are sufficient to carry the load that appears during a fire. 
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Following this rule the maximum load at which no dowel failure occurs can be calculated 

for the dowel test results discussed in Chapter 4:  

Material A comprising S-glass and a vinyl ester resin matrix can bear 21% of its capacity at 

ambient temperature, preventing dowel failure in a fire. 

Material C comprising E-glass and a phenolic resin matrix can 71% (or 6.3 kN) of its capacity 

at ambient temperature, preventing dowel failure in a fire. 

Although material A showed a severe reduction of material properties at elevated 

temperatures as discussed in Chapter 4, it is suitable for achieving a high fire performance if 

load levels are under 21%, which is common in building structures. Material C would be 

suitable under normal and extreme load levels. 

 



 

284 
 

8 Creep testing and modelling 
In the previous chapters of this thesis it was shown that non-metallic connections 

comprising GFRP dowels perform well at ambient temperature. It was also shown that 

approximately 35% of the dowel deflection in the connection is due to shear. The polymer 

resin of the pultruded dowels govern the shear deformation, from which it can be 

concluded that the GFRP resin has a significant influence on the deformations of the 

connection. As discussed in the literature review, timber and the GFRP resin matrix are 

viscoelastic. The connection behaviour is, therefore, time dependent and shows creep 

under constant loading conditions. This chapter discusses creep tests in different conditions 

and a novel model to predict viscoelastic behaviour. The setup and data acquisition of the 

experiments is discussed first. 

 

 Test setup of embedment tests 8.1
The test described in this section is a novel test based on standard embedment tests that 

are modified in order to determine long-term behaviour. Similar to standard embedment 

tests, a test specimen comprised of a timber block with a dowel embedded in the timber. 

The specimen dimensions used were similar to the half-hole test described by the ASTM 

D5764 (ASTM Standards, 2002) embedment test. The advantage of this test over full-hole 

tests is that the deflection can be measured directly on the dowel. According to ASTM 

D5764 test the load should be applied along the full embedment length of the dowel, as 

shown in Figure 8-1a. In full-hole tests this is not possible and the load is applied and the 

displacements are measured at the dowel ends, Figure 8-1b. Especially for slender dowels, 

the dowel deflection should be taken into account in order to determine the embedment 

properties. 

The proposed test is, in contrast with the standard embedment test, a long-term test. For 

long-term tests, testing one specimen at a time is very time-inefficient. Furthermore, 

loading equipment is expensive and takes space, meaning that loading each specimen by 

separate testing equipment would be very cost- and space-inefficient. For long-term testing 

space-efficiency is of major importance in many laboratories as it reduces the capacity of 

the laboratory for the duration of the test. For these reasons it was chosen to load the 



Chapter 8. Creep testing and modelling 
 

285 
 

specimens in series. Every single test specimen was loaded as shown in Figure 8-1c. The 

timber specimen was supported by a solid bar of black steel of 30 by 30mm. This steel bar 

was hanging on two fine threaded M10 rods. The load on the timber was applied through 

the dowel, which was loaded at the dowel ends. In order to reduce the deflection of the 

dowels a steel strip of 15 by 5mm was welded on top of the dowel. The displacements were 

measured on top of the plate using a dial gauge. This gauge was attached to the rods using 

aluminium holders.  

 

Figure 8-1: Standard embedment tests and creep embedment test 

 

The deflections measured using dial gauges include the deformations of the steel rods and 

the steel bars. If the steel bar is considered as a beam on two supports with a singular load 

in the middle, the deflection of the bar is approximately equal to 1% of the elastic 

embedment deflection for the specimens loaded parallel to the grain. Hereby, a Young's 

modulus of 210GPa and an embedment stiffness of 33N/mm3 (from tests discussed in 

Section 4.1) are assumed. However, assuming that the load is applied in a single point is 

very conservative. It can, therefore, be stated that the load is distributed over a distance on 

the bar, resulting in deflections less than 1% of the embedment deflections. Therefore, the 
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deflection of the bar is considered negligible and is not taken into account for the 

calculations of the embedment properties. The effective cross sectional area of M10 rods is 

58mm2 (PBNA, 1987). Assuming a Young’s modulus of 210GPa will result in a stiffness of 

24.4*104 N/mm per two rods, which corresponds to an extension equal to 4% of the elastic 

timber embedment. A correction of (24.4*104)-1mm/N is applied for the calculation of the 

initial embedment deformation. However, the creep deformations were considered 

independent of the steel parts, as steel  under low stress (in the elastic phase) at ambient 

temperature shows practically no creep (French et al., 1928).   

 

 
Figure 8-2: Load measuring equipment 
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Four series of four embedment tests were performed. Two series were loaded parallel to 

the grain of which one was loaded at 40% of the ultimate load (according to BS EN383) and 

one was loaded at 20% of the ultimate load. The ultimate load was determined from tests 

with 10mm dowels as was discussed in Section 5.6. The remaining two series were loaded 

perpendicular to the grain with similar load levels. The loads were applied using leverages 

hinged on a frame using two roller-bearings. Although the load is calculable assuming that 

there is no friction in the hinged connections the load was measured using an LCMWD-

20KN load cell, as shown in Figure 8-2. For the measurements of the load, the load cell was 

compressed as the upper nut was tightened until the lower nut felt loose and did not carry 

any weight. Spherical washers and a 40mm long plain rod (20mm diameter) with a 10mm 

hole in the centre of the cross section were used to ensure that the load cell was loaded 

axially. The threaded rod was filed on the sides to prevent direct contact with the steel 

profile. Furthermore, possible friction between the threaded rod and the washers was 

reduced using WD40 lubricant. After the measurement of the load, the upper nut was 

loosened so that the lower nut carried the load. During the test the load is carried by the 

lower nut.  The load cell was then used for load measurements for the other test series. The 

loads were measured during the application of the loads at the initiation of the test and the 

measurements are shown in Appendix G. 

 

 Test setup of connection tests 8.2
Parallel and perpendicular to the grain loaded connection tests were performed, of which 

the setup is shown in Figure 8-3. Eight connections were loaded parallel to the grain of 

which half of the connections were non-metallic and half of the connections were metallic. 

The load was chosen so that the non-metallic connections were loaded at 20% of the 

average ultimate capacity determined from tests discussed in Section 4.6.2. As the metallic 

connections are stronger the applied load level for the metallic connections was lower. The 

edge- and end-distances of the specimens was equal to the minimum required by Eurocode 

5 BS EN 1995-1-1:2004 (BSI, 2004a). A reduced end-distance of 5d is taken into account for 

the non-metallic connections, which is in correspondence with Thomson's (2011) 

conclusions.  The dimensions of the specimens are shown in Figure 8-4.  
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Figure 8-3: Parallel and perpendicular to the grain connection test setup 

 

The mechanical measurement of the slip was performed outside of the connection, while 

the area of interest was located at the shear plane inside the connection. Therefore, 

rotations of the connection could significantly influence of the measurements of a dial. For 

this reason, two symmetrically positioned dial gauges were used to measure the slip of one 

connection as shown in Figure 8-5. The slip of the connection was simply determined as the 

average of both dial gauges. The gauges were attached to a pre-stressed aluminium frame 

surrounding the connections as shown in Figure 8-5. A flat headed bolt was glued to the 

flitch plate and was loaded in compression by the frame. The frame was pre-stressed by the 

bolts in order to avoid small movements of the dial gauges. The dial gauges measured the 

relative displacements between the frame and an aluminium profile glued to the surface of 

the timber, in line with the dowel in the load direction.  
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Figure 8-4: Connection creep test specimen dimensions 

 

Figure 8-5: Dial gauge frame in parallel to grain connection test 
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As the expected connection slip was low, the dial gauges had a high resolution: fourteen 

out of sixteen gauges had a resolution of 1μm and the remaining two gauges had a 

resolution of 5μm. Errors of each dial gauge were reported by Mitotoyo, the manufacturer, 

and were for these dial gauges all under 1.5 micrometer per 0.2 millimeter (which was 

determined following (ISO 463, 2006)). These errors included hysteresis effects of the dial. 

The connection slip of the perpendicular to the grain loaded connections was measured 

between the timber and the end of the flitch plate, as shown in Figure 8-6. The dial gauge 

was held by an aluminium bar which was glued onto the timber member measuring the 

movement of the flitch plate relative to the timber. As the measurement in this case is in 

the symmetry plane of the connection, a single gauge is enough to measure the slip of each 

connection. The resolution of the gauges was 10μm, which is larger than the resolution 

used for the parallel to grain loaded connection tests, as the expected slip was higher for 

perpendicular to grain loaded specimens. The connections were loaded in tension using a 

lever arm (Figure 8-3). The loads were determined the same way as carried out in the 

embedment tests using a load cell (see Section 8.1).  

 

Figure 8-6: Dial gauge holder for perpendicular to the grain loaded tests 

 Environmental chamber and sample size 8.3
All tests were performed in the same environmental chamber. Four series of embedment 

tests and two series of connection tests were positioned as shown in Figure 8-7. As 

mentioned before, emphasis was put on space efficiency. The frames were designed to just 

fit the environmental chamber and effort was made to obtain a high number of specimens 
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tested at the same time. The total floor area was 1.2 by 3.2m, and only a small part at the 

entrance was dedicated for the researcher to observe the test. 

 
Figure 8-7: Environmental chamber 

 Conditions 8.4
As mentioned before, tests were performed using two different condition profiles. The 

relative humidity measured by two data loggers and the programmed relative humidity are 

shown in Figure 8-8.  In period a the relative humidity was constant for 940 hours at 65% 

+/- 5% relative humidity. Subsequently, in period b the specimens were exposed to a single 

more humid period of 48 hours at 85% +/- 5% relative humidity. In period c the test was 

continued for 4000 hours at 65% +/- 5% relative humidity. A change of 20% relative 

humidity is well within the range of relative humidity found in existing buildings (Morlier, 

1994). This test aimed to determine the viscoelastic creep of the connection and the 

significance of mechano-sorptive creep.  
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1* an 8 hour long unplanned humidity increase occurred. 
Figure 8-8: Measured and planned relative humidity for conditions 1 

 
Figure 8-9: Measured and planned relative humidity for conditions 2 

In conditions 2, the relative humidity was changed following a number of cycles. The test 

initiated with a 34 hour period of constant relative humidity (period a in Figure 8-9). This 

period allowed the most severe viscoelastic creep to occur before the humidity was 

changed. In period b the relative humidity was changed following 5 daily cycles each 

comprising a twelve-hour wet period at 80% RH and a twelve-hour dry period at 50% RH. In 
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period c a single longer cycle, comprising a 24-hour wet and a 24-hour dry period, was 

followed. This longer cycle is essential to show the effect of the duration of the cycle.  

It should be noted that the dry periods in period b and period c in reality did not reach 50% 

relative humidity due to inadequate drying capacity of the dehumidifier used. After period c 

an additional dehumidifier enforced the dehumidifier that was initially present. In period d 

the loaded specimens were subjected to eleven daily cycles. And in period e the relative 

humidity was held constant at 65% which was the same as the humidity in period a. This 

constant period allows distinguishing the creep from the shrinkage and swelling of the 

timber. 

Table 8-1: Name, number and description of creep tests 
Name Description Sample size 

(conditions 1) 

Sample size 

(conditions 2) 

non-

metallicPA 

Long-term non-metallic connection 

test loaded parallel to the grain 

4 4 

metallicPA Long-term metallic connection test 

loaded parallel to the grain 

4 4 

non-

metallicPE 

Long-term non-metallic connection 

test loaded parallel to the grain 

6 6 

metallicPE Long-term metallic connection test 

loaded parallel to the grain 

2 2 

20PA Long-term embedment tests loaded 

parallel to the grain at 20% of the 

ultimate capacity. 

4 4 

40PA Long-term embedment tests loaded 

parallel to the grain at 40% of the 

ultimate capacity. 

4 4 

20PE Long-term embedment tests loaded 

perpendicular to the grain at 20% of 

the ultimate capacity. 

4 4 

40PE Long-term embedment tests loaded 

perpendicular to the grain at 40% of 

the ultimate capacity. 

4 4 
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The temperature was held constant in all tests at 16 ±2.5°C. This temperature is chosen 

based on a pilot test that showed that the relative humidity was more stable in the test 

room at 16°C. As mentioned in the literature review (Chapter 2) the influence of 

temperature in on the creep of timber is insignificant compared to the creep caused by 

changing relative humidity. Table 8-1 gives the names, descriptions and sample size of the 

tests. The same amount of tests was performed in conditions 1  and 2. 

 Data acquisition 8.5
Three digital cameras were positioned in the environmental chamber, which automatically 

took pictures of the dial gauges at a specified time interval. In tests performed in conditions 

2 a photo was taken every hour. This short interval was necessary in order to record the 

direct and delayed influence of the climate change. The tests performed in conditions 1 

showed less sudden changes of deformation. For this test pictures were taken every 100 

minutes as this was the maximum time interval allowed by camera controlling software 

used. After approximately 3000 hours the pictures were taken manually, approximately 

once a week. 

All dial gauges were captured in the pictures taken. The cameras were positioned on 

tripods and manual focus was used. A picture taken by camera 1 is shown in Figure 8-10. 

This picture shows eleven dial gauges which measured the dowel embedment. The six dial 

gauges in the right half of the picture measured embedment perpendicular to the grain and 

the five dial gauges on the left of the picture measured embedment parallel to the grain. 

The camera visible in the picture is camera 3, which took pictures of the connection tests. 

The remaining dial gauges of the embedment tests were captured using camera 2. A picture 

taken by camera 2 is shown in Figure 8-11.  

Camera 3 took pictures of the connection tests. An automatically taken picture by this 

camera is shown in Figure 8-12. As there was no possible position from which all dials could 

be captured directly, mirrors were placed in order to capture all the dial gauges. The 

camera was positioned and focused so that the dial gauges of the perpendicular to grain 

connection tests were sharpest. The least clear dials on the picture had a resolution of 1μm.  

A scale measured the weight of an unloaded embedment specimen. After the test, all 

embedment specimens were dried in a convection oven at 110°C for seven days and 

weighed to determine the moisture content. Knowing the weight of the unloaded specimen 
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for the duration of the test, the moisture content of the unloaded specimen can be given 

for the duration of the tests.  

 

Figure 8-10: Photo of embedment tests by camera 1 

 

Figure 8-11: Photo of embedment tests by camera 2 
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Figure 8-12: Photo of connection tests by camera 3 
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The relative humidity was measured using a data logger. An additional data logger was 

positioned in the room to determine the relative humidity in case the battery of the main 

data logger was empty.  

Using Digital Image Correlation (DIC) the movement of the dial can be tracked semi-

automatically and more accurately than visually possible. DIC was performed on the dials of 

the dial gauges of embedment tests using GEOPIV8, a plugin for Matlab written by White 

and Take (2002). As mentioned in Section 4.4, an empirical equation for the root mean 

square (RMS) error was determined by the programmers of GEOPIV8 (White and Take, 

2002):  

        8
0.6 150000

pixel L L
    

Eq. 8-1 
 

Where: 

ρpixel is the root mean square of the error (pixels) 

L is the breadth and height of the patch (pixels) 

The patch sizes used in on the dial vary between L=8 to L=13. The relations ship of Eq. 8-1 

suggests a maximum RMS error of 0.08 pixel. The width of the smallest dial gauge on the 

photographs of the creep test was approximately 200 pixels, which was 50mm in reality. 

The RMS error can therefore be approximated as 0.02mm. This would be sufficient as the 

interval marks on the dial gauge were approximately 1mm apart. However, questions could 

be raised about applying Eq. 8-1, which was determined from soil tests (White and Take, 

2002), to approximate the errors as the texture of soil is entirely different from the texture 

of a dial gauge. Also other factors e.g. lighting, camera type, camera setting, play a role, 

which were not included in the equation. Therefore, a benchmark test was performed, as 

will be discussed in Section 8.5.1. 

As mentioned before, using DIC the spatial variation of brightness was used to determine 

displacements. As the background of the dials was white and the dials were black the edge 

of the dial is easily found due to the high contrast of brightness. Tracking points along one 

edge of the dial allowed calculating the slope of the dial. In the first picture of the analysis, 

eleven points were evenly distributed over the edge of the dial in a perfectly straight line. In 

the subsequent pictures taken by the camera, these points were recognised using DIC. The 

measured displacement was calculated from the change of the slope of the dial edge.  
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Using DIC the measurements become independent of the scale interval. However, it should 

be justified whether measurement intervals within the scale interval are valuable. A 

benchmark test was performed and the certificates of inspection of the dial gauges given by 

the manufacturer Mitutoyo were observed. The dial gauges used were the Mitutoyo 2046S 

with a scale interval of 0.01mm. The error for any 1/10th revolution (or 0.1mm) including 

hysteresis effects of the dial, according to ISO 463 (2006), was given for every dial gauge on 

their certificates. The accuracy of the measurements is not related to the scale interval, but 

to the linearity of the relationship between the dial rotation and the spindle movement. For 

the dial gauges used in the parallel to grain embedment tests, the maximum error of any 

1/10th revolution (or 0.1mm) did not exceed 2.2μm according to the certificates. This means 

that for measurements of 0.1 mm or more, the maximum possible error is 2.2% if the dials 

are read with a perfect accuracy. However, as is mentioned in this section, using DIC results 

in errors as well. The use of DIC is justified using a benchmark test, which is discussed in the 

following section. 

DIC was only performed for the embedment specimens parallel to the grain. The 

perpendicular to the grain loaded embedment and connection specimens showed 

significantly larger deformations. In order to use DIC to detect large rotations of the dial of 

the gauge, a large search area for the correlation method should be used. This would 

require significantly more time for the DIC analysis and would result in more possibilities for 

errors. Therefore, it was chosen to manually read the dials of the perpendicular to grain 

embedment specimens.  

 Benchmark test 8.5.1
A benchmark test was performed to study the accuracy of the data acquisition method. The 

setup of the test is shown in Figure 8-13. An LVL specimen of 60mm high was positioned on 

a steel plate. A dial gauge with a scale interval of 0.01mm was positioned on top of the 

specimen and measured the relative expansion or shrinkage of the specimen. A linear 

transducer with a range of 5 mm was positioned on top of the spindle of the dial gauge. 

This way, the displacements measured by the dial gauge were the same as the 

displacements measured by the transducer. 

It was chosen to expand the specimen by pouring a small amount of water onto the steel 

base just before the data logging started, so that the end grains were positioned in water. 
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This way the conditions controlled by the environmental chamber could stay constant, 

resulting in a very stable temperature.  

 

Figure 8-13: Setup of the data acquisition benchmark test 

As mentioned earlier DIC correlates the spatial variation of brightness. Therefore, the 

accuracy of DIC is dependent on the camera, camera settings, location of the tracked object 

relative to the camera and, importantly, the lighting. Therefore, the test was performed in 

the same conditioning room as the creep test. Furthermore, the test was performed, under 

the same lighting conditions, using the same camera in the same position (Figure 8-14). The 

temperature was held constant at 16.0 +/- 1.0 degrees. 

Figure 8-15 shows the displacements measured using the transducer and displacements 

measured using DIC on a dial gauge. It can be seen that, although the scale interval of the 

dial gauge is only 0.01mm, using DIC will result in measurements that fall within the 

intervals. The correspondence between the measurements obtained by both methods is 

clear. However, the curves have some remarkable jumps. Strangely they did not always 
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occur at the same moment. As the setup was relatively light, the reason for this may have 

been vibrations caused by the conditioning equipment.  

 
Figure 8-14: Location of the benchmark test setup 

The results generated using the transducer shows fluctuations from which a clear frequency 

can be recognised after 2000 seconds. These fluctuations have little to do with the 

expansion of timber. The specimen should have only expanded as it was standing in water 

and the air conditions were constant. No such frequent fluctuations were observed using 

DIC on the dial gauge.  

The deformations obtained using DIC on a dial gauge were quite similar to the 

deformations obtained using a transducer and might even be more accurate. A transducer 

is in the order of ten to twenty times more expensive than the dial gauge used. For long-

term experimental studies involving many measurements, using dial gauges in combination 

with DIC as a data acquisition method is, therefore, a viable alternative for transducers. 
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Figure 8-15: Measured displacements using the DIC on a dial gauge and using a transducer 

 Load initiation 8.6
The load is applied on the specimens using a lever arm and weights. The ratio between the 

moment arm lengths was 4.57, which is equal to the ratio between output force and the 

input force, if zero friction is assumed. To account for possible friction, the loads were 

measured using the method described before.  

Before the loading process, the weights were supported by a set of bricks. By spanning a 

threaded rod that was hanging on the lever arm, the weights could be lifted. The load cell 

was positioned and stressed so that it carried all the load applied to the sample series, as 

shown before. An initial displacement prior to loading could only be determined with a 

slight pre-tension in the series. Therefore, the initial embedment/displacement prior to 

loading of the samples is for this study defined as the reading from the dial gauge when the 

measured load in the load cell was equal to 0.2kN. After the initial readings, the load could 

be further increased by spanning the threaded rod that was attached to the weights and 

the lever arm. This finally resulted in lifting of the weights from the supporting bricks. At 

that stage the load was completely carried by the lever arm, which applied the loads to the 

specimens. The weights were positioned high enough to avoid contact between the weights 

and bricks during the test.  

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 1000 2000 3000 4000 5000 6000 7000

M
ea

su
re

d 
de

fle
ct

io
n 

(m
m

)

Time (s)

Transducer Dial guage



Chapter 8. Creep testing and modelling 
 

302 
 

 

 Results and discussion 8.7
The measured loads and displacements at the initiation of the tests are shown Appendix G. 

Additionally, the initial weight of embedment specimens are given as well as the method of 

data acquisition (DIC or manual reading). In this chapter and in Appendix G the specimens 

were named after the name of the test series, which can be found in Table 8-1, followed by 

the number of the test (for example: 20PA1 is test 1 of series 20PA). 

Due to excessive processing time of the data, compromises had to be made regarding the 

number of photos analysed. Therefore, for tests performed in conditions 1 the number of 

data points was reduced. 

Results of the parallel to grain embedment tests in conditions 1 are shown in Figure 8-16. It 

can be seen that in period a the embedment increased significantly in the first 100 hours 

after which the creep rate decreased. A significantly increased deformation was observed 

in period b. In period c significantly less creep than in period a was observed.  

An increase of embedment was seen in the wetting phase despite swelling of the timber, 

this suggests that the material stiffness reduces during this period. However the stiffness 

does not (fully) recover in the drying phase which is in accordance with previous work (e.g.  

Husson et al. 2010). It was also seen that the deformation caused by viscoelastic creep 

during the entire test is similar to the mechano-sorptive creep caused by a single period of 

higher relative humidity. This indicates that the mechano-sorptive creep can be very 

significant for the creep behaviour of the connection.  

During last 3000 hours of the test no significant creep was observed. Unless viscoelastic 

creep naturally stops after 1200 hours, the results indicate that the viscoelastic creep is 

reduced because of mechano-sorptive creep. In the case that is true, the constitutive law in 

which the total creep is equal to mechano-sorptive creep plus viscoelastic creep, assumed 

by most creep models will be incorrect. This would also mean that it is possible to condition 

timber structures against creep, by subjecting it to severe changes of relative humidity 

before use. However, no significant evidence can be given here and further research would 

be required to make such statements. 



 
 

 
 

3
0
3
 

Chapter  8. Creep testing and m
odelling 

 
 

Figure 8-16: Creep of parallel to the grain embedment specimens in conditions 1 

0%RH

20%RH

40%RH

60%RH

80%RH

100%RH

0

0.05

0.1

0.15

0.2

0.25

0 600 1200 1800 2400 3000 3600 4200

Cr
ee

p 
(m

m
)

Time (h)

20PA1 20PA2 20PA3 20PA4

40PA1 40PA2 40PA3 40PA4

RH datalogger 2 RH datalogger 1 Programmed RH

a b c



 
 

 
 

3
0
4
 

Chapter  8. Creep testing and m
odelling 

 
*Due to a malfunctioning light, there were no displacements recorded during the indicated period 

**Due to a fault in the connection camera 3 did not take pictures during the indicated period 
Figure 8-17: Creep of parallel to the grain loaded embedment specimens in conditions 2 
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It can be seen that the creep deformations of embedment tests loaded at 40% of the 

ultimate load is approximately twice as much as the deformations measured for a 20% load 

level. This suggests approximate linear viscoelastic behaviour up to load levels of 40% or 

higher. From the literature (Morlier, 1994) it appeared that this linearity depends heavily on 

the type of timber used. Further experimental research in order to determine linearity of 

viscoelastic behaviour of embedment properties of different materials is therefore 

recommended. 

Figure 8-17 shows results of embedment tests in conditions 2. In period b the relative 

humidity was changed every twelve hours. This led to mechano-sorptive creep. 

Unexpectedly measured deformation rate started slow and accelerated during the first part 

of period b. Figure 8-18 shows the moisture content of an unloaded embedment specimen, 

which was determined from the measured weight. After the test, this specimen was dried 

for seven days at 110°C in order to determine the dry weight and the moisture content 

during the test. The figure shows that the moisture content increased during period b. This 

is caused by the lack of capacity of the dehumidifier to dry the air up to 50%RH. Relative to 

the initial conditions of 65%RH the relative humidity was 20% higher in the wet phase, but 

less than 20% lower in the dry phase. This caused swelling of the specimens which resulted 

in a decrease in the measured displacements. 

 
Figure 8-18: Moisture content of unloaded specimen in conditions 2 in period b 
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Figure 8-19: Creep of perpendicular to the grain embedment specimens in conditions 1 
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In period c and d of the embedment tests performed in conditions 2 (Figure 8-17) the rate 

of mechano-sorptive creep reduced until no significant creep was observed. In period e the 

humidity was kept approximately constant, and no further creep was observed for 200 

hours. 

Results of perpendicular to grain loaded embedment specimens are shown in Figure 8-19. 

The creep of these specimens was up to ten times larger than the creep of the parallel to 

grain specimens discussed before. Rapid creep was observed in the first 100 hours. The 

creep observed in period b would mostly be viscoelastic as the humidity was approximately 

constant.  

The load is logically twice as large in the 40% load level as in the 20% load level. However, in 

period a the creep deformations were more than twice as large in the highest load level. 

This suggests non-linear viscoelasticity. Also the jump after period b seems not linearly 

related to the load. 

Figure 8-20 shows the deformations measured in the perpendicular to grain loaded 

embedment tests in conditions 2. In test specimens loaded at a 20% load level a reduced 

deformation was observed in period b. This was caused by an increasing moisture content 

of the specimen, as discussed before. In period c the measured deformations started 

increasing. In period d the creep rate decreased until there was only little creep observed. 

In the beginning of period e a slight increase in deformation was measured, as the moisture 

content adapted to the constant relative humidity. However, after approximately 550 hours 

no significant creep was observed.   

From comparison between Figure 8-20 and Figure 8-17 it can be concluded that the creep 

perpendicular to the grain is significantly larger than creep parallel to the grain, especially 

at higher load levels.  

Results of parallel to grain connection tests are shown in conditions 2. The mechano-

sorptive creep observed in this test was different from the embedment tests discussed 

before. A significant change of creep rate was observed after period c, as the creep rate of 

period b was significantly larger than the creep rate in period d  despite the fact that the 

humidity changes in period d were more severe. Apparently, exposure to the longer wet 

and dry phase of  period c made the connection insensitive for shorter cycles of relative 

humidity, even though the change of humidity increases.  
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*Due to a malfunctioning light, there were no displacements recorded during the indicated period 

**Due to a fault in the connection camera 3 did not take pictures during the indicated period 
Figure 8-20: Creep of perpendicular to the grain loaded embedment specimens in conditions 2 
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For an explanation, the work of Husson et al. (2010) is used. They included a memory effect 

in a mechano-sorptive creep model. As the stiffness of the wood is dependent on the 

moisture content, the stiffness changes corresponding to the change of relative humidity in 

the environment. Husson et al. (2010) showed that only accounting for the lowest stiffness 

that previously occurred under mechanical load resulted in accurate predictions of the 

mechano-sorptive creep of small specimens loaded in axial direction. This minimum 

stiffness, therefore, never increases and can only decrease if the moisture content exceeds 

all previous values of the moisture content. This suggests that the highest value of the 

moisture content that occurred in the past or present while stressed determines the further 

response to mechano-sorption.  

In flitch plate timber connections the highest stresses occur near the shear planes. Creep of 

timber close to the shear planes is therefore most significant for the entire connection 

behaviour. However, fluctuations of the moisture content depend heavily on the location in 

the timber. At the surface the moisture content adapts more quickly to changes of relative 

humidity than at the centre of a timber member. For example, the moisture content in the 

centre of a large column is not significantly influenced by the daily change of relative 

humidity, but may well be influenced by the seasonal relative humidity changes. 

Measurements of moisture content throughout presented by Morlier (1994) confirm this.   

For flitch plate timber connections it can be stated that changes of the moisture content 

near the shear plane are more severe in longer cycles of relative humidity. In other words, 

the moisture content near the shear planes gets higher in a 24-hour wet phase than in a 12-

hour wet phase. This suggests that no mechano-sorptive creep occurs after period c, which 

is confirmed by Figure 8-21. It can be seen in Figure 8-21 that the total creep of the non-

metallic connections is higher than the creep of the metallic connections. This confirms the 

expectations as GFRP and the DVW flitch plate show viscoelastic behaviour in contrast with 

steel at room temperatures at low load levels. However, the strength of the metallic 

connections and the non-metallic connections were significantly different. The ultimate 

strength of the metallic connection comprising one 10mm dowel is more than twice the 

ultimate strength of a similar connection comprising one 10mm GFRP dowel. The load 

applied in the test was similar for both connections, meaning that the metallic connection 

was loaded at a higher load level than the non-metallic connection.  
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*Due to a malfunctioning light, there were no displacements recorded during the indicated period 

Figure 8-21: Creep of parallel to the grain loaded connections in conditions 2
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A common way to compare creep of different structures, as for example done by van de 

Kuilen (2008), is by expressing the creep in the form of creep factors. Creep factors (kdef) are 

non-dimensional and simply give the ratio between the creep and the initial deformation. 

This can be written as: 

             
0

0
defk  




  
Eq. 8-2 

 

Where: 

δ  is the total deformation (embedment or connection slip) 

δ0 is the deformation (embedment or connection slip) 10 minutes after the 

application of the load 

Although creep factors are generally used to report results of creep tests it is important to 

realise that there is no universally agreed method how determine the initial deformation δ0 and 

the total deformation δ.  Some researchers defined the initial deformation as the deformation 

that occurred one minute after loading, though others used values after ten minutes of loading 

(van de Kuilen 2008). Additionally, for dowel connections the hole clearance can play a 

significant role in the values of the measured deformations. The size of the drilled hole can 

therefore have an influence on the creep factor. In this study the creep factor is only used to 

compare connections within this study. The influence of hole clearance is eliminated by using 

only single doweled connections and applying a pre-load of 0.2kN. The deformations are then 

defined as the measured deformations that occurred due to loads that exceeded 0.2kN. The 

initial deformation was the deformation measured after 10 minutes of loading.  

The average creep factor kdef of the parallel to the grain loaded connections at the end of the 

test (after 700 hours) performed in conditions 2 was 0.32 for metallic connections and 0.27 for 

non-metallic connections. For the parallel to the grain connections tested in conditions 1 the 

creep factor was on average 0.15 after 700 hours for both metallic and non-metallic 

connections. This means that relative to the initial deformation, the measured creep was similar 

for metallic and non-metallic connections.  The ratio between the absolute deformations and 

the load level was also comparable between metallic connections and non-metallic connections. 

This means, that if linear viscoelasticity and a linear relationship between load and mechano-

sorptive creep is assumed, the creep deformations would be approximately similar for both 

connections if loaded at the same load level. 
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Figure 8-22: Creep of perpendicular to the grain loaded connections in conditions 1 
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*Due to a malfunctioning light, there were no displacements recorded during the indicated period 

Figure 8-23: Creep of perpendicular to the grain loaded connections in conditions 2 
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The results of the perpendicular to grain loaded connections are for a large part influenced 

by swelling and shrinkage of the timber in the direction perpendicular to the grain. The 

results of the test performed in conditions 1 are shown in Figure 8-22 and results of the 

tests performed in conditions 2 are shown in Figure 8-23.  

As explained before, for all connection tests the relative displacements between locations 

on the timber surface and the surface of the flitch plates were measured using dial gauges. 

By attaching the measuring instruments to the surface, the measurements will be 

influenced by practically all changes of humidity as the surface material rapidly responds to 

humidity changes.  

In the direction perpendicular to grain the swelling and shrinkage is much more significant. 

As swelling and shrinkage show a large part of the deformation, the creep can be less 

accurately differentiated from the results. However, clear jumps were seen in the 

measured deformations after period b in test conditions 1 (Figure 8-22), which indicate 

mechano-sorptive creep. The size of these jumps seemed quite random. Similarly, the 

results of the same tests in conditions 2 (Figure 8-23) show a large scatter of final 

deformations (in period e). However in all tests, the mechano-sorptive creep seemed to 

have stopped after period c in the same way as seen in the results of the parallel to grain 

loaded connections.  This confirms that a period with long wet and dry phases can make the 

connection insensitive for short periods of humidity change. 

Creep deformations found were relatively small (0.04-0.14mm after 4200 hours) in case the 

connections were loaded parallel to the grain. Whether this deformation is significant, 

depends on the structure in which the connection is applied. For example, a small increase 

of connection slip in a moment resisting connection can result in a significantly large 

rotation. However, in many connections deformations of the order of magnitude found in 

this study will have an insignificant effect on the serviceability of the structure in which the 

connections are applied. In connections loaded perpendicular to the grain, deformations 

found were significantly larger. At a 40% load level, creep deformations were nearing 1 mm 

after 4200 hours. Such creep deformations are potentially significant for the serviceability 

of the structure. 
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 Viscoelastic creep model of connections 8.8
It was seen from the results of Section 8.7 that mechano-sorption has a significant influence 

on the creep behaviour of timber connections. The prediction of mechano-sorptive creep is 

left for further research as it requires an extensive understanding of moisture transfer in 

timber connections. As discussed in the literature review, GFRP is a viscoelastic material 

and it was seen in the test results that it influences the creep of the connection. The 

amount of shear creep that occurs in the connection depends on the resin used in the 

GFRP. A novel but simple model using a linear approach to predict viscoelastic behaviour is 

discussed here. Models predicting creep of connections found in the literature do not take 

into account the dowel deformation and therefore do not allow the creep of the dowel to 

be modelled. 

As discussed in the literature review (Section 2.3.3) creep of GFRP can be defined with 

viscoelastic moduli which change in time, instead of an elastic modulus and a shear 

modulus. The following Findley equations originate from the simplified Findley power law 

(Findley, 1960 cited by Shao and Shanmugam, 2004) and are independent of stress: 

             ( )
e

t
v L L
L nt

L L

E EE t
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Eq. 8-3 (also Eq. 2-38) 

 

             ( )
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Eq. 8-4 (also Eq. 2-39) 

 

Where: 

( )v
LE t is the viscoelastic modulus; 

( )v
LTG t is the viscoelastic shear modulus; 

LE and LTG are the instantaneous moduli; 

t
LE and t

LTG are the creep moduli; 

en  and gn are the creep rate exponents. 
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Figure 8-24: Schematic diagram of finite element model 

An approximation of the model shown in Figure 8-24, in which a linear deflection 

calculation at different time steps (for example at 200 hours of loading), was made. For this 

simply the linear elastic model comprising beams and springs, discussed in Chapter 3 was 

used. The only difference is that the material properties change in time.  

Table 8-2: Creep constants of glass fibre reinforced polymer pultrusions 

Authors Resin P/Pmax EL (GPa) Et
L 

(GPa) 

ne GL 

(GPa) 

Gt
L 

(GPa) 

ng 

Shao and Shanmugam 

(2004) 

Poly-

ester 

0.25 29.9 3257 0.37 3.1 89 0.36 

Shao and Shanmugam 

(2004) 

Poly-

ester 

0.50 29.9 4207 0.35 3.1 126 0.32 

Bank and Mosallam 

(1992) 

Vinyl 

ester 

0.23 16.2 1278 0.33 3.7 203 0.34 

 

The creep of the GFRP is determined by implementing the viscoelastic moduli of Table 8-2 

for Timoshenko beams. As discussed in the literature review, the creep of timber can be 

described using Burgers’ model, which can also be seen as a Maxwell model and a Kelvin 

model placed in series. As appeared from the literature review, the strain of each 

combination of springs and dashpots supporting one node can be determined as: 
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2
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1 exp tE t
E E
  


 

  
     

  
 

 
Eq. 8-5 

 

The first term on the right hand side of the equation represents the Hookean spring. The 

second term represents the Kelvin spring dashpot combination and the last term represents 

the remaining dashpot which models viscosity or irrecoverable creep.  

Instead of a stress-strain relationship the equation can be rewritten as a relationship 

between forces and displacements: 

             
2

1 2 2 3

1 exp tKP P Pt
K K


 

  
     

  
 

 
Eq. 8-6 

 

Where: 

δ is the displacement (mm) 

P is the load (N) 

K1 and K2, stiffnesses (N/mm) 

η2 and η3 are the viscoelastic dashpot constants (Figure 8-24) giving the ratio 

between force and velocity (Ns/mm).  

The stiffness at time t would then be: 

             

1

2

1 2 2 3

1 1 1 exp tKP t
K K  


   

          
 

 
Eq. 8-7 

 

The linear stiffness matrix implemented for the combination of springs and dashpots would 

then be: 

1 1

2 2

1 2 2 3 1 2 2 3

1 1

2 2

1 2 2 3 1 2 2 3

1 1 1 11 exp 1 exp

1 1 1 11 exp 1 exp

tK tKt t
K K K K

K
tK tKt t

K K K K

   

   

 

 

                                         
                                         

 

The viscoelastic creep model was simply obtained by replacing the stiffness matrix of the 

spring elements, of the linear elastic model described in Section 3.2, by the stiffness matrix 

shown above. This stiffness matrix will only give an approximation of the viscoelastic creep 
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as it does not allow redistribution of the load over the spring-dashpot combinations. This 

redistribution in reality takes place when the creep deformation in one node of the beam is 

higher than the creep deformation in another node. Depending on the stiffness of the 

beam elements the load will be redistributed. The reaction force in the nodes will therefore 

change in time. By applying the stiffness matrix shown above in a linear analysis, only a 

single value for the nodal forces is taken into account and the redistribution is ignored. 

However, high accuracy of viscoelastic models of timber connection only becomes 

important if there are also accurate ways to predict mechano-sorptive creep. The latter is 

left for future research. 

The viscoelastic constants K2, η2, η3 were determined from a fit to the results of the 

embedment tests parallel to the grain in conditions 1 period a. The results can be seen in 

Figure 8-25. The values found were 29.30 x 102 N/mm2, 16.0 x 104 Ns/mm and 54.7 x 105 

Ns/mm for K2, η2 and η3 respectively.  

 

 Results of viscoelastic model 8.8.1
The predictions of the model discussed in this section are shown in Figure 8-26. For 

comparison, the results of the parallel to the grain connection tests in conditions 2 are 

shown as well.  

For the creep predictions of connections comprising a steel dowel it was assumed that the 

steel does not creep. It was seen that the model slightly underestimated the viscoelastic 

creep in period a of the test. A reason for this can be that the creep of the densified veneer 

wood flitch plate is ignored. In period b mechano-sorptive creep played a significant role, 

therefore, the test results deviate more from the predictions than in period a. The 

predictions of viscoelastic creep in period c are based on an extrapolation, as the creep 

constants were determined from a period of approximately 900 hours. Extrapolations can 

introduce significant errors. However, they are generally accepted for creep predictions as 

the life span of structures generally exceeds the duration of creep tests.  
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Figure 8-25: Burgers model and the creep of the parallel to the grain loaded embedment specimens in conditions 1 
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Figure 8-26: Predictions of creep for different types of dowels 
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 Conclusions 8.9
The experimental study discussed in this chapter led to the main conclusions discussed in 

this section. 

The creep behaviour of connections can be significantly influenced by daily fluctuations of 

relative humidity. A difference of 30% relative humidity is well within the range that occurs 

in buildings (Morlier, 1994). However, exposing the connections to a 24-hour wet phase 

and a 24- dry phase, made the connections insensitive to humidity changes at shorter 

intervals. This suggests that the seasonal change of relative humidity can condition the 

wood against further mechano-sorptive creep caused by daily humidity changes. Further, 

more variability was observed in the mechano-sorptive creep behaviour of connections 

loaded perpendicular to the grain, than in the behaviour of connections loaded parallel to 

the grain. The creep determined for the direction perpendicular to the grain was 

significantly higher than the creep found in parallel to grain directions 

Metallic connections comprising of a steel flitch plate and a steel dowel showed less creep 

than non-metallic connections comprising of a densified veneer wood flitch plate and a 

GFRP dowel. However, the ratio between creep and applied load level was approximately 

similar. Additionally the average creep factors of both connection types were the same. 

This suggests that the creep behaviour would be similar in practice. 

A novel embedment test was introduced in order to study the creep behaviour of 

embedded timber. The parallel to grain dowel embedment behaviour appeared to be 

approximately linear-viscoelastic for loads up to at least 40% of the ultimate load. This was 

not the case for perpendicular embedment behaviour as the deformations measured at the 

40% load level were not in proportion with the deformations at the 20% load level. Results 

of the embedment tests can be used to predict the creep of a connection. 

A time dependent structural model was proposed that aimed to predict the viscoelastic 

creep of connections comprising a GFRP dowel or a steel dowel. The model is an adaptation 

of the linear elastic structural model discussed in Section 3.2. Creep of the timber and creep 

of the GFRP dowel were taken into account. However, no creep of the Densified Veneer 

Wood flitch plate could be taken into account, as the viscoelastic parameters are yet 

unknown. It was shown that the creep embedment properties determined using the novel 
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test can be used to predict creep of connections comprising viscoelastic dowel type 

fasteners. 

A number of questions remain to be answered. Research into the viscoelastic behaviour of 

the used GFRP material and the DVW plate has been left out. The tests also did not confirm 

whether the mechano-sorptive creep and viscoelastic creep can be simply seen as two 

separate phenomena that can be summed up to calculate the total creep. In order to model 

mechano-sorptive creep additional research is needed of the moisture flow through 

connections and especially through gaps along the connectors.  
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9 Conclusions 
This thesis discussed a study of the fire performance and the creep behaviour of non-

metallic timber connections comprising pultruded glass fibre reinforced polymer (GFRP) 

dowels and a flitch plate made of densified veneer wood (DVW). Analytical and numerical 

models for predicting the connection slip and the load bearing capacity of the connections 

at ambient temperature were proposed. These models were altered for predictions of the 

structural behaviour at elevated temperatures and the creep behaviour. Material tests 

were performed to determine required properties for the predictive models. Additionally, 

heat transfer tests were performed to study the heat transfer through the connection 

assembly under exposure of high incident heat fluxes. Connection tests at ambient 

temperature, long-term connection tests and connection tests at elevated temperatures 

were performed to validate the models. 

In this chapter the most important conclusion of this thesis are summarised.  

 Predictions of the connection slip (Chapter 3) 9.1
In Chapter 3 a numerical model was proposed which predicted the dowel slip by accounting 

for the elastic and plastic deformations of the timber, the elastic deformations of the dowel 

and the elastic deformations of the DVW flitch plate. The model comprised of Timoshenko 

beam elements in order to account for shear deformations of the dowel. The embedment 

of the dowel in the timber was modelled as elastic-perfectly plastic springs. Conclusions 

regarding this model were: 

 Comparisons of the predictions with experimental results of this work and previous 

work, led to the conclusion that the model accurately predicts the deformations 

before interlaminar shear failure of the dowel occurs; 

 A one-to-three ratio between elastic shear and bending deflection of the dowel was 

determined for the tested connections. This led to the conclusion that shear 

deformations of the GFRP dowels have a much more significant influence on the 

connection slip compared to shear of steel dowels. This is due to the low shear 

modulus to Young’ modulus ratio of GFRP. 
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 Predictions of interlaminar shear failure (Chapter 5) 9.2
From all previous experimental studies performed on timber connections comprising GFRP 

dowels it was concluded that interlaminar shear failure of the dowel in many cases governs 

the load bearing capacity of the connection. Analytically derived equations were proposed 

in this thesis for predicting this type of failure. These equations were based on a failure 

shape of the dowel with four post elastic hinges (shear mechanism). In the analysis, the 

dowel shear capacity in a timber connection was determined from the energy required to 

achieve the failure shape of the dowel. This energy included the energy corresponding to 

timber embedment.  

The predictions were dependent on the assumed distance between the post-elastic hinges 

(or shear span) of the failure shape. A first equation was a purely analytical solution 

corresponding to the assumption that hinges of the shear mechanism of a dowel are 

located at the bending moment peaks. In the resulting equation, the predicted shear 

capacity was independent of the embedment strength and was exactly double the shear 

capacity according to the shear formula. The predicted shear capacity using this equation 

corresponded well with experimental results. 

A different method that corresponded well with the experimental results was using an 

assumed shear span of 1.0d (or one dowel diameter). According to the novel equation 

corresponding to this assumption, the shear capacity depends on the embedment strength 

of the timber.  

The shear span could not analytically be determined without a beam theory that includes 

an increase of interlaminar shear capacity for a reduced shear span. A novel beam theory 

was proposed that includes the shear span for capacity predictions. For this theory, the 

dowel or beam loaded in shear was divided in an upper and lower layer that do not shear 

but only bend (bending belts) and a middle layer that can shear and bend (shear body). The 

behaviour of the bending belts was described using the Bernoulli Beam Theory and the 

behaviour of the shear body was described using the Timoshenko Beam Theory. As the 

three layers represent the behaviour of one beam or dowel, the deflection of the layers 

corresponding to a loading situation should be similar. This resulted in a new equation in 

which the ratio between the Young’s modulus and the shear modulus of the dowel became 

an important factor. 
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The bending stiffness of the bending belt depends on the Young’s modulus and the height 

of the bending belt.  The latter was determined empirically from three-point bending tests 

of GFRP dowels performed with different spans.  Theoretical determination of the height of 

the bending belt, perhaps using an energy method, is recommended for further research. It 

was concluded that the last equation led to accurate predictions of interlaminar shear 

failure of non-metallic timber connections. 

 

 Behaviour of non-metallic timber connections at elevated 9.3

temperatures (Chapter 4, 6 and 7) 
The study of the fire performance of the non-metallic timber connection comprised of 

experimental, numerical and analytical work.  

Experiments were performed using a cone calorimeter and H-TRIS (a novel testing device 

developed at the University of Edinburgh) in order to study the heat-transfer of the non-

metallic timber connections exposed to incident heat fluxes up to 100kW/m2. The main 

conclusions of this experimental study were: 

 The timber governs the heat-transfer in the connection, as the heat-transfer in a 

solid block of timber was shown to be similar to the heat-transfer in a block of 

timber comprising a GFRP dowel or a DVW flitch plate; 

 In the gap between two opposing timber members of an unprotected flitch plate 

connection, the flitch plate heats up faster than in other locations.  

Additional experiments were performed to study the structural behaviour of the non-

metallic timber connections at elevated temperatures. These tests were performed in 

temperatures increasing at a rate of 15°C/min up to 610°C in an environmental chamber. 

Tests were loaded at 0% (unloaded), 20% or 40% of the ultimate capacity at ambient 

temperature. In the unloaded tests, inner temperatures of the connections were measured 

using thermocouples. Furthermore, similar tests were performed with metallic connections 

comprising a steel dowel and a steel flitch plate. The main conclusions drawn from these 

tests were: 

 Despite the fact that, degradation of the polymer resin matrix of the GFRP occurs at 

much lower temperatures than the softening of steel, the time to failure was 
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shorter for metallic connections than for non-metallic connections. The most 

significant difference was seen at the 20% load level; 

 The only occurring failure mode of the non-metallic connection at the 20% load 

level was flitch plate failure near the end grain at the location where the flitch plate 

is the least protected by the surrounding timber. However, it was shown that this 

unusual failure mode can be postponed or avoided using an intumescent seal in 

between the two opposing timber members.  

 At the 40% load level the most commonly observed failure mode was plug shear 

failure. 

 The longitudinal sections of the unloaded specimens after 50 minutes of heating 

revealed that the charring depth of the timber was not influenced by the presence 

of the GFRP dowel nor the DVW flitch plate.  

The numerical model that was used to predict the deflections of the dowel at ambient 

temperature was also used to predict connection failure at elevated temperatures or in a 

fire. The material properties of this structural model were adjusted to temperatures 

predicted using two different methods: 

1. Using a one-, two- or three-dimensional non-linear heat-transfer model; 

2. Using linear interpolation of the experimentally measured temperatures in the 

unloaded structural tests. 

Both methods led to similar temperature results, from which it was concluded that the heat 

transfer model had a sufficient accuracy.  

The determined temperatures were related to the change of material properties. The 

temperature dependence of the required material properties was studied experimentally. 

The most important conclusions derived from these material tests were: 

 The reduction of embedment properties at elevated temperatures did not 

resemble the reduction of compressive timber properties given in Eurocode 5 (BSI, 

2004b); 

 The shear strength and shear stiffness of GFRP comprising polyester and vinyl ester 

resin matrices reduced significantly already at 60°C; 

 The properties of GFRP comprising a phenolic resin matrix reduced significantly less 

at increasing temperature. 
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Using the determined temperatures and the relationship between material properties and 

temperatures, failure could be predicted by adjusting the material properties in the 

structural model. However, only predictions of dowel failure and embedment failure could 

be made using this model. As these failures did not occur in the non-metallic connection 

tests, the model was only confirmed for predictions of metallic connections at elevated 

temperatures. Predictions of time to failure in the metallic connection tests at elevated 

temperatures were accurate, showing only a maximum difference of 40 seconds with the 

experimentally determined time to failure.  

Predictions of tensile failure and plug shear failure were made using an additional material 

property reduction model, in which de material properties of areas of the critical sections 

were adjusted. These models were verified by the experimental results. 

A much more simple approach was proposed as well: the reduced cross section method. 

The reduced cross-section method is standardised, but no effective charring rate is given 

for non-standard exposures. Therefore, a new approach for determining the effective 

charring rate was given in this study. It was shown numerically that the 110°C isotherm in a 

standard fire is approximately similar to the effective char depth in accordance with 

Eurocode 5 (BSI, 2004b) for the first 40 minutes of a standard fire. This was translated to an 

effective charring rate corresponding to the test environment of the experimental study. 

The results showed the following: 

 The reduced cross-section method overestimated the time to failure for cases in 

which heat-transfer in three dimensions played a significant role (e.g. near the end 

of a timber beam); 

 The reduced cross-section method was not accurate if the critical section could 

instantly be excluded from the reduced section; 

 For other situations, results obtained using the reduced cross-section method were 

almost identical to those obtained using the material property reduction method; 

 Defining the reduced cross section as the area of the cross section with 

temperatures lower than 110°C led to accurate results. Therefore; 

 it is conservative to account for the material properties that the dowel has at 

110°C. Therefore;  

 it can be stated that the GFRP dowel will not fail in a fire if the material properties 

at 110°C are sufficient to carry the mechanical load. 
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 Creep behaviour of non-metallic timber connections 9.4

(Chapter 8) 
The study of creep behaviour of non-metallic connections included a numerical predictive 

model, tensile connection creep tests and embedment creep tests.  The specimens were 

loaded under changing relative humidity and under periods of constant humidity. The 

following main conclusions were drawn from the experimental study: 

 Mechano-sorptive  creep (i.e. creep under changing moisture content) due to daily 

changes of relative humidity had a significant influence on the connection 

behaviour and the behaviour of the embedment specimens; 

 A long wet period followed by a long dry period, made connections insensitive to 

shorter wet and dry periods; 

 Non-metallic connections showed more absolute creep than metallic connections. 

However the creep factor (i.e. the ratio between the initial deflection and the 

creep) was similar; 

 Parallel to grain embedment creep of LVL had an approximately linear relationship 

with the applied load for load levels up to at least 40%; 

 Perpendicular to the grain loaded embedment specimens showed excessive creep 

for load levels of 40%, and it is, therefore, advised not to rely on perpendicular to 

grain creep at such high load levels. 

Viscoelastic creep was predicted using a numerical model similar to the model used for 

deflection predictions. Results of the embedment creep tests were used in the model to 

describe the viscoelastic behaviour of the timber. The viscoelastic properties of GFRP were 

obtained from the literature. No viscoelastic properties of DVW were known and the creep 

of the DVW flitch plate was not taken into account. The resulting novel model took into 

account the embedment stress differences along the dowel and possible creep of the 

dowel. From a comparison between the experimental results and the predictions of the 

model, the main conclusions were: 

 The model gave appropriate predictions of the creep of metallic connections; 

 The model slightly underestimated the creep of non-metallic connections. This was 

likely due to the exclusion of creep of the DVW flitch plate; 

 Embedment creep properties can be used to predict connection behaviour.  
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Using embedment creep properties, also a model can be designed to predict mechano-

sorptive creep. This is left for further research. 

 Possible applications in practice 9.5
This study showed that using GFRP fasteners and a DVW flitch plate can lead to significantly 

better fire performance of connections. It was also shown that the creep factor and the 

ratio between load level and absolute creep was similar to that of metallic connections. 

This can lead to a significant advantage of non-metallic connections over metallic 

connections for situations in which high fire safety requirements have to be met. 

 Recommendations for future work 9.6
Regarding research of the structural behaviour of non-metallic timber connections 

comprising GFRP dowels and a DVW flitch plate, the following was left for further research: 

 As most current knowledge of fire safety engineering is based on the standard fire, 

standard fire testing of non-metallic connections is recommended for further 

research. The experimental research can be used to study the use of the reduced 

cross section method according to Eurocode 5 (BSI, 2004b) for the predictions of a 

standard fire resistance rating of the non-metallic connections; 

 A study for predicting failure of an unprotected DVW flitch plate is recommended. 

This study should somehow determine the convection and radiation in the void 

between two opposing members of a flitch plate connection.  

 An extensive study of including complex mass transfer effects, such as pressure 

dependent moisture flow from hot to cold timber material, for the determining 

temperatures of timber in fire is recommended. A successful model would allow 

predictions of the structural behaviour (e.g. deflection and time to failure) in any 

natural or design fire. 

 A further study of the proposed three-layer beam theory is strongly recommended. 

The resulting equation (Eq. 5-45) can be validated for wood pegs, in a study in 

which the shear strength and shear modulus are accurately determined using 

Iosipescu shear tests or torsion tests. Especially an analytical prediction of the 

height of the bending belt is of interest. Potentially the equation can predict 

interlaminar shear failure of a large range of composite dowels (e.g. wood pegs and 

CFRP); 
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 In line with previous studies, this study showed that the capacity of the connection 

can increase after the occurrence of interlaminar shear failure of the dowel. A study 

of the friction between the dowel and the timber and other possible causes for this 

increase is recommended. 

 A study of the influence of geometrical imperfections such as clearances between 

the flitch plate and the timber side members is recommended. Also adaptations of 

current models to describe these imperfections would add to the current 

knowledge. 

 A study of the structural response to dynamic loads is recommended. Related to 

this, also a study of the effect of a potentially reduced hole clearance (the void 

between the dowel and the timber) is of importance and is recommended.  

Knowledge of this behaviour is of importance for applications in structures in which 

the loads regularly change directions. 

 The study of this thesis suggests that timber can be pre-conditioned against 

mechano-sorptive creep, by subjecting the structure under load to a severe 

(unnatural) humidity cycle. This could prevent mechano-sorptive behaviour during 

the entire lifespan of the structure. A study of the application of a pre-conditioning 

technique is recommended; 

 A mechano-sorptive model that includes the moisture flow in the timber would 

better the understanding of connection behaviour in uncontrolled environments. 

The development of a mechano-sorptive creep model that includes moisture flow 

and uses embedment creep properties is recommended. 
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Appendix A: Matlab code for linear finite element analysis 
The Matlab code for the linear finite element analysis is given in Code 3. The steps are 

numbered and further discussed in this subsection together with the variables used. Rows 

starting with ‘%’ are informative for the user/reader and are not considered by Matlab. In 

step 1, the global stiffness matrix Kg is generated. The function zeros(i) generates a square 

matrix of i times i elements. After this step the global stiffness matrix exists but is empty.  

In steps 2, 3 and 5 the matrix is assembled using the element stiffness matrices discussed in 

this section. The 4 x 4 stiffness matrix of a Bernoulli beam element Kbt can be for example 

added using the code: 

Kg(1,4:1,4)= Kg(1,4:1,4)+ Kbt  

Code 1: Addition of an element stiffness matrix Kbt to the global stiffness matrix Kg 

Using this code, the matrix is updated in row 1 to row 4, column 1 to column 4 by adding 

the Bernoulli stiffness matrix to the global stiffness matrix. Using a for loop, this can be 

done a number of times, for example: 

 
Code 2: A for loop implemented to generate the global stiffness matrix from element 
stiffness matrices  

In the first loop of the algorithm the value of n is 1, so that the first loop is equal to Code 1. 

In the second loop n is 2, and increases every loop until n is equal to the number of 

elements at the flitch plate ng. This way all elements can be included in the global stiffness 

matrix, as done in steps 2, 3 and 5 of Code 3.  In step 6 the second row and second column 

of the global stiffness matrix are removed, so that the rotation of the first node is zero and 

the boundary condition at the axis of symmetry is accounted for. In step 7 the force vector 

is generated, so that the displacement vector can be determined in step 8. 

for n=1:ng 

Kg((n*2-1):(n*2+2),(n*2-1):(n*2+2))= Kg((n*2-1):(n*2+2),(n*2-1):(n*2+2))+ Kbt 
end 
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Code 3: Linear elastic finite element model 

Where: 

Kg  is the global stiffness matrix 

Kbg  is the stiffness matrix for beam elements at the gap (see Figure 3-10) 

Kbt  is the stiffness matrix for beam elements at the timber (see Figure 3-10) 

Ks  is the spring stiffness 

ng  is the number of beam elements at the gap (see Figure 3-10) 

%% Global stiffness matrix formulation       1 
Kg = zeros((ng+nt+1)*2); 
%% Addition of beam elements at the gap to the global stiffness matrix          
           2 
for n=1:ng 
Kg((n*2-1):(n*2+2),(n*2-1):(n*2+2)) = Kg((n*2-1):(n*2+2),(n*2-
1):(n*2+2)) + Kbg;  
end 
  
%% Addition of beam elements at timber to the global stiffness matrix          
           3 
for n=1:nt 
Kg(n*2-1+ng*2:n*2+2+ng*2,n*2-1+ng*2:n*2+2+ng*2)=Kg(n*2-
1+ng*2:n*2+2+ng*2,n*2-1+ng*2:n*2+2+ng*2)+Kbt; 
end 
  
%% Determine the stiffness of one spring           4 
Ks=k*tt/nt; 
  
%% Addition of spring elements to the global stiffness matrix     5             
 % Spring element at shear plane 
Kg(ng*2+1,ng*2+1)= Kg(ng*2+1,ng*2+1)+Ks/2; 
 %Spring element at surface 
Kg((ng+nt+1)*2-1,(ng+nt+1)*2-1)= Kg((ng+nt+1)*2-1,(ng+nt+1)*2-1)+Ks/2; 
 %All other spring elements 
for n=1:nt-2 
Kg(n*2+1+ng*2,n*2+1+ng*2)= Kg(n*2+1+ng*2,n*2+1+ng*2)+Ks; 
end 
  
%%Boundary condition: rotation is 0 in axis of symmetry   6 
Kg(2,:)=[]; 
Kg(:,2)=[]; 
  
%%Formulation of the force vector           7 
F=zeros((ng+nt+1)*2-1,1); 
F(ng*2,1)=f/2; 
  
%%Determination of the displacement vector                   8       
d=Kg\F; 
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nt  is the number of beam elements at the timber (see Figure 3-10) 

tt  is the thickness of the timber side member 

d  is the displacement vector 

F  is the force vector 
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Appendix B: Matlab code for non-linear finite element 

analysis 
The non-linear algorithm corresponding to section 3.2.6 can be applied in Matlab using a 

while loop. In a while loop an algorithm can be repeated until a certain requirement is 

achieved. In contrast with a for loop, not the number of repetitions, but a requirement of 

the last repetition is defined in a while loop. The while loop is, therefore, suitable for 

iterative procedures. 

The code implemented in Matlab is shown in Code 4. This is a non-linear extension of the 

Matlab code for the linear model (Code 3). Steps 4, 5 and 8 of the linear model can be 

replaced by the code below for a non-linear analysis.  The code for the non-linear model is 

divided into steps, which will be discussed next. 

In step 1 variables for the while loop of step 2 are prepared. The yield displacement dy is 

determined from the yield stress fe and the embedment stiffness k. The algorithm given in 

the while loop will be initiated if the value of diff is larger than a specified limit (see step 2). 

The value of diff gives the difference between the maximum spring-displacement of the 

current and the previous iteration as shown in Figure 3-17. Using the while loop, values of 

the previous iteration are checked with values of the current iteration. However, in the first 

loop/iteration there are no previous results. Therefore, initial values of the checked 

parameters have to be given before the while loop is activated and an initial value of diff 

larger than the limit is needed to start the algorithm. The limit is given as 0.0001mm, as for 

this study, the analysis is considered sufficiently accurate if the displacement difference 

between the two last iterations is 0.0001mm or smaller. 
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Code 4: non-linear extension of the finite element model 

%% definition of variables required for the while loop  1 
% Yield displacement of the springs 

dy=fe/k; 
% first spring displacement vector for loop 

Y1=zeros(nt+1,1); 
% accepted accuracy  

limit=0.0001; 
% difference between displacement in current and previous iteration.  
   diff = 1; 
% iteration counter 
   count = 0; 
%% while loop           2 

while  (diff(1,1)>limit) 
%% definition of secant stiffness of springs    3 
   %first spring 
    if  abs(Y1(1,1))<abs(dy) 
        Kn(1)=k*l/2; 
    else 
        Kn(1)= (fe*l/2)/abs(Y1(1,1)); 
    end 
    %middle springs 
    for qs=2:nt  
    if  abs(Y1(qs,1))<abs(dy) 
       Kn(qs)=k*l; 
    else 
       Kn(qs)=fe*l/abs(Y1(qs,1)); 
    end 
    end 
    %last spring 
    if  abs(Y1(nt+1,1))<abs(dy) 
      Kn(nt+1)=k*l/2; 
    else 
      Kn(nt+1)=(fe*l/2)/abs(Y1(1,1)); 
    end 
%% definition of adaptable global stiffness matrix   4 

Q=Kg; 
%% addition of springs to the global stiffness matrix   5 

for qm=1:nt+1 
Q(qm*2+(ng-1)*2,qm*2+(ng-1)*2) = Q(qm*2+(ng-1)*2,qm*2+(ng-1)*2) 
+ Kn(qm); 
end 

%% determination of displacement/rotation vector   6 
Z=Q\F; 
Y=Z; 

% displacement only(eliminate rotation output) 
for qn=3:(ng-1)*2+nt+1 
Y(qn,:)=[]; 
end  

% displacement vector of springs only 
Ys=Y; 
for n=1:ng; 
Ys(ng-(n-1),:)=[]; 
end 

%% precision check        7 
diff= (Y1(1,1)-Ys(1,1)) 

%% new displacement vector       8 
Y1=Ys; 
end %%(end of the while loop) 
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Where: 

dy  is the yield displacement 

fe is the embedment force at the yield point 

k is the embedment stiffness 

Y, Ys and Y1 are displacement vectors as explained below. 

In step 2 the while loop is initiated or continued if diff is larger than the limit. Subsequently, 

in step 3 a spring stiffness vector is defined. An if function is inserted to check if each spring 

is in the elastic or the plastic phase. If the node displacement of a spring is smaller than the 

yield displacement, the spring is in the elastic phase and the secant stiffness is equal to the 

elastic stiffness. If the if statement is not true, the algorithm described after the else 

statement will be performed. In this case, a secant stiffness of the spring is determined if 

the if statement is not true (see Figure 3-17).  

In steps 4 and 5 the springs are included in the global stiffness matrix Kg in which beam 

elements were already included, as discussed in the previous sub-section of this thesis. 

However, if the spring stiffness was added every iteration to the previous stiffness matrix, 

the stiffness would increase in every iteration. Therefore, the spring stiffness has to be 

added to the initial stiffness matrix (without spring elements) that does not change every 

loop, hence step 4.  

In step 6 the displacement vector is determined in a similar fashion as discussed for the 

linear analysis. Subsequently, in step 7 diff, the difference between the maximum spring 

displacement of the current iteration (Ys) and the previous iteration (Y1), is calculated. 

Finally, in the last step of the algorithm the displacement vector Y1 is updated for 

comparisons with the next iteration. 
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Appendix C: Matlab code for an adaptive element mesh 
In order to automatically adapt the element mesh of the finite element analysis discussed 

in sections 3.2.5 and 3.2.6, the Matlab code discussed in Appendices A and B can be placed 

in an additional while loop as shown below. In step 1 the initial number of elements is 

defined. The implemented while loop compares the calculated displacement of the 

previous two calculations. As there is no calculated displacement before the first 

calculation, initial values are given in step 1. A criterion, which defines the allowable 

relative difference between the displacements from the previous two calculations, is given 

for the while loop. 

In step 2 the while loop is started or continued if the between the displacements of the two 

previous calculations is larger than the criterion. The number of beam elements is doubled 

every time the algorithm of the loop is repeated. The displacement at the shear plane from 

the previous calculation is now stored as Y so that it can be compared with the next 

displacement.  The code of the linear or non-linear finite element analysis discussed earlier 

(Code 3 and Code 4) should be included in the while loop, so that it calculates the 

displacement in every loop. 

 

Code 5: (Automatic) adaptive element mesh 

%% definition of variables required for the while loop  1 
% Initial number of beam elements at timber 
nt=2; 
% Initial number of beam elements at gap (or at the flitch plate) 
ng=1; 
% Initial displacement at the shear plane 
Y=0; 
% Initial displacement vector (fictive, should be positive) 
d=ones(ng+1,1); 
% discretisation criterion 
criterion=0.01 
 
%% while loop           2 
while abs(d(ng+1,1)-Y)>abs(criterion*d(ng+1,1)) 
% update displacement at the shear plane  
Y=d(ng+1,1) 
% double the number of elements 
ng=ng*2 
nt=nt*2 
 
%%%% LINEAR (code 3) OR NON-LINEAR (code 4) FE ANALYSIS SHOULD BE 
INCLUDED HERE %%%% 
end  
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Appendix D: Example of a time-temperature matrix 
This appendix shows the Matlab code for the heat transfer model. The result is a time-

temperature matrix that gives the temperature of each node at a certain time. Only the 

code for a one-dimensional heat transfer modelling is shown.  The sign ‘%’ is followed by 

informative text, which is ignored by Matlab. 

 

Code 6: Assembly of a time-temperature matrix 

 
Where:  

Kt is the time temperature matrix 

dt  is the time step 

t  is the time  

% Assembling a time-temperature matrix with an initial 
temperature of 20°C 
Kt=zeros(l,j); 
Kt(1,:)=[repmat(20,1,j-2) 20.1 0]; 
  
for n=2:l 
%  time column (counts the time) 
Kt(n,j)=Kt(n-1,j)+dt; 
% defining temperature curve (gives the temperature of the air at 
a time) 
if 20+15*(Kt(n,j)/60)<600 
    Kt(n,j-1)=20+15*(Kt(n,j)/60); 
else 
    Kt(n,j-1)=600; 
end     
% temperature of the centre node (eq. 7-7) 
Kt(n,1)=dt/((dx/2)*1000*c(round(Kt(n-1,1)))*r(round(Kt(n-
1,1))))*((Kt(n-1,2)-Kt(n-1,1))/(dx/(L(round(Kt(n-1,1))))))+Kt(n-
1,1); 
% temperature of nodes except surface and centre node (eq. 7-7) 
for m=2:j-3 
Kt(n,m)=dt/((dx/1)*1000*c(round(Kt(n-1,m)))*r(round(Kt(n-
1,m))))*((Kt(n-1,m+1)-Kt(n-1,m))/(dx/(L(round(Kt(n-1,m)))))+(Kt(n-
1,m-1)-Kt(n-1,m))/(dx/(L(round(Kt(n-1,m))))))+Kt(n-1,m); 
end 
% temperature of surface node (eq. 7-11):  
Kt(n,j-2)=dt/((dx/2)*1000*c(round(Kt(n-1,j-2)))*r(round(Kt(n-1,j-
2))))*((Kt(n-1,j-3)-Kt(n-1,j-2))/(dx/(L(round(Kt(n-1,j-
2)))))+(Kt(n-1,j-1)-Kt(n-1,j-2))/((Kt(n-1,j-1)-Kt(n-1,j-
2))/(h*(Kt(n-1,j-1)-Kt(n-1,j-2))+0.81*5.67*10^-8*((Kt(n-1,j-1)^4-
Kt(n-1,j-2)^4)))))+Kt(n-1,j-2); 
end; 
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l is the number of rows 

j is the number of columns and is equal to two plus the number of nodes including 

surface nodes 

dx is the distance between the nodes 

h is the heat transfer coefficient 

c(T) is the specific heat vector 

r(T) is the density vector 

L(T) is the conductivity vector 
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Appendix E: Node-area matrix 
This appendix shows the Matlab code with which the area of the section is calculated that 

corresponds to the nodes of the heat transfer model. 

 

Code 7a: Part 1 of the matlab code for generating a node-area matrix 

 

%%Node-area matrix 
A=ones(xno,yno)*dx*dy 
%Area corresponding to edge nodes 
A(1,:)=dx*dy/2; 
A(:,1)=dx*dy/2; 
A(xno,:)=dx*dy/2; 
A(:,yno)=dx*dy/2; 
%Area corresponding to corner nodes 
A(1,1)=dx*dy/4; 
A(xno,1)=dx*dy/4; 
A(xno,yno)=dx*dy/4; 
A(1,yno)=dx*dy/4; 
%Timber area corresponding to nodes adjacent to flitch plate 
%Eliminating Areas fully corresponding to flitch plate 
nox=floor(((t2/dx)-1)/2) 
if t2/dx>=1 
 for i=0:nox 
    A((xno+1)/2-i,:)=0; 
    A((xno+1)/2+i,:)=0; 
end 
end 
%Areas partially corresponding to flitch plate 
A(((xno+1)/2-(nox+1)),:)=(dx-dx*((t2/dx-(nox*2+1))/2))*dy; 
A(((xno+1)/2+(nox+1)),:)=(dx-dx*((t2/dx-(nox*2+1))/2))*dy; 

%Areas located on edge and partially corresponding to flitch 
plate A(((xno+1)/2-(nox+1)),1)=(dx-dx*((t2/dx-
(nox*2+1))/2))*dy/2; 

A(((xno+1)/2-(nox+1)),yno)=(dx-dx*((t2/dx-(nox*2+1))/2))*dy/2; 
A(((xno+1)/2+(nox+1)),1)=(dx-dx*((t2/dx-(nox*2+1))/2))*dy/2; 
A(((xno+1)/2+(nox+1)),yno)=(dx-dx*((t2/dx-(nox*2+1))/2))*dy/2; 
   
%Timber area corresponding to nodes adjacent to dowel 
%Eliminating Areas fully corresponding to dowel 
noy=floor(((d/dy)-1)/2); 
if d/dy>=1 
for i=0:noy 
    A(:,(yno+1)/2-i)=0; 
    A(:,(yno+1)/2+i)=0; 
end 
end 
%Areas partially corresponding to dowel 
A(:,(yno+1)/2-(noy+1))=(dy-dy*((d/dy-(noy*2+1))/2))*dx; 
A(:,(yno+1)/2+(noy+1))=(dy-dy*((d/dy-(noy*2+1))/2))*dx; 
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Code 8b: Part 2 of the matlab code for generating a node-area matrix 

Where:  

A(x,y) is the area matrix for nodes x,y 

yno is the number of nodes distributed in the y-direction 

xno is the number of nodes distributed in the y-direction 

dx, dy, t2 and d are shown in Figure 7-6. 

The term nox is equal to the number of node-areas in the x-direction fully located in the 

flitch plate section minus one and is introduced to determine how many area columns of 

the matrix are equal to zero, because the element areas are fully located in the flitch plate 

section. In the same way noy is introduced to determine how many rows of the matrix are 

equal to zero because the corresponding node areas are fully located in the dowel section. 

It should be mentioned that this set of equations only works if there is an odd number of 

nodes in every direction, which conveniently results in nodes located in the centre of the 

dowel. 

 

 

  

%Areas located on edge and partially corresponding to dowel 
A(1,(yno+1)/2-(noy+1))=(dy-dy*((d/dy-(noy*2+1))/2))*dx; 
A(xno,(yno+1)/2+(noy+1))=(dy-dy*((d/dy-(noy*2+1))/2))*dx; 
A(xno,(yno+1)/2-(noy+1))=(dy-dy*((d/dy-(noy*2+1))/2))*dx; 
A(1,(yno+1)/2+(noy+1))=(dy-dy*((d/dy-(noy*2+1))/2))*dx; 
 
%Areas partially corresponding to flitch plate and dowel 
A((xno+1)/2-(nox+1),(yno+1)/2-(noy+1))=(dy-dy*((d/dy-
(noy*2+1))/2))*(dx-dx*((t2/dx-(nox*2+1))/2)); 
A((xno+1)/2+(nox+1),(yno+1)/2-(noy+1))=(dy-dy*((d/dy-
(noy*2+1))/2))*(dx-dx*((t2/dx-(nox*2+1))/2)); 
A((xno+1)/2-(nox+1),(yno+1)/2+(noy+1))=(dy-dy*((d/dy-
(noy*2+1))/2))*(dx-dx*((t2/dx-(nox*2+1))/2)); 
A((xno+1)/2+(nox+1),(yno+1)/2+(noy+1))=(dy-dy*((d/dy-
(noy*2+1))/2))*(dx-dx*((t2/dx-(nox*2+1))/2)); 
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Appendix F: Derivation of the ultimate capacity from the 

node-area, time-temperature, and temperature-strength 

matrices. 
This appendix shows the Matlab code that is used to determine the ultimate of a critical 

section. First the area-strength matrix, B, is determined from the time-temperature matrix, 

Kt, and the temperature-tensile strength vector, ft, 

 

Code 9: Generating the area-strength matrix 

 Where:  

xno is the number of nodes in the x direction 

yno is the number of nodes in the y direction 

dt is the time step 

l is the total number of time steps of the analysis 

In the last step, the sum of the elements of the Hadamard product of matrix B and A result 

in the load capacity per time step (load capacity-time vector, fult). 

 

Code 10: Determining the load capacity for every time step 

%Time counter for loop 
timecount=0;. 
%Strength matrix  
B=zeros(xno,yno,l); 
for n=1:l 
 timecount=timecount+dt; 
 for x=1:xno 
    for y=1:yno 
B(x,y,n)=ft(round(K(x,y,n))); 
    end 
end 
end 

%Tensile capacity-time vector 
fult=zeros(l,1); 
for n=1:l 
    fult(n,1)=sum(sum((B(:,:,n).*A(:,:)))); 
end 
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Appendix G: Properties of creep tests 
Table B-1: Loads of creep tests 

Test series Measured loads for 

test series in 

conditions 1 (kN) 

Measured loads for test 

series in conditions 2 

(kN) 

20PA 2.15 2.11 

40PA 4.56 4.25 

20PE 1.91 1.88 

40PE 3.49 3.65 

conPA 1.88 1.80 

conPE 3.47 3.38 
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Table B-2: Embedment after 10 minutes of loading and the weight of embedment 
specimens 

 Conditions 1  Conditions 2    

Parallel  

to the grain 

specimen 

Embedment  

after 10min  

(mm) 

Weight at 

65% rh (g) 

Embedment  

after 10min  

(mm) 

Weight at 

65% rh (g) 

Method of  

data 

acquisition 

Scale interval of 

dial gauges 

(mm) 

20PA1 0.211 61.5 0.207 67.41 DIC  0.01 

20PA2 0.223 62.78 0.228 62.61 DIC  0.01 

20PA3 0.248 62.35 0.212 66.93 DIC  0.01 

20PA4 0.187 64.47 0.2 62.21 DIC  0.01 

40PA1 0.349 61.51 0.375 65.71 DIC  0.01 

40PA2 0.349 62.15 0.261 66.33 DIC  0.01 

40PA3 0.303 61.18 0.331 66.01 DIC  0.01 

40PA4 0.390 61.91 0.373 67.08 DIC  0.01 

Perpendicular  

to the grain 

specimen  

      

20PE1 0.233 91.81 0.386 89.13 DIC  0.01 

20PE2 0.259 85.71 0.265 87.63 DIC  0.01 

20PE3 0.351 84.2 0.311 85.03 DIC  0.01 

20PE4 0.285 89.15 0.355 84.7 DIC  0.01 

40PE1 0.80 84.94 0.69 87.40 Manual 

reading 

0.01 

40PE2 0.90 83.99 0.85 86.42 Manual 

reading 

0.01 

40PE3 0.71 86.42 0.68 85.91 Manual 

reading 

0.01 

40PE4 

 

NA* 87.95 0.82 87.39 Manual 

reading 

0.01 

 

 *Dial gauge lost contact with the dowel during loading, no displacements were measured and the specimen is 

excluded from the results 
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Table B-3: Connection slip after 10 minutes of loading 

Parallel to  

the grain 

specimen 

Conditions 1: 

Slip after 10min 

(mm) 

Conditions 2: 

Slip after 10min 

(mm) 

Method of  

data acquisition 

Scale interval 

of  

dial gauges 

(mm) 

non-metallicPA1 

 

0.244 0.253 Manual reading 0.001 

non-metallicPA2 

 

0.315 0.208 Manual reading 0.001 

non-metallicPA3 

 

0.220 0.241 Manual reading 0.001 

non-metallicPA4 

 

0.194 0.227 Manual reading 0.001 

metallicPA1 

 

0.089 0.153 Manual reading 0.005 

metallicPA2 

 

0.110 0.076 Manual reading 0.001 

metallicPA3 

 

0.122 0.130 Manual reading 0.001 

metallicPA4 

 

0.136 0.114 Manual reading 0.001 

Perp. to the 

grain specimen 

    

non-metallicPE1 0.17 0.208 Manual reading 0.01 

non-metallicPE2 0.21 0.218 Manual reading 0.01 

non-metallicPE3 0.21 0.269 Manual reading 0.01 

non-metallicPE4 0.19 0.230 Manual reading 0.01 

non-metallicPE5 

(Material B)**  

0.27 0.359 Manual reading 0.01 

non-metallicPE6 

(Material B)** 

0.31 0.328 Manual reading 0.01 

metallicPE1** 0.16 0.170 Manual reading 0.01 

metallicPE2** 0.18 0.135 Manual reading 0.01 

**Specimens have a 12mm dowel diameter 
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Appendix H: List of publications during PhD project 
 

Journal papers:  

- Daniel Brandon, Cristian Maluk, Martin P Ansell, Richard Harris, Pete Walker, 

Luke Bisby, Julie Bregulla (2015) Fire Performance of non-Metallic Timber 

Connections. Proceedings of the Institution of Civil Engineers, Construction 

Materials. (accepted for publication, 19/01/2015) 

 

- Daniel Brandon and Adrian Leijten (2014) Advances in Moment Transferring 

DVW Reinforced Timber Connections   - Part 2, Numerical analyses and 

verification. Construction & Building Materials 56: 32-43. 

http://www.sciencedirect.com/science/article/pii/S0950061814000506 

 

- Adrian Leijten and Daniel Brandon (2013) Advances in Moment Transfering 

DVW Reinforced Timber Connections   - Part 1, Analysis and experimental 

verification. Construction & Building Materials  43: 614-622 

http://www.sciencedirect.com/science/article/pii/S0950061813002250 

Book Chapters: 

- Daniel Brandon, Martin P. Ansell, Richard Harris, Pete Walker, Julie Bregulla. 

(2013). Modelling of Non-metallic Timber Connections at Elevated 

Temperatures. In: Aicher, S.; Reinhardt, H.-W.; Garrecht, H Materials and Joints 

in Timber Structures. London: Springer. 231-242. 

http://link.springer.com/chapter/10.1007%2F978-94-007-7811-5_22 

 

- Daniel Brandon, Adrian Leijten. (2013). Structural Performance and Advantages 

of DVW Reinforced Moment Transmitting Timber Joints with Steel Plate 

Connectors and Tube Fasteners. In: Aicher, S.; Reinhardt, H.-W.; Garrecht, H 

Materials and Joints in Timber Structures. London: Springer. 255-264. 

http://link.springer.com/chapter/10.1007/978-94-007-7811-5_24 

  

http://www.sciencedirect.com/science/article/pii/S0950061814000506
http://www.sciencedirect.com/science/article/pii/S0950061813002250
http://link.springer.com/chapter/10.1007%2F978-94-007-7811-5_22
http://link.springer.com/chapter/10.1007/978-94-007-7811-5_24
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Conference Proceedings: 

- Daniel Brandon, Martin Ansell, Julie Bregulla, Richard Harris, Peter Walker. 

(2014). Behaviour of non-Metallic Shear Connections in Fire. World Conference 

on Timber Engineering (WCTE), Quebec City, Canada. 

 

- Hector Archilla Santos, Daniel Brandon, Martin P. Ansell, Pete Walker. (2014). 

Evaluation of The Mechanical Properties of Cross Laminated Bamboo Panels by 

Digital Image Correlation Method and Finite Elements Modelling. World 

Conference on Timber Engineering (WCTE), Quebec City, Canada. 

 

- Daniel Brandon, Adrian Leijten. (2014). Behaviour of Bond Lines in DVW 

Reinforced Timber Connections. World Conference on Timber Engineering 

(WCTE), Quebec City, Canada. 

 

- Daniel Brandon, Pete Walker, Richard Harris, Martin Ansell, Julie Bregulla. 

(2014). Visco-elastic creep of dowel type timber connections. In: Kay-Uwe 

Schober Experimental Research with Timber 2014. COST Action FP1004: 

University of Bath. 13-16. 

 

- Daniel Brandon, Andrew Thomson, Martin Ansell, Julie Bregulla, Richard Harris, 

Pete Walker. (2013). Stiffness Modelling of Non-metallic Timber Connections 

with Pultruded Dowels. In: Rohana Hassan, Marina Yusoff, Zulhabri Ismail, 

Norliyati Mohd Amin, Mohd Arshad Fadzil, Proceedings of the International Civil 

and Infrastructure Engineering Conference 2013. Springer, Singapore. 37-49. 

http://link.springer.com/chapter/10.1007/978-981-4585-02-6_4 

 

- Adrian Leijten, Daniel Brandon. (2013) Advantages of DVW Reinforced Moment 

Transmitting Timber Joints with Steel Flitch Plates for Column-beam 

Applications. In proceeding of: AES-ATEMA 14th International Conference on 

Advances and Trends in Engineering Materials and their Application, At 

Toronto, CANADA. 

http://link.springer.com/chapter/10.1007/978-981-4585-02-6_4

