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ABSTRACT 

This thesis introduces an expedient semi-rigid moment connection, the Quick 

Connect, for use in timber portal frames. The connection is rod based, with 

components which have easily determinable attributes. Connection components are 

sized by means of a simple design methodology which has been verified in this 

thesis by comparison to full scale test results. The design methodology applies 

straightforward capacity and deflection relationships which are gained from either 

design standards or from first principles. The fully threaded self-tapping screw 

capacity and slip values are the only exception. These have been determined by 

testing. Due to the inherent simplicity of the connection, it is adaptable for use as a 

column base, knee, splice and apex connection. The use of the connection is not 

limited to pure timber structures, use in hybrid timber-steel and timber-concrete 

structures is possible.  

The majority of the connection componentry can be assembled by an offsite 

fabricator. This assembly approach is comparable to that used when building in 

steel. This allows expedient assembly of the joint onsite once portions of the 

structure or individual members have been lifted into place. This approach reduces 

the number of crane hours and onsite labour required. Fabrication offsite is a 

deviation from the traditional approach of erecting timber building whereby all 

assembly and erection work was completed onsite. As a result, a significant 

reduction in build cost and critical construction path times can be achieved.  

The connection does not constrain the member size. Undesirable characteristics 

such as perpendicular to the grain stresses are avoided by design. It is possible to 

size the connection in two ways. The designer can take an iterative approach, 

whereby the connection components are optimized for the applied loads. 
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Alternatively, standard connection sizes can be determined which are calculated to 

withstand the portal member characteristic design values. Both approaches yield a 

ductile connection whereby the main rods are designed to act as an accurately 

definable failure mechanism. 
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NOTATION 

a3 = End distance, as shown in Figure 4-3 

a4 = End distance, as shown in Figure 4-4  

An = Net cross sectional area of sleeve acting in compression  

Ap = Bearing plate area 

Arod = Area of steel rod 

As = Shear plane area of fracture plane in timber member 

At = Tensile plane area of fracture plane in timber member 

b = Breadth of member, see figure Figure 4-4 

bp = Breadth of the bearing plate, see Figure 4-6 

bs = Breadth of sleeve, see 

C = Compressive force in the connection, see Figure 4-2 

Csleeve = Design compression force in one sleeve 

d = Depth of member (in direction of flexural loading), see Figure 

4-2 

da = Diameter of screw  

dp = Depth of bearing plate, see Figure 4-6 

ds = Depth of sleeve 

e = Distance from the extreme fiber to the center of the rod, see 

Figure 4-2 

Esteel = Modulus of elasticity of steel  

Esleeve = Modulus of elasticity of timber sleeve 

Etimber = Modulus of elasticity of timber member 
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fc = Characteristic strength in compression parallel to the grain of 

timber 

fs = Characteristic shear strength of timber  

ft = Characteristic strength in tension parallel to the grain of timber 

fuf = Specified minimum tensile strength of steel rod 

fy = Yield strength of steel 

g = Distance between extreme fibre of the compression side of the 

connection to the centerline of the rod on the tension side of 

the connection, see Figure 4-8 

I = Moment of inertia 

jd = moment arm between the steel rods, as shown in Figure 4-2 

krot = Rotational stiffness of the joint, see Figure 4-1 

ks = Screw connection stiffness factor 

ksystem = System stiffness 

l = Outstand length of bearing plate either side of the rod, see 

Figure 4-6 

Lrod = Total length of one of the tensile rods 

ls = length of the timber sleeve attached to portal member loaded 

parallel to grain 

Ls,total = Total sleeve length.  

M = Design moment, see Figure 4-2 

N = Design tensile force at the members interface 

Nnc,sleeve = Nominal compression strength of sleeve 

ns = Number of screws per sleeve 
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nr = Number of screw rows per sleeve 

ntension rods = Number of tension rods in connection 

Ntf = Nominal tensile strength of the steel rod 

Pscrew = Characteristic resistance of a single screw in single shear 

ps = Penetration of screw, see 

tp = Thickness of bearing plate  

T = Nominal tensile strength of portal frame member at fracture 

plane 

rodT  = Design tensile force carried by each steel rod 

T = Tension force in the connection, see Figure 4-2 

V = Nominal shear strength of portal frame member at fracture 

plane 

w = Uniformly distributed load acting on bearing plate  

∆@Trod = Sum of the elastic component deflections at the rod on the 

tension side of the connection 

∆C = Elastic compression deflection of main member on 

compression side of connection, see Figure 4-8 

∆plate = Elastic deflection of plate 

∆rod = Elastic elongation of rod  

∆screws = Elastic deflection of screws 

∆sleeve = Elastic deformation of sleeve 

∆T = Sum of the elastic component deflections at the extreme fibre 

on the tension side of the connection, see Figure 4-8 

εtimber = Strain of timber 
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θ = Rotation of the joint 

θC = Rotation on compression side of the connection, see Figure 

4-8 

θT = Rotation on tension side of the connection, see Figure 4-8 

λ = Distance between extreme fibre on the compression side of the 

connection and the revised center of rotation, see Figure 4-8 

σtimber = Stress in timber 
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        Chapter 1
INTRODUCTION 

The economic pressures on our modern society and a general understanding of the 

need for a sustainable approach to building, have led to renewed interest and 

investment in the research and development of improved timber construction 

techniques. A natural material, timber requires substantially less energy during 

processing than the other common building materials, steel and concrete. This, 

along with numerous other benefits, allows for environmentally friendly and 

sustainable construction. Post conditioning, timber is a naturally durable product that 

requires minimal maintenance if used in appropriate conditions. 

Timber is the favoured construction material for residential building in New Zealand. 

The traditional method of residential building construction, stick framing, is well 

understood. In the industrial and commercial sectors, timber materials have recently 

become a competitive product due to the greater availability of engineered timber 

such as glued laminated lumber (Glulam) and laminated veneer lumber (LVL). This 

study focuses specifically on portal frame moment connections. It is considered that 
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the lack of knowledge and guidance available on this topic is one of the main causes 

for the reluctance which practising engineers have shown towards embracing timber 

as a viable material for commercial buildings. It has become evident throughout the 

study that other areas of the portal frame structural envelope in timber buildings 

should be considered for future research projects to ensure the continued growth of 

the commercial and industrial timber construction sector in New Zealand. Some of 

these subject areas are briefly broached throughout the thesis, others are 

mentioned in the outlook section.  

1.1 RESEARCH MOTIVATION 

The author believes that the biggest hurdles which are currently faced by the 

commercial and industrial timber construction industry in New Zealand are the 

difficult designs, onsite construction times and costs of current timber connections. 

The most common moment connection currently employed in timber portal frames in 

New Zealand is the nailed gusset. Whilst the author does not dispute that this 

connection is a viable option which has been used successfully since the 1980s, it is 

considered that this connection type has a number of pitfalls. The design of the 

connection is not straight forward, onsite the connection is not expedient and the 

resulting labour costs are high. A nailed gusset connection requires a large number 

of nails to be applied to each side of the joint onsite. Whilst a portion of this task can 

be completed on the ground, at least half of the work must be completed once the 

structure has been lifted. The process of completing the nailing whilst the member or 

roof portion is supported by a crane is seen as a cost disadvantage. It is proposed 

that costs can be significantly reduced if the connection is able to be assembled 

offsite and expediently erected onsite.  
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Engineers are being tasked to complete project designs in ever decreasing time 

frames. This time pressure has resulted in designers searching for solutions where 

minimal design work is required. Both the steel and the concrete industries provide 

excellent design manuals with well-defined and easy to follow connection design 

guidance. It is therefore not surprising that the timber building material is not a 

designer’s first choice. The design guidelines provided by the steel industry in 

particular allow for the rapid design of connections with designers requiring little 

more than basic engineering knowledge. 

Designers in timber are frequently required to evaluate connection designs by hand. 

The processes involved often utilize complex or lengthy equations. Some respite 

may be found by utilizing computational sheets. However construction of these 

sheets is time consuming and complicated spread sheets are required in order to 

automate the design process.  

Considering the issues discussed, it is understandable that design engineers, 

especially those who are not particularly familiar with the design of timber structures, 

are reluctant to consider timber as an option for portal frame structures. It is hoped 

that the additional knowledge presented in this thesis and the design approach 

developed will provide a sound basis for engineers who are willing to embrace 

timber as a viable option for commercial and industrial structures. It is of course up 

to the timber industry to drive the use of the concepts developed and ensure that 

designers are provided with appropriate tools to ease their use. 
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1.2 OBJECTIVES 

It is the objective of this research project to develop an alternative moment 

connection for timber portal frame buildings.  

The connection should emulate the design and construction procedures which are 

common in the steel industry. The engineer is to be presented with a straight 

forward design methodology which is easily understood and does not require 

significant design effort. The developed design procedure should be easily 

automatable, with the possibility of creating design tables similar to the moment, 

shear and axial action tables found in the steel design guides. These tables should 

be integrated into future timber design guides. The design of the portal frame 

members should not be constrained by the connection. The connection should 

display a ductile failure mechanism, allowing for a simple prediction of safe loading.  

Onsite, any assembly that must be completed after members or frames have been 

lifted should be minimized. This approach will decrease onsite crane and labour 

requirements and consequently decrease cost and critical construction path times.  

The use of a fabricator is preferred. Possibilities for factory fabrication and assembly 

should be maximised and encouraged. A connection using a prefabrication 

approach to assembly will remove much of the uncertainty which is currently faced 

in regard to onsite completion times for timber buildings.   

In addition the connection should be versatile. Connections between portal elements 

in hybrid material structures should be possible, as well as the use of the connection 

as an apex, splice, base or knee joint.   
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 SUMMARY OF KEY RESEARCH OBJECTIVES 1.1.1

 To develop a connection which is easy to design and fabricate 

 The connection should not govern the design of the primary members 

 The connection should have appearance qualities which allow for use in high 

profile public areas 

 Assembly of the connection must be possible without specialised training, 

the impact of site climate (temperature and humidity) should be negligible 

 The cost of the connection should be comparable to that of other timber and 

steel connections 

 The connection system should be versatile 

 Use of the connection in hybrid material structures must be possible 

1.3 ACKNOWLEDGEMENT OF COMMERCIAL GOALS 

This research is supported by the ‘Structural Timber Innovation Company’ (STIC), a 

trans-Tasman research consortium with funding from, among others, the major 

engineered wood product manufacturers and governments in New Zealand and 

Australia. As such, the research is partly commercially driven, with set milestones 

and expected deliverables. It was desirable, but not a requirement, to have the 

developed connection used in a full scale building before the formal completion of 

the study. The design methodology should be included in the ‘New Zealand portal 

frame design guide’ which is a comprehensive, independently reviewed document 

encompassing all facets of the timber portal design process. Both of the afore 

mentioned milestones form a part of the comprehensive review process that any 

new design development must undergo and help to identify any issues or changes 

that must be addressed in the future.  
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1.4 ORGANIZATION OF THE THESIS 

The layout chosen for this thesis provides the reader with an in depth view of the 

work undertaken. 

Chapter one contains the introduction and details the research motivation, 

objectives and financial support which were pertinent to the project. 

Chapter two contains a comprehensive literature review. The review provides an 

overarching description of the timber material, along with a comprehensive review of 

current engineered timber products. A brief overview of portal frame design is 

presented. The connection designs traditionally used in timber portal frame buildings 

are discussed in detail. Advantages and disadvantages of each connection type are 

considered. The available fastener types are introduced, and relevant literature on 

each presented.  

Chapter three provides an introduction to the Quick Connect concept. The structural 

model of the connection is presented and the versatility of the connection is 

discussed.  

Chapter four details the design procedure developed for the Quick Connect joint. 

The procedure allows the designer to size the sleeve, screws, bearing plate and 

main tension rods of the connection. Structure integrity checks are undertaken to 

prevent failures of the portal member, such as tearing and pull out. The calculation 

of joint rotation is discussed and a first principles derivation presented. 

Chapter five discusses the small scale testing of fully threaded self-tapping timber 

screws which was performed as part of the study. The need for the testing due to 

the differences in timber properties used in New Zealand and Europe is discussed. 

The procedure and results for the testing of Spax, Wurth and Rothoblaas screws is 
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presented. Advantages of using inclined screws in timber connections are presented 

and the outcomes of the testing discussed. 

Chapter six considers the full scale Quick Connect joint testing which was 

undertaken. Specimen preparation, test procedure and results are presented for 

monotonic and reversed-cyclic quasi-static tests for timber beam to steel column 

and timber beam to timber column knee connections.  

Chapter seven describes how the design procedure introduced in chapter four was 

validated using data gained from the small scale tests discussed in chapter five and 

the large scale tests described in chapter six. Experimental results are compared to 

the results obtained from the Quick Connect design procedure. 

Chapter eight provides details of practical examples of the Quick Connect in use. 

The Napier Tumu ITM building was the first building to use the Quick Connect joint. 

This hybrid material structure uses a mix of concrete, steel and timber elements to 

ensure efficiency. 

Chapter nine summarises the work undertaken as part of this doctoral study and 

details areas in which future research would be of merit. 
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Chapter 2           
LITERATURE REVIEW 

2.1 OVERVIEW 

This review provides an overview of the timber material and current practises in 

timber construction which are of interest to this study. A broad overview of the 

timber manufacturing processes and grading systems is given to facilitate an 

understanding of the differences and characteristics of glued laminated timber 

(Glulam) and laminated veneer lumber (LVL). Portal frame design is explored, 

including different member types and erection procedures. The primary part of the 

review considers moment connections which have traditionally been used in timber 

portal frames. An overview of the common fasteners used in timber connections is 

given.  

2.1.1 TIMBER IN MODERN CONSTRUCTION 

For modern structures, a strained economy has resulted in a building industry which 

must justify every dollar spent. For the timber materials industry to compete 

effectively with the steel and concrete materials industries it can no longer rely solely 
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on the architectural appeal and environmental benefits which timber buildings 

naturally possess. Timber must become competitive in all facets of the building 

process. An engineer must be able to design in timber with the same ease as is 

possible in steel. Onsite, erection times must be minimized to reduce critical 

construction path times and remain competitive. Currently the difficulties involved in 

designing timber connections are prohibitive of an economically optimized result. 

The development of improved connections will give timber construction the edge 

required to compete with other building materials.  

With the introduction of products such as Glulam, LVL and Crosslam, the timber 

industry has been able to market itself to customers looking to undertake projects 

which were previously outside of the scope of timber construction. Advancements in 

timber manufacturing have allowed timber to become a viable alternative as a 

building material in the industrial and commercial sector. 

The timber industry needs to turn its attention toward the size and speed of projects. 

The time has come to consider those aspects of timber construction which are 

holding back the expedient design and assembly of large scale commercial and 

industrial projects.  

Of particular interest to this author are large scale portal frame buildings used for 

industrial and commercial activities such as warehousing and production. These 

buildings can be very effectively designed and erected using engineered timber 

products. Many different options are available, ranging from structures which utilize 

steel columns and timber rafters, to full timber box beam structures.  

Connection design is seen as one of the areas of major inefficiency in timber 

construction and therefore much research is being undertaken in this area. It is 

important to remember that new connections are only useful if they are easy to 
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design and fabricate and do not govern the primary member sizes. If these two 

requirements are not met then the resulting connection will never be able to 

compete with those found in the steel and concrete industry. 

Current state of the New Zealand building industry and global examples of 
timber buildings of the future 

New Zealand, like most other countries, makes use of the three main building 

materials of steel, concrete and timber in its construction industry.  

Industrial, high rise and bridge structures have, to a great extent, been exclusively 

constructed of either steel or concrete. For some projects such as Auckland’s iconic 

sky tower this is understandable, as timber materials and construction processes 

have not yet developed to a stage where the material has become applicable to 

such ambitious projects. In other areas however, such as industrial warehousing 

and bridge construction the general engineering population seems to have, until 

recently at least, shown a general disregard for timber as a valid construction 

material. 

There have been some significant examples of advanced timber buildings in New 

Zealand. The NMIT building in Nelson is constructed using a new earthquake 

resistant system developed at the University of Canterbury (Devereux et al., 2011). 

However if one takes an overall view, New Zealand’s use and knowledge of timber 

still lags significantly compared to that of many other developed countries.  

Globally, timber has risen to new heights with the introduction of products such as 

cross-laminated timber (CLT) and acetylated timber. Timber products such as these 

are paving the way for a bright future in timber construction, with projects such as 

the 9 storey ‘Stadthaus’ CLT apartment building in London, see Figure 2-1 , and the  
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Sneek bridge, see Figure 2-2, helping to raise global awareness of the benefits and 

abilities of timber materials. 

The historical use for timber in the New Zealand construction scene has primarily 

been residential buildings. In this field, it is widely recognized that timber possesses 

many favourable attributes over both steel and concrete based construction. With 

the introduction of timber engineered products, the timber material now possesses 

the attributes which make the material a viable resource for larger industrial and 

commercial projects. It is hoped that with continued research a pro-timber trend will 

result in New Zealand as has been experienced in leading countries such as the 

Netherlands, Denmark, Germany and Canada. 

2.2 THE TIMBER MATERIAL  

When considering the timber material it is unwise to simply consider the material in 

its final form as a building product. The advantages of timber over concrete and 

  

Figure 2-1:  Murray Grove apartment 
building - London - Picture credit: 
Waugh Thistleton 

Figure 2-2: Sneek bridge in 
Netherlands - Picture credit: Thomas 
Mayer archive 
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steel are evident well before it has been shaped and fabricated to become a usable 

member (Forest and Wood Products Research and Development Corporation, 

1997). 

Timber, unlike steel and concrete is by in large a sustainable building resource. It is 

relatively easily harvested and grown and even in its natural state provides the world 

with a valuable resource in terms of its carbon retaining properties. New Zealand 

alone has 1.8 million hectares of managed plantation forestry consisting mostly of 

Radiata Pine (Buchanan, 2007). Post felling, timber requires only one third of the 

energy that both of its main construction counterparts need in order to become 

useful (Canadian Wood Council, 2002). It passes through the manufacturing 

process with a minimum in energy use, with standard sawn timber generally 

requiring little more attention than sawing, drying, grading and treating. 

New engineered timber products such as Glulam and LVL require intermediate 

steps in the manufacturing process. However, these consume nowhere near as 

much energy as those required when manufacturing steel and concrete (Forest and 

Wood Products Research and Development Corporation, 1997). 

As an end product, timber performs equally well. It is versatile, usable in many types 

of structures (Canadian Wood Council, 2002), easily workable and may be modified 

with a minimum of effort. Structurally, timber has a high strength to weight ratio, 

ultimately resulting in less dynamic loading (Bickerdike, 2006) and simplified 

designs. 

Timber is available in many different species. Each species has its own unique 

colour, grain and strength characteristics. The material is an aesthetically appealing 

product before any type of coating has been applied. 
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The strength attributes of timber are markedly different to those of all other 

construction materials. It is anisotropic, having different characteristic strengths in 

each of its orthotropic directions (Buchanan, 2007). These characteristics are not 

only dependant on how the tree grows but also under which environmental 

conditions (Bodig and Jayne, 1982). This anisotropic behaviour is considered to be 

a negative characteristic. However when managed correctly, with due consideration 

afforded to the different strengths which one is dealing with, possible failures in 

weak directions such as perpendicular to the grain can be avoided.  

Timber is affected by creep, a phenomenon which is governed by the amount of 

time a specimen of wood is loaded and the moisture content at which this loading 

occurs (Canadian Wood Council, 2002). This problem can be controlled by including 

suitable provisions in design calculations (Porteous and Kermani, 2007). The 

accuracy of these design provisions is a continuing topic of debate and testing is on-

going. 

Unlike steel or concrete, each piece of timber is truly unique, with sawn timber in 

particular displaying great variation in properties from member to member 

(Buchanan, 2007). 

2.2.1 QUALITY CONTROL AND USER REQUIREMENTS 

For timber to be a readily usable, competitive and reliable building product a number 

of parameters are graded during the milling sequence. Table 2-1 gives an indication 

of the requirements which different users expect the timber material to meet at 

different stages of the building process.  

There is a clear difference between the focus of each individual group and to obtain 

a competitive material it is important that the requirements of all users are 

considered. 
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2.2.2 GRADING 

Timber can be graded in two ways. Visual grading is a manual process which 

requires an operator to recognise the position of any surface details such as knots, 

fissures and cross grain (Buchanan, 2007). The operator sorts the timber according 

to an applicable set of rules, attempting to separate the timber into grades of similar 

stiffness and strength. This system relies solely on the competence of the operator 

who grades those materials with defect free ‘clear’ timber into a higher grade whilst 

lower grades contain a varying number of defects. A full list of requirements, 

including limits for cup, crook, bow and twist can be found in NZS 3631 (SNZ, 1988). 

Due to the disadvantages and dangers of relying on the decision making of grading 

operators, it is usual to employ some form of machine grading. Individual members 

are tested non-destructively by a machine controlled process. To determine material 

characteristics, the machine performs a number of tests which allow indicative 

characteristics to be established which are directly related to the basic properties of 

the material. Table 2-2 details basic material properties and their related indicative 

characteristics. 

 

Table 2-1: The functional requirements of timber, adapted and modified from 
Köhler and Sandomeer (2007) 

Engineer/ Designer Builder Client 

Strength Correct Moisture content Reliability 

Stiffness Appropriate form Serviceability 

Density Sawing accuracy Durability 

 Durability Appearance 

  Value for money 
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2.2.3 MOISTURE CONTENT 

Moisture content, calculated using equation (2.1), changes dramatically throughout 

the timber production process (Wood Solutions, 2007).  

% 100
weight of water

Moisture content
weight of oven dry wood

   (2.1) 

When a tree is in-situ, it is not unusual for a tree to contain more water, by weight, 

than wood. This results in a moisture content of over 100%. When a tree is felled a 

process occurs by which the tree loses what is termed ‘free water’ which is stored in 

gaps and voids in the timber structure. This does not generally result in large 

dimensional changes in the timber (Herritsch, 2007). Once this free water has been 

released to the atmosphere the timber is considered to have a moisture content 

which is known as the fiber saturation point (FSP). The fiber saturation point for New 

Zealand Radiata Pine occurs at a moisture content of between 25% and 30% 

(Buchanan, 2007; Herritsch, 2007). The moisture which remains in the wood is 

situated within the cell wall structure. The wood must be dried, usually in a kiln, to 

allow for the weak chemical bonds holding the water in place to be broken. This 

process causes a reduction in the size of the cell walls and results in the timber 

shrinking during this process (Marshall et al., 1979). 

Table 2-2: Material properties and indicative characteristics of timber as used 
in a machine grading process, adapted from Köhler and Sandomeer (2007) 

MOE Density Visual defects 

Flat wise bending stiffness Weight and dimension Microwave response 

Ultrasonic pulse 
measurement 

X-ray detection 
Optical detection when 
coupled with an image 
processing unit 

Frequency response   
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Timber is a hygroscopic material, meaning it is highly sensitive to any change in 

moisture (Häglund, 2008). Changes in the relative humidity of its atmospheric 

surroundings may lead to changes in its properties. Of particular concern are 

moisture induced stresses perpendicular to the grain (Häglund, 2008). In the 

process explained above, moisture is always leaving the timber and moving into the 

atmosphere around it, if the timber is dry and the relative humidity of the surrounding 

atmosphere is high then a reverse effect is likely to take place in which the timber 

takes on water. 

This moisture exchange process continues until the timber reaches a moisture 

content equal to that of its surroundings. At this time is said to be at its equilibrium 

moisture content (EMC) (Buchanan, 2007). 

Shrinkage 

Timber which is dried to below the FSP will be prone to shrinkage (Buchanan, 

2007). Buchanan states that due to the way timber fibers are structured, shrinkage 

does not occur at equal rates in all directions. Little or no change will be observed 

along the length of the timber, whilst shrinkage in the tangential direction, parallel to 

the trees growth rings, will be slightly larger than that observed in the radial 

direction, which is defined as being perpendicular to the growth rings. This is a result 

of the shrinkage in the radial direction being partially restrained by timber fibres 

known as rays which run perpendicular to the growth rings. 

For connection design in particular, it is important to consider the effects which 

changes in timber dimension caused by shrinkage have on the stiffness and safety 

of the connection system. The effects of shrinkage can be minimized by selecting 

timber which has a moisture content near the equilibrium moisture content of the dry 

service climate (Harvey and Ansell, 2000)  
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Strength and stiffness  

Moisture content not only affects the dimensional aspects of timber but is also 

directly related to a specimen’s strength and stiffness properties (Gerhards, 1982). A 

piece of timber which has a high moisture content and thus has a significant amount 

of water in the cell walls is likely to be weaker than a drier specimen. This is a 

consequence of the cell walls being ‘lubricated’ by the water allowing them to slide 

past each other. This lubrication decreases strength. 

As the moisture content in a specimen increases the stiffness decreases, this occurs 

for the same reasons as for strength. A marked effect is observed when considering 

long term timber creep. The amount of creep observed over a long period is 

especially large when the moisture content in the timber member is constantly 

changing due to large variation of the surrounding atmospheres relative humidity 

(Buchanan, 2007). 

It is because of these issues that timber, especially when used in connections, must 

be kept in appropriately dry conditions throughout its use. 

Durability 

The growth rate of biological materials such as fungus is directly related to the 

moisture content of the environment. Wet timber is much more susceptible to 

biological attack or rot, which can lead to possible structural collapse, or at best 

require maintenance to be performed on the affected areas (Leicester, 2001). The 

dangers of this type of deterioration can be kept to a minimum by applying suitable 

coatings to the dry timber surface and ensuring that these are properly maintained 

over the lifetime of the structure. Alternatively the timber can be chemically treated 

to resist deterioration giving it a longer life span with reduced maintenance 

requirements (Buchanan, 2007). Water ingress is particularly dangerous in hidden 
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areas such as the inside of box beams where the decay of timber can remain 

unnoticed and lead to catastrophic failure. 

Requirements when testing with timber 

For testing purposes, timber should be stored in a controlled climate until such a 

time when the EMC remains constant at approximately 12%. This is achieved by 

placing test specimens in a conditioning room with a temperature setting of 20 

degrees and a constant relative humidity of 65%. This information is shown in Figure 

2-3. 

Moisture content measurement 

Moisture content can be measured in one of two ways. The specimen can be 

weighed, oven dried, and reweighed in order to determine the change in mass and 

 

Figure 2-3: EMC vs. Relative humidity, figure obtained from (Canadian Wood 
Council, 2002) 
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accordingly the water content of the specimen in its original state (AS/ NZS, 1997). 

In order to develop an accurate reading however, the specimen must be heated to a 

temperature of around 103 degrees and remain at this temperature for three days 

(Canadian Wood Council, 2002). Holding timber at this heat can be a highly 

destructive procedure, and the inefficiency of having to wait for an extended amount 

of time until a result is obtained can be uneconomical. Alternative electrical 

resistance or radio frequency methods provide instantaneous results. Many of these 

systems are in the form of a hand-held device. The only downside to the handheld 

measuring device is a slight decrease in the accuracy of results when compared to 

the oven drying method. This main reason for the decrease in accuracy of the 

electrical resistance units may be attributed to the effect of within species density 

variation on meter readings (Blakemore, 2003). For the testing performed in this 

study, a Wagner L601-3 hand-held moisture meter as shown in Figure 2-4 was 

used. 

 

Figure 2-4: A Wagner L601-3 hand-held moisture meter 
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2.2.4 DEFORMATION AS A FUNCTION OF LOAD DURATION 

Timber is highly reactive to load duration. Under short term loading, timber is able to 

withstand large loads, but over time its strength carrying capabilities decrease due 

to fibre movement and small crack formation. This creep behaviour is accounted for 

in the New Zealand design standard AS/NZS 1170 (AS/ NZS 2002) by the k1 factor 

for load duration. Table 2-3 shows the k1 values prescribed by the code alongside 

an explanation of the type of loading condition which is associated with each. The k1 

value used in design is always taken as that value in the code which corresponds to 

the shortest duration of loading being considered. 

2.3 ENGINEERED TIMBER  

2.3.1 GLUED LAMINATED TIMBER 

Glued laminated timber, in New Zealand better known as Glulam, is used for many 

structures where standard timber does not have the required properties or certainty 

of structural parameters. Due to the way in which Glulam is manufactured, the 

material is not only stronger than normal sawn timber but is also easily shaped and 

cambered to allow for complex construction geometries. Glulam is primarily 

manufactured from Radiata Pine to standard AS/NZS 1328 (AS/NZS 1998). Radiata 

Table 2-3: Load duration factor k1 as per AS/NZS 1170 (AS/ NZS 2002) 

Duration of Load Type of load k1 

Permanent 
Dead loads and live loads that are essentially 
permanent such as stores (including water tanks or 
similar), library stacks, files, fixed plants and soil 

0.6 

Medium 
Snow loads, live loads, crowd loading, concrete 
formwork, vehicle, pedestrian, and livestock loads. 
Erection loads and maintenance loads 

0.8 

Brief Wind, earthquake, impact and pile driving loads 1.0 
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Pine is a New Zealand grown plantation timber with excellent workability, gluing and 

nailing characteristics. Straight Glulam members are composed of 45mm 

laminations kiln dried to between 12% and 16% moisture content and glued together 

with AS/NZS 1328 (1998) approved adhesives to create members of differing 

grades. Thinner laminations are often used for curved Glulam members (Buchanan, 

2007). 

The material’s improved characteristics are achieved through the cutting and gluing 

process which results in a less variable, more homogenous material due to the 

spreading of defects (Moody and Hernandez, 1997). Due to the manufacturing 

process employed and the use of advanced finger jointing techniques, it is 

theoretically possible to produce members of unlimited section size and length. In 

reality however, glulam sizes are most often limited by the need to keep within 

reasonable dimensions for transportation reasons. 

Grading is performed as described in section 2.2.2 using either a machine or visual 

grading system or a mixture of both. Typical characteristic strengths and elastic 

moduli for glulam as produced by New Zealand manufacturers are given in Table 

2-4. These design characteristic values are set by the standard AS/NZS 1328 

(1998).  

Table 2-4: Characteristic strengths and elastic moduli for different grades of 
Glulam 

 Characteristic Strengths (MPa) Elastic Moduli (MPa) 

GL 
Grade 

Bending 
Tension 
Parallel 
to grain 

Shear 
in Beam 

Compression 
Parallel to 

grain 

Modulus of 
elasticity parallel 
to the end grain 

Modulus of 
Rigidity for 

beams 

GL 12 25 12.5 3.7 29 11500 770 

GL 10 22 11 3.7 26 10000 670 

GL 8 19 10 3.7 24 8000 530 
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The most common grade of Glulam in New Zealand is GL 8. GL 10 is also 

commonly available but less so than GL 8. GL 12 is only available in limited 

quantities. 

Most large Glulam producers have service classes which specify the appropriate 

timber to be used for different environmental situations. The timber in each service 

class usually differs in the type of chemical treatment a member has received. In 

New Zealand, chemical protection is available from grades H1 to H5, and is applied 

via full penetration pressure treatment. 

The end user may specify the required surface finish which ranges from a rough 

type finish, suitable for projects where appearance is not important, to a sanded and 

inspected finish where all blemishes have been filled and repaired (McIntosh Timber 

Laminates, 2005) 

2.3.2 LAMINATED VENEER LUMBER 

Laminated Veneer Lumber, more commonly referred to in its short form of LVL, is a 

highly engineered timber material. LVL is manufactured from approximately 3mm 

thick rotary peeled layers, glued using a phenolic adhesive and pressed to form a 

larger member. The grain direction of all veneers is generally placed parallel to the 

longitudinal axis of the member. LVL offers superior strength and a lower variability 

in the number of defects relative to standard timber. Due to the manufacturing 

process, the size of the member is not limited by the size of the original wood 

member. Dimensions are governed but the dimensional restrictions of the 

manufacturing press (Forest and Wood Products Research and Development 

Corporation, 2007). 
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General advantages 

Due to the way LVL is produced, it is possible to place higher density timber in the 

outer layers of the member and use lower grade, less dense timber for the inner 

layers. Each layer is sonically graded for stiffness before it is glued to another. This 

process ensures that the end product accurately represents the strength and 

durability standard which is claimed by the manufacturer. Due to the way in which 

LVL is produced, it is possible to use short wood pieces to produce large members. 

Lengths up to 12m are readily available ‘of the shelf’ in New Zealand and 18m 

lengths are available on special order.  

LVL properties 

The finished LVL product has a moisture content of between 8% and 15%. This 

moisture content is very similar to that of Glulam. As with Glulam, in LVL the wood 

defects are randomized. In LVL this randomization of defects occurs to such an 

extent that the defects are no longer considered to be structurally relevant. When 

the veneers are layered, variability of some of the other main characteristics of wood 

such as density and fibre strength are minimised. The resulting material’s strength 

characteristics are often less variable than those of clear solid timber. AS/NZS 4357 

‘Structural laminated Veneer Lumber’ (SNZ 2006), the manufacturing code for LVL, 

states that the value of the elastic modulus for any given single piece of LVL may 

not be under 0.85 times the average modulus of elasticity claimed by the 

manufacturer. This requirement results in strictly controlled and monitored 

manufacturing plant operations. Figure 2-5 shows a comparison of the variability of 

the elastic modulus values for a standard MSG 8 piece of sawn timber compared to 

two LVL products produced by Carter Holt Harvey. It is evident that LVL has 

drastically lower variability in its properties giving designers confidence when 

predicting member deflection and strength during the design process. 
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The way in which veneers are end to end scarf jointed into a continuous LVL 

member may be as much as three times stronger in tension than sawn timber 

sourced from the same plantation (Buchanan, 2007).  

Table 2-5 provides a comparison between the characteristics of LVL, Glulam and 

sawn timber. Note the significantly higher performance of LVL in all areas. 

LVL compared with other construction materials 

The LVL material further improves on the advantages experienced when using sawn 

timber in construction. It is markedly lighter than both steel and concrete, allowing 

for smaller foundations and reduced construction costs. It is easily handled and to a 

great extent does not require skilled labour to process. Fire resistance issues for 

small dimension members and connections must be dealt with in the same manner 

 

Figure 2-5: A comparison of the probabilistic spread of the modulus of 
elasticity of MSG 8 timber and two LVL products with an elastic modulus of 
11MPa and 13.2MPa respectively (reproduced from Buchanan 2007). 
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as with steel and concrete. Large dimension members are very resistant to fire and 

charring rates are easily calculated to determine residual section strengths. 

Installation of services such as plumbing and electrical conduits and pipes is 

possible with hand tools and allows maximum flexibility. It should be noted that 

careful advice must be given to trades which install these services to ensure the 

placement of holes in members is appropriate, but that is a discussion outside of the 

scope of this study. 

Applications of LVL 

Due to its highly predictable characteristics LVL, can be utilised in many building 

areas. LVL is particularly suitable for any form of structural system which requires 

tight tolerances. The method of manufacture results in accurately defined stiffness 

characteristics which make LVL an ideal product for use in situations were low 

deformations are required such as lintel beams and rafters.  

Higher characteristic strengths allow for longer spans to be achieved. In comparison 

to sawn timber these higher strength values allow smaller section sizes to be used  

Table 2-5: A comparison of the properties of LVL, Glulam and sawn timber 
products 

Brand 
Bending 
Strength  

Compression 
Strength  

Tension 
Strength  

Shear 
in 
Beams  

Comp.
Perp. to 
grain  

Modulus 
of 
Elasticity  

Modulus 
of 
Rigidity  

 fb (MPa) fc (MPa) ft (MPa) fs (MPa) fp (MPa) E (GPa) G (MPa) 

CHH 
hySPAN 48 45 33 5.3 12 13.2 660 

NP LVL 
11 48 45 30 6.0 12 10.7 535 

Glulam 
GL 8 19 24 10 3.7 8.9 8 530 

Timber 
MSG 8 14 18 6 6 8.9 8 533 
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resulting in greater economic efficiency in material and haulage costs. A designer 

must take into account that different LVL products are manufactured for different 

applications. Boards that are to be used on the flat have different manufacturing 

specifications to those that are to be used on edge. The manufacturing 

specifications differ mostly in the orientation of veneers and the choice of the veneer 

strength in the outer layers of a member. 

LVL is well suited for use in portal frame buildings. Continuous timber press 

technologies mean members can be supplied in long lengths for use as rafters. The 

increased member strength results in slender sections. The high strength to low 

weight ratio of timber when compared to steel and concrete means that grid lifting 

(lifting a completed portion of the roof structure which has been assembled on the 

ground in one piece) can be used which decreases construction times. 

 LVL can also be successfully used to increase purlin span. An increase in purlin 

span directly affects the portal frame bay spacing and therefore number of 

foundations required. The efficiency of purlins can be further improved by using 

products such as the Carter Holt Harvey hyJOIST. 

2.3.3 CROSS BANDED LVL 

Cross banded LVL, is a special form of LVL which contains some veneers laid 

perpendicular to the longitudinal direction of the LVL slab. Introducing perpendicular 

veneers not only minimizes cupping (Buchanan, 2007) and distortion effects in deep 

sections but also gives increased strength in the perpendicular to grain direction 

(Carter Holt Harvey 2012; Ardalany et al., 2010; Hindman et al., 2000). Cross 

banded LVL is an ideal product for applications such as nailed portal frame gusset 

plates or the connection region in box beam structures (Carter Holt Harvey, 2012). 

Introducing perpendicular veneers to a member has the drawback of decreasing the 
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longitudinal strength and stiffness of a member and results in additional production 

costs.  

2.4 PORTAL FRAME DESIGN  

Portal Frames are the most commonly used structural form for single storey 

industrial buildings in New Zealand (Buchanan, 2007). Traditionally constructed in 

steel these structures are now within the reach of the timber construction industry 

due to the introduction of engineered timber products. Timber portal frames are 

often most economically designed with straight parallel sided rectangular or tapering 

sections. Larger span portal frames are designed with box beams rather than solid 

section members. There are significant costs of 5% to in excess of 50% of the value 

of un-jointed Glulam members associated with the structural joints in portal 

structures (Batchelar and McIntosh, 1998). There are three basic portal frame types 

as shown in Figure 2-6.  

Portals are designed to be fully fixed, two-pinned or three-pinned, with each portal 

type having advantages and disadvantages over the other two types. Whilst the fully 

fixed design allows for slightly smaller member geometries to be used it demands a 

more costly footing due to the requirement for a cantilever base (Buchanan, 2007). 

This cost generally outweighs any saving in material. For this reason, the fully fixed 

type design is only used in special cases where it is necessary to provide self-

   
(a) (b) (c) 

Figure 2-6: The three basic portal frame types; (a) three-pin, (b) two-pin, (c) 
fully fixed 
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supporting walls. This requirement often stems from a fire compliance issue 

(Buchanan, 2007). The three-pinned option is mostly used where a structure has 

curved or interleafed type knee connections. Members are tapered in low moment 

areas, providing a very architecturally pleasing design (Buchanan, 2007). The most 

common design type used in the timber construction industry is the two-pinned type 

design. A structure which utilizes the two-pinned design method does not require the 

expensive foundations which are required when using the fixed design method and 

provides full height access at its walls (Quenneville et al., 2011). Full height access 

is highly desirable when the structure is being used with racking as is common in 

commercial situations. Timber members can be tapered to save on material cost, 

however the cost of tapering a solid timber member frequently outweighs the 

material savings.  

2.4.1 SOLID MEMBER PORTAL STRUCTURES 

Stability of solid rectangular section portal frame structures is excellent with deep 

purlins being placed between rafters to facilitate restraint of the top rafter edge. For 

larger structures, where rafters are often up to 1.2m deep, the purlins do not provide 

adequate restraint to the bottom edge of the rafter and fly braces must be used.  

Continuous purlins over the top of the rafters are generally not used as these do not 

generate adequate lateral support to the top flange of the rafter. Placing the purlins 

over the top of the rafters also increases the overall depth of the portal frame which 

is undesirable. Wall girts are used to restrain the outside edge of the portal frame 

columns. If insufficient lateral restraint is provided then this must be addressed by 

the designer by using the correct design multipliers as found in NZS 1170 (SNZ, 

2002).  
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Quenneville et al. (2011) gave preliminary spans for portal frames depending on 

fixing arrangement, cross section and frame material. The maximum span for solid 

section type structures is approximately 40m as shown in Figure 2-7.  

2.4.2 BOX BEAM STRUCTURES 

Box beam type members are generally only used between spans of 20m and 50m, 

see Figure 2-7. Box beam type structures have different requirements to those 

discussed for solid section structures. Box beams are constructed by connecting 

plywood or LVL webs to flanges made of sawn timber or, for larger structures, LVL. 

Beams are constructed with internal stiffeners at predetermined spacing to prevent 

web buckling. The connection between the web and flange can be formed via 

gluing, nailing, screwing or a combination of these. Glued beams are generally 

stiffer however gluing must take place under controlled conditions and should only 

be performed by a specially qualified manufacturer. Often glued box beams are still 

nailed as the nails provide pressure during the time in which the glue sets. 

Rectangular box beams provide excellent torsional stability and have a high strength 

to weight ratio. 

Figure 2-7: Approximate spans for portal frames with various fixing 
arrangements, cross sections, and timber types (reproduced from Quenneville 
et al. 2011) 
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2.4.3 ERECTION  

There are three common techniques used in New Zealand to erect portal frame 

structures. Each portal can be erected individually with the roof structure being 

assembled later. This procedure is time consuming and is considered to be 

uneconomical in larger structures due to the added costs associated with 

assembling at height.  

Alternatively it is possible to erect and fix the columns, construct the roof structure 

on the ground and ‘grid lift’ entire sections with large cranes. The reduced weight of 

a timber roof structure when compared to steel facilitates the lifting of larger roof 

sections with smaller cranes. An example of this technique in use is shown in Figure 

2-8. This is the most common form of erection for large portal frame buildings. 

Finally, it is possible to hinge columns to their foundation, fix the roofing whilst the 

columns are at ground level and then centre lift both sides of the structure until they 

may be joined at the apex. This type of erection is particularly well suited to three-

pinned portal frames. 

Figure 2-8: A section of roof being 'grid lifted' 
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2.5 TIMBER CONNECTIONS 

Nails, screws, bolts and dowels which are loaded perpendicular to the fastener axis 

are all considered to be dowel-type fasteners (Blass and Bejtka, 2001). Johansen 

(1949) conducted research which led to him publishing a yield model for predicting 

ductile failure strengths of dowel-type timber connections. The Johansen yield 

model assumes that the ultimate load capacity of a connection is dependent on its 

geometry, the bearing capacity of the timber member and the bending capacity of 

the fastener being used.  

The theory assumes that the moment capacity of the fasteners cross section may be 

taken to be equal to the elastic bending resistance of the dowel. Johansen simplifies 

the behaviour of the fastener under bending by neglecting to take account of any 

extra moment capacity which occurs as a result of plastic deformation. 

The work of Johansen was continued by Möller (1950) who specifically considered 

yield theory in respect to nailed connections. Möller conducted testing on non-

symmetrical and symmetrical two member joints along with symmetrical three 

member joints. During his studies Möller also considered the effect members with 

different embedment strength would have on the overall connection.  

 In 1957, Meyer considered metal fastener connections, with a particular emphasis 

of any friction effect in nailed connections. He determined that a vast increase in 

short term strength could be attributed to the nail ‘rope’ effect but that this effect was 

too variable over time to include in calculations. The rope effect is the axial tensile 

force developed in a fastener as a direct result of deformation perpendicular to its 

axis (Meyer 1957).  

Larsen and Reestrup (1969) released a paper further refining the original yield 

theory by deriving equations which could be used for lag screws (lag screws are 
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often referred to as coach screws in New Zealand). Larsen and Reestrup found that 

this type of fastener, which has a tapered shaft of which only part is covered by 

thread, required design equations slightly modified from those applicable for bolts 

due to slightly varying embedment values along its length. They found that it was 

possible for yielding to occur in different zones of the screw, requiring the 

consideration of more than one yield moment in design equations. Their study 

concluded by validating their numerical results with experimental testing. 

The equations originally developed by Johansen are the basis of the European Yield 

Model (Porteous and Kermani, 2007) used in both the Canadian and American 

design standards and in Eurocode 5. The equations assume that both timber and 

fastener may be modelled as a rigid-plastic material as they are subjected to 

bending moments and embedding stresses respectively.  

Unfortunately, whilst Eurocode 5 (2004) is cited as a related document in the latest 

amendments to the New Zealand Timber Structures standard NZ 3603 (SNZ, 1993) 

no significant updates to the standard have occurred since it was adopted. It is 

hoped that the standard will be updated so that the contents will once again be in 

line with the Eurocode but the timing of this update is a topic of much debate.  

As the code currently stands, it contains limited information regarding the design of 

timber connections. The information which is available is often conservative as it 

does not take into account how the common fastener types have evolved since the 

early 1990s. A review of the standard would, at the very least, need to address 

fastener spacing and end distance requirements for highly efficient timber designs to 

result.  
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2.5.1 BASIC FASTENER TYPES 

The following section gives an insight into the characteristics of the most common 

forms of fastener currently used around the world and stipulates some of their 

common connection uses. Not all fasteners are considered in detail as some are not 

available in New Zealand or are no longer commonly used. 

Nailed joints 

Nails are historically the most common choice of mechanical type fastener for timber 

connections in the world (SaRibeiro, 1991). 

A nailed connection generally consists of nails driven through side plates which are 

either fabricated from timber or metal. The nails are arranged in a number of rings. 

The ring pattern can be rectangular or circular. The joints are generally completed 

on site when both beams and columns are in place. Once a nailing pattern has been 

marked out on the side plates, the nails are easily driven by hand or via a pneumatic 

applicator.  

Performance of the nailed connection is relatively easily calculated. However, the 

process can be time consuming if it has not been automated via a spread sheet tool 

or similar. The connection is generally designed for strength whilst making sure that 

the short and long term deflections of the overall system remain within reasonable 

parameters, usually around 5mm. 

Parameters of importance include specific gravity and moisture content of the 

members to be joined, the thickness of the side plates which are applied and the 

diameter and strength of the nail to be used (SaRibeiro, 1991). These may then be 

input into standard formulae available in the appropriate design codes. For New 

Zealand designers this is New Zealand and Australian Standard NZS 1170 (SNZ 
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2002), although many designers of advanced connections are now using the more 

accurate Eurocode 5 (2004). 

Bolted connections: 

Used in many small connections, bolts have the advantage that holes may be pre-

drilled on the factory floor leaving only the assembly and tightening of the 

connection to be completed onsite.  

However, a number of issues make bolts a less than ideal connection. Drilling 

accuracy must be very high, design codes specify how much larger a host hole must 

be than the bolt that is to go in it. Generally this dimension is little more than 1-2mm. 

New Zealand codes specify a clearance of no greater than 1.5mm. Due care must 

be taken that the holes in the two members that are to be joined line up correctly. If 

this is not done it is likely that they will need to be re-drilled on site resulting in 

increased costs and a less stiff connection. 

Inherently bolted connections experience some slip until the bolt sits snuggly against 

the wall of the drilled hole (Jorissen, 1998). Due to this initial slip, bolted connections 

are not recommended for use in structures which are sensitive to joint displacement 

or rotation (Batchelar and McIntosh, 1998). 

Due care must be given to the design of the washers. Timber is known to be weak in 

the perpendicular to the grain direction. Undersized washers will lead to a bearing 

failure and the washer being pulled into the wood when the bolts are tightened.  

Much effort has been placed into research concerning the use of bolt rows and 

groups with particular emphasis being placed on the end distance and bolt spacing 

both parallel and perpendicular to the grain (Quenneville, 2000). It has been 

determined that the current design standards do not take into account the possibility 
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of brittle failure which is likely to occur in these connections. Further, there is 

inadequate correlation between different design standards regarding the specifics of 

implementing design equations, in particular the EYM (Smith and Foliente, 2002). 

Drift pins: 

Drift pins are in simple terms bolts without ends. A drift pin is a mild steel rod which 

has been tapered at both ends to allow it to be driven into a hole which is smaller 

than its diameter by 0.8- 1.0mm. Drift pins come in sizes ranging from 12- 25 mm 

and are possibly the simplest connector used today. Drift pins have been studied in 

depth by Madsen (2000) and design equations are freely available. They are 

however not used in New Zealand because insufficient testing has been done to 

verify that the existing design equations are suitable for use with New Zealand 

Radiata Pine. 

Coach screws (also known as Lag screws or Lag bolts): 

Coach screws, consisting of a square bolt head at one end and a thread which 

tapers to the tip at the other end, are generally used in conjunction with steel plates 

when the portal member thickness does not allow for the practical use of bolts.  

Whilst lag screws are a viable alternative to bolts in a large connection they can be 

cumbersome to install, with special drill bits being required to pre-drill the multi-

diameter hole (Madsen, 2000). In dried timber, lubrication is often required to allow 

for the screws to be easily installed. 

Self-tapping wood screws: 

Historically screws have been loaded perpendicular to their axis, thus allowing their 

ultimate load carrying capacities to be calculated via standard yield equations. In 

recent years, large fully threaded screws have become available. Blass and Bejtka, 

(2001) suggest that in order to take advantage of the screws increased withdrawal 
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resistance it should be placed at an angle to the applied load. Placement at an angle 

to the applied load results in the screw being loaded in tension and bending rather 

than bending only. 

Fully threaded self-tapping screws are commonly available in sizes up to 12mm 

(Blass and Bejtka, 2001). A number of manufacturers are present in New Zealand. 

Most, such as Rothoblaas, market through distributors (Timber Connect, 2012). 

The availability of these long, high strength, fully threaded screws which have been 

designed specifically for high load applications in timber allows for the creation of 

efficient connections between the timber sleeves and main members. Unlike 

traditional timber screws, they are hardened after the thread has been rolled. The 

hardening process increases the screws bending and torsional capacities. 

Additionally, a self-tapping tip is cut or moulded into each screw which allows for 

application of the screws without pre-drilling. These attributes make self-tapping 

timber screws ideal fasteners for high load timber to timber connections (Blass and 

Bejtka, 2001). The use of traditional fasteners such as nails and bolts in these 

applications would result in reduced strength and increased slip at the connection 

interface, reducing the efficiency of the connection.  

Blass and Betjka (2001) performed testing in glued laminated timber whereby four 

self-tapping timber screws were used to connect a central member to two outer 

members. The angle of the screws to the applied force was adjusted from 45 to 90 

degrees in order to ascertain the effect of withdrawal strength of the screws on the 

overall strength and stiffness of the connection. The maximum load carrying 

capacity of the inclined versus perpendicular to load screws increased by 

approximately 53% at an angle of 60 degrees. An increase in connection stiffness 

was observed with a 12 fold increase in stiffness when screws are oriented at 45 
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degrees to load versus perpendicular (Blass et al, 2001). Subsequent to performing 

tests on New Zealand timbers, an angle of 60 degrees to the applied force was 

adopted for the initial Quick Connect joint.  

Research concerning the use of fully threaded self-tapping timber screws is on-

going. Following discussions with Professor Hans J. Blass of the Karlsruhe Institute 

of Technology (personal communication, September, 2011), and small scale testing 

of screwed connections conducted by the author, the recommendation for the screw 

insertion angle was amended from the 60 degrees originally suggested to up to 30 

degrees angle to the applied load, see also Blass and Bejtka (2003). 

2.5.2 GENERAL PARAMETERS OF IMPORTANCE FOR TIMBER 
CONNECTIONS 

Strength related parameters 

For a structure to be optimised, a connection should be able to withstand and 

transfer the same forces as those which are able to be resisted by the main 

members which it connects. Many traditional connection techniques require 

modification of the members which are to be connected, i.e. notching or drilling, 

reducing the member capacity at the joint (Buchanan and Fairweather, 1993; Aicher 

et al., 2012). Stress concentrations which are developed as a result of the 

connection type, i.e. the contact between two members resulting in a possible 

bearing failure, must be addressed (Madsen, 2000). The effects of these issues are 

difficult to model or simulate experimentally and therefore a recommendation has 

been made by Madsen (2000) that designers should spend some time becoming 

familiar with how a connection transfers loading by observing real life examples of 

the type of joint being considered.  

High load transfer through direct timber contact should be avoided if in context with 

mechanical fasteners. The member under consideration is likely to shrink or creep 



 

39 
 

and therefore unless the mechanical fastener is designed as if there was no bearing 

of timber, it is likely that the fastener will be required to carry more load than it was 

originally designed for (Madsen, 2000). It should be noted that LVL is much more 

dimensionally stable than sawn timber. Therefore this problem does not generally 

apply to LVL construction. 

With structural timber inherently being a material which is brittle in its nature it is 

important that the assumption of connection ductility is only extended to the 

mechanical fasteners themselves (Jorissen and Fragiacomo, 2011). With proper 

design and due care during the construction phase it may be assumed that these 

fasteners are able to dissipate energy via inelastic deformations allowing for most 

mechanical fastener connections to be considered somewhat ductile (Cruz et al., 

1991). 

It is important that a connection exhibit enough stiffness to adequately control the 

extent of local deformations which occur at a joint location (Madsen, 2000). This 

local deformation is commonly referred to as connection slip or connection rotation. 

Local deformations have a large impact on the overall deformation of the structure 

and must therefore be carefully considered in joint design. Most methods currently 

available for evaluating slip are inaccurate and it is well understood that this is a 

major issue in timber construction. In order to gain a good understanding of a 

connections’ stiffness it is therefore paramount to conduct full scale tests (Madsen, 

1998).  

It is important to consider how a connection might fail. Ductile failure methods are 

preferred due to the unpredictability of brittle failures (Stehn and Börjes, 2004). 

Many brittle failures have been observed in timber connections and it is well known 

that these are to be avoided due to the potential of a complete collapse of the 
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structure (Madsen, 2000). Madsen further states that although ductile connections 

may be damaged when a load greater than the design load is applied, this rarely 

results in the complete failure of the structure. 

Load reversal is important for earthquake and wind load cases and should be 

considered in design. If a connection cannot withstand a reasonable standard of 

load reversal then it is unlikely to be considered useful or relevant in modern design 

(Madsen, 2000). Load reversal is not only important for connection strength, non-

elastic deformations in a connection lead to pinching of the hysteresis loops, 

resulting in a decrease in connection stiffness per load cycle and a decreased ability 

to dissipate energy (Leijten et al., 2004).  

Longevity and fire related parameters: 

As with any construction material it is important to consider the environment in which 

it is to be used.. It is important to consider issues such as fastener type, building 

location, exposure to moisture and inspection frequency when designing a 

connection (Foliente et al., 2002). Foliente et al. further state that there is currently 

limited guidance on the topic of durability available in design standards. Designers 

are often required to use their own judgement and prior knowledge of building 

detailing to ensure that a durable building results. 

It is possible that a connection could become exposed to fire. If fire resistance is 

required, connections should be designed with cover to as much of the steel 

connection componentry as possible, alternatively the loads on the connection must 

be reduced or the member sizes increased (König, 2005). Wood is a very good 

sacrificial insulator with a well-established charring rate. Covering steel components 

in a layer of wood inhibits the steel from reaching temperatures where it softens and 

loses strength, possibly resulting in the failure of the connection and catastrophic 
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collapse. An alternative form of protection for steel is intumescent paint which foams 

upon application of heat and provides protection to the structural system (Buchanan 

and King, 1991). 

Small timber members must be protected in much the same manner as steel 

(Quenneville et al., 2011). Residual section strengths must be calculated for large 

timber members which form a protective charring layer (König, 2005). 

Construction and end user related parameters: 

The modern timber market must be highly competitive in order to compete with the 

alternative construction materials, steel and concrete. In order to achieve this goal 

timber connections in particular, must be designed so that they are simple and 

economical to construct (Madsen, 2000).  

Using a design which is easily understood by both the designer and the 

tradesperson who is tasked with converting it from paper to reality allows for a more 

competitive solution. It is important to make a connection design as straight forward 

as possible, with a minimal amount of work left to be performed on site. This relates 

in particular to site welding and gluing. Both of these are costly in both time and 

money spent. It is much wiser to prepare the required parts on the factory floor, 

ensuring that the assembly on site requires only methods which are expedient and 

efficient. Prefabrication also allows for greater quality control, reducing the risk of 

failures and assembly faults (Madsen, 2000). 

In respect to the end user, the design selected should be tailored to meet the 

requirements and specifications which they have voiced. In example, a warehouse 

owner may not require connections to sit flush or be hidden but clients in a hotel 

lobby more than likely will.  
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The cost of connections, which usually make up a large proportion of a buildings 

total costs, should be kept to a minimum by choosing those designs which best 

cater for the situation at hand early in the development of a project (Batchelar and 

McIntosh, 1998). 

2.6 COMMON PORTAL FRAME MOMENT CONNECTIONS 

It has long been recognized that the moment connections in portal frame buildings 

require careful design with consideration of many factors such as durability, cost, 

constructability and strength and stiffness (Madsen, 2000). Further, it has been 

stated that the difficulty in making connections, in particular moment resisting 

connections, is a major constraint on the design of timber and glulam structures 

(Buchanan and Fairweather, 1993) 

Many portal frame moment connections have been developed, ranging from the 

traditional drift pin, bolted and nailed gusset and glued lapped connections, to more 

modern connections such as the glued-in rod joint and tube joint (Batchelar and 

McIntosh, 1998; Buchanan, 2007; Madsen, 2000; Van Houtte et al., 2004; Leijten, 

1998). 

Traditionally, the moment joints in portal frame structures in New Zealand have 

primarily consisted of nailed gusset plate type connection (Quenneville et al., 2011). 

There are many different variations to this form of connection. An example of a steel 

nailed gusset can be seen in Figure 2-9 (Buchanan and Fairweather, 1993). 

Standard wood screws have been applied as a replacement for nails, and drift pins 

have been used frequently overseas but are uncommon in New Zealand due to a 

lack of guidance for their use in the current design standards (Buchanan, 2007; 

Batchelar and McIntosh, 1998).  
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The nailed gusset connection provides a cost effective solution for buildings such as 

warehouses and industrial structures where appearance is not an issue (Batchelar 

and McIntosh, 1998). Introduced by Batchelar (Batchelar, 1984), the plywood gusset 

is a well-known form of connection which is often utilized in portal frame structures.  

The connection parameters have been well established for solid sections but use of 

plywood box beam structures is somewhat restricted due to the size of the gusset 

being limited by the standard plywood sheet size of 2.4 metres by 1.2 metres 

(Quenneville et al., 2011). This restricts the achievable span with plywood box 

beams to approximately 20 metres (Yttrup and Law, 1991).  

An increase in clear span can be attained by utilizing steel gussets (Buchanan 

2007). However, steel gussets require special attention in situations where fire is a 

hazard. Further, the material cost of steel gussets is much higher than when 

alternative timber solutions are used and plates must be predrilled prior to nailing. 

Figure 2-9: An example of a nailed gusset connection  
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The use of engineered timbers such cross-band LVL allows for an increase in span 

by using the material in both the members and gusset (Quenneville et al., 2011). 

Quenneville et al. state that box beam type members are often more efficient for 

large span structures than solid members. However in these situations, the 

usefulness of the nailed gusset connection is limited by the amount of space 

available for the placement of nails in the flanges of the box beam member. This 

problem may be overcome by adding reinforcement to the joint region but this brings 

additional cost.  

When utilizing the nailed gusset, a large portion of the connection must be 

completed onsite (Batchelar and McIntosh, 1998). This increases both labour and 

crane time which could be avoided if a connection is used which is predominately 

pre-assembled offsite.  

Bolted or dowel connections such the one shown in Figure 2-10, are often used in 

smaller scale structures where solid members are employed as columns and 

beams. Bolted connections respond in a similar fashion to dowel connections, with 

 

Figure 2-10: An example of a dowel ring connection  
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the exception that bolted connections are able to carry axial loads in addition to 

shear loads (Batchelar and McIntosh, 1998).  

The connection can be either wood to wood or wood to steel. When used with larger 

members, the fasteners are arranged in one or more rings (Buchanan and 

Fairweather, 1993). The moment capacity of the joint depends on the diameter of 

the ring. The use of dowel ring connection may lead to the size of the fastener ring 

dictating the size of the portal member and can therefore result in uneconomical 

designs (Quenneville et al., 2011).  

For bolted connections, the receiving holes drilled into the timber reduce the 

moment capacity of the member in the high moment area. The receiving holes are 

oversized which causes slip to occur when the connection is initially loaded. It is for 

this reason that bolted joints are not recommended for structures which are sensitive 

to joint displacement or rotation (Batchelar and McIntosh, 1998).  

Initial slip is not an issue with dowel connections. For dowel connections dowel pins 

are inserted into a receiving hole which is slightly smaller than the dowel pin 

resulting in a tight fit connection. Both dowel and bolted connections can cause 

tension perpendicular to the grain in the portal members. This is considered to be a 

highly unfavourable attribute of these connection types and transverse 

reinforcement is often required (Quenneville et al., 2011).  

The design effort which must be employed when specifying dowel or bolt ring 

connections is significant. Due to the different orientation to the grain of each 

fastener, Hankinson’s formula must be applied to each bolt (Batchelar and 

McIntosh, 1998). 

Whilst not technically a connection, curved knee joints are common in Glulam 

structures. The versatility of the glulam manufacturing process allows members to 
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be formed in which the timber laminations run continuously from the base to the 

apex of the frame (Quenneville et al., 2011). Glulam portal frames with curved knees 

result in three pinned frames which are easily erected and fixed on site (McIntosh 

Timber Laminates Ltd, 2009). A major disadvantage with this technique is the 

transportation difficulties which result when members become too large. The cost 

involved with the transport requirements results in the connection generally being 

limited to those buildings which require a clean appearance at the knee for aesthetic 

reasons (Quenneville et al., 2011). 

There have been some examples of novel connections which have attempted to 

move away from the nailed gusset connection model. Leijten (2003) developed a 

heavy tube connection which was adopted for a limited number of buildings in 

Europe. An example of the connection is shown in Figure 2-11. Oversized holes are 

drilled into the receiving members and tubes which are longer than the member 

thickness are compressed inwards with a hydraulic jack causing them to expand  

 

Figure 2-11: An example of the expanded tube connection developed by 
Leijten (Leijten, 2004) 
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and produce a tight fit connection (Leijten, 1993). Whilst the connection performs 

well under both monotonic and reversed-cyclic loading (Leijten et al., 2006) it has a 

number of drawbacks. The connection assembly requires the use of special dies 

and a hydraulic jack to achieve the expansion of the rod. High localized stresses are 

induced around the connection and it is therefore recommended that densified 

veneer lumber is glued to the member interface to avoid splitting (Madsen, 2000). 

The author believes that insufficient or over expansion of the tube negatively impact 

on the connection stiffness. The connection also does not allow for a speedy 

erection as the tubes must be expanded after the connection has been lifted.  

Another novel jointing method is the bonded steel rod joint (Van Houtte et al., 2004). 

Due to the placement of the rods within the members, the connection has a number 

of advantages. The connection is able to transfer high local stresses, shows good 

fire resistance, can be designed to be very rigid and is aesthetically pleasing  

(Broughton and Hutchinson, 2001; Fragiacomo and Batchelar, 2012). However, the 

connection design involves a large number of variables including bar diameter, 

bonded length and bar type in addition to the fact that the member cross-section is 

reduced as a result of the rod installation (Harvey and Ansell, 2000; Madsen, 2000; 

Buchanan, 2007). The weakening of the portal member cross section can be 

overcome by haunching the portal frame beam member (Madsen, 2000). However, 

this oversizing of the member comes with additional costs. Premature tensile failure 

of the main member is often experienced in portal connections (Yeboah et al, 2009; 

Van Houtte et al., 2004). The connection requires skilled tradesmen who are able to 

certify that an appropriate glue bond has been achieved and is only suitable for 

assembly in a factory environment (Batchelar and McIntosh, 1998; Buchanan, 

2007). Also, moisture induced stresses need to be minimized to avoid cracks and 

premature failure. Long term tests have been performed and show that the  



 

48 
 

connection behaviour appears to be satisfactory if the moisture content remains 

below approximately 22% for New Zealand pinus radiata (Buchanan, 2007). 

2.7 CONCLUSIONS 

Timber is a sustainable, aesthetically pleasing product which is highly suited for use 

in the construction of portal frame buildings. Engineered timber materials such as 

Glulam and LVL allow for larger span structures and increased material predictability 

for designers. 

 

Figure 2-12: Exampled of different joint layouts for the bonded steel rod joint 
(Buchanan, 1993) 
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The most commonly used structural form for single storey industrial buildings in New 

Zealand, the portal frame, is introduced. The basic portal frame types are introduced 

and the advantages and disadvantages of each type discussed. The applicability 

and limits of solid member and box beam structures are presented.  

A short introduction to the three main erection procedures for timber portal frame 

structures is given and the reasons for the general preference of the ‘grid-lift’ 

technique are explained. 

Basic fastener types are introduced and the general parameters of importance for 

timber connections such as strength, stiffness, ductility and durability are discussed. 

The common types of moment connections which use the basic fasteners discussed 

are introduced and other novel moment connections are explored. Many 

connections which are currently available have a number of characteristics which 

are undesirable. Nailed gussets are a tried and tested connection method which has 

been used in many buildings but construction is time consuming and the steel 

gussets require pre-drilling. The connections are not commonly used in architectural 

applications.  

Bolted or dowel connections are often used in Europe. However, careful design is 

needed as brittle failure is possible. Bolted connections display initial slip when load 

is applied so these are generally not suitable for structures in which deflections must 

be controlled. Both bolted and dowel connections cause tension perpendicular to the 

grain in the portal member and the design effort due to the varying angle of the grain 

on the fastener is considerable.  

Glued lap joints and curved knee portals bring the advantage of monolithic 

construction however transportation difficulties for large members often result.  
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Novel connections, such as the bonded steel rod joint and the expanded tube 

connection deviate from the traditional approach to moment connections in timber 

portal frame structures. Both of these connections are architecturally attractive and 

can be designed to be very rigid. The glued in rod connection displays excellent fire 

resistance due to the placement of the rods within the portal member. However, this 

results in a connection which reduces the strength of the portal member in the 

highest moment region, can be prone to splitting and requires skilled labour during 

construction. The expanded tube connection can be used in seismic active areas 

were high degrees of energy dissipation are required. The response of the 

connection is ductile and the joint is able to achieve the same bending moment 

capacity as the timber members which it connects. However, special tools are 

required to assemble the connection, high localised forces around the tubes result in 

a need for reinforcement. This reinforcement is achieved by the use of densified 

veneer lumber, a product which has limited availability. 

Whilst all connections used in portal frames today have been proven structurally 

sound if designed correctly, it is of utmost importance to consider those aspects of 

the connections which are not necessarily contained in a design code. These 

aspects are paramount to the success of the timber construction and manufacturing 

industry in today’s economic climate.  

For timber construction to become truly competitive with steel and concrete, 

construction manufacturers must work continually towards the design of connections 

which will reduce the cost of structures by simplifying construction methods and 

reducing required materials. It is not only important to provide a structurally sound 

product but one that allows for ease of construction on site. 
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New Zealand’s most common portal frame connection, the nailed gusset plate, is 

considered to be inefficient in terms of onsite construction time. At least half the 

nailing must be completed when the structure is in the air and this requires 

considerable construction effort. 

Fasteners such as the self-tapping fully threaded screws which have recently 

become available in the New Zealand market are providing opportunities for timber 

connection design to emulate the approach which is taken for steel connections.  

It is important to use the information from connections which we have available now 

to devise a connection type which fulfils all the requirements of the proven 

connections of the past but allows for expedient erection and economic 

manufacture.  

2.7.1 REQUIREMENTS FOR A PORTAL FRAME MOMENT 
CONNECTION HIGHLIGHTED 

The list which follows provides guidance on the requirements which the author 

believes should be considered when exploring concepts for new timber portal frame 

moment connections. In the early stages of concept design, it is particularly 

important to keep the requirements as broad as possible. Concepts which are 

considered to have merit can then be refined to obtain the most structurally efficient 

and economical solution. 

 Portal frame moment connection must be easy to design and fabricate 

 The failure mode, strength and stiffness of the connection should be 

predictable 

 Perpendicular to grain stresses should be avoided in main members 

 The connection should not govern member size 
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 Critical construction paths should be no longer than those required for steel 

construction 

 Connection should have appearance qualities which allow for use in high 

profile public areas 

 Assembly must be possible without specialised training 

 Impact of site climate, temperature and humidity, should be negligible 

 Cost must be comparable to other timber and steel connections 

 The connection must be versatile, enabling use in hybrid structures and 

more than one region of the structural envelope 
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Chapter 3                           
THE QUICK CONNECT CONCEPT 

In view of the literature review undertaken, and the issues and requirements for 

timber connections which have been highlighted, the following concept was 

developed by the author at The University of Auckland, New Zealand. A number of 

other concepts were considered, these were discussed with industry and research 

representatives and the feedback from these discussions was used to further 

develop each concept. The Quick Connect concept was chosen with reference to 

the required outcomes and research objectives which are listed in chapter one.  

The Quick Connect joint is a semi-rigid moment connection which has been 

developed for use in portal frame structures as an alternative to currently used 

solutions such as the nailed gusset connection. The connection bears some 

conceptual similarity to the partially restrained bolted connections often used in steel 

construction. The joint consists of a rod based system as shown in Figure 3-1. 
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When the structure is loaded, a tensile force is applied to one set of the main tensile 

rods whilst the other set remains idle. The compressive force in the connection is 

resisted by the main timber members at the connection interface. The connection 

arrangement allows a moment couple to be developed which facilitates for the 

transfer of forces across the joint. The rods are housed in U-shaped timber 

members, hereafter referred to as timber sleeves. Placing the rods on the exterior of 

the main portal members, i.e. the rafter and column members in a knee connection, 

allows for the full bending moment capacity of the members to be developed at the 

joint. This issue is considered to be of high importance. Many of the connections 

which are currently utilized in timber buildings cause a reduction in the moment 

capacity of the main members and induce high local stresses in the connection 

region. 

 
 

Figure 3-1: The Quick Connect concept 
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These attributes result in connections which govern the member size and are 

therefore not considered to constitute an optimum design.  

The timber sleeves are fixed to the main portal members by continuously threaded 

timber screws. 

In order for a timber connection to be successful it should be easily adjustable for 

use in various parts of a buildings structural envelope. This not only decreases the 

load on the designer, but allows for rapid erection and quality control onsite. The 

attributes of the Quick Connect allow for the same basic design principles to be 

used in a knee connection between timber and steel as between timber and timber. 

Further, the connection can be utilized as a column base, beam splice and apex 

connection with only minor calculation and design adjustments. Three dimensional 

renditions of some of the possible connection configurations are shown in Figure 

3-2.  

 

(a) (b) 

Figure 3-2: (a) A column base to foundation connection, (b) a steel column 
to timber beam connection 
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As an example, the force transfer system for a timber beam to timber column knee 

joint is shown in Figure 3-3. The rafter is placed atop the column as is common in 

portal frame structures. For the timber beam to timber column connection shown in 

Figure 3-3, the rods extend vertically on either side of the joint and are contained 

within the timber sleeves. The sleeves are fixed to the portal beam and column with 

self-tapping timber screws before the connection is taken to site, thus leaving only 

the rod to insert and tighten in situ.  

A shear transfer system which consists of a number of short rods which are set into 

the main portal members is added if required. Due to the central placement of these 

shear pins they do not affect the moment capacity of the main members.  

The connection can be adapted for use with box beams. The design of the box 

 

Figure 3-3: Force transfer in the Quick Connect 
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beam connection is very similar to that applied to solid members. However, the rods 

are placed in the gap between the members of the box beam, allowing for use in 

architectural applications in which it is not desirable for the connection components 

(sleeves, plates, rods and nuts) to be visible. This application has not been 

specifically investigated in this study and the author recommends that the design of 

such a connection should be considered as a research topic in the future. 

The inherent simplicity of the connection ensures that the connection can be 

designed and manufactured without special training. Pre-manufacturing of the 

connection offsite reduces crane and labour requirements during erection. The slight 

increase in materials costs of the connection when compared to the nailed gusset 

connection is negligible when compared to the savings in plant and labour onsite. 

The Quick Connect concept has been patented in New Zealand. An international 

patent application under the patent cooperation treaty (PCT) framework is also 

underway. At the time of writing, an application has been made under the PCT for a 

Quick Connect patent in Australia. Individual country filings for patents in other 

countries remain a possibility. 
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Chapter 4                     
DESIGN PROCEDURE 

The Quick Connect design procedure consists of an iterative process which is to be 

used to determine the required characteristics for the sleeves, main tension rods, 

screws and bearing plates. The connection is designed to resist a given moment, 

once the components have been specified, joint rotation can be determined. 

As moment is transferred, the members and connection components show limited 

rotation. This rotation must be quantified in the portal frame analysis (Dhillon and 

O’Malley, 1999) as it directly affects the bending moments in the structural members 

and thus the member sizes. Furthermore, joint rotation must be strictly controlled as 

small deflections at the joint lead to much larger mid span deflections. These 

deflections could be reduced by pre-tensioning the main tension rods in the 

connection. However, for simplicity, it is assumed that for this design procedure the 

rods have not been pre-tensioned. This is conservative. 
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The procedure starts with the assumption that a portal frame analysis has been 

performed in which the stiffness of the connections krot, as shown in Figure 4-1, was 

equal to infinity. The designer will have calculated the moment, shear and axial 

forces acting on the connection and will have used these to perform a preliminary 

member design. 

In order to determine the appropriate tension and compression forces present in the 

joint, the connections centre of rotation must be determined. However, this requires 

the connection stiffness and deflection at the tension edge to be known. The 

determination of the deflection at the tension edge is only possible once the 

attributes of the sleeve, rod, screws and bearing plate have been specified. 

Therefore the procedure initially uses a simplified assumption that the centre of 

rotation lies at the midpoint of the column as shown in Figure 4-2. This assumption 

is used to carry out the initial sizing of the connection. Depending on the accuracy of 

this assumption the connection must be resized once a more accurate centre of 

rotation has been determined later in the procedure. 

 

Figure 4-1: Basic structural model showing krot at joints B,C and D 
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B
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Some of the equations used in the design procedure are well accepted design 

approximations rather than true representations of force and stress distributions. 

Finally, one should note that for use within a set of national design procedures, one 

should add the required factors to the design equations, such as to cover load 

duration, moisture effects, long term deformation factors and so forth. These factors 

are not included when comparing analytical results to testing results.  

4.1 DESIGN OF CONNECTION DETAIL ASSUMING CENTRE 
OF ROTATION LIES AT CENTRE OF MEMBER 

4.1.1 TENSION AND COMPRESSION FORCES IN THE JOINT 

The sleeves are sized to allow for correct screw geometry in the connection (i.e. 

 

Figure 4-2: Quick Connect moment connection mechanics when using 
simplified assumption of CoR being at midpoint of column 
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screw spacing and end distances). Initially the designer assumes a sleeve size. It is 

best to assume a larger sleeve size which can be reduced later if the choice is too 

conservative. As an example, two recommended sleeve sizes for a large member 

with a depth of approximately 1200mm would be: 

For LVL: 300 mm deep by 63 mm thick (assuming a compressive strength of 45 

MPa)   

For Glulam: 315 mm deep by 90 mm thick (assuming a compressive strength of 24 

MPa) 

These sizes are recommended on the basis of prior experience and a designer is 

free to apply their own judgement if they wish. 

Sleeves must be designed to resist the compression force applied to the end grain. 

To determine the applied compression force, the moment arm jd of the rods to be 

inserted is calculated using equation (4.1) . 

2jd d e   (4.1) 

Equation (4.2) allows preliminary tension and compression forces to be calculated 

for each set of rods. One set of the rods will act in tension, whilst the other set will 

not have any load applied. This loading is reversed when the applied force direction 

is reversed. The sleeves are sized for axial compression loads resulting from the 

applied moment as well as the tension force in the member at the joint interface 

apportioned for the number of rods. 

2 4sleeve rod

M N
C T

jd
    (4.2) 
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Design of the sleeves 

The timber sleeve must be capable of resisting the maximum applied compression 

force (equal to the tension force in the rod). The compression capacity must be 

designed in accordance with the applicable design standard, taking into account all 

applicable modification factors such as load duration, service conditions and so 

forth. The sleeve is considered to be fully laterally restrained therefore buckling may 

be ignored.  

,sleeve nc sleeveC N  (4.3) 

,nc sleeve c nN f A  (4.4) 

4.1.2 DESIGN OF SCREW CONNECTIONS 

To calculate the number of screws required to resist the applied tension force at 

each timber sleeve the following equation is used: 

rod
s

screw

T
n

P
  (4.5) 

Screws are arranged in rows along the length of the sleeve. Screw spacing 

requirements are shown in Figure 4-3 and Figure 4-4.  

The author recommends a minimum spacing of 10da between screws in a row. 

Rows of screws should be staggered. The minimum dimension of a4, the distance 

between opposing screw lines, is 2da. This ensures screws do not interfere with 

those on the opposite side of the connection. It is highly desirable to size screws so 

that the tip does not protrude into the opposing sleeve as this makes fabrication 

difficult and results in a gap between the sleeve and the portal member. 
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Figure 4-3: Screw spacing requirements for the Quick Connect – two screw 
row option, top view 

 

Figure 4-4: Screw spacing requirements for the Quick Connect joint 
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The distance between the centreline of the outermost screw line and the extreme 

fibre of the sleeve, a5, should be no smaller than 2da. 

It should be noted at this point that the spacing which was adapted for the large 

scale testing performed as part of this thesis slightly differed to that described 

above. An explanation is given in the full scale testing section. 

The characteristic load capacity of the screws varies depending on whether they are 

installed parallel or perpendicular to the grain. This is particularly important in knee 

joints as different numbers of screws may be required in the portal timber rafter and 

timber column members. 

Regardless of the outcome of the screw geometry calculations, the author believes 

that the sleeves should have a minimum length of 400mm. This recommendation is 

solely for the purpose of public perception. 

4.1.3 CHECK BLOCK TEAR-OUT RESISTANCE IN MAIN PORTAL 
MEMBER 

The sleeves must be large enough to prevent block tear-out type failure of the main 

member, see Figure 4-5. It is assumed for simplicity that the resistance in shear and 

tension are additive. 

This design check is required only for the case where the timber sleeves are fixed to 

the portal member loaded parallel to grain. 

The shear resistance is first calculated as: 

s sV f A  (4.6) 
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The shear area As is: 

3( )s
s s a

r

n
A b l a d

n
    (4.7) 

The dimension ls is taken as the length of the sleeve associated with the parallel-to-

grain member. The sleeve must be long enough to accommodate the required 

number of screws for the connection, adopting the recommended spacing shown in 

Figure 4-3 and Figure 4-4.  

The tearing resistance of the main member is given by: 

t tT f A  (4.8) 

and 

4( )t s r aA b d a n d    (4.9) 

The resistances obtained from equations (4.6) and (4.8) are then added to give the 

final tearing and shear resistance of the main member where the timber sleeves are 

attached. 

2 rodT T V   (4.10) 

 

Figure 4-5: Block tear-out failure of parallel to grain portal member 
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4.1.4 BEARING PLATE DESIGN 

The bearing plates are designed as if each timber sleeve consists of two individual 

pieces. This approach is conservative. The bearing plate length is specified by first 

calculating the required bearing area using: 

rod
p

c

T
A

f
  (4.11) 

The dimensions of the plate, see Figure 4-6, are limited by the thickness and depth 

of the timber sleeve. To ease calculations, the bearing plate is specified with the 

same width as the timber sleeve. The total bearing area required can then be 

divided by this width to obtain the depth of the bearing plate. 

The required thickness of the bearing plates must be calculated considering the 

serviceability and ultimate limit state load cases. It is likely that the serviceability limit 

state will govern the design of the plate. 

 

 

Figure 4-6: Dimensions of bearing 
plate 

Figure 4-7: Deflection of bearing plate 
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 It is desirable to set a self-imposed bearing plate deflection of 0.1 mm as 

deformations at the knee connections lead to large displacement in the structure as 

a whole. This limiting value is at the discretion of the designer and experience 

should be used to determine an appropriate value for the design. 

To calculate the deflection of the plate, it must be considered as a beam element 

with two cantilevers mirrored at the rod axis as shown in Figure 4-7 , the deflection 

equation is therefore: 

4

8plate
steel

wl

E I
   (4.12) 

and the moment of inertia I is: 

3

12
p pb t

I   (4.13) 

A final check is conducted to ensure the plate satisfies strength requirements using: 

3

2
rod

p
y p

lT
t

f b
  (4.14) 

4.1.5 ROD DESIGN 

The rods in the connection must be checked primarily for tension strength 

(elongation of the rod is included in later checks). To evaluate the tension strength 

of each rod it is assumed that the rods do not carry any shear force. This can be 

ensured by utilizing a shear transfer system in the connection such as embedded 

steel dowels or a corbel.  

The tension resistance of the rod must be larger than or equal to the applied tension 

force:  
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rod tfT N  (4.15) 

where Ntf is given by: 

tf rod ufN A f  (4.16) 

Arod can then be used to obtain the diameter of rod required.  

The initial sizing of the connection is now complete and the second stage of the 

procedure can be used to calculate a better approximation of the centre of rotation 

which can be used to determine the joint rotation. 

4.2 EVALUATION OF APPROXIMATE POSITION OF 
CENTRE OF ROTATION AND ROTATIONAL STIFFNESS krot 

For this procedure to be valid, the connection is designed to ensure that all 

component deformations remain in the elastic range. This approach reflects the 

general case in which a timber portal frame is governed by wind or gravity loading. If 

a design is governed by earthquake loading, then the procedure would need to be 

modified. Earthquake governed design is not considered in this study as most timber 

portal frame buildings are governed by wind loading. Seismic design of the 

connection would involve capacity design and over strength factors for the non-

critical elements of the connection.  

Some of the more important notations used are shown in Figure 4-8. All notations 

are defined in the notations list at the beginning of this thesis. 

The design moment is calculated as part of the preliminary design for the portal 

frame structure. The rotational stiffness of the joint is calculated using equation 

(4.17): 
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rot

M
k


  (4.17) 

The rotation θ is given by the following equation: 

( ) /C T d      (4.18) 

The value of ΔT is a function of Δ@Trod which is calculated using equation (4.19). 

@ rodT T

d

g




 
     

 (4.19) 

where 

@ rodT rod sleeve screws plate          (4.20) 

and 

 

Figure 4-8: Representation of joint rotation 
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rod rod
rod

steel rod

T L

E A
   (4.21) 

,

2
rod s total

sleeve
sleeve n

T L

E A
   (4.22) 

rod
screws

s s

T

k n
   (4.23) 

plate deflection of plate as set by designer   (4.24) 

It should be noted that all of the above deflection equations require the designer to 

know the value of Trod. The Trod which has been used in the calculations to specify 

the connection components is indicative only, a closer approximation to the actual 

Trod can be calculated once a revised centre of rotation has been determined. 

Therefore the next step in the design procedure is to calculate a revised centre of 

rotation.  

4.2.1 COMPUTING THE REVISED CENTRE OF ROTATION 

The distance between the extreme fibre on the compression side of the connection 

and the revised center of rotation, λ, of the Quick Connect may be calculated with 

consideration to Figure 4-8. The sum of the elastic component deflections at the 

extreme fibre on the tension side of the connection, defined as ΔT and given by the 

relationship in equation (4.19), can be expressed as equation (4.25) and is valid for 

small angles of rotation. 

 T T d     (4.25) 

For small angles of rotation such as those which occur with the Quick Connect joint, 

the deformation ΔC, can be expressed as: 
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C C    (4.26) 

Assuming that plane surfaces remain plane, the rotation on the compression side of 

the joint must be of equal magnitude to the rotation on the tension side of the joint 

and the following relationship must be valid: 

C T   (4.27) 

by rearranging the equations for ΔC and ΔT, the following equation for ΔC is obtained: 

T
C d




     
 (4.28) 

The stress of the timber under compression can be expressed as a function of the 

elastic modulus of the timber and the strain of the timber: 

timber timber timberE   (4.29) 

where εtimber is approximately equal to the rotation of the connection on the 

compression side. By rearranging equation (4.26), the rotation on the compression 

side can be expressed as: 

C
C timber 




   (4.30) 

By substituting equation (4.30) into equation (4.29), the following relationship is 

obtained: 

C
timber timberE




  (4.31) 

Equation (4.28) can now be substituted into equation (4.31) giving: 
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timber T
timber

E

d








 (4.32) 

The compression force in the connection can now be found by multiplying σtimber by 

the area under the compression triangle (λb/2). This results in the relationship for the 

compressive force in the connection, C: 

 2
timber TE b

C
d








 (4.33) 

The tension force in the connection is the result of the elongation of the connection 

components at the position of the tension rod (ΔT@rod) multiplied by the stiffness of 

the components which resist this tension force (ksystem). Expressed as: 

@Trod systemT k   (4.34) 

By rearranging equation (4.19), the ΔT@rod in equation (4.34) can be replaced with ΔT, 

resulting in the following equation for the tension force in the connection: 

T system

g
T k

d




     
 (4.35) 

Since the relationship T=C must be true, for static equilibrium to be upheld equation 

(4.33) and equation (4.35) must be equal: 

 
 

 2
T systemtimber T
k gE b

d d


 

 


 
 (4.36) 

By removing common factors from both sides of the equation, the following 

relationship results: 

 
2

timber
system

E b
k g

    (4.37) 
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And this can be rearranged for the connection rotation λ giving: 

   
2

2
system

timber system

k g

E b k


 
 
  

 (4.38) 

In equation (4.38), the only unknown is ksystem, the stiffness of the rod/ plate/sleeve 

and screw system on the tension side of the connection. The value of the ksystem 

parameter is governed by the individual stiffness characteristics of the individual 

connection components, namely the stiffness of the rod, screws, timber sleeve and 

plate. These stiffness parameters can be calculated by rearranging equations (4.21) 

to (4.24), introduced earlier.  

The stiffness of the rod can be expressed as: 

steel rod
rod

rod

E A
k

L
  (4.39) 

The stiffness of the screws can be expressed as: 

screws s sk k n  (4.40) 

The stiffness of the sleeves can be expressed as: 

,

2 sleeve sleeve
sleeve

s total

E A
k

L
  (4.41) 

And the stiffness of the plate can be expressed as: 

3

16 steel
plate

p

E I
k

d
  (4.42) 

Once the above parameters have been determined, it must be remembered that the 

value of ksystem differs depending on the type of Quick Connect configuration that is 



 

75 
 

being considered. To give an example, for the timber beam to steel column 

connection the value of ksystem is calculated using equation (4.43), where the stiffness 

values for each connection component are first added in series, and then multiplied 

by the number of rods resisting the tension force in the connection: 

1 1 1 1

tension rods
system

rod screws sleeve plate

n
k

k k k k


 

    
 

 (4.43) 

For the timber beam to timber column connection, the same process as for the 

timber beam to steel column connection is followed, remembering that the beam 

and column parts of the connection must both be accounted for in the calculations.  

Once the ksystem value for the connection has been quantified, it is possible to 

determine the revised estimation of the centre of rotation by use of equation (4.38). 

Having determined the revised centre of rotation, it is now possible to compute the 

revised Trod value for the connection using equation (4.44): 

1
2

3

rod

M
T

g 


  
 

 (4.44) 

The revised Trod determined using the revised centre of rotation of the connection 

should be compared to the Trod which was initially calculated by assuming that the 

centre of rotation was located at the centre of the main timber element. If the initial 

assumption was conservative, then the designer may make the choice to leave the 

connection design as is. If however, the initial estimate of Trod is non-conservative, 

then an iterative process must be adopted whereby the designer inputs the more 

accurate revised Trod value found by using the closer approximation of the centre of 

rotation and repeats the design procedure.  



 

76 
 

Assuming that the designer has either followed an iterative process or accepted the 

conservatism of the connection which has resulted from using the initial assumption, 

it is possible to use equation (4.28) to calculate the elastic deformation, ΔC, of the 

main member. By adding the value for ΔC and the value for ΔT found by using 

equation (4.19) and substituting these values into equation (4.18), it is possible to 

determine the connection rotation. This rotation value is then input into equation 

(4.17) to give the krot value for the connection. The krot value found must be input into 

the initial structural model to determine the revised moment loading. If the moment 

calculated is different to that calculated when assuming that krot=∞, then the 

designer should use an iterative approach to determine a connection size which 

gives comparative moment values. 
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Chapter 5                     
SMALL SCALE TESTING 

5.1 INTRODUCTION 

The development of fully threaded self-tapping screws (hereafter often referred to 

simply as screws) and the subsequent introduction of these screws into Australasia 

has provided an opportunity to develop new connections which take advantage of 

the increased strength and decreased slip characteristics which connections utilizing 

these screws possess. The characteristics of these fully threaded screws have been 

extensively researched with European timbers but the values obtained from this 

research cannot be adapted for Australasian timber species as the strength and 

stiffness characteristics of screw connections are highly dependent on the timber 

characteristics. 

For fully threaded screws of the type in question to be used in Australasia, each 

screw type to be used must undergo a series of tests to determine the appropriate 

strength and stiffness attributes when used with local timbers. Of particular interest 

are the screw characteristics when used in LVL and Glulam as these are the 
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engineered timber products which are mainly used in large timber construction. The 

testing described in this chapter follows the guidelines set out under the international 

testing standard ISO 6891-1983(E). This standard is applicable to joints made with 

mechanical fasteners when used in a statically loaded timber structures and allows 

for the determination of strength and deformation characteristics of joints made with 

mechanical fasteners (ISO 6891-1983).  

The testing of screws performed as a part of this thesis was undertaken over a three 

year period of the doctoral study to take advantage of new research from Europe. 

Initial testing was performed on Wurth and Spax screws. Later in the study, testing 

was performed on Rothoblaas screws. 

5.2 PREPARATION AND CONDITIONING OF TEST 
SPECIMENS 

5.2.1 GENERAL PROCEDURES FOR ALL TEST SERIES  

Upon receipt, each timber member was inspected for structural defects. A random 

sample of members was taken and the density, moisture content and modulus of 

elasticity determined. 

Measurement of the member length, width and depth allowed for the timber volume 

of each member to be accurately determined. The density was calculated by 

dividing the volume by the member weight. Moisture content readings were taken on 

three or more faces using a Wagner hand-held moisture content meter and 

averaged to gain the indicative moisture content of each member. 

In some cases, where the timber had been in the conditioning chamber for a 

considerable amount of time, a smaller number of members were randomly selected 

and the moisture content was measured. If the moisture content of these members 
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showed negligible deviation, then this moisture content was adopted as the average 

moisture content for all the members. 

The modulus of elasticity was determined using an acoustic hammer. For clarity, a 

small overview of the practical process involved in the modulus of elasticity 

calculations is provided. 

Once the density of the member has been determined, an acoustic hammer and 

receiver, in this case a Director HM200, can be used to measure the acoustic 

velocity of sound in the timber. Each timber member is placed atop two supports. In 

this study, the author used two triangular shaped wooden blocks. Care must be 

taken to minimize the direct contact area between the supports and the member to 

minimize any inaccuracy in the velocity readings. The supports are placed 

equidistant from both ends of the member. The length of the member is input into 

the Director HM200 and the acoustic sensor is pressed into the end face of the 

member. Once the acoustic receiver confirms that the acoustic sensor is correctly 

placed the member end is gently tapped with a hammer. This process excites the 

vibration modes of the member and an acoustic velocity is recorded and displayed 

by the device. The modulus of elasticity is then calculated by multiplying the square 

of the acoustic velocity by the density. The raw measurements are shown in 

Appendix B. An overview of the average moisture content, density and modulus of 

elasticity values is shown in Table 5-1.  

The timber was cut to the appropriate lengths and stored in a timber conditioning 

room which operates at the standard atmospheric conditions of 20°C and 65% 

relative humidity. The moisture content of the timber was checked periodically and 

compared to that determined when the timber was first received. The moisture 

content was also checked immediately prior to the commencement of testing. No 
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major changes in moisture content were observed in either the Glulam or LVL timber 

specimens. 

Each timber member was inspected for structural defects including fissures, cracks 

and holes. No defects were found in the LVL members and only minor aesthetic 

defects were found in Glulam members. This lack of defects may be attributed to the 

tight controls which are placed on these materials during the manufacturing process. 

5.2.2 TEST MEMBER PROPERTIES  

The Glulam members were delivered in three batches. The first contained six metre 

long members, the second and third pre-cut members. Pre-cutting was performed 

for ease of handling only. No differentiation was made between the batches when 

determining the timber properties. An average density of 454kg/m3, an average 

moisture content of 10% and an average modulus of elasticity of 9.1GPa was 

observed with a standard deviation of 16kg/m3, 1% and 1GPa for each property 

respectively. The Grade 11 LVL members underwent the same process as used for 

the Glulam members. An average density of 563kg/m3, average moisture content of 

13.5% and an average modulus of elasticity of 13.0GPa was observed. These 

properties had a standard deviation of 12kg/m3, 0.7% and 1GPa respectively.  

Table 5-1: Average moisture content, density and modulus of elasticity values 
for all LVL and Glulam test specimens 

Specimen type 
LVL specimens

(LVL 11) 
Glulam specimens 

(MSG 8) 

Average Moisture Content (%) 13.5 10 

Average Density (kg/m3) 563 454 

Average Modulus of Elasticity (GPa) 13 9.1 
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5.3 FORM AND DIMENSIONS OF TEST SPECIMENS 

Varied member orientation allowed for testing of parallel to grain and perpendicular 

to grain arrangements. Side member thickness was adjusted to allow for the 

differing sleeve thicknesses which are likely to be used in practice. 

Rotating the central member simulated the grain directions which would be 

encountered in a full scale Quick Connect joint. If a timber to timber knee joint, 

where the beam is placed atop the column, is taken as an example, then the column 

member and sleeves have a grain orientation parallel to the screws normal axis. For 

the beam, the main member is orientated with its grain perpendicular to the screws 

normal axis whilst the sleeves are orientated with the grain parallel to the screw 

axis. This variation in grain direction affects the stiffness of the screw connection 

and must therefore be considered. Side member thickness of 45mm and 63mm, and 

45mm and 90mm were adopted for LVL and Glulam respectively. These sizes are 

considered to be the most common for future use.  

Once the central member had been prepared, the two outer members and the 

central member were attached to each other with fully threaded timber screws. This 

resulted in a test specimen as shown in Figure 5-1. 

Each screw was inserted with its axis at 30, 45 or 60 degrees angle to the applied 

force. An accurate insertion angle was achieved by using a jig provided by Wurth 

New Zealand, a similar jig is available from Rothoblaas through Timber Connect 

Limited. The jig used is shown in Figure 5-2. The use of these jigs allows the screw 

to be set at the appropriate insertion angle. The jig is then able to be swung to the 

side to allow full insertion of the screw.  

The screws used varied in manufacturer, type, diameter and length. The attributes 

and series number are given in Table 5-2.  
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Figure 5-1: An assembled Glulam specimen 

 

Figure 5-2: Screw insertion jig as provided by Wurth New Zealand 



 

83 
 

Each specimen contained two screws of identical manufacturer, type, diameter and 

length. Screws were placed in the same position in each specimen to ensure that 

comparative results were obtained. Eccentricity in the joint was avoided by placing 

the screws in line with the axis of the applied load. Once assembled, each specimen 

was placed back into the conditioning room until such time when it was to be tested. 

Once removed from the conditioning room for testing, the test specimen was fitted 

with two LVDTs on the sleeves to measure the relative displacement of the central 

member to the two sleeves during testing. The LVDTs were arranged to push 

against an aluminium cross bar which was attached to the central member only as 

shown in Figure 5-3. The average of these readings was taken to be the screw slip. 

Table 5-2: Screw parameters 

Manufacturer Identifier Diameter Length 

 (mm) (mm) 

Rothoblaas VGZ7140 7 140 

 VGZ7180 7 180 

 VGZ7260 7 260 

 VGZ9160 9 160 

 VGZ9200 9 200 

 VGZ9280 9 280 

Wurth Assy plus chse 6 200 

 Assy plus vmp 8 140 

 Assy plus vmp 8 200 

 Assy plus vmp 10 200 

 AMO III 7.5 212 

Spax Timber Screw 8 200 

 Timber Screw 10 200 
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5.3.1 SPECIMENS USING WURTH AND SPAX SCREWS 

A total of 28 different configuration series were assembled with each series 

containing a minimum of five test specimens. 

 Each test specimen consisted of two outer timber members representing the 

sleeves in a typical full scale Quick Connect, and a central member representing the 

rafter or column members in a full scale Quick Connect joint. The composition of this 

central member differed depending on timber type. For Glulam, standard members 

as manufactured were used.  

For the first testing involving Wurth and Spax screws the LVL central member was 

formed by screwing together three or four layers of standard thickness LVL timber 

specimens. 

 

Figure 5-3: Test specimen showing the aluminium cross bar and LVDT holders
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It would have been possible to glue the LVL central member but this was not 

considered necessary for the integrity of these tests as the screws used provided 

sufficient restraint to consider the block as one unit. Screws were inserted at 60 

degrees to the direction of applied load only, as shown in Figure 5-4. 

5.3.2 SPECIMENS USING ROTHOBLAAS SCREWS 

As with the Spax and Wurth testing, a total of 28 different configuration series were 

assembled. Each series generally contained 5 specimens. The form of the testing 

specimens was as shown in Figure 5-3. 

 

Figure 5-4: Opened testing specimen showing screw inserted at 60 degrees to 
the angle of applied load 
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The central member was always 90mm thick and was always made of LVL. The 

outer members consisted of either LVL 11 with a thickness of 45mm or 63mm or 

MSG 8 Glulam with a thickness of 45mm or 90mm. Screws were inserted at either 

45° or 30° to the direction of loading. Again, the central member was rotated to 

determine the perpendicular to grain and parallel to grain response of the screws. 

5.4 TESTING 

5.4.1 LOADING PROCEDURE 

Each specimen was tested as per the ISO 6891-1983 loading procedure shown in 

Figure 5-5. 

The estimated maximum load value Fest used to calibrate the loading curve as 

required by the testing standard was determined by testing one specimen to failure 

without the use of the prescribed loading curve. The results of this test were then 

excluded from the final testing results. 

 

Figure 5-5: Suggested loading procedure from timber joints (reproduced from 
IS0 6891-1983) 
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Alternatively, the estimated maximum load was determined on the basis of prior 

experience. 

In this loading procedure, the specimen is taken to 0.4 Fest where the load is 

maintained for 30s. The load on the specimen is then reduced to 0.1 Fest and 

maintained for 30 seconds. Following this, the load is increased until the ultimate 

load is reached or a relative slip of 15mm between the central and outer members 

has been observed. 

The loading procedure described was adopted for the Wurth and Spax screw 

testing. For the final testing series using Rothoblaas VGZ screws the loading loop 

was omitted. This is allowable under the standard if properly justified. The author 

believes that the omission of the loading loop is justified by the lack of specimen 

settlement observed in the test series which utilized the loading loop. 

5.4.2 PRELIMINARY TESTS 

Screws with fully and partially threaded shanks, as well as those with self-tapping 

and ordinary tips were considered. These screws were either oriented perpendicular 

or at an angle of 60 degrees to the applied load. Screws with non-self-tapping heads 

required pre-drilling to 0.8da. The double handling involved when using non self-

tapping screws proved labour intensive and thus self-tapping tips are preferred. 

Partially threaded screws were found to be unsuitable for applications where the 

screws were inclined. The withdrawal capacity of the screws is larger than the 

bearing capacity of the timber under the screw head and thus a ductile failure of the 

timber occurred as the screw head was pulled through the outer member. Fully 

threaded, self-tapping screws performed as per the observations made by Blass and 

Betjka (2001) with a marked increase in both stiffness and strength when screws 

were inclined at 60 degrees rather than perpendicular to the applied load.  
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Due to the observations made, further test series were performed using only fully 

threaded screws inclined at an angle of 30, 45 or 60 degrees. Only screws with a 

self-tapping tip were considered for all tests apart from the very first test series, 

which used Wurth AMO III screws which do not have a self-tapping tip.  

5.4.3 TEST SETUP 

The specimens were placed in a 300kN MTS hydraulic testing apparatus as shown 

in Figure 5-6.  

A plate was placed under the specimen to ensure an even contact surface between 

the testing specimen and the testing apparatus. The loading ram was equipped with 

a swivelling, spring loaded head which ensured that the applied force was 

distributed evenly over the top face of the central member.  

A second plate was placed atop the central member to ensure that load was 

transferred uniformly between the loading head of the hydraulic ram and the test 

specimen.  
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Figure 5-6: The 300kN MTS test machine used for small scale testing 
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5.5 RESULTS 

Upon the completion of each test, both the specimen and its associated load slip 

curve were inspected to determine the failure mode. A distinction was made 

between ductile and brittle failure modes. If applicable, the prescribed loading loop 

was removed from the load-displacement curve for clarity. The linear elastic 

modulus was then determined by fitting a linear gradient to the elastic portion of 

each curve using a regression analysis. The graphs may be seen in Appendix B. 

The gradient of the elastic modulus is taken to be the kscrew value. A sample load 

displacement curve showing this relationship may be seen in Figure 5-7. The 

characteristic yield load, Pscrew, was determined using the ASTM five percent offset 

method. The 5th percentile is calculated by assuming that the distribution of the 

results is gaussian or normal. The values for the coefficient of variation for each test 

series is given in Appendix B. 

 

Figure 5-7: Sample results curve for small scale testing 
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An overview of the test results for Wurth and Spax and Rothoblaas screws is given 

in Table 5-3 and Table 5-4 for Grade 11 LVL and GL8 Glulam timber respectively.  

5.5.1 TESTING OF ROTHOBLAAS SCREWS WITH REVISED SCREW 
ANGLES 

During the course of this research, significant advancements were made in the field 

of screw design. Amongst other changes, screws are now produced in much longer 

lengths. Testing performed at the Karlsruhe Institute of Technology in Germany has 

shown that angles as small as 30 degrees between the screw axis and axis of 

applied load are now able to be used. As the angle decreases, the screw capacity is 

increasingly dependent on the tension capacity of the screw. The initial suggestion 

to place screws with their axis at 60 degrees to the applied force, as proposed by 

Blass and Betjka in 2001 has been superseded. The disadvantage of using smaller 

screw angles is the increase in the required screw length. 

Additional testing has been performed on Rothoblaas screws to allow screws in the 

Quick Connect to be used at 45 and 30 degrees. Although a significant number of 

specimens were also tested with a screw angle of 30 degrees, it was considered 

that a specified angle of 45 degrees provides a more suitable safety margin and this 

angle should therefore be adopted if onsite fabrication occurs. Onsite fabrication is 

not encouraged. The reasons for this are discussed in a different chapter.  
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Table 5-3: Screw connection results for Quick Connect connections in Grade 
11 LVL 

Screw 

Insertion 
Angle 

Screw 
Sleeve 

thickness

Pscrew        
(5th 

percentile) 
Kscrew average 

 Ø Length  parallel perp. parallel perp. 

( ° ) (mm) (mm) (mm) (kN) (kN) (N/mm) (N/mm)

Rothoblaas 
VGZ 

30 7 180 45 15.4 10.5 16060 11765 

30 9 200 45 20 14.1 20738 11565 

30 9 280 63 19 21.2 31727 17806 

45 7 140 45 8.9 5 13790 8542 

45 7 180 63 13.8 11.7 12585 11023 

45 9 160 45 15.1 6.5 14984 7524 

45 9 200 63 17.4 11.1 18590 15785 

Wurth 
Assy plus 
chse  

60 6 200 45 8.5 8.2 8200 7350 

   63 9.8 10.1 8340 7200 

Wurth 
Assy plus 
vmp  
 

60 8 140 45 9.7 11.4 11480 7640 

   63 13.1 10.9 9700 6930 

60 8 200 45 10.6 11.6 9400 8860 

   63 14.7 13.6 9650 7550 

60 10 200 45 13.8 13.7 11380 7800 

   63 18.2 19.8 12940 12180 

Wurth 
AMO III  

60 7.5 212 45 6.7 6.9 6300 5570 

   63 9.2 9.7 6880 6450 

Spax  60 8 200 45 9.5 11.1 8720 9110 

   63 14.4 13.8 10750 8060 

60 10 200 45 12.9 12.4 12800 9830 

   63 16.5 17.1 16490 10180 

Note: For Rothoblaas screw tests, sleeves are always of LVL. Additional information 
including CoV is given is Appendix B. 
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Table 5-4: Screw connection results for Quick Connect connections in GL 8 
Glulam 

Screw 

Insertion 
Angle 

Screw 
Sleeve 

thickness

Pscrew        
(5th 

percentile) 
Kscrew average 

 Ø Length  parallel perp. parallel perp. 

( ° ) (mm) (mm) (mm) (kN) (kN) (N/mm) (N/mm)

Rothoblaas 
VGZ 

30 7 180 45 15.6 9.3 15963 11037 

30 9 200 45 19.2 13.6 19755 15456 

30 9 280 63 23.3 15.7 28140 19460 

45 7 140 45 11.6 6.9 12548 9660 

45 7 180 63 14.6 9.4 14582 14010 

45 9 160 45 15.1 6.8 18143 8370 

45 9 200 63 19.8 9.5 20769 11287 

Wurth Assy 
plus chse  

60 6 200 45 4.6 5.1 6680 6320 

   90 8.1 9.2 6470 7690 

Wurth Assy 
plus vmp  
 

60 8 140 45 7.0 8.7 7320 6300 

   90 4.0 4.4 9000 6430 

60 8 200 45 4.1 8.1 5290 7460 

   90 11.6 12.2 9420 11680 

60 10 200 45 8.6 12.2 8800 7470 

   90 13.7 13.6 12430 12520 

Wurth AMO 
III  

60 7.5 212 45 4.9 3.6 5960 5870 

   90 8.2 7.2 11390 8500 

Spax  60 8 200 45 9.4 6.9 7830 5880 

   90 11.8 11.4 7910 6800 

60 10 200 45 12.5 9.5 10470 9730 

   90 15.3 12.1 9530 9830 

Note: For Rothoblaas screw tests, sleeves are always of LVL. Additional information 
including CoV is given is Appendix B. 
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5.5.2 DISCUSSION OF TEST RESULTS 

All specimens displayed some form of ductility although it was noted that the 6mm 

diameter screws were susceptible to shear and tension failure at high loads. Even in 

those cases, the connection as a whole behaved in a ductile manner. The inter-

specimen test results standard deviation in each specimen group was low as may 

be expected when testing an engineered timber product that fails in a ductile 

manner. In most specimens, no significant difference was observed between the 

results for parallel to grain and perpendicular to grain orientations. This indicates 

that the screw axial resistance controls the behaviour of the connection for this 

screw angle. 

For Wurth and Spax screws, each screw was tested for 45mm and 63mm sleeve 

thickness in LVL and for 45mm and 90mm sleeve thickness in Glulam. For 

Rothoblaas screws, testing was only performed on what the author considers to be 

optimum screw lengths for each sleeve thickness. The optimum screw length is 

dependent on sleeve thickness and angle of screw insertion and is calculated by 

determining the length of screw in the sleeve (this is the critical member) and 

multiplying this by two. The screw penetration in the main member can be longer, 

but should not be shorter than this optimum length. 

The increased rigidity and strength per screw achieved at increasing angles of 

insertion allows for optimisation of the joint design. However, consideration should 

be given to the practicality of screw installation at smaller angles. The insertion of 

screws at an angle of 45 degrees is easily performed by a labourer; in most cases a 

jig will not be required. Using smaller angles such as the 30 degree insertion angle 

results in a need for the labourer to use a jig due to a greater need for angle 

accuracy and the difficulty in placing the screw correctly. These considerations play 
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a vital part in determining the appropriate mix of optimisation for strength and 

stiffness and optimisation for ease of installation. 

5.6 CONCLUSIONS 

The work performed on screw testing as part of this thesis serves the distinct 

purpose of making fully threaded self-tapping timber screws useable with New 

Zealand timbers in the Quick Connect joint. Care should be taken that the screw 

values given are not used in any context which is not fit for purpose. 

It can be seen from the results of the testing that larger screw diameters increase 

the characteristic strength of the screw connection, and that smaller angles of 

insertion lead to a stiffer connection. These results are to be expected as the 

bending strength of the fastener is proportional to its diameter. For inclined screws, 

the connection resistance is heavily dependent on the withdrawal capacity of the 

screw. The smaller the angle of inclination relative to the direction of loading, the 

more relevant this statement will be. However, reducing the angle of insertion also 

means that longer screws are required. The cost of these longer screws, compared 

to the benefit which one gains from using them, may prove to be prohibitive. A 

recommendation for the ‘best’ screw to use with the Quick Connect cannot be given. 

The designer must weight up the cost, ease of installation, and strength and 

stiffness requirements carefully before the choice of screw is made.  

The author will however make some recommendations which relate to the 

installation of the screws. The cylindrical heads of the Rothoblaas VGZ screws ease 

installation considerably as the LVL sleeves do not need to be countersunk, as is 

required when using the flared head type screws supplied by Spax and Wurth.  
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To ease installation, it is recommended that the screw diameter be kept below 8mm. 

LVL in particular is a relatively dense timber material and therefore a significant 

amount of torque must be applied when inserting screws with larger diameters. 
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Chapter 6                          
FULL SCALE TESTING 

6.1 INTRODUCTION 

This chapter details the full scale testing which was performed to verify the 

behaviour of the Quick Connect joint when used in true to scale applications. 

Further, the testing was used to verify the design procedure introduced in Chapter 4. 

The testing was split into two categories, each comprising of a monotonic and quasi-

static reversed-cyclic test. Within each of these testing categories, the specimen 

type varied between a timber beam to steel column knee connection and timber 

beam to timber column knee connection.  

The main purpose of the monotonic tests was to verify the method of failure of the 

connection and define the elastic limits for a given specimen configuration. Data 

collected from the tests was compared to the outcomes from the design procedure 

to verify the design procedures accuracy.  
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Most would be in agreement that the buildings for which the Quick Connect has 

been designed are not likely to be governed by earthquake loads. Due to the 

relatively low mass of most timber portal frame structures, it is more likely that wind 

loading will govern.  

The design procedure which is to be used to size the connection, should only be 

used for the design of the Quick Connect in buildings under the standard load cases 

of dead, live and wind loading.  

It is recommended that if the Quick Connect is to be used in an earthquake 

governed building, appropriate over-strength factors should be applied to all 

components with the exception of the main tension rods. The different stress-strain 

curves for high and low carbon steel are shown in Figure 6-1. High carbon steel has 

limited ductility and should therefore be avoided in earthquake governed Quick 

Connect connections. Low carbon steel rods should be used. 

 

Figure 6-1: Stress-strain curves for high, medium and low carbon steel. 
Source: http://www.ndt-ed.org 
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If required for strength reasons, a number of low carbon steel rods can be used 

rather than one high carbon steel rod. This approach will ensure that a ductile failure 

results. Post event, replacement of the main tension rods may be needed to ensure 

design capacity and rotation characteristics are maintained. Alternatively, the 

connection can be designed to remain within the elastic loading limits of the 

components, in which case the rods would not need to be replaced after a seismic 

event. However, the author would still recommend that after any such event, a 

qualified engineer inspects the connections for any damage. Earthquake design was 

not explicitly considered in this study and further research is needed if the Quick 

Connect is to be used in structures governed by seismic loading. 

None the less, it is considered important to have a general understanding of the 

response of the connection under cyclic loading. The quasi-static reversed-cyclic 

testing performed in this thesis had the main purpose of identifying any unwanted 

behaviour during cyclic loading. Hysteresis loops from these tests were inspected to 

determine if any undue plastic deformations occurred at the joint which would result 

in the degradation of the joints strength and stiffness properties.  

The knee configuration was chosen for both specimen types purely for ease of 

testing. This test configuration allowed for all facets of the connection to be tested 

and assessed. Of particular importance were the interfaces between the connection 

components and the main member joint interface.  

6.2 TESTING OVERVIEW 

The two joint types considered were a timber beam to steel column joint as shown in 

Figure 6-2 and a timber beam to timber column joint as shown in Figure 6-3. 

Additional pictures of the test setup can be found in Appendix C. 
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The timber used was New Zealand Radiata Pine LVL. The main timber members in 

each test were identical and had dimensions of 105mm by 1050mm with a length of 

at least 6000mm. The timber sleeves, also of LVL, had dimensions of 63mm by 

200mm.  

The length of the sleeves varied depending on the number of required screws and 

the screw spacing. The LVL used had specified characteristic compressive strength 

fc,0=45MPa and a E=11000MPa. 

For the timber beam to steel column knee joint, the screw spacing was 10 times the 

screw diameter. The only deviation to the usual spacing specified by the common 

design standard was the end spacing, defined as a3, which is dependent on the 

length of the screw. Using spacing as specified in the design standard led to a 

required rod length of 2000mm. After consultation with other timber engineers, a 

modified double row spacing was used with screws offset by 30mm and rows 

staggered by 20mm. This reduced spacing did not produce any adverse behaviour 

and was therefore adopted for all further testing. Details of the recommended screw 

spacing are shown in Figure 4-4. In the figure, the variable da is the screw diameter 

and ns the number of screws. 

The average timber density of the LVL used was 619kg/m3. For the large main 

members, this was determined by cutting a one meter long piece off the end of one 

of the beams which was then weighed. The density of the timber sleeves was 

assumed to be that of the main members, this was confirmed by sizing and weighing 

one full length 6000mm billet before it was cut to size. 

A standard Quick Connect connection was used whereby the interface between the 

main timber members and the sleeves was screwed only and not glued.  
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Figure 6-2: Timber beam to steel column test - lateral restraints not shown for 
clarity 

 

Figure 6-3: Timber beam to timber column test - lateral restraints not shown 
for clarity 
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Screws used for these tests were continuously threaded and did not have a self-

drilling tip. The supplier, Wurth New Zealand, identified these screws as AMO III. 

Each screw had a length of 212mm and a diameter of 7.5mm. Whilst this was the 

recommended screw at the time of testing, it is now suggested that a screw with a 

self-tapping tip such as the Rothoblaas VGZ is used. 

The connection between the two main members was formed by four high tensile 

strength rods which have an ultimate tensile strength of 830MPa. The rods are 

inserted through an internal groove cut into the timber sleeves. An oversized high 

strength plate was used to evenly distribute tensile load from each rod onto the end 

face of the timber sleeve. The 50mm thickness of these blocks was governed by a 

self-imposed serviceability deflection limit of 0.1mm. Fixity was ensured with high 

tensile nuts. Rods used were fully threaded, supplied in a standard length of 

2000mm and a core diameter of 30mm.  

Shear in the connection was taken by a timber corbel. The use of embedded steel 

dowels in the central region of the main members is now recommended to transfer 

shear loads in timber to timber connections. 

Moisture content of all timber members was measured over a two week period prior 

to testing. A member’s moisture content was determined by averaging the moisture 

content readings taken from at least four faces of the member. At this time, 

members were also inspected for the presence of fissures and other structural 

defects. No defects were found. 
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6.3 MONOTONIC TESTING 

6.3.1 TEST SETUP 

The testing setup for the timber beam to steel column and timber beam to timber 

column connection is shown in Figure 6-2 and Figure 6-3 respectively. It must be 

noted that the timber beam to timber column connection test shown in Figure 6-3 

was used to test the perpendicular to grain portion of the connection only. The 

parallel to grain response had already been tested in the timber beam to steel 

column test. The moment arm of the applied force F, was 5460mm and 4170mm for 

the steel column to timber beam and timber column to timber beam knee 

connections respectively. In each case, a hydraulic loading ram was used to apply 

load in accordance with ISO 6891. The estimated maximum load, Fest, was 

determined analytically.  

Load application was governed and recorded using a 200kN load cell. Under 0.7 

Fest, a loading rate of 0.2 Fest per minute,  25%, was applied. Once the load 

reached 0.7 Fest, the loading rate was amended to achieve a constant rate of slip 

which lead to the ultimate failure of the connection within five minutes. This 

amended rate varied slightly for each test but was approximately 15mm/ minute. 

In both test cases, lateral stability of the main member was assured by providing 

lateral restraints along a portion of the member. The main tie rods were tightened by 

two people with a standard hand wrench. The exact torque applied was not 

measured. 

Linear variable differential transformers (LVDTs) were used to measure the relative 

slip between the connection components. This data was used to calculate the 

overall connection rotation. Of particular interest were the opening and closing 

deflections of the connection and the relative slip between the timber sleeves and 
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the main member. Locations of all LVDTs for each test are shown in Figure 6-2 and 

Figure 6-3. The 0.5mm measuring interval which was used when recording 

displacement readings is in excess of that required by the ISO 6891 testing standard 

(ISO 1983). 

In order to verify the design procedure developed and gauge the behaviour of the 

joints, the steel rods and plates were oversized, forcing failure to occur in either the 

main member, if the characteristic design load is reached, in the timber sleeves, or 

in the screw connections. 

Additional pictures of the test setup and LVDT locations can be found in Appendix 

C. 

6.3.2 MONOTONIC TEST RESULTS 

The moment rotation curve for the timber beam to steel column test is shown in 

Figure 6-4.  

An approximately linear elastic moment-rotation relationship is observed until a 

moment of approximately 751kNm is reached at which time the connection had 

rotated 0.0128 radians. 

After this point, the connection exhibited ductile behaviour until the timber sleeves 

failed in compression at 865kNm. At that load, the connection had rotated 0.0242 

radians. This rotation was calculated by summing the opening and closing 

deflections at the face of the timber beam and dividing by the depth of the main 

member.  

The slip between the main member and timber sleeves had a maximum value of 

3.2mm at the elastic limit, and a maximum slip of 4.4mm as is shown in Figure 6-5. 
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Figure 6-4: Moment rotation curve for steel column to timber beam monotonic 
test 

Figure 6-5: Moment versus sleeve slip relationship for steel column to timber 
beam test 
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A test with a timber beam to timber column configuration was also conducted. The 

connection behaved in a similar manner to the steel column to timber beam 

connection, the moment rotation relationship is shown in Figure 6-6. 

A slight initial increase in connection stiffness was observed until a moment loading 

of approximately 59kNm was reached.  

The connection then displayed an approximately linear elastic response until the 

main member failed in longitudinal shear at approximately 588kNm with the 

connection having rotated 0.0987 radians.  

Relative deflection between the timber sleeve and main members was recorded. A 

maximum relative slip of 2.7mm and 3.6mm was observed at the sleeves on the 

tension and compression side of the connection respectively as shown in Figure 6-7. 

An explanation of the LVDT placement for the timber beam to timber column test is 

given in Figure 6-8. 

A more detailed discussion of the test results is presented in Chapter 7. 
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Figure 6-6: Moment rotation curve for timber column to timber beam 
monotonic test 

Figure 6-7: Moment versus sleeve slip relationship for timber column to timber 
beam test 
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Figure 6-8: Placement of LVDTs for timber beam to timber column test 
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6.4 QUASI-STATIC REVERSED-CYCLIC TESTING 

The testing setup for the timber beam to steel column and timber beam to timber 

column connection quasi-static reversed-cyclic testing was the same as that for the 

monotonic testing and is shown in Figure 6-2 and Figure 6-3 respectively. In each 

case, a hydraulic loading ram was used to apply load in accordance with ISO 

16670:2003(E). The ultimate joint displacement νu used to calibrate the cyclic 

displacement schedule, was determined from the static tests performed on each 

specimen type according to ISO 6891.  

The cyclic displacement schedule for the timber beam to steel column test is shown 

in Figure 6-9. The loading regime and Table 6-1 show the amplitudes for the 

reversed cycles and the number of cycles which must be performed at each 

amplitude. 

 

Table 6-1: Amplitudes of the reversed cycles as per ISO 16670: 2003(E) 

Step No. of cycles Amplitude 

1 1 1.25% of vu 

2 1 2.5% of vu 

3 1 5% of vu 

4 1 7.5% of vu 

5 1 10% of vu 

6 3 20% of vu 

7 3 40% of vu 

8 3 60% of vu 

9 3 80% of vu 

10 3 100% of vu 

11 3 increments of 20% of vu 
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Figure 6-9 shows the actual displacement regime which was used. Some 

irregularities can be seen. In particular, there was some difficulty in accurately 

controlling the actuator at the change point from positive to negative loading in the 

lower load cycles. This did not affect the integrity of the tests. 

The νu value used for the timber beam to steel column test was 150mm, this 

displacement was measured at the point of load application. For the timber beam to 

timber column test the same cyclic displacement schedule was used with the only 

change being the magnitude of νu, which was 160mm. 

Load application was governed and recorded using a 200kN load cell. The moment 

arm was 4290mm and 4150mm for the timber beam to steel column and timber 

beam to timber column tests respectively. 

Figure 6-9: Actual loading regime for the timber beam to steel column quasi-
static reversed-cyclic test 
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The rate of slip for each test was between 0.1mm/s and 10mm/s as required by ISO 

16670: 2003 (E). The actual rate of slip varied throughout the application of the 

cyclic displacement schedule.  

In both test cases, lateral stability of the main member was assured by providing 

lateral restraints along a portion of the member. The main tie rods were tightened by 

two people with a standard hand wrench. The exact torque applied was not 

measured. 

LVDTs were used to measure the relative slip between the connection components. 

This data was used to calculate the overall connection rotation. Of particular interest 

were the opening and closing deflections of the connection and the relative slip 

between the timber sleeves and the main member. Locations of all LVDTs for each 

test are shown in Figure 6-2 and Figure 6-3. A 0.5mm measuring interval was used 

when recording displacement readings. 

The steel rods and plates were oversized, forcing failure to occur in either the main 

member if the characteristic design load is reached, in the timber sleeves, or in the 

screw connections. Additional photographs of the test setup and LVDT locations 

may be found in Appendix C. 

The moment rotation relationship for the timber beam to steel column is shown in 

Figure 6-10. The connection exhibits elastic behaviour until a positive moment of 

approximately 550kNm and a negative moment of 642kNm had been reached. 

Ultimate failure occurred at a negative moment of 694kNm after a positive moment 

of 756kNm has been reached. Failure occurred in one of the sleeves which contain 

the main tension rods.  

The moment rotation relationship of the timber beam to timber column connection 

differs significantly from that of the timber beam to steel column connection. Shown 
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in Figure 6-11, the moment rotation relationship for the timber beam to timber 

column knee connection remains linear elastic for much of the positive moment 

spectrum. Maximum positive and negative moments of 553kNm and 656kNm were 

recorded, with a maximum rotation of 0.009 radian and 0.011 radian respectively.  

Further discussion of the results of the full scale quasi-static reversed-cyclic testing 

is presented in Chapter 7. 

6.5 CONCLUSIONS 

The full scale testing performed during this thesis was used to verify the behaviour 

of the Quick Connect joint. Further, the experimental data collected was used to 

verify the design procedure which has been introduced in Chapter 4.  

Monotonic and quasi-static reversed-cyclic testing was performed on a timber 

column to timber rafter knee joint and a steel column to timber rafter knee joint. 

Testing under dynamic loading was not undertaken as timber portal frame structures 

are unlikely to be governed by seismic loading. For the connection to be used in a 

structure were seismic loading governs, further investigation or changes to the 

design methodology would be required.  

The timber used for the testing was LVL, which had a specified compressive 

strength of fc,0=45MPa and E=11000MPa. The timber had an average density of 

619kg/m3. Wurth AMO III screws were used in the testing, these were not self-

drilling and are no longer recommended. The main tension rods were 30mm in 

diameter, with an ultimate tensile strength of 830MPa. Bearing plates with a 

thickness of 50mm were used. These were oversized to promote failure in the 

timber portions of the connection. Shear was transferred using a corbel. For all 

tests, lateral restraint was provided. 
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Linear variable differential transformers were used to measure the displacements at 

different locations of the connection. These were used to calculate relative sleeve 

slip and connection rotation. 

For the monotonic testing, the timber beam to steel column connection exhibits 

approximately linear elastic behaviour until a moment of approximately 751kNm, 

having rotated 0.0128 radians. Ductile behaviour ensued until the timber sleeves 

failed in compression at 865kNm. The timber beam to timber column connection 

behaved in a similar fashion to the timber beam to steel column connection. 

However, ductile behaviour was not observed. Failure occurred at 588kNm and 

manifested itself as a longitudinal shear failure of the portal member. At failure, the 

connection had rotated 0.0987 radians. 

For the quasi-static reversed-cyclic testing, the timber beam to steel column 

connection elastic behaviour until a positive moment of approximately 550kNm and 

a negative moment of 642kNm was reached. The ultimate failure manifested as a 

compression failure in the sleeve at a negative moment of 694kNm after a positive 

moment of 756kNm. The timber beam to timber column displayed maximum positive 

and negative moments of 553kNm and 656kNm, with a rotation of 0.009 and 0.011 

radian respectively.  
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Figure 6-10: Moment rotation curve for steel column to timber beam quasi-
static reversed-cyclic test – timber only deformation, steel is considered 
infinitely stiff. 

Figure 6-11: Moment rotation curve for timber column to timber beam quasi-
static reversed-cyclic test 
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Chapter 7                    
DISCUSSION OF TEST RESULTS 
AND VERIFICATION OF THE 
DESIGN PROCEDURE 

In Chapter 6, full scale test results are presented for the Quick Connect when used 

as a timber beam to steel column and timber beam to timber column knee joint. In 

order to verify the analytical design procedure, test and analytical results are 

compared. The monotonic and quasi-static reversed-cyclic joint performance is 

discussed. 

7.1 COMPARISON BETWEEN MONOTONIC TEST RESULTS 
AND ANALYTICAL RESULTS AND DISCUSSION OF JOINT 
BEHAVIOUR 

Comparisons between analytical and actual moment rotation results for the timber 

beam to steel column and timber beam to timber column joint are shown in Figure 

7-1 and Figure 7-2 respectively. In both cases, the analytical results calculated using 

the proposed procedure are linear as only linear elastic behaviour is considered in  
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Figure 7-1: Comparison between test and analytical moment rotation curves 
for steel column to timber beam monotonic test 

Figure 7-2: Comparison between test and analytical moment rotation curves 
for timber column to timber beam monotonic test 
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all deflection calculations. Limiting connection response to linear behaviour allows 

for the occurrence of cyclic behaviour with minimal loss in connection stiffness. 

For the timber beam to steel column specimen, the analytical method approximates 

the test data in the linear elastic region. After the elastic limit of 752kNm has been 

exceeded, the connection exhibits some ductile behaviour before ultimate failure 

occurs. This ultimate failure manifests as a compression failure in the sleeves on the 

tension side of the connection as shown in Figure 7-3.  

The moment rotation curve shows that the analytical method predicts a joint rotation 

of 0.012 radians versus the 0.0128 radians observed at the elastic limit of 751kNm 

during testing. The analytical method is slightly un-conservative for this specimen. 

However, this deviation of 6% is considered to be acceptable. 

Figure 7-3: Failure of the sleeve in the timber beam to steel column monotonic 
test 
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The opening and closing deflections at the joint interface are shown in Figure 7-4. 

The figure clearly shows that the compression side of the connection is much stiffer 

than the tension side of the connection. This is to be expected, the tension side of 

the connection has many more components which each contribute to the connection 

stiffness. The majority of the deflection is likely caused by the elongation of the steel 

rods. This elongation could be minimized by using more than one set of rods per 

connection side. 

Ultimate failure occurred when the applied load was in excess of the 751 kNm 

characteristic strength of the main timber member as specified by the LVL 

manufacturer. Prior to failure, no significant crushing of the timber sleeves or main 

member was noted.  

Using the analytical method, a relative slip of 3.2mm between the timber sleeves on 

the tension side of the connection and the main member is calculated. This value is 

Figure 7-4: Opening and closing deflections at the joint interface for the timber 
beam to steel column monotonic test 
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obtained by summing the calculated displacements for bearing plate deformation, 

elastic timber compression and screw slip. This value is comparable to the 3.2mm 

recorded during testing, see Figure 6-5.  

The timber beam to timber column connection displayed an initial stiffness of 

120000kNm/rad until approximately 59kNm has been reached. This initial stiffness 

is much higher than the connection stiffness for the remainder of the test, which is 

approximately 69000kNm/rad. This higher initial stiffness segment is defined as 

segment A of the enlarged moment rotation relationship shown in Figure 7-5. The 

high initial stiffness is easily identified in the LVDT readings on the opening, or 

tension, side of the connection.  

A higher initial stiffness can also be seen in the LVDT results for the compression 

side of the connection, but the change in stiffness is not as pronounced as that on 

the tension side of the connection and considered to be insignificant. Further 

Figure 7-5: Enlarged moment rotation curve for timber beam to timber column 
monotonic test 
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evidence of an initial increase in the connection stiffness is seen when one enlarges 

the graphs for sleeve moment-slip relationship on the tension side of the connection 

as shown in Figure 7-6. No evidence of an increased initial stiffness was found in 

the sleeve moment-slip relationships on the compression side of the connection. 

The author therefore believes that the increased initial stiffness of the system is a 

result of the pre-tensioning of the rods. To confirm, further testing would need to be 

conducted in which load cells and strain gauges would need to be placed on each of 

the tension rods. However, if one assumes that no pre-tension exists during 

analytical calculations, then a conservative connection results.  

Further testing is therefore not required to prove the validity of the analytical 

procedure, but could be used to further refine the procedure.  

After the loading has exceeded 59kNm, the connection stiffness decreases to 

69000kNm/rad. At approximately 180kNm the connection displays an apparent 

 

Figure 7-6: Enlarged moment versus sleeve slip curves for timber beam to 
timber column - tension side of the connection 
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increased stiffness until approximately 240kNm. It is the author’s opinion that this is 

the result of friction between the lateral bracing system and the timber beam 

member. For the tests in this study, the lateral bracing system consisted of two 

horizontal timber members bolted to a steel column on either side of the connection. 

At the beginning of the test, there was a small gap between the portal members and 

the lateral bracing system. However, due to a geometric nonlinearity in the system, 

as the load was increased, the connection leant to the left hand side until contact 

was made with the lateral restraint system. This statement can be confirmed by 

inspecting the relationship between the moment and the sleeve slip relationships as 

shown in Figure 7-6. It is evident from this figure that the rafter was leaning towards 

one side. The friction contribution of the lateral bracing system continued for the 

remainder of the test. 

Figure 7-7 shows the moment versus slip relationship for the sleeves on the 

compression side of the connection. It is clear that the connection is asymmetrically 

loaded. The compression sleeve on the left hand side of the connection carries the 

compression load. No load is carried by the sleeve on the right hand side. The 

change in stiffness in the moment-slip relationship of the left hand side compression 

sleeve can be explained by considering the compressive strength of the LVL sleeve. 

The compressive strength of the sleeve was calculated by multiplying the 

compression capacity of the LVL by the area of the sleeve which is available to 

support the applied compression load. In the case of this test, the area available 

was 10528mm2 and the compressive capacity of the LVL was 45MPa. Therefore, 

each sleeve was designed to withstand 474kN of applied load before plastic 

deformation occurs. 

The loading on the sleeve in the test was calculated by evaluating the position of the 

centre of rotation as shown in Figure 7-8.  
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Figure 7-7: Timber beam to timber column monotonic test- moment versus 
sleeve slip- compression edge of connection 

 

Figure 7-8: Moment versus movement of the centre of rotation for the timber 
beam to timber column monotonic test with reference at centre of column 
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Once the centre of rotation had been determined, the compression and tension 

loads in the connection can be evaluated. Figure 7-9 shows the tension and 

compression force in the connection. Two possibilities are given. The force can 

either be calculated assuming that the sleeves act in unison with the timber 

member, or the force can be calculated assuming that the compression force in the 

connection is resisted by the sleeves only. For the timber beam to timber column 

monotonic test it is likely that the actual compression force resided somewhere 

between these two lines. 

If a conservative approach is taken and the compression force calculated taking into 

account the movement of the centre of rotation is used, then a load of 474kN was 

reached at approximately 370kNm. If it were assumed that only the sleeves were 

loaded, then the same load would have been reached at approximately 400kNm. 

If one now again considers Figure 7-7, it can be seen that the change in stiffness of 

Figure 7-9: Moment versus tension and compression force in the connection 
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the left hand side compression sleeve occurs between 310kNm and 390kNm. 

Therefore, remembering that all the loading is taken by the compression sleeve on 

the left hand side of the connection, it can be said that the change is stiffness is due 

to the elastic capacity of the sleeve member being exceeded. After this, the stiffness 

of the sleeve decreases and the sleeve undergoes some plastic deformation.  

The out of plane movement of the member would not occur if the joint were used in 

an actual building. Purlins and fly braces would be used to restrain the member 

completely in the out of plane direction. In the testing lateral restraint was provided, 

however a small amount of movement was possible as a small clearance was left 

between the lateral restraint system and the portal members. 

Unlike the timber beam to steel column specimen, the timber beam to timber column 

specimen did not display a ductile response once the linear elastic limit of 588kNm 

was reached (as governed by shear capacity). Ultimate failure occurred when the 

portal member failed in longitudinal shear as shown in Figure 7-10.  

If this failure of the main member was prevented, achievable by reinforcing the main 

member perpendicular to the grain, then the connection would likely exhibit a ductile 

response before the ultimate failure occurs. 

The monotonic full scale testing gave an overview of the expected failure types 

which occur in this form of connection, verifying that the failure mechanisms were 

limited to areas easily predictable through analytical analysis. In particular, it was 

considered important to avoid brittle failures such as the compressive failure of the 

timber sleeves before the characteristic strength of the main member has been 

exceeded.  
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Figure 7-10: Longitudinal shear of the portal member in the timber beam to 
timber column monotonic test. At top, side view. At bottom, end view. 
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7.2 DISCUSSION OF HYSTERETIC PERFORMANCE OF THE 
CONNECTION  

The primary purpose of testing under ISO 16670 is to evaluate the structural 

performance of joints under reversed-cyclic loading as is commonly experienced 

during seismic events. However, the data obtained from the testing is also used to 

describe the elastic and inelastic properties of the joint under consideration. Whilst 

the Quick Connect is not specifically designed to exceed the elastic limits of its 

components, it is prudent to consider the possibility of an event occurring which 

results in loading outside of the scope of the connection design. By analysing the 

cyclic response of the connection, it is possible to gain an understanding of the 

connection post elastic limit redundancy.  

It was shown in Figure 6-10 that the timber beam to steel column connection has 

some post elastic redundancy, whilst Figure 6-11 showed that the timber beam to 

timber column connection does not. If the portal member in the timber beam to 

timber column case were suitably reinforced, a post elastic ductile response would 

be possible. Long fully threaded screws could be used for this reinforcement.  

The capacity of the joint in both testing cases was governed by the main portal 

member, not the connection.  

The timber beam to steel column connection reached an ultimate moment of 

751kNm. Failure occurred in the timber sleeves after some slip between the main 

member and the sleeve had occurred. Figure 7-11 shows the relationship between 

the moment and the top LVDT in the connection. For negative deflections, when the 

top of the connection is in tension, a relatively linear relationship was observed. The 

small amount of non-linearity is due to the change in location of the centre of 

rotation. The material is believed to still be within the elastic range. 
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For positive deflections, which occur when the top of the connection is in 

compression, a clear change in stiffness is evident in each loading loop. This can be 

explained with consideration to the connection geometry. At zero loading, the total 

compression force is resisted only by the sleeves. As the loading increases, the 

sleeves undergo elastic compression at the steel column. At some point, the 

displacement due to the elastic compression of the sleeve will be large enough for 

the end face of the portal member to begin taking some of the compression load. At 

this point, the stiffness of the connection increases as shown in Figure 7-11. Some 

non-linearity in the deflection shown in Figure 7-11 is evident between 540kNm and 

740kNm. This can be explained by calculating the loading on the compression 

sleeves in the connection. 

 

Figure 7-11: Moment vs top LVDT at joint interface for the timber beam to steel 
column quasi-static reversed-cyclic test 
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To calculate the tension and compression forces in the connection, the position of 

the centre of rotation must first be determined. The position of the centre of rotation 

was calculated by considering the opening and closing deflections at the connection 

interface. Figure 7-12 shows that the centre of rotation moves a maximum of 

approximately 250mm from the centre of the member. The abnormalities in the 

position of the centre of rotation as the moment nears zero should be disregarded. 

These are an outcome of the calculation method used. Figure 7-13 shows the 

tension and compression force in the connection. 

The sleeves in the connection have an elastic limit in compression of 474kN. Since 

there are two sleeves which act in compression the elastic limit in compression for 

the system is 948kN.  

This value is only exceeded when the connection reaches a moment loading 

of -640kNm and 700kNm. Therefore some plastic deformation has occurred in both 

directions. 

The bottom LVDT at the joint interface developed some frictional resistance 

between the pin and the LVDT housing during testing. This caused the LVDT to lag 

during some of the loading cycles as shown in Figure 7-14. Unfortunately this was 

not discovered until the data was analysed. It is considered that the fault in the 

LVDT did not affect the maximum deflection values. 

The timber beam to timber column connection does not display significant pinching 

of the hysteresis loops. Connection components stay within the elastic range and 

ultimate failure manifests as a longitudinal shear failure of the main beam member. 
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Figure 7-12: Centre of rotation, with reference point at the centreline of the 
beam, versus moment 

Figure 7-13: Moment versus tension and compression force in the connection 
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The analysis for the timber beam to timber column connection takes into account the 

change in the length of the moment arm which results from the migration of the 

center of rotation during testing. This approach gives more accurate results when 

compared to those which would be obtained by assuming that the center of rotation 

remains at the center of the column.  

As shown in Figure 7-15 and Figure 7-16 respectively, both the timber beam to steel 

column and the timber beam to timber column quasi-static reversed-cyclic tests do 

not show significant differences in capacity when compared to the monotonic tests.  

The slight difference between the monotonic and quasi-static test results for the 

timber beam to timber column connection are considered to be the result of the 

geometric nonlinearity which was observed in the monotonic test. 

 

Figure 7-14: Moment vs bottom LVDT at joint interface for timber beam to steel 
column quasi-static reversed-cyclic test 
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Figure 7-15: Comparison between the moment rotation curves for the timber 
beam to steel column tests 

Figure 7-16: Comparison of moment rotation curves for the timber beam to 
timber column tests 
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7.3 CONCLUSIONS 

The performance of the full scale monotonic and quasi-static reversed-cyclic testing 

detailed in Chapter 6 was discussed. The experimental results were used to verify 

the Quick Connect design procedure. 

The comparison between the experimental results for the monotonic testing of the 

timber beam to steel column and timber beam to timber column and the analytical 

results calculated using the Quick Connect design procedure showed good 

correlation. Only the linear elastic portion of the connection response was 

considered as the analytical method is based on elastic response only.  

For the monotonic testing timber beam to steel column, the analytical method 

predicted a joint rotation of 0.012 radians versus the 0.0128 radians which was 

observed at the specified elastic limit of 751kNm during testing. The analytical 

method is therefore 6% un-conservative. However, this is considered to be 

negligible. For the timber beam to timber column the analytical method was 

compared to the experimental results and was found to be conservative. A high 

initial stiffness was observed in the experimental results, this was attributed to pre-

tension in the main tension rods. The pre-tension in the rods was not measured and 

further testing would need to be undertaken to confirm this assumption. However, if 

one assumes there is no pre-tension in the tension rods, the design is conservative. 

Further testing is therefore not required to prove the validity of the analytical 

procedure, but could be used to further refine the procedure. From approximately 

180kNm until approximately 240kNm, the experimental results displayed an 

apparent increase in stiffness. This was attributed to the friction force which 

occurred when the specimen moved in the out of plane direction and made contact 

with the lateral restraint system. The out of plane movement was considered to be a 

result of a geometric nonlinearity in the system. 
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Failure of the monotonic timber beam to steel column test manifested itself as a 

compression failure of one of the sleeves which contain the main tension rods. This 

failure occurred at a moment loading significantly higher than the specified elastic 

limit of the connection. The connection therefore does not govern the member 

design and can transfer the full loading capacity of the portal members across the 

joint.  

For the timber beam to timber column monotonic test, the failure manifested itself as 

longitudinal shear of the portal member. This failure could be prevented by 

reinforcing the main member perpendicular to the grain, in which case the 

connection would likely display a ductile response before the ultimate failure occurs. 

For the quasi-static reversed-cyclic testing, the timber beam to steel column 

displayed some change in stiffness between each load cycle. This was explained 

with consideration to the connection geometry and the way in which the 

compression loading is transferred in the connection. The timber beam to timber 

column connection did not display significant change of stiffness or pinching of the 

hysteresis loops and connection components stayed within the elastic range until 

ultimate failure manifested in the main member. 

A comparison of the monotonic and quasi-static and reversed-cyclic experimental 

results shows only slight differences in response in the elastic region. These 

differences are attributed to the geometric nonlinearity which was observed during 

the monotonic testing. 
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Chapter 8                         
CASE STUDY: TUMU ITM 

The ITM building supplies store in Napier was the first commercial building to use 

the Quick Connect system. This hybrid material structure is an excellent example of 

how different building materials can be effectively and harmoniously used in a single 

project.  

The building structure consists of a solid LVL rafter roof structure supported by steel 

columns which are partially placed atop concrete perimeter walls. Solid timber 

members were chosen for the rafters and purlin members as these require a 

minimum of bird proofing. The designers and the building owners made an early 

decision to avoid timber columns for security and commercial reasons.  

The building is situated on an exposed industrial site, see Figure 8-1, and tilt up 

panels allow for a sturdy building envelope which will provide protection to the stores 

contents once complete. Steel columns offer a reduced cross section when  
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compared to that required when using timber columns. Reduced column cross 

section was an important consideration in this case as the owner had particular 

requirements for sales racking within the store. The building is encased in a 

standard iron sheet envelope. 

The author was involved in the design of the roof connections from an early stage. 

The Quick Connect was chosen to minimize build time on site and to give the 

building a modern look. The recommendation from the author was that the Quick 

Connect be manufactured offsite, however the owners of the building had a previous 

commercial relationship with a construction company who could manufacture the 

connection onsite and so this path was chosen. The owners, being timber 

merchants, were particularly interested in the building having a timber feel. The 

 

Figure 8-1: An overview of the Tumu ITM building site 



 

136 
 

minimal exposed steel work in the Quick Connect when compared to other 

connection types like the nailed steel gusset plate offers a very natural look.  

The Quick Connect is used in a number of different connection forms. The versatility 

of the connection allowed for a straightforward design and build process. Each 

connection form was partially standardized so that the quality control could be easily 

implemented during the manufacture and erection stages. 

8.1  OVERVIEW OF THE BUILDING 

At its widest point, the roof structure spans a total of approximately 60 metres with a 

central support. Portals are spaced at a maximum of 7.88 metres. The roof structure 

consists of 12 bays with an overall length of 90.3 metres. The rafters used consist of 

1220mm deep by 90mm wide LVL supplied by Nelson Pine. Lateral restraint to the 

top of the rafter is ensured by 300mm deep by 45mm wide purlins spaced at 1.5 

metre centres.  

The Quick Connect joint was used for the steel column to timber rafter knee 

connection, the rafter splice connection and the timber rafter to steel column or 

timber rafter to timber rafter apex connections. Connection sizing was standardized 

when possible. 

Due to the size of the structure primarily those parts which relate to timber will be 

discussed in this thesis.  

8.2 GENERAL CONSTRUCTION SEQUENCE FOR THE 
QUICK CONNECT JOINT 

The construction sequence for the Quick Connect joint allows much of the work to 

be completed on the ground. The construction sequence for all connection areas, 
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i.e. the knee, splice and apex joint is similar. To illustrate the general sequence, a 

steel column to timber rafter knee joint is considered.  

The sleeves are cut to length and the channels for the main tension rods are either 

cut or drilled. Screw holes can then be predrilled to ease screw installation. If an 

appropriate screw jig is available then this step can be omitted. The completed 

sleeves are installed on the rafter or column members using fully threaded screws. 

The resultant connection is shown in Figure 8-2. 

Once all sleeves have been installed, the roof section is lifted into place and 

supported by crane until the main tension rods have been inserted, bearing plates 

have been put in place and nuts tightened.  

A roof section being prepared for the lifting process is shown in Figure 8-3. Four  

Figure 8-2: A Quick Connect joint ready for installation 
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Figure 8-3: A section of roof being prepared on the ground prior to being lifted 

Figure 8-4: Roof section being lowered onto steel corbels ready for Quick 
Connect tension rod installation 
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chains are used to support the corners of the roof bay. Care was taken to ensure 

minimal buckling of the roof structure occurred during lifting. The cross bracing 

installed improved stability. 

The majority of the purlins have been fitted on the ground leaving only the inter-

section purlins to be installed once the roof section has been secured. Figure 8-4 

shows the roof section being lowered onto the steel corbels of the steel columns 

ready for the tension rods to be installed. 

For larger structures, such as the Tumu ITM building, the remainder of the Quick 

Connect is most often assembled using a scissor hoist. The installer simply threads 

the bearing plates onto the main tension rods and tightens the nuts as shown in 

Figure 8-5 to complete the connection. This procedure is much more expedient than 

that required for the nailed gusset and results in saving in both labour and crane 

time. 

 

Figure 8-5: Installer completing the Quick Connect joint by placing bearing 
plate and tightening nut on main tension rods 



 

140 
 

8.3 KEY POINTS FOR FUTURE PROJECTS 

Upon the completion of the major works for the Tumu ITM project, a debrief was 

held onsite to discuss any difficulties encountered during the construction process 

and detail any changes which could be applied to the Quick Connect joint. Members 

present at the meeting included representatives from Stratagroup, the engineering 

firm responsible for the overall project, Alexanders Construction and the client Tumu 

ITM. The debrief therefore resulted in feedback on the connection from all members 

involved in the process, including the views of the client. 

8.3.1 SCREW CONNECTIONS 

The screw connections between the sleeves and the main rafter members utilized 

10mm fully threaded self-tapping screws with a length of 200mm. Screws were set 

in four rows as shown in Figure 8-6. 

 

Figure 8-6: A splice joint with four screw rows, per side, per sleeve 
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Sleeves had a depth of 200mm resulting in a vertical centre to centre interline 

spacing of 40mm or 4d, where d is the diameter of the screw. The close proximity of 

the screw lines, along with the length of the screws, caused some screws from 

opposing screw lines to interact. This interaction is undesirable and should be 

avoided in future projects. Solutions to this problem include increasing the depth of 

the sleeve or decreasing the diameter of the fasteners to be used.  

The 10mm diameter of the screws resulted in difficulties during insertion and a 

decision was made soon after the start of construction to predrill the sleeves and 

rafter before inserting the screws. The predrilling process is time consuming and 

requires double handling of the members. A recommendation has therefore been 

made that screw diameters are limited to 8mm to ensure ease of installation.  

The length of the screws resulted in the screw exiting the main rafter member and 

penetrating the opposing sleeve. Whilst this provides some benefit in terms of screw 

connection strength and stiffness, it causes the opposing sleeve to be pushed away 

from the main member as the screw passes through the member interface. This 

tendency was counteracted in this project by clamping the sleeves to the main 

member. However, for ease of construction, it is recommended that the screw 

connection for all future projects be designed so that the screw tip terminates in the 

main rafter. 

This can be achieved by employing a shorter screw, which may not be possible for 

some screw diameters. Alternatively the angle between the screw axis and the 

direction of applied force can be modified. 

After obtaining advice from the Karlsruhe Institute of Technology (KIT), further 

testing has been performed on selected Rothoblaas screws with differing angles of 
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insertion. For practical reasons, an angle of 45 degrees has been adopted. Using 

this angle, rather than the 60 degree angle which was specified in the original 

connection design guidance, results in improved strength and stiffness 

characteristics of the screw connection.  

The screws used in the projects were the flared head type. These required 

countersinking to avoid the screw heads snapping off on contact with the timber 

sleeve. Using screws with cylindrical heads would eliminate this requirement and 

result in a cleaner look. Examples of both screw types are shown in Figure 8-7. 

 

 

Figure 8-7: At top, flared head screw (Spax). At bottom, cylindrical head screw 
(Rothoblaas) 
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8.3.2 TOLERANCES 

To avoid unnecessary deflections and rotation at the joints, tight tolerances were 

specified for the project. These tolerances affected the sizing of the embedment 

holes for the shear transfer system (in the apex and splice joints), the diameter of 

the rod channels in the sleeves and the diameter of the receiving holes in the steel 

column members. The tolerances applied, usually a maximum of +/- 2mm, resulted 

in some difficulties during erection. The majority of the difficulties faced during 

erection may be attributed to a small amount of cupping in the main members which 

occurred as a result of weather exposure and slight differences in the billet 

dimensions of the main LVL members. These issues did not significantly impact the 

shear transfer system or the rod channels in the sleeves. There was however a 

significant impact at the timber rafter to steel column interfaces as the cupping and 

dimensional differences of the timber rafter members resulted in difficulties in 

positioning the main tension rods in relation to the receiving holes in the steel 

column flanges. As a result, clamps were needed to pull the timber into place so that 

the tension rods could be inserted. This is shown in Figure 8-8. 

After some discussion it was noted that oversized receiving holes or slots in the 

steel member flanges would not affect the overall rigidity or integrity of the 

connection as the shear forces in this connection are transferred through a steel 

corbel. 

8.3.3 DESIGN AND INSTALLATION OF THE SHEAR TRANSFER 
CONNECTION 

Two different shear transfer systems were used in the Quick Connect joints in this 

building. For the steel column to timber connections, a simple steel corbel was used. 

For the timber to timber splice and apex connections, embedded shear dowels were  
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added to the central region of the member to avoid any significant loss in moment 

capacity in the main member. 

For this building, the construction company decided to glue the shear rods at the 

splice joint. The glue used required heat curing which proved difficult onsite. In 

future, a clear directive stating that no gluing is required will be given as part of the 

preliminary design notes. If a client wishes to use glue then a cold curing glue 

should be used.  

The specification for the shear transfer system utilizing rods did not include direct 

guidance on the use of threaded or smooth rods. Alexander Construction, after 

 

Figure 8-8: Clamps used to align rods with receiving holes in steel column 
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discussion with the project engineers Stratagroup, decided to use smooth bars. It 

was deemed likely that the use of threaded bars would increase the likelihood of the 

bars jamming during erection.  

8.3.4 STANDARDIZATION OF THE QUICK CONNECT JOINT 

The joints used in this building were standardized for the different joint regions but 

not for the overall project. Providing a standardized connection detail for a given 

main member size (based on the main member ultimate capacity) would reduce the 

amount of quality control required onsite and reduce the risk of inadvertent use of 

wrong sized components.  

For this particular project, the main point of concern was the bearing plates. Due to 

the small differences in thickness these needed constant checking to ensure that 

they were mounted on the appropriate connection. Standardized connection sizing 

would allow for more accurate costing of projects. 

8.3.5 PREFABRICATION OF CONNECTION COMPONENTS 

Whilst the prefabrication of connection components for the Quick Connect system is 

recommended it is not a requirement. For the Tumu ITM project, the construction 

company, Alexanders Construction, opted to manufacture onsite. During the debrief 

it was noted that whilst this approach was a success in this project, substantial 

reductions in onsite quality control measures would result from pre manufacturing 

the sleeves offsite. Ideally, sleeves would arrive onsite cut to length, with the 

channels for the main tension rods and screw holes predrilled. The predrilling in the 

sleeves in this case is not a requirement for splitting but serves to ease construction 

by ensuring accurate placement of the screws. 
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8.4 GENERAL DISCUSSION AND FEEDBACK ON TUMU 
ITM QUICK CONNECT JOINTS 

The client and industry members present at the debrief session were asked to 

comment on all aspects of the project. The overall opinion was that the Quick 

Connect joint resulted in a much cleaner look than a steel plate gusset. Rather than 

the eye being drawn to the steel in the connections the Quick Connect promotes the 

aesthetic appeal of the timber roof structure. An overall reduction in erection time 

was observed when comparing the Quick Connect building to a building with nailed 

gussets.   

8.5 OBSERVATION ON OVERALL PERFORMANCE OF 
INDUSTRIAL TIMBER BUILDINGS 

During the discussions on the Tumu ITM building it became apparent that other 

areas of industrial timber design could be improved to make timber buildings more 

economical. One of the main points noted was the possible replacement of the 

current connector used to secure the purlins to the rafters, shown in Figure 8-9, with 

a screw connection.  
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The high number of nails required when fixing the current connector results in a high 

labour cost. The replacement of these connections with a small number of fully 

threaded screws would greatly reduce this labour cost. 

Research which is currently being undertaken at The University of Auckland 

indicates that screw connections as shown in Figure 8-10, would compete with joist 

hangers on a materials cost basis.  

Due to additional savings in labour time an overall reduction in connection cost is 

observed. In addition to this, the screw connections have equal capacity for  

 

Figure 8-9: An example of a standard connector which is most commonly 
used for rafter to purlin connections 
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gravity and wind uplift loading, the joist hangers do not. The screw connection also 

has substantial tensile strength which may allow the designer to eliminate the need 

for tension straps. 

Unlike the rafter to purlin connections utilized in Europe, the screws are driven 

through the side of the LVL purlins. This reduces the chance of longitudinal splitting 

of the LVL purlin. To reduce the influence of torsional effects on the connection, it is 

recommended that at least two screws be used on each side of the purlin. 

Further research will focus on the placement of the screws to take advantage of the 

high withdrawal capacities available when using fully threaded screws. Possible 

 

Figure 8-10: A screwed purlin to rafter connection which can be used in lieu of 
current standard connectors 
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applications for screw connections in I-beam type purlins are also being 

investigated.  

8.6 CONCLUSIONS 

The first use of the Quick Connect in the Tumu ITM facility in Napier has been 

described. An overview of the general construction sequence for the Quick Connect 

joint is given. Advantages such as the expedient connection of the portal members 

during erection and the aesthetic appeal of the completed connection are discussed.  

This first project presented the opportunity for the author to evaluate the connection 

performance and gather feedback for possible improvements which can be 

incorporated into the Quick Connect design procedure or the Quick Connect 

construction sequence for future structures.  

The main issues identified are the tolerances and screw dimensions, screw 

placement and angle of insertion. The recommendations included in this chapter 

give details of modified screw connection geometries and a revision to the initial 

insertion angle of 60 degrees between the normal axis of the screw to the applied 

load to an angle of 45 degrees.  

A brief discussion of other problems which are faced when building portal frames in 

timber is presented. In particular the problems associated with the joist hanger rafter 

to purlin connections are discussed and possible solutions and current research 

highlighted.  
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Chapter 9       
CONCLUSIONS AND OUTLOOK 

This doctoral study has examined moment connections which are commonly used in 

the construction of timber portal frame buildings. New Zealand’s most common 

portal frame connection, the nailed gusset plate, was discussed and its inefficiencies 

were highlighted.  

It was established that a large proportion of the overall construction cost of timber 

portal frame buildings can be attributed to the portal moment connections. The 

construction approaches for steel and concrete connections are compared to those 

for timber connections. It is the author’s opinion, that for timber construction to 

become truly competitive with steel and concrete, substantial changes are required 

in the design and construction methodologies for timber portal moment connections. 

The timber industry must align itself with the construction practises used by its main 

competitors. Factors which are considered to be of importance include onsite 

construction times, simplified design methods and ease of fabrication. 
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The use of ‘new’ fasteners such as fully threaded timber screws allow for timber 

connections to emulate the construction approach taken by the steel industry. Such 

fasteners allow fabrication to take place offsite, with minimal time required for onsite 

installation. It was noted that when devising a new connection, care should be taken 

to ensure that the resulting concepts do not require specialized training of installers 

or designers. 

The Quick Connect joint was introduced. This moment connection can be 

successfully used to transfer joint actions in timber portal frame structures at the 

base, knee, splice and apex joint. This joint was critiqued against the requirements 

for timber portal moment connections which were alluded to in Chapter 1. These 

requirements were constantly referred to during this study to ensure that a practical 

and efficient connection resulted. 

The connection is designed to be assembled by an offsite fabricator. The timber 

sleeves are either drilled or notched to allow for the fully threaded rods to pass 

through their center. The sleeves are attached via fully threaded self-tapping 

screws. The screws are placed with their normal axis at an angle to the applied load 

as this increases their strength and stiffness characteristics. The author 

recommended an insertion angle of either 30 or 45 degrees. Research regarding 

screw placement is on-going. Onsite, the rods are pushed into place and the bearing 

plates and nuts fitted.  

This approach to connection assembly allows for large reductions in crane times 

and labour requirements onsite. Critical construction paths are greatly reduced and 

the construction is less dependent on weather conditions. These factors lead to a 

more economical build. Onsite gluing has historically been an issue and was 

therefore avoided.  
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A straight forward methodology was introduced which allows designers to calculate 

connection component attributes (fully threaded rod, timber sleeves, screws and 

bearing plate). A method for evaluating the rotation of a joint is presented. All 

component calculations, other than screw design values, are taken from a relevant 

design standard or are derived from first principles. The design methodology can be 

utilized in two ways. The designer can decide to optimize the connection, in this 

case the procedure becomes iterative and computation is best undertaken using a 

spread sheet. Alternatively, the designer can opt to oversize the connection and 

design it to resist the characteristic strength values of the main members. This 

approach allows for tables to be developed which do not require an iterative 

approach and are similar in use to those found in the steel design guides. Unlike 

some common moment connections, the connection design does not constrain or 

govern the member design. 

Screw slip moduli and strength values have been determined through small scale 

testing of fully threaded timber screws in New Zealand Radiata Pine Glulam and 

LVL timbers. A number of screw diameters and lengths have been tested to allow 

for the Quick Connect to be used in a broad range of building sizes. 

Monotonic and quasi-static reversed-cyclic full scale testing was performed. The 

results of this testing were analysed. Outcomes from the design methodology and 

full scale test results were compared and showed good correlation. The comparison 

showed the joint behaves in a ductile manner and the capacity is easily predicted. 

The connection has been successfully used in a hybrid steel and timber structure as 

a steel column to timber beam knee, beam splice and apex connection. At the time 

of writing a number of other buildings are in the design or build stages including a 

40m clear span commercial building and a sports facility in Australia. 
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9.1 RESEARCH OUTLOOK 

This study has only considered solid section rafter and column members. In future, 

connections for other member types such as the box beam should be considered. 

The design methodology and connection components will not vary greatly for 

connections between these member types and connections between solid sections. 

None the less, this topic warrants additional research as some components of the 

joint will need to be modified. 

Long term testing to analyse the creep behaviour of the connection would be of 

benefit. This study has not specifically considered this topic as the compression 

loads in the connection are relatively low when compared to the timber member 

compression strength. It is considered unlikely that a significant increase in 

connection rotation will occur over time. However, it is recommended that the design 

engineer includes a periodic maintenance clause which prescribes checking, and if 

necessary addressing, of any loss of tension in the main rods. The author considers 

that the instrumentation of a full scale building which utilizes the Quick Connect 

would be beneficial. 

For the connection to be used in situations where seismic load governs, further 

quasi-static reversed-cyclic testing and analysis should be carried out to ensure that 

appropriate connection response under these conditions.  

A full debrief was held after the completion of the first building using the Quick 

Connect technology. This debrief raised some other issues which are currently 

faced in industrial timber portal frame buildings. Whilst not directly related to the 

topic of this research, the industry members involved in the construction of the 

building asked that future research be considered to replace the conventional purlin 

hangers used in the project with a screw based alternative. Some research has 
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already been undertaken following advice from the author. A number of buildings 

which are currently in design are likely to use screw purlin connections. Further work 

should be undertaken on inclined screw purlin to solid rafter connections. The use of 

screwed purlin connections with I beam purlins should be investigated.  

For smaller scale structures such as residential houses and garaging, a variation of 

the Quick Connect using steel brackets and timber rivets should be considered. 

Research in this area would further promote the use of timber in structures in 

Australasia.  
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APPENDIX A PATENT DOCUMENTS 

This section contains the patent specification which was submitted by the ‘Structural 

Timber Innovation Company’ of New Zealand to the New Zealand patents office. 
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APPENDIX B SMALL SCALE TESTS 

B.1 WURTH AND SPAX SCREW TESTS 

B.1.1 DENSITY AND MODULUS OF ELASTICITY CALCULATION 

This section gives the raw values used to calculate the density and modulus of 

elasticity of the timbers used for the small scale testing. The velocity was 

determined using an acoustic hammer. Readings were taken from a random 

selection of members. 

Using an acoustic hammer and receiver on short members will result in inaccurate 

readings. It was therefore assumed that the pre-cut Glulam members would have 

the same modulus of elasticity as the uncut members. This assumption is 

reasonable as the pre-cut members were from the same manufacturing ‘batch’ as 

the non-pre-cut members. 
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Glulam delivered as full length billet 

no 
Mass Length Depth Thick Volume Density Velocity MOE 

 kg  m  m  m  m3  kg/m3 ms-1 MPa 

1 24.26  5.990  0.090  0.090  0.049  500  4.83  11665 

2 43.10  6.000  0.184  0.090  0.099  434  4.33  8133 

3 9.64  5.990  0.090  0.045  0.024  397  4.32  7416 

4 22.32  6.000  0.090  0.090  0.049  459  4.61  9760 

5 10.33  5.990  0.090  0.045  0.024  426  4.66  9247 

6 42.21  6.000  0.184  0.090  0.099  425  4.54  8756 

7 23.31  6.000  0.090  0.090  0.049  480  4.56  9973 

8 11.24  6.000  0.090  0.045  0.024  463  4.84  10836 

9 22.41  6.000  0.090  0.090  0.049  461  4.44  9090 

10 9.50  5.990  0.090  0.045  0.024  392  4.41  7616 

11 21.74  6.000  0.090  0.090  0.049  447  4.36  8503 

12 45.48  6.000  0.184  0.090  0.099  458  4.19  8036 

13 10.96  5.990  0.090  0.045  0.024  452  4.46  8987 

14 21.46  6.000  0.090  0.090  0.049  442  4.64  9507 

15 11.25  5.990  0.090  0.045  0.024  464  4.66  10070 

16 21.09  6.000  0.090  0.090  0.049  434  4.50  8788 

17 43.36  6.000  0.184  0.090  0.099  436  4.30  8069 

18 10.16  6.000  0.090  0.045  0.024  418  4.72  9315 

19 21.73  6.000  0.09  0.090  0.049  447  4.61  9502 

20 10.80  5.990  0.090  0.045  0.024  445  4.49  8975 

                

Avg           444    9112 

Stdev           26    1049 
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Glulam delivered pre-cut  

no 
Mass Length Depth Thick Volume Density 

 kg  m  m  m  m3  kg/m3 

21 2.42  0.315  0.180  0.090  0.005  474 

22 2.36  0.315  0.180  0.090  0.005  462 

23 2.31  0.315  0.180  0.090  0.005  453 

24 2.34  0.315  0.180  0.090  0.005  459 

25 2.35  0.315  0.180  0.090  0.005  461 

26 2.44  0.315  0.180  0.090  0.005  478 

27 2.43  0.315  0.180  0.090  0.005  476 

28 2.35  0.315  0.180  0.090  0.005  461 

29 2.38  0.315  0.180  0.090  0.005  466 

30 2.33  0.315  0.180  0.090  0.005  457 

31 2.36  0.315  0.180  0.090  0.005  462 

32 2.37  0.315  0.180  0.090  0.005  464 

33 2.45  0.315  0.180  0.090  0.005  480 

34 2.32  0.315  0.180  0.090  0.005  455 

35 2.34  0.315  0.180  0.090  0.005  459 

36 2.35  0.315  0.180  0.090  0.005  461 

37 2.34  0.315  0.180  0.090  0.005  459 

38 2.33  0.315  0.180  0.090  0.005  457 

39 2.36  0.315  0.180  0.090  0.005  462 

40 2.37  0.315  0.180  0.090  0.005  464 

41 2.44  0.315  0.180  0.090  0.005  478 

42 2.31  0.315  0.180  0.090  0.005  453 

43 2.33  0.315  0.180  0.090  0.005  457 

44 2.20  0.315  0.180  0.090  0.005  431 

45 2.34  0.315  0.180  0.090  0.005  459 

46 2.35  0.315  0.180  0.090  0.005  461 

47 2.31  0.315  0.180  0.090  0.005  453 

48 2.35  0.315  0.180  0.090  0.005  461 

49 2.25  0.315  0.180  0.090  0.005  441 

50 2.37  0.315  0.180  0.090  0.005  464 
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no 
Mass Length Depth Thick Volume Density 

 kg  m  m  m  m3  kg/m3 

51 2.32  0.315  0.180  0.090  0.005  455 

52 2.38  0.315  0.180  0.090  0.005  466 

53 2.33  0.315  0.180  0.090  0.005  457 

54 2.30  0.315  0.180  0.090  0.005  451 

55 2.33  0.315  0.180  0.090  0.005  457 

56 2.21  0.315  0.180  0.090  0.005  433 

57 2.34  0.315  0.180  0.090  0.005  459 

58 2.23  0.315  0.180  0.090  0.005  437 

59 2.33  0.315  0.180  0.090  0.005  457 

60 2.41  0.315  0.180  0.090  0.005  472 

61 2.35  0.315  0.180  0.090  0.005  461 

62 2.34  0.315  0.180  0.090  0.005  459 

63 2.37  0.315  0.180  0.090  0.005  464 

64 2.37  0.315  0.180  0.090  0.005  464 

65 2.34  0.315  0.180  0.090  0.005  459 

66 2.31  0.315  0.180  0.090  0.005  453 

67 2.35  0.315  0.180  0.090  0.005  461 

68 2.34  0.315  0.180  0.090  0.005  459 

69 2.26  0.315  0.180  0.090  0.005  443 

70 2.38  0.315  0.180  0.090  0.005  466 

71 2.28  0.315  0.180  0.090  0.005  447 

72 2.37  0.315  0.180  0.090  0.005  464 

73 2.28  0.315  0.180  0.090  0.005  447 

74 2.33  0.315  0.180  0.090  0.005  457 

75 2.38  0.315  0.180  0.090  0.005  466 

76 2.26  0.315  0.180  0.090  0.005  443 

77 2.33  0.315  0.180  0.090  0.005  457 

78 2.38  0.315  0.180  0.090  0.005  466 

79 2.31  0.315  0.180  0.090  0.005  453 

80 2.29  0.315  0.180  0.090  0.005  449 

81 2.24  0.315  0.180  0.090  0.005  439 
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no 
Mass Length Depth Thick Volume Density 

 kg  m  m  m  m3  kg/m3 

82 2.32  0.315  0.180  0.090  0.005  455 

83 2.25  0.315  0.180  0.090  0.005  441 

84 2.26  0.315  0.180  0.090  0.005  443 

85 2.24  0.315  0.180  0.090  0.005  439 

86 2.36  0.315  0.180  0.090  0.005  462 

87 2.27  0.315  0.180  0.090  0.005  445 

88 2.28  0.315  0.180  0.090  0.005  447 

89 2.32  0.315  0.180  0.090  0.005  455 

90 2.40  0.315  0.180  0.090  0.005  470 

            

Avg           457 

Stdev           11 

 

Note: For the total population of Glulam specimens, the overall average density is 

454kg/m3 with a standard deviation of 16kg/m3. 
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LVL 

no 
Mass Length Depth Thick Volume Density Velocity MOE 

 kg  m  m  m  m3  kg/m3 ms-1 MPa 

1 21.54  6.008  0.064  0.100  0.038  560  4.76  12693 

2 21.47  6.004  0.064  0.100  0.038  559  4.73  12501 

3 21.26  6.004  0.064  0.100  0.038  553  4.78  12641 

4 21.73  6.005  0.063  0.100  0.038  574  4.76  13014 

5 21.58  6.004  0.063  0.099  0.037  576  4.73  12893 

6 21.70  6.003  0.064  0.100  0.038  565  4.70  12477 

7 21.28  6.005  0.064  0.100  0.038  554  4.79  12704 

8 21.45  6.004  0.064  0.100  0.038  558  4.81  12915 

9 21.65  6.005  0.064  0.100  0.038  563  4.79  12925 

10 21.48  6.004  0.064  0.099  0.038  565  4.81  13064 

11 21.57  6.004  0.064  0.100  0.038  561  4.81  12987 

12 21.32  6.003  0.064  0.100  0.038  555  4.80  12786 

13 21.64  6.004  0.063  0.100  0.038  572  4.80  13181 

14 21.32  6.004  0.063  0.100  0.038  564  4.78  12878 

15 21.47  6.004  0.064  0.100  0.038  559  4.87  13252 

16 21.21  6.004  0.063  0.100  0.038  561  4.81  12973 

17 21.28  6.004  0.064  0.100  0.038  554  4.84  12973 

18 21.47  6.004  0.064  0.100  0.038  559  4.84  13089 

19 21.46  6.005  0.064  0.100  0.038  558  4.81  12919 

20 21.27  6.003  0.064  0.100  0.038  554  4.84  12969 

21 15.67  6.004  0.045  0.100  0.027  580  4.81  13419 

22 15.21  6.004  0.045  0.100  0.027  563  4.62  12016 

23 15.02  6.005  0.045  0.100  0.027  556  4.64  11967 

24 15.17  6.005  0.045  0.100  0.027  561  4.64  12086 

25 15.17  6.005  0.045  0.100  0.027  561  4.76  12720 

26 14.88  6.004  0.045  0.100  0.027  551  4.70  12166 

27 15.00  6.005  0.045  0.100  0.027  555  4.62  11848 

28 14.98  6.005  0.045  0.100  0.027  554  4.64  11935 

29 69.3  6.003  0.063  0.300  0.113  611  5.18  16389 

30 68.25  6.010  0.064  0.300  0.115  591  5.18  15870 
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no 
Mass Length Depth Thick Volume Density Velocity MOE 

 kg  m  m  m  m3  kg/m3 ms-1 MPa 

31 62.23  6.005  0.064  0.300  0.115  540  5.07  13874 

32 63.70  6.003  0.064  0.300  0.115  553  4.92  13378 

                

Avg           563    12984 

Stdev           13    949 
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B.1.2 MOISTURE CONTENT MEASUREMENTS 

Moisture content measurements were taken on at least three faces and averaged to 

gain an accurate indication of the moisture content of each specimen. 

Glulam delivered as full length billet 

no Reading face 1 Reading face 
2

Reading face 3 Average 

 %  %  %  % 

1 11  11  9  10 

2 10  11  10  10 

3 9  10  9  9 

4 8  10  9  9 

5 9  10  8  9 

6 10  8  8  9 

7 7  11  9  9 

8 11  10  9  10 

9 8  10  9  9 

10 8  9  8  8 

11 12  11  10  11 

12 10  9  9  9 

13 10  10  10  10 

14 9  9  9  9 

15 12  11  11  11 

16 10  10  9  10 

17 10  10  9  10 

18 8  10  8  9 

19 8  10  11  10 

20 11  9  10  10 

        

Avg  10 

Stdev  1 
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Glulam delivered pre-cut  

no Reading 1 Reading 2 Reading 3 Average 

 % % % % 
21 11  10  12  11 

22 10  12  11  11 

23 11  10  9  10 

24 10  9  11  10 

25 10  11  11  11 

26 12  12  11  12 

27 12  10  9  10 

28 12  10  9  10 

29 11  11  11  11 

30 9  11  10  10 

31 12  11  11  11 

32 12  12  10  11 

33 9  11  10  10 

34 10  10  11  10 

35 12  10  9  10 

36 9  11  8  9 

37 9  10  8  9 

38 8  10  9  9 

39 11  10  9  10 

40 11  9  10  10 

41 12  11  10  11 

42 9  11  9  10 

43 11  11  9  10 

44 10  9  7  9 

45 10  11  10  10 

46 9  12  12  11 

47 8  12  12  11 

48 9  12  11  11 

49 11  8  7  9 

50 8  11  12  10 
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no Reading 1 Reading 2 Reading 3 Average 

 % % % % 
51 10  12  9  10 

52 10  12  12  11 

53 10  9  10  10 

54 12  9  8  10 

55 10  11  11  11 

56 10  8  10  9 

57 9  8  9  9 

58 10  8  10  9 

59 9  8  10  9 

60 10  9  10  10 

61 11  10  11  11 

62 10  10  12  11 

63 10  11  12  11 

64 10  11  12  11 

65 10  12  9  10 

66 10  10  10  10 

67 11  11  9  10 

68 9  11  12  11 

69 10  9  10  10 

70 9  12  12  11 

71 10  11  11  11 

72 9  10  10  10 

73 10  11  10  10 

74 10  11  10  10 

75 10  9  12  10 

76 10  11  9  10 

77 10  9  12  10 

78 10  11  12  11 

79 10  8  12  10 

80 11  9  10  10 

81 10  8  10  9 
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no Reading 1 Reading 2 Reading 3 Average 

 % % % % 
82 11  9  8  9 

83 10  8  9  9 

84 7  9  8  8 

85 8  10  9  9 

86 8  9  10  9 

87 11  9  8  9 

88 9  9  9  9 

89 9  7  9  8 

90 11  8  10  10 

        

Avg       10 

Stdev       1 

LVL 

no Reading 1 Reading 2 Reading 3 Average 

 % % % % 
1 14  14  14  14 

2 15  15  14  15 

3 13  14  13  13 

4 12  12  13  12 

5 13  13  13  13 

6 12  12  12  12 

7 13  14  13  13 

8 12  13  12  12 

9 13  13  13  13 

10 13  13  13  13 

11 14  14  14  14 

12 12  13  12  12 

13 12  13  12  12 

14 13  13  12  12 

15 12  12  12  12 
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no Reading 1 Reading 2 Reading 3 Average 

 % % % % 
16 14  14  14  14 

17 13  14  13  13 

18 12  14  13  13 

19 11  12  11  11 

20 13  12  13  12 

21 13  13  13  13 

22 11  12  12  12 

23 10  10  10  10 

24 12  11  12  12 

25 11  11  11  11 

26 10  10  11  10 

27 10  11  11  11 

28 11  11  12  11 

29 16  15  14  15 

30 16  15  15  15 

31 16  16  15  16 

32 15  15  15  15 

        

Avg       13 

Stdev       1 
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B.1.3 LOAD SLIP GRAPHS FOR WURTH AND SPAX SCREW TESTING 

The following are the load slip curves for the Wurth and Spax screw testing which 

was carried out as part of this study.  

For each of the tests the loading loop, which is prescribed by the testing standard, 

was removed and the readings from the two LVDTs were averaged.  

The naming convention for these tests is:  

Timber type_ grain orientation sleeve/ mid member/ sleeve_ thickness of sleeve_ 

diameter, length and screw type (W=Wurth, S=Spax)_ test number 

There were generally 10 tests per configuration, five with the central member 

parallel to grain, five with the central member perpendicular to the grain. For the 

graphs in this section, the perpendicular to grain tests are on the left hand side of 

the page, the parallel to the grain tests on the right hand side. 

If a graph is not shown then there was either a problem with the fabrication of the 

test specimen or a fault with the data acquisition system. In both cases, the testing 

data was discarded. 

  



 

196 
 

Glulam 

  

  

  

  

  



 

197 
 

  

  

  

  
 

 



 

198 
 

  

  

 
 

  

  



 

199 
 

  

  

  

  

  
 



 

200 
 

  

  

  

  

  
 



 

201 
 

  
 

 

  

  

  
 



 

202 
 

  

  

  

  
 

 
 



 

203 
 

  

  

  

  

  
 



 

204 
 

  

  

  

  

  
 



 

205 
 

  

  

  

  

  
 



 

206 
 

  

  

  
 

 

  
 



 

207 
 

  

  

  

  

  
 



 

208 
 

  

  

  

  

  
 



 

209 
 

  

  

  

  

  



 

210 
 

LVL 

  

 

 



 

211 
 

 

  

  

 

 



 

212 
 

 

 

 

 

 
 



 

213 
 

 



 

214 
 

 

 

 



 

215 
 

 



 

216 
 

 

 

 

 
 



 

217 
 

 



 

218 
 

 

 

 

 



 

219 
 

 

 



 

220 
 

 

 

 

 

 
 



 

221 
 

 

 



 

222 
 

  

 

 

 

 
 



 

223 
 

 
 



 

224 
 

B.2 ROTHOBLAAS SCREW TESTS 

B.2.1 MOISTURE CONTENT MEASUREMENT 

Glulam 

The Glulam timber used in this testing was of the same batch as the timber used for 

the Spax and Wurth tests. At the time of testing, the timber had been in the 

conditioning chamber for an extended period of time. Because of this, the author 

decided that it was not necessary to check the moisture content of each individual 

member. Instead, a number of timber members were randomly selected from the 

entire population. The average moisture content of these members was 10.5 %, 

variation in moisture content was negligible. Moisture content readings for the LVL 

members follow.  
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LVL 

no Member 
thickness 

Reading 
face 1

Reading 
face 2

Reading 
face 3

Reading 
face 4 

Average

 mm  %  %  %    % 

1 63  12.5  14.5  14.5  13.0  13.6 

2 63  14.0  14.0  14.0  14.0  14.0 

3 63  14.0  13.5  13.5  14.5  13.9 

4 63  15.0  13.0  14.0  14.5  14.1 

5 63  14.5  14.0  13.0  14.5  14.0 

6 63  14.0  13.5  13.5  15.0  14.0 

7 63  13.5  13.0  13.5  15.0  13.8 

8 63  13.5  13.0  14.0  14.0  13.6 

9 63  14.0  14.0  13.5  14.5  14.0 

10 63  14.0  15.0  14.0  14.5  14.4 

11 63  15.0  14.0  13.5  14.5  14.3 

12 63  14.0  14.5  13.5  14.0  14.0 

13 63  14.0  13.0  13.5  15.0  13.9 

14 63  14.0  13.5  13.0  14.5  13.8 

15 63  13.5  13.5  14.0  14.0  13.8 

16 63  14.0  14.0  13.0  14.5  13.9 

17 63  14.0  14.5  14.5  14.0  14.3 

18 63  13.0  12.5  13.0  14.0  13.1 

19 63  14.0  14.0  12.5  14.0  13.6 

20 63  13.0  14.5  13.0  14.0  13.6 

21 63  14.5  14.5  14.5  15.0  14.6 

Avg     13.9 

Stdev     0.6 
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no Member 
thickness 

Reading 
face 1

Reading 
face 2

Reading 
face 3

Reading 
face 4 

Average

 mm  %  %  %    % 

22 45  13.0  14.5  13.0  13.0  13.4 

23 45  14.0  13.0  13.5  14.0  13.6 

24 45  13.0  13.0  13.0  13.5  13.1 

25 45  13.5  13.0  13.0  13.5  13.3 

26 45  14.0  13.5  13.0  12.5  13.3 

27 45  14.5  13.5  13.0  12.5  13.4 

28 45  14.0  13.5  12.5  13.5  13.4 

29 45  14.0  13.5  13.5  13.0  13.5 

30 45  13.0  14.5  14.0  14.0  13.9 

31 45  13.0  13.5  13.0  14.0  13.4 

32 45  13.5  13.0  13.5  13.0  13.3 

33 45  12.0  12.1  12.0  11.9  12.0 

34 45  12.5  13.0  14.5  13.0  13.3 

35 45  14.0  14.0  13.0  13.5  13.6 

36 45  12.0  13.0  13.0  13.0  12.8 

37 45  12.0  13.5  13.0  13.0  12.9 

38 45  12.0  14.0  13.5  13.0  13.1 

39 45  13.5  14.5  13.5  13.0  13.6 

40 45  14.0  14.0  13.5  12.5  13.5 

41 45  12.5  12.0  13.5  13.5  12.9 

42 45  12.0  12.0  14.5  14.0  13.1 

43 45  12.5  13.0  13.5  13.0  13.0 

44 45  12.5  12.5  13.0  12.0  12.5 

45 45  12.0  13.5  14.0  13.0  13.1 

46 45  12.0  14.0  13.0  13.5  13.1 

47 45  12.0  14.0  13.0  13.5  13.1 

48 45  13.5  13.0  13.0  13.5  13.3 

49 45  12.5  14.0  13.0  13.0  13.1 

50 45  13.5  14.5  13.0  14.0  13.8 

51 45  12.5  12.0  14.0  14.0  13.1 

52 45  12.0  12.5  14.0  14.0  13.1 
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no Member 
thickness 

Reading 
face 1

Reading 
face 2

Reading 
face 3

Reading 
face 4 

Average

 mm  %  %  %    % 

53 45  12.0  12.5  13.0  12.0  12.4 

Avg      13.1 

Stdev      0.8 

 

B.2.2 LOAD SLIP GRAPHS FOR ROTHOBLAAS SCREW TESTING 

The following are the load slip curves for the Rothoblaas screw testing which was 

carried out as part of this study.  

The naming convention for these tests is:  

Timber type_ grain orientation sleeve/ mid member/ sleeve_ thickness of sleeve_ 

diameter, length and screw type (R= Rothoblaas)_ test number. 

Some testing may include the screw angle in the name, in this case the, either 30 or 

45 (for a screw insertion angle of 30 of 45 degrees to the direction of applied force) 

is placed between the grain orientation and the screw identifier. 

Generally, 10 tests were performed for each configuration, five with the central 

member parallel to grain, five with the central member perpendicular to the grain. 

For the graphs in this section, the perpendicular to grain tests are on the left hand 

side of the page, the parallel to the grain tests on the right hand side. 

If a graph is not shown then there was either a problem with the fabrication of the 

test specimen or a fault with the data acquisition system. In both cases, the testing 

data was discarded. 
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GLULAM (Screws at 30 degrees, 45mm thick LVL side members) 
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GLULAM (Screws at 30 degrees, 63mm thick LVL side members) 
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GLULAM (Screws at 30 degrees, 45mm thick LVL side members) 
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Glulam (Screws at 45 degrees, 63mm thick LVL side members) 
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Glulam (Screws at 45 degrees, 45mm thick LVL side members) 
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Glulam (Screws at 45 degrees, 63mm thick LVL side members) 
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Glulam (Screws at 45 degrees, 45mm thick LVL side members) 
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Glulam (Screws at 45 degrees, 63mm thick LVL side members) 
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LVL (Screws at 30 degrees, 45mm thick LVL side members) 
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LVL (Screws at 30 degrees, 45mm thick LVL side members) 
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LVL (Screws at 30 degrees, 63mm thick LVL side members) 
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LVL (Screws at 45 degrees, 45mm thick LVL side members) 
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LVL (Screws at 45 degrees, 63mm thick LVL side members) 
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LVL (Screws at 45 degrees, 45mm thick LVL side members) 

 

 

 



 

242 
 

LVL (Screws at 45 degrees, 63mm thick LVL side members) 
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B.2.3 COEFFICIENT OF VARIATION TABLES 

This section includes coefficient of variation tables calculated using the gaussian or 

normal distribution assumption. 

Coefficient of variation calculation Wurth and Spax screws 

 

 

 

Screw Identifier Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew

LVL_pllperpll_45mm_d6l200W_1 9.1 6727.1

LVL_pllperpll_45mm_d6l200W_2 9.2 7152.7

LVL_pllperpll_45mm_d6l200W_3 9.2 8553.7

LVL_pllperpll_45mm_d6l200W_4 8.7 8654.2

LVL_pllperpll_45mm_d6l200W_5 10.5 5693.8

LVL_pllpllpll_45mm_d6l200W_1 8.8 9919.7

LVL_pllpllpll_45mm_d6l200W_2 9.8 5930.0

LVL_pllpllpll_45mm_d6l200W_3 9.1 7554.4

LVL_pllpllpll_45mm_d6l200W_4 9.1 9057.7

LVL_pllpllpll_45mm_d6l200W_5 8.9 8565.8

LVL_pllperppll_45mm_d7.5l212A_1 7.6 5397.4

LVL_pllperppll_45mm_d7.5l212A_2 6.9 4868.3

LVL_pllperppll_45mm_d7.5l212A_3 7.4 6618.8

LVL_pllperppll_45mm_d7.5l212A_4 7.3 5519.6

LVL_pllperppll_45mm_d7.5l212A_5 7.2 5472.4

LVL_pllpllpll_45mm_d7.5l212A_1 7.2 4289.2

LVL_pllpllpll_45mm_d7.5l212A_2 7.5 5073.3

LVL_pllpllpll_45mm_d7.5l212A_3 7.3 9224.1

LVL_pllpllpll_45mm_d7.5l212A_4 7.0 5431.7

LVL_pllpllpll_45mm_d7.5l212A_5 8.2 7521.3

LVL_pllperppll_45mm_d8l200W_1 13.0 10121.9

LVL_pllperppll_45mm_d8l200W_2 12.1 11060.7

LVL_pllperppll_45mm_d8l200W_3 12.9 8658.8

LVL_pllperppll_45mm_d8l200W_4 11.7 7333.1

LVL_pllperppll_45mm_d8l200W_5 13.1 7116.0

LVL_pllpllpll_45mm_d8l200W_1 11.6 8590.5

LVL_pllpllpll_45mm_d8l200W_2 10.9 10682.7

LVL_pllpllpll_45mm_d8l200W_3 11.7 9126.8

LVL_pllpllpll_45mm_d8l200W_4 12.4 9953.0

LVL_pllpllpll_45mm_d8l200W_5 12.9 8666.8

LVL_pllperppll_45mm_d8140W_1 13.1 6511.0

LVL_pllperppll_45mm_d8140W_2 12.5 5719.1

LVL_pllperppll_45mm_d8140W_3 12.0 7381.0

LVL_pllperppll_45mm_d8140W_4 11.7 8996.0

LVL_pllperppll_45mm_d8140W_5 12.1 9594.0

LVL_pllpllpll_45mm_d8l140W_1 12.4 9007.3

LVL_pllpllpll_45mm_d8l140W_2 12.7 9506.3

LVL_pllpllpll_45mm_d8l140W_3 10.6 17272.4

LVL_pllpllpll_45mm_d8l140W_4 12.0 11885.3

LVL_pllpllpll_45mm_d8l140W_5 11.6 13612.3

LVL_pllperppll_45mm_d10l200S_1 15.7 7586.8

LVL_pllperppll_45mm_d10l200S_2 16.0 9413.8

LVL_pllperppll_45mm_d10l200S_3 15.0 8126.8

LVL_pllperppll_45mm_d10l200S_4 13.8 9571.8

LVL_pllperppll_45mm_d10l200S_5 13.2 12209.5

LVL_pllpllpll_45mm_d10l200S_1 15.5 12197.8

LVL_pllpllpll_45mm_d10l200S_2 15.2 9837.5

LVL_pllpllpll_45mm_d10l200S_3 12.9 16471.4

LVL_pllpllpll_45mm_d10l200S_4 14.6 9196.2

LVL_pllpllpll_45mm_d10l200S_5 14.7 16292.8

12.3 7640 0.54 1635 0.04 0.21 11.4 N/A

0.27 12.9 N/A14.6 12799 1.00 3457 0.07

0.31 9.7 N/A

14.5 9830 1.24 1713 0.09 0.17 12.4 N/A

12.5 11478 1.73 3562 0.14

Averages Standard Deviation COV 5th Percentile

0.17 8.2 N/A

9.1 8206 0.39 1533 0.04 0.19 8.5

9.4 7356 0.69 1257 0.07

N/A

7.3 5575 0.25 639 0.03 0.11 6.9 N/A

6.7 N/A

12.6 8858 0.62 1721 0.05 0.19 11.6 N/A

7.4 6308 0.46 2021 0.06 0.32

11.9 9404 0.77 897 0.06 0.10 10.6 N/A
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Screw Identifier Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew

LVL_pllperppll_45mm_d10l200W_1 15.4 7011.3

LVL_pllperppll_45mm_d10l200W_2 14.7 7641.1

LVL_pllperppll_45mm_d10l200W_3 16.2 7873.9

LVL_pllperppll_45mm_d10l200W_4 17.4 9525.9

LVL_pllperppll_45mm_d10l200W_5 14.5 6977.9

LVL_pllpllpll_45mm_d10l200W_1 15.3 11707.6

LVL_pllpllpll_45mm_d10l200W_2 18.8 7862.6

LVL_pllpllpll_45mm_d10l200W_3 18.7 13876.1

LVL_pllpllpll_45mm_d10l200W_4 15.0 11314.0

LVL_pllpllpll_45mm_d10l200W_5 16.4 12171.1

LVL_pllperppll_45mm_d8l200S_1 11.9 9213.5

LVL_pllperppll_45mm_d8l200S_2 12.2 9332.2

LVL_pllperppll_45mm_d8l200S_3 12.2 9332.2

LVL_pllperppll_45mm_d8l200S_4 12.9 7782.8

LVL_pllperppll_45mm_d8l200S_5 11.3 9892.4

LVL_pllpllpll_45mm_d8l200S_1

LVL_pllpllpll_45mm_d8l200S_2 12.8 6831.6

LVL_pllpllpll_45mm_d8l200S_3 9.8 10629.2

LVL_pllpllpll_45mm_d8l200S_4 12.5 7444.3

LVL_pllpllpll_45mm_d8l200S_5 11.9 9972.0

LVL_pllperppll_63mm_d6l200W_1 10.0 9150.8

LVL_pllperppll_63mm_d6l200W_2 10.5 5743.7

LVL_pllperppll_63mm_d6l200W_3 13.6 8272.9

LVL_pllperppll_63mm_d6l200W_4 12.8 7641.2

LVL_pllperppll_63mm_d6l200W_5 12.0 7171.5

LVL_pllpllpll_63mm_d6l200W_1 12.4 6018.1

LVL_pllpllpll_63mm_d6l200W_2 11.3 7408.3

LVL_pllpllpll_63mm_d6l200W_3 10.5 10507.4

LVL_pllpllpll_63mm_d6l200W_4 11.5 8522.5

LVL_pllpllpll_63mm_d6l200W_5 10.6 8238.1

LVL_pllpllpll_63mm_d6l200W_6 10.3 9340.6

LVL_pllperppll_63mm_d7.5l212A_1 10.7 5586.8

LVL_pllperppll_63mm_d7.5l212A_2 10.5 7645.3

LVL_pllperppll_63mm_d7.5l212A_3 10.0 6086.5

LVL_pllperppll_63mm_d7.5l212A_4 9.9 6469.6

LVL_pllperppll_63mm_d7.5l212A_5 10.9 6484.2

LVL_pllpllpll_63mm_d7,5l212A_1 9.8 5907.4

LVL_pllpllpll_63mm_d7,5l212A_2 10.2 5918.5

LVL_pllpllpll_63mm_d7,5l212A_3 9.6 9045.5

LVL_pllpllpll_63mm_d7,5l212A_4 11.2 7217.7

LVL_pllpllpll_63mm_d7,5l212A_5 10.7 6337.1

LVL_pllperppll_63mm_d8l140W_1 12.9 9454.9

LVL_pllperppll_63mm_d8l140W_2 13.4 5791.1

LVL_pllperppll_63mm_d8l140W_3 16.2 6413.3

LVL_pllperppll_63mm_d8l140W_3 12.2 6754.7

LVL_pllperppll_63mm_d8l140W_4 12.6 6236.3

LVL_pllpllpll_63mm_d8l140W_1

LVL_pllpllpll_63mm_d8l140W_2 13.5 10311.1

LVL_pllpllpll_63mm_d8l140W_3 14.0 9177.0

LVL_pllpllpll_63mm_d8l140W_4 15.3 9109.1

LVL_pllpllpll_63mm_d8l140W_5 14.7 10220.9

LVL_pllperpll_63mm_d8l200S_1 16.2 8599.8

LVL_pllperpll_63mm_d8l200S_2 14.3 8444.8

LVL_pllperpll_63mm_d8l200S_3 16.2 7445.8

LVL_pllperpll_63mm_d8l200S_4 15.2 8829.9

LVL_pllperpll_63mm_d8l200S_5 17.8 6982.4

LVL_pllpllpll_63mm_d8l200S_1 15.1 12973.6

LVL_pllpllpll_63mm_d8l200S_2 14.5 7717.0

LVL_pllpllpll_63mm_d8l200S_3

LVL_pllpllpll_63mm_d8l200S_4 15.0 12992.6

LVL_pllpllpll_63mm_d8l200S_5 14.8 9311.8

Averages Standard Deviation COV 5th Percentile

0.21 9.5 N/A11.8 8719 1.35 1862 0.11

0.07 13.1 N/A

16.0 8061 1.30 802 0.08 0.10 13.8 N/A

14.4 9705 0.80 650 0.06

0.19 9.2 N/A

13.5 6930 1.59 1454 0.12 0.21 10.9 N/A

10.3 6885 0.67 1320 0.07

10.4 6454 0.41 760 0.04 0.12 9.7 N/A

11.1 8339 0.80 1549 0.07

12.2 7207 1.32 1075 0.11 0.15 10.1 N/A

0.19 9.8 N/A

0.19 13.8 N/A16.8 11386 1.83 2199 0.11

15.6 7806 1.20 1038 0.08 0.13 13.7 N/A

12.1 9111 0.59 788 0.05 0.09 11.1 N/A

14.8 10749 0.27 2661 0.02 0.25 14.4 N/A
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Screw Identifier Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew

LVL_pllperppll_63mm_d8l200W_1 15.6 8816.7

LVL_pllperppll_63mm_d8l200W_2 15.8 8576.8

LVL_pllperppll_63mm_d8l200W_3 14.9 6586.4

LVL_pllperppll_63mm_d8l200W_4 14.0 6994.7

LVL_pllperppll_63mm_d8l200W_5 14.4 6793.4

LVL_pllpllpll_63mm_d8l200W_1 14.9 10771.8

LVL_pllpllpll_63mm_d8l200W_2 16.0 9303.4

LVL_pllpllpll_63mm_d8l200W_3 15.5 9126.5

LVL_pllpllpll_63mm_d8l200W_4 15.2 8534.9

LVL_pllpllpll_63mm_d8l200W_5 16.0 10541.4

LVL_pllperppll_63mm_d10l200S_1 17.9 11291.8

LVL_pllperppll_63mm_d10l200S_2 19.1 8051.5

LVL_pllperppll_63mm_d10l200S_3 18.8 9222.6

LVL_pllperppll_63mm_d10l200S_4 17.3 10273.2

LVL_pllperppll_63mm_d10l200S_5 18.2 12086.7

LVL_pllpllppll_63mm_d10l200S_1 17.7 17788.1

LVL_pllpllppll_63mm_d10l200S_2 18.4 13934.8

LVL_pllpllppll_63mm_d10l200S_3 16.5 16257.1

LVL_pllpllppll_63mm_d10l200S_4 17.6 19841.1

LVL_pllpllppll_63mm_d10l200S_5 17.5 14639.6

LVL_pllperppll_63mm_d10l200W_1 19.8 13203.2

LVL_pllperppll_63mm_d10l200W_2 20.4 9549.2

LVL_pllperppll_63mm_d10l200W_3 20.1 11129.3

LVL_pllperppll_63mm_d10l200W_4 20.6 17279.0

LVL_pllperppll_63mm_d10l200W_5 20.5 9767.6

LVL_pllpllpll_63mm_d10l200W_1 18.9 14829.7

LVL_pllpllpll_63mm_d10l200W_2 18.8 12416.0

LVL_pllpllpll_63mm_d10l200W_3

LVL_pllpllpll_63mm_d10l200W_4 19.1 10830.0

LVL_pllpllpll_63mm_d10l200W_5 20.1 13698.8

GL_pllperpll_45mm_d6l200W_2 5.9 6678.9

GL_pllperpll_45mm_d6l200W_3 6.6 6072.9

GL_pllperpll_45mm_d6l200W_4 5.6 6946.2

GL_pllperpll_45mm_d6l200W_5 5.7 5606.5

GL_pllpllpll_45mm_d6l200W_2 6.1 8566.3

GL_pllpllpll_45mm_d6l200W_3 5.7 6095.0

GL_pllpllpll_45mm_d6l200W_4 7.8 6996.5

GL_pllpllpll_45mm_d6l200W_5 5.5 5061.5

GL_pllperpll_45mm_d7.5l212A_1 7.7 7685.4

GL_pllperpll_45mm_d7.5l212A_2 7.4 6938.9

GL_pllperpll_45mm_d7.5l212A_3 4.1 3241.9

GL_pllperpll_45mm_d7.5l212A_4 6.0 5638.1

GL_pllpllpll_45mm_d7,5l212A_1 7.0 9116.5

GL_pllpllpll_45mm_d7,5l212A_2 7.0 6506.5

GL_pllpllpll_45mm_d7,5l212A_3 5.2 3902.8

GL_pllpllpll_45mm_d7,5l212A_4 6.2 4849.7

GL_pllpllpll_45mm_d7,5l212A_5 5.6 5425.2

GL_pllperpll_45mm_d8l140W_1 8.8 5538.1

GL_pllperpll_45mm_d8l140W_2 9.5 8318.6

GL_pllperpll_45mm_d8l140W_3 10.0 6054.0

GL_pllperpll_45mm_d8l140W_4 10.0 6365.1

GL_pllperpll_45mm_d8l140W_5 9.3 5249.6

GL_pllpllpll_45mm_d8l140W_1 8.1 7845.1

GL_pllpllpll_45mm_d8l140W_2 8.6 6714.4

GL_pllpllpll_45mm_d8l140W_3 9.7 7105.3

GL_pllpllpll_45mm_d8l140W_4 9.4 5392.9

GL_pllpllpll_45mm_d8l140W_5 12.1 9535.2

Averages Standard Deviation COV 5th Percentile

0.13 18.2 N/A

5.9 6326 0.48 603 0.08 0.10 5.1 N/A

19.2 12944 0.60 1720 0.03

20.3 12186 0.33 3197 0.02 0.26 19.8 N/A

17.6 16492 0.66 2394 0.04

0.16 17.1 N/A

15.5 9656 0.49 961 0.03

0.15 16.5 N/A

14.9 7554 0.78 1057 0.05 0.14 13.6 N/A

6.3 5876 1.64 1949 0.26 0.33 3.6 N/A

9.5 6305 0.50 1207 0.05 0.19 8.7 N/A

0.10 14.7 N/A

18.3 10185 0.72 1607 0.04

6.3 6680 1.05 1485 0.17 0.22 4.6 N/A

6.2 5960 0.81 2001 0.13 0.34 4.9 N/A

9.6 7319 1.55 1526 0.16 0.21 7.0 N/A
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Screw Identifier Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew

GL_pllperpll_45mm_d8l200S_1 9.0 6056.9

GL_pllperpll_45mm_d8l200S_2 8.3 6044.2

GL_pllperpll_45mm_d8l200S_3 7.2 5509.8

GL_pllperpll_45mm_d8l200S_4 10.0 5534.7

GL_pllperpll_45mm_d8l200S_5 10.2 6274.3

GL_pllpllpll_45mm_d8l200S_1 10.7 5741.1

GL_pllpllpll_45mm_d8l200S_2 10.1 11042.0

GL_pllpllpll_45mm_d8l200S_3 9.5 8307.7

GL_pllpllpll_45mm_d8l200S_4 10.2 6507.3

GL_pllpllpll_45mm_d8l200S_5 10.9 7548.5

GL_pllperpll_45mm_d10l200W_1 12.7 7516.4

GL_pllperpll_45mm_d10l200W_2 13.5 8183.0

GL_pllperpll_45mm_d10l200W_3 13.2 5714.0

GL_pllperpll_45mm_d10l200W_4 14.9 8416.5

GL_pllperpll_45mm_d10l200W_5 13.5 7532.8

GL_pllpllpll_45mm_d10l200W_1 12.0 9668.2

GL_pllpllpll_45mm_d10l200W_2 9.8 6944.7

GL_pllpllpll_45mm_d10l200W_3 12.0 7315.0

GL_pllpllpll_45mm_d10l200W_4 12.6 8057.1

GL_pllpllpll_45mm_d10l200W_5 9.1 11999.4

GL_pllperpll_90mm_d6l200W_1 9.6 7261.8

GL_pllperpll_90mm_d6l200W_3 10.0 9819.3

GL_pllperpll_90mm_d6l200W_4 9.4 7292.9

GL_pllperpll_90mm_d6l200W_5 9.6 6383.9

GL_pllpllpll_90mm_d6l200W_1 11.5 6669.3

GL_pllpllpll_90mm_d6l200W_2 8.2 7689.3

GL_pllpllpll_90mm_d6l200W_3 10.4 6379.8

GL_pllpllpll_90mm_d6l200W_4 10.1 5485.6

GL_pllpllpll_90mm_d6l200W_5 10.0 6158.7

GL_pllperpll_90mm_d8l140W_1 5.3 3778.5

GL_pllperpll_90mm_d8l140W_2 5.0 6451.3

GL_pllperpll_90mm_d8l140W_3 4.5 7932.8

GL_pllperpll_90mm_d8l140W_4 4.9 7568.7

GL_pllpllpll_90mm_d8l140W_1 6.7 13248.3

GL_pllpllpll_90mm_d8l140W_2 7.7 7664.3

GL_pllpllpll_90mm_d8l140W_3 5.0 9646.5

GL_pllpllpll_90mm_d8l140W_4 4.7 8217.1

GL_pllpllpll_90mm_d8l140W_5 5.9 6212.1

GL_pllperpll_90mm_d8l200S_1 13.4 5535.3

GL_pllperpll_90mm_d8l200S_2 12.7 5970.5

GL_pllperpll_90mm_d8l200S_3 11.4 8928.9

GL_pllperpll_90mm_d8l200S_4 13.1 7405.8

GL_pllperpll_90mm_d8l200S_5 12.7 6203.1

GL_pllpllpll_90mm_d8l200S_1 12.8 7567.0

GL_pllpllpll_90mm_d8l200S_2 13.5 7001.2

GL_pllpllpll_90mm_d8l200S_3 11.9 8518.4

GL_pllpllpll_90mm_d8l200S_4 13.9 8751.2

GL_pllpllpll_90mm_d8l200S_5 14.1 7744.2

GL_pllperpll_45mm_d8l200W_1 9.7 7855.2

GL_pllperpll_45mm_d8l200W_2 10.2 6584.6

GL_pllperpll_45mm_d8l200W_3 10.4 9075.3

GL_pllperpll_45mm_d8l200W_4 8.1 6485.0

GL_pllperpll_45mm_d8l200W_5 10.6 7326.6

GL_pllpllpll_45mm_d8l200W_1 9.1 5622.2

GL_pllpllpll_45mm_d8l200W_2 5.2 3170.7

GL_pllpllpll_45mm_d8l200W_3 8.0 5255.6

GL_pllpllpll_45mm_d8l200W_4 10.9 7735.3

GL_pllpllpll_45mm_d8l200W_5 6.0 4661.5

Averages Standard Deviation COV 5th Percentile

9.0 5884 1.23 343 0.14 0.06 6.9 N/A

10.3 7829 0.55 2046 0.05 0.26 9.4 N/A

13.6 7473 0.82 1060 0.06 0.14 12.2 N/A

11.1 8797 1.54 2073 0.14 0.24 8.6 N/A

9.7 7689 0.28 1481 0.03 0.19 9.2 N/A

10.0 6477 1.17 806 0.12 0.12 8.1 N/A

4.9 6433 0.33 1878 0.07 0.29 4.4 N/A

6.0 8998 1.23 2676 0.20 0.30 4.0 N/A

12.7 6809 0.79 1373 0.06 0.20 11.4 N/A

13.2 7916 0.90 716 0.07 0.09 11.8 N/A

9.8 7465 1.03 1061 0.11 0.14 8.1 N/A

7.9 5289 2.31 1657 0.29 0.31 4.1 N/A
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Screw Identifier Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew

GL_pllperpll_45mm_d10l200S_1 10.6 8879.1

GL_pllperpll_45mm_d10l200S_2 11.4 11000.5

GL_pllperpll_45mm_d10l200S_3 11.6 8852.5

GL_pllperpll_45mm_d10l200S_4 11.3 10247.9

GL_pllperpll_45mm_d10l200S_5 9.6 9677.7

GL_pllpllpll_45mm_d10l200S_1 13.3 8216.8

GL_pllpllpll_45mm_d10l200S_2 13.4 10230.0

GL_pllpllpll_45mm_d10l200S_3 12.6 11598.8

GL_pllpllpll_45mm_d10l200S_4 13.6 11182.6

GL_pllpllpll_45mm_d10l200S_5 13.8 11128.9

GL_pllperpll_90mm_d8l200W_1 13.8 12732.4

GL_pllperpll_90mm_d8l200W_2 12.8 7734.0

GL_pllperpll_90mm_d8l200W_3 14.1 11758.1

GL_pllperpll_90mm_d8l200W_5 12.7 14517.7

GL_pllpllpll_90mm_d8l200W_1 13.2 9560.4

GL_pllpllpll_90mm_d8l200W_2 12.0 8214.1

GL_pllpllpll_90mm_d8l200W_3 13.8 9732.5

GL_pllpllpll_90mm_d8l200W_4 15.3 9285.3

GL_pllpllpll_90mm_d8l200W_5 15.5 10326.0

GL_pllperpll_90mm_d10l200S_1 16.1 8827.1

GL_pllperpll_90mm_d10l200S_2 12.3 11344.2

GL_pllperpll_90mm_d10l200S_3 14.0 10042.3

GL_pllperpll_90mm_d10l200S_4 14.6 9267.9

GL_pllperpll_90mm_d10l200S_5 15.5 9694.4

GL_pllpllpll_90mm_d10l200S_1 16.0 11032.3

GL_pllpllpll_90mm_d10l200S_2 17.0 9795.2

GL_pllpllpll_90mm_d10l200S_3 17.1 8700.2

GL_pllpllpll_90mm_d10l200S_4 17.9 8724.7

GL_pllpllpll_90mm_d10l200S_5 15.7 9412.0

GL_pllperpll_90mm_d10l200W_1 15.0 9937.0

GL_pllperpll_90mm_d10l200W_2 19.3 11403.8

GL_pllperpll_90mm_d10l200W_3 17.5 19102.1

GL_pllperpll_90mm_d10l200W_4 15.1 12865.3

GL_pllperpll_90mm_d10l200W_5 16.2 9287.7

GL_pllpllpll_90mm_d10l200W_1 17.1 15669.3

GL_pllpllpll_90mm_d10l200W_2 14.4 11331.1

GL_pllpllpll_90mm_d10l200W_3 15.1 13410.0

GL_pllpllpll_90mm_d10l200W_4 18.5 12603.5

GL_pllpllpll_90mm_d10l200W_5 16.8 9133.7

GL_pllperpll_90mm_d7.5l212A_1 9.3 10922.4

GL_pllperpll_90mm_d7.5l212A_2 7.3 8844.8

GL_pllperpll_90mm_d7.5l212A_3 9.4 5985.1

GL_pllperpll_90mm_d7.5l212A_4 8.8 7737.7

GL_pllperpll_90mm_d7.5l212A_5 10.6 9035.0

GL_pllpllpll_90mm_d7,5l212A_1 9.7 7535.1

GL_pllpllpll_90mm_d7,5l212A_2 8.7 7485.8

GL_pllpllpll_90mm_d7,5l212A_3 10.9 25745.8

GL_pllpllpll_90mm_d7,5l212A_4 12.4 9031.4

GL_pllpllpll_90mm_d7,5l212A_5 11.0 7169.0

Averages Standard Deviation COV 5th Percentile

10.9 9732 0.84 919 0.08 0.09 9.5 N/A

13.3 10471 0.47 1356 0.04 0.13 12.5 N/A

13.4 11686 0.71 2871 0.05 0.25 12.2 N/A

14.0 9424 1.47 776 0.11 0.08 11.6 N/A

14.5 9835 1.46 959 0.10 0.10 12.1 N/A

16.7 9533 0.90 959 0.05 0.10 15.3 N/A

16.6 12519 1.81 3931 0.11 0.31 13.6 N/A

10.5 11393 1.42 8056 0.13 0.71 8.2 N/A

16.4 12430 1.62 2427 0.10 0.20 13.7 N/A

9.1 8505 1.17 1815 0.13 0.21 7.2 N/A
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Coefficient of variation calculation Rothoblaas screws 

 

 

 

Screw Identifier Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew

Glulam_pllperpll_45mm_45_d7L140_1 8.7 10430.6

Glulam_pllperpll_45mm_45_d7L140_2

Glulam_pllperpll_45mm_45_d7L140_3 7.9 11286.1

Glulam_pllperpll_45mm_45_d7L140_4 7.7 9207.5

Glulam_pllperpll_45mm_45_d7L140_5 7.2 7715.3

Glulam_pllpllpll_45mm_45_d7L140_1 12.51 13095.30

Glulam_pllpllpll_45mm_45_d7L140_2 12.22 11839.80

Glulam_pllpllpll_45mm_45_d7L140_3 12.80 12781.90

Glulam_pllpllpll_45mm_45_d7L140_4 12.41 12378.20

Glulam_pllpllpll_45mm_45_d7L140_5 11.630 12646.30

Glulam_pllperpll_63mm_45_d7L180_1 12.6 11171.2

Glulam_pllperpll_63mm_45_d7L180_2 9.8 10040.2

Glulam_pllperpll_63mm_45_d7L180_3 10.6 10529.6

Glulam_pllperpll_63mm_45_d7L180_4 11.3 12585.4

Glulam_pllperpll_63mm_45_d7L180_5 11.3 25722.6

Glulam_pllpllpll_63mm_45_d7L180_1 15.01 12146.60

Glulam_pllpllpll_63mm_45_d7L180_2 15.72 15326.90

Glulam_pllpllpll_63mm_45_d7L180_3 15.71 16874.30

Glulam_pllpllpll_63mm_45_d7L180_4 16.71 15215.50

Glulam_pllpllpll_63mm_45_d7L180_5 17.43 13346.70

Glulam_pllperpll_45mm_45_d9L160_1 10.0 9895.0

Glulam_pllperpll_45mm_45_d9L160_2 8.0 6937.7

Glulam_pllperpll_45mm_45_d9L160_3 7.6 8608.0

Glulam_pllperpll_45mm_45_d9L160_4 7.8 7612.2

Glulam_pllperpll_45mm_45_d9L160_5 8.7 8799.0

Glulam_pllpllpll_45mm_45_d9L160_1 15.53 16221.30

Glulam_pllpllpll_45mm_45_d9L160_2 16.82 18831.60

Glulam_pllpllpll_45mm_45_d9L160_3 16.99 19376.70

Glulam_pllpllpll_45mm_45_d9L160_4

Glulam_pllpllpll_45mm_45_d9L160_5

Glulam_pllperpll_63mm_45_d9L200_1 12.6 11171.2

Glulam_pllperpll_63mm_45_d9L200_2 9.8 10040.2

Glulam_pllperpll_63mm_45_d9L200_3 10.6 10529.6

Glulam_pllperpll_63mm_45_d9L200_4 11.3 12585.4

Glulam_pllperpll_63mm_45_d9L200_5 11.7 11992.2

Glulam_pllpllpll_63mm_45_d9L200_1 21.42 18804.80

Glulam_pllpllpll_63mm_45_d9L200_2 26.24 23755.40

Glulam_pllpllpll_63mm_45_d9L200_3 23.700 20758.00

Glulam_pllpllpll_63mm_45_d9L200_4 22.04 19720.70

Glulam_pllpllpll_63mm_45_d9L200_5

Glulam_pllperpll_45mm_30_d7L180_1 12.5 11914.8

Glulam_pllperpll_45mm_30_d7L180_2 9.2 12101.2

Glulam_pllperpll_45mm_30_d7L180_3 11.3 9931.5

Glulam_pllperpll_45mm_30_d7L180_4 12.3 10863.2

Glulam_pllperpll_45mm_30_d7L180_5 11.9 10376.3

Glulam_pllpllpll_45mm_30_d7L180_1 16.13 19065.00

Glulam_pllpllpll_45mm_30_d7L180_2 16.40 18383.60

Glulam_pllpllpll_45mm_30_d7L180_3 15.88 15131.00

Glulam_pllpllpll_45mm_30_d7L180_4 16.13 7021.70

Glulam_pllpllpll_45mm_30_d7L180_5 17.01 20214.90

Glulam_pllperpll_45mm_30_d9L200_1 15.0 11893.7

Glulam_pllperpll_45mm_30_d9L200_2

Glulam_pllperpll_45mm_30_d9L200_3 17.5 14899.8

Glulam_pllperpll_45mm_30_d9L200_4 17.7 18633.4

Glulam_pllperpll_45mm_30_d9L200_5 14.7 16395.9

Glulam_pllpllpll_45mm_30_d9L200_1 19.93 19081.40

Glulam_pllpllpll_45mm_30_d9L200_2 21.82 22630.50

Glulam_pllpllpll_45mm_30_d9L200_3 21.02 19091.40

Glulam_pllpllpll_45mm_30_d9L200_4 19.62 17983.90

Glulam_pllpllpll_45mm_30_d9L200_5 21.10 19987.10

11.2 11264 1.07 1039 0.10 0.09 9.5 N/A

1552 0.08 0.16 6.9 N/A

11.1 14010 1.03 6617 0.09 0.47 9.4 N/A

0.18 13.6 N/A16.2 15456 1.60 2827 0.10

0.33 15.6 N/A16.3 15963 0.43 5343 0.03

11.4 11037 1.32 948 0.12 0.09 9.3 N/A

0.28 19.8 N/A23.4 20760 2.15 5851 0.09

Averages Standard Deviation COV 5th Percentile

12.3 12548 0.44 473 0.04 0.04 11.6

7.9 9660 0.63

N/A

14.6 N/A

8.4

16.1 14582 0.95 1849 0.06 0.13

0.14 6.8 N/A8370 0.97 1139 0.12

16.4 18143 0.80 1687 0.05 0.09 15.1 N/A

20.7 19755 0.90 1757 0.04 0.09 19.2 N/A
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Screw Identifier Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew

Glulam_pllperpll_63mm_30_d9L280_1 18.5 20264.9

Glulam_pllperpll_63mm_30_d9L280_2 22.0 22223.8

Glulam_pllperpll_63mm_30_d9L280_3 26.7 20362.6

Glulam_pllperpll_63mm_30_d9L280_4 19.2 16601.1

Glulam_pllperpll_63mm_30_d9L280_5 19.5 17846.2

Glulam_pllpllpll_63mm_30_d9L280_1 25.43 31544.40

Glulam_pllpllpll_63mm_30_d9L280_2 28.62 27710.60

Glulam_pllpllpll_63mm_30_d9L280_3 31.71 23182.90

Glulam_pllpllpll_63mm_30_d9L280_4 25.00 27548.80

Glulam_pllpllpll_63mm_30_d9L280_5 27.80 30715.00

LVL_pllperpll_45mm_45_d7L140_1 7.9 11193.0

LVL_pllperpll_45mm_45_d7L140_2 8.5 7655.2

LVL_pllperpll_45mm_45_d7L140_3 11.1 7933.2

LVL_pllperpll_45mm_45_d7L140_4 6.4 7929.8

LVL_pllperpll_45mm_45_d7L140_5 6.6 7998.7

LVL_pllpllpll_45mm_45_d7L140_1 9.64 16142.40

LVL_pllpllpll_45mm_45_d7L140_2 10.99 11922.70

LVL_pllpllpll_45mm_45_d7L140_3 9.580 12638.80

LVL_pllpllpll_45mm_45_d7L140_4 11.00 14854.70

LVL_pllpllpll_45mm_45_d7L140_5 12.11 13392.10

LVL_pllperpll_63mm_45_d7L180_1 13.1 10985.3

LVL_pllperpll_63mm_45_d7L180_2 14.4 10662.5

LVL_pllperpll_63mm_45_d7L180_3 12.2 10404.6

LVL_pllperpll_63mm_45_d7L180_4 13.8 10451.9

LVL_pllperpll_63mm_45_d7L180_5 12.5 12610.0

LVL_pllpllpll_63mm_45_d7L180_1 20.03 9445.00

LVL_pllpllpll_63mm_45_d7L180_2 16.61 9721.40

LVL_pllpllpll_63mm_45_d7L180_3 14.630 13883.20

LVL_pllpllpll_63mm_45_d7L180_4 16.32 15038.50

LVL_pllpllpll_63mm_45_d7L180_5 17.58 14838.30

LVL_pllperpll_45mm_45_d9L160_1 8.5 8994.5

LVL_pllperpll_45mm_45_d9L160_2 11.0 4668.2

LVL_pllperpll_45mm_45_d9L160_3 7.3 5073.1

LVL_pllperpll_45mm_45_d9L160_4 8.1 8145.0

LVL_pllperpll_45mm_45_d9L160_5 9.6 10738.1

LVL_pllpllpll_45mm_45_d9L160_1 16.80 15209.80

LVL_pllpllpll_45mm_45_d9L160_2 16.32 15353.70

LVL_pllpllpll_45mm_45_d9L160_3 15.32 14601.10

LVL_pllpllpll_45mm_45_d9L160_4 16.70 13898.30

LVL_pllpllpll_45mm_45_d9L160_5 17.81 15858.70

LVL_pllperpll_63mm_45_d9L200_1 11.4 17757.1

LVL_pllperpll_63mm_45_d9L200_2 14.2 12533.8

LVL_pllperpll_63mm_45_d9L200_3 14.4 15947.1

LVL_pllperpll_63mm_45_d9L200_4 12.4 18243.1

LVL_pllperpll_63mm_45_d9L200_5 13.7 14442.4

LVL_pllpllpll_63mm_45_d9L200_1 18.02 16522.60

LVL_pllpllpll_63mm_45_d9L200_2 23.60 15749.30

LVL_pllpllpll_63mm_45_d9L200_3 19.94 23001.60

LVL_pllpllpll_63mm_45_d9L200_4 21.62 18116.60

LVL_pllpllpll_63mm_45_d9L200_5 20.83 19560.10

LVL_pllperpll_45mm_30_d7l180R_1

LVL_pllperpll_45mm_30_d7l180R_2 13.1 12719.6

LVL_pllperpll_45mm_30_d7l180R_3 14.1 11687.1

LVL_pllperpll_45mm_30_d7l180R_4 12.0 13021.1

LVL_pllperpll_45mm_30_d7l180R_5 11.2 9631.1

LVL_pllpllpll_45mm_30_d7l180R_1 15.71 17379.7

LVL_pllpllpll_45mm_30_d7l180R_2 18 17293.9

LVL_pllpllpll_45mm_30_d7l180R_3 17.11 10868.5

LVL_pllpllpll_45mm_30_d7l180R_4 17.92 18699.4

LVL_pllpllpll_45mm_30_d7l180R_5

Averages Standard Deviation COV 5th Percentile

21.2 19460 3.35 2229 0.16 0.11 15.7 N/A

0.08 11.7 N/A13.2 11023 0.90 916 0.07

8.9 7524 1.43 2600 0.16 0.35 6.5 N/A

8.1 8542 1.89 1488 0.23 0.17 5.0 N/A

17.2 16060 1.06 3521 0.06

0.13 10.5 N/A12.6 11765 1.28 1533 0.10

27.7 28140 2.71 3291 0.10

0.22 15.4 N/A

0.05 15.1 N/A16.6 14984 0.90 755 0.05

20.8 18590 2.06 2871 0.10 0.15 17.4 N/A

11.1 N/A13.2 15785 1.28 2363 0.10 0.15

0.22 13.8 N/A17.0 12585 1.98 2777 0.12

0.12 8.9 N/A10.7 13790 1.06 1706 0.10

0.12 23.3 N/A
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Screw Identifier Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew Pscrew kscrew

LVL_pllperpll_45mm_30_d9L200_1 15.7 11483.0

LVL_pllperpll_45mm_30_d9L200_2 15.2 12746.1

LVL_pllperpll_45mm_30_d9L200_3 14.9 9969.9

LVL_pllperpll_45mm_30_d9L200_4 15.5 12204.3

LVL_pllperpll_45mm_30_d9L200_5 14.2 11419.6

LVL_pllpllpll_45mm_30_d9L200_1 21.72 19476.4

LVL_pllpllpll_45mm_30_d9L200_2 20.81 21324.9

LVL_pllpllpll_45mm_30_d9L200_3 23.32 20515.8

LVL_pllpllpll_45mm_30_d9L200_4 20.73 20661.9

LVL_pllpllpll_45mm_30_d9L200_5 22.61 21708.9

LVL_pllperpll_63mm_30_d9L280_1 21.0 15722.7

LVL_pllperpll_63mm_30_d9L280_2 25.6 16063.7

LVL_pllperpll_63mm_30_d9L280_3 26.2 18718.8

LVL_pllperpll_63mm_30_d9L280_4 25.2 22469.5

LVL_pllperpll_63mm_30_d9L280_5 24.7 16055.8

LVL_pllpllpll_63mm_30_d9l280R_1 19.3 32290.2

LVL_pllpllpll_63mm_30_d9l280R_2 19.2 34417.1

LVL_pllpllpll_63mm_30_d9l280R_3 19.8 32247.6

LVL_pllpllpll_63mm_30_d9l280R_4 20.0 28152.1

LVL_pllpllpll_63mm_30_d9l280R_5 20.0 31526.5

Averages Standard Deviation COV 5th Percentile

0.09 14.1 N/A

24.5 17806 2.05 2873 0.08 0.16 21.2 N/A

0.04 20.0 N/A21.8 20738 1.13 856 0.05

15.1 11565 0.59 1046 0.04

0.07 19.0 N/A19.7 31727 0.38 2272 0.02
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APPENDIX C FULL SCALE TESTS 

This appendix contains information, illustrations and figures relevant to the full scale 

testing undertaken as part of this study. The section contains some discussion of 

problems which were faced during the testing.  

C.1 PREPARATION OF SPECIMENS 

Specimens were delivered to the lab and prepared onsite. HySPAN LVL from Carter 

Holt Harvey Limited was used for the main portal members. Members were 105mm 

wide by 1050mm deep as shown in Figure- C-1. This size is not generally available 

‘off the shelf’. A more common size would be 90mm thick, with a maximum slab 

depth of 1200mm. The sleeves were also of HySPAN LVL, with a depth of 200mm 

and a thickness of 63mm.  

Figure- C-2 shows the router which was initially used to fashion the channels in the 

timber sleeves which accommodate the main tension rods. 

Figure- C-1: CHH HySPAN LVL used as rafter and column members 
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Using a router was a time consuming process, after the timber beam to steel column 

monotonic test, the channels were cut using a bench saw.  

A jig was fabricated to pre-drill the screw holes at a 60 degree angle as shown in 

Figure- C-3. The 60 degree angle to the direction of loading was adopted for all full 

scale tests, however an angle of between 30 and 45 degrees is now recommended.  

Figure- C-4 shows the sleeve atop the portal member with the screws partially 

inserted to allow the screw angle to be seen. Prior to testing, screws were installed 

fully. For the particular test shown in Figure- C-4, no problems were experienced 

during the insertion of the screws. However, subsequent full scale tests used two 

screw lines on either side of the rod. This resulted in very close screw spacing and 

some contact between the screws during insertion. The author now advises that for 

the size of joint which is being considered here, at least a 300mm deep sleeve 

should be adopted. 
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Figure- C-2: Routing of the channel in the timber sleeve which houses the 
main tension rods 

 

Figure- C-3: Jig used to pre drill screw holes at an angle of 60 degrees to the 
applied load 
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Figure- C-4: Partly inserted fully threaded AMO III screws which form the 
connection between the main portal member and the sleeves 

 

Figure- C-5: One of the fully threaded steel rods within the routed channel of 
the sleeve 
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Figure- C-6: Completed connection being lifted into place ready to be fastened 

The dimensions of the channels which accommodate the main tension rods should 

allow for easy insertion of the rod. The shear loading in the joint is taken by either a 

steel corbel or embedded dowels. Therefore, as the rods in the channels are only 

loaded in tension, an oversizing of the channels to allow easy insertion and 

installation will not negatively impact the connection. After the sleeves were 

attached and the rods inserted the overhead crane was used to position the timber 

beam against the steel column as shown in Figure- C-6.  

C.2 FULL SCALE TEST SETUPS 

The full scale testing setup for the timber beam to steel column and timber beam to 

timber column test is described in Chapter 6. Figure- C-7 to Figure- C-10 provide 

further clarification on the test setups if required. 
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Figure- C-7: Timber beam to steel column test setup showing the two steel 
columns and timber members which were used to provide lateral restraint 

Figure- C-8: Position of the LVDTs for the timber beam to steel column test 
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Figure- C-9: Timber beam to timber column test setup showing the two steel 
columns and timber members which were used to provide lateral restraint 

 

Figure- C-10: Position of the LVDTs for the timber beam to timber column test 
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C.2.1 SAMPLE CALCULATION: ANALYTICAL CALCULATIONS FOR 

MONOTONIC TEST OF TIMBER BEAM TO STEEL COLUMN. 

The test specimen consisted of a timber beam to steel column knee. The connection 

was designed to withstand loading equal to the elastic limit of the main timber beam 

member. The size of the main member was determined by the largest standard 

available size which could be supplied by Carter Holt Harvey. At this time, this was a 

105mm thick by 1050mm deep member.  

The elastic bending capacity of this member is specified as 751kNm. The Quick 

Connect was designed to withstand the design bending capacity of 800kNm. It is the 

authors opinion that this approach is of utmost importance when designing any 

connection. A connection which does not constrain member design allows for 

members to be designed economically and efficiently. Connections such as the 

glued in rod connection which reduce the net section area of the main member at 

the high moment area near the joint interface result in a requirement for members to 

be oversized. 

The design of the test specimen followed the procedure laid out in the design 

procedure section of this thesis. For testing purposes all phi factors were adjusted to 

one. The design procedure uses an iterative approach whereby initial assumptions 

for the size of each of the connection components are made and then checked by 

calculation. The only deviation from the standard design procedure is that the 

connection was designed by first deciding on the main member dimensions and 

then sizing the connection. 

The first step in the connection design for this specimen was to decide on a size of 

timber to be used for the sleeves. The initial choice was a 63mm thick by 200mm 

deep LVL 11 member. The sleeve must resist the compression strength which is 



 

259 
 

applied to the end grain of the timber. This is equal to the applied tension force in 

the rod. In each design case only one sleeve is considered and the results are then 

used for the remaining three sleeves.  

To design the sleeve the tension force in the rod must be computed. This was 

achieved by employing the simplified assumption that the centre of rotation is 

positioned at the midpoint of the main member which allows for the determination of 

the moment arm, jd: 

2jd d e   (12.1) 

1050 2 100jd mm mm    (12.2) 

850jd mm  (12.3) 

The design tension force in the main rods was therefore: 

*
* 1/

2rod

M k
T

jd
  (12.4) 

* 800 /1

2 850rod

kNm
T

mm



 (12.5) 

* 471rodT kN  (12.6) 

The compression capacity of the sleeves was calculated using equation (12.7) . 

Compression capacity of the sleeves must be larger than the applied force. 

1sleeve c nC k f A   (12.7) 

The Net section area of the sleeve was calculated by subtracting the area of the 

channel from the gross sleeve section area.  
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2200 63 804nA mm mm mm    (12.8) 

211796nA mm  (12.9) 

21 1 45 11796sleeveC Mpa mm      (12.10) 

531sleeveC kN   (12.11) 

*
sleeve rodC T   (12.12) 

531 471kN kN  (12.13) 

The screws used for this test were AMO III with a diameter of 7.5mm and a length of 

200mm as supplied by Wurth New Zealand. Tests performed on these screws as 

part of this project show a 5th percentile resistance of 11.29kN when the screw axis 

is placed at 60 degrees to the direction of the applied force. This result is valid for 

applications in which the axis of the screw is parallel to the grain directions of the 

sleeves and main portal frame member. The number of screws per sleeve required 

for the LVL-MC-01 test was calculated using equation (12.14). 

*

,
1

rod
s pll

screw

T
n

k P
  (12.14) 

,

471

1 1 11.29pll

kN
n 

 
 (12.15) 

, 42plln AMO III screws per sleeve   (12.16) 

Screws were arranged in a single line, one row above and one row below the main 

tension rod for each sleeve. The resulting sleeve length was 1615mm. 
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In order to verify the design procedure developed and gauge the behaviour of the 

joints, the steel rods and plates were oversized, forcing failure to occur in either the 

main member, if the characteristic design load is reached, or in the timber sleeves.  

M30 grade 8.8 galvanised threaded rods were selected for use as the main tensile 

rods. These rods have a specified minimum tensile strength of 830MPa resulting in 

an un-factored axial tensile strength of 466kN. No shear loading was applied to 

these rods and therefore no reduction in tensile load due to any shear-tension 

interaction needed to be considered. The standard rod length from the supplier is 

2000mm.  

It was suggested that the bearing plate be designed to have a maximum deflection 

under load of 1.0mm. This ensured that the forces from the rod would be transferred 

evenly into the end face of the timber sleeves. For the deflection calculations of the 

bearing plate it is assumed that the sleeve consists of two separate members. The 

reasoning behind this approach is explained in chapter 6. For this testing, a 50mm 

high strength bearing plate with a yield strength of 827N/mm was selected. The 

suitability of this plate was checked by ensuring that the plate remained within the 

required deflection limit under the expected loading. The width and depth of the 

plate were the same as the width and depth of the sleeve. Serviceability deflection 

governed the design of the bearing plate. The calculated deflection under a load of 

471kN was 0.3mm which is within the limits defined. 

A check was performed to ensure the shear and tensile strength of the main portal 

frame member was sufficient in the region where the sleeve was attached. The main 

member was a hySPAN LVL member with a shear strength of 5.3MPa and a tensile 

strength of 33MPa. The shear and tensile areas used in the calculations were 
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161700mm2 and 16590mm2 respectively. Definitions of these areas may be found in 

chapter 6. 

1 s sV k f A   (12.17) 

21 1 5.3 161700V MPa mm      (12.18) 

857V kN   (12.19) 

 

1 s tT k f A   (12.20) 

21 1 33 16590T MPa mm      (12.21) 

548T kN   (12.22) 

 

1405V T kN    (12.23) 

The shear and tensile strength of the main member are combined as it is assumed 

that these must occur concurrently. The resultant resistance of 1405kN is sufficient 

to withstand the predicted applied load of 942kN (the total predicted tensile load 

being transferred from the sleeves to the main member). 

The predicated rotation of the connection was calculated for the specified yield load 

of 751kNm for the main portal member. The revised centre of rotation and system 

stiffness was first determined: 

1 1 1 1

tension rods
system

rod screws sleeve plate

n
k

k k k k


 

    
 

 (12.24) 
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where: 

The stiffness of the rod can be expressed as: 

steel rod
rod

rod

E A
k

L
  (12.25) 

2 2200000 / 561

1715rod

N mm mm
k

mm


  (12.26) 

65423 /rodk N mm  (12.27) 

The stiffness of the screws can be expressed as: 

screws s sk k n  (12.28) 

6880 / 42screwsk N mm   (12.29) 

288960 /screwsk N mm  (12.30) 

The stiffness of the sleeves can be expressed as: 

,

2 sleeve sleeve
sleeve

s total

E A
k

L
  (12.31) 

2 22 13200 / 11796

1615sleeve

N mm mm
k

mm

 
  (12.32) 

192826 /sleevek N mm  (12.33) 

And the stiffness of the plate can be expressed as: 

3

16 steel
plate

p

E I
k

d
  (12.34) 
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2 4

3

16 200000 / 42000000

200plate

N mm mm
k

mm

 
  (12.35) 

116.72 10 /platek N mm   (12.36) 

83571 /systemk N mm  (12.37) 

   
2

2
system

timber system

k g

E b k


 
 
  

 (12.38) 

   2

2 83571 / 950

13200 / 105 2 83571 /

N mm mm

N mm mm N mm


   
    

 (12.39) 

102mm   (12.40) 

1
2

3

rod

M
T

g 


  
 

 (12.41) 

751000
1

2 950 102
3

rod

Nmm
T

mm mm


   
 

 (12.42) 

409rodT kN  (12.43) 

This is comparable to the 442kN force per rod which was calculated when assuming 

the centre of rotation is at the centre of the member. To be conservative, the initial 

value is used. 

*

rot

M
k


  (12.44) 

where 
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( ) /C T dj      (12.45) 

where ∆C is the elastic compression of the main member on the compression side of 

the connection and ∆T is the sum of the elastic deflections on the tension side of the 

connection and is given by (12.46).  

@ rodT rod sleeve screws plate          (12.46) 

The deflections of the individual connection components were calculated. The 

tension force in the rod when a moment of 751kNm is applied to the assembly is 

442kN and is calculated using equation (12.4).  

*
rod rod

rod
rod rod

T L

E A


 


 (12.47) 

2

442 1715

200000 / 561rod

kN mm

N mm mm


 


 (12.48) 

6.8rod mm   (12.49) 

In equation (12.48) the length of rod applicable is assumed to be the sleeve length 

plus the thickness of the bearing plate and column flange.  

*
37 ,

2
rod s total

sleeve
sleeve sleeve

k T L

E A

 
 

 
 (12.50) 

2

1 442 1615

2 13200 / 11796sleeve

kN mm

N mm mm

 
 

 
 (12.51) 

2.3sleeve mm   (12.52) 
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*
37 rod

screws
s s

k T

k n


 


 (12.53) 

1 442

9200 / 42screws

kN

N mm screws


 


 (12.54) 

1.1screws mm   (12.55) 

plate deflection of plate as set by designer   (12.56) 

0.3plate mm   (12.57) 

The plate deflection used was the calculated deflection of the 50mm plate when the 

connection is loaded to 751kNm. 

@ 6.8 2.3 1.1 0.3T rod mm mm mm mm      (12.58) 

@ 10.5T rod mm   (12.59) 

@ rodT T

d

g




 
     

 (12.60) 

1050 102
10.5

950 102T

mm mm
mm

mm mm

     
 (12.61) 

11.74T mm   (12.62) 

T
C d




     
 (12.63) 

11.74
102

1050 102C

mm
mm

mm mm
     

 (12.64) 

1.26C mm   (12.65) 
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( ) /C T d     (12.66) 

(11.74 1.26 ) /1050mm mm mm    (12.67) 

0.0124radians   (12.68) 

This rotation must be reduced as the readings for the experimental data figures 

have been adjusted for the lvdt at the rod centreline rather than the extreme fibre of 

the beam.  

850
0.0124

1050

mm
radians

mm
    (12.69) 

0.0116radians   (12.70) 
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APPENDIX D TUMU ITM NAPIER 

The Tumu ITM building in Napier was the first commercial building to use the Quick 

Connect joint. The author consulted on the project and provided design advice for 

the portal moment connections.  

As part of this study, the author devised a number of excel sheets which are used to 

size the Quick Connect connection components and predict joint rotation.  

The excel sheets vary depending on the connection type. A sample calculation 

sheet, for a timber beam to steel column knee connection, is given in this Appendix. 

The version of the design sheets used for the Tumu ITM building did not include the 

revised connection rotation calculations which take into account the movement of 

the centre of rotation. This resulted in the connection design being slightly 

conservative. 
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INPUTS

Loading: As per table 4.27 Timber portal frame design guide

Load combination k1 M* N* V*

(kNm) (kN) (kN)

[1.35G] 0.6

[1.2G, 1.5Q] 0.8 ‐230 ‐41.5

[1.2G, Wu] 1 141 33.9

[0.9G, Wu] 1

Assumed portal frame member sizes, initial assumptions

Jd= 1020 mm moment arm as defined in design guide

t= 90 mm main member thickness

Timber= Grade 11 LVL timber type 

b= 63 mm sleeve width

w 200 mm sleeve depth

Ørod,cl= 1 mm rod hole clearance

Screw design inputs:

Screw = Assy Plus Vmp Hd Aw40 Ø10*200mm

Screw layout= 2 rows

Rod design inputs:

Ørod= 24 mm rod diameter

Rod Grade= 4.6

Bearing plate design inputs:

Allowed deflection= 1 mm impacts  plate thickness & rotational  stiffness

Grade= 827 Mpa

Rotational Stiffness inputs:

Eside= 11 Mpa

Lrod= 750 mm length of rod (allows standard size input)

General Inputs:

k2= 2 Duration of load factor, for deflection

(See table in connection properties sheet

OUTPUTS

Sleeve compression check: Screws: Number of screws required per sleeve

113 < 355 For pll_pll_pll side member 10 screws

C*/2 [kN] C [kN]
Screw layout: Screw are arranged in  2 rows , half above and half below the

rod (for each sleeve). Screws are spaced as shown in Appendix 1 at the end of this document.

Length of timber sleeve required [mm] Block tear‐out check for main portal members

For pll_pll_pll side member 450 225 < 431

T* [kN] V+T [kN]
Dimensions of bearing plate required Rod Specifications

63 200 18 [mm] Rod diameter of  24 mm, grade 4.6

width depth thickness

New joint rotational stiffness calculated (re‐evaluate model with structural analysis program)

ϴ= 0.004275 radians k2 used= 2

k,rot= 53800.99 kNm/radians

Quick‐Connect portal frame knee connection spreadsheet

OK

OK

Note: Negative N* is 

compression

Rod diameter sufficient
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Evalation of rotational stiffness, k,rot

Lrod= 750 mm As  specified in inputs

Erod= 200000 N/mm²

k,screw pll= 12944 N/mm See properties

 Δ, rod ass= Δ1 +Δ2 +Δ3+Δ4

Δ1= 1.20 mm

Δ2= 0.42 mm

Δ3= 1.74 mm

Δ4= 1 mm

 Δ, rod ass= 4.36 mm

ϴ=  0.004275 radians (Δ, rod ass/ jd)

M*= 230 kNm

krot= 53801 kNm/radians M*/ϴ

Appendix A:

Screw option selected= 2 rows

Screw Layout: If one row selected

[a1] [a2] [a3]

[Edge]

a1 a2 a3 ls Edge [mm]

100 400 150 650 44

Screw Layout: If two row selected

[a1]

[Edge]

a1 a2 a3 ls Edge

100 200 150 450 19

(T*Lrod/2ErodArod)

(T*Ls/2EsideAside)

(T*/2(nscrew,pll*kscrew,pll)

bearing plate deflection

The initial assumed rotation was infinity. Calculated rotation should now be entered into 

your structural analysis program to confirm that the moments assumed are the same as the 

moments which are calculated when using the actual rotational stiffness. If not then you 

must use an iterative process to find a suitable solution

[a2] [a3]

[mm]
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Connection Layout:

Thickness 18 mm

Width 63 mm

Depth 200 mm

Grade 827 Mpa

Diameter 24 mm

Grade 4.6

Width 90 mm

Depth 1220 mm

Depth 200 mm

Width 63 mm

Length 450 mm

Timber

There are  10 screws per sleeve,  5

above and 5 below the rod. Screw spacing is

as per Appedix A.  Screw to be used are classified

Assy Plus Vmp Hd Aw40 Ø10*200mm

Sleeves

Grade 11 LVL

Steel corbel

To be designed by Stratagroup

Screws:

Main member:

Rods:

Bearing plate:
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Timber properties

Elastici ty Rigidi ty

fb fc,0 ft fs fc,90 E0,mean Elb

[Mpa] [Mpa] [Mpa] [Mpa] [Mpa] [GPa] [Mpa]

GL8 0.8 14 18 6 3.8 4.5 8 533

GL10 0.8 20 20 8 3.8 4.5 10 667

GL12 0.8 28 25 14 3.8 4.5 12 800

Grade 11 LVL 0.9 48 45 30 6 12 11 550

User  0.9 48 45 33 5.3 12 13.2 660

Screw properties: Use is  restricted to certain timber sizes  and types, please refer to Table 4‐6.  

Brand Length Ø 5% Pscew Pscew Kscrew Kscrew

Pll Perp Pll Perp

[mm] [mm] [kN] [kN] [N/mm} [N/mm]

1

Assy Plus  Vmp Hd Aw40 Ø10*200mm 200 10 18.2 19.8 12944 12186

2

3

4

5

6

7

Threaded Rod, From AISC structural  connections  tables:

[mm] [mm] [mm] [mm]

12 16 M12 76.2 84.3 113 19 0.8

16 20 M16 144 157 201 24

20 24 M20 225 245 314 30

24 30 M24 324 353 452 36

30 36 M30 519 561 706 46

36 . M36 759 817 1016 55

Rod specifications Plate Specification

Rod grade: fuf [MPa] Erod [MPa] plate Grade fy [MPa] Erod [MPa]

Low Stength 4.6 400 200000 0.9 Low 300 200000

High Strength 8.8 830 0.9 High 827

Screw layout

Please refer to page p.56, figure 14‐4 for an explanation of screw spacing

a1 a2 a3 ls Screw penetration= 173

1 row 100 400 150 650 Screw advance= 100

2 rows 100 200 150 450

a3 Edge distances:

b>tsleeve+tlvl 150 1 row 43.5

b<tsleeve+tlvl 100 2 rows 18.5

Duration MC Bending Tension

12 months  + 25 % + 3 1.5

12 months + 18 % less 2 1

2 weeks  ‐ Any 1 1

[mm]

Designato

r
Nom. Dia.

Diameter of 

nut face

Ao 

Shank

As  

tensile 

stress

Ac coreNext 

Avail

Tens ion 

Strength

Shear in 

Beams

Compress ion 

perp. to grain

Modulus  of

rod

[mm]

Rows  are staggered by 3d on one sleeve, 

and 5d on the opposing sleeve, see p.56, 

figure 14‐4. Edge spacing for 2 rows  case 

uses  5d spacing (critical)

k2 

factor

Connection detail properties sheet

Bending 

Strength

Brand

Compress ion 

Strength
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