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Abstract 

This thesis aims to develop advanced timber-based panelised prefabrication in 

an impactful manner. The research approach involved the establishment of close 

collaborative industry-partnerships which were then leveraged to best satisfy the 

critical needs faced in industry, resulting in targeted in-depth advancements across a 

range of areas. Five core areas for detailed advancement were identified, namely: 

manufacturing processes, waterproofing, wall systems, design methods (including 

optimal configuration selection) and floor systems. Within each core area, the pressing 

limitations of most immediate commercial need were investigated and addressed in 

detail. Consequently, the original contributions to knowledge are as follows: 

• Full evaluation and assessment of advanced automated manufacturing 

technologies and processes available for complete timber-based panelised systems; 

• Development and successful commercial adoption of a purpose specific 

prefabricated panel to panel waterproofing solution to replace on-site work; 

• Development and implementation of a significantly more material and cost-

efficient panelised timber-based wall system for mid-rise buildings, namely 

stiffened engineering timber walls with post-tensioning; 

• Corresponding mathematical modelling via the computationally efficient exact 

finite strip method based upon the Wittrick-Williams algorithm with appropriate 

orthotropic material models and strength limits; 

• Development of associated design curves, configuration specific post-tensioned 

strength reduction factors and optimal configuration selection methods;  

• Development of a panelised stressed-skin timber floor system through reductive-

design with increasing material efficiency whilst also reducing the number of 

manufacturing processes required for competitive commercial adoption. 

As a result, this development of knowledge, process and product innovations, is 

spurring and enabling the growth of research in, and industry adoption of, advanced 

timber-based panelised prefabrication.  
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Chapter 1: Introduction 

This chapter outlines the background (section 1.1), research approach (section 

1.2) and context and scope (section 1.3) of this study, as well as its central research 

questions (section 1.4). Following this, section 1.5 defines the research aims and 

objectives with section 1.6 describing its significance. Finally, section 1.7 presents an 

outline of the organisation of the thesis. 

1.1 BACKGROUND 

Never have more people lived on earth as there do today. The advent of modern 

medicine and technologies has facilitated a significant growth of population. At the 

same time, large economic growth and financial opportunities has spurred peoples 

desires to live in and around cities. Inevitably, this has led to a strong demand for 

housing, particularly mid-rise and beyond. 

Construction through prefabrication, be it for cost, quality, logistics or 

sustainability principles, can be used to help meet this demand. In terms of 

manufacturing, the prefabrication industry is evolving rapidly. First due to 

industrialisation, now due to the dawn of advanced automated technologies. However, 

many developments are still required before such methods will eclipse traditional 

construction practices. Moreover, there is yet a standardised ‘best-practice’ set of 

automated manufacturing methods and prefabricated structural system. 

This thesis sets out to influence the way construction of future urban habitats are 

carried out. This is through advancing current practices and the development of an 

advanced, automated and sustainably minded alternative.  

1.2 RESEARCH APPROACH 

The research approach used for the development and advancement of 

prefabricated forms of construction has been industry-focused. More specifically, 

close collaborative industry-partnerships were established and leveraged for the 

purposes of this study. This facilitated understanding of current limitations faced in 

industry and more importantly, joint cooperation in addressing them. Rather than 

research focusing on only one specific area, the gained holistic understanding allowed 



Chapter 1: Introduction 2 

for a series of detailed and in-depth pieces of research in several critical areas. In other 

words, detailed advancements were forged across a range of the most pressing areas to 

best satisfy the critical pressing needs faced in industry to impactfully develop and 

advance timber-based panelised prefabrication. 

1.3 CONTEXT AND SCOPE 

The construction technologies advanced and developed in this thesis are in the 

context of advanced prefabrication. More specifically, where buildings and building 

components are not simply built off-site by any means, but through advanced 

automation enabled manufacturing. This is through purpose developed systems which 

thoroughly take on Design for Manufacture and Assembly (DfMA) principles. That is, 

right from conception, the systems being built have been designed to exploit advance 

automated manufacturing technologies, current supply chains, standard means of 

transport and fast assembly. 

The scope of the research has been refined to panelised/planar (2 dimensional) 

systems as apart from modular/volumetric (3 dimensional) systems. This is primarily 

due to their inherently stronger propensity to take advantage of automation capabilities 

and large volume autonomous manufacturing. Further to this, the panelised forms of 

prefabrication developed are confined to timber-based systems. This is not only 

because of the advancements in Engineered Wood Products (EWPs) and their 

suitability for manufacturing, but for governing sustainability concerns, in the building 

of the next generation of cities. Lastly, the detailed advancements and developments 

made to manufactured panelised timber-based systems are focused to specific areas 

which are of genuine commercial and immediate need, where knowledge is either 

lacking or non-existent. 

Critically, these have been identified through the industry-university partnership 

and act as the knowledge gaps. They are as follows: 

I. Manufacturing processes - identifying and categorising advanced automation 

technologies available for each manufacturing process and their assessment 

with respect to current practices;  

II. Waterproofing - a waterproofing solution suitable for panelised 

prefabrication between the vertical connection of panels that does not require 

access to the exterior face of the façade; 
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III. Wall systems - a significantly more cost-efficient and material-efficient 

timber-based solution than any other panellised system currently available 

for mid-rise buildings. Additionally, improving this further with the 

advantageous incorporation of a multifunctional post-tensioning system; 

IV. Design methods and selection – a simple yet versatile set of design curves 

and methods for advanced timber-based wall systems. These are to be 

suitable for feasibility analysis, preliminary design and configuration 

selection. Numerous parameters are needed to be varied, including: wall 

height, panel thickness, number of adjacent studs and level of post-

tensioning;  

V. Floor systems - advancement of the next generation of panelised short span 

floor systems by optimising the design and manufacture of timber floor 

cassettes. This is such that material efficiency must increase whilst also 

reducing the number of manufacturing processes required. 

1.4 CENTRAL RESEARCH QUESTIONS 

The chapters of this thesis ask and answer two highly significant research 

questions, those being: 

(1) What are the current limitations found in timber-based panelised systems 

built through advanced manufacturing, that are of genuine immediate 

commercial need and where knowledge is either lacking or non-existent? 

(2) Within the timeframe and context of this study, what knowledge and 

corresponding solutions can be developed, studied and successfully proven 

to address each limitation?  

1.5 AIM AND OBJECTIVES 

This thesis aims to broadly develop knowledge in product and process 

innovations that will, spur and enable the growth of research in, and industry adoption 

of, advanced timber-based panelised prefabrication. 

The objectives to achieve this broad aim are as follows:  

• Form close industry-university partnerships;  



Chapter 1: Introduction 4 

• Leverage these partnerships, to identify current limitations and 

knowledge gaps that are of high commercial value in advanced 

manufacturing of timber-based prefabricated panelised systems; 

• Lead the cooperation of addressing the identified limitations and 

knowledge gaps from a holistic perspective; 

• Create knowledge with innovative solutions invented, designed, 

developed, modelled, tested, validated and verified to specifically 

address these limitations and knowledge gaps. 

1.6 SIGNIFICANCE 

Fully-complete prefabricated panelised timber-based systems built through 

advanced automated manufacture have the potential to be the dominate means of 

constructing sustainable future urban habitats. The significant advancements and 

developments presented in this thesis have yielded a growth of research in, and 

industry adoption of this advanced form of construction. These advancements are 

strategically targeted to critically dependent areas which are of genuine commercial 

and immediate need, where knowledge is either lacking or non-existent. Consequently, 

the significant original contributions to knowledge are as follows: 

• A full evaluation and assessment of manufacturing process and advanced 

automation technologies available for fully-complete timber-based 

panelised systems; 

• Development and successful commercial adoption of a prefabricated 

waterproofing solution to replace on-site work that integrates with 

manufacturing processes and panelised systems; 

• Development and successful adoption of a significantly more material and 

cost-efficient timber-based wall system, namely stiffened engineering 

timber walls with and without post-tensioning, suitable for fully-complete 

prefabrication;  

• Successful application of the exact finite strip method in stiffened-

engineered timber walls based upon the Wittrick-Williams algorithm with 

appropriate orthotropic material models and strength limits capturing the 



Chapter 1: Introduction 5 

behaviour of the timber elements for accurate mathematical modelling 

thousands of times more computationally efficient than FEM;  

• Development of corresponding design curves, configuration specific 

strength reduction factors due to post-tensioning and optimal configuration 

selection tools for axially loaded stiffened engineered timber walls with and 

without post-tensioning; 

• Advancements to panelised timber floor cassettes through reductive-design 

suitable for advanced manufacture, such that, material efficiency increases 

whilst also reducing the number of manufacturing processes required. 

1.7 THESIS ORGANISATION 

Post-introduction, the thesis begins with an overarching literature review, 

followed by five core chapters, which is then completed by an overall concluding 

discussion. The overarching literature review establishes the fundaments of knowledge 

and understanding across the topics covered in the five core chapters on the 

advancement of timber-based panelised prefabrication. These include the advancement 

of: manufacturing processes, waterproofing, wall systems, design methods & selection 

and floor systems. Each core chapter delves into a specific limitation and knowledge 

gap of high commercial need within each topic. The developments and advancements 

made to each in-depth research focus expands the body of literature in which it is 

positioned. In summary, each core chapter identifies and then addresses a specific 

research focus on one of the five major areas of current limitations and knowledge 

gaps within this study as shown in Figure 1-1. 
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Title: Development of Advanced Timber-based Prefabricated Panelised Systems 

 

Chapter 3 Advancement to Manufacturing Processes 

Review and Assessment of Manufacturing Processes for Advanced Automated 

Timber-based Panelised Prefabrication 

 

Chapter 4 Advancement to Waterproofing 

Development of Prefabricated Solutions to Waterproofing fit for seamless 

integration in Manufacturing Processes and Assembly 

 

Chapter 5 Advancement to Wall Systems 

Development of Stiffened Engineered Panelised Timber Wall Systems for Advanced 

Manufacture and the Post-tensioning thereof 

 

Chapter 6 Advancements to Design Methods and Selection 

A verified and validated analytical approach to Design Curves for Stiffened 

Engineered Timber Wall Systems, in addition to, configuration specific Post-

tensioned Strength Reduction Factors and corresponding charts  

 

Chapter 7 Advancement to Floor Systems 

Development of panelised stressed-skin engineered timber floor cassettes for 

advanced manufacture 

Figure 1-1: Advancement areas and corresponding in-depth research focus. 

 

The first core chapter reviews and assesses manufacturing process used in 

advanced automated timber-based panelised prefabrication. The next chapter then 

develops a prefabricated solution to incorporate waterproofing into the former outlined 
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set of manufacturing processes. Following this, a significant advancement to wall 

systems is developed with Design for Manufacture and Assembly (DfMA) principles 

in mind. Adding to this, the next chapter develops verified and validated design curves 

and charts for efficient design and optimal configuration selection. Continuing with 

advanced panelised systems and the modern manufacture thereof, the last core chapter 

advances prefabricated panelised floor systems through reductive design. 

A preamble is located at the beginning of each core chapter. These justify and 

explain the purpose of each respective chapter in the context of this study. This is 

achieved through answering the first research question;  

(1) What are the current limitations found in timber-based panelised systems built 

through advanced manufacturing, that are of genuine immediate commercial 

need and where knowledge is either lacking or non-existent? 

Within each chapter, manuscripts are presented. These outline the relevant 

literature, comprehensive investigation, methods and techniques adopted, results 

obtained, interpretation/analysis, conclusions as well as knowledge created and gained.  

A discussion on the implications is located at the end of each chapter. These tie 

the presented developments to the broader context of this study through answering the 

second research question; 

(2) Within the timeframe and context of this study, what knowledge and 

corresponding solutions can be developed, studied and successfully proven to 

address each limitation?  

At the end of the compilations, a concluding discussion is had; this synthesised 

the developed knowledge as a whole. Here, there is clear demonstration of the unified 

nature of the research programme, that overall constitutes a significant original 

contribution to knowledge in the subject area of advanced timber-based panelised 

prefabrication. The described macro outline of the thesis is presented in Figure 1-2. 
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Chapter 2: Overarching Literature Review 

 

Chapter 3: Advancement to Manufacturing Processes 

Preamble (RQ 1) 

Manuscript One Manuscript Two 

Implications (RQ 2) 

 

Chapter 4: Advancement to Waterproofing 

Preamble (RQ 1) 

Manuscript Three Manuscript Four 

Implications (RQ 2) 

 

Chapter 5: Advancement to Wall Systems 

Preamble (RQ 1) 

Manuscript Five Manuscript Six 

Implications (RQ 2) 

 

Chapter 6: Advancements to Design Methods and Selection 

Preamble (RQ 1) 

Manuscript Seven Manuscript Eight 

Implications (RQ 2) 

 

Chapter 7: Advancement to Floor Systems 

Preamble (RQ 1) 

Manuscript Nine Addendum 

Implications (RQ 2) 

 

Chapter 8: Concluding Discussion 

Figure 1-2: Post-introduction macro outline; RQ = Research Question. 

 

Research Note: Each pair of manuscripts, from chapters 3 through to 6, contain some 

recurrence of general subject matter. This is due to their common research area, as well as, 

the latter manuscript of each pair fundamentally advancing upon the former.
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Chapter 2: Overarching Literature Review 

Where the previous chapter introduced the thesis, this chapter focuses on the 

relevant knowledge and literature behind it. Its purpose is to broadly establish the 

knowledge and literature relevant to the research problem in which each core chapter 

complements by delving in depth. The chapter begins with the definition (section 2.1), 

forms (section 2.2) and levels of prefabrication (section 2.3). This is followed by the 

benefits and limitations of prefabrication (section 2.4 and section 2.5). Finally, timber 

in prefabrication is reviewed (section 2.6) along with manufacturing processes and 

Design for Manufacture and Assembly (section 2.7).  

2.1 PREFABRICATION DEFINITION 

Prefabrication is the set of off-site manufacturing processes which turns raw 

materials and sub-assemblies to complete components, be it panels or modules [1]. 

These are conducted in a controlled environment, once manufactured, the completed 

components are transported on-site for their direct incorporation in construction [2]. 

Other terms exist in literature to denote prefabrication and are used interchangeably; 

these include: prefab, pre-assembly, industrialised building systems, off-site 

fabrication and manufactured homes [1, 3-6]. 

Prefabrication systems comprise of those with varied levels of work conducted 

off-site. For many systems this is only structural, whilst others also incorporate one or 

more of the following: exterior cladding, interior finish, insulation, electrical conduits, 

plumbing, doors and windows [7]. The term ‘fully prefabricated panelised system’ 

refers to those that include practically all possible tasks in the manufacturing stage, 

leaving only the structural and service connections to be carried out on-site. It is 

systems which facilitate this, that are of focus in this study. 

2.2 FORMS OF PREFABRICATION  

The definition of prefabrication being, the set of off-site manufacturing processes 

which turns raw materials and sub-assemblies to complete components, leaves open to 

question the nature of these said components. Thus, these components are often 

additionally termed as panelised or modular, with the identifying difference being 
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whether they enclose a useable space or not. This leads to their alternative description 

being also known as volumetric and planar [2]. These generally align to various forms 

of increased level of prefabrication as per Figure 2-1. 

 

 

Figure 2-1: Various forms of increased level of prefabrication [8].  

 

2.2.1 Volumetric and Modular prefabrication 

Prefabrication implemented volumetrically consist of the end product, known as 

a module, being such that it encloses a 3-dimensional space [9]. Although often used 

interchangeably, some literature differentiate the terminology volumetric and modular. 

An example is modular being termed as units which together form either a complete 

building or parts of a building, whereas, volumetric being a unit which also encloses 

space but on its own does not constitute the whole building nor provide any support of 

the building structure [2]. Modules can also be broken down to sizes, smaller one room 

modules are termed ‘pods’ and typically come in the form of bathrooms, these are 

increasingly being used in high-rise construction [7]. Here, a discrepancy in literature 

here in the use of the terminology. This is clearly evident since Griboff and others refer 

to bathroom pods for high rise construction as modules whereas under Gibbs definition 

it would constitute a volumetric unit and not a module. This is because bathrooms pods 

do not constitute an entire building nor does not directly provide structural support the 

building.  

2.2.2 Planar and Panelised prefabrication 

Panelised systems are 2-dimensonal and on their own do not enclose a space, 

thus, by definition they are planar [3]. Due the focus on advanced automated 

manufacture, it is panelised systems that are constrained as the scope of this study [10]. 

Panelised systems are often thought of as wall systems; however, floor cassettes are 

also planar and thus also fall under this category. Panelised walls are explored in 
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greater detail in Chapter 5 ‘Advancement to Wall Systems’ and Chapter 6 

‘Advancement to Design Methods and Selection’, whereas panelised floor cassettes in 

Chapter 7 ‘Advancement to Floor Systems’.  

2.2.3 Modular vs Panelised 

Modular systems have been classified as a higher level of prefabrication as 

compared to panelised systems by methods proposed by Lawson, Ogden and 

Goodier [11]. This was argued due to the assumed greater amount of work carried out 

off-site, which was then directly correlated to the many benefits of prefabrication. 

However, this argument can be quickly negated with the advent of advanced and 

fully-complete panelised floor and wall systems. In a similar manner, the arguments 

for modular systems as compared to panelised which state that there is better quality 

control [10] can also be disproven in a similar manner. Despite this, there is still one 

clear inherit and unchanged benefit of modular systems as compared to panelised 

systems: speed of on-site assembly. Speed of construction on-site is an attractive 

selling point with far reaching benefits. Take for example, minimised community 

disturbance or reduced time of finance. Yet despite of this, panelised systems in many 

ways hold a clear and distinct advantage over modular systems.  

A fundamentally distinct advantage of panelised systems over modular systems 

is that they are vastly more space efficient. This is highly important since 

prefabrication is often adopted as a centralised off-site alternative to building on-site, 

usually due to site constraints [12]. Difficult site access is an issue which fabricators 

face in implementing prefabricated solutions, in this regard, panelised systems hold a 

definite advantage. This is due the lack of oversize modules, therefore, catering for 

hard to access and tight work sites [10, 13]. Additionally, given that modules are 

transported one at a time with a vast amount of empty space in each, significantly many 

more transits are required as compared to panelised systems which are neatly and 

efficiently stacked. This space efficiency during transport becomes a greater discerning 

factor the further the construction-site is from the manufacturing facility. Furthermore, 

this space efficiency also adds direct cost savings to the initial start-up cost of 

prefabrication facilities since they can be smaller in scale due to the efficient storage 

of the completed panels prior to transport. 

Other than the physical limitation of transporting modules, there is also the 

burden of the cost and time of larger trucks with special escort permission in moving 
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oversized volumetric modules as compared to the transportation of panels. Another 

significant benefit of panelised systems over modular systems is found when 

comparing the magnitude and cost of equipment and machinery needed to assemble 

the structure on-site [14]. Most notably, a large stationary crane is needed to lift and 

handle modules. Not only does this crane takes up more space and costs more money, 

it also takes a significant amount of time to for it to move position. This is in stark 

contrast to the cranes needed to lift panelised systems, which are not only smaller and 

cheaper, they are more mobile, thus catering well for buildings with large footprints. 

Further to all this, there is greater structural efficiency in panelised systems as 

compared to modular systems since no additional reinforcement is necessary during 

the temporary state to cater for transport and lifting 

The final benefit, and principle motive for the scope of this study, is that 

panelised prefabrication inherently drives advanced manufacturing processes and 

technology for construction. That is, it moves away from the notion that prefabrication 

is building a building off-site for the sake of building it off-site, to that of 

industrialisation through advanced automated manufacturing methods and 

principles [10]. There is an increasing amount of companies developing and adopting 

automation enabled manufacturing lines for the labour efficient creation of timber-

based panelised systems; this is further explored in Chapter 3 ‘Advancement to 

Manufacturing Processes’. Pioneering prefabricators move away from the structural 

only systems, whose manufacturing processes in many cases already fully automated, 

to completely prefabricated panelised system which incorporate additional processes 

such as: exterior cladding, insulation, electrical conduits, insulation, window and door 

inclusions as well as internal finish. 

2.3 DEGREE OF PREFABRICATION 

Various degrees of prefabrication exist and have been used to categorise and 

distinguish between assorted applications of prefabrication methods. The classification 

of the level of prefabrication may be tied to its form, or the manner in which it was 

created. Richard [15] has presented ‘five degrees of industrialisation’ where he 

suggests that prefabrication itself is only the first degree of industrialisation and that, 

a further 4 levels exist, the full set being: 

1) Prefabrication, 



Chapter 2: Overarching Literature Review 13 

2) Mechanisation, 

3) Automation, 

4) Robotics, 

5) Reproduction. 

 Prefabrication used in this sense is its purest literal definition, in that it only 

signifies that there is building work carried out beforehand and nothing else. Therefore, 

this implies some sort of assembly or adding value activity to occur before reaching 

the construction-site, with no specific restriction to how that may have occurred. 

Strictly speaking, when one removes their personal bias and invoked ideas of what 

prefabrication typically means, then the pure literal definition is had. That is to say, the 

word prefabrication itself does not necessarily signify that ‘off-site fabrication’ must 

be conducted in any different manner than how it would have been if it was conducted 

on-site. In other words, constructing a building off-site in the exact same manner as 

one would build it on-site, is still appropriately termed prefabrication, even without 

taking any advantage of modern manufacturing or industrialised capabilities.  

The next degree of prefabrication is the enablement and use of mechanisation. 

That is, machinery is adopted such as rolling tables and hydraulic presses to add further 

benefit to what is available when working in a traditional on-site construction 

environment. The next degrees of industrialisation are automation and robotics. 

Automation being the replacement of certain tasks or portions of certain tasks with an 

automated alternative, but still under supervision and/or still integrally working 

together with labour-based methods [15]. Robotics takes this a step further, in that, the 

mechanisms behind the automated tasks have the capability and flexibility to perform 

a diversified range of tasks. A prime example of this is what is terms as ‘mass 

customisation’ through Computer-Aided Manufacturing (CAM) implemented with 

multi-axis and multi-tool automated robotics [15].  

The final degree of industrialisation is that of reproduction; this is a common 

goal of many industrialised practices. Reproduction can be thought as the duplication 

or multiplication of a product or a process. When reproduction is thought of a product, 

then all the degrees beforehand are tailored and streamlined to achieve the creation of 

that specific product and nothing else. Whereas, when reproduction is thought of as a 

process (or set of processes) then the degrees beforehand are developed to facilitate 
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the completion of the process (or processes) regardless of what the input and output 

requirements are.  

In summary, the highest level of prefabrication is one that takes advantage of 

mechanisation through flexible automated robotics; this can independently perform a 

complete range of diversified set of tasks required to facilitate the reproduction of all 

processes required for the manufacture of any designed product.  

Levels of prefabrication has also been simply tackled from a component-based 

classification system. This method is popular across a number of academics and is 

highly tangible for the classification of prefabricated components [2, 11]. Put simply, 

this method categorises the amount of work performed off-site as the level of 

prefabrication regardless of how rudimentary the mechanisms behind the creation of 

them were. An influential example of this is presented by Gibb, Lawson, Ogden and 

Goodier in Table 2.1 [2, 11].  

 

Table 2.1: Adapted classification of construction systems in terms of level of 

prefabrication [2, 11]. 

Level Components Description 

0 Materials 
On-site-based work with delivered 

materials 

1 Components 
Manufactured parts used in on-site 

construction 

2 
Elements and sets of elements 

in planar form 

One and two-dimensional assemblies of 

structural frame and wall panel 

3 Volumetric systems 

Three-dimensional forms or modules 

which may be combined with other levels 

of prefabrication and/or on-site 

construction 

4 Complete building systems 

Essentially fully-finished modular 

components which forms the building 

system 

 

It is panelised systems that facilitate practically all relevant tasks to be completed 

during manufacturing, leaving only the structural and service connections to be 
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completed on-site which will be advanced in this study. The current classification of 

construction systems does not cater for this; however, the closest means would be to 

classify it as both level 2 and level 4 since the system is planar and complete. 

2.4 BENEFITS OF PREFABRICATION 

With appropriate implementation it has been proven that prefabricated 

construction has many benefits over traditional on-site construction; this has been 

supported with a number of academic studies and have been exploited in the 

development of the systems presented [16]. Such benefits include lean manufacturing 

principles can be applied which can reduce the amount of waste. Waste in this sense 

encompasses all unnecessary materials, labour and time [17-20].  

Controlled manufacturing conditions have proven better quality control, build 

quality, safety, productivity and reduces theft and on-site damage [21-24]. 

Additionally, this facilitates the exploitation of the principle of economies of scale 

which when managed and applied correctly can reduce costs [25]. Moreover, the 

ability to manage exposure to risks such as that of adverse weather conditions and its 

potential to impact work which results in a more reliable and rapid project schedule 

[26]. In summary, prefabrication facilitates efficient manufacturing, storage, delivery 

and assembly whose centralised supply chain surpasses that of traditional construction 

methods [27]. Additionally, advanced mechanisms and automated machinery can be 

incorporated to further advance manufacturing [28].  

Particularly with prefabrication, there in an inherit ability to cater for 

construction projects which are intended for remote locations or in severe 

environments [17, 21]. Although limited to large prefabrication companies, businesses 

managers and can offer prospective clients a unified set of procurement routes [11, 

29]. Lastly, as compared to the general on-site construction worker, a technically 

skilled and well trained multidisciplinary workforce can be established, with their 

working environment improved in terms of health and safety [11]. Due to the many 

benefits which prefabrication offers over traditional on-site construction, there has 

been a push by academia for increased industry adoption. This is further outlined in 

Appendix F ‘General Recommendations to increase prefabrication adoption’.  
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2.5 LIMITATIONS OF PREFABRICATION 

Despite the many benefits which prefabrication offers, there are some inherit 

disadvantages and unrealised theoretical advantages which arise [22]. Primarily, there 

is a high initial development cost for prefabricators as well as a high perceived business 

risk. This is due to the significant setup and establishment of the manufacturing facility 

prior to winning contracts [21]. These costs and business risks also include the need to 

retrain and requalify workers and management [17]. Furthermore, automation 

technologies are still developing and yet to be fully established in this setting; for many 

it is simply not viable to invest heavily in upcoming technology [26]. Standardisation 

of components and elements are a staple of efficient prefabrication; however, it acts 

against the flexibility necessary for bespoke projects. Accordingly, the applicability of 

prefabrication is best suited for repeatable and large-scale developments [25].  

Further to this, limitations include the lack of design guidance, policy, legislation 

and general inflexibility for large structural spans [18, 30, 31]. Similarly, there are 

certain limitations to modular design in terms of architecture. However, design 

guidelines have been written with a new style of architecture in mind, namely prefab 

architecture [32]. Transportation and temporary storage of large prefabricated modules 

limits the feasibility of such system in many prospective projects [9, 12]. Moreover, 

due to their manufactured nature, greater lead time is required. This is especially 

considerable the more bespoke the project is, due to the increased work in the design 

stage [33].  

Finally, lacking confidence in prefabricated construction from the clients 

perspective, does not warrant the entire restructure of the entire building process [17, 

34]. These limitations ought to be managed and addressed by pursuing prefabricated 

construction only in project and context scenarios which are favourable and targeted 

to the strengths and benefits of this form of construction [35]. 

2.5.1 Specific limitations 

Specific limitations faced by those who actually adopt prefabrication are 

identified and solved in this thesis, thus increasing prefabrication adoption through 

creating tangible commercial advantage. This contrasts with current recommendations 

to increase prefabrication adoption provided by academia, since those are focused on 

general recommendations geared towards tackling general limitations. These general 



Chapter 2: Overarching Literature Review 17 

recommendations addressing general limitations are presented in Appendix F ‘General 

recommendations to increase prefabrication adoption’. By way of exception, specific 

limitations that are of genuine immediate commercial need, where knowledge is either 

lacking or non-existent, are duly identified and addressed in this thesis through close 

industry partnership.  

Notably, these are: identifying and categorising advanced automation 

technologies available for each manufacturing process and their assessment with 

respect to current practices as per Chapter 3; development of an essential 

waterproofing solution between the vertical connection of panels that does not require 

access to the exterior face of the façade suitable for panelised prefabrication as per 

Chapter 4; development of a significantly more cost-efficient and material-efficient 

timber-based solution than any other panellised system currently available for mid-rise 

buildings suitable for an advantageous and multifunctional post-tensioning system as 

per Chapter 5; development of simple yet versatile set of design curves and methods 

for advanced timber-based wall systems that are suitable for feasibility analysis, 

preliminary design and configuration selection as per Chapter 6; Finally, increasing 

material efficiency whilst also reducing the number of manufacturing processes 

required for timber floor cassettes as per Chapter 7. 

2.6 TIMBER IN PREFABRICATION 

In stark contrast to steel and concrete, timber stores carbon and is renewable [36-

38]. Additionally, prefabricated methods of construction have lower environmental 

impacts than traditional methods [39, 40]. Thus, this leads to the synchronised benefits 

in the use of timber in prefabricated structures, and hence a proposed leading method 

in the development of sustainable cities [41]. Further to this, across literature 

automation technologies and robotics have been strongly developed and used 

specifically for timber-based prefabricated forms of construction [28, 42-49]. This may 

be due to timber being a more workable material when compared to concrete or steel. 

It is credited as being easy to cut and route with CNC machines as well as with simple 

connections through nailing and gluing. This contrasts with energy intensive laser 

cutting, precision welding and bolted connections. As a result, there are many forms 

of timber-based prefabricated systems which vary in function and purpose. The 

panelised systems generally focus on floors and walls, and feature automation enabled 

solutions to their prefabrication [50]. This is expanded upon in Chapter 3 
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‘Advancement to Manufacturing Processes’, Chapter 5 ‘Advancement to Wall 

Systems’ and Chapter 7 ‘Advancement to Floor Systems’. 

2.6.1 Engineered Wood Products (EWPs) 

Many engineered wood products have been developed from either particles, 

strands, strips, sheets and sections of timber to create what is termed as ‘Engineered 

Wood Products’ (EWPs). These can utilise the waste of regular sawn cut sections or 

be made directly from harvested plantation for a specially defined purpose. 

Commonplace in panelised timber-based floor and wall systems, the EWPs of Cross-

Laminated Timber (CLT), Plywood and Oriented Strand Board (OSB) are now further 

discussed.  

2.6.1.1 CLT 

Cross-Laminated Timber (CLT) is generally a standalone product which 

compromises of sawn cut wood lamellas (layers) of timber that are glued together with 

the grain alternating perpendicularly at each layer [51]. This creates a strong timber 

product where the strength along grain can be utilised in both directions to bear lateral 

shear loads as well as vertical loads. This added versatility renders CLT wall panel to 

share more characteristics to a precast concrete panel then a traditional stud framing or 

post and beam form of construction [52]. Although there are several major advantages 

of CLT over precast concrete, the most notable is the natural appearance and 

sustainability aspect of the product. CLT panels can store carbon whist concrete 

precast, particularly reinforced concrete precast, have large embodied energy and 

associated carbon emissions [53]. CLT panels are also more workable in the sense that 

they are notably lighter; openings and notches can be easily made and steel connections 

can be compositely integrated off-site or on-site, therefore, overall versatility is 

increased as compared to concrete and/or steel [54].  

In contrast, one of the disadvantages of CLT, particularly in Australia, is its 

availability since the manufacturers location is often not nearly as close to the project 

site as it is for other building systems. Another disadvantage is in the product itself 

being of a simple monolithic block geometry in its use in walls and floors, similar to 

precast concrete. In this form it is not material efficient when compared to engineered 

timber I-beams, sheathed timber framing or even timber post and beam construction. 

The material inefficiency of CLT is yet to be adequately addressed in literature and in 
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industry. Therefore, a significantly more material solution is proposed in Chapter 5 

‘Advancement to Wall Systems’. 

2.6.1.2 Plywood 

This engineered wood panel is comprised of multiple thin layers or sheets of 

wood veneer which are glued together such that the grain in each adjacent layer is 

perpendicular. Additionally, in some specialty plywoods, the plies (layers) can step in 

a 45° fashion [55]. This act of ‘cross-graining’ improves the material dimensional 

stability and the strength of the product in the directions which have the grain running 

parallel to the applied force [56]. The number of plies or layers is usually odd to 

provide a balance so that distortion is minimised. Although there are many applications 

in which plywood is used, the best uses are those which take advantage of its high 

strength and resistance to distortion. Therefore, it has been used in many structural 

building applications where shear may be a concern. An exemplary example is its use 

as the web of short span floor joists, where shear is of concern, as in Chapter 7 

‘Advancement to Floor Systems’. 

2.6.1.3 OSB 

Used as a structural panel, Oriented Strand Board (OSB) is manufactured by 

bonding thin strands of wood, with the strands generally oriented in the intended 

direction of span [57]. The inner layers tend to have the strands oriented in the 

crosswise direction whereas the outer layers tend to have the strands oriented in the 

lengthwise direction. Once the strands are laid out and adhesive is applied, the curing 

process occurs under heat and pressure; this is to aid in a flat finish rather than it being 

overly rough however on appearance the finished product is still variegated [58]. Used 

internally and externally OSB shares similar application with plywood although it is 

more cost effective.  

Differences in strand size, technique and bond quality within OSB may vary 

between manufacturers, and therefore, the durability and performance characterises 

may differ [59]. In terms of OSB strength, it can have a larger effective load bearing 

capacity than sawn cut timber (dependent on orientation) and offer a superior cost-

efficient solution to floor spanning scenarios between joists [60]. OSB has replaced 

plywood for many structural applications though it must be noted that it is not as 

breathable and more susceptible to deterioration from water Therefore, care needs to 
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be taken with its use, particularly in applications where water penetration may occur. 

This is true for complete forms of panelised construction due to the number of joins in 

the façade between panels. Therefore, waterproofing is especially critical to panelised 

systems utilising OSB; this issue is fully addressed in Chapter 4 ‘Advancement to 

Waterproofing’. 

2.6.2 Panelised timber floor systems 

Timber floors have been gaining traction in the form of prefabricated panelised 

floor cassettes [61-64]. Despite this, many builders for smaller projects find it more 

economical and simpler to use individual engineered timber I-beams joists which are 

then layered with flooring panels on-site [65]. The economic benefits driving this in 

smaller projects are partly governed the ability of carpenters and labourers to be able 

to manually lift and handle individual engineered timber I-beam joists. This removes 

the necessity and cost of a crane and a crane operator. The other reason is due to 

saturation of engineered wood products on the market which has allowed many 

companies to compete, thus driving competition [66]. Therefore, there is a strong 

incentive for manufactures to advance and adopt the next generation of panelised floor 

cassettes to gain commercial advantage.  

Currently, the typical creation of prefabricated timber flooring cassettes simply 

involve combining engineered timber-I beam joists with the with the mechanical fixing 

of flooring skin and rim-board [67, 68]. Rimboard, being any engineered timber panel 

product which surrounds the perimeter to prevent lateral destabilisation [69]. These 

floor cassettes can be lifted from the manufacturing line and stacked to the back of a 

flatbed truck by either an overhead gantry crane or by a truck-crane itself, ready to be 

delivered on-site [70]. Considering this, there is plenty of scope for the optimisation of 

timber floor cassettes specific for advance manufacture. Namely, increasing material 

efficiency whilst also reducing the number of manufacturing processes required. This 

is further explored and addressed in Chapter 7 ‘Advancement to Floor Systems’.  

2.6.3 Panelised timber wall systems 

Prefabricated timber-based wall systems primarily come in two varieties. First 

and most prominent is lightweight framing. These involved sawn cut timber studs at 

set spacings along top and bottom plates (additional sawn cut studs) to create the frame. 

This is reinforced with either a diagonal steel strap or thin bracing sheets (particularly 
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at the corners) to prevent undue displacement and rocking under lateral loads [64, 71]. 

These have become the dominant structural system for low-rise structures due to 

efficient automated mass production [72]. The other form of panellised timber wall 

system is termed massive wood construction [52, 73]. Comparably, this is a 

significantly newer technology with similar geometric dimension of precast concrete. 

These consists of sections of timber that are glued together, generally in a crosswise 

direction, as in Cross-Laminated Timber (CLT) to create a mass wall [74-76]. In this 

way, buildings have achieved 18 storeys or 53 metres in height with feasible developed 

plans to go up to 150 metres [54, 77]. There is an outstanding need for a timber-based 

system that capacity-wise, lies in-between lightweight framing and massive wooden 

construction [78]. This has led to the development of stiffened engineered timber walls 

as explored in Chapter 5 ‘Advancement to Wall Systems’ in addition with manuscript 

10, found in Appendix G ‘Structural behaviour of prefabricated load bearing braced 

composite timber wall system’. 

2.7 MANUFACTURING PROCESSES AND DFMA 

Knowledge specifically in relation to automated manufacturing in the production 

of panelised prefabricated buildings is lacking. Nevertheless, there is some information 

published, however, it is primarily focused on modular/volumetric forms [11, 79]. 

Regardless, they are still of relevance with relation to panelised automation since 

learnings can be inferred. This is because panelised forms of production have the 

potential to act as a feed in station for modular/volumetric systems [80, 81]. Lawson 

primarily argues that highly automated tasks ought to occur at the beginning of the 

production process since these tasks are generally more suitable to this method of 

production [11]. Latter tasks, such as fitting out can be performed manually since they 

are notably more difficult to automate. 

Neelamkavil has begun to importantly discuss robotic automation in the prefab 

industry, however, there is no outline of all processes and automation technologies on 

a manufacturing level for full panelised construction [82]. Despite this, like others [83, 

84] focus is on general high level review on various smart technologies rather than 

process specific manufacturing level solutions suitable to this context of 

fully-complete prefabrication. The general discussion topics include Virtual Reality 

(VR), Radio-Frequency Identification (RFID) and Building Information Modelling 

(BIM). However, Altaf, Al-Hussein and Yu has presented a more detailed, 
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manufacturing level research work on continuous methods for wall production. This is 

suitable for the walls of a constant height and depth with no limitation on width [85].  

In the first area of production, the timber frame is fabricated, then the wall 

continues to move along at a rate equal to the frame construction to an area where thin 

sheathing is installed. This is at a rate to match the prior. From this, the sheathed frame 

extends to the next area where insulation is then added. At this stage the walls are cut 

up and those designated for the exterior and interior are separated. For the interior walls 

this is where the manufacturing process stops, however, for the exterior walls, 

windows and doors are added. This interesting method of production has its merits, 

since it reduces waiting time and transfer time of walls between work stations, and it 

keeps each station in check with each other. That is, if one work station begins to slow 

down, it becomes immediately clear, therefore, measures can be taken prior to any 

notable backlog occurring. However, continuous wall production although suitable for 

some forms of panelised prefabrication has many drawbacks, primarily due to its 

inflexibility. More than this, there is a fundamental waste of material and inefficiency 

as interior and exterior walls need not be structurally the same. Furthermore, 

continuous wall production may work well for simple repetitive structural elements, 

and even the inclusion of insulation, but that is where the efficiency stops. From here, 

there is no outlined scope for the inclusion of services, façade and waterproofing to the 

continuous line.  

Service requirements would differ from wall to wall and should be checked along 

with the installation of a potential façade system; this may change project to project. If 

all the extra tasks required to complete the wall to a fully-finished level were attempted 

to be incorporated in the continuous production line, then it would be extremely 

difficult to coordinate production speed amongst each area and it would be highly 

susceptible to large setbacks, even in minor events. This is because when a task down 

the line inevitably becomes delayed, there are no buffer stations or areas to absorb the 

impact. Noting this, continuous panelised wall production methods are theoretically 

highly efficient for simple low-level prefabrication. In other words, suitable for levels 

of prefabrication that are only structural, and not practical in fully complete 

prefabricated walls.  

In summary, there is lacking information on manufacturing systems suitable for 

complete advanced manufacture of timber-based wall systems. This is also challenged 
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by the changing and ever-increasing assortment of technologies available. These 

limitations are addressed in detail in Chapter 3 ‘Advancement to Manufacturing 

Processes’ on a process by process basis. 

2.7.1 DfMA 

Design for Manufacture and Assembly (DfMA) is the primary methodology used 

for design and development of the panelised systems presented in this study. 

Fundamentally it is the combination of two methodologies; the first being Design for 

Manufacture (DFM) and the second being Design for Assembly (DFA).  

DFM is a principle that dictates the way in which design is to be carried out such 

that the product can be rapidly and reliably manufactured. Factors for design that may 

be considered are the typical and specified tolerances, the design form, the type of 

material, the method in which the material is to be processed, the number of 

components, the complexity of components and finally the time and cost for design 

and manufacture. Whereas, DFA is a principle which dictates the way that design is to 

be carried out so that the components of the product can be assembled in a fast, easy 

and repeatable manner. Some factors for design that may be considered is the number 

of steps require for assembly, the number of possible ways to assemble and the overall 

time and cost of assembly.  

Previous academic studies have suggested that prefabrication where 

manufacturing is conducted off-site are leaner methods of construction which facilitate 

the adaption of DfMA principles [86, 87]. In fact, studies have unambiguously 

suggested that DfMA based methodologies are to be the method in which prefabricated 

buildings are to be designed and developed [88]. Therefore, DfMA has been applied 

in this study with more information presented in Chapter 4 ‘Advancement to 

Waterproofing’, Chapter 5 ‘Advancement to Wall Systems’ and Appendix E ‘DfMA 

Applied’.
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Review and Assessment of Manufacturing Processes for 

Automated Timber-based Panelised Prefabrication 

 

Where the previous chapter provided an overarching literature review of 

advanced timber-based panelised prefabrication, this chapter focuses on the 

advancement of the underlying manufacturing processes. Specifically, a review and 

assessment of manufacturing processes and their automation for complete panelised 

timber-based prefabrication. This begins with a preamble addressing the first research 

question. Following this, Manuscript One and Manuscript Two are presented. Finally, 

implications are outlined with respect the second research question. 

Preamble 

(1) What are the current limitations found in timber-based panelised systems built 

through advanced manufacturing, that are of genuine immediate commercial need 

and where knowledge is either lacking or non-existent? 

A lack of research and development in the role of suppliers of prefabrication 

technologies and materials to the prefabrication sector has been noted [89]. There is 

untapped potential in prefabrication suppliers forming integrated business 

relationships across an array of fabricators in the sharing of knowledge and 

developments. That is, to work together in pairing and combining their technologies to 

manufacturing processes such that greater value is gained. Existing and potential 

fabricators lack information on a comprehensive set of manufacturing systems that in 

amalgamation are suitable for the advanced manufacture of fully complete 

timber-based panelised systems. This is also challenged by the evolving and 

ever-increasing assortment of technologies available by suppliers of prefabrication 

technologies for each manufacturing process. This limitation represents a large 

knowledge gap in academia, where the entire set of processes needed for fully 

complete prefabricated timber-based systems are not fully outlined, let alone matched 

to advanced automation enable technologies. Manuscript One, ‘Automated 

manufacturing for timber-based panelised wall systems’ thoroughly addresses this on 

a process to process basis.  
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More than this, a mechanism is needed for the assessment of current practices in 

any particular prefabricator against leading automated solutions. To advance the 

industry, current timber-based wall panel manufacturing assembly lines are needed to 

be assessed with recommended automation-based improvements given. Ideally, this 

would be on a process level and have in built flexibility to achieve the prefabricated 

manufacturing objectives specific to local conditions and requirements. This is the 

focus and accomplishment of Manuscript Two ‘Assessment of manufacturing 

processes for automated timber-based panelised prefabrication’. 
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Manuscript One 

Orlowski, K. (2020). Automated manufacturing for timber-based panelised wall 

systems. Automation in Construction, 109, 102988. 

doi:https://doi.org/10.1016/j.autcon.2019.102988 

 

Automated Manufacturing for Timber-based Panelised 

Wall Systems 

 

Abstract: The rise of fully prefabricated panelised systems has led to 

manufacturing lines consisting of many sequential processes. Traditionally, these 

processes have been completed through conventional means, however, an increasing 

number of these processes are being automated. As a result, fully complete 

prefabricated timber-based panelised wall systems has been defined and explored in 

this review. This is in terms of the general set of processes required for full fabrication 

with the latest advanced automated manufacturing technologies available grouped to 

each respective process. An integrative literature review was conducted based on a 

modified framework to that presented by Templier and Paré. Information has been 

sourced from leading automation companies, manufactures, prefabricators and 

literature to completely outline processes and automation technologies available for 

each stage of manufacturing. The methodology used has facilitated a broader and 

deeper level of understanding which heavily focused upon presenting the latest 

automation enabled technologies available for the fabrication of such systems for each 

corresponding process. Accordingly, several comprehensive conclusions were drawn 

on the current state of automation within and across processes used for the full 

prefabrication of timber-based panelised wall systems. 

 

Keywords: Automation; Manufacturing; Prefabrication; Panelised buildings; 

Timber-based walls. 

https://doi.org/10.1016/j.autcon.2019.102988
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3.1 INTRODUCTION  

3.1.1 Background 

Currently, many companies utilise and adopt conventional construction 

techniques for wood-based prefabricated manufacturing [90]. However, timber-based 

prefabricated panels are an increasingly popular and utilised system in the construction 

industry. In partnership with this, the automated technologies which support them are 

also currently being strongly developed and adopted in replacement of conventional 

methods [11, 74, 91-97]. This is in addition to the growing amount of academic studies 

relating to the modelling of automated manufacturing systems [98-102]. There are 

many materials used for the structural system such as wood, steel and concrete. Each 

have their own benefit and should be used according to the projects governing 

requirements. In terms of sustainability, timber surpasses other traditional construction 

materials for two primary reasons [103, 104]. Firstly, due to it being a renewable 

material, and secondly, it does not cause net carbon emission, but rather allows for 

carbon storage [36, 105-107]. The manufacturing of prefabricated timber panel walls 

is an increasingly developing field where a combination of automated and manual 

processes is utilised to assemble an efficient production line [108]. Recently, there has 

been an increasing trend in the construction of timber structures [108-111]. Due to this, 

it is essential that manufacturing processes can withstand the increase in demand whilst 

satisfying the relevant standards and quality assurance [112]. The timber products 

industry is significantly behind the level of automation as found in other industries, 

particularly in comparison to the automotive industry [113]. Thus, significantly more 

work is needed in the understanding and development of automated technologies for 

timber-based prefabrication [114].  

The construction of timber-based fully prefabricated panelised walls includes a 

variety of work packages which are conducted through numerous stations along a 

production line. Each station is responsible for a specific function that will contribute 

to the overall quality and productivity of the assembly line. Recently, the processes 

involved at each station are increasingly becoming met by automated solutions, with 

the primary hindrance being missing knowledge of possibilities; therefore, 

considerable opportunities exist for development and research in this area [92, 113]. 

Companies involved with the full prefabrication of timber-based walls have a variety 

of inclusions for assembly which have the potential to be automated, the primary 
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components include the: sheathing, studs, glazing, doors, openings, services, 

insulation, building wrap and the façade.  

Ideal manufacturing plants are large in nature and located close to transportation 

routes and have easy access for movement of materials into the factory and finished 

products out to site [109]. The assembly lines of many facilities involve, or even based 

upon, carefully controlled manual labour-based tasks. Since many processes in 

manufacturing of panelised walls are repetitive, machines are well equipped to 

efficiently and accurately process high quantity of materials. Therefore, automation 

can potentially increase the production capacity, reduce production time and increase 

the accuracy and quality throughout the assembly line [82, 103]. Furthermore, with 

regards to the accuracy of cutting and sawing of timber panels, there is a higher chance 

of human error when conducted manually since measuring and cutting a piece of wood 

is a tedious task. Automated machines refer to computer-aided design software, which 

specifies the exact dimensions to cut and assemble the materials. Because of this, a 

seamless and controllable process, without any interruptions, can be formed and 

customised without the risk of human error in manufacturing [104]. In addition to this, 

advanced automated machines can not only reduce the amount of labour needed but 

also the training required as workers can oversee machines rather than operate them 

[82]. As a result, this may decrease the reliance of construction companies on labour 

and provide a solution to the current shortage of construction workers in the 

manufacturing field [115, 116]. 

3.1.2 Purpose 

The purpose of this work is to explore the current and emerging processes within 

the automated manufacturing of prefabricated timber-based walls for panelised 

buildings. As a result, a comprehensive view of the current knowledge and leading 

industry practice in terms of automation is presented. This will aid the selection and 

development of automated solutions that are an alternative to labour-based 

manufacturing techniques in the context of timber-based panelised prefabricated 

construction. Ultimately, this work creates the platform for further academic study and 

development in the under explored areas of automation in timber-based prefabricated 

panelised construction processes.  
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3.2 METHODOLOGY AND METHOD 

3.2.1 Methodology 

The methodology used is in the form of an integrative literature review. It is 

based on the combination of learnings from primary and secondary information 

gathered from both academia and industry. These learnings are presented in a 

sequential format dictated by the outcome of the first stages of an iterative literature 

review, grouping the key found information with their appropriate classification.  

A variation to the framework for guiding literature reviews by Templier and Paré 

was used [117]. Although presented below in the form of a sequential list, it must be 

noted that the process used is iterative. More so it may jump back up the list at any 

stage to better refine any prior step as a result of the findings from subsequent steps.  

1. Set the focus of the study; 

2. Identify research aim and objectives; 

3. Identify all relevant literature and sources of information; 

4. Screen for inclusion based on quality and significance; 

5. Group based on objectives; 

6. Extract relevant data and information; 

7. Analyse data and information and present systematically. 

3.2.2  Method 

The focus of the study is defined as per Figure 3-1. This starts from a broad 

perspective then narrows, that is, from bottom up. 

 

Figure 3-1: Defining the focus. 
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The primary research aim is to successfully conduct an integrative literature 

review on advanced automated manufacturing for timber-based panelised wall 

systems. The objectives include the breakdown of the aims for each component and 

expanding understanding via iterating through the subsequent steps. The result of 

which has been shaped by the identification of fully complete prefabricated panelised 

construction as that which incorporates all possible processes during the fabrication 

stage. In this form of prefabrication, not only is the structural system preassembled, 

but all tasks and processes are completed before going to site. Due to this finding in 

the academic component of the literature review, through books, theses, patents and 

journal papers, the objectives now distinctly include the sequential ordering of all 

major types of processes used in this application of manufacturing. Moreover, this will 

form the structure to which further literature review will be expanded upon, 

particularly in the industry component of the integrative literature review. The industry 

component consists of commercial booklets, industry reports, marketing information, 

case studies and direct contact with company representatives.  

For each given process, the most advanced manufacturing technologies and 

solutions on offer that are automated or at least semi-automated are identified and 

presented. Screening is conducted, particularly at this stage. This is based on the 

quality of information and significance of the solution as perceived by its current 

impact or potential of impact. Patents have been filtered out since it was argued that 

the quality of this information is not high for the purposes of this study since it did not 

necessarily ensure that the technology has been successfully developed let alone 

applied with commercial success in industry practice. Information gathered from 

market leaders demonstrated not only the automated technological solutions on offer, 

and their relevant capabilities for this application, but also their commercial viability 

and success in advancing manufacturing of timber-based panelised walls. The 

terminology used for the automated solutions found are searched for in the academic 

portion of the literature review once more to check for further supporting studies.  

The extraction and inclusion of the information and data gathered is grouped in 

terms of the objectives, specifically that being the sequential nature of the processes 

used. In this way, the assortment of technological automated solutions can be analysed 

in comparison with each, in terms of their suitability within the context. As a result, 

this has facilitated a broader and deeper understanding on the current level of advanced 
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automated manufacturing throughout the entire set of processes used in fully 

prefabricated timber-based wall systems, be it the highlights or the gaps.  

3.3 ADVANCED MANUFACTURING FOR TIMBER-BASED PANELISED 

CONSTRUCTION  

Traditionally, timber-based wall prefabrication was limited to only the structural 

frame or structural frame and panel; however recently, a greater number of processes 

have been included into the prefabrication for essentially fully complete walls [93, 118, 

119]. That is, the rapid advances in automation technology are particularly being 

applied [28, 46, 120-123]. For example, the inclusion of façade, windows and glazing, 

insulation and even the weatherproofing [124-126]. This is to more closely achieve in 

what is termed a fully complete prefabricated wall which can be placed and connected 

on-site with no more work to be performed [127, 128]. The construction of fully 

complete timber-based prefabricated panelised walls includes a variety of different 

work packages through numerous work stations along a production line [2, 129, 130]. 

Each station is responsible for a specific function that will contribute to the overall 

quality and productivity of the assembly line. Recently, the processes involved in each 

station are increasingly becoming met by automated solutions [48, 131, 132].  

 Typically, the first station that is integrated in the production line with an 

automated solution is the sawing and cutting station. The solution is essentially 

designed to cut timber blocks and panels into specific shapes and sizes that will be 

utilised to construct the panel [133, 134]. This is automated via robotic multi-axis 

machines which are Computer Numerical Controlled (CNC) [44, 97, 135, 136]. They 

are able to process large amount of timber each day, working on a 4 or 5-axis saw unit, 

and multiple tools to efficiently cut and process the panels straight from the CAD 

design files [28, 49, 137]. The framing and studding station then constructs the basic 

structural system of the panel, aligning the timber edges to the specific design and 

attaching them all together using either manual labour-based methods or automation 

technology.  

A multifunctional bridge may substitute having many different stations to 

conduct processes in adding elements to timber wall panels. This machine is 

completely automated and can be fitted with different process capabilities to add 

multiple features into the panel at the one station, such as: cutting, nailing, stapling and 

gluing.  
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A buffer station is originally purposed as a transportation platform that would 

move elements or the wall panel from one station to another. It is particularly used 

when one process is vulnerable to delays in which the buffer station would be capable 

to absorb. However, to fully maximise the potential of a buffer table, assembly lines 

can also utilise this station for work checks such as quality assurance or alignment 

markings. Furthermore, a buffer station will need to be in synchronisation with the 

assembly line layout, and therefore, may have to be able to transport the products in a 

3-directional movement, lengthways, width ways and vertically [138].  

Next, insulation is added between the framing or unto the timber panels to 

provide thermal insulation. A new automated solution to this process has been 

developed by Weinmann. Named blowTec, this technology installs insulation with a 

blow-in plate attached to an automated multifunctional bridge [139]. An alternative 

insulation installation method for manufacturing of prefabricated timber walls is 

named Val-U-Therm. With this solution the insulation material is injected into a closed 

timber wall panel (thin panels on both sides of a timber frame) and expands within 

it [140]. 

To better ensure the timber panels are weatherproof, a building wrap (also known 

as a membrane) is applied at the interface between the structural system and the façade. 

This acts as a secondary measure to stop any outside rain, yet allows for vapour transfer 

to help prevent condensation [141]. The wrap is usually a vapour permeable membrane 

or perforated material that is nailed onto the timber frame [142]. Companies such as 

CCG Ltd, Island exterior fabrications and Baufritz are currently some of the most 

well-regarded providers and users in advanced panel wrap technology [143-145]. 

Turning stations which flip the panel are an essential component of a timber 

panel assembly line since they facilitate work and quality assurance checks on both 

sides of the wall. A common manual process of hooking the panel to an overhead 

gantry crane and lifting may be economical when the said crane is already existing to 

a factory, however, this is less time efficient compared with new purpose specific and 

automated solutions. Systems such as the Randek butterfly turning table BS40 are now 

widely used in advanced assembly lines; it has two tables that elevate at an angle 

allowing the panel to be flipped accurately and safely [146]. An alternative is the 

Vacustand VS-180E supplied by a vacuum technology handling specialist named 

Fezer, which can turn a panel in 20 seconds by forming a vacuum onto the panel 
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providing suction to hold the panel [147]. Installation of the windows is then manually 

conducted. Next, the façade is cut and installed along with the weatherproofing.  

Non-structural automated cutting and sawing such as that of the façade is less 

prevalent than that of the structural system. This may be due to façade panels being 

made from non-timber products and that the products themselves vary from project to 

project. The decision not to automate this task minimises the amount of specialist tools, 

time spent in tool change as well as maintenance, design time for each project and 

finally the suitability or lack of, for the façade material to be used due to the automated 

handling through pinch points and pinning to the tool heads compatibility in the actual 

cutting and milling. Other logistical and practical implications are also present, such 

as the contamination of the gathered saw dust for recycling if a separate additional 

dedicated automated cutting system is not present which itself may be a governing 

factor to the lack of comparable uptake in terms of non-structural elements.  

An intelligent storage system for both raw materials and finished products is 

essential for the manufacturer to improve efficiency and remain competitive. They 

optimise the material management by reducing wasted scraps and minimising 

redundant search time. Horizontal storage techniques are widely used in many 

companies where the timber panels are stored horizontal according to their purpose. 

As a result, they can be easily identified and transported onto the assembly for further 

work when needed [148]. HOMAG, Hundegger and CSR provide horizontal stacked 

storage systems; vertical storage systems differ in that timber panels are organised 

adjacent to each other [148-151]. Vertical storage systems allow any one particular 

panel to be easily moved to and from storage. This may be particularly beneficial when 

any given wall needs to be retrieved and returned to the manufacturing process for 

reworking or further quality assurance. Weinmann WLV/WLW storage technology is 

a leader in this field and includes a swivelling top guide on overhead crane cross-rails 

for automatic element positioning and pick up, loading carriage and standing wall 

trolley on roller conveyers [150].  

3.4 PROCESSES AND THEIR AUTOMATION 

Manufacturing and construction of components as input for on-site use in 

buildings has increased over time and with it the complexity and number of processes 

involved. Furthermore, the method of prefabricating panelised systems, which now 
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encompass much more than just the structural frames, is being shifted from manual 

labour-intensive forms in repeatable and controlled processes to semi and fully 

automated processes. The latest of which have been identified, studied and are now 

presented sequentially for further development and adoption.  

3.5 CUTTING AND SAWING 

3.5.1 Hundegger 

Hundegger has developed the Speed Panel machine SPM-2 which is specifically 

designed for the cutting and sawing of wall panels. SPM-2 is entirely automatic and 

only requires one person to operate it using the supplied purpose specific computer 

software. Engineered timber panels and other panels can be cut by this machine such 

as solid wood, Oriented Strand Board (OSB), chipboard, plywood, plasterboard, fibre 

cement, and soft fibreboard [133]. The machine is programmed to optimise the use of 

all materials when cutting. Stacks of raw timber board are picked up by a forklift and 

supplied to the machine in bulk, which is the only stage where labour is involved. The 

panels are automatically fed into the process centre for cutting. The machine has been 

designed to read CAD files, which most design drawings can be converted to, no extra 

editing or programming is needed during the manufacturing process. After the process 

is finished, the machine automatically stacks the finished product on the output side. 

In addition, the machine can also suit the needs for architectural and artistic purposes, 

such as some decorative interior parts and façade features. Processing units can be 

customised to best suit the purpose required by the end user. Universal circular sawing 

and milling units have two options which are 4-axis and 5-axis saw units. Smaller 

5-axis saw units can be tilted by 50 degrees which is useful when carving façades or 

interior parts [133].  
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3.6 FRAMING AND STUD FITTING 

3.6.1 Semi-automated stud fitting 

 

 

Figure 3-2: Weinmann framing station; WEM 100 [152]. 

 

Weinmann has created the WEM 100 which is a semi-automated framing 

machine in which the studs are manually fed in (Figure 3-2). Afterwards, the discharge 

gripper moves along for a given distance. The next stud is fitted in, aligned and nailed 

automatically, and the process will continue for the following studs. This is a 

convenient starting model for smaller companies with a production capacity of a 

hundred or more houses annually [152]. There are optional supplementary modules 

including a noggin station and automatic stud feeding. Studs positioning and clamping 

of the framework are completely automatic and there is no need for manual measuring 

and marking, assuring speed and permanent high quality. The framing station produced 

is in accordance with batch volumes, which can offer a customer-tailored production 

[152]. 

3.6.2 Automatic stud fitting 

3.6.2.1 Weinmann framing station WEM 250 

The WEM 250 model is similar to the WEM 100, but additionally equipped with 

a fully automated stud assembly system (Figure 3-3). The studs are fed and positioned 

automatically by a feeding portal. The feeding portal takes studs from different stacks 

to roller conveyor. After that, the studs are transported to stud assembly table and 

assembled into the frame in a fully automatic process. The average speed can be up to 

2 m/min. Based on this operation speed, the production capacity can be up to 1000 

houses per year, depending on the type of frames [153]. 
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Figure 3-3: Weinmann framing station; WEM 250 [153]. 

 

3.6.2.2 Randek Framing Station 

Randek framing station as shown in Figure 3-4 is automatically set-up according 

to the corresponding CAD drawing data. Grippers clamp and separate the top and 

bottom timber plates for a controlled placement of studs. The studs are fitted 

automatically by a stud feeder to the framework. Afterwards, sub-components are 

lifted into the production line. The frame is nailed automatically according to the 

drawing and reserved holes drilled in the top and bottom plates. 

 

 

Figure 3-4: Randek framing station [154]. 
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3.6.3 Noggin assembly station 

The noggin assembly station is a support station for the assembly of short 

longitudinal studs, also known as noggins, which give the frame some lateral stability, 

prevents stud buckling and minimises the deflection of the internal plasterboard. The 

station is manually movable on linear guides and is located in between the framing 

stations and the transfer station [152]. 

3.6.4 MBA Automatic Timber Frame Assembly Station 

This assembly station provides an automatic squaring and nailing station for 

heavy duty timber panel manufacturing [155]. During assembly and nailing of studs in 

the station, panels are held secure and square. One operator is needed to manually 

position studs and the sub-components for the panel. The operator can stand in the 

centre of the panel and move along with stud fitting. Only one operator is needed to 

operate this assembly station [156]. 

The stud and sub-components are located based on the automatic positioning by 

locating robot arms. The panel is assembled automatically one step at a time. 

Meanwhile, the on-board CNC unit also controls the operation of nailing and 

movement of locating arms. However, an operator can override the automatic sequence 

and can insert difficult or priority frames and then return to automatic sequencing 

[155]. 

3.7 MULTI-FUNCTIONAL BRIDGE 

A Multi-functional bridge is an innovative solution for the manufacturing of 

off-site timber panels in a time, cost, and space efficient manner. It is a versatile 

machine that can handle a combination of processes during manufacturing of panelised 

timber-based walls. 

3.7.1 Weinmann 

The WMS product line consists of fully automatic multi-functional bridges 

designed for an assortment of scales, in either, small, medium-size or large prefab 

manufacturers [139]. The system is highly flexible on the enterprise size and how many 

processes they want to automate. CCG a leading prefabricator in this field has adopted 

this system and appreciated the efficiency and economic benefits it has brought [157]. 

The velocity system developed by CSR, a leading building products company in 
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Australia, is also successfully manufacturing wall panels based on Weinmann’s multi-

functional bridge [158]. The most advanced model is capable of fastening, nailing, 

stapling, gluing, plastering, cutting and sawing all in one station as shown in Figure 

3-5. There is wide product range of models, technical data for the manufacture of 

panels are shown in Table 3.1. Sandwich panels can be easily cut by WMS 160 

Structurally Insulated Panel (SIP) machine and the WMS170 can glue and fasten 

plaster. Assembling of the timber frame manually or via a semi-automated or fully 

automated framing station is required prior to being moved to multifunctional bridge 

work station. The bridge fastens the sheathing to the frame itself where the nailing of 

the sheathing board is then completed entirely automatically. Windows openings and 

doors can be then automatically cut out per the CAD drawings read by the given 

computer software. If the blowTEC insulation system is purchased, it could also be 

attached to the bridge. The multi-functional bridge can automate many of the process 

of complete panelised manufacturing, however with one significant drawback. The 

drawback is that the process may become the critical bottleneck in the assembly line. 

This would limit production capacity and throughput to the sum total of the time of the 

processes chosen for the multifunctional bridge. The maximum product dimension the 

WMS series is capable of processing is 3200 mm wide by 50 m long by 500 mm deep.  

 

 

Figure 3-5: Weinmann’s multi-functional bridge [157]. 
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Table 3.1: Weinmann’s multi-functional bridge range, technical data summary 

[157, 159, 160]. 

 WMS100 WMS110 WMS120 WMS150 WMS160 WMS170 

Brief 

Description 

Machine for 

standard 

requirement 

of fastening 

and 

processing. 

The fastest 

machine 

for 

fastening. 

The most 

flexible 

machine, 

equipped 

with tool 

changer. 

Can be 

expanded with 

up to six 

aggregates for 

parallel 

processing. 

Specialist 

version for 

the 

processing 

of sandwich 

panels. 

Equipped 

for use as a 

plastering 

bridge in the 

application 

of adhesive 

and plaster. 

Highlighted 

Functions 

2 aggregate 

carriers. 

Parallel 

nailing 

with two 

fastening 

devices. 

12 tools 

with 

spindle and 

carrier for 

fastening 

tools. 

Up to six freely 

available units. 

12-fold tool 

changer, 

20 kW 

spindle and 

special 

extraction. 

Aggregate 

unit to 

mount a 

spray 

nozzle. 

Technical 

Data 

Stapling up 

to 10 

staples/s. 

Sawing up to 

30 m/min. 

Nailing up to 

8 nails/s. 

Milling up to 

25 m/s. 

Parallel 

nailing 

resulting in 

twice the 

nailing 

speed. 

Sawing up 

to 350 mm 

depth. 

Placement of 

sheathing and 

battens from a 

min. 

24 × 48 mm to 

max. 

60 × 150 mm. 

5-axis chain 

saw for 

diagonal 

and straight 

cut up to 

350 mm 

depth. 

Speed is 

dependent 

on panel 

size and 

thickness of 

plastering 

material. 

 

3.7.2 Randek 

The NB3000F is considered as the multi-functional bridge produced by Randek 

for this construction context as it is equipped with 4 comprehensive tools to maximise 

the capacity. The building company Strongbuild have adopted the system and 

delivered several projects with high quality finishes [161]. Four units that are included 

in the bridge are: milling units, drilling units, saw unit and stud aligner. The production 

process requires CAD-files to be prepared beforehand. By placing both the top and 

bottom chord onto the production table, the stud can be placed manually, the stud 

aligner ensures that they are precisely at the locations as specified in CAD drawings. 

The sheathing can then be attached for nailing, sawing and drilling. The saw unit can 

cut windows and doors slot on wall panels up to 300 mm in thickness. The unit can be 

interpolated in case special cuts such as angled cuts if required. The drilling unit allows 

the service rough-in to be achieve by automatically drill holes for electricity and water 

lines. 



Chapter 3: Advancement of Manufacturing Processes 41 

3.7.3 MBA MOBI-One 

MOBI-One is an assembly machine for timber frame panel walls designed by 

MBA [138]. It is a complete working station to produce timber panel walls with one 

operator in a semi-automated manner. Studs are driven by a servo drive motor to its 

required position and picked up by the operator. The operator will fit the stud into the 

reserved places and the stud will be nailed automatically. Depending on the 

requirements for production, nailing bridges can be either mounted over a single table, 

or floor mounted to travel over several tables. A fully automatic station for nailing in 

accordance with the design specifications can include the following functions: nailing 

or stapling of sheathing, routing of openings or overhang, application of breather 

membrane and nailing or stapling of battens.  

3.8 BUFFER STATION 

The buffer station was originally utilised as a transportation platform that would 

move elements of the panel from one station to another with dedicated buffer stations 

absorbing production delays. However, to fully maximise the potential of a buffer 

table, an assembly line could utilise this station as a transportation and workstation 

where work checks such as quality assurance or alignment markings would be 

performed. Furthermore, a buffer station will need to be in sync with the adjacent parts 

of the assembly line layout, and therefore, may have to be able to transport the wall 

products in three directions lengthways, width ways and vertically. 

3.8.1 Randek 

Randek offers a complete wall manufacturing system, within it the buffer station 

is utilised for transportation and fastening of the battens to which the cladding will be 

nailed onto [162]. The transportation speed is pre-set; however, it can also be manually 

controlled to enable non-damaging start and stop times with high transportation speeds. 

The system is controlled by chain conveyors providing strength and stability to the 

station. As the conveyor belt can be stopped, the station can be utilised for manual 

work or quality checks while production occurs. To further increase the safety of this 

buffer station, safety mats are included to eliminate the risk that operators might have 

being stuck in-between two stations [162]. However, this buffer station is only a single 

directional movement station that moves the components through the manufacturing 

system lengthways.  
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3.8.2 Weinmann 

The Element Table WTW060 is a new development of Weinmann that serves as 

a multi-purpose buffer station enabling a greater number of processes to be carried out 

[160]. The elements are transported lengthwise and can be halted at any time manually. 

Work such as the installation of insulation or the fastening of sheathing can be 

implemented on the table. This table is relatively small and requires minimum space, 

however, the width of the table is adaptable to the width of the wall being produced in 

the manufacturing line.  

3.8.3 Modular Building Automation (MBA)  

The buffer table supplied by MBA is a multi-directional movement station where 

timber panels are supported for transportation or work purposes [138]. The panels can 

be moved lengthwise of width wise. This two-dimensional movement allows panels to 

be transported around the manufacturing plant easier; therefore, it expands the layout 

capability of the assembly line as stations can be placed parallel to each other rather 

than only in front of one another.  

3.9 INSULATION 

3.9.1 Weinmann 

Weinmann offers a system named blowTEC to install insulation in a fully 

automatic way by attaching the insulation blow-in plate to a multi-functional bridge 

[139]. However, if a multifunctional bridge is not used or if it is not compatible then 

the blow-in plate can be connected to an overhead gantry crane to operate via manual 

control. Insulation from two primary suppliers, Isocell and Gutex, are recommended 

to be chosen for cross-compatibility the exact selection of which will depend on the 

clients demand [163, 164]. The insulation materials provided are eco-friendly and use 

of natural materials such as cellulose and word fibre, they are CO2-nuetral and can be 

easily composted at the end of the usage cycle. The location and volume of the 

insulation is precise due to the nature of the blow in method and as it is pre-designed 

and controlled via CAD files automatically via a supplied interface. The insulation 

material will be blown into the framework at the specified locations automatically by 

the system as shown in Figure 3-6. The interface displays the volume of insulation in 

each slot after it has been blown as a quality control measure. The technical data of 

blowTEC capabilities is shown in Table 3.2 which is significantly beyond a human’s 
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capacity which would require measuring, cutting and fitting. Weinmann’s managing 

director Hansbert Ott has claimed through a case study that the use of this system could 

not only compensates for the running costs and material costs but also allow for further 

savings by conducting a profitability calculation. It was found that profit can be 

achieved in manufacturing a total of 30 or more houses through this systems 

adoption [139]. 

 

 

Figure 3-6: BlowTEC plate blowing insulation [139]. 

 

Table 3.2: BlowTEC technical data summary [139]. 

Capability Value Units 

Max. element width 3200 (optional 4200) mm 

Max. element depth 500 mm 

Max. element length 5 m 

Blow-in power 1.00 kg/h 

Production capacity per standard wall* 20 m/min 

*Standard wall considered to be 2.7 m high and 0.2 m thick 

 

3.9.2 Val-U-Therm 

The foam insulation injection technique by Val-U-Therm installs insulation in a 

semi-automated way with a high quality of workmanship [140]. The timber frame 
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manufacturing company Scotframe is using this advanced technology to provide 

closed panels with high thermal performance [165]. Since the insulation is injected 

into the closed panel, there is not a diverse choice of materials; only expandable 

polymer is currently used. In terms of the environmental and sustainability credentials, 

the insulation is considered bio-based, parts of it are extracted from the recycled and 

renewable vegetable oil [140]. High pressure technology is applied to the machine 

when injecting insulation which fills every cubic centimetre of the interior space. For 

highest efficiency, multiple walls can be stacked horizontally prior to injecting. Two 

holes need to be drilled on the top and bottom plate at each stud gap for injection. To 

ensure the insulation does not leak out, a hydraulic press applies a load onto the stack. 

The insulation is then injected from the top plate of the wall panel, when the gap has 

been filled up, overflow of the insulation will occur from the other side. This insulation 

fitting in this manner generates practically no wastage with maximum fill since there 

are no offcuts and no voids.  

3.9.3 Randek 

Randek is an experienced Swedish company in supplying machinery for 

prefabricated construction since 1940s and have automated the insulation installation 

process in their own way through adopting pre-expanded insulation panels. The 

insulation handling system as shown in Figure 3-7 which conducts the process of 

transport, de-packing, cutting, gluing and feeding fully automatically with zero labour 

required. The system is installed above the normal production line which saves 

extensive floor space in the factory. It has a transport conveyor that is connected 

directly to the outside of factory. When the insulation arrives outside the factory in 

bulk. No manual unpacking or forklift transporting is required which prevents double 

handling and satisfies lean manufacturing principles. The system automatically picks 

the insulation, cuts it into pieces of the right dimension with minimum waste and 

applies glue on it. The system will automatically feed the glued insulation into the 

framing station at the exact right time and location between the studs.  
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Figure 3-7: Insulation handling system [154]. 

3.10 BUILDING WRAP 

3.10.1 Randek - Membrane cutting station 

Randeks membrane cutting station automatically feeds and cuts the building 

wrap to the desired length based on CAD or manually imported data. The equipment 

consists of two rolls of membrane, which enables easy and time efficient switching to 

the secondary roll if the first one runs out as shown in Figure 3-8. This avoids creating 

bottlenecks when one of the rolls need to be changed and allows greater labour 

resource usage by giving a fill in task of replacing the empty roller during wait time. 

An operator needs to position the wrap and manually staple it to the wall panel or use 

it in conjunction with a multifunctional bridge. 

 

 

Figure 3-8: Membrane cutting station [162]. 
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3.10.2 CCG 

CCG (Scotland) Ltd, a notable  manufacturer of open and closed wall panels for 

the off-site construction in the UK, features semi-automated production lines at their 

facility that comprises of three lanes [143]. CCG installs two layers of membrane in 

the panel production process. The external breather membrane is manually applied 

after the sheathing fitting, where in lane two the internal airtight layer is placed after 

the insulation and boarding station. Both processes are completed manually on a 

horizontal table [143]. 

3.11 TURNING STATION 

3.11.1 Butterfly Table: Randek BS40 

A butterfly turning table is a widely used turning process in panelised timber 

wall prefabrication. Randek butterfly table BS40 is an efficient tool in producing 

prefabricated walls, roofs and other elements in timber frame as shown in Figure 3-9. 

BS40 has two tables and can be used both combined and separately. In a production 

line, high quality check can be ensured due to its clamping function as this ensures the 

squaring of building components. Meanwhile, the turning process is under an 

automatic control. BS40 combines 1BS30G upraise working table and BS30N receive 

work table together. More options can be added as optional equipment under customer 

demand.  

 

 

Figure 3-9: Randek butterfly turning table [146]. 
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3.11.2 Vacuum Technology: VacuStand VS-180E 

Fezer applies their vacuum technology to turning equipment with the VacuStand 

VS-180E; this can complete a panel turning cycle within 20 seconds [147]. The 

VacuStand VS-180E contains height adjustment and drives with both side swivel and 

there is also an adjustment for panels with sandwich elements. The maximum size of 

the panel is 16 m long and 1600 kg in weight [147].  

3.11.3 Turning by a crane  

Turning by a crane is more suitable for many scenarios such as with smaller 

manufacturing lines that have limited operation area or do not possess a butterfly table. 

The requisite equipment includes an overhead gantry crane and a free working station. 

The panel needed to be turned will ideally be placed on a table that enables some level 

of titling and then lifted by an overhead crane vertically. With help of operators, the 

panel is turned and placed back to the tilting table. Butterfly tables are a safer and more 

efficient alternative when it is implemented due to its level of automation.  

3.12 WINDOW ASSEMBLY 

The windows assembly is generally conducted separate from the main 

production line but ideally at the same facility. This is in order to balance space and 

management requirements, therefore fabricated separately and fed into the main line 

prior to the façade station.  

3.12.1 Soukup Window Assembling Production Line 

3.12.1.1 Assembling Table KS2400 

This process uses an assembling table for cutting and mounting perimeter boards 

and cutting glazing beads. This table is fitted with pneumatic scissors and a hand mitre 

saw and relied on human labour. For long parts, containers are graded in depth for 

fitting in the table; for small parts, there are pockets and wood screw for fitting [166]. 

3.12.1.2 Mounting and Glazing Stand GW2500 

This process offers a vertical stand for windows in assembling, adjustment and 

testing. GW2500 is equipped with a fixed shoulder and a movable shoulder that has a 

pneumatic piston. For the fixed shoulder, it can be opened for an easy uploading to 

conveyor. Meanwhile, the whole frame can rise to 500 mm maximum for easy 

mounting and glazing installation [167]. 



Chapter 3: Advancement of Manufacturing Processes 48 

3.12.1.3 Window Finishing 

A consecutive series containing an impregnation coating tank, spraying booth 

and overhead conveyor constitutes the window finishes production line. Impregnation 

tank is for basic coating of window elements or frames. Spraying booth is equipped 

with cardboard on outside and textile filter on inside. It provides a dry spraying box 

for removal from working area. Overhead conveyor is designed for window frames 

that finished and hanged up. Window frames will be transported to the assembling 

areas. 

3.12.2 MBA Window Assembly Table 

MBA window assembly table is a station designed for windows in the pre-fitting 

of sub-assemblies. Afterwards, windows will be placed into the main wall 

assembly [156]. The table is manually opened and closed by hand via a wheel crank 

and linear guide. A rack and pinion control the adjustable range of 500 mm to 

2400 mm. The maximum subassembly length is 2700 mm. There are side clamps that 

ensure squareness of frames and support for lateral studs. 

3.12.3 Caulking and sealing  

Window installation is a sensitive process during prefabrication which requires 

careful weatherproofing and latter façade integration. In most cases, window 

installation is mechanically aided with a window holder helping to move the assembly 

to a suitable position for fitting. Afterwards, the windows are manually weatherproofed 

with certified mastics, flashings, vapour barrier tapes, expandable sealants and 

caulking as necessary. 

3.13 FAÇADE INSTALLATION 

For most prefabricated panel manufacturers, façade assembly is the last step in 

the production line before the finished element is packed for transportation. There is a 

wide range of material that can be applied to the cladding, such as wood, masonry, 

metal, terracotta, stone and composite materials [168].  

3.13.1 Island Exterior Fabricators 

Island is a New York based exterior fabrication specialist which among other 

innovations have established a unitised rainscreen façade system [145]. Several typical 

façade materials can be chosen including masonry, these are installed while the panels 
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are oriented horizontally. The workflow is prioritised in materials coming to a 

stationary panel instead of assembly line with different processing stations. The 

manufacturing method is manual although highly controlled and can seamlessly 

integrate into most assembly lines. Additionally, this type of method is compatible 

with practically any façade product which may not be the case in automated solutions 

which may have limitation due to their methods of handling and fastening.  

3.13.2 CCG 

The installation of façades is taking place in the final lane of the manufacturing 

process at CCG facility [143]. Panels are vertically stored on the distribution trolley, 

after windows and external doors are installed, external cladding of the wall is 

manually completed in a controlled environment. 

3.13.3 CSR 

The velocity system developed by CSR has its cladding system based on Hebel 

autoclaved aerated concrete and fibre cement products [149]. Alternative cladding 

options and products such as brickwork is performed on-site. The production and 

engineering manager at CSR, Ben McDonough points out the difficulty with off-site 

cladding is maintaining high level of accuracy (ideally ±1–2 mm), as well as 

minimising damage during transport, handling and installation, particularly for 

cladding products that are heavy and fragile [149]. Therefore, McDonough suggests 

prefabricator to better focus on a “ready to be clad on-site” wall system for panelised 

construction. 

3.13.4 Randek clad nailing bridge NBC3000 

The nailing bridge NBC3000 from Randek is specially designed for automatic 

nailing of wooden cladding onto wall panels. The bridge contains 8 nailing guns 

positioned in parallel with 4 toll wagons as shown in Figure 3-10. After a wall element 

is fed into the station, the timber is placed on an adjustable cladding template. During 

the nail firing, a batten straightener is used to hold the cladding to ensure the exact 

position and depth of the nailing work. The automated nail guns offers high precision 

and efficient cladding affixation process compared to manual nailing. 
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Figure 3-10: Randek nailing bridge NBC [169]. 

 

3.13.5 Holzma HPP 300 multiTec 

The HPP 300 multiTec is a fully automatic machine that contains three functions 

suitable for façade processing: sawing, drilling and routing [170]. The machinery 

produces elements that are ready to be installed without the need for manually drilling 

holes for installation. This is ideal for factories manufacturing façade and partition 

walls. The automatic drilling saves the cost up to 60% compared to the conventional 

processes, this is in addition to the benefit of accelerating the assembly time of façades. 

The machine is suitable to deal with a wide range of materials for façade production; 

this includes most of wood-based and plastic materials, as well as gypsum and other 

composite materials such as fibre cement, HPL and Aluconond. The drilling capacity 

of HPP 300 multiTec is up to 45 m/min whereas the sawing speed is up to 

90 m/min [170]. 

3.14 STORAGE AND HANDLING SYSTEM 

To optimise the material management, it is vital to reduce material wastage 

through use of appropriately sized raw products and minimising search and retrieval 

time. An intelligent storage system for both raw materials and finished products is 

essential for the manufacturer to improve efficiency and gain competitive advantage. 

3.14.1 Horizontal storage 

3.14.1.1 Homag Automation TLF 

The TLF storage system is a smart automated horizontal panel storage 

technology that can work in conjunction with CNC processing machines such as panel 
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saws and can be integrated as part of the production line [151]. An operating staff 

member is needed to bulk fill the storage and loading area via a crane or forklift. From 

here the process is automated with the TLF adopting several vacuum cups for grasping 

and laser sensors to guide angular correction and board size before moving it to its 

destination Figure 3-11. A variety of sheet materials such as plastic, glass, laminates 

and timber panels can be handled without damage. Through connecting and integrating 

with the ordering and planning system, the TLF generates a synchronised material 

flow. Additionally, it can set or read the program schedule and pick orders a night 

before, preparing the production for the next morning. Compared to traditional multi-

level racking storage, HOMAG system enables a decrease in floor space by 30%, along 

with reduced forklift traffic; this acts to minimises potential employee injuries [151].  

Three models are available for the sheet storage series: TLF 211, TLF 411 and 

TLF 810; they differ by size and speed to match each manufactures specific 

requirements [151]. A robust version of TLF 211, the TLF 411, provides a larger 

storage area with travel length up to 50 metres. The higher operation speed leads to a 

30% increase in the pick-up quantity with additional lifting weight of 100 kg due to 

the X-shape vacuum plates. TLF 810 provides the largest outspread width among the 

three models with span width up to 21 m. It is suitable for large factories with demand 

for a variety of large panellised materials. A comparison of different capacities among 

three models is shown in Table 3.3. 

 

 

Figure 3-11: Homag TLF 211 storage system [151]. 
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Table 3.3: Homag storage systems technical data summary [151]. 

 Basic 

Capability 

Improved capability with extra 

machinery 

Technical data All models TLF211 TLF411 TLF810 

Span width (mm) 5,000 12,000 16,000 21,000 

Frame length (mm) 10,000 50,000 50,000 50,000 

Operation 

Speed 

Bridge (m/min) 60 110 110 120 

Carriage (m/min) 80 130 130 120 

Lifting drive (m/min) 30 60 60 90 

Board Length (mm) 2,000-4,200 Max. 5,600 Max. 5,600 Max. 5,600 

Width (mm) 800-2,200 Min. 400 Min. 400 Min. 400 

Thickness (mm) Min. 12 Min. 3 Min. 3 Min. 3 

Weight (kg) 250 250 350 350 

Stack height (mm) 2,100 2,500 2,500 2,500 

 

3.14.1.2 Hundegger Pick & Feed 

The Pick & Feed system from Hundegger is an automatic handling system that 

unloads packages of timber beams and panels and transfers them to the floor storage 

area as well as to the loading conveyor [171]. Similar to the HOMAG system, the 

operator needs to manually align the material stack along the loading stop, which is 

then followed by the automatic pick up and transportation of the package to a vacant 

space in storage. Vacuum technology is also adopted by Hundegger for feeding of 

timber panels to a panel processing centre such as the SPM-2 [133]. The CNC control 

centre can monitor the dimension and position of timber in storage, while the single 

piece construction program enables optimising the material management by 

prioritising the panels with cross-sections and lengths required for the project [171]. 

3.14.1.3 CSR 

The storage system for raw materials at CSR is not involved with any automated 

or smart technology such as barcodes or Radio Frequency Identification (RFID). 

Stocktake is performed manually and all bulk timber material is moved around via 

forklift. The loading of material to the production line from suppliers is purely manual 

at this stage [149]. 
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3.14.2 Vertical storage  

3.14.2.1 Weinmann WLV/WLW storage technology 

WLV/WLW technology from Weinmann offers a vertical intermediate storing 

system, allowing panel elements to be easily shifted to the storage and retrieved for 

inspection or to be returned to the manufacturing process  [150]. The system consists 

of elements tailored to client’s requirements, including: swivelling top guide on 

overhead crane cross-rails for automatic element positioning and pick up; loading 

carriage; standing wall trolley on roller conveyer as well as an automatic wall package 

setup on top of a distribution trolley for transportation. The system is shown in use in 

Figure 3-12. WLV/WLW also provides sufficient space that enables finishing work 

of the panel such as windows and doors fitting and façade installation [150]. 

 

Figure 3-12: WLV/WLW vertical storage system [150]. 

 

CCG and DAN-WOOD are the largest timber-frame prefabricated house 

producers in Poland, both of which have implement and proven the WLV/WLW 

storage technology as integral parts of their production lines. The extensive storage 

and logistic system are used for vertical storing, picking and loading of wall elements 

on the distribution trolley. It also enables direct loading of finished products onto the 

delivery truck, which offers great benefit by significantly reducing the turnaround 

time [150].  

3.14.2.2 Randek mobile wall stacker 

The Randek wall stacker consists of roller which allows the finished product to 

be automatically transported to work stations [169]. From here further installations can 

be performed on the wall whilst the panel is vertical, such as that of the window 
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assembly. The panels are then raised and stacked on a vertical wall rack. After bundling 

to a package, they are placed on a truck and ready for transportation.  

3.15 SUMMARY AND CONCLUSIONS 

The rise of fully prefabricated panelised systems has led to manufacturing lines 

of many sequential processes which have traditionally been completed by conventional 

means. Fully prefabricated timber-based panelised wall systems have been defined and 

explored in terms of the general set of processes required for their fabrication and the 

corresponding advanced automated manufacturing technologies available. 

Accordingly, technological automated solutions have been analysed and compared 

between each other and with traditional solutions. The methodology used has 

facilitated a broader and deeper understanding with an integrated literature review. 

This heavily included information from industry on the current level of advanced 

automated manufacturing throughout the entire manufacturing processes, be it the 

highlights or the gaps. The key summary and conclusions are as follows: 

• A modified framework for guiding literature reviews to that by Templier and Paré 

was appropriately developed and successfully used in an iterative manner for an 

integrative literature review in satisfying the primary research aim. 

• The most recent advanced automated solutions grouped to each of these 

manufacturing processes has been sequentially presented, the analysis of which 

has shown a clear disparity in the level of automation currently used throughout 

each of the processes in the fabrication of these complete systems. 

• An overwhelming disproportionate level of automation is placed in the primary 

stages of manufacturing, that is, the cutting and sawing of structural elements. This 

is thought to be due to practicality, suitability and traditional convention. 

• Non-structural automated cutting and sawing such as that of the façade is far less 

prevalent in prefabricated wall panel manufacturing. Several technical and applied 

reasoning’s have been identified and discussed.  

• Other than sawing and cutting, recent technological automated solutions have 

been identified and paired to key labour-intensive processes such as: gluing, 

nailing, stapling, storage and handling and installation of insulation. 
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• Some processes do not currently have automated equivalent solutions, 

particularly: installation of electrical conduits, installation of windows, caulking, 

flashing and installation of prefabricated panel to panel weather seals. These have 

so far been deemed as required and/or better suited to be completed through skilled 

labour or simply have not been currently appropriate for automation. This area and 

may offer further research and development interest.  

• A variety of automation enabled solutions for each process should be considered 

for new or to be upgraded production lines in the manufacturing of fully complete 

prefabricated timber-based walls for panelised construction. 
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Assessment of manufacturing processes for automated 

timber-based panelised prefabrication  

 

Abstract: The manufacturing processes involved in the prefabrication of 

timber-based panelised walls is presented and explored in this study through current 

industry practice and latest automated technological solutions. A weighted Multi 

Criteria Analysis (MCA) was constructed as a preliminary mechanism for assessment 

of current practices in conducting manufacturing processes compared to leading 

automated solutions. The developed method can be used to evaluate any timber-based 

wall panel manufacturing assembly line and suggest recommended automation-based 

improvements on a process level in order to achieve prefabricated manufacturing 

objectives specific to local conditions and requirements. This has been demonstrated 

and verified through a case study with an industry partner. The resultant 

recommendations obtained closes the knowledge gaps found in the market and 

academia by uncovering recommended areas for investment and development to 

advance assembly lines at certain key processes in the production of timber-based 

walls for panelised construction. 

 

Keywords: Automation, Multi Criteria Analysis (MCA), Prefabrication, Timber-

based walls, Panelised. 
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3.16 INTRODUCTION 

3.16.1 Background 

Currently, many companies utilise and adopt conventional manual-based 

construction techniques for timber-based prefabricated manufacturing [172]. 

However, timber-based prefabricated panels are an increasingly utilised system in the 

construction industry, and with it, the automated technologies which support them are 

currently being strongly developed and adopted in replacement of conventional 

methods [11, 74, 91-97]. The manufacturing of prefabricated timber panel walls is an 

increasingly developing field where a combination of automated and manual processes 

are utilised to assemble an efficient production line [108, 173]. Recently, there has 

been an increasing trend in the construction of timber structures [109]. Due to this, it 

is essential that the manufacturing processes are able to withstand the increase in 

demand whilst still satisfying the relevant standards and mandatory quality assurances. 

The level of automation in timber-based prefabricated panelised wall systems 

industry is significantly behind other industries, particularly in comparison to the 

automotive industry [113]. Thus, significantly more work is needed in the 

understanding and development of automated technologies for the timber industry at a 

building scale [114]. The construction of a timber-based fully prefabricated panelised 

walls includes a variety of different work packages carried out through numerous work 

stations along a production line [3, 48, 174-176]. Each station is responsible for a 

specific function and role such as cutting and sawing, gluing and pressing or façade 

installation [81]. The respective manufacturing plants are large in nature and located 

off-site close to transportation routes and have easy access for movement of materials 

into the factory and finished products out to site [109, 176]. The assembly lines of 

many facilities involve, or even based upon, carefully controlled manual labour-based 

tasks. Since many processes in manufacturing of panelised walls is repetitive, 

machines are well equipped to efficiently and accurately processes a high volume of 

materials [132]. Therefore, automation can potentially increase the production 

capacity, reduce production time and increase the accuracy and quality throughout the 

assembly line [82, 103]. Furthermore, with respect to the accuracy of conventional 

cutting and sawing of the timber panels, manual-based methods are comparatively 

unreliable as there is a higher chance of human error at some stage of the tedious tasks 

of measuring and cutting a piece of wood. Automated machines refer to 



Chapter 3: Advancement of Manufacturing Processes 58 

computer-aided design software; this specifies the exact dimensions to cut and 

assemble the materials. Because of this, a seamless and controllable process without 

any interruptions can be formed, and customised without the risk of human error in 

manufacturing [104, 177]. In addition to this, advanced automated machines can not 

only reduce the amount of labour needed but also the training required, since less 

workers are needed to oversee machines in contrast to manually conducting the 

process [10, 82, 175]. As a result, this may decrease the reliance of construction 

companies on labour and provide a solution to the current shortage of construction 

workers in the manufacturing field [171, 178]. 

Companies involved with the full prefabrication of timber-based walls have a 

variety of inclusions that have the potential to be automated. The primary parts include 

the sheathing, studs, glazing, doors and openings, services, insulation, building wrap 

and the façade [179, 180]. Recently, the processes and tasks required at each station 

are increasingly being met through automated solutions [29]. The primary hinderance 

to the adoption of automated technologies for this context is missing knowledge of the 

range of possibilities [92, 181]. This study addresses this by identifying recommended 

areas for automation investment and development to advance assembly lines at certain 

key processes in the production of complete timber-based walls for panelised 

construction.  

3.17 ASSEMBLY LINE PROCESSES 

An example of a set of stations which together forms a linear assembly line is 

presented in Figure 3-13. Typically, one of the first stations that is integrated in the 

production line is the sawing and cutting station. This is essentially designed to cut 

timber panels into specific shapes and sizes that will be utilised to construct the 

wall [43, 44, 136, 179]. These machines are Computer Numerical Controlled (CNC) 

and are able to process large amount of timber a day. Working on a 4 or 5 axis saw 

unit and with multiple tool heads available, this technology facilitates efficient 

processing of panels straight from the specified design [104, 135].  
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Figure 3-13: Sets of stations which as a collective form a linear assembly line. 

 

The framing and stud station then constructs the basic structural system of the 

timber panel. This through placement and alignment of the timber studs to the specific 

design and attaching them all together using manually or automated technology [138, 

155]. In addition, insulation can be added into the timber panels to provide thermal 

insulation. A new automated system by Weinmann named blowTec installs insulation 

with a blow-in plate attached to an automated multifunctional bridge [139]. Another 

insulation installation method includes the Val-U-Therm, where the insulation material 

is injected into a closed timber panel and then expands within it [140]. A 

multifunctional bridge is an alternative to having many different stations conducting 

processes and adding elements to timber panel. This machine is fully automatic and 

can be fitted with different processes to add multiple features into the panel at one 

station, such as: cutting, nailing, stapling and gluing.  

To better ensure the timber panels are weatherproof a building wrap, also known 

as a membrane, is applied at the interface between the structural system and the façade 

as a secondary measure to stop any outside rain yet allows for vapour transfer to help 

prevent condensation [182]. The wrap is usually a membrane or perforated material 
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that is nailed onto the timber frame [182]. Companies such as CCG Ltd, Island exterior 

fabrications and Baufritz are currently some of the known providers and users of 

advanced panel wrap technology [143-145]. 

A buffer station is originally purposed as a transportation platform that would 

move elements of the panel from one station to another, particularly when one process 

is vulnerable to delays, to which the buffer station would then absorb. However, to 

fully maximise the potential of a buffer table, an assembly lines can also utilise this 

station for work checks such as quality assurance or alignment markings. Furthermore, 

a buffer station will need to be in sync with the assembly line layout; therefore, it may 

be necessary for the buffer table to be able to transport the products in a 3-direction 

movement: lengthways, width ways and vertically [162].  

Turning stations are essential in a timber panel assembly line to facilitate work 

and quality assurance checks on both sides of the timber panel. A common manual 

process of hooking the panel to an overhead gantry crane and lifting may be 

economical when this is already existing to a factory, however, less time efficient to 

new purpose specific and automated solutions. Systems such as the Randek butterfly 

turning table BS40 are now widely used in advanced assembly lines, it has two tables 

that elevate at an angle allowing the panel to be flipped accurately and safely [146]. 

An alternative is the Vacustand VS-180E supplied by a vacuum technology handling 

specialist named Fezer, which can turn a panel in 20 seconds by forming a vacuum 

onto the panel providing suction to hold the panel [147].  

An intelligent storage system for both raw materials and finished products is 

essential for the manufacturer to improve efficiency and remain competitive. They 

optimise the material management by reducing wasted scraps and minimising 

redundant search time. Horizontal storage techniques are widely used in many 

companies where the timber panels are stored horizontal according to their purpose. 

As a result, they can be easily identified and transported onto the assembly for further 

work when needed [158]. HOMAG, Hundegger and CSR provide horizontal storage 

systems. Vertical storage systems on the other hand stack timber panels on the face 

allowing panel elements to be easily shifted to the storage and retrieved for return to 

the manufacturing process [148]. Weinmann WLV/WLW storage technology is a 

leader in this field and includes a swivelling top guide on overhead crane cross-rails 
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for automatic element positioning and pick up, loading carriage and standing wall 

trolley on roller conveyers [148]. 

3.18 METHODOLOGY AND METHOD 

3.18.1 Methodology 

A Multi Criteria Analysis (MCA) been developed where processes, whether 

manual, semi-automated or fully automated are graded and weighted. A partnering 

timber-based panelised prefabricated construction company has been used as a case 

study to demonstrate the MCA. The framework of the multi-criteria problem involves: 

a set of alternatives for each given process; generation of a grading criteria to evaluate 

each option; weighting of the criteria according to the interest of stakeholders; and 

rating of each option against the base case manual scenario with neutral zero score. 

The final result of the MCA is obtained through multiplication of the rating scores and 

assigned weights, this is then presented in the form of a summary table.  

3.18.2 Method 

In order to form an advanced assembly line with the appropriate inclusion of the 

latest automation technologies for the fabrication prefabricated panels, a general set of 

critical grading criterion for all manufacturing processes was selected. The 

generalisation of criteria allows the assessment tool to be widely applicable to the 

participants in timber-based panelised prefabrication. Each option is assessed on the 

set criterion with appropriate justifications made. The results are then compared to the 

alternatives on a process by process basis. Although the criteria are the same for each 

process, the weighting assigned to each criterion may be different from one to another 

which gives the MCA flexibility. This is important since various manufacturers may 

have alternative strategies, focus and interests, therefore the custom weightings 

provide purpose specific solutions. Finally, a case study has been chosen for discussion 

and application of the MCA. In the case study, the current options taken the industry 

partner for each manufacturing process is assessed against the grading criteria. 

Tailored weightings for each process represent specific interest of the company that is 

to be adopted to produce a solution that efficiently upgrades the assembly line through 

automation technologies that are cheaper, faster and/or with higher quality. 
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3.18.2.1 Grading criteria 

The grading criteria developed for the MCA is presented in Table 3.4 and is 

applied to each relevant and ideal automated system along with the current system. 

 

Table 3.4: Grading criteria used for the MCA. 

Criteria Definition Score 
Weighting 

(out of 10) 

Investment cost 
Purchase and operational cost of machinery required 

for the system. 
  

Productivity 
Number of prefabricated panels that can be processed 

per day. 
  

Labour 

requirement 
Number of workers required to operate the process.   

Space efficiency Space required per unit production.   

Cross-

compatibility 

Ease of integration into the production line to work in 

conjunction with other processes. 
  

Health and safety 
Durability and safety of handling machine in the 

workplace. 
  

 

The description behind each grading criteria is as follows: 

Investment cost - Investment cost is defined as how affordable the initial 

purchase cost of the machinery required for the system. Investment cost is the initial 

and major portion of the entire capital cost; managing this is vital to companies 

investing in prefabricated manufacturing systems. 

Productivity - Productivity of prefabrication represents the output speed of a 

prefabricated panelised system. Productivity would increase the overall efficiency of 

prefabricated panelised system and utilise the capacity to an optimum level. 

Productivity is also strongly correlated to the cost per panel which results in 

competitiveness in the market. 

Labour requirement - The number of workers required to operate the process is 

scored by the criterion of labour requirement. As one of the major components of the 

on-going cost, reducing the labour requirement is a direct method of achieving higher 

cost efficiency.  
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Space efficiency - Space efficiency is the space required by unit volume of 

production. This dictates the amount of occupied area for prefabricated panelised 

production line. Unlike the conventional method of operating on-site, prefabricated 

panelised systems require a larger area for the greater quantity of materials stored and 

machines used. Despite this the space efficiency can maintained if not increased due 

to the increased volume of production. This can be further improved at prefabricators 

by optimising space utilisation in reducing space requirement. 

Cross-compatibility – Cross-compatibility describes the processes ability to 

work in conjunction with others in the production line. This is important in managing 

the work flow of the entire system. The productivity of the production line would be 

impacted greatly if uncoordinated and incompatible activity occurs among processes.  

Health and safety - Health and safety represents the occupational health, safety, 

and welfare of workers. A comfortable and stable working environment that is safe 

and healthy for workers is crucial as it may also increase productivity. Quality may 

also increase when employees are working under comfortable conditions. More so, 

health and safety provisions are fundamental in meeting legal and moral obligations. 

3.18.2.2 Weighting 

For the MCA the weighting components are tailored for users to ensure that this 

method can be used diversely for different companies. This gives flexibility to 

encompass stakeholder’s interests. For example, some companies are willing to have 

greater initial investment for maximised efficiency because of large demands. While 

for companies with lower demands, the large investment cost may result in a lengthy 

payback period which may be unacceptable. The weighting is given out of 10, with the 

higher weighting corresponding to greater emphasis in that criterion. 

3.18.2.3 Scoring system 

A scoring system is essential when evaluating an existing prefabrication 

production line in comparison to an unaided manual labour base case. The results of 

which provides suggestions for automation-based improvements in efficiency and 

operational capacity. Each process in panelised prefabrication will be assessed using 

the generalised guideline as shown in Table 3.5. Scores are broken into 5 divisions 

which will be given to a process of prefabrication, based on the set guideline. The 

conventional manual construction method is set as the benchmark to compare with 
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prefabrication production lines evaluated. A score of zero signifies no additional 

benefits compared to the conventional method. A potential benefit signifies a 

theoretical benefit which is likely to occur when appropriately applied. For example, 

an automated prefabrication machine manufacturer may claim their product will 

benefit the production line, however, it remains to be applied to the relevant context 

for a similar project. Nonetheless, a proven benefit is where an example of a case study 

has already implemented the technology and/or a clear benefit compared to a 

conventional construction method has been established. Meanwhile, negative scores 

are also included in the scoring system because losses are possible by comparison with 

conventional construction method. For example, prefabrication production could be 

costlier or require greater initial investment than the corresponding traditional 

manual-based method.  

 

Table 3.5: Scoring scale guideline. 

Score Guideline 

+2 Proven benefit 

+1 Potential benefit 

0 Neutral 

-1 Potential loss 

-2 Proven loss 

 

3.19 RESULTS 

A series of MCA tables are illustrated detailing each process and the scores given 

to each criterion. The aforementioned method was followed where, each criterion has 

been graded from -2 to 2, where 2 is the highest signifying a proven benefit for the 

process. A resultant sum score is then calculated by the sum of the scores to signify a 

general grading for the machines. A weighting is then be applied to each criterion, 

according to the user, to indicate which aspects of the process are more important. As 

a result, a final weighted score is developed specifying the most beneficial and suitable 

automation technologies for the user. This MCA can be utilised by different companies 

and the weighted scores may differ as a variety of companies will have different 

weightings for the set criterion presented.  
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The case study affiliated with this project is based upon the research centres 

connection with industry partners, that is, the Centre of Advance Manufacturing of 

Prefabricated Housing. The particular company focused upon is a timber-based 

panelised prefabrication firm that specialises in manufacturing and construction of 

prefabricated panelised timber buildings. Due of this, the weightings given in Table 

3.6 are specified according to industry partner’s priorities and strategies, however, this 

can be re-evaluated for any company in the industry. Many processes showed synergy 

in weighting values which resulted in a streamlined assessment; however, some 

weights were indeed specific from process to process which enabled this method to 

encapsulate the priorities and areas of focus, specifically for the context of the case 

study.  

 

Table 3.6: Weightings applied in the context of the case study. 

Criteria Weighting Justification 

Investment Cost / 

Affordability 
3 

Industry partner willing to invest in automation products if 

there is viable potential for a long-term benefit. 

Productivity 5 

The industry partner is not a purely mass production 

manufacturer rather they cater for large multilevel one-off 

construction projects. 

Labour 

Requirement 
4 

Cheapest price is not the primary aim; rather there is an aim 

for high quality check on products. 

Space Efficiency 1 
They have a relatively large warehouse for manufacturing, 

therefore, space is currently not an issue. 

Cross-compatibility 9 

The flow and customisation of the assembly line are an 

inevitable aspect that dictates the overall manufacturing 

quality, speed and reliability. 

Health and Safety 7 

Safety of workers is essential to construction and 

manufacturing, additionally it is important to eliminate worker 

accidents to prevent down time. 
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3.19.1 Cutting and sawing 

The resultant scores for process of the cutting and sawing is shown in Table 3.7. 

 

Table 3.7: Resultant scores for cutting and sawing. 

System 

 

Criteria 

Hundegger 

Speed Panel 

machine SPM-2 

Randek cut 

saw SP 720 

Current 

system 

Weighting 

(out of 10) 

Investment Cost -2 -1 -2 3 

Productivity 2 1 2 8 

Labour Requirement 0 0 0 3 

Space Efficiency -1 0 -1 1 

Cross-compatibility 2 0 2 9 

Health and Safety 2 2 2 7 

Sum Score 3 2 3  

Weighted Score 4.1 1.9 4.1  

 

 

Without weightings applied, the leading option evaluated for the process of 

cutting and sawing timber, such as: panels, studs and frames is the Hundegger Speed 

panel machine. The investment cost for the machine is high but an increased 

productivity is achieved. Despite this, space efficiency is decreased because the 

machine will take more space than the traditional method involving one human worker, 

a table and cutting saw. In terms of cross-compatibility, the machine is capable of 

transporting the finished product to the next station or a buffer table automatically. 

However, the SP 720 is only capable of cutting smaller sections of panels, studs or 

frames. There is no longer a need for workers to handle the cutting saws as the labour 

only needs to operate the computer system which is at a distance from the machine. 

This results in safe operation, hence the assigned score.  

For the process of cutting and sawing, the expectation of the industry partner on 

productivity and labour is different to other processes. The industry partner is a 

sub-company of a larger company which has incentive to add value to their timber 

products and invest on equipment to increase their productivity. In fact, the company 
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already uses the Hundegger Speed Panel machine SPM-2 for this process, so the score 

for each criterion is exactly same. 

3.19.2 Multifunctional bridge 

The resultant scores for processes involved with the use of the multifunctional 

bridge is shown in Table 3.8. 

 

Table 3.8: Resultant scores for multifunctional bridge. 

           System 

 

Criteria 

Weinmann 

WMS 

series 

Randek 

NB3000F 

MBA 

MOBI-

One 

Current 

system 

Weighting 

(out of 10) 

Investment Cost -2 -2 -1 0 1 

Productivity 2 1 1 0 9 

Labour Requirement 2 2 1 0 1 

Space Efficiency 2 2 2 0 1 

Cross-compatibility 1 1 1 0 9 

Health and Safety 2 2 1 0 7 

Sum Score 7 6 5 0  

Weighted Score 4.3 3.4 2.7 0  

 

 

Without weightings applied, the Weinman WMS series has obtained the highest 

sum score. All three options require a large amount of investment with no significant 

differences, however, the MBA MOBI-One is the most affordable. Compared to 

conventional prefabrication methods, the labour requirement can be largely reduced. 

This is from a group of people, to only one or two people that operate the bridge for 

all options. All three systems have some compatibility issues because it is capable of 

conducting multiple processes but only one type of process at a time. Furthermore, 

MBA MOBI-One is not fully automatic, labour is required to feed panels into the 

machine which can also increase the health and safety risk.  

Since the multifunctional bridge can carry out several processes all at one station, 

there is a significantly decrease required labour resource. It is not without drawbacks 

as the implementation may hinder overall production capacity because one station is 

responsible for many tasks. Cost is not the most major issue in the context of the case 
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study, rather, more focus is placed on productivity. The industry partner currently does 

not have a multifunctional bridge, instead they conduct the processes in separate 

stations so the scores for the criteria are rated as 0 which is neutral to the conventional 

method.  

3.19.3 Framing and stud fitting 

The MCA scores for framing and stud fitting are shown in Table 3.9. 

 

Table 3.9: Resultant scores for framing and stud fitting.  

           System 

 

Criteria 

Weinmann 

WEM 100 

Weinmann 

WEM 250 

Randek 

Framing 

Station 

MBA 

Automatic 

Timber 

Frame 

Assembly  

Current 

System 

Weighting 

(out of 10) 

Investment Cost -2 -2 -2 -2 -1 3 

Productivity 1 2 2 2 0 5 

Labour 

Requirement 
2 2 2 2 1 4 

Space Efficiency -1 -1 -1 -1 0 1 

Cross-

compatibility 
1 2 2 2 2 9 

Health and Safety 2 2 2 2 0 7 

Sum Score 3 5 5 5 2  

Weighted Score 2.9 4.3 4.3 4.3 1.9  

 

 

High initial investment of the framing station results in all four options being 

scored -2. The difference of the purchase cost between automated methods is 

negligible with respect to the scoring when compared with zero investment cost by 

manual operated methods. The production capacity of Weinman Framing Station is up 

to 2 metres per minute. Depending on the implementation and usage, the production is 

up to 1000 houses per year which presents a significantly higher productivity against 

manual-based methods. Weinmann framing station requires one to two operators in its 

semi-automatic running mode [152, 153]. All automatic stations require either no 

operators or a single operator to oversee and manage. Labour cost of conventional 

methods could be saved, and this is a proven benefit with a +2 score. The area taken 

by the framing assembly station in the factory is approximately 400 m2 [152, 153]. The 
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space taken by a certain station would be permanent rather than reused as in 

conventional method. It leads to a potential loss in space efficiency as conventional 

methods have their own issues around organisation and control of space. The 

cross-compatibility of all three automatic stations is a proven benefit if they cooperate 

with adjacent work stations in the production line. In the case of semi-automatic 

running mode, manually operation provides greater flexibility in controlling the 

production speed, this may reduce the cross-compatibility. The occupational health 

and safety of prefabricated panelised systems is a proven benefit due to the high 

security level of each station and a highly-controlled working environment [162]. 

The weighting of each criterion in the framing and stud fitting section is 

consistent with the general weighting. The three automatic stations result in the highest 

score of 4.3, while Weinmann’s semi-automatic framing station scored a 2.9 and the 

current system used scored 1.9. The system used by the industry partner is 

semi-automatic with a high proportion of manual work at latter stages. Here it is similar 

to conventional methods but has higher cross-compatibility and slightly lower labour 

requirement. Meanwhile, the automatic stations achieve a higher productivity with a 

lower labour requirement. The replacement of labour and given safety measures that 

are equipped with the machines help ensure higher occupational health and safety 

levels. Safety measures that are equipped as standard include: run-over protection, 

manual and sensor operated cut-off switches, safety nets and indicator lights [152, 

153]. 
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3.19.4 Insulation 

 

Table 3.10: Resultant scores for insulation. 

           System 

 

Criteria 

Weinmann blow 

TEC system 

Val-U-Therm 

foam 

injection 

Randek 

insulation 

system 

Current 

System 

Weighting 

(out of 10) 

Investment Cost -2 -1 -2 0 6 

Productivity 2 1 2 0 7 

Labour Requirement 1 0 2 0 2 

Space Efficiency -1 0 1 0 1 

Cross-compatibility 1 -1 -2 2 9 

Health and Safety 2 1 2 0 7 

Sum Score 3 0 3 2  

Weighted Score 2.2 -0.4 -0.1 1.8  

 

The resultant scores for the process of installation of the insulation is shown in 

Table 3.10. Without weightings applied, it is concluded that Randek insulation 

handling system could be the best option evaluated. Val-U-Therm cost slightly lower 

than the other two but productivity is somewhat compromised. The number of workers 

is reduced to one person per station for the systems apart from Val-U-Therm where 

two workers would be typically be present. Due to the manual injection of foam 

insulation, the health and safety may be compromised. Val-U-Therm has some 

compatibility issues because it can only be used on systems that contain enclosed 

panels at the prefabrication stage. For the Randek handling system, the storage of 

insulation pieces on top of the machine substantially saves floor space. However, this 

only functions with a conveyor connected to the outside of the factory which may result 

in some compatibility issues for existing prefabricators.  

Regarding the case study and the insulation process, focus is placed to the 

investment cost since the current method of insulation installation is low cost and 

efficient, despite being manual-based. This is primarily due to the standardisation of 

design with common size insulation bats. It is not desired to marginally increase the 

productivity at a large cost for a task that through design is already efficient. Most of 

the scores given to the current system is 0. This is because it is still a conventional 
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manual cutting and placement of insulation. Only cross-compatibility is rated a 2 

because it can be applied to any system and entirely compatible with other processes. 

3.19.5 Window assembly 

 

Table 3.11: Resultant scores for window assembly. 

           System 

 

Criteria 

Soukup Window 

Assembling 

Production Line 

MBA Window 

Assembly Table 

Current 

system 

Weighting 

(out of 10) 

Investment Cost -1 -1 -1 3 

Productivity 2 1 1 5 

Labour Requirement 1 1 0 4 

Space Efficiency -1 -1 -1 1 

Cross-compatibility 1 2 2 9 

Health and Safety 1 1 1 7 

Sum Score 3 3 2  

Weighted Score 2.6 3 2.6  

 

 

Compared to the conventional method as shown in Table 3.11, both automation 

enabled options require higher investment through purchasing machinery. This results 

in a potential loss in the criteria of investment cost. Soukup window assembling 

production line is an independent production line and generally operates as an 

outsource company. Soukup window assembling production lines have a great 

advantage in productivity due to a full automation. It would be most suitable for a 

prefabricated fabricators that have a large demand for windows. As for the factor of 

cross-compatibility, MBA window assembly table is a semi-automation station and 

presents a proven benefit in flexibility and adaptation. 

The window assembly option with the highest score is the semi-automatic MBA 

window assembly table that works along with some manual installation and 

weatherproof stripping of windows. The current window assembly system applied in 

the industry partner is similar to this however with a larger proportion of manual work, 

this results in a greater labour requirement. The high productivity of the independent 

Soukup window assembling production line is its primary advantage. It would be 
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capable of meeting great demand; however, since it is an extra independent production 

line, the cross-compatibility is lower than MBA window assembly table. This could be 

integrated as a process to a linear manufacturing line for prefabricated systems. 

3.19.6 Building wrap 

 

Table 3.12: Resultant scores for the building wrap process. 

           System 

 

Criteria 

Randek - Membrane 

cutting station 
Current system 

Weighting 

(out of 10) 

Investment Cost -2 0 3 

Productivity 2 0 5 

Labour Requirement 1 0 4 

Space Efficiency 0 0 1 

Cross-compatibility 1 0 9 

Health and Safety 1 0 7 

Sum Score 2 0  

Weighted Score 1.9 0  

 

Table 3.12 summarises the resultant scores for the process of installation of the 

building wrap; this is sometimes known as a membrane. The Randek membrane 

cutting station only has a negative value for investment cost with the other aspects 

showing improvement from the conventional method. The machine automatically 

feeds and cuts the membrane sheeting to the required size. This improves the speed of 

production. Only one worker is required; their role is to manually feeding the sheets 

into the machine and the stapling to the panels, which is a potential decrease of labour 

requirement. Space efficiency remains the same as conventional, since the dimension 

of machine is small compared to the membrane roll itself. In terms of 

cross-compatibility, the Randek membrane cutting station is installed between two 

consequent stations, whereas the conventional method is added as a process to an 

existing station off balancing the cycle time if not managed. Hence, 

cross-compatibility might be improved from manual only methods. Lastly, manual 

cutting would require workers to lean over the table or bend down to measure the size 

needed to be cut. If cyclically repeated, these actions may cause muscle strain and 
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health issues, however, machine cutting eliminates these risks. Therefore, occupational 

health and safety of using the Randek has some potential benefit over the conventional 

method. This is only because both methods require manual stapling. This can be 

avoided if used in conjunction with a multifunctional bridge, however this may cause 

this station to be overly critical and prone to causing bottlenecks.  

The current method used by the industry partner for installing the membrane is 

similar to conventional; however, it is carried out when the wall is laid horizontally on 

a transfer table. Workers manually measure, cut, staple the building wrap onto the 

panel and therefore, the scores are neutral. 

3.19.7 Façade installation 

For this particular process of façade installation, two most relevant automated 

machines and off-site manual cladding are compared against on-site manual 

installation as per Table 3.13.  

 

Table 3.13: Resultant scores for façade installation. 

           System 

 

Criteria 

Off-site 

manual 

installation 

Holzma 

HPP 300 

multiTec 

Randek 

cladding 

nailing 

bridge 

Use of 

multifunctional 

bridge 

Current 

system 

Weighting 

(out of 10) 

Investment Cost 0 -2 -2 0 0 2 

Productivity 0 2 1 1 1 9 

Labour 

Requirement 
1 2 2 2 1 4 

Space Efficiency -2 -2 -2 -1 -2 1 

Cross-

compatibility 
0 1 1 1 0 9 

Health and Safety 1 2 1 1 1 7 

Sum Score 0 3 1 4 1  

Weighted Score 0.9 4.3 2.7 3.2 1.8  

 

For off-site manual cladding there is a potential improvement for productivity 

and worker safety since the task is operated in a weather-controlled environment. 

However, there are disadvantages in space efficiency as the task and the variety of 

material which support it requires a significant room in the factory. HOLZMA has 
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higher benefit in productivity and labour requirement over Randek in the view of that 

HOLZMA is capable of automatic sawing, drilling and routing, while Randek is only 

aimed for automatic nailing of wooden cladding. Therefore, the HOLZMA machine 

produces a safer working environment than that of Randek. Furthermore, there is a 

greater amount of time saved since in this context the measuring, cutting and affixation 

of façade panels is the most critical task in the case study. Additionally, for factories 

which own or are planning to purchase a multifunctional bridge, they may wish to 

consider if it is an effective option to use with cladding processing. Compared to the 

other two machines, the greatest benefit is that it does not require any extra investment 

cost. Despite this, it may cause a bottleneck and limit production capacity. This is due 

to the fact that it will now perform more tasks on one station, however, it is more space 

efficient than the alternatives.  

At the industry partner, the façade is manually preinstalled in the factory with 

the aid of a projector. The projector is only used for quality assurance in the alignment 

of façade, which does not have any impact on the scoring of criteria apart from 

productivity. Therefore, the current method has largely a similar score as off-site 

manual installation. The weighting is notably varied for the first two criteria, as in this 

context the investment cost has less importance while productivity is weighted 9 out 

of 10, highlighting its criticality. This is because the current approach sometimes takes 

too much time which causes a bottleneck for the entire production line and therefore 

the company may wish to improve the productivity of this particular station. 
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3.19.8 Storage/handling system 

 

Table 3.14: Resultant scores for the storage and handling system. 

 Raw materials Finished panels  

          System 

 

Criteria 

HOMAG 

TLF 

Hundegger 

Pick & 

Feed 

Current 

system 

Weinmann 

WLV/ 

WLW 

Randek 

wall 

stacker 

Current 

system 

Weighting 

(out of 10) 

Investment 

Cost 
-2 -2 -1 -2 -2 -2 3 

Productivity 2 2 1 2 1 2 5 

Labour 

Requirement 
2 2 1 1 1 1 4 

Space 

Efficiency 
2 2 1 -1 1 1 1 

Cross-

compatibility 
2 2 2 2 2 2 9 

Health and 

Safety 
1 1 0 1 1 1 7 

Sum Score 7 7 5 3 4 5  

Weighted 

Score 
3.9 3.9 2.5 3.2 2.9 3.4  

 

 

The resultant scores for storage/handling system are shown in Table 3.14. Both 

HOMAG and Hundegger machinery have horizontal panel storage and handling 

systems that automatically unload packages of raw materials such as timber beams and 

boards and transfer them to the floor storage area. Vacuum technology is adopted for 

picking and feeding of timber material to the panel processing centre, which functions 

well in conjunction with the production line. The only operating staff responsibilities 

at this process is that to drop the material at the loading area. Therefore, both machines 

provide great benefits to improve productivity, labour requirement and 

cross-compatibility. Furthermore, the automate storage systems decreases the floor 

space by 30% compared to multi-level racking storage. Additionally less usage of 

forklift traffic has the potential to reduce potential employer injuries and accidents.  

For storage of finished products, Weinmann offers a vertical intermediate storing 

system, allowing panel elements to be easily shifted and retrieved. It also allows a 
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package of walls to be setup on a distribution trolley for direct loading in 

transportation. Hence, compared to conventional flat storage, this system has improved 

performance on productivity and cross-compatibility as well as a potentially lower 

labour requirement. However, space efficiency is likely to be decreased for thinner 

walls due to its way of storing panels vertically with room left between each panel to 

ensure flexibility of the system as well as to also cater for thicker walls and walls with 

protrusions. Randek has a temporary vertical wall stacker that allows the finished 

product to automatically be transported to and from the station. Here, window 

assembly can be performed, since this process for these systems is undertaken 

vertically as opposed to horizontally. It may be important to note that this solution is 

less robust than Weinmann’s machines since the panels require additional handling 

and packaging prior to delivery. 

The industry partner uses a storage system that requires forklift transportation 

for loading and unloading of timber materials on shelf racks in designated zones. 

Despite it not containing any automation technology, it is well designed to work along 

with the factory’s production line where materials are typically easy to find and pick 

up. Therefore, it potentially has improvements over the conventional means in 

productivity, labour and space requirement. However, current methods receive the 

same score as conventional for workplace safety due to the requirement forklift 

operation causes a hazard regardless of how well it is managed. For finished products, 

the industry partner adopts a customised A-frame that allows a vertical wall package 

to be directly loaded from the factory onto trucks. This offers a great benefit by 

reducing the turnaround time. As a result, it receives the highest score for productivity 

and cross-compatibility; the other aspects are same as the Randek wall stacker. 
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3.19.9 Buffer table 

For the rating of the buffer tables as presented in Table 3.15, Randek and 

Weinmann both had similar scored with a -2 in investment costs as compared to 

conventional means which would have no buffer tables at all. 

 

Table 3.15: Resultant scores for buffer tables. 

               System 

 

Criteria 

Randek Weinmann 

Modular 

Building 

Automation 

Current 

system 

Weighting 

(out of 10) 

Investment Cost -2 -2 -1 -2 3 

Productivity 2 2 1 2 5 

Labour Requirement 2 2 1 2 4 

Space Efficiency -1 -1 -1 -1 1 

Cross-compatibility 2 2 1 2 9 

Health and Safety 2 2 1 2 7 

Sum Score 5 5 2 5  

Weighted Score 4.3 4.3 2.1 4.3  

 

 

The MBA buffer table’s initial costs is significantly less than the other options, 

however it does not possess the same level of functionality in terms of movement. 

Productivity and cross-compatibility were rated with a 2 as the Randek and Weinmann 

tables can move panels in a 3-dimensional space, therefore, requiring less labour for 

the movement of the panels. This provides an ideal working height and allows the 

layout of the assembly line to be customised. Space efficiency of all the buffer tables 

were similar with a value of -1. This is because all the tables take up a similar amount 

of space within the factory. Lastly, occupational health and safety for Randek and 

Weinmann was scored a 2 as the tables include safety stop sensors. In case a panel is 

unaligned with the table the safety stop sensors halts movement to avoid any damage 

to the workers and the panel itself. Finally, the sum score of the Randek and Weinmann 

buffer tables was 5, whereas the table built by MBA had a sum score of 2.  

For the case study, the weightings for the buffer table followed the general 

weightings across the criteria. This is caused by the fact that the implementation of a 
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buffer table highly affects the productivity of an assembly line, as movement of panels 

from one station to another is compulsory. The lowest weightings were space 

efficiency, as compared to material storage the buffer table does not require significant 

space, especially considering how efficiently it moves the processed material. 

Hundegger buffer tables were found to be utilised in the case study, therefore 

investment costs were rated a -2. This is because the current buffer table is relatively 

expensive but on par with Randek and Weinmann. Productivity, labour requirements, 

cross-compatibility and health and safety were all rated a 2 as the table can move panels 

horizontally and vertically meaning the flow and working of panels in the assembly 

line is easier. This resulted in Randek, Weinmann and the current system all receiving 

the final weighted score of 4.3, whereas MBA has a final weighted score of 2.1.  
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3.19.10 Turning station 

 

Table 3.16: Resultant scores for the turning process. 

System 

 

Criteria 

Randek 

Butterfly 

Table BS40 

VacuStand 

VS-180E 

Turning by 

a crane 

Current 

system 

Weighting 

(out of 10) 

Investment 

Cost 
-1 -1 -1 - - 

Productivity 2 1 1 - - 

Labour 

Requirement 
2 1 1 - - 

Space 

Efficiency 
-1 -1 -1 - - 

Cross-

compatibility 
2 1 1 - - 

Health and 

Safety 
2 2 2 - - 

Sum Score 6 3 3 -  

 

 

Since wall panels are built one side upward in the industry partner’s production 

line, turning station are not a necessary process, thus not applied in the manufacturing 

line. Therefore, the influence of turning station will not be taken into consideration in 

this particular case study. Table 3.16 shows all three methods for turning over walls 

require investment in purchasing machineries, which results in a potential loss in the 

criteria of investment cost as compared to conventional methods. All three turning 

stations are operated in a semi or fully automated manner, therefore, there is proven 

benefit in lowering the amount of required labour. The butterfly table is the most 

widely used automated turning station in prefabricated panelised system. In many 

cases it has shown to have excellent productivity and cross-compatibility. Regardless, 

the turning process could also be completed by VacuStand VS-180E or by crane (such 

as gantry crane above the factory floor). Compared to the butterfly station, VacuStand 

VS-180E has a lower maximum turning weight; both the VacuStand VS-180E and the 

crane methods have a lower cross-compatibility. 
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3.20 DISCUSSION 

3.20.1 Cutting and sawing 

After applying the weighting for the industry partners context, it is clear that 

Hundegger Speed Panel machine SPM-2 excels over other options. The industry 

partner is aware of its high performance and have already adopted this machine in their 

manufacturing facility.  

3.20.2 Multi-functional bridge 

The industry partner currently does not have a multifunctional bridge. The 

investment of a multifunctional bridge will be sizable; however, it may bring 

significant improvement to the production line when used in critical areas such as 

cutting and affixing of the façade. After comparing various multifunctional bridge 

options, the Weinmann WMS series presents the greatest case since it best meets the 

needs of the industry partner, which is functionality and productivity. 

3.20.3 Framing and stud fitting 

Due to a high proportion of manual work, the current framing and stud fitting 

process is similar but more guided than conventional methods, therefore rated with a 

weighted score of 1.5. This suggests an opportunity for improvement in the process of 

framing and stud fitting. The option of an automated station may be taken into 

consideration due to its higher score of 3.5. The primary reason for this high score is 

its advantageous performance regarding high productivity, high cross-compatibility 

whilst also featuring a low labour requirement. If the industry partner would like to 

improve the process of framing and stud fitting an automatic station framing station 

could improve the overall production significantly; as long as the stations down the 

line are capable to handling the increased throughput. 

3.20.4 Insulation 

The weighted final score for insulation has suggested two options that are not 

efficient for the particular wall production found in the case study. The score for 

Weinmann blow TEC system is similar to the company’s current option which is 

streamlined manual installation. Since it is predicted that there will not be significant 

improvement on the overall performance, there is no need to adopt an automated 

system for this process. 
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3.20.5 Building wrap 

From the results, Randek membrane cutting station scores 1.9 compared to the 

case study with score of 0. This suggests the Randek machine may be beneficial for 

the industry partner and should be considered to replace the current manual installation 

approach for optimised productivity and efficiency. It should be kept in mind that this 

is generally not a critical task as it can be achieved on a separate buffer table. However, 

it is critical when used in conjunction with a multifunctional bridge as it may hold up 

three or four processes. In this case, the weighting proportion may need to be changed. 

Generally though, there is a low investment cost rating and a high productivity rating. 

3.20.6 Window assembly 

The current window assembly method applied in the case study scores 2.2, as 

compared to 3 for the MBA Window Assembly Table. The MBA option functions 

together with manual installation and weather stripping of windows. Since each 

criterion scored same as the MBA Window Assembly Table except for the labour 

requirement, the window assembly line implemented the industry partner is relatively 

sufficient. It could be optimised by increasing machine aided work to reduce labour. 

3.20.7 Façade installation 

From MCA assessment, the HOLZMA HPP 300 multiTec obtains a highest 

weighted score of 4.3 for façade installation among all options. This is notably greater 

than the score for the industry partners current manual method to complete this 

laborious task. This indicates that HOLZMA system for the façade station should be 

actively considered for the industry partner to meet their demand of higher productivity 

as well as preventing backlog. 

Use of multifunctional bridge is also a possible alternative as it receives the 

second highest score. However, this may cause issues in holding up other tasks 

performed by the same station. If so, it would be detrimental for mass production 

facilities where the bridge is continually occupied in operating various processes. This 

option may have greater suitability for production manufacturers that focus on more 

customised projects. Additionally, it may also be more suitable for factories that own 

or are willing to invest in two or more multifunctional bridges, such that the façade 

station at the end of the production line will have its own multifunctional bridge. 
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3.20.8 Storage/handling system 

For storage of raw materials, HOMAG TLF and Hundegger Pick & Feed (scored 

3.9) are both found to be the most suitable alternative to the current system (scored 

2.5). Since the industry partner uses a Hundegger CNC machine, it is expected that the 

Hundegger storage system will better integrate with the processing system from the 

same supplier. However, for a more detailed assessment, further study on the 

compatibility, difference in cost and productivity should be conducted to evaluate 

which machine is most suitable for the company.  

For finished panels, the current approach at the industry partner scored the 

highest mark. The A-frame is designed specific for the system used, and it integrates 

with the industry partners production line; therefore, there is no strong need of change 

for this system. For manufacturers producing closed panels, Weinmann WLV/WLW 

is the leading approach to be used. It is a multi-purpose system that provides sufficient 

space for finishing work such as windows fitting and façade installation. 

3.20.9 Buffer table 

From the results, it is evident that the buffer tables with the highest MCA scores 

were Weinmann, Randek as well as the industry partners buffer table, with a tied score 

of 4.3. The MBA buffer table only scored 2.1 which was significantly lower than the 

other options presented. This is due to the superior productivity and labour efficiency 

of the former option. For example the Weinmann and Randek buffer tables can move 

panels in three different directions on a 3D plane. Because of this less labour is required 

to assist the movement of the panels and allows them to be worked upon at an optimal 

level. Furthermore, both buffer tables are outfitted with safety mechanisms to provide 

a failsafe mechanism to stop the movement of the panel if any misalignments, errors 

or dangers occur. As a result, the MCA suggests that for the case study presented the 

industry partner does not need to consider changing its current buffer table as there 

would be no notable benefit. 
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3.20.10 Summary of the MCA  

The summary of the MCA scoring in Table 3.17 compares the case study as per 

the industry partners current manufacturing methods to the identified ideal automated 

options. Those being them that are applicable for the specific panelised system and 

manufacturing requirements. The difference in scores can be used to gauge a snapshot 

of how well or how poorly a given manufacturing lines processes compares to relevant 

automated options available. The larger the difference, the greater the potential of 

improvement and advancement. Thus, for this case study further consideration can be 

placed on merits of a multifunctional bridge and a review to potentially upgrade the 

manufacturing methods for the current processes of framing, building wrap and façade 

installation.  

 

Table 3.17: MCA results. 

Process 
Weighted score: 

case study 

Selected ideal 

automated option 

Weighted score: 

automated option 

Cutting and sawing 4.1 

Hundegger Speed 

Panel machine 

SPM-2 

4.1 

Multifunctional bridge 0 
Weinmann WMS 

series 
4.3 

Framing and Stud 

Fitting 
1.9 

Automatic framing 

station 
4.3 

Insulation 1.8 
Weinmann blow TEC 

system 
2.2 

Building wrap 0 
Randek - membrane 

cutting station 
1.1 

Façade installation 1.8 
HOLZMA-HPP 300 

multiTec 
4.5 

Window Assembly 2.6 
MBA Window 

Assembly Table 
3 

Storage/handling 

system 

2.5 
Raw material: 

Hundegger 
3.9 

3.4 
Finished panels: 

current system 
3.4 

Buffer Table 4.3 Randek Buffer Table 4.3 

Turning Station N/A N/A N/A 
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3.20.11 Limitations of the MCA 

The MCA constructed in this study suggests where the most credible potential 

investments in automation technologies can be had to a company’s current production 

line for timber-based panelised prefabricated construction. The MCA allows for a rapid 

evaluation of recommendations. These recommendations, or suggestions, may have 

some limitations due to a number of factors. The first and primary factor is that there 

is a limited number of criteria provided in the MCA. Thus, the sum score of each 

machine may not demonstrate the full specifications of it. Another factor which 

influences the limitation is the constrained scoring system in that a limited depth to the 

grade can be allocated for each criterion. Due to this, the MCA may produce similar 

grades for each machine and therefore, cause multiple options to be suggested. This 

would then require further detailed examination between the suggested options. Lastly, 

the initial investment cost is a proven loss in a short-term analysis while in the long 

run, it may be a productive investment. As an example, the initial investment cost of a 

Weinmann Framing Station is around $200,000 AUD [153]. The pure cost per hour in 

the first year could be roughly estimated to $129 AUD, when the operation time is 

assumed as 6 hours per day, 5 workdays per week. Therefore, the price would decrease 

eventually to $25.8 AUD in the fifth year, which is close to the average of a 

construction worker salary, $24.6 per hour [183]. Despite the factor of maintenance, 

the investment cost would show a potential benefit in the long-term. To mitigate these 

limitations, further analysis and research are required such as both short and long-term 

cost analysis and expansion on the criterion and grades. For the reasons mentioned, the 

MCA is best utilised as a preliminary mechanism for assessment of current processes 

compared to leading automated options, exact details and compatibility can then be 

further investigated based on the results of the MCA.  

3.21 CONCLUSIONS 

This study has presented a developed understanding and a method of assessment 

of the manufacturing processes for automated timber-based panelised prefabricated 

construction. A weighted Multi Criteria Analysis (MCA) was constructed as a 

preliminary mechanism for assessment of currently utilised manufacturing processes 

compared to leading automated solutions. The developed method can be used to 
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evaluate any timber-based wall panel manufacturing assembly line and recommend 

targeted automation-based improvements. This is conducted on a process level in order 

to achieve prefabricated manufacturing objectives, specific to local conditions and 

requirements. This has been verified and demonstrated through an industry-based case 

study. The result of which suggests that inclusion of a multifunctional bridge should 

be reviewed and potential upgrade to automated solutions in the current manufacturing 

methods for framing, building wrap and façade installation. This has demonstrated the 

closing of knowledge gaps between the market and academia in uncovering 

recommended areas for automation investment and development of advanced 

assembly lines at certain key processes in the production of timber-based walls for 

panelised construction. 

 

Implications 

(2) Within the timeframe and context of this study, what knowledge and corresponding 

solutions can be developed, studied and successfully proven to address each 

limitation?  

Prefabricated timber-based panelised wall systems have been explored and 

reviewed in terms of the general set of processes required for their fabrication. 

Additionally, the latest advanced automated manufacturing technologies available 

have been grouped for each process. To facilitate this addressment of the knowledge 

gap, an integrative literature review was conducted based on a modified framework to 

that presented by Templier and Paré. Information was sourced from leading 

automation companies, manufactures, prefabricators and academic literature. The 

methodology used has facilitated a broader and deeper level of understanding which 

heavily focused upon presenting the latest automation enabled technologies available 

for the fabrication of such systems in each respective process. Several comprehensive 

conclusions were drawn on the current state of automation within and across processes 

used for the full prefabrication of timber-based panelised wall systems.  

The review has shown a clear disparity in the level of automation currently 

available across the processes in the fabrication of these complete systems. An 



Chapter 3: Advancement of Manufacturing Processes 86 

overwhelming disproportionate level of automation is placed in the primary stages of 

manufacturing, principally the cutting and sawing of structural elements. This is 

thought to be due to practicality and suitability to automation as well as standard 

convention construction. Recent technological automated solutions are available to 

key labour-intensive processes other than sawing and cutting such as: gluing, nailing, 

stapling, storage and handling and installation of insulation. However, some processes 

do not currently have automated equivalent solutions, particularly the installation of: 

electrical conduits, installation of windows, caulking, flashing and installation of 

prefabricated panel to panel weather seals. These areas may offer further research and 

development interest, especially the weatherproofing which is addressed in Chapter 4 

‘Advancement to Waterproofing’. A variety of automation enabled alternatives for 

each process should be considered for new or to be upgraded production lines for the 

advanced manufacture of fully complete prefabricated timber-based walls in panelised 

construction.  

The addressment of the identified limitations and knowledge gaps is further 

enabled through a weighted Multi Criteria Analysis (MCA). This was constructed as a 

mechanism for the assessment of current practices in conducting manufacturing 

processes compared to leading automated solutions. The developed method can be 

used to evaluate any timber-based wall panel manufacturing assembly line and suggest 

recommended automation-based improvements on a process level to achieve 

prefabricated manufacturing objectives specific to local conditions and requirements. 

This has been demonstrated and verified through a case study with an industry partner. 

The resultant recommendations obtained closes the knowledge gaps in the market and 

academia in uncovering recommended areas for investment and development to 

advance assembly lines at certain key processes in the production of timber-based 

walls for panelised construction.
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Development of Prefabricated Solutions to Waterproofing 

fit for seamless integration in Manufacturing Processes and 

Assembly 

 

Where the previous chapter provided a review and assessment of manufacturing 

processes for complete panelised timber-based prefabrication, this chapter focuses on 

the development of prefabricated solutions to waterproofing. Specifically, a 

prefabrication waterproofing solution fit for seamless integration in manufacturing 

processes and assembly, rather than traditional labour-intensive on-site methods. This 

begins with a preamble addressing the first research question. Following this, 

Manuscript Three and Manuscript Four are presented. Finally, implications are 

outlined with respect the second research question. 

Preamble 

(1) What are the current limitations found in timber-based panelised systems built 

through advanced manufacturing, that are of genuine immediate commercial need and 

where knowledge is either lacking or non-existent? 

The understanding and design of conventional means of sealing joints is well 

understood, they are labour and skill intensive and require access from the exterior 

face of a building which is usually provided by means of scaffolding. There are 

developed designs for joins in industry for façade components and there is some 

published knowledge of general theory of covering joins. However, one limitation is 

that there is a lack of consideration of, or solution to, weatherproof seals specific for 

complete prefabricated panelised and construction.  

This is significant since the frequency and cost of failures in building envelopes 

is considerably more prevalent and severe than what engineers and architects predict 

[184]. This is only heightened by the considerable number of joins in fully complete 

panelised buildings are compared to conventional. Without proper management these 

can cause the most post-construction issues in buildings [185]. It goes to say that these 

even span beyond the physical join and workmanship since waterproofing adds another 
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layer contractual and organisation management which itself offers room for integration 

[186].  

In advanced forms of full prefabrication, the façade, structure, insulation, 

building wrap, windows, services and everything is preassembled. That is, by the end 

of the manufacturing line they form complete finished panels. Transported and lifted 

on-site, it is possible that they may use novel connections which removes the need for 

access from the external face. An example of this is continuous post-tensioning 

through a threaded rod and couplers. Given that solutions exist that remove the need 

to access the structure from the exterior face for inter-panel connections, and the fact 

that the systems in questions are fully prefabricated, façade and all, then it follows that 

the only task left in these most advanced systems is the waterproofing between panels.  

The leasing/purchase of and set up of scaffolding for only this one task is 

wasteful in terms of direct cost, lead time and building assembly time. The potential 

entire removal of scaffolding in construction for such systems presents an exciting 

research opportunity with highly significant commercial application. This is identified 

and addressed in Manuscript Three ‘Design and Development of Weatherproof Seals 

for Prefabricated Construction: A Methodological Approach’. 

Given Manuscript Three presents and explores a methodological approach to the 

design and development of sealing solutions specific for fully complete panelised 

prefabricated construction, there is a need to verify, validate and evaluate the solutions. 

This can be achieved through modelling, experimental testing and real-world 

implementation. This is exactly achieved by Manuscript Four ‘Manufacturing, 

Modeling, Implementation and Evaluation of a Weatherproof Seal for Prefabricated 

Construction’. Moreover, it presents and explores the newly developed solutions 

through the previously outlined design and development methods and confirms the 

final geometry and properties of the materials used to meet the expected tolerances and 

performance. The performance targets are set by the static and dynamic water pressure 

performance criteria as outlined in AS4284 ‘Testing of Building Façades’. The 

solution is proven compliant under advanced fluid mechanics computer simulation and 

experimental testing. In addition, further validation is conducted under several 

tolerance levels and configurations.  

Finally, these verified solutions have been implemented in actual panelised 

prefabricated buildings and used as a case study. This provides due-diligence and 
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ensures that all Design for Manufacture and Assembly (DfMA) considerations are had 

from transport and assembly to on-site performance evaluation. 
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Manuscript Three 

Orlowski, K., Shanaka, K., & Mendis, P. (2018). Design and Development of 

Weatherproof Seals for Prefabricated Construction: A Methodological Approach. 

Buildings, 8(9 - Article 117). doi:https://doi.org/10.3390/buildings8090117 
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4.1 INTRODUCTION  

Industrialisation of the construction industry through prefabrication has been 

noted as an effective method to achieve higher levels of performance. This is through 

moving more processes to a controlled manufacturing environment [89]. The results is 

improvements in quality and efficiency as lean manufacturing principles and 

automation are introduced [187]. Thus, great potential lies in including as many 

construction processes as possible into the manufacturing environment.  

Prefabrication in the modern construction industry generally comes 

closed/complete, such as in some panelised or modular systems, or open/incomplete 

such as pods and stick and frame assembly. However, there are also open panelised 

and modular systems that are un-cladded, hence incomplete. To fully prefabricate a 

building it is to be complete prior to delivery, be it in sections or as a whole, but 

complete nonetheless [188]. The most complete systems for walls would be those 

which include internal finish to external façade. Likewise for floors, the most complete 

systems are those which include the ceiling, flooring, insulation and at least with built 

provision for electrical, water, gas and HVAC systems. 

There are many intrinsic challenges to fully prefabricate a building such as 

flexibility of design and method of connections. Currently, sections of industry have 

adapted to prefabrication by picking and choosing which processes are most valuable 

to them to incorporate in prefabrication [189]. These have generally been either major 

labour and skill intensive processes such as sawing and cutting which can be replaced 

with CNC or simple tasks which are simple to automate such as nailing or gluing.  

This research study expands on the processes which are currently greatly 

prefabricated to also include the prefabrication of the façade, specifically the 

weatherproofing between façade panels, wall panels and modules. Currently the 

conventional means of on-site weatherproofing of gaps entails setting up scaffolding 

to reach work height, manually pushing in a flexible foam backing rod, followed by, 

manually applying a caulking/sealant generally silicone, then manually tooling for the 

ideal profile [190]. This conventional method is often adopted for prefabricated 

panelised and modular constructions in filling the gaps between each wall or module 

[190]. This labour-intensive traditional means of weatherproofing does not align 

directly with the values of efficiency in prefabrication. Quicker means of 

weatherproofing specifically designed for prefabricated panelised and modular type of 
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construction and assembly is in order. Design and development of new solutions is 

often suggested but should only be pursued if conventional and/or other solutions 

cannot suffice. To fuel design and development, an understanding of the design 

principles and fundamental theory is required along with a purpose specific set of 

design criteria which encompass the entire design, manufacturing and assembly 

processes [191]. To evaluate this need for design and development the flow chart in 

Figure 4-1 is used and demonstrated in the following sections. 

 

 

 

Figure 4-1: Evaluating the need for novel design and development. 

 

4.2 CONVENTIONAL SOLUTION 

The current well-established practices for the filing and sealing of joints is 

grouting as well as the backer rod and caulking/sealant solution. Grouting involves 

using a cementitious material to thoroughly seal and join the gap between two other 

cementitious materials [192]. This wet trade is much easier performed on horizontal 

joins such as those in bridge decks [193] where the gaps are manually filled on-site 

with a viscous cementitious grout. In this process, pre-moistening the surface is 
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recommended to enhance the performance of the bond [194]. The limiting factors of 

grouting is that it is constrained to joining between cementitious surfaces, better suited 

for horizontal and not vertical gaps and joins. Additionally, it requires on-site manual 

labour all which in itself does not lend to an efficient and versatile prefabrication 

sealing solution for vertical joins in prefabricated walls and/or modules. As for the 

backer rod and caulking/sealant solution the procedure begins with a worker who is at 

the working height for the entire height of the building which is substantially 

unpractical and dangerous for taller construction. The worker is to sufficiently clean 

both surfaces then manually push in a flexible foam backing rod to a specified distance 

along the entire length of the wall and then manually apply a caulking/sealant 

(generally silicone) along this length, then manually tool it to achieve the ideal 

hourglass profile as shown in the foreground on Figure 4-2. 

Since there are so many labour-intensive steps, workers often rush or take 

shortcuts which have consequences later in the buildings life. For example, pushing 

the backing rod too far, may result in adhesion failure as the layer of caulking/sealing 

must not be too thick.  This would cause the caulking to not be able to accommodate 

the tolerances required when the building/panels move be it for dynamic or other 

reasons [195]. In this case, adhesion fails and separation occurs since the 

caulking/sealant is not in the narrow hourglass figure that is easier to stretch, hence the 

increase pulling force acting against the adhered surface.  

If the rod is too close to the surface there may not be enough cohesive force in 

the caulking/sealant for such a narrow section. Additionally, separation may occur if 

the walls are not sufficiently cleaned and free from dust prior to installation of the 

backer rod and caulking/sealant. Lastly, if the width of the gap varies, that is the 

tolerances are not all the same, then an appropriately sized backing rod and profiled 

section should be achieved otherwise splitting may occur.  

Poor workmanship along with sealant distress are amongst the leading reasons 

for why a building may leak [196]. Therefore, there is a need to develop new seals 

which do not rely as heavily on workmanship and are able to be completed off-site are 

required for prefabricated forms of construction. The conventional method to fill gaps 

through backer rod and caulking is shown in Figure 4-2. The ideal tooled profile and 

depth is shown in the foreground, excessive depth of sealant that results in adhesive 
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failure over time is shown in the middle ground, and finally insufficient depth resulting 

in cracking over time is shown in the background.  

 

 

Figure 4-2: Conventional backer rod and caulking/sealant [190]. 

 

Using sealant as the primary means of weatherproofing without further 

protection such as a drained joint is fundamentally not a rigorous solution, especially 

considering that the joint can only be inspected from the outside. A instance where the 

use of sealant can be most relied upon is when it is used at glass to glass joints, where 

both sides can be easily inspected and the design requires openness [196]. 

4.3 OTHER SOLUTIONS 

There may be non-conventional means which could be adapted (or at least learnt 

from) to solve the limiting requirements of sealing fully-finished prefabricated walls 

and modules. 

The first to be discussed is shopfront framing systems. These systems are used 

in podium level/ground level façades. They may be external and exposed to weather 

elements, such as in a standalone retail outlets, or internal, such as in shopping centres. 

There are many varieties of these systems which vary in terms of the frame depth, 

glazing position (such as flush to outside or centre of frame) as well at the integration 

with fixed, sliding, bi-fold, automatic doors and louvres. Shopfront framing systems 
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often have simpler design than curtain wall systems as there are less design 

requirements for a single level as compared to multi-level construction.  

The next solution discussed is the curtain wall system. ‘Curtain’ in the sense of 

curtain walls, refers to the fact that it is hanging off the building. Curtain walls differ 

to shopfront framing systems in that curtain walls can span many floor levels and take 

into many more design considerations. These include: thermal expansion, building 

sway, water drainage, thermal performance and lighting. Curtain walls do not carry 

any vertical load apart from its own weight. Rather it primarily transfers the wind load 

to the structure. The fundamental nature of curtain walls being affixed externally to the 

principle structure, holds a strong advantage in that it does not overly rely on the 

structural tolerances. For these reasons, curtain walling is a popular method of façade 

construction and is often used in commercial and residential high-rise towers.  

Curtain walls are created and assembled primarily in two ways, stick built curtain 

walls and unitised curtain walls.  

 

 

Figure 4-3: Stick Built Curtain Wall [197]. 

 

With stick-built systems as shown in Figure 4-3 the vertical (mullion) and 

horizontal (transom) members are installed on-site. Often elements span multiple 

floors and widths; after this the glazing is then installed on-site afterwards. It requires 

installation by highly skilled workers; however, the on-site work allows for greater 

allowance of tolerances. This type of curtain wall is generally used on small-scale or 

low-rise buildings.  
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Figure 4-4: Unitised Curtain Wall [197]. 

 

Unitised curtain walls come in panelised form with the glazing and framing 

complete. For this reason, unitised curtain walls are sometimes referred to as a modular 

system or panelised system, an example is shown in Figure 4-4. The panels are 

prefabricated off-site and lifted into place and secured and weatherproofed on-sit. This 

reduces the installation time on-site along with the number of labourers. This system 

is most used in mid to high rise structures due to economy of scale. The curtain wall 

system can be ‘unitised’ in that large volumes can be fabricated in a manufacturing 

facility and stacked onto a truck and carefully brought to site and craned into position. 

This signifies that there is less work to be conducted on-site which is beneficial to rapid 

multi-storey construction. However, water and weatherproof seals are needed to be 

developed and used between each unitised section. This is usually achieved with a 

gasket, foam backing road and sealant or with its own pressure plate and cover. The 

most convenient of these is the gasket; it does not require installation to be performed 

from the external face, this is a fundamental advantage for multi-level construction 

where scaffolding would be needed otherwise. 

The gaskets used in these kinds of façades are often referred to as ‘pressure 

plates’ or ‘pressure bars’ and are fastened to the mullion in order to hold the glass and 

create waterproof joints. Additionally, there is some additional positive secondary 

effects, such as acoustic isolation and thermal breaks. The region where the horizontal 

and vertical sections meet requires special consideration in terms of design. This is 
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especially important given that with age and exposure to ultraviolet radiation, 

shrinkage and deterioration may occur [198]. 

 

 

  

(a) (b) 

Figure 4-5: Unitised and curtain-wall assemblies: (a) general curtain wall build 

up [199]; (b) curtain-wall assembly [200]. 

 

 

The method of affixing as well as the geometries of sections may vary between 

systems, however, Figure 4-5(a) displays the essential components to most. The 

mullion and transoms are the vertical and horizontal framing elements respectively. 

They house the glazing, which is sandwiched with a pressure plate and contains a 

rubber strip gasket. This is compressed by screwing from the outside of the building 

through the centre of the pressure plate and into the mullion and transom. Finally, a 

cover or cap is clipped on the outside of the pressure plates to hide the screws and give 

the system a finished clean look. A detailed schematic of a variant of this setup is 

shown in Figure 4-5(b) note the location of the screws and gaskets. 

Other than examining what is currently practiced in industry and then identifying 

a need, a thorough review of patents office has been carried out first to ensure that this 

is indeed new work. Doing so ensures that there is nothing else that can be used for 

this application and that the developed system does not infringe on prior work. 
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Commencing with the US patent office and then broadening the investigation through 

searching for waterproof/weatherproof seals specifically designed for prefabrication 

construction has yielded no results for potential conflicts. At this stage, the industry 

partner also verified this and the project advancement in this area was established. In 

this early stage understanding of concepts, deeper thought and research on the issue 

was had. The patent review of areas next closest to the intended application and the 

notable findings are outlined in Table 4.1.These provided a means to generate an idea 

on how others have tackled relatable problems in the past. However, it was found that 

since the requirements are mostly different, so was the design of the seal. Therefore, 

the most notable finding was indeed that the design developed did not overlap with 

any existing patents. This is important as one of the expected outcomes of this project 

is the commercialisation of the seal solution developed for the waterproofing between 

panels in prefabricated construction. 
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Table 4.1: Patent review findings. 

Title  Citation Summary/Finding 

Expansion joint method and 

system 

[201] Sealing system for airplanes it is 

too expensive 

Connecting system [202] Too difficult to attach to wall 

panels and installation too slow 

Expansion joint [203] Access from external face 

needed 

Pavement expansion joint and 

joint seal 

[204] Excessive force along with 

access from external needed 

Sealing strip [205] Access from external face 

needed 

Panel for curtain walls and 

method of jointing corners of 

the same 

[206] Fitting a panel onto a gasket 

from the outside of the building 

Simplified low insertion force 

sealing device capable of self-

restraint and joint deflection 

[207] Access from external face 

needed 

Packing joint for sealing 

structures  

[208] Wide tolerance range but access 

from external face needed 

Ring seal [209] Too difficult to install and 

position 

Method of forming 

weathertight seal 

[210] Fascinating concepts and 

flexible design but time 

intensive and access from 

external face needed 

Spring loaded compliant seal 

for high temperature use 

[211] Too costly and design not 

appropriate for this application 

Joiner for vertical joint for 

external wall members 

[212] A similar field of use, however, 

access from exterior face needed 

Curtain-wall assembly [200] Too much manual work and 

installation is time heavy 

Expansion joint gasket [213] Flexible design but needs access 

from external face and 

installation is time intensive 

Joint sealing device [214] Excessive force along with 

external access needed 
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After the prominent developments filed to patents offices were reviewed, they 

were attempted to be paired with literature published after the time of filing. This was 

to obtain an academic research perspective and knowledge base in the area. Table 4.2 

shows the prominent literature related to this context. It was concluded that the 

literature did not match the patent submission and that the content and focus of it is 

fundamentally different to what is being done in this study. In short, with the patents, 

focus was in the design whereas with the literature focus was on a narrow highly 

specific field, mainly to do with material behaviour. It was found that there is a clear 

gap in literature, in how to address the design of seals in this context, the development 

of them let alone specific solutions for prefabricated construction.  

 

Table 4.2: Notable rubber gasket studies in literature. 

Title Author Citation 

Sealing force prediction of elastomeric seal material for PEM 

fuel cell under temperature cycling 
[215] 

Stress relaxation behaviour of EPDM seals in polymer 

electrolyte membrane fuel cell environment 
[216] 

Sealing force prediction of elastomeric seal material for PEM 

fuel cell under temperature cycling 
[217] 

Temperature-dependent leak tightness of elastomer seals after 

partial and rapid release of compression 
[218] 

Long-term stress relaxation prediction for elastomers using the 

time—temperature superposition method 
[219] 

Improvement of hardness and compression set properties of 

EPDM seals with alternating multi-layered structure 
[220] 

Method for the evaluation of elastomeric seals by compression 

stress relaxation 
[221] 

The influence of rubber material on sealing performance of 

packing element in compression packer 
[222] 

Stress relaxation in viscoelastic materials [223] 

Improvement of hardness and compression set properties of 

EPDM seals with alternating multi-layered structure 
[220] 

Extrusion, slide, and rupture of an elastomeric seal [224] 
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4.4 FUNDAMENTAL THEORY 

In designing new waterproof seals, looking at previous and conventional 

solutions only enables incremental changes and improvements. Since the very nature 

of prefabrication construction is fundamentally different than that of conventional 

means, it begs us to look directly into the fundamental theory. In understanding the 

fundamental theory, vast comprehensive lists of possible designs can be simplified to 

a much more tangible amount of working principles (Figure 4-6).  

Waterproofing can be accomplished in many forms but to simplify they work on 

at least one of three fundamental levels: 

• Structural integral protection  

• Barrier protection 

• Drained protection 

Figure 4-6: Waterproofing protection methods in accordance to BS.8102:2009 

[225]. 

 

The first fundamental method of waterproofing is that of structural integral 

protection (Type B). The basis of structural integral protection is such that if the 

structure has no gaps of voids water cannot seep through. In façades or roofing the 

simplest form of structural integral protection would be overlapping of panels, this 

aims to create a continuous structure which prevents water ingress.  

The next fundamental method of waterproofing is barrier protection (Type A). 

Barrier protection is the application of an impermeable material to fill a void/gap or 
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cover an exposed or at-risk area. In building construction, a typical example of this 

would be membranes commonly known as building wraps. Another example of barrier 

protection is the conventional foam backing road and caulking/sealant method for 

filling gaps between panels such as concrete precast panels. 

The final fundamental method of waterproofing is via drained protection 

(Type C). Drained protection encompasses a cavity for any ingressed water to channel 

its way down and out without it making its way inside a building. Put simply, water 

takes the path of least resistance and drained protection facilitates its path. This form 

of waterproofing can be found in many double skin/walled structures as it ensures that 

in worse case scenarios, water will not build up between skins/walls. 

4.5 DESIGN PRINCIPLES 

4.5.1 Moisture Flow  

Reducing the flow of moisture is an essential component of sealing joints; thus, 

understanding the theory behind this and the types of joints is essential for design. 

There are four primary methods of moisture flow through a building, they are: bulk 

moisture, capillary action, air transported moisture and vapour diffusion.  

Bulk moisture transfer is the first major form of moisture flow. Bulk moisture 

refers to the mass flow of liquid. This has the greatest immediate capacity to cause 

damage and performance failure. Generally, three factors must be simultaneously 

present in order for bulk moisture transport to occur, they are:  

1) Source of water;  

2) A void/penetration in the buildings envelop;  

3) An acting force to drive the movement of water/moisture (such as gravity or 

air pressure).  

In general practice, the aim is to seal the building envelop and to direct the water 

away from the building [226]. In the design of a new sealing solution, addressing at 

least one of the formally mentioned requirements for bulk moisture to occur is 

necessary. 

The next form of moisture flow is that of capillary action. Water has the ability 

to travel against gravity in in porous materials or in small gaps between impermeable 

materials through surface tension effects, this behaviour is termed capillary action. 
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Methods to counter the effects of capillary action include incorporating a plastic or 

other impermeable material to form a capillary break or to add an air space/void that 

is large enough for capillary action not to occur [226]. In designing and developing a 

sealing solution one should consider capillary action and note that in testing it may 

take some time to present itself as the process is generally slow. 

Another form of moisture transfer is that via the means of air movement. The 

importance of building envelops to be airtight is significant not only for energy 

efficiency, but also for waterproofing. This is because small amounts of water in the 

form of humidity can exchange across this interface. The higher the humidity, the more 

moisture there is in the air, thus the infiltration of air leads to the infiltration of water. 

This often occurs in concurrence with the natural phenomenon of condensation. This 

process turns humid air into droplets of water upon contact with a cold surface. Further 

to this, the rate of condensation is dependent on how humid the air is, how cold the 

contacting surface is with respect to the humid air, the area of exposure as well as the 

time of exposure [226]. Ideally, seals are made from an insulating material that also 

prevents the transport of moisture by removing thermal bridges and sealing building 

envelop. 

The final form of moisture transfer is that of vapour diffusion. Vapour pressure 

differential and the permeability of materials leads to small amounts of moisture 

passing through building envelops, even if there are no holes or gaps. To slow down 

this process, vapour diffusion retarders are installed within the walls. In colder climates 

where notable internal heating of a building occurs (heaters), pressure differential 

drives vapour from the inside to the outside and thus vapour retarders are often 

installed on the interior face of the wall. The opposite is true for warmer climates when 

cooling of the building occurs internally (air-conditioning), the pressure differential 

drives vapour from the outside to the inside and thus vapour retarders are often 

installed on the exterior face of the wall [226]. In designing and developing a seal, it 

is important to note the geographical location that the seal will be used, along with the 

permeability of the materials in question. 

4.5.2 Joint Design 

Design principles for waterproof seals are fundamentally linked with joint 

design. This is simply because the action of filling, connecting or eliminating gaps in 

joint design are also waterproofing measures. 
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A complete and comprehensive collection of joint design is found in the ‘Façade 

Construction Manual’ by Herzog [227]. Figure 4-7 displays the collection of possible 

joint designs. Such material offers great inspiration for design and development of new 

waterproof seals for prefabricated construction.  

 

 

Figure 4-7: Schematic of joint sealing principles [227]. 

 

It may be interesting to note that Figure 4-7 has a vast comprehensive assortment 

of sealing principles, yet on first appearance, the conventional solution is not present. 

However, on closer analysis the conventional solution of foam backing rod and 

caulking utilises two of the principles outlined. These are enlarged and shown in 

Figure 4-8. Specifically, these are the sealing compound which is the caulking, and 

porous gasket which is the foam backing. The analysis of this has drawn understanding 

and learning which will be applied in the conceptualisation stages of the design and 

development of a new seal. Specifically, it has shown that one does not need to limit 
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their design to simply employ only one joint sealing principle. Indeed, more elaborate 

solutions may work on two or more principles in tandem. 

 

 

(a) 

 

(b) 

Figure 4-8: Conventional solution components: (a) sealing compound 

(caulking); (b) porous gasket (foam backing rod) [227]. 

 

4.6 DESIGN OBJECTIVE 

In designing a new solution, it is recommended that even at the conceptual stage, 

thought should be placed upon how the ideal outcome is to perform. Defining all the 

certainties and restraints early on narrows the scope and helps provide a boundary in 

which to build a solution. One such certainty to practically all projects is that the new 

design must meet the relevant codes and standards. For Australia the relevant standard 

is ‘AS4284: Testing of Building Façades’; it primarily compromises of three tests on a 

representative sample section of a façade. 

The first test is the Air Infiltration test. This involves testing of the façade with 

both negative and positive pressure of –150 Pa and +150 Pa respectfully. The air 

leakage rate for all air-conditioned buildings should not exceed 1.6 L/m2⋅s, and 

8.0 L/m2⋅s for all non-airconditioned building [228]. 

The second test is the static pressure test where a static pressure of magnitude 

300 Pa or 0.3 Ws (where Ws is governed by the designed wind pressure) whichever the 

greater. Water will be sprayed to the external face of the façade by not less than 

0.05 L/m2⋅s. The first 5 minutes have water sprayed with no additional applied 

pressure. Then, water sprayed will be sprayed for 15 minutes with the applied pressure 

as calculated prior. This is followed by a final 5 minutes of sprayed water without the 

applied pressure. During this time observations are to be taken from the internal face 

with any water ingress and damage is to be recorded.  
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The final test in the standard is the dynamic pressure test. This is to be performed 

after successful completion of the static pressure test. In each stage the pressure cycles 

between the designated pressures as shown in Table 4.3. 

 

Table 4.3: Cyclic pressure test values [228]. 

Stage Pressure Value 

1 0.15 × Ws to 0.3 × Ws 

2 0.2 × Ws to 0.4 × Ws 

3 0.3 × Ws to 0.6 × Ws 

 

4.7 LESSONS LEARNT FROM PAST SOLUTIONS  

In designing new waterproof seals much can be learnt from the challenges 

encountered in creating past solutions. Tackling the weaker areas, that is, the points 

and methods of failure right at the early stage of design, many problems can be 

avoided. 

Experts with considerable experience in façades note that there are a number of 

weak areas and conditions which should be kept in mind when designing a sealing 

solution [227]. Some of the most prominent points of interests to consider are as 

follows: the joints between the walls and floor; deformation of the building because of 

applied and dead loads; manufacturing; production and assembly related tolerances; 

dynamic; horizontal floor displacements caused by wind pressure/suction or seismic 

actions; changes of length due to differing materials and temperatures; and finally 

water penetration through wind driven rain causing pressure on the surface where 

surface tension and capillary effected water may seep [229]. These areas will be 

particularly considered in the design and development of new sealing solutions. 

4.8 DEFINING NEED, OBJECTIVE, SCOPE AND INDUSTRY 

MOTIVATION 

In developing a new product, a clear and verified need is required to justify one 

such development. The need in the case of mid-rise prefabricated construction lies in 

the fact that conventional means of waterproofing are being used in a method of 
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construction that by its nature is profoundly different. Quicker and less 

labour-intensive solutions that ideally do not require the use of scaffolding for 

installation or even access from the external face would greatly benefit this form of 

construction. This need has been verified with industry partners who are working in 

collaboration on this project. Modern prefabricated construction systems do not require 

scaffolding for assembly of the structural aspects. The erection time is so fast that the 

time spent on panelised façades with waterproofing on-site can be similar to the time 

spent to install the entire structural system. 

Systems of weatherproofing which allow the seals to be constructed in a factory 

instead of on-site generally perform better. This is due to the increased quality control, 

surface preparation and closer supervision of the sealing process [229]. 

Clear and measurable objectives are required not only for evaluation purposes, 

but also in aiding the creation of a solution driven design.  

The objectives placed for this design and development are as follows: 

• To be installed without the use of scaffolding, cranes, overhanging 

harnesses, but ideally not installed from the external face; 

• To consume less time than the convention means of foam backing rod 

and caulking; 

• To be less dependent on skilled labour and human workmanship; 

• To be made versatile so as to work with many different structural forms 

of façades; 

• To have the capability of meeting AS4284: ‘Testing of Building Façades’ 

requirements. 

The overall goal of this research is to deliver a verified sealing solution specific 

to waterproofing between prefabricated panels/modules. This solution is to be surpass 

the conventional means in a number of ways such as: ease of assembly/installation, 

required access for installation, time and labour required. The focus of this project is 

to develop such a solution, understand, model and verify its performance in 

waterproofing. Thus, the scope of this project is limited to the development of a novel 

seal which is better suited for panelised prefabricated construction which meets the 

aforementioned performance aspects of waterproofing. 
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Mid-rise prefabricated timber construction has had a major increase of support 

with the new Australian Deemed to Satisfy (DTS) regulations. This allows for 

timber-based structures outlined in the National Construction Code (NCC) to go up to 

25 m via a DTS approach. This has caused timber-based prefabrication companies to 

look at higher levels of construction, and in so a need for more appropriate sealing 

solution arises. 

Developers of any panelised or modular project above two or three levels that 

have the façade preinstalled have a great opportunity to save cost and time if a new 

method of weatherproofing is developed. This is because with these complete 

prefabricated systems where the façade is also preassembled and fixed, the need for 

scaffolding and hence external access can be removed entirely. Particularly if it 

includes a novel connection system which can be operated from within the buildings 

floor area. These connections have been developed by industry members in their own 

manner which have resulted in a number of tightly held patents as well as papers such 

as ‘Connections for steel–timber hybrid prefabricated buildings: Innovative modular 

structures’ [230]. 

The primary requirement for an ideal solution to waterproofing in these types of 

mid-rise prefabricated buildings is if the waterproofing can be achieved without the 

need to be outside the building envelop. In essence, allow mid-rise projects built 

through prefabrication to go without the need for any scaffolding at all.  

This would be a major cost advantage and will also directly save time. Apart 

from this restriction on installation, other notable desirable requirements include the 

ease and speed of installation so as not to delay lifting. Additionally, the solution is to 

be robust in that it is to perform in a satisfactory manner over a range of possible 

tolerance stacks. This is important since timber-based panelised prefabricated 

construction systems have several tolerances from manufacturing to installation.  

4.9 DESIGN CRITERIA OUTLINE 

The full design criteria for waterproof and weatherproof seals and their 

influencing factors are needed to be identified. These should be kept in mind with 

specific requirements for use in panelised and modular forms. The design criteria is 

outlined as follows:  
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External conditions; UV radiation (leading to potential change in colour over 

time and potential change of stiffness over time), temperature and temperature change 

(not to degrade under heat and not to change shape under heat), humidity and humidity 

change, rainfall, wind pressure, combined action of wind and rain (wind driven rain), 

potential dust, dirt and grime, chemical resistance (from air pollution and cleaning 

products). 

Internal conditions; suction pressure, temperature (condensation risk), air 

tightness (impermeable to air), water tightness (impermeable to water), ability to 

relieve vapour pressure, sound transmission (airborne sound and structure-borne 

sounds). 

Interaction between External and Internal conditions; pressure and suction 

pressure combination, production tolerances, erection/assembly tolerances, deflection 

of components, bowing, creep, tolerance stack up (the sum of tolerances), allow air to 

enter/escape (ventilation), prevent the condensation of water, capillary water 

movement, allow for differential movements (deflections before, during and after 

installation), long-term creep, dynamic movements, expansion and shrinkage 

movements, horizontal and vertical joints and their movements externally with their 

relation internally and vice-versa, force transfer (element by element and supporting 

construction element), allow drainage of runoff and infiltrated water, allow/block 

passage of light and protection against frost damage (non-absorbing material). 

Other; mass customisation and versatility, in order to be a viable solution for 

many projects and not a one off solution, allow relative movements and tolerances, 

wall displacement further apart (gap larger and smaller), wall displacement out-of-

plane (walls not exactly lining up, one slightly forward and one slightly backwards), 

compensation for tolerances: manufacturing tolerances, erection tolerances, movement 

tolerances, transportation to site (damage resistance to abrasion), damage resistance to 

impacts (rocks), handling and assembly not to cause damage, ease of installation, 

design life of seal to be service life of the building, maintenance required and ease of 

maintenance and susceptibility to insect and bird attack. 

4.10 METHOD OVERVIEW  

Once the design and development can be justified as per the process previously 

displayed in Figure 4-1, the design and development can take place. A high-level 
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overview from the justified position of required design and development is displayed 

in Figure 4-9. This starts with design and ends with a continuous loop of monitoring, 

verification and tailored manufacturing. From the design stage (expanded upon in 

Figure 4-10) comes the development stage (expanded upon in Figure 4-11), after the 

development stage, a model (may be physical or digital) of the generated proposed 

solution is created. Evaluation is next conducted and iteratively cycled back to the 

design stage until the decision is made to proceed to sample manufacturing. Form here 

small-scale and large-scale testing can be conducted on representative prototypes. 

Further refinement to the design may take palace; once refined further manufacturing 

can take place. Full-scale testing which may not have been possible with sample 

manufacturing is now conducted. A successful result leads to full scale manufacturing 

and adoption to projects to which are monitored and evaluated. The corresponding 

learnings are continuously incorporated back to the design and the development 

processes. 
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Figure 4-9: High-level overview of method used. 
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4.11 DESIGN PROCESS  

The design process used in this project is a 7-step method as illustrated in Figure 

4-10. 

 

 

Figure 4-10: The design process broken down. 

 

4.12 DEVELOPMENT PROCESS 

The development process is the most crucial and intricate part of the project; 

Figure 4-11 outlines this in detail. As a foundation to the development process, a 

robust design process was first completed. This ended with the preliminary evaluation 

of potential solutions. To move to the development stage, appropriate selection of one 

or two of these potential solutions should be had. In this case, a solution which is in 

the form of a gasket seal is chosen. It is installed prior to the wall being sent out to the 

factory and inherently compresses during installation of the wall through appropriate 

structural connections. Another potential solution is multi-component in nature and 

consist of a carefully designed rigid plastic extrusion that is slid down an aluminium 

extrusion railing; both potential solutions will be discussed later in further detail.  

After choosing the potential solution/s, the processes in DfMA and development 

as per Figure 4-12 are then adopted. These form the fundamental steps in the overall 

development of a successful practical solution which can be implemented whilst 

minimising practical implementation difficulties. 

From here, solution specific steps follow. The examples given of the rubber 

gasket seal and the rigid plastic sliding seal have entirely different strategies of 
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development. These have been purposefully chosen to best meet the practicalities of 

their respective solutions and to offer a comparison of approaches. The two processes 

proposed for development is rapid prototyping and iterative testing and refinement. 

This strategy is used for the sliding seal and a computational design strategy for the 

rubber gasket seal. Both these strategies are valid and serve their purpose well when 

paired with the proposed solution. The computational design strategy as shown in 

Figure 4-11 after the DfMA block for the gasket seal was chosen due to the range of 

compressibility that the material undergoes to form a waterproof seal. This means that 

once the properties of the rubber material are established a variety of geometries and 

levels of compression can be modelled. This is via mechanical finite element software 

for the deformed shape and reactionary forces. The strategy the gasket employs to 

resist water pressure is that of a physical barrier. This is provided by the desired 

expansion of the compressed rubber. The compression range is 5 mm for the gasket, 

thus manufacturing tolerances is not a primary concern. A fluid dynamic model can 

then be prepared on the basis of the deformed shape. Then a water pressure is applied, 

this pressure can be increased until such a stage where the fluid causes the reactionary 

force of the rubber gasket to the opposite side of the wall to drop to zero. It is important 

to note that the gasket seal comes rolled up and has an adhered adhesive tape on the 

back which can be peeled off and then applied to the end of the wall in the factory. 

This negating much of the concerns about installation and fitment. Therefore, since the 

primary concern and interest is the desired stiffness and geometry a computational 

approach was most appropriate as it satisfies these concerns and provides an efficient 

means to provide confidence to begin manufacturing.  

As for the rigid plastic sliding seal, rapid prototyping, testing and iteration is the 

more appropriate development method. It is not only that accurate computational 

methods are difficult to achieve for waterproofing with such small levels of 

deformation, but the very principle of the design is that it allows for water to pass its 

point of contact and drain down the joint. That is, the sealing principle is entirely 

different. With the gasket solution it was a physical barrier that has a clear point of 

failure and with the sliding seal it is a drained protection. After eliminating a 

computational strategy for this proposed solution, rapid prototyping is chosen. This is 

not simply because of ruling out a computational solution, but due to concerns over 

the design and functionality of the potential solution in from concept to installation. 
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For example, one concern is the manufacturing capabilities of plastic extruders to form 

complex dies and tight extrusions that are uniform, with minimal variation. Another 

concern is the flexural rigidity and shape of the extrusion profile as well as the material 

selection. Finally, another major concern is the installation, although it can be 

performed from within the footprint of the building there may be the potential issue of 

the extrusion developing a kink when it is being slid down. This may occur if it 

becomes snagged on a damaged aluminium railing and/or due to an excess of applied 

force. This may arise due to the level of friction the extrusion will experience as it is 

installed. These concerns lend to the rapid prototyping development as outlined under 

the DfMA block for the sliding seal in Figure 4-12.  

The early involvement of manufacturers along with getting a hands-on feel with 

a variety of samples of their extrusion from past and current runs has resulted in a much 

more realistic appreciation for the task at hand. Additionally, it provided a firmer 

position on the eventual solution which would conform with the tolerances and 

capabilities. With this understanding along with the fact that the material in question 

is rigid-plastics, 3D-printing work was carried out on proposed. This strategy can lead 

to confidence prior to making the large financial commitment to tooling a custom die 

and running extrusions. Note that a geometry should be selected such that the rigidity 

of the plastic may be used as the mechanism for softening or stiffening the fingers of 

the sliding seal or at the least, further refinement of the existing die by cutting away 

more material but not visa-versa.  

The goal of development is manufacture, and it has been shown that for this 

application not one specific set of process is to be taken but a general set which is then 

tailored to best satisfy the inherit properties and concerns of the proposed solution. 
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Figure 4-11: The development process broken down to its components. 
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4.13 DFMA AND DEVELOPMENT PROCESS 

The Design for Manufacture and Assembly (DfMA) and Development for this 

project lies within the development process and additionally incorporates some of its 

notions, hence the pairing as outlined in Figure 4-12. 

 

 

 

Figure 4-12: The DfMA (Design for Manufacture and Assembly) and 

development process. 

 

4.14 PROPOSED DESIGN SOLUTIONS  

Two prominent methods of sealing have been devised to meet the most optimal 

criteria of working solely within the building envelope. These are the sealing solutions 

for between panels/modules that are compressed rubber gaskets and the rigid plastic 

extrusion sliding seal with aluminium railing. 

4.14.1 Gasket Solution  

The schematic of joint sealing principles as shown previously in Figure 4-7 

provides an excellent comprehensive assortment of examples that can be used. One 

which caught great interest for the purposes of panelised construction is that of gasket 

seals or ‘jointing element’. This will compress under in-plane loading providing 

resultant pressure to act as a physical barrier to water penetration as shown in Figure 

4-13.  
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Figure 4-13: Gasket and jointing element sealing principles [227]. 

 

The primary reason why these types of seals drew fascination was due to their 

potential suitability to for adaption and use between panels in prefabricated panelised 

construction. This is due to compressive forces being inherently applied through the 

installation of the wall panels during placement onto the supporting connections. 

Further to this, applied compressive forces are deemed sufficient due to the mass of a 

complete timber-based walls typically being over 1 tonne. Additionally, the seal would 

be able to absorb the range of in-plane tolerances which is typically experienced in 

prefabricated construction. Finally, the gasket solution can be pre-installed onto the 

wall panels during the manufacturing stage, prior to delivery. This makes on-site 

installation efficient which is of great importance, particularly in this form of 

construction. Particularly since speed of on-site assembly is generally identified as the 

primary identified differentiating factor of prefabrication as compared with 

conventional construction. 

 

 

Figure 4-14: Profile of the D-Shaped EPDM gasket. 

 

The gasket solution as shown in Figure 4-14 compromises of a carefully 

designed rubber extrusion profile.  
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One side is flat allowing for a dual face adhesive tape to be applied during the 

manufacture of the rubber extrusion. The side opposite is curved to allow for out-of-

plane movements and to help the gasket not to get caught and ripped during handling 

or installation. Between these sides is a carefully designed void. The void is such that 

that the centre has more material cut out, allowing for dual high-pressure zone on the 

exterior and interior face respectively once compressed. Apart from providing a double 

barrier effect this also increases the stability of the seal when placed under shear loads 

which are expected when the panel is lowered into place from the adjacent panel.  

The extruded rubber is made from Ethylene Propylene Diene Monomer (EPDM) 

and has the double-sided tape applied to the flat face and then coiled up into long 

lengths before delivery to the prefabrication factory. Once delivered at the 

prefabrication facility, the seal can be affixed to the end of the panel or module. This 

is implemented by simply peeling off the backing tape and sticking the seal to the clean 

outer flat face of the aluminium extrusion and then cutting to length. Alternatively, the 

seal can be cut to length prior to adhesion onto the aluminium extrusion which may 

result in easier handling, however, it introduces the extra step of measurement. 

If handling and transport damage is a concern, particularly with tying panels 

together, then the seal can simply be applied on-site when the truck arrives. However, 

the aluminium surface will need to be checked for damage and cleaned before affixing 

the seal. Another matter worth recognising is the would-be introduction of a task 

on-site. This may be on the critical path dependent on the logistics and delivery, 

however the risk of unwarranted damage of the seal during handling and transport is 

mitigated.  

The gasket is to be installed on the outside edge of the panel and thus act as a 

waterproof barrier which is installed prior to wall placement and thus requires no on-

site work and most importantly no on-site work which would require access from the 

external face. However, from the internal side the design gap can be filled with an 

expandable foam, rock wool insulation or any other insulating materials to minimise 

the effects of thermal conductivity of the building components in heat transfer which 

allows the solution and the building to be versatile in a variety of climate conditions 

[231]. Lastly, the EPDM D-Seal gasket can absorb a wide range of tolerances 

comfortably due to its highly flexible nature. Thus, a physical assumption is the 
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prefabricated elements stay within these range of design tolerances. However, if the 

gap is notably larger than expected, there may not be adequate compression of the seal; 

consequently, a larger dimensioned gasket should be used under these circumstances. 

4.14.2 Sliding Seal Solution  

The schematic of joint sealing principles uncovered in the literature review as 

shown previously in Figure 4-7 provides an excellent comprehensive assortment of 

examples of all the principles which can be used in sealing of joints. This has again 

been used in the conceptualisation phase of designing and development of new 

waterproof seals specifically suited for panelised prefabricated construction. 

The labyrinth seal principle acts as a waterproofing method in that creates a 

difficult path for the water to travel. This principle coupled with the finger principle 

greatly lengthens the water ingress path. It was figured as a prospective design option 

particularly when coupled with the theory of drained protection and waterproofing 

theory. This is because it is easier to slow the path of water and drain it than to stop it 

entirely. Additionally, it would be suitable for timber-based systems as it provides a 

level of breathability. The H-section principles as depicted in Figure 4-15 functions 

through the merging of two planar elements typically glass. It was figured that instead 

of glass, merging a rigid plastic extrusion with a smooth aluminium profile can 

provided a guide for the said extrusion to slide down may provide an alternative 

solution.  

 

 

Figure 4-15: The joint principles which inspired the sliding seal solution [227]. 

 

An intricate aluminium extrusion (as shown in Figure 4-16) has been designed 

such that: the aluminium extrusion will house the façade panel; frame the outside edge 

of the wall; aligned the façade baton; nail to the timber stud behind and when faced 

back to back with an adjacent wall panel (at a nominal gap of 10 mm); and provide a 

smooth track for the rigid plastic extrusion to slide down. A custom designed sliding 
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seal made from a rigid extruded plastic (as shown in Figure 4-17) is such that it applies 

an appropriate amount of pressure to the aluminium extrusion. This is to be enough so 

that there is firm contact throughout the length but not too great such that the seal is 

overly difficult to slide down by the efforts of a single worker. Consideration should 

be taken such that there is not an application of installation force large enough to be 

capable of buckling the extrusion. The buckling length considered would be at a 

distance comfortable for repeated movements from a stationary bent position during 

installation. On-site the sliding of the seal can be conducted simultaneously as wall 

lifting so as long that all the walls in each level have been completed prior to moving 

to the next level. This along with the fact that the installation process can be purely 

achieved from within the buildings envelop offers great advantages in terms of speed 

of construction and cost as compared to the conventional solution.  

 

Figure 4-16: The designed aluminium extrusion (alloy 6066, T5) for the sliding 

rigid plastic extrusion solution, units mm. 

 

                   

Figure 4-17: The designed rigid plastic extrusion for sliding down the 

aluminium extrusion to seal the joint/gap between wall panels. 
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Figure 4-18, Figure 4-19 and Figure 4-20 show the flexibility of the seal to 

handle wide range of worst case in-plane tolerances. In addition to this, there is also 

flexibility in handling of out-of-plane tolerances as indicated by the gap between the 

top and bottom external faces of the seal with the aluminium extrusion. This gap can 

be filled from the internal face with insulating materials to minimise the thermal 

conductivity effects on the building components in heat transfer which allows 

versatility in the solution for a variety of climate conditions.  
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Figure 4-18: Worst-case minimum scenario of the joint/gap between wall panels 

being close together, only 5 mm apart. 

 

 

Figure 4-19: The designed 10 mm joint/gap between wall panels. 

 

 

Figure 4-20: Worst-case maximum scenario of the joint/gap between wall panels 

being 15 mm apart. 
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A physical assumption relating to the performance of the seal is that the geometry 

of the extrusions is to be similar to that of the design. This is especially important for 

this solution for both the aluminium extrusion and the rigid plastic extrusion due to the 

complex geometry and hence complex extrusion/fabrication. Furthermore, if the walls 

are outside the design tolerances (±5 mm), then the prefabricated elements may simply 

be too close together or too far apart for this solution to function currently. To address 

the circumstance of experiencing tolerances significantly outside those expected, the 

regular backing rod and caulking still can be applied as a failsafe. Else, extrusions of 

a larger and smaller dimension can be manufactured for use if the construction ever 

exceeds expected design tolerances. 

Other than the direct pressure between elements, the manner in which 

waterproofing is achieved should be clearly defined. It may be stopping a path water 

must take to reach the interior of the wall, and/or simply diverting it. It is with a 

labyrinth design that the rigid plastic and aluminium extrusions impede the capability 

for wind driving rain to penetrate whist also allowing for a drainage path for any 

residual water that happens to past the outer layer of protection. 

The principle of pressure equalisation also aids in preventing water ingress. 

Pressure equalisation functions by the utilisation of an air barrier which is formed 

between the interior backing wall and the external cladding. This can be practically 

achieved by having this space ventilated. As long as the interior backing wall is 

impermeable to air flow, and the cavity region is free to ventilate and normalise air 

pressure to that of the external face, then the pressure differential through the cladding 

is minimised. This signifies that the pull-force or suction-force acting on any 

moisture/water is mitigated. However, having an adequate quantity and placement of 

gaps to ensure ventilation (including weep holes) is important with the care not to draw 

significant direct water penetration. 

4.15 CONCLUSIONS 

Waterproofing sealing methods of joints commonly practiced have served well 

in conventional construction; however, with many prefabricated systems emerging in 

the building industry, new and novel means of weatherproofing between panels and 

modules are required to be developed purpose specific to this application. A 

methodological approach proposed for the design and development of the waterproof 
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sealing of joints in prefabricated construction has been thoroughly explored. This has 

resulted in identifying, understanding overcoming the technical challenges of an ideal 

solution. This involves, installation without access from the exterior face of the 

building as well as the built-in flexibility to satisfying a range of building tolerances. 

Flow charts have been used to convey the overview and the processes carried out. 

DfMA principles have been incorporated into understanding and developing seals 

specifically for panelised and modular forms of prefabricated construction, particularly 

the vertical joints between fully completed assemblies. Two purpose developed 

weatherproof sealing solutions has been proposed specific for prefabricated systems 

with the façade included prior to onside delivery. These have incorporated a broad 

array of design criteria which encompass the entire design, manufacturing and 

assembly processes. These strategies have enabled the development of a resourceful 

and holistic set of processes which are tailored for the proposed solutions and can be 

adapted and used for similar forms of product research, particularly in the design and 

development of waterproof seals for joints in prefabricated construction.  
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4.16 INTRODUCTION  

This research study presents a prefabricated focused solution which is entirely 

completed off-site. It surpass current convention means of on-site weatherproofing. 

This typically entails setting up scaffolding to reach work height, manually pushing in 

a flexible foam backing rod and then manually applying a caulking/sealant (generally 

silicone), followed by manually tooling to achieve the ideal profile. This commonplace 

method is also adopted for some prefabricated panelised and modular constructions for 

the filling gaps between each wall or module [190]. This labour-intensive traditional 

means of weatherproofing does not align with the values of efficiency in 

prefabrication. Quicker means of weatherproofing specifically designed for 

prefabricated panelised and modular type of construction and assembly is in order. 

They are presented, modelled, manufactured, implemented in a case study, then 

monitored and evaluated. 

 Prefabrication and on-site assembly of prefabricated components presents a 

unique set of requirements and challenges which the current conventional means of 

sealing joints do not meet. In fact, it requires considerable on-site labour and access 

from external face of the building. Prefabrication in the modern construction industry 

generally comes closed/complete, such as in some panelised or modular systems, or 

open/incomplete, such as pods and stick and frame assembly. However, there are also 

un-cladded open panelised and modular systems. To fully prefabricate a building it is 

to be complete (façade and all), be it in sections or as a whole, but complete nonetheless 

[188]. The most complete systems for walls would be those which include internal 

finish to external façade and likewise for floors those which include everything from 

ceiling to flooring [232]. 

There are many intrinsic challenges to fully prefabricate a building such as 

flexibility of design and method of connections. Currently parts of industry have 

adapted to prefabrication by picking and choosing which processes are most valuable 

to them in prefabricating [189]. These have generally been either major labour and 

skill intensive processes such as sawing and cutting. These and other repetitive tasks 

such as gluing and nailing have then been replaced with CNC, since they are easy to 

automate [10]. This leads to extending the principles of increased prefabrication to 

prefab sealing solutions between panels or modules. The off-site installation can be 

integrated to the manufacturing processes of the complete forms of prefabrication and 
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may also be automated. This potential sealing solution for prefabricated construction 

will be modelled, implemented evaluated. 

4.17 CONVENTIONAL SOLUTION 

The current well-established practices for the filing and sealing of joints is 

grouting as well as the backer rod and caulking/sealant solution. Grouting involves 

using a cementitious material to thoroughly seal and join the gap between two other 

cementitious materials [192]. This wet trade is much easier performed on horizontal 

joins such as those in bridge decks [193] where the gaps are manually filled on-site 

with a viscous cementitious grout. In this process, pre-moistening the surface is 

recommended to enhance the performance of the bond [194]. The limiting factors of 

grouting is that it is constrained to joining between cementitious surfaces, better suited 

for horizontal and not vertical gaps and joins. Additionally, it requires on-site manual 

labour all which in itself does not lend to an efficient and versatile prefabrication 

sealing solution for vertical joins in prefabricated walls and/or modules. As for the 

backer rod and caulking/sealant solution the procedure begins with a worker who is at 

the working height for the entire height of the building which is substantially 

unpractical and dangerous for taller construction. The worker is to sufficiently clean 

both surfaces then manually push in a flexible foam backing rod to a specified distance 

along the entire length of the wall and then manually apply a caulking/sealant 

(generally silicone) along this length, then manually tool it to achieve the ideal 

hourglass profile. 

Since there are so many labour-intensive steps, workers often rush or take 

shortcuts which have consequences later in the buildings life. For example, pushing 

the backing rod too far, may result in adhesion failure as the layer of caulking/sealing 

must not be too thick.  This would cause the caulking to not be able to accommodate 

the tolerances required when the building/panels move be it for dynamic or other 

reasons [195]. In this case, adhesion fails and separation occurs since the 

caulking/sealant is not in the narrow hourglass figure that is easier to stretch, hence the 

increase pulling force acting against the adhered surface.  

If the rod is too close to the surface there may not be enough cohesive force in 

the caulking/sealant for such a narrow section. Additionally, separation may occur if 

the walls are not sufficiently cleaned and free from dust prior to installation of the 
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backer rod and caulking/sealant. Lastly, if the width of the gap varies, that is the 

tolerances are not all the same, then an appropriately sized backing rod and profiled 

section should be achieved otherwise splitting may occur.  

Using sealant as the primary means of weatherproofing without further 

protection such as a drained joint is fundamentally not a rigorous solution, especially 

considering that the joint can only be inspected from the outside. The time where the 

use of sealant that can be best relied upon, is when used between glass to glass joints 

where both sides can be easily inspected and openness in design required [196].  

Poor workmanship along with sealant distress are amongst the leading reasons 

for why a building may leak [196]. Therefore, there is a need to develop new seals 

which do not rely as heavily on workmanship and are able to be completed off-site are 

required for prefabricated forms of construction. 

4.18 PROPOSED SOLUTION  

A rubber gasket sealing solution is proposed which would be installed off-site in 

the factory on the outside edge of prefabricated panel or module. It would inherently 

compress to a nominal level due to the placement of the panel or module. Most 

importantly, it does not require any on-site installation and does not need any work to 

be carried out on the exterior face of the building envelope.  

The gasket seals or ‘jointing element’ which will compress under in-plane 

loading and the resultant pressure will act as a physical barrier to any potential water 

penetration as shown in Figure 4-21.  

 

 

Figure 4-21: Gasket and jointing element sealing principles [227]. 

 

The suitability of this type of sealing solution specifically for sealing in between 

panels in prefabricated panelised construction was firstly due to the fact that the 

required compressive force can be inherently applied through the placement of the wall 



Chapter 4: Advancement to Waterproofing 130 

panels during the lifting and cranage stage onto the appropriate supporting 

connections. The level of force required compression may be an initial concern, 

however, with a carefully designed cross-section in which the gasket can fold into a 

void this is able to be worked around, additionally the mass of a completed panels and 

modules itself then the seal would be able to absorb the range of in-plane tolerances 

which is typically experienced. Finally, the gasket solution was envisioned to be able 

to be pre-installed onto the wall panel making for an extremely efficient on-site 

assembly. This is of great importance in prefabricated construction as it is a typical 

differentiating as compared to the conventional solution. The profile shape of the 

rubber gasket is visualised in Figure 4-22. 

 

 

Figure 4-22: Profile of the D-Shaped EPDM Gasket. 

 

The extruded rubber is made from Ethylene Propylene Diene Monomer (EPDM) 

and has the double-sided tape applied to the flat face and then coiled up into long 

lengths before delivery to the prefabrication factory. EPDM is used in many sealing 

applications such as in car doors, boot and hood seals it is also an efficient insulator 

and also does not pollute the water which runs off it and the stiffness can easily be 

changed during the manufacturing process so that tailored compression can be 

achieved without having to retool the die for extrusions [220, 233-236].  
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One side of the gasket is flat allowing for a dual face adhesive tape to be applied 

during the manufacture of the rubber extrusion. The side opposite is curved to allow 

for out-of-plane movements and to help the gasket not to get caught and ripped during 

handling or installation. Between these sides is a carefully designed void. The void is 

such that that the centre has more material cut out allowing for dual high-pressure zone 

on the exterior and interior face respectively once compressed. Apart from providing 

a double barrier effect this also increases the stability of the seal when placed under 

shear loads which are expected when the panel is lowered into place from the adjacent 

panel.  

4.19 MANUFACTURING  

The manufacturing process (which also involves assembly) is iterative and 

contains continuous learning and feedback. As shown in Figure 4-23, initial 

manufacturing begins with the tooling of the initial die. It is important that at this stage, 

that not too much material is taken out in the creation of the die for the proposed 

geometry. Tailoring in terms of decreasing the size of the extrusion would require a 

whole new die to be tooled, whereas an increase in size can be simply account for by 

tooling the existing die and removing additional material.  

Another consideration to be accounted for is the complexity of the geometry as 

well as the material which will be used. Once the heated EPDM material results in a 

viscosity that is compatible with the complexity of the geometry, then, the material can 

be loaded into the hopper for melting. It is then pushed through the die to run the 

extrusion, there may be some iteration here, however, once the parameters are set, 

production can be steadily maintained. The extrusion will set as it is passes through a 

recirculated water-cooling system. The extrusion is then dried, and the adhesive 

backing is adhered. One side of the double tape adhesive is peeled and applied whist 

the other is kept intact. The rubber extrusion which is now the gasket can be rolled into 

coils for storage and transport. This forms the basis of the initial gasket prototype 

which will be then subjected to several tests.  

The first such test was the compression of the gasket whilst checking the 

deformed profile as well as the force required to compress the gasket to the designed 

level. This is an important test to conduct as it validates the finite element model and 

confirms the expected behaviour. This ensures that there will not be any issue on-site 
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when the panels are placed since the gasket can compress appropriately. Next, a test is 

conducted for ease of installation. This includes the manual unpacking and handling 

of the coil, striping the backing tape and the application of the gasket to the edge of the 

wall closest to the exterior face. Now that it has been established that the gasket can 

be installed on the wall to a controlled level of precision, and that can be compressed 

by the expected amount of force, it follows that the next test checks for water leakage 

under fluid pressure. This test is vital to the performance of the gasket seal in 

waterproofing. Once again, the results are compared to that of the finite element model 

and to the minimum requirements as outlined in the relevant standard. Finally testing 

the manufacturing tolerances through accurate measurements and applying them the 

each of the tests particularly the deformed profile, force based on compression and 

check for water leakage under compression so as to establish confidence in the 

robustness of the solution. 
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Figure 4-23: Flow chart of the manufacturing process. 
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4.20 MODELLING 

Accurately acquiring the properties of the rubber is vital since they will be 

imported into a numerical model to simulate the seal. Put simply, the accurate 

capturing of material data is crucial to the accurate modelling of it. The relevant codes 

have been found to be: ASTM-D575 (2018) ‘Standard Test Methods for Rubber 

Properties in Compression’ [237], ASTM-D395 (2016) ‘Standard Test Methods for 

Rubber Property - Compression Set’ [238] and ASTM-D412 (2016) ‘Standard Test 

Methods for Vulcanised Rubber and Thermoplastic Elastomers—Tension’ [239]. 

Photographs of the tests carried out are shown in Figure 4-24(a) and Figure 4-24(b). 

The affixing surface as well as the affixation method of the gasket needs to be 

considered as much as any other surface to the seal. Generally, an attachment to a 

structure such as this gasket can be affixed through adhesion. Therefore, the relevant 

codes have been found and complied with: ASTM-D897 (2016) ‘Standard Test 

Method for Tensile Properties of Adhesive Bonds’ [240], DIN EN-15870 (2009) (also 

the same as ISO-6922 [241]) Adhesives ‘Determination of tensile strength of butt 

joints’ [242] and ASTM-C907 (2017) ‘Standard Test Method for Tensile Adhesive 

Strength of Preformed Tape Sealants by Disk Method’ [243]. For the modelling a 

fully-fixed adhered connection is assumed due to the nature of the weakest point being 

the un-affixed side as well as the failure criterion being the very first instance of water 

penetration.  

Finally, gasket type seals require friction to operate, as well as experiencing it 

inadvertently during assembly. The relevant codes have been found to be: ASTM-

D1894 (2014) ‘Standard Test Method for Static and Kinetic Coefficients of Friction of 

Plastic Film and Sheeting’ [244] and ISO-15359 (1999) ‘Horizontal Plane 

Method’ [245]. The co-efficient of friction and its effect on simulated performance will 

be discussed further in the following sections.  



Chapter 4: Advancement to Waterproofing 135 

 
 

(a) (b) 

Figure 4-24: Material testing of EPDM rubber used for gasket: 

(a) uniaxial compression; (b) uniaxial tension. 

 

4.20.1 Hyperelastic Material Model 

A constitutive model for an ideal elastic material is known as a Hyperelastic 

material model was used. It features a stress-strain relationship based from strain 

deformation energy. Rubber is a prime example of a suitable material to be modelled 

in this manner as it is defined as non-linear elastic as well as isotropic, and its behaviour 

is largely independent to strain rate [246]. The identifying characteristics of 

hyperelastic materials are: significant elongation under and loading; minimal to no 

permanent deformation of the material after loading; non-linear relationship between 

force of the load and the stress; and finally the internal energy can be used to describe 

the stress in the material [247-249]. Hyperelastic material models provide the means 

to model materials with this behaviour through using a strain energy density 

function [250]. 
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4.20.2 Neo-Hookean Model 

To model the material behaviour of hyperelastic materials, it is ideal to have 

experimental data from different set of tests. Primarily these would be uniaxial, biaxial 

and shear test. In this study only uniaxial test was carried out for tension and 

compression of this particular composition of EPDM rubber due to a reasonable 

understanding on how the material is expected to behave. In circumstances such as this 

where only uniaxial test data is available, a Neo-Hookean model is widely 

recommended to be used and thus it is the chosen model for this project [251]. 

The Neo-Hookean model can be useful in predicting the behaviour of elastomers. 

It assumes perfect elasticity through the stages of deformation and can capture 

non-linear stress-strain relationship. This is due to the fact that polymer chains under 

stress can initially move relative to each other, however at a certain stage covalent 

cross-links limit this behaviour. In turn, this increases the elastic modulus from this 

point onwards, the results is that the Neo-Hookean model is best suited for strains 

below this level [234]. 

The Neo-Hookean hyperelastic strain energy function comes in many forms. In 

ANSYS 17.2 [32] which was used for this project, the hyperelastic strain-energy 

function which was used is as per Equation 4.1.  

 

𝑊 =
𝜇

2
 (𝐼1 − 3) + 

1

𝑑
 ( 𝐽 − 1 )2 (4.1) 

Where, 

μ = initial shear modulus of materials, 

d = material incompressibility parameter, 

K = initial bulk modulus which is related to the material incompressibility 

parameter by, 𝐾 =  
2

𝑑
. 

 

After preparing the EPDM samples, experimental testing was conducted on five 

specimens per test type. For each test, the average values were used as inputs to the 

Neo-Hookean material model which ANSYS calculated and fitted the curve. The 
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results are as shown in Figure 4-25. The close fit with the experimental data indicated 

that the Neo-Hookean will be adequate.  

 

 

Figure 4-25: Neo-Hookean hyperelastic model fitted to uniaxial experimental 

data on EPDM specimens. 

 

4.20.3 Finite Element Model 

A Finite Element Model (FEM) was developed to evaluate the deformation and 

compression of the gasket solution as well as its interaction with fluid pressure through 

ANSYS [252], this is shown in Figure 4-26.  

Simulation comprises two stages. Firstly, stage one, the seal is compressed in the 

y direction. Secondly, stage two, a fluid pressure is applied from the left side of the 

seal. 
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Figure 4-26: Geometry of the gasket seal before compression (Stage 1: 

Compression, Stage 2: Water Pressure). 

 

 

The aluminium extrusion is modelled simply as rectangular element as seen at 

top and bottom plates in Figure 4-27. The gap is initially 15 mm to match the 

dimension of the uncompressed seal, it is then reduced to 10 mm. This is achieved by 

a gradual displacement of the top plate until it moved 5 mm in the negative y direction. 

Next, an increasing water pressure is applied on the left-hand surface until the seal fails 

due to separation. 

4.20.4 Assumptions/Simulation setup 

The following assumptions and factors were used in the simulation: 

• Non-linear static analysis with direct solver; 

• Symmetric, Normal Lagrange contacts; 

• The only mode of failure assumed is the separation between EPDM seal 

and top plate; 

• Material assumed completely impermeable to fluids; 

• Negligible deformation of top and bottom plates; 
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• Plane strain condition initially assumed. This assumption is investigated, 

the result is a larger material stiffness compared to plane stress as the 

material is not permitted to deform out-of-plane;  

• A friction factor of 0.1 between top plate and EPDM rubber. This 

assumption is investigated through a sensitivity analysis, the result is that 

overall sealing performance is not primarily sensitive to friction.  

 

 

Figure 4-27: Y reaction force vs Negative Y displacement for three different 

mesh configurations. 

 

 

4.20.5 Deformation Analysis and Verification of Stage One 

The FEA solution is verified for the deflection analysis before fluid pressures are 

applied in stage two. This includes examining the mesh, the plane strain assumption, 

and friction properties. 

A mesh sensitivity study is performed in order to obtain an optimal mesh 

configuration that produces accurate results at low computational cost. Three mesh 

configurations of increasing refinement are generated, and key results (reaction 

vertical force and element stresses) are compared for the three mesh configurations as 

shown in Figure 4-28.  
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(a) 

 

(b) 

 

(c) 

Figure 4-28: Geometry of the gasket seal after compression for identical loading 

cases: (a) Mesh A; (b) Mesh B; (c) Mesh C. 
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There is minimal difference in the solution between the mesh configurations. 

The medium mesh is selected for this project. For fluid pressure penetration cases, the 

medium mesh is further refined at the location of initial separation to better predict 

fluid penetration in this critical region. 

4.20.6 Plane Strain Assumption 

A central assumption in the analysis is the plane strain assumption, which 

restricts any deformation (strain) out-of-plane. Under plane strain, the seal is assumed 

to extend over a long length of the façade. The plane strain assumption increases the 

effective stiffness of the material in-plane, which may result in a larger force required 

to achieve a -5 mm displacement as shown in Figure 4-29.  

To assess the impact of this assumption, two cases are simulated and are 

presented in Figure 4-30: 

1) Plane strain (infinite length). 

2) Plane stress (1.5 m). 

 

 

Figure 4-29: Y reaction force vs Negative Y displacement for the simulations. 
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(a) 

 

 

(b) 

Figure 4-30: Contour plot of equivalent stress for simulations: (a) plane stress 

assumption; (b) plane strain assumption. 

 

As expected, the plane stress assumption resulted in lower vertical load required 

to achieve a displacement of -5 mm (1.95 N/mm vs 3.27 N/mm). The difference in 

loading between the plane strain and plane stress assumption is significant (40%). 

Hence, for a conservative prediction, the following assumptions are used: 

• When predicting required vertical loading, use the plane strain 

assumption; 

• When testing waterproof performance with fluid penetrating pressure, 

use the plane stress assumption (This case is critical due to smaller 

contact area and contact pressure between the seal and top plate). 



Chapter 4: Advancement to Waterproofing 143 

4.20.7 Frictional Effects 

The coefficient of friction (COF) for the EPDM seal and plate was not 

experimentally measured and is therefore unknown in this study. Studies in the 

literature suggest that the COF between a dry EPDM rubber and steel plate can be 

anywhere between 0.5 – 2.5 depending on multiple factors [253]. However, the COF 

may take lower values under wet conditions, or if lubrication is used for installing the 

seal. 

To address this uncertainty, a number of simulations are performed with different 

friction values between the EPDM seal and plate. In all cases, the friction between 

EPDM and EPDM is assumed to be 0.1. The sensitivity of the results to each case are 

show in Figure 4-31.  

Three friction cases are considered: 

1) COF = 0 (frictionless) 

2) COF = 0.1 

3) COF = 2.0 

 

Figure 4-31: Effect of surface friction on vertical reaction force for multiple 

displacements. 

4.20.8 Fluid Pressure Penetration - Stage Two 

The second stage of the simulation involves applying a fluid pressure of 

increasing magnitude from one side of the seal. In this stage, a plane stress simulation 
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is performed with a small COF = 0.1. The effect of modelling parameters on the 

pressure simulation are now presented and discussed. 

The results from Figure 4-31 show that the maximum fluid pressure depends on 

the friction value between the seal and top plate. A lower COF resulted in lower 

maximum fluid pressure.  

Figure 4-32 presents the performance of the rubber seal with increased fluid 

pressure. The y-axis represents the reaction force or the top façade from the rubber 

seal. A value of zero on the y-axis indicates that the seal has completely separated from 

the top plate, allowing for fluid to leak through. 

 

 

Figure 4-32: Effect of modelling parameters on results. 

 

The maximum fluid pressure supported by the seal is primarily dependent on the 

vertical compressive load (and consequent y displacement) applied on the seal. Hence, 

it is critical for waterproofing performance that the façade system applies adequate 

compressive load at all locations along the seal. Achieving a displacement of -5 mm is 

predicted to require a compressive force of up to 3.3 N/mm of seal length. 

For the purpose of façade applications, the codes specify a maximum fluid 

pressure of 2.3 kPa. The results show that this criterion is met for all deflection values 

from -1 to -5 mm as shown in Figure 4-33. 
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Figure 4-33: Waterproof performance of EPDM seal for a variety vertical 

displacement. Plane stress (1.5 m), COF = 0.1. 

 

4.20.9 Finite Element Summary 

Using a non-linear FEA with a hyperelastic material, the performance of the 

EPDM rubber was tested in two stages. First, the seal is compressed vertically by 

5 mm. Second, a penetrating fluid pressure is applied to one side of the seal. 

The only mode of failure assumed is the separation of the EPDM seal at the top 

plate. The bonded contact with the bottom plate remains intact for all cases. 

Under conservative assumptions (plane stress, frictionless contact) the FEA 

results suggest that the EPDM seal can adequately resist a constant fluid pressure of 

2.3 kPa. 

Limitations of the current mainly constitute uncertainty in modelling parameters, 

including the material model, plane stress/strain assumption, and friction coefficient. 

To address this, sensitivity studies were performed to assess the impact of these 

parameters on the final results. Additional testing would provide confidence in the 

numerical accuracy of the results.  
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4.21 IMPLEMENTATION 

4.21.1 Small Scale 

Tests for water penetration for varying compressions and pressures were carried 

out to understand the effect of tolerances in determining the robustness of the solution 

along with understanding the maximal sealing capacity. 

Figure 4-34(a) shows the EPDM rubber gasket seal adhered to aluminium strip 

via tape adhesive and then sandwiched to the desired compression via the use of 

packers for measurement. Figure 4-34(b) shows a rubber boot seal is applied to the 

surface of the adjoined panel with waterproof silicone between the two members, this 

is then compressed and held tightly via screwed timber batons. 

 

  

(a) (b) 

Figure 4-34: Gasket Seal Water Penetration Testing (a) EPDM rubber gasket 

seal between testing panels; (b) rubber boot seal distributes water pressure 

across the join. 

 

Tests were conducted on a pass/fail basis; pass being no observation of water 

ingress from the underside of the seal after 5 minutes of applied pressure, and fail being 

the visibility of water ingress. At the design gap of 10 mm, the gasket which has a 

depth of 15 mm is compressed 5 mm. The performance of the gasket in creating a 

water tight seal cannot be faulted. No water penetration occurred at any increasing 
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level of water pressure, from 0 m of head to 2.8 m of head (27.5 kPa equivalent). This 

extremely positive result was in line with the finite element prediction as it well 

exceeded the 300 Pa minimum or 0.3 Ws requirement by AS4284 ‘Testing of Building 

Façades’ [228]. 

For robustness, this test was repeated on several manufactured samples 

compressed to various levels. The aim in doing these extra tests was to encapsulate the 

set of expected building tolerances which may be experienced on-site and to help 

further verify and validate the finite element model. Values between 2 mm and 3 mm 

either side of a 10 mm gap accounted for the tolerances were developed from building 

tolerances and manufacturing limitations.  

The tests on panels with a gap width of 11 mm, 12 mm, 13 mm and 14 mm 

resulted in all but the final scenario with a compression of 1 mm reaching the 

maximum pressure available for testing of 2.8 m of head (27.5 kPa) without any sign 

of water penetration which is also in keeping with the finite elements predictions. The 

observation in the one configuration which water leakage was observed to occur 

(14 mm gap which is equivalent of 1 mm compression) was moisture build up and 

eventual droplet formation on the unadhered side of the gasket as expected. 

4.21.2 Full Scale 

The seal was adopted in a fully-complete panelised prefabrication construction 

project in collaboration with an industry partner. The project developed was a 

commercial premise constructed in a complete high level (closed panel complete with 

glazing and façade) prefabricated panelised form of construction as depicted in Figure 

4-35(a). The gasket solution was also used as a prefabricated element and installed in 

the factory during manufacturing (at the façade work station) and acts as the principle 

sealing element between panel to panel vertical connection as shown in Figure 

4-35(b). A traditional and easily implmented form of ‘z-flashing’ was used for the 

horizontal joins. 
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(a) 

 

(b) 

Figure 4-35: Implementation with panelised form of prefabricated construction: 

(a) commercial office building using the gasket seals; (b) EPDM gasket seal 

positions on the wall towards the outside face. 

 

The fully-complete prefabricated wall panels are lifted and placed into position 

whilst compressing the rubber gasket as shown in Figure 4-36(a). The sealed joint 

after the completed lift and installation of the panel is shown Figure 4-36(b). 

  

  

(a) (b) 

Figure 4-36: Lifting and placement: (a) complete prefabricated wall are lifted 

and placed into position whilst compressing the rubber gasket; (b) due diligence 

in measurement of gap width and assessment of shape and embedment depth. 
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4.22  MONITORING AND EVALUATION  

Once the seal was fully implemented and adopted for the case study project, 

monitoring and evaluation was carried out. The aim of this was to verify and provide 

proof that at least in the short to medium term, that this is a sound solution which 

satisfies the design requirements. Additionally, this process aided in identifying and 

learning from any unknown or unexpected technicalities experienced in practical 

application. Figure 4-36(b) shows the due diligence taken in measurement of gap 

width between panels to compare with expected building tolerances. The design 

tolerances is imperative to the compatibility with the seals required range of 

compression for adequate function. Additionally, assessment of the shape and 

condition of the seal from the external face along with the embedment depth along the 

height was noted. The wear and tear on the seal is primarily a function of the material 

properties, contact pressure, surface roughness and the duration and severity of relative 

sliding movement [253]. Since the surface roughness of aluminium extrusion is low 

and the duration of the relative sliding movement only short as it only occurs during 

installation, the wear and tear on the seal was predicted to be low. This was confirmed 

on-site as no tearing or stretching/necking in the seal was observed. Furthermore, 

long-term wear and tear is expected to be minimal as all minor movements of the 

building during operation is comfortably taken up by the compression/expansion of 

the EPDM material.  

The design criteria which can be captured in the short to medium-term which 

were considered when inspecting and evaluating are; air tightness (not permeable to 

air even during high winds), water tightness (not permeable to water even during storm 

events), combined action of wind and rain (wind driven rain), notable sound 

transmission - airborne sound and structure-borne sounds, potential dust, dirt and grim 

build-up, chemical resistance against air pollution and cleaning products, allowance 

for tolerances (production, erection/assembly), deflection of components to bowing, 

allowance for drainage of runoff and infiltrated water and any damage during 

installation and/or transport. The result of the inspection and the open dialogue with 

the building occupants have led to confirmation of the performance of the gasket as a 

robust weather proofing solution meeting the aforementioned design criteria.  

As monitoring and evaluation is a continual cycle as previously shown in Figure 

4-23 the process is not over at any stage during the life of the building. There are some 



Chapter 4: Advancement to Waterproofing 150 

identified design objectives which can only be completely assured satisfactory 

attainment only after a long period of time, these include: damage due to long-term 

UV radiation which may lead to potential change in colour over time and potential 

change of stiffness over time; temperature and temperature change which may lead to 

the degradation of the rubber over time; humidity and change of humidity causing 

condensation and potential mould growth behind the seal; the effects of creep on the 

seal; and differential movement of the foundation and its effect. These design 

objectives were unable to be evaluated at the current stage due to their primary 

potential presence to occur the long term, for example long-term UV exposure. There 

was also some difficulties in capturing some of the required information, for example 

difficulty to get in behind the seal or behind the inside face of the wall to check for 

potential mould growth, therefore access panels are recommended. 

4.23 CONCLUSIONS 

A purpose specific weatherproof seal in the form of an EPDM rubber gasket has 

been manufactured, modelled, tested, implemented an evaluated for prefabricated 

panelised/modular systems. A full finite element analysis has been conducted on the 

compression of the gasket, obtaining the stress profile and opposing reaction force 

necessary for various levels of compression. From this, fluid dynamic computation has 

then been carried out of the compressed seal with an increasing water pressure on one 

side of the seal until the reactionary force of the seal reduces to zero indicating the 

penetration of water. The manufacturing process used to bring the final design of the 

gasket into reality has been detailed and outlined in the form of a flow chart. Building 

from this the implementation of the gasket seal in a real-world scenario has been 

successfully carried out through its manufacturer and use in a case study project. The 

affixation of the seal on the prefabricated panels was carried out off-site and integrated 

into the closed panel manufacturing line. The installation of the fully complete panels 

on-site successfully achieved the goal of implementing a prefabricated waterproofing 

solution between prefabricated elements without any on-site installation needed. 

Finally, a short to medium-term monitoring and evaluation program was carried out 

which validated the real-world practical performance of the preinstalled gasket seal for 

waterproofing of vertical joints in prefabricated construction. This has proven the 

developed solution ensures that no on-site weatherproofing or access from the external 
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face of the building is necessary, thus entirely removing the need for scaffolding in 

closed forms of prefabricated panelised and modular construction. 

Implications 

(2) Within the timeframe and context of this study, what knowledge and corresponding 

solutions can be developed, studied and successfully proven to address each 

limitation? 

To address the limitation described in this chapter related to waterproofing 

between fully prefabricated timber-based systems, a solution has been developed that 

does not require any work to be conducted on-site. Most importantly there is no 

required need for access from the external face of the building. Additionally, the 

developed solution comfortably outperforms the minimum standards for 

waterproofing. This is particularly important due to the susceptibility of timber-based 

systems to water damage. The prefabricated focused solution seamlessly integrates 

with automated and semi-automated assembly lines as a process within an existing 

work station. It does not inhibit the completion of other processes and does not get 

damaged beyond function during handling, transport, assembly and use.  

The criteria addressing the limitations have been discussed in Manuscript Three, 

and a solution which meets these was presented in Manuscript Four. In summary, to 

create an entirely new sealing solution, a methodological means to design and 

development them was established (Manuscript Three). From this, the development of 

a purpose specific seal for a fully prefabricated construction was designed, 

manufactured, modelled, implemented and evaluated (Manuscript Four).  

The prefabricated gasket solution presented has proven that the proposed 

methodological approach to the design and development of weatherproof seals specific 

for prefabricated construction is entirely applicable to this context. Furthermore, the 

developed solution exceeds performance and DfMA requirements with relation to 

prefabricated manufacturing, wall installation and in-service use. As a result, the 

solution developed has found immediate commercial success with its effective 

adoption to panelised systems and the advanced manufacture thereof, this is over 

several projects, leading to its standard specification.
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Development of Stiffened Engineered Panelised Timber 

Wall Systems for Advanced Manufacture and the Post-

tensioning thereof 

 

Where the previous chapters provided a review and assessment of advanced 

manufacturing processes and the development of prefabricated solutions to 

waterproofing, this chapter utilises both in the development of the next generation of 

advanced fully-complete timber-based wall systems. Specifically, the development of 

stiffened engineered panelised timber wall systems for advanced manufacture and the 

post-tensioning thereof. This begins with a preamble addressing the first research 

question. Following this, Manuscript Five and Manuscript Six are presented. Finally, 

implications are outlined with respect the second research question. 

Preamble 

(1) What are the current limitations found in timber-based panelised systems built 

through advanced manufacturing, that are of genuine immediate commercial need and 

where knowledge is either lacking or non-existent? 

There are two principle prefabricated panelised construction systems which are 

primarily timber-based. The first is lightweight timber framing, this is limited to low 

rise buildings, the other is massive wooden construction, namely CLT (Cross-

Laminated Timber). Although highly material inefficient, CLT can meet the structural 

demands of mid-rise construction and beyond, due to the shear bulkiness of each wall, 

much like precast concrete. More material efficient and cost-efficient solutions that are 

primarily timber-based are required for commercial advantage over traditional systems 

for buildings which exceed the limits of lightweight timber frame structures yet do not 

warrant the adoption of massive wooden construction. An intermediary solution in the 

form of a material efficient prefabricated stiffened engineered timber wall system is 

proposed in Manuscript Five, ‘Failure modes and behaviour of Stiffened Engineered 

Timber Wall Systems under axial-loading’. This delves into the failure modes and 

behaviour under axial loading with key findings in relation to performance and load 
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response, for various loading conditions, height of wall and manner of connections 

between structural components [254]. 

Adding to this, Manuscript Six, ‘Experimental Investigation and Structural 

Behaviour Analysis of Prefabricated Composite Steel-Timber Stiffened Wall Systems 

with Post-Tensioned Rocking Mechanisms’ presents and studies the inclusion of a post-

tensioning system that further stiffens the wall. Additionally, it facilitates the panel to 

panel connections, quick on-site assembly, permanent tie-down and self-centring 

rocking mechanism functionality. The presented research is focused upon the 

structural behaviour and performance of these innovative systems under axial loading. 

For serviceability and ultimate limit states, the mid-height deflection along the width 

of the wall and failure modes are respectively examined. Additionally, the robustness 

of the system is evaluated based upon the PT force loss due to the application of 

external load. 
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Manuscript Five 

Orlowski, K. (2020). Failure modes and behaviour of Stiffened Engineered Timber 

Wall Systems under axial-loading. Structures, 25, 360-369. 

doi:https://doi.org/10.1016/j.istruc.2020.03.034 

 

Failure modes and behaviour of Stiffened Engineered 

Timber Wall Systems under axial-loading 

 

Abstract: With automated prefabrication on the rise and sustainability principles 

becoming more prevalent in buildings, a novel material efficient stiffened engineered 

timber wall system has been developed. Lightweight timber framing is limited to only 

a few stories and although Cross-Laminated Timber (CLT) structures have been 

recently used in taller wooden buildings, they are material inefficient with a high mass 

to second moment of area ratio. This can be attributed to their basic monolithic design. 

A novel material efficient prefabricated stiffened engineered timber wall system is 

proposed as an intermediary solution. This fully prefabricated panelised system was 

designed and manufactured to typical conditions with the aid of an industry partner. 

Extensive experimental axial load testing was conducted, with the stiffened engineered 

timber walls in several structural configurations to robustly understand its performance 

under various design scenarios. Areas of particular focus were the serviceability load, 

ultimate capacity, out-of-plane deflection and failure modes. The central findings 

around these have been presented along with the behavioural and performance 

response to alternative loading conditions, height of wall and manner of connection 

between structural components. 

 

Keywords: Stiffened engineered timber wall; Failure modes and behaviour; 

Axial loading; Buckling; CLT alternative; Composite wall system; Automated 

panelised prefabrication. 
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5.1 INTRODUCTION 

5.1.1 Background  

More people are living in urban areas and hence cities are becoming denser [105, 

255, 256]. This has caused mid-rise construction to gain traction, particularly in 

prefabricated forms for the redevelopment of low-rise areas within city boundaries [86, 

126, 257]. Conventionally these new mid-rise buildings are currently almost 

universally built from concrete and steel [258]. A smarter and more sustainable 

alternative is required to meet this increasing need [112, 259-261]. Timber as a 

construction material has many benefits over concrete and steel, particular those 

revolving around sustainability [262, 263]. Fundamentally it is a renewable material 

which stores carbon, is highly workable and suitable for automated prefabrication 

which collectively furthers its credential for use in smarter cities [36, 264-266]. 

Lightweight timber framing is limited to only a few stories and although Cross-

Laminated Timber (CLT) structures have been recently used in taller wooden buildings 

[54, 267, 268], they are material inefficient with a high mass to second moment of area 

ratio due to their monolithic design [52, 269]. A novel material efficient prefabricated 

stiffened engineered timber wall system is proposed as a new timber solution for 

buildings beyond three to four stories tall. This has led the study to be limited to the 

axial load capacity, behaviour and failure modes of these material efficient stiffened 

engineered timber walls. 

5.1.2 Literature review  

Lightweight timber framing and massive wooden construction are on opposing 

ends in terms of material usage and structural capacity. The proposed stiffened 

engineered timber walls are an intermediary balance between these two extremes. 

Stiffened engineered timber walls principally consist of stud stiffeners and engineered 

timber panels as show in Figure 5-1. In this case, the panel provides lateral resistance; 

lightweight framing systems must have either steel diagonal straps secured or thin 

(typically 6 mm) sheathing/braceboard to provide lateral resistance [270, 271]. In these 

cases, the thin sheathing or braceboard is used only for shear resistance and is 

considered to provides no direct vertical resistance [272]. However, indirectly it does 

contribute to vertical resistance, as it braces the studs from in-plane buckling or tilting. 

These types of lightweight timber framing systems have many names such as 

diaphragm walls, shear walls and sheathed walls. Despite this, they all follow the same 
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principle that the studs carry the vertical axial loads and the thin sheathing (affixed 

with staples, nails or screws) provides the lateral bracing [273, 274]. This is the 

principle difference that they have with the presented stiffened engineered timber wall. 

The stiffened walls have a moderately thick panel which is then integrally stiffened 

with an adhesive and pull-out resistant nail connection, so all elements are acting 

together to take axial loads much like blade stiffened wall in aerospace structures. 

Massive wooden construction often in the form of Cross-Laminated Timber (CLT) 

achieves its superior strength characteristics over lightweight framing due to the sheer 

volume of material used [51-54, 275]. However, this material usage is highly 

inefficient as it is in a simple monolithic design [51, 276, 277]. Since CLT is so 

material inefficient and expensive efforts have been made in investigating timber walls 

for its performance when some sections are replaced with lightweight framing instead 

[278]. Due to a notably higher second moment of area per unit mass of timber, stiffened 

engineered timber walls allows a greater effective resource usage of timber for load 

carrying capability. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 5-1: Isometric view of typical timber systems: (a) lightweight framing; 

(b) stiffened engineered timber wall; (c) massive wooden construction. 

 

The stiffened engineered timber wall system is proposed to be a more efficient 

structural system for construction beyond that capabilities of lightweight framing, but 

below the high capacity which thick CLT panel buildings can achieve.  
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5.2 MATERIAL AND METHODS 

5.2.1 Proposed System 

A moderately thick Oriented Strand Board (OSB) forms the wall panel which is 

integrally stiffened with sawn-cut radiata-pine studs through a chemically bonded and 

nailed connection. CLT has not been considered as the panel element of the proposed 

stiffened engineered timber wall system. This is due to the fact the CLT is a massive 

wooden construction material with minimum thickness of 60 mm, that is three 

laminates of 20 mm each [279]. The thickness of the OSB panel element is 38 mm 

which is notably lesser than that of the minimum thickness of CLT, however, 

significantly greater than typical 6 mm bracing sheets. Compared to a minimally thick 

CLT panel the now even thinner panel is stiffened with conventional sawn cut studs, 

the spacing of them is kept constant at 450 mm in keeping with the traditional spacing 

in lightweight timber frames. This is to ensure that the developed system is entirely 

compatible with off the shelf insulation bats and typical window sizes. Furthermore, 

this allows the system to be compatible with typical flooring systems which have the 

same 450 mm spacing for the joists in that a direct load path can be established [62, 

111]. However, with this system the panel itself is capable of transferring vertical 

loads, this adds a great deal of flexibility to the design and load paths. The moisture 

content of the timber elements was found to be 12% and the mechanical properties are 

summarised below in Table 1. 

Table 5.1: Mechanical properties of the timber panel [110]. 

 

Standard 

 

Mechanical Property 

OSB orientation 

Edgewise 

(MPa) 

Flatwise 

(MPa) 

(AS/NZS 2269.1, 2012) Bending strength N/A 20.3 

(AS/NZS 2269.1, 2012) Modulus of elasticity N/A 355

7 

(AS/NZS 4357.2, 2006) Bending strength 16.6 N/A 

(AS/NZS 4357.2, 2006) Modulus of elasticity 3343 N/A 

(AS/NZS 2269.1, 2012) Shear strength 3.48 

(AS/NZS 4063.1, 2010) Bearing strength perpendicular to 

the grain 

16.9 N/A 

(AS/NZS 2269.1, 2012) Compressive strength parallel to 

grain 

12.5 

(AS/NZS 4063.1, 2010) Tension strength parallel to grain 11.9 
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5.2.2 Specimen Design 

Specimens have been designed, developed and tested for a typical standard case 

along with alternative structural variations to determine the robustness of the solution. 

A summary of this presented in Table 5.2 which is then followed by a detail outline. 

The standard loading configuration is such that only the studs are loaded. It is important 

to note that in the stiffened engineered timber wall system presented, the neutral axis 

lies outside of the panel due to the depth, stiffness and spacing of the studs. This is also 

inherently the case since the wall is stiffened on one side only so as to allow for a flat 

wall whilst still providing room for services and insulation.  

 

Table 5.2: Walls and corresponding configurations. 

Specimen Configuration ID Description 

Wall 1 Standard STD_S1 1st repeat specimen 

Wall 2 Standard STD_S2 2nd repeat specimen 

Wall 3 Standard STD_S3 3rd Repeat specimen 

Wall 4 Altered  ALT_NG Differing stud to panel connection (no glue) 

Wall 5 Altered ALT_H4 Differing wall height (height 4.0 m) 

Wall 6 Altered ALT_PL Differing end conditions (panel loaded) 

 

5.2.2.1 Standard Configuration 

The design of the stiffened engineered timber walls in its standard configuration 

is displayed in Figure 5-2 as representative sections. The external loading condition is 

such that the studs are evenly loaded without any direct loading onto the panel as per 

Figure 5-3. This causes the overall central loading point to be at the middle of the 

studs with an eccentricity to the neutral axis which lies within the stud stiffener but 

close to the panel. One critical factor governing this is that the panel is being treated 

as the internal surface, therefore, it has the potential to also act as a fire barrier and 

protection to the vertical load carrying elements behind without the need of plaster. 

The horizontally orientated timber studs, known as top and bottom plates, transfer the 

load to the vertical studs which in turn share the load with the panel through a nailed 

and glued connection which braces them rather than the panel being directly loaded. 

This is achieved by the panel being 10 mm shorter than the sawn cut studs. Given that 
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the panel is on the interior face of the building, the outlined this loading configuration 

also ensures that during a fire event the load path is not directly disturbed. The height 

in this standard configuration is 3.2 m with 450 mm stud spacing and a representative 

900 mm width section of wall was used for each test. The connection between the panel 

and the studs is glued with a one component polyurethane adhesive and nailed at 

400 mm centres. The nails play an important role in that they also apply a clamping 

pressure which aids the proper spread and bonding of the adhesive during installation 

and curing.  
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(a) (b) 

Figure 5-2: Standard configuration of specimen design (a) isometric view; 

(b) dimensioned drawing where, (1) is the vertical stud stiffeners, (2) is the top and 

bottom plates and (3) is the engineered timber panel. 
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Figure 5-3: Section A – A. Standard configurations loading condition (section 

B – B is alike). 

 

5.2.2.2 Other Structural Configurations 

Several other configurations were manufactured identical to the standard 

configuration apart from a single key modification. Each of which has been carefully 

selected to investigate and gauge its impact on performance. The parameters which 

were altered in each of the additional walls were: 

• no glue on the stud to panel connection (ALT_NG) 

• height increased to 4.0 m (ALT_H4) 

• loading onto the timber panel instead of the stud stiffeners (ALT_PL) 

The rationale behind these specific parametric selections is discussed in the 

respective results and discussion sections.  

5.2.3 Experimental Setup 

Due to the heights of the wall, the experimental setup was conducted in a 

horizontal manner as depicted in Figure 5-4. The load cell which captured the applied 

axial force was rated to 500 kN in line with the Material Test Systems (MTS) hydraulic 

actuator which was bolted to the strong floor. This provided a loading force at a rate 

of 4 mm/min which was transferred via a spreader beam to the specimen. This was 

countered by the butting end in a similar manner.  
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(a) 

 

(b) 

Figure 5-4: Experimental setup: (a) schematic; (b) laboratory picture. 

 

Two 600 mm range laser transducers we placed underneath the specimen at mid-

height. One at the centre of the wall and one besides the edge of the wall as per Figure 

5-5. This was implemented to capture any notable difference in the mid-height 

out-of-plane deflection due the edges of the wall specimens being unrestrained.  

 

 

Figure 5-5: Location of the out-of-plane displacement measurement. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Standard configuration (STD_S1, STD_S2, STD_S3) 

The results and discussion are presented for the standard configuration which 

has been outlined in the previous section. For all the following sections, STD_AVG 

refers to the average values test results for the standard configuration.  
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5.3.1.1 Capacity and behaviour  

Three identical stiffened walls specimens, STD_S1, STD_S2, STD_S3 were 

manufactured and tested in accordance to the standard configuration outlined prior, the 

results of which are presented in Figure 5-6. The behaviour of each of the specimens 

is shown in Figure 5-6(a) up to the peak load where it then suddenly drops. The 

average ultimate load was found to be 120.3 kN with a standard deviation of 15.1 kN. 

The default general serviceability criteria considered, caps the maximum out-of-plane 

displacement to h/300 where h is the height as per Figure 5-6(b). However, if brittle 

claddings are involved, then the serviceability limit is dropped to h/500 which has also 

been indicated. The range of serviceability loads ranges from 26.8 kN to 31.3 kN thus 

a smaller standard deviation of only 2.5 kN for an average serviceability load of 

29.7 kN. This result indicates that the serviceability loads of stiffened timber walls can 

be much more accurately predicted than the ultimate loads, even up the h/300 limit. 

This can be credited to the relatively common elastic range between each of the 

members. Some visible differences in the walls stiffnesses occur after the 50 kN 

loading mark and continues up until the peak. The variability of which can be attributed 

to the natural variation in timber strength because of its non-homogeneity and local 

defects. Further explanation is provided by the failure modes and their analysis which 

will be discussed further.  
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(a) (b) 

Figure 5-6: Standard configuration specimens force vs centre out-of-plane 

displacement behaviour: (a) up to ultimate force; (b) within serviceability range. 

 

5.3.1.2 Failure modes 

A number of modes of failure were present throughout the loading of the 

stiffened engineered timber walls specimens. However, there was one critical mode of 

failure which occurred at the peak load for every case. The sequential order of failure 

mechanisms are as follows:  

Compression of the top and bottom plates, which is a non-critical failure. Timber 

compresses since it is significantly weaker perpendicular to the grain than compared 

to parallel to grain. After, the glue delaminates in this local region. The outlined 

behaviour of which is shown in Figure 5-7.  
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(a) (b) (c) 

Figure 5-7: Compression of the top and bottom plates: (a) manufacturing gap 

prior to loading; (b) closure of gap and compression perpendicular to grain; 

(c) local delamination of glue due to the prior outlined compression and 

subsequent load transfer. 

 

Buckling of the wall towards the panel as per Figure 5-8. 

 

 

Figure 5-8: Buckling of the stiffened engineered timber wall. 

 

If a knot in the timber stud was present near mid-height on the panel side, then, 

tensile fracture at this location occurred, else, this would occur directly at mid height 

with local stud glue delamination then following as per Figure 5-9(a).  

Compressive crushing on inner curvature of the stud due to direct excessive force 

and due to compounded effect of the reduced effective area when tensile cracking was 

present along with further stud glue delamination if not already notable as per Figure 

5-9(b). 
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(1) Tensile crack on stud edge closest to panel directly at mid-span or close to mid-span if in the 

presence knots or any other defects.  

(2) Tensile crack causing local glue delamination between the stud and the panel. 

(3) Crushing of the stud on the edge furthest from the panel. 

Figure 5-9: Stud and glue failure. 

 

The wall continues to withstand the increase the load to which it further flexes 

until glue completely delaminates and nails get pulled out as per Figure 5-10. This is 

the critical failure mode in every test, that is, the failure mode at peak load. 

 

  

(a) (b) 

Figure 5-10: Critical failure mode occurring at peak load: (a) full delamination 

of the stud to engineered timber panel interface; (b) pull-out failure of the 

timber nails from the panel. 

 

Once undergoing the prior failure mode, the tensile crack at mid height lengthens 

as well as the timber crushing locally as per Figure 5-11.  

1 

2 

 

3 
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Figure 5-11: Lengthening of tensile crack and increased timber crushing. 

 

Further loading causes significant curvature and ultimately results in the 

engineered timber panel to crack. Instances when this occurred at a similar time to the 

stud delamination resulted in higher peak loads. A post-peak failure mode was 

demonstrated purely for academic purposes in Figure 5-12, this was the eventual full 

split in half engineered timber panel. 

 

 

Figure 5-12: Post-peak failure of the engineered timber panel after continued 

loading beyond global buckling, failure of the studs and delamination. 

 

5.3.1.3 Centre vs edge out-of-plane displacement at mid-height  

Maximum out-of-plane deflection occurs at mid-height of the wall; however, it 

should be noted that the wall may not behave uniform width wise. This is due to the 

nature of the specimens being cut sections of a full wall, therefore, each of the edges 

are free. To investigate the extent of this, two laser transducers were used beneath the 
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wall at mid-height. One was located at the centre of the wall, the other was located 

towards the edge of the wall, both measuring the out-of-plane displacement of the 

panel. Then, the differential out-of-plane displacement was simply calculated by 

subtracting the edge displacement from the centre displacement as per Equation 5.1.  

 

Differential out-of-plane displacement = centre displacement – edge displacement (5.1) 

 

Accordingly, the results have been plotted against the applied load as per Figure 

5-13 for the standard configuration.  

 

 

Figure 5-13: Load versus differential out-of-plane displacement at mid-height 

for the walls in standard configuration. 

 

A clear behavioural shape is visible, additionally, since the entire region of 

behaviour is situated on the negative component of the horizontal axis it can be 

concluded the that out-of-plane displacement at the edge is always greater than that at 

the centre. Figure 5-13 can be broken down to four distinct regions: (1) 0 kN to 40 kN, 

(2) 40 kN to 120.3 kN, (3) 120.3 kN to 61.1 kN and (4) 61.1 kN to 45 kN. These neatly 

correspond to the previously outlined failure mechanisms and modes; (1) The perfectly 
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elastic region as per Figure 5-6(a) and (b); (2) The post perfectly elastic region to peak 

load as per Figure 5-6(a); (3) delamination of stud from panel via failure modes 5 and 

6; (4) post-peak failure of the panel splitting via failure mode 7. Clearly the results 

indicate that the differential out-of-plane deflection should be considered in design. If 

the serviceability limit is still met after the differential out-of-plane behaviour is 

considered, then no major concern is needed for loads beyond this to the ultimate limit. 

This is because there is no significant increase in differential out-of-plane displacement 

for this loading range. However, overall, it can be concluded that for the serviceably 

range, differential out-of-plane displacement is notably critical to consider for design 

since it can amount to almost half the serviceability limit. Therefore, it is recommended 

that the edges of stiffened engineered timber walls always be stiffened with a stud.  

5.3.2 Altered configurations 

Apart from the standard wall configuration outlined previously, additional walls 

with modifications were manufactured and tested to achieve a robust comprehension 

and general understanding on the developed stiffened engineered timber panel walls. 

Each of the additional walls included only one parametric change so as justly compare 

to the standard configurations and thus show its direct contributing effects on 

performance. It should be noted that only one test for each modification was performed 

due to the size, number and scale of the walls, however, the initial findings show 

compelling evidence for further targeted investigation.  

5.3.2.1 No glue on the stud to panel connection (ALT_NG) 

The rationale behind investigating no glue on the stud to panel connection is that 

its long-term durability is a debated topic. This is in addition to the potential effects of 

wet conditions and extreme heat. Hence, it was deemed important to verify the walls 

performance without the glue. ALT_NG has been tested in accordance to this 

modification. Specifically, the timber studs are not glued but still nailed, with its result 

compared to the average result of the standard configuration in Figure 5-14. As it can 

be expected the ultimate load is notable decreased from 120 kN to 87 kN as per Figure 

5-14(a). This caused by the lack of composite behaviour between the structural 

elements of the wall without a glued connection negatively affecting the governing 

failure modes. Interestingly though, there is no detrimental effect to the serviceability 

load as may be first theorised. In fact, it is recognised that there is a notable increase 

in the initial stiffness and hence serviceably load as per Figure 5-14(b). This can be 
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explained by the reduced eccentricity of loading to the neutral axis of the wall when 

the studs are not entirely integrally engaged to the panel. That is, with glue there is full 

composite behaviour and thus the stiffeners on one side of the panel create an 

eccentricity. Whereas, with no glue used and only nails every 400 mm centres then 

there is no full composite behaviour and thus a notably reduced eccentricity since it is 

only the studs which are loaded. This result suggests that in scenarios which are 

strongly governed by serviceability conditions, there is a potential redundancy in 

chemically bonding the studs to the panel at the cost of an impaired ultimate load. 

Caution should be noted as a further testing is recommended as the standard deviation 

of the walls without glue may be notably higher than those with since theoretically, 

they are more susceptible to local imperfections due to the local nature of the 

connection. 

 

  

(a) (b) 

Figure 5-14: Load vs centre out-of-plane displacement behaviour where the alteration 

is no glue used on the stud to panel connection: (a) up to ultimate force; (b) within 

serviceability range. 

5.3.2.2 Height increased to 4.0 m (ALT_H4) 

The rationale behind increasing the height to 4.0 m is to gauge if there is any 

change of failure mode with regards to increase in height. Secondarily, it is to check 
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the magnitude of deviation of load capacity greater than the crude prediction via 

Euler’s critical buckling formula. If we apply this rudimentary method for this scenario 

ignoring all the other possible failure modes and reasons for non-applicability, then we 

take it that the critical load is to be inversely proportional to the square of the height. 

Applying this to the standard configuration 3.2 m height and corresponding average 

maximum load of 120 kN and relating this to a 4.0 m wall height scenario we get a 

predicted maximum load of 77 kN. This discrepancy is 8% on the conservative side to 

the actual tested maximum load of 84 kN as shown in Figure 5-15(a). It follows that 

for more accurate prediction of walls with different heights to that of the standard 

configuration a more sophisticated method of prediction is necessary. However, 

Euler’s method can be used safely for quick conservative estimates, the extent of which 

would be minimised particularly when the heights are not too dissimilar. In terms of 

serviceability loads, there is some reduction, as evident in Figure 5-15(b). However, 

this is marginal in comparison to the effect of height increase to the buckling 

behaviour, although further testing is recommended to provide greater confidence in 

this conclusion.  
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(a) (b) 

Figure 5-15: Load vs centre out-of-plane displacement behaviour where alteration is 

that the height has been increased to 4.0 m from 3.2 m: (a) up to ultimate force; (b) 

within serviceability range. 

 

5.3.2.3 Loading onto the timber panel instead of studs (ALT_PL) 

ALT_PL had an entirely different loading condition, it is loaded onto the panel 

only rather than on the timber stud elements. This has been achieved by a 

manufacturing offset as per Figure 5-16. 
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Figure 5-16: Section A – A for ALT_PL, loading onto the timber panel instead 

of the studs. 

 

The rationale behind this scenario is that the eccentricity of loading is notably 

changed. Given the neutral axis of the composite section lies outside the panel, moving 

the centre of loading to be the centre of the panel rather than the centre of the stud 

notably reduces the eccentricity as visualised in Figure 5-17.  

 

 

Figure 5-17: Location of the out-of-plane displacement measurement. 

 

Therefore, the imparted moment is reduced which theoretically results in the 

stiffness and ultimate capacity to both notably increase. This hypothesis is entirely 

accurate and maintained in engineered timber panels walls of this nature as Figure 

5-18(a) clearly shows. The ultimate load has notably increased by 34% from 120 kN 

to 161 kN. However, the starkest improvement is a 3-fold increase in the serviceability 

load as shown in Figure 5-18(b). As suggested, this has primarily been due to the 

reduced eccentricity from the centre of loading to the neutral axis.  
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(a) (b) 

Figure 5-18: Load vs centre out-of-plane displacement behaviour where alteration is 

that loading is now onto the timber panel instead of studs: (a) up to ultimate force; (b) 

within serviceability range. 

 

The wall in this new loading configuration now buckles towards the studs instead 

of the panel as per Figure 5-19. The reversal of the buckling direction is due to loading 

onto the opposing side of the neutral axis.  

 

 

Figure 5-19: Opposite buckling direction for ALT_PL which is loaded onto 

the panel rather than the studs. 

 

This reversal of buckling direction impacts the force-displacement behaviour, 

particularly at the later stages of loading. This is due to the change of the effects and 

progression of failure modes due buckling towards the studs. That is, tensile cracking 
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does not occur in the stud at the glue line as previously shown in Figure 5-9 but in the 

stud at the top extreme end. This is dramatically shown in Figure 5-20 in that even as 

the tensile crack has propagated down the glue line has been maintained. This prevents 

the delamination of the stud which was the critical mode of failure and thus classified 

as another contributing factor to found increase in ultimate load.  

 

 

Figure 5-20: No delamination even after practically full failure of the stud for 

ALT_PL which is loaded onto the panel rather than the studs. 

 

5.4 CONCLUSIONS 

This research project has presented the design and thorough buckling 

experimental investigation of a novel material efficient stiffened engineered timber 

wall system. Several supplementary walls with modifications were also manufactured 

and tested which led to a robust comprehension of performance under various design 

scenarios. As presented the prefabricated panelised system in its standard 

configuration has an average serviceability load and ultimate load of 29.7 kN and 

120.3 kN respectively. This is with corresponding standard deviations of 2.5 kN and 

15.1 kN respectively. The key findings and conclusions are now summarised. 

1. Differential out-of-plane displacement is highly critical to consider for 

design since it can amount to almost half the serviceability limit. It is 

recommended that the edges of stiffened engineered timber walls always be 

stiffened with a stud.  
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2. Complex behaviour through several modes of failure sequentially lead to the 

critical failure at peak load consistently being the separation and 

delamination of stud stiffeners from the engineered timber panel.  

3. Altering the loading condition such that the engineered timber panel was 

loaded instead of the studs resulted in a significant reduction in eccentricity. 

It also caused the reversal of the buckling direction, that is, towards the stud 

stiffeners and not the panel. As a result, the ultimate load has increased by 

34% but above all there is a 3-fold increase in the serviceability load. 

4. Interestingly not gluing the studs to the panel brings about a notable increase 

in the initial stiffness and serviceably load, however, at the cost of a reduced 

ultimate load. With glue there is full composite behaviour and thus the 

stiffeners on one side of the panel create a notable eccentricity. Whereas 

with only nails used for this connection then a far from composite behaviour 

is experienced and thus a notably reduced eccentricity since it is only the 

studs that are loaded.  

5. Euler’s method can be used safely for quick conservative estimates, the 

extent of which would be minimised particularly when the heights are not 

too dissimilar. An 8% conservative estimate is demonstrated for a 4.0 m wall 

as compared to a 3.2 m wall.  
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Experimental Investigation and Structural Behaviour 

Analysis of Prefabricated Composite Steel-Timber Stiffened 

Wall Systems with Post-Tensioned Rocking Mechanisms 

 

Abstract: With increasing demands for mid-rise buildings, automated 

prefabrication, Design for Manufacturing and Assembly (DfMA) and sustainability, a 

novel material efficient Post-Tensioned (PT) Composite Steel-Timber (CST) stiffened 

wall system has been developed. Proposed as an alternative to Cross-Laminated 

Timber (CLT), this fully prefabricated panelised composite system consists of an 

engineered timber panel which is integrally stiffened by timber studs and steel square 

hollow sections (SHS). Each SHS additionally accommodates a PT rod and panel to 

panel connections, allowing for quick on-site assembly, permanent tie-down and self-

centring rocking mechanism functionality. This study presents and evaluates the 

structural behaviour and performance of these systems under axial loading in terms of 

failure modes, serviceability and ultimate limit states, mid-height deflection along the 

width of the wall, PT force loss due to under axial loads and robustness. This has been 

achieved through an extensive experimental investigation and analysis consisting a 

total of ten PT-CST stiffened walls with various altered parameters. These include, 

level of post-tensioning, wall height, end conditions, connection between the panel to 

the SHS and panel to stud stiffeners. Complex behaviour through several modes of 

failure was observed with the increased application of initial PT force, which in turn 

reduced the ultimate capacity, implying its mindful specification. Additionally, it was 

found that PT force reduction due to axial loading even within Serviceability Limit 

State (SLS), is significant. Thus, it is recommended that this reduce PT force should 

be considered for earthquake and wind design. 
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5.5 INTRODUCTION 

A greater number of people are living in urban areas and hence cities are 

becoming denser [105, 255, 256]. This has caused mid-rise construction to gain 

traction, particularly in prefabricated forms for the redevelopment of low-rise areas 

within city boundaries [86, 125, 126, 257]. Conventionally, these new mid-rise 

buildings are built from reinforced concrete and steel [280, 281]. However, a smarter 

and more sustainable alternative is required [259, 282]. Timber as a construction 

material has many benefits over concrete and other materials, none the least those that 

revolve around sustainability [262, 263]. This along with its easy workability furthers 

timber credibility as a renewable material for practical manufacture and use in smarter 

cities [36, 264, 265]. Although Cross-Laminated Timber (CLT) structures have been 

recently used in this context, they are material inefficient with a high mass to second 

moment of area ratio due to their monolithic design [52, 269]. A novel material 

efficient Post-Tensioned (PT) Composite Steel-Timber (CST) stiffened wall system 

has been developed to be considered as a new potential timber-based solution for mid-

rise buildings.  

Post-tensioning of timber walls suitable for mid-rise buildings was first proposed 

and studied in 2005 at the University of Canterbury with the development of PresLam 

technology [172, 283, 284]. This and future studies were performed showcasing PT 

based technologies merits in terms of its high seismic performance [285-290]. These 

studies focused on the lateral stability and seismic performance of basic monolithic 

timber walls, termed ‘mass timber walls’ much like precast concrete in terms of its 

geometrical dimensions.  

The self-claimed first commercial use of post-tensioning in mass timber walls 

was in 2012, this was a timber alternative solution to post-tensioned concrete shear 

walls with rocking functionality akin to Precast Seismic Structural Systems (PRESS) 

[291-294]. The PT in mass timber shear walls creates rocking walls of a similar nature 

[289, 295]. These walls in earthquake events control the damage, provide lateral 

stability and also facilitate self-centring capability [296]. The timber shear wall used 



Chapter 5: Advancement to Wall Systems 180 

in this leading example was produced from mass Laminated Veneer Lumber (LVL). 

This has been studied by the University of Canterbury and was first implemented on 

the three storey NMIT project located in New Zealand [296]. Since then, this 

technologies uptake and following studies has been slow, however, it has spurred the 

resulting shift to post-tensioned mass timber walls being produced from CLT instead. 

Regardless of which type mass timber walls are considered, they are notably thick, at 

170 mm and beyond, which generally matches the thickness of the precast concrete 

alternatives [279]. Although the cross-section dimensions have not changed 

significantly, the constituting timber laminates which form these walls are now many 

times thicker and cross-orientated. Due to the anisotropic nature of timber, the cross-

orientation aids the materials use in a shear wall, as it is to resist not only axial, but 

also lateral loads. From this, mass timber PT walls, also known as self-centring post-

tensioned CLT walls are amongst the latest developments in timber engineering and 

have been studied for their lateral performance in various lateral loading and seismic 

events [285, 288-290, 296-298]. 

Lateral stability and self-centring characteristics are the primary intended 

purposes of the inclusion of post-tensioning into these walls, and thus are what has 

been focused on [289, 295, 299-303]. Experimental investigations to validate the 

expected lateral response and thus support the outlined premise are numerous [288-

290, 304, 305]. Since CLT along with other forms of mass timber construction is so 

material inefficient and expensive, efforts have been made in investigating their lateral 

performance when some sections of the CLT wall replaced with lightweight framing 

instead [278]. However, despite all the work on the positive effects of post-tensioning 

on the lateral performance of mass timber walls, there is a clear gap in research when 

it comes to the axial performance of timber wall systems under post-tensioning. For 

vertical loads, the effects of post-tensioning on prefabricated panelised timber walls is 

a new and relatively unexplored field, and entirely new in terms of the developed 

Composite Steel-Timber (CST) stiffened walls [110]. This is presumably explained 

due the original and primary design feature being that of lateral stability and the recent 

novelty of this technology. However, post-tensioning may have a significant impact 

on the axial behaviour of timber composite walls, particularly material efficient 

stiffened engineered timber walls which this study addresses. In summary, previous 

research work has been primarily focused on the lateral stability of post-tensioned mass 
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timber walls whereas this study will examine PT behaviour, failure mechanisms and 

structural performance of Post-Tensioned (PT) Composite Steel-Timber (CST) 

stiffened walls due to axial loading.  

5.5.1  Post-Tensioned (PT) Composite Steel-Timber (CST) stiffened wall system 

The developed post-tensioned composite steel-timber stiffened wall system is 

displayed in Figure 5-21. It consists of a moderately thick engineered timber panel 

which is integrally stiffened through a chemically bonded and mechanically fastened 

connection to sawn-cut timber studs and steel square hollow sections (SHS). For 

clarity, the terminological use of post-tensioning is consistent with industry practice, 

that is, it refers to the tensioning application process being conducted on-site, during 

installation, rather than prior at the manufacturing facility.  

The composition of materials allows for maximisation of individual component 

benefits and overall material efficiency [306]. The moderate thickness of the 

engineered timber panel element, 20 mm to 60 mm, is such that it is lesser than that of 

the minimum thickness of CLT, however, significantly greater than typical 6 mm 

bracing sheets. The common minimum thickness of CLT being at least 60 mm, this is 

limited by the minimum number of laminated layers, that being three layers of 20 mm 

thickness each. Compared to CLT, the now even thinner panel is then integrally 

stiffened with conventional sawn cut studs and steel SHS’s through a chemical and 

mechanically fastened connection. The spacing of the sawn cut timber studs is kept 

constant at 450 mm in keeping with the traditional stud spacing in lightweight timber 

frames [307]. This is to ensure that the developed system is entirely compatible with 

off the shelf insulation bats and typical window sizes. Furthermore, this allows the 

system to be compatible with typical flooring systems which have the same 450 mm 

spacing for the joists such that a direct load path can be established [62].  



Chapter 5: Advancement to Wall Systems 182 

 

Figure 5-21: Post-Tensioned (PT) Composite Steel-timber (CST) stiffened wall 

system. 

  

The material-efficient nature of the CST stiffened walls allows for a greater 

resource usage of timber for its load-carrying capability, particularly when compared 

to regular rectangular cross-sectioned mass timber walls such as CLT. This is 

fundamentally proven due to a notably higher second moment of area per unit mass of 
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timber. In addition, the integrated SHS houses the PT system which consists of a steel 

rod, end nuts and couplers that takes a critical role as both a connection element and a 

global structural element too. The SHS is embedded into the wall via a glued and 

screwed connection, the latter of which aids the former in placement and curing. This 

is enabled by sets of welded strips of steel tabs along the length of the SHS.  

The PT system further stiffens the wall and provides a tied vertical continuity 

that helps control the sway of the building through self-centring and services the 

mitigation of structural damage in extreme events [305]. That is, it acts as the vertical 

connection of the prefabricated panelised walls but also ties the entire building to the 

foundation to prevent overturning. Through this method, forces induced by dangerous 

winds or earthquakes may be controlled in terms of their effect on the building. 

Moreover, it is important to note that the tensioned rod lies on the same side of the 

neutral axis as the overall central loading point. This ensures full mitigation against the 

risk of snap-through buckling between the temporary and permanent state. Considering 

that there are several primary reasons for the inclusion of PT into the design of timber 

wall systems, this investigation is focused on the identification and understanding of 

potential negative consequences on the load-carrying capability. That is, the study has 

been limited to PT behaviour, failure modes, serviceability and ultimate limits of the 

PT-CST system under axial loading.  

5.6 EXPERIMENTAL PROGRAM 

5.6.1 Specimen Design 

A total of ten post-tensioned composite steel-timber walls have been designed, 

developed, manufactured and tested for this experimental investigation. A typical 

solution referred to as a standard configuration, has been designed with three 

corresponding identical wall specimens investigated. Further to this, an additional 

seven post-tensioned wall specimens were manufactured and tested with altered 

structural configurations and support conditions. 

5.6.1.1 Standard Configuration 

As representative sections of a greater width wall, the PT-CST specimens in its 

standard configuration is displayed in Figure 5-2 with the chosen engineered timber 

panel being Oriented Strand Board (OSB). The height of this standard configuration is 

3.2 m with 450 mm stud spacing and 900 mm PT system spacing. The initial PT force 
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of standard configuration is 30 kN and the external load was applied only on the studs 

and SHS. The detail of each of the constituting elements of the composite walls is 

summarised in Table 5.3 with the strength classes as per the appropriate standards and 

certification [308-312]. 

 

Figure 5-22: Standard configuration of PT-CST wall specimen, units: mm. 

Table 5.3: Material and geometry summary. 

Element Material Cross-section (mm) Strength 

Studs Radiata Pine 90 × 35 MGP10 

Panel OSB 900 × 38 OSB4 

SHS Steel 65 × 65 × 4 CL450L0 

Rod Steel ⌀ 21.7 CL300 
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The connection between the panel and the studs is glued with a one-component 

polyurethane adhesive and nailed with 130 mm long, 3.75 mm diameter nails at 

400 mm centres. The connection for the SHS component of the PT system to the panel 

is also glued with a polyurethane adhesive and as mentioned has strips of steel tabs 

welded to the SHS to provide support for a supplementary screwed connection. In both 

instances, the nails and screws also provide clamping pressure which aids the hold and 

spread of the adhesive during application and curing.  

5.6.1.2 Altered Structural Configurations 

Several altered configurations were manufactured identical to the standard 

configuration apart from a single modification.  

The parameters which were altered in each of the additional walls were: 

• no initial PT force at all, 

• various increasing levels of initial PT force,  

• no glue on the stud to panel connection,  

• no glue used on the SHS to timber panel connection,  

• height of the wall increased from 3.2 m to 4.0 m, 

• loading onto the timber panel and SHS instead of the timber stud and 

SHS. 

A summary of the specimens tested is presented in Table 5.4. Note that for each 

specimen the OSB engineered timber panel thickness is 38 mm, the timber stud 

spacing is 450 mm and the SHS spacing is 900 mm. Samples were named in the 

following format: H3200_PT30_SG:N_SHSG:Y, where H3200, PT30, SG:N, 

SHSG:Y refer to the height in mm, initial PT force in kN, glue between stud and panel, 

and glue between SHS and panel. Y and N for SG and SHSG designates whether or 

not there is application of glue at the respective interface.  
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Table 5.4: Tested walls and corresponding specimen ID. 

  Characterisation 

Wall Specimen ID Configuration Description 

1 H3200_PT30_SG:Y_SHSG:Y_S1 Standard Specimen 1 

2 H3200_PT30_SG:Y_SHSG:Y_S2 Standard Specimen 2 

3 H3200_PT30_SG:Y_SHSG:Y_S3 Standard Specimen 3 

4 H3200_PT_0_SG:Y_SHSG:Y Altered Zero PT force 

5 H3200_PT45_SG:Y_SHSG:Y Altered Increased initial PT force 

6 H3200_PT75_SG:Y_SHSG:Y Altered Increased initial PT force 

7 H4000_PT30_SG:Y_SHSG:Y Altered Altered wall height 

8 H3200_PT30_SG:N_SHSG:Y Altered No glue at stud-panel 

connection 

9 H3200_PT30_SG:Y_SHSG:N Altered No glue at SHS-panel 

connection 

10 H3200_PT30_SG:Y_SHSG:Y_PL Altered Altered end conditions 

 

5.6.2 Experimental setup, loading and instrumentation  

The experimental setup was conducted in a horizontal manner as depicted in 

Figure 5-23. Before the application of external axial load from the actuator, the 

specimens are post-tensioned to specified initial PT force. This is still achievable 

whilst the specimen is in the test setup, since the design of the specimen is such that 

the column is shorter in this region, thus allowing access for a torque wrench. 

Accordingly, the wall is held still during the initial PT process and therefore, accurate 

readings of any out-of-plane displacement is possible. The targeting initial PT force to 

be applied to various specimens is, 0 kN, 30 kN, 45 kN and 75 kN. This is limited by 

the maximum reasonable amount of force a human can safely apply on-site whilst on 

a free-standing platform. Additional limitations included the yield limit of the steel 

rod, which in this case is 137 kN.  

After post-tensioning, the external axial load is applied only to the studs and 

SHS. This is achieved by the panel being 10 mm shorter than the studs. Short SHS 

sections are placed over the torqued nuts to bring the steel column in line with the top 

and bottom plates. This is critical for the external load to be transferred to the SHS 

rather than the rod. A Material Test Systems (MTS) hydraulic actuator rated to 500 kN, 
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bolted to the strong floor, applied the external axial load which was captured every 

0.01 seconds by a load cell. This applied load was transferred via a spreader beam to 

the specimen under displacement control at a rate of 4.0 mm/min. In a similar manner 

this was countered by the butting, both of which providing lateral and vertical restraint 

whilst still allowing the specimen to rotate under buckling.  

 

 

(a) 

 

(b) 

Figure 5-23: Axial loading experimental setup: (a) schematic; (b) laboratory 

picture. 

 

Two 600 mm range triangulation laser transducers placed underneath the PT-

CST walls specimens at mid-height recorded displacements at 100 Hz. One was 

located at the centre of the wall measuring the displacement of the SHS, the other was 

located towards the edge of the wall measuring the displacement of the panel as per 

Figure 5-24. This was implemented to capture any potential difference throughout 

loading due to the varying stiffness and load distributions acting on the wall.  

 



Chapter 5: Advancement to Wall Systems 188 

 

Figure 5-24: Section A-A with the positions of out-of-plane displacement 

recording. 

 

Finally, general purpose Tokyo Sokki Kenkyujo [313] strain gauges of type 

FLA-3-11-3LJC were carefully installed mid-way on the steel PT rods prior to 

assembly and application of torque. A 7 mm diameter hole was drilled into the 

outward-facing side of the SHS, 120 mm from the butting end to allow for the passage 

of the strain gauge leads. These were carefully wrapped around the rod in the opposing 

direction to which the rod will turn during the post-tensioning phase. This allowed the 

capture of strain readings during and after the post-tensioning to enable the 

determination of the actual PT force in the rod for any given applied torque and the PT 

force loss throughout loading. Given that the Youngs modulus of steel is 200 GPa and 

the rod diameter of 21.7 mm the linear equation relating microstrain to the PT force 

used is shown in Equation 5.2. 

 

 PT Force (kN) = 0.074 × Microstrain (5.2) 

 

5.7 RESULTS AND DISCUSSION 

The failure mechanisms and behaviour of the PT-CST walls under axial loading 

are first investigated and presented for the standard configuration 

(H3200_PT30_SG:Y_SHSG:Y). Following this, alterations to the structural 

configuration are presented and investigated.  

5.7.1 Behaviour and Failure mechanisms  

5.7.1.1 Failure modes 

Interestingly a number of modes of failure were present throughout the axial 

loading of the CST stiffened walls specimens. However, SHS to panel delamination 

occurred at the peak load for every case. The sequential order of failure mechanisms 

are as follows:  
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(1) Crushing of top and bottom plates, 

(2) Buckling of wall, 

(3) Tensile fracture at knots (if any), 

(4) Crushing and tensile fracture of stud, 

(5) Stud delamination, 

(6) SHS delamination (peak load), 

(7) Engineered timber panel splits. 

The first failure occurred due to the compression at the top and bottom plates, 

which is a non-critical failure mode. Timber compresses since it is significantly weaker 

perpendicular to the grain than it is parallel to grain. After, the glue delaminates in this 

local region. The aforementioned behaviour is shown in Figure 5-25.  

 

   

(a) (b) (c) 

Figure 5-25: Compression of the top and bottom plates, scale in mm: 

(a) manufacturing gap prior to loading; (b) closure of gap and compression 

perpendicular to grain; (c) local delamination of glue due to compression and load 

transfer. 

 

Next, the wall buckles towards the direction of the panel as per Figure 5-26. 
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Figure 5-26: Buckling of the PT-CST wall. 

 

If a knot in the timber stud was present near centre-span on the panel side, then 

tensile fracture at this location occurs as per Figure 5-27(a). Otherwise, tensile fracture 

occurs directly at mid-height, followed by glue delamination. Meanwhile, there is 

compressive crushing on inner curvature of the stud due to direct excessive force 

compounded by the effect of the reduced effective area when tensile cracking is 

present. Stud glue delamination ensues if not already failed as per Figure 5-27(b). 

 

 

 

 

(a)  (b) 

Figure 5-27: Stud failure, scale in mm: (a) tensile crack on stud edge closest to 

panel, particularly at the location of knots; (b) tensile crack causing glue 

delamination between the stud and the panel, in addition to, crushing of the stud 

on the edge furthest from the panel. 

 

With the studs cracked and delaminated, the steel SHS continues to withstand 

the increase of load. The SHS further bends until the glue delaminates and the screws 

get pulled out as per Figure 5-28. This is the critical failure mode in every test, that is, 

the failure mode at peak load. 
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(a)  (b) 

Figure 5-28: Critical failure mode occurring at peak load, scale in mm: (a) glue 

delamination at the SHS to panel interface; (b) pull-out failure of the timber 

screws from the centre welded tab. 

 

With both the studs and SHS delaminated, load is transferred to the engineered 

timber panel, which continues to undergo significant bow. This ultimately results in 

the timber panel to crack and completely split in half. This post-peak failure mode is 

shown in Figure 5-29 and demonstrated purely for academic purposes.  

 

  

Figure 5-29: Post-peak failure of the engineered timber panel (after stud 

failure and SHS delamination). 
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5.7.1.2 PT force loss due to axial loading 

The relation of the steel rods PT force loss with respect to the externally applied 

axial load is shown in Figure 5-30. A sign convention where negative indicates tension 

and positive indicates compression is considered. 

 

 

 

 

Figure 5-30: Change in PT force in rod with external axial load. 

 

It is noted that from 0 kN to 125 kN of loading, there is approximately a linear 

relationship in the reduction of post-tension force. This is due to the stiffer steel SHS 

component taking the initial loading whilst the timber components are yet to fully 

engage as outlined previously in Figure 5-7. In this region, the remaining PT force 

after the loss of PT due to the application of external load can be predicted by 

Equation 5.3 derived from the experimental work.  

 

SLS h/300 

SLS h/500 

(1) 

(2) 

(3,4) 

(5) 

(6) 

(7) 

(5) Stud delamination 

(6) SHS delamination (peak load) 

(7) Engineered timber panel splits 

 

(1) Crushing of top and bottom plates 

(2) Buckling of wall 

(3) Tensile fracture at knots (if any) 

(4) Crushing and tensile fracture of stud 
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 PT Force (kN) = 0.173 × Load (kN) – 28.89  (5.3) 

 

At Serviceability Limit State (SLS) conditions of h/300, the tensile PT force in 

the rod is approximately 25% of the initial PT force. This has important consequences, 

there is now significantly less force tying the building to the foundation and restraining 

it from overturning. Also, the reduction of PT force in the steel rod can affect the 

energy dissipation characteristics of the system. Therefore, it is recommended that 

actual PT force at SLS conditions should be considered for earthquake and wind 

design. 

From approximately 125 kN onwards, the force continues to climb to 

approximately 260 kN without any notable drop of PT force in the rod. It can be 

assumed that there are several contributing factors which leads to this occurrence. One 

potential reason for this behaviour is that the top and bottom plates have now fully 

engaged with the vertical timber studs, thus now appropriately share the bearing of 

additional load. Moreover, the curvature induced in the wall by this point causes the 

tensioned rod to bear against the inner side of the SHS, this continues as the wall 

buckles.  

Above 260 kN marks the point in which there are significant failures of the walls 

stiffeners and the force in the rod move towards the positive horizontal direction. This 

indicates the loss of the remaining PT force and the gain of compression force in the 

rod. This is exacerbated with the transfer of load to the SHS from studs due to its 

progressive failure and delamination. Moreover, this result corresponds with other 

experimental observation since it coincided with the point where cracking in the timber 

studs began thus load transfer back to the SHS. Similarly, this is also supported by the 

differential out-of-plane displacement results at mid-height which is discussed next. 

5.7.1.3 Differential out-of-plane displacement at mid-height  

Due to the first mode buckling shape of the PT-CST walls, the maximum out-of-

plane deflection occurs at mid-height. However, it should be noted that the wall is not 

uniform width-wise. This is because at the centre of the wall lies a steel SHS, 225 mm 

either side of this are the studs, and 225 mm further lies the unrestrained edge of the 

panel. Consequentially, there is a deviating moment of inertia about the width-wise 

axis of the stiffened wall and hence there may be a differential amount of out-of-plane 
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deflection dependent on load distribution. Importantly, this could directly impact the 

design to meet SLS requirements, since the maximum deflection may differ along the 

width of the wall. Considering this phenomenon, the differential out-of-plane 

displacement was calculated by simply subtracting the out-of-plane displacement at 

the edge from that at the centre. Accordingly, the external applied load has been plotted 

against the differential deflection as shown in Figure 5-31. Despite the fluctuations 

and small magnitude, the experimental results show a clear behavioural pattern over 

the course of loading.  

 

 

 

Figure 5-31: Load versus differential out-of-plane displacement at mid-height. 

 

As shown in Figure 5-31, during the early stages of loading, the displacement 

of the wall at the centre is greater than that at the edge. As default the general 

serviceability limit considered, caps the maximum out-of-plane displacement to h/300, 

where h is the height. This is such that there is no perceivable deflection in the wall. 

(1) 

(2) 

(3,4) 
(5) 

(6) 
(7) 

(5) Stud delamination 

(6) SHS delamination (peak load) 

(7) Engineered timber panel splits 

 

(1) Crushing of top and bottom plates 

(2) Buckling of wall 

(3) Tensile fracture at knots (if any) 

(4) Crushing and tensile fracture of stud 
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However, if brittle claddings are involved, then the serviceability limit is dropped to 

h/500, which has also been indicated. Understanding this behaviour is important since 

it may impact the SLS capacity. As found, the maximum differential out-of-plane 

displacement is approximately 0.75 mm, close to the h/500 SLS deflection limits for 

brittle cladding. This can constitute 7% to 12% of the allowable SLS limit for a wall 

of this height, given the h/300 and h/500 criteria limits respectively. Therefore, it can 

be concluded that mid-height deflection at the centre of stiffened wall is more critical 

to SLS capacity.  

The initial behaviour of the centre panel deflecting more than the edge can be 

explained by the steel SHS first fully engaging, despite the fact that the timber elements 

are in-plane. This is partly due to the steel components inherit higher stiffness and 

partly due to the manufacturing gaps between the top and bottom plates and the studs 

as previously shown in Figure 5-25. Additionally, timbers weakness perpendicular to 

the grain worsens this effect. This is compounded by the fact that the post-tensioning 

of the steel components has caused the steel elements not to have any slack at all.  

As the loading increases beyond 100 kN, the trend reverses as buckling begins 

to take hold so that deflection at the edge also occurs to a similar extent. The reversal 

is predicted to occur when buckling ensues due to the more eccentric timber studs now 

sharing more of the loading force, since by this stage the manufacturing gap is closed 

and perpendicular to grain timber compression has occurred. Since the timber stud 

stiffeners are located twice as close to the edge as the SHS, it follows that they 

subsequently have a more distinguished effect on the edge displacement. 

Consequentially, this explains why the edge to begin to close-in in terms of out-of-

plane displacement at mid-height as compared to the centre of the wall. Eventually, 

there is a point of balance, this occurs at approximately 260 kN, meaning that the out-

of-plane displacements at mid-height are the same whether it is measured from the 

centre of the wall or at the edge. This also happens to be approximately when the PT 

force in the rod is entirely lost as per Figure 5-30. As this occurs, failure of the 

stiffeners and its connection to the panel is observed. Conceptually, it can be visualised 

that as the studs begin to undergo flexural failure, they will transfer load to the timber 

panel and tend to spring up thus causing the edge to displace more. As the studs and 

its adhering glue continue to progressively fail, outlined prior in failure modes as 

failure mechanisms (3), (4) and (5), the load transfers to the engineered timber panel 
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since it is no longer as stiffened and bows more. Eventually, after further loading and 

deflection, the SHS’s adhesive and screws experience complete delamination (6). The 

result of this critical failure is clearly seen in Figure 5-31 by the quick second reversal 

of differential out-of-plane displacement and drop of the load.  

5.7.1.4 Capacity and displacement behaviour  

External axial load versus out-of-plane displacement at mid-height for the PT-

CST in the standard configuration, H3200_PT30_SG:Y_SHSG, are shown in Figure 

5-32(a). It should be noted that the out-of-plane displacement presented here onwards 

is at the centre-middle of the panel since as established, it is critical to the SLS 

conditions. The behaviour over the entire loading range is similar for each specimen, 

particularly the value of peak load. The average ultimate load was found to be 305 kN 

with a standard deviation of only 2 kN. This may be due to the common critical failure 

mode for each test. However, this level of close similarity is not the case in the region 

of serviceability limits as shown in Figure 5-32(b). Serviceability loads range from 

125 kN to 154 kN, thus they have a standard deviation of 14 kN for an average 

serviceability load of 147 kN. Although beginning in the same fashion there are some 

visible differences in the stiffnesses which occurs after the 75 kN loading mark. The 

most immediate explanation as to why each of the cases have practically identical 

response prior to this is that the steel SHS takes the initial loading as the top and bottom 

plate begin to be fully engaged once pressed against the studs. The point and extent 

this occurs is different across cases due to manufacturing tolerances and the natural 

variation in timber strength due to its non-homogeneity.  
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(a) (b) 

Figure 5-32: Standard configuration experimental results, force vs centre out-of-plane 

displacement: (a) full behaviour with modes of failure numbered; (b) behaviour within 

serviceability range. 

 

5.7.2 Effects of altered PT force  

The load versus displacement behaviour for varying PT forces on the CST walls 

are summarised in Table 5.5 and represented in Figure 5-33(a). Note that no change 

in the failure mechanisms was observed, regardless of what level of initial PT was 

used. This may be due to the fact that all PT force is lost prior to any critical failure 

modes initiating. Additionally, due to sensitivities, the actual initial PT force applied 

and captured through strain gauges varied slightly to that planned. However, the results 

clearly and consistently indicate that through increasing the initial post-tensioning 

force, the Ultimate Limit State (ULS) capacity is reduced. This is consistent with what 

may be theoretically hypothesised since the PT force lies on the same side of the neutral 

axis as the axial load. However, it should be noted there is only a marginal decrease in 

ultimate load when one compares the CST wall specimen with 28.9 kN of PT to that 

of 47.6 kN of PT. This may be partly due to tolerances and natural variation in the 

(1) Crushing of top and bottom plates 

(2) Buckling of wall 

(3) Tensile fracture at knots (if any) 

(4) Crushing and tensile fracture of stud 

(5) Stud delamination 

(6) SHS delamination (peak load) 

(7) Engineered timber panel splits 
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principle material, though it should be noted that this difference is not substantial 

compared to the walls capacity.  

 

Table 5.5: Experimental results for specimens with altered levels of post-

tensioning. 

Specimen ID 
Initial PT 

Force (kN) 

SLS (kN)  

h/300 

SLS (kN) 

h/500 
ULS (kN) 

H3200_PT0_SG:Y_SHSG:Y 0 179.2 101.0 316.5 

H3200_PT30_SG:Y_SHSG:Y_AVG 28.9 146.8 100.9 304.8 

H3200_PT45_SG:Y_SHSG:Y 47.6 117.1 68.6 300.9 

H3200_PT75_SG:Y_SHSG:Y 74.9 100.9 51.3 280.6 

 

 

  

(a) (b) 

Figure 5-33: Load vs centre out-of-plane displacement results for increased and 

decreased initial PT force: (a) full behaviour; (b) behaviour within serviceability range. 

 

The experimental investigation demonstrated that the application and increase of 

initial post-tensioning causes an incremental reduction in the stiffness, thus causing the 
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serviceability load to decrease. This is shown in Figure 5-33(b) which highlights the 

behaviour within the serviceability range. There is only one slight discrepancy to this 

which is seen in the initial stages of loading on the 0 kN PT wall as compared to the 

30 kN PT wall. However, this is rectified by the time the critical h/300 serviceability 

limit is reached. This may have occurred since the CST wall with no post-tensioning 

at all may have some slack present. The effect of PT to the SLS capacity can also be 

explained by the fact that the PT force lies on the same side of the neutral axis as the 

central loading point. Accordingly, this supports the studies principal motives which 

has found that PT systems in stiffened engineered timber-based walls must be carefully 

analysed and tested for their axial load carrying capability regardless of their original 

intended primarily function of lateral load resistance and tie-down. Fundamentally, 

this is due to their direct negative effects on the serviceability loads and ultimate 

strengths under axial loading when used in CST stiffened walls. 

5.7.3 Effects of altered glue conditions 

5.7.3.1 No glue on the stud to panel connection 

The rationale behind investigating no glue on the timber stud connection is that 

the steel SHS is significantly stiffer than the timber components, thus may take the 

greatest portion of the load particularly in the earlier stages of loading. This could 

mean, that in scenarios which are strongly governed by serviceability conditions, there 

may be a potential manufacturing redundancy in proceeding with chemically bonding 

the studs to the panel. Additionally, the motive is furthered by the fact that adhesives 

long-term durability is a debated topic, hence it is considered important to verify the 

performance without it. A specimen named H3200_PT30_SG:N_SHSG:Y, identical 

to the standard configuration except the timber studs are not glued but still nailed has 

been experimentally tested and the results presented. As it can be expected, the 

ultimate load is notably decreased from 305 kN to 279 kN as per Figure 5-34(a). This 

caused by the lack of strengthening and stiffening the studs can provide to the 

engineered timber panel without a glued connection. More interestingly though, there 

is no detrimental effect to the serviceability load as theorised. Pivotally, it was found 

that there is a notable increase in the initial stiffness, hence serviceably load as per 

Figure 5-34(b).  
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(a) (b) 

Figure 5-34: Load vs centre out-of-plane displacement results for specimens which 

differ in glue being used in the stud to panel connection: (a) full behaviour; (b) 

behaviour within serviceability range. 

 

Now that the stud to panel connection is only nailed and not glued, full composite 

action does not occur between the studs and the panel. That is, the studs now effectively 

have a lower flexural resistance in the principle axis, and hence lower ULS. The 

stiffness and SLS increase, since the studs now act more independently with respect to 

the panel. This means that the stiffness is increased since the effective eccentricity is 

reduced due to the centroidal axis being shifted towards the neutral axis facilitated by 

the decrease composite action with the panel. Additionally, since the studs are not 

integrated to the panel the stiffer SHS will now take a greater portion of the load than 

before. This is also heightened by the studs tendency to axially shorten more easily. In 

turn, the SHS takes a greater portion of load, and itself axially shortens leading to loss 

of initial PT force at a faster rate. This is supported by the results gathered from the 

strain gauges displayed in Figure 5-35. 
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Figure 5-35: Force in rod over loading, note negative force refers to tension. 

 

Caution should be taken when proceeding with the modification of removing 

glue between the studs to panel connection, particularly on buildings that are 

specifically tailored to minimise sway. This is because the point in which the steel rod 

experiences no tension force at all is significantly reduced by approximately a factor 

of a half due to the shape of the PT loss curve. This is governed by the buckling of the 

PT-CST wall, non-critical failure modes and load distribution equivalently as 

explained previously in ‘PT force loss’. Thus, a potential mitigation method would be 

to initially post-tension walls in this configuration to a higher level.  

5.7.3.2 No glue on the SHS to timber panel connection  

A PT-CST wall specimen with no glue used in the steel SHS to timber panel 

connection, named H3200_PT30_SG:Y_SHSG:N, was manufactured and 

investigated. This decision was fuelled by industry perception of potential 

deterioration of the glues performance in long-term, wet conditions, and in extreme 

heat when used between steel and timber. Interestingly, the results presented in Figure 

5-36(a) show that the ultimate load slightly increases. Additionally, the stiffness and 

serviceability loads also increase, as per Figure 5-36(b). The walls decreased tendency 

to deflect in response to axial load and the slight increase in ultimate load can be 
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explained by the reduced load transfer between the SHS and panel. This is caused by 

the SHS only having screwed connection on the altered wall, in contrast to having its 

entire contact area rigidly glued. This means that the effective eccentricity is notably 

reduced prior to wall buckling since the mechanical fasteners have still not fully 

engaged prior to significant bow. The steel SHS acts more independently in this stage 

rather than transferring large bending moments with eccentricity to the panel, 

therefore, increasing its stiffness. Additionally, it was found that SHS did not buckle 

in-plane to the panel, it was importantly observed that the screwed connections 

sufficiently braced the SHS from doing so. Therefore, the SHS has better taken 

advantage of the lateral bracing provided by the panel through the screws without itself 

imparting a greater load transfer to the panel which would cause a greater effective 

eccentricity.  
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(a) (b) 

Figure 5-36: Load vs centre out-of-plane displacement results where walls differ in that 

there is no glue used in the SHS to timber panel connection: (a) full behaviour; (b) 

behaviour within serviceability range. 

 

5.7.4 Effects of altered height  

A PT-CST wall specimen with its height increased from 3.2 m to 4.0 m was 

named H4000_PT30_SG:Y_SHSG:Y, manufactured and tested. This was to gauge if 

there is any unwarranted change of failure mode and capacity with regards to the 

increase of height. Secondarily, this was to check the magnitude of deviation of actual 

load capacity at greater heights than that crudely estimated from shorter walls via 

Euler’s critical buckling formula. That is, the critical load is to be inversely 

proportional to the square of the height. This simplified prediction method ignores 

reasons for non-applicability such as possible change of failure modes. Applying this 

to the standard configuration 3.2 m height with corresponding average maximum load 

of 305 kN and relating this to a 4.0 m wall height scenario, a maximum load of 195 kN 

is predicted. Through experimental investigation of the 4.0 m wall, the actual load 

capacity was found to be 254 kN as shown in Figure 5-37(a). Therefore, there is a 

23% conservative discrepancy of this prediction method to the actual load capacity. 



Chapter 5: Advancement to Wall Systems 204 

This can be greatly explained by the PT force loss results later shown, in that with 

taller walls the PT force is lost significantly quicker due to greater bow. Therefore, this 

significantly reduces the total amount of axial loading hence increases the walls 

capacity beyond that predicted by Euler’s method. It follows that for heights greater 

than that of the standard configuration a more sophisticated method of ultimate force 

prediction is necessary for accurate results. However, Euler’s method can be used for 

conservative estimates based off experimental results particularly when heights do not 

differ as much as that demonstrated. In terms of serviceability loads there is a dramatic 

reduction as evident in Figure 5-37(b). This highlights the overarching pertaining issue 

of the lack of stiffness in timber as a material, impacting the slender walls overall 

serviceability load, particularly in high wall scenarios. Moreover, this reinforces the 

knowledge that serviceability is one of the most critical limiting factors of slender and 

material efficient CST walls for mid-rise structures and beyond. 

 

 

  

(a) (b) 

Figure 5-37: Load vs centre out-of-plane displacement results where walls differ in that it is 

4.0 m in height not 3.2 m: (a) full behaviour; (b) behaviour within serviceability range. 
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On the basis that the post-tensioned force in the rod is strongly related to the 

axial load and the corresponding bow it causes, Figure 5-38 linking the three is 

analysed. It is clearly seen that under axial loading the increase of height of the PT-

CST wall is directly proportional to the rate of loss of PT force. This can be explained 

by noting that with the increase in height, the amount of out-of-plane deflection 

increases per given unit of load. It follows that the increased deflection or bow, causes 

loss of tension in the rod to now occur at a faster rate. 

 

Figure 5-38: Force in rod over loading for altered heights, note that negative 

forces indicate tension. 

 

Comparing the initial PT loss rate based on wall height, it is found that for the 

3.2 m wall, the PT force drops approximately 170 N per 1 kN of load, whereas for the 

4.0 m wall, the PT force drops approximately 470 N per 1 kN of load. Therefore, 

although the wall height only increased by 25% the rate at which the initial post-

tensioned force drops increased by approximately 176%. This strongly suggests that 

wall height is a critical leading factor to PT force loss due to the associated increase of 

out-of-plane deflection for a given load. Therefore, carefully specified higher initial 
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post-tensioning is recommended for taller PT-CST walls than that of shorter walls. 

This comes with the caveat that the level of PT is comfortably below buckling load 

and is applied to the steel SHS such that there is no eccentricity to it, so as not to induce 

unwanted initial bow. 

5.7.5 Effects of altered end conditions 

A PT-CST wall specimen with end conditions of the wall such the it is loaded 

onto panel instead of studs was named H3200_PT30_SG:Y_SHSG:Y_PL, 

manufactured and tested. Loading onto the panel and SHS rather than on the timber 

stud elements and SHS was practically achieved by altering the offset of each 

component as per Figure 5-39. That is, swapping the lengthwise dimensions of the 

studs and the panel. In keeping with the testing of the standard configuration, short cut 

SHS sections were placed at either ends of the SHS to sit flush with the supports. The 

basis behind investigating end condition modification is that the eccentricity of loading 

can be simply and notably changed without increased material usage.  

 

  

(a) (b) 

Figure 5-39: Altering the end conditions: (a) standard configuration is loaded 

onto the studs, H3200_PT30_SG:Y_SHSG:Y_AVG; (b) altered configuration is 

loaded onto the panel, H3200_PT30_SG:Y_SHSG:Y_PL. 

 

Generally, changing the eccentricity would theoretically result in the stiffness 

and ultimate capacity to both notably increase or both notably decrease, depending if 

the eccentricity is now larger or smaller. However, as Figure 5-40 clearly shows that 
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although the ultimate load increases by 24%, the stiffness clearly hasn’t. In fact, it 

initially decreases.  

 

 

  

(a) (b) 

Figure 5-40: Load vs centre out-of-plane displacement results where walls differs in that 

loading is onto the timber panel instead of studs: (a) full behaviour; (b) behaviour within 

serviceability range. 

 

A vital and principal explanation to this behaviour has been identified, and it lies 

in the fact that the CST wall now buckles in the opposite direction. Although the altered 

end conditions does not cause the magnitude of eccentricity to be significantly 

different, the eccentricity is now on the opposite side of the neutral axis. Since the 

neutral axis lies comfortably outside of the engineered timber panel due to the 

stiffeners, the load on the entire area of the panel now creates a moment which causes 

buckling to now occur towards the timber stud stiffeners. This drastically different 

loading condition, with the centre of loading now in closer proximity to the point of 

rotation, explains why the stiffness is smaller. The increase in ultimate load is due the 

altered loading condition causing opposite buckling direction leading to structural 

behavioural change. More specifically, buckling in the opposite direction 
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fundamentally alters the induced failure mechanisms in a favourable manner. 

Previously, the studs were on the concave side of the buckling wall, thus the 

progressive failure of the studs caused the neutral axis to shift outwards such that the 

eccentricity and thus P-Δ effects were higher. Whereas, in this altered case, the studs 

are on the convex side of the buckling wall, thus the tensile progressive failure of the 

studs cause the neutral axis to shift inwards such that the eccentricity and thus P-Δ 

effects are lower. In addition, it is now more susceptible to local defects and 

irregularities such as knots in the studs. More so, in the standard configuration, tensile 

fracture in the studs created a point for glue delamination to occur, as also helped 

propagate it. Whereas, with the altered end conditions, the buckling direction is 

towards the studs, and any initial and progressive tensile and flexural cracking will not 

cause a break point in glue line, let alone will it directly causes the would-be 

delamination to propagate. This is dramatically illustrated in Figure 5-41. As seen, 

even after full flexural failure of the stud, there is no stud delamination. Therefore, a 

notably higher ultimate capacity can be reached by simply altering the end conditions. 

 

 

Figure 5-41: Loaded onto the panel rather than the studs, note the opposite 

buckling direction and that no stud delamination occurs even after full stud 

failure. 

 

Despite a 24% increase in ultimate capacity for the same material usage, great 

care is recommended in considering this design option, since it is prone to snap-

through buckling once loaded. This is due to PT and external load being located on 

opposing sides of the neutral axis, hence the design of this study. This implies that with 

the altered end conditions, it is imperative that the act of post-tensioning during 
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assembly does not cause out-of-plane deflection. This may occur if post-tensioning 

levels are not specified or followed closely or if there are any negative imperfections 

in the wall.  

5.8 CONCLUSIONS  

This research project has presented a thorough experimental investigation and 

analysis with important design aspects highlighted related to novel material efficient 

PT-CST wall systems. The following conclusions and key findings are outlined as 

follows: 

1. Complex behaviour through several modes of failure was shown to sequentially 

lead to the critical failure at peak load.  

- This was consistently the separation and delamination of the SHS from 

the engineered timber panel. 

2. PT force reduction due to axial loading was found to be a significant factor 

which should be considered in earthquake and wind design.  

- For h/300 serviceability conditions, the tension in the rod was 

approximately ¼ of the initial PT force. This has important 

consequences since there is significantly less force tying the building to 

the foundation and restraining it from overturning.  

3. Differential out-of-plane displacement should be considered in serviceability 

state design since it can constitute 7% to 12% of the allowable SLS limit.  

- It was found that centre deflection at mid-span is more critical for SLS. 

4. The application and increase of initial post-tensioning has been shown to have 

a clear and consistent negative effect on both SLS and ULS for PT-CST wall 

systems.  

- This should be carefully considered in order to safely exploit the many 

benefits of prefabricated PT wall systems. 

5. Pivotally, not gluing the stud stiffeners to the engineered timber panel increases 

the serviceability load whilst reducing the number of manufacturing processes 

required.  

- This can be credited to the greater initial load share on the stiffer SHS. 

However, in doing so this notably drops the ULS. Therefore, it still may 

be feasible for serviceability dominated design although with a higher 

specified initial PT.  
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6. PT systems in steel-timber stiffened walls can take full advantage of the lateral 

bracing provided by the SHS through only a screwed connection without itself 

imparting a greater axial load transfer to the panel as it would with a glued 

connection which would cause greater effective eccentricity.  

- This can directly lead to manufacturing simplicity and concerns of bond 

strength between the steel SHS and panel for long-term, wet conditions, 

and extreme heat would be alleviated. 

7. Wall height has been strongly correlated to reduction in capacity and PT loss 

rate, thus appropriate higher initial post-tensioning is recommended for taller 

PT-CST walls. 

-  That is, higher PT, only up to material and/or bow initialisation limits. 

8. Changing the loading condition such that the SHS is loaded with the engineered 

timber panel instead of the studs results in a reversal of buckling direction.  

- Fundamentally this results in a notable increase in the ultimate load 

capacity of approximately 24%. 

 

Implications 

(2) Within the timeframe and context of this study, what knowledge and corresponding 

solutions can be developed, studied and successfully proven to address each 

limitation? 

Harnessing the knowledge and understanding the range of automation 

technologies available, the manufacturing processes which they relate to and having 

the ability to create and optimise production lines, a purpose specific solution has been 

developed. This came in the form of an engineered timber stiffened wall system and 

the post-tensioning thereof. For further discussion on the ‘Benefits of Stiffened 

Engineered Timber Walls’ and ‘Benefits of post-tensioning engineered timber 

stiffeners walls’ please refer to Appendix B and Appendix C respectively.  

This chapter has demonstrated that value can be added to engineered timber 

panels made from small constituents such as strands by adopting them in moderate 

thicknesses and integrally stiffening them for use as walls in mid-rise buildings. This 
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directly competes against traditional concrete and steel systems as well as CLT in 

offering a markedly more efficient timber-based prefabricated panelised wall system. 

In other words, it utilises less material than the minimum thickness CLT panels while 

also exceeding the structural demands and goes beyond the normal limits of 

lightweight framing.  

This solution has been developed considering DfMA in the context of panelised 

prefabrication, thus allowing for immediate adoption and production using currently 

available automation technologies and supply chains. Further to this, there is full 

inclusion of: services, insulation, building wrap, glazing, façade and the newly 

developed prefabricated weatherproofing solution. In this way, these wall panels can 

be truly termed as fully prefabricated. The culmination of the knowledge and solution 

developed is derived from winning many competitive tenders, showcasing its 

successfully adopted nationally and internationally.
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A verified and validated analytical approach to Design 

Curves for Stiffened Engineered Timber Wall Systems, in 

addition to, configuration specific Post-Tensioned Strength 

Reduction Factors and corresponding charts 

 

Where the previous chapter worked on the development of the next generation 

of advanced timber-based wall systems, this chapter focuses on the creation of 

corresponding design tools. Specifically, design curves, configuration specific post-

tensioned strength reduction factors and corresponding charts suitable for feasibility 

analysis, preliminary design and configuration selection. This begins with a preamble 

addressing the first research question. Following this, Manuscript Seven and 

Manuscript Eight are presented. Finally, implications are outlined with respect the 

second research question. 

Preamble 

(1) What are the current limitations found in timber-based panelised systems built 

through advanced manufacturing, that are of genuine immediate commercial need 

and where knowledge is either lacking or non-existent? 

Mid-rise buildings are currently dominated by concrete and steel systems, there 

are many factors which relate to the viability and feasibility for a timber-based 

solution. One such factor/limitation is the ability to undertake rapid modelling and 

preliminary design in the early stages [314, 315]. Time intensive purpose and project 

specific Finite Element Modelling (FEM) and specialist knowledge at this early stage 

prompts traditional methods based on concrete and steel to be viewed as more 

attractive options; that is, in terms of perceived viability [172, 316-318]. Currently, no 

adequate procedure in national or international standards or guidelines to specifically 

cater for the design of stiffened engineered timber walls and Post-Tensioned 

Composite Steel-Timber (PT-CST) stiffened wall systems under axial load. A means 

for the rapid capacity assessment and identification of optimal commercially 

competitive design configurations of stiffened engineered timber and the post-

tensioning thereof is needed.  
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Since there is an infinite number of potential configurations that vary in wall 

height, panel thickness and number of stiffeners, exploratory experimental testing for 

all possibilities may not be feasible. Furthermore, finite element modelling for the 

purposes of establishing performance effects for all parameters and configurations is 

not ideal. This is due to the computationally demanding and complex nature of 

accurately modelling timber and glue. Ideally, an analytical method will be 

successfully established for the appropriate use in the exact mathematical modelling 

of stiffened engineered timber panel walls. This would be verified by both 

experimental testing and finite element modelling. From this, it would be possible to 

quickly and easily evaluate the performance in resisting axial loads for all potential 

configurations in only a fraction of the time that it would take if it was conducted via 

finite element analysis. Furthermore, the results would be presented in a simple yet 

robust format that could be used be a variety of individuals to serve their needs in 

understanding and design. Thus, efficiency will be brought to the conceptualisation 

and design stage in selecting the most efficient configurations which will in turn 

streamlines the processes to manufacturing and reduces overdesign and waste. This is 

precisely the subject of Manuscript Seven, ‘Design Curves for Stiffened Engineered 

Timber Wall Systems: A verified analytical approach’. Expanding on this, design 

curves for similar but post-tensioned walls is explored in Manuscript Eight ‘Verified 

and Validated Design Curves and Strength Reduction Factors for Post-Tensioned 

Composite Steel-Timber Stiffened Wall Systems’. Due to the complex nature, these 

heavily draw upon corresponding experimental testing and detailed finite element 

analysis. 
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Manuscript Seven 

Orlowski, K., Kennedy, D. (2020). Design Curves for Stiffened Engineered Timber 

Wall Systems: A verified analytical approach. Structures, under peer review as of 

09/09/19. 

 

Design Curves for Stiffened Engineered Timber Wall 

Systems: A verified analytical approach 

 

 

Abstract: This manuscript introduces the mathematical modelling of efficient 

stiffened engineered timber wall systems and presents a collection of corresponding 

design curves. An analytical approach via the exact finite strip method through the 

Wittrick-Williams algorithm was used in this study to understand and predict the 

behaviour of such systems. Appropriate orthotropic material models and strength 

limits have been incorporated into the analytical method for the engineered timber 

panel and sawn cut timber stud stiffeners respectively. This is the first time that this 

approach has been used in this field of timber engineering and hence was verified 

through experimental testing and detailed Finite Element Analysis (FEA). Compared 

to FEA there is over a thousand-fold decrease in computational cost which allowed 

many parameters to be varied incrementally including: the thickness of the panel, 

number of stiffeners, height of the wall and applied load. The results of which has 

enabled a set of versatile and simple validated design curves to be developed and 

presented. With these design curves, for a desired load capacity, the optimal system 

configurations are given. Likewise, for a chosen configuration the allowable axial load 

is given. 

Keywords: Stiffened Engineered Timber Wall Systems; Design Curves; Exact 

Finite Strip Method; Validated Analytical Modelling. 
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6.1 INTRODUCTION  

Prefabrication is progressively being adopted in construction, specifically with 

the increasing use of timber-based systems [79, 111, 112, 319]. This developing 

industry is furthering its establishment for mid-rise construction and hence this 

industry is pushing forward with innovation and development [109, 125, 126]. 

Traditionally timber has been used in the form of open-panel lightweight frame 

construction [320, 321]. These are generally suitable for low rise, one to three storey 

developments [322, 323]. Taller construction in timber can be achieved by what the 

International Building Code terms as ‘massive timber systems’, or ‘mass wood 

construction’ using large solid CLT (Cross-laminated timber) built up panels [324]. In 

this way, buildings have achieved 18 storeys or 53 metres in height with feasible 

developed plans to go up to 150 metres [54, 77]. However, a more suitable efficient 

material is required for mid-rise construction which is below the capabilities of CLT 

yet above the limits of lightweight-frame construction. The presented stiffened 

engineered timber wall systems offer an in-between for lightweight framing and 

massive wood construction. 

There are many factors which relate to the viability and feasibility of a timber-

based solution for a project. One such factor is the ability to undertake rapid modelling 

and preliminary design in the early stages of a project. Time intensive purpose/project 

specific Finite Element Modelling (FEM) and specialist knowledge at this early stage 

inclines traditional methods with concrete and steel to be more attractive options in 

terms of perceived viability. There is no adequate method in Australian or International 

Standards to specifically cater for the design of stiffened engineered timber wall 

systems with thicker wall panels that can transfer vertical loads. This contrasts with 

thin bracing sheets which are highly prone to local buckling. A tool for the rapid 

assessment of the capacity and optimal design of typical configurations of stiffened 

engineered timber wall systems is needed.  

6.2 STIFFENED ENGINEERED TIMBER WALL SYSTEMS 

6.2.1 Comparison with current accepted systems 

Lightweight timber framing and massive wooden construction are on opposing 

ends in terms of material usage and structural capacity. The proposed stiffened 

engineered timber walls are an intermediary balance between these two extremes as 
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shown in Figure 6-1. For lateral resistance many lightweight framing systems also 

have either steel diagonal straps secured or thin (typically 6 mm) sheathing/braceboard 

[270, 271]. In these cases, the thin sheathing or braceboard is used only for shear 

resistance and is considered to provide no direct vertical resistance [272]. Indirectly 

though it does, as it braces the studs from in-plane buckling or tilting. These types of 

lightweight timber framing systems have many names such as diaphragm walls, shear 

walls and sheathed walls. However, they all follow the same principle that the studs 

carry the vertical axial loads and the thin sheathing (affixed with staples, nails or 

screws) provides the lateral bracing [273, 274]. This is the principal difference that 

they have with the presented stiffened engineered timber wall. The stiffened walls have 

a comparably thick panel which is then integrally stiffened with an adhesive and pull-

out resistant nail connection, so all elements are acting together to take axial loads 

much like blade stiffened walls in aerospace structures. 

 

   

(a) (b) (c) 

Figure 6-1: Isometric view of typical timber systems: (a) lightweight framing; 

(b) stiffened engineered timber wall; (c) massive wooden construction. 

 

Stiffened engineered timber walls principally consist of stud stiffeners and 

engineered timber panels. CLT has not been considered as the panel element of the 

proposed stiffened engineered timber wall system. This is due to the fact CLT is a 

massive wooden construction material with minimum thickness of 60 mm, constituting 

three laminates with a thickness of 20 mm each [279]. A stiffened engineered timber 

wall system whose panel thickness is lesser than this is designed to be a more efficient 
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structural system for construction beyond that capabilities of lightweight framing, but 

below the high capacity which thick CLT panel buildings can achieve.  

6.2.2 Materials and Material Properties 

The orthotropic engineering constants of the material used for the finite element 

model can be found in section 6.6.2 Material Properties. 

6.2.2.1 Panels / Sheathing  

Panels/sheathing are flat engineered timber products, and common types include: 

Oriented Strand Board (OSB), plywood (PLY), particle board and fibreboard. Of these 

only OSB and PLY have been actively considered for the panel component of stiffened 

engineered timber walls. This is ascribed to their superior strength and durability over 

particleboard and fibreboard [311]. OSB was chosen for focus in this study due to its 

cost advantage over PLY. Additionally, OSB panels are the current market leader in 

terms of structural panels due to their cost to performance efficiency [325, 326]. 

Moreover, OSB is suitable for the intended application with a variety of thicknesses 

available currently in the common market and many thicker options also available 

when consulting with manufacturers. The engineered wood product efficiency will be 

utilised for this application as the primary direction of the oriented strands are directed 

such that the higher bending capacity is along the height of the wall. 

6.2.2.2 Stiffener / Stud  

In Australia the standard stud sizes for interior walls are 70 × 35 mm and for 

exterior walls it is 90 × 45 mm and/or 90 × 35 mm [320, 327, 328]. These are generally 

spaced at 450 mm or 600 mm centres (cts) such that upon impact or touch the 

plasterboard does not excessively deflect, while matching the spacing of the joists of 

the floor above [320, 328]. The standard strength classification of these studs is 

MGP10, that is, machine graded pine to meet a Young’s modulus minimum of 10 GPa 

stiffness [329]. The typical species used for this application is radiata pine such as the 

case with the stiffened engineered timber walls presented in this study [320]. 

6.2.3 Typical configurations  

The proposed engineered timber wall system consists of an OSB wall panel of 

varying thicknesses with a number of adjacent MGP10 studs (i.e. single, double, triple) 

nailed and glued at 450 mm cts. The term used ‘number of studs/stiffeners’ refers to 
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the number of adjacent stiffeners per set spacing such that they are singular, double or 

triple per 450 mm cts as shown in Figure 6-2 [110]. 

 

 

Figure 6-2: Number of stiffeners 1, 2 and 3 corresponds to single double or 

triple adjacent studs per set spacing. 

 

The rationale behind this decision is to maximise the practical adoption of such 

systems through the use of common readily available materials, familiarity of methods 

and construction techniques along with cost effectiveness. Design curves will be 

presented which vary the thickness of the panel and the number of adjacent 

stiffeners/studs per 450 mm cts to meet a given load. Likewise, for a given load, the 

distinct wall configurations for consideration is presented. In this way, manufacturers, 

builders and designers can quickly come to understand and grasp the capabilities and 

possibilities of an efficient timber solution for further investigation and verification.  

6.3 METHOD 

An analytical model based on the exact Finite Strip Method (FSM) has been 

developed and applied to model the behaviour of stiffened engineered timber walls 

under axial compression. Since this is the first time such a method has been adapted to 

be used outside of aerospace engineering in thin laminate composite plates and into 

timber engineering in stiffened engineered timber walls, essential validation was 

undertaken as per Figure 6-3. The Finite Element Method (FEM) and Finite Strip 

Method (FSM) are used to model a configuration which will be tested experimentally. 

An experimental program is run to which the results provide direct validation of the 

finite element model. Once validated, the FE model is used to simulate several 

configurations to which a corresponding analytical model via the finite strip method 

will also be developed, then the results are compared. From this, comparison the 

similarity and discrepancy between the analytical method and FE model over several 

configurations can be seen. When close agreement is confirmed, then the analytical 

method can be extended and applied to many more configurations. From the collection 
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of results a set of design curves for stiffened engineered timber walls can be plotted 

and presented.  

 

 

 

 

Figure 6-3: Method used to validate the FSM based on FEM and experimental 

results. 
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6.4 ANALYTICAL MODELLING  

6.4.1 Theory 

6.4.1.1 Finite Strip Method  

The Finite Strip Method (FSM) discretises parts in a set of continuous planes, 

that is, in strips. This can be contrasted to the Finite Element Method (FEM) which 

discretises parts in short and small parts called elements as shown in Figure 6-4. 

 

 
 

(a) (b) 

Figure 6-4: Discretisation method: (a) FEM; (b) FSM. 

 

The result of this is a vast reduction in the computational cost. However, there 

are significant limitations on the geometry. Prismatic structures with regular 

rectangular sections of uniform cross-sectional area create the ideal ‘strip’ and hence 

the appropriate adoption of this method to stiffened panels in which stiffeners and the 

panel can be broken into strips for calculation. The first work utilising the finite strip 

method on structures was published by Cheung [330]. Following this the method has 

been studied extensively in flat plates [331], laminated panels [332], thin walled 

structures [333], curved plates [334], plates with combined load cases [335], composite 

shell structures [336], thin composite laminate stiffened panels [337-339], and 

composite panels with diaphragm ends [340]. The study and application of such 

methods beyond theoretical study has primarily been on thin laminate composite 

panels used for the aerospace industry which was sponsored and developed through 
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NASA’s Langley Research Centre [341-347]. The finite strip method has proved to be 

an accurate and computationally cost-efficient means to model plates and thin stiffened 

composite laminate panels. This study utilises and develops this method well outside 

of the areas which it was originated and used for in the past. The major developments 

are that the analytical modelling utilising the finite strip method has been adapted and 

carried out to an entirely different application and industry. New areas of expertise 

presented and demonstrated are that of stiffened engineering timber walls whose 

panels and stiffeners are of different materials, are comparably thick, orthotropic in 

nature, and have limiting tensile and compressive strength in flexure which may 

govern during axial loading and buckling.  

6.4.1.2 Wittrick-Williams algorithm 

The Wittrick-Williams algorithm builds upon previous work on applying the 

finite strip method with classical plate theory for buckling and vibration investigations 

which include anisotropic assemblies under combined loading. The algorithm 

guarantees convergence of eigenvalues (λ) when using the stiffness matrix (K) 

approach to these problems [348]. That is, the critical load factor (Q) can be found for 

buckling of plates in addition to the frequency of vibration which can be determined 

via an exact solution to the differential equations which govern them. The assumptions 

made have been that the panels are infinitely long, that the buckling mode produces 

displacements which are sinusoidal in nature along the length of the panel and no shear 

loading is present. This has led to ‘exact’ solutions and hence referred to as the exact 

finite strip analysis [349]. The transcendental eigenvalue problem in Equation 6.1 

forms the basis of the algorithm [335, 348, 350]. 

 

 K(Q) D = P (6.1) 

where, 

K = global stiffness matrix 

Q = critical load factor  

D = displacement vector  

P = perturbation forces 
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The elements of K(Q) are transcendental functions of the eigenparameter Q, and 

its eigenvalues may be found by solving Equation 6.2.  

 K(Q)D = 0 (6.2) 

Then Equation 6.3 is solved to give the number of eigenvalues J which are lower 

than a trial value Q* of Q. 

  J(Q*) = J0(Q*) + sign [K(Q*)]  (6.3) 

 

The number of natural frequencies which Q* would still exceed if controls were 

implemented to cause D the displacement vector null is termed as J0. In addition to this 

a sign count is involved of the negative major diagonal elements of the upper triangular 

matrix K∆(Q*) which is obtained from the stiffness matrix K when Q = Q* through 

Gauss elimination [350-352]. The combination of free and clamped edges where D = 0 

allows the Wittrick-Williams algorithm to be used to calculate the critical load factor 

Q or that of a higher buckling mode, for any half wavelength of response, including 

for stiffened plate buckling problems.  

6.4.1.3 VIPASA  

Developed by Wittrick and Williams, VIPASA (Vibration and Instability of 

Plate Assemblies including Shear and Anisotropy) is a command line based scripted 

executable which utilises the finite strip method. A stiffness matrix approach is used 

to solve buckling problems through the Wittrick-Williams algorithm up to 1000 times 

faster than those which use the FEM approach [345]. The plate differential equations 

are solved on regular prismatic structures, formed by defining the nodes at which 

rectangular sections can be placed, offset or rotated [345].  

6.4.1.4 VICON 

Lagrangian multipliers have been incorporated to fix inaccuracies when 

connecting to supporting structures and hence the development of VICON, which is 

VIpasa with CONstraints [345]. Material strength limits such as maximum tensile or 

compressive strain and stress and shear capacity can be included [353]. This is a highly 

important functionality which is taken advantage of for stiffened engineered timber 

walls systems. Depending on the configuration, such as thickness of panel and depth 
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and number of stiffeners, timber tensile failure or crushing is prone in the extreme 

fibres under high flexure derived from P-Δ effects.  

6.4.1.5 VICONOPT 

VICONOPT is the latest iteration of the algorithm which includes VICon with 

OPTimisation, optimisation being a minimum mass-based strategy for thin plates with 

stiffeners [332, 354, 355].  

6.4.2 Inputs and assumptions 

VICONOPT version 1.41 has been used to execute a purpose developed code 

which models pinned-supported stiffened wall configurations in full scale for 900 mm 

(two sets of 450 mm cts) section lengths of walls. An important aspect of the code was 

ensuring the appropriate adaption of this method to predict the maximum axial load of 

engineered timber stiffened walls. This was completed through the development of 

appropriate orthotropic and anisotropic stiffness matrices for the respective material 

models along with material strength limits. This required local orientation for each part 

to be assigned and modified accordingly, particularly if the corresponding strip is 

rotated. It is assumed that the stiffener and the panel are joined with the proper use of 

polyurethane adhesive with nails and nail spacing such that the bond does not 

experience any major slip before material failure in the stud stiffener. The panel is 

considered thick and stiff enough such that the global mode shape will govern, and 

local buckling will not. Both assumptions used for the analytical study were verified 

by experimental investigation.  

6.4.2.1 Configuration 

The general configuration is shown in Figure 6-5 is akin to thin blade stiffened 

panels used in aircraft and the aerospace industry. However, the strips which run 

between nodes along the length represents a considerably thicker member, although 

the concept is the same. Additionally, the stiffeners and panel are both 

non-homogenous due to timber being used as the material. This technique assumes the 

stiffener and the panels are either integrally connected or else connected in such a way 

that the connection is stronger than the material itself. This assumption is justified for 

the use in this application due to the fact that with appropriate preparation, glue, nail 

spacing and manufacturing conditions the connection is stronger than either 

material [356].  
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(a) 

 

(b) 

Figure 6-5: General input configuration used: (a) profile view; (b) plan view. 

 

6.4.2.2 Material model  

The material model takes form of a stiffness matrix along with constraints on the 

maximum stress and strain values. The direction along the length or height of the wall 

is termed ‘x’ and the direction along the width of the wall is termed ‘y’. An anisometric 

and orthotropic material model is developed through the use of stiffness matrices with 

the Kirchhoff hypothesis and shown in Equation 6.4. A detailed derivation of the 

general matrix can be found in the literature [335, 357].  
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Where Aij, Bij and 𝐷ij are respectively the in-plane, coupling and out-of-plane 

stiffnesses, N and M are the stress and moment resultants at the ends of the wall, ε is 

the mid surface strain, γ is the shear strain and κ is the change in curvature. For the 

balanced and symmetrical case, the [B] matrix is the zero matrix [0] and A12 = A23 = 0. 

The individual remaining coefficients are calculated from Equation 6.6 through to 

Equation 6.13, where 𝐯 is Poisson’s ratio, E is Young’s modulus, G is the shear 

modulus and h the thickness, the results of which are presented in Table 6.1. 
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Table 6.1: Calculated stiffness coefficients used for the A and D matrices. 

 A11 

(MN/m)  

A12 

(MN/m) 

A22 

(MN/m) 

A33 

(MN/m) 

D11 

(MNm) 

D12 

(MNm) 

D22 

(MNm) 

D33 

(MNm) 

D13 

(MNm) 

D23 

(MNm) 

Panel 144.85 52.40 154.12 47.46 0.0174 0.0063 0.0185 0.0057 0.0041 0.0042 

Stiffener 352.30 6.98 21.14 23.45 0.0360 0.0007 0.0022 0.0024 0.0011 0.0010 

 

Strength limits have been incorporated in the code developed which takes the 

calculated coefficients as input. The limits implemented were the restriction of the 

maximum tensile stress of the extreme fibre and the maximum compressive stress, 

these were set to be those of the respective materials. These, and the full set of 

orthotropic engineering constants, are outlined in the FEM section ‘6.6.2 Material 

Properties’.  

6.4.3 Graphs / Output 

6.4.3.1 Buckling Modes 

Under axial load the engineered timber stiffened panels undergo buckling due to 

their slender nature. The first buckling mode is when the half-wavelength (Z) is equal 

to that of the height (H) of the wall and for all cases and configurations this is the most 

critical mode. Figure 6-6 displays the first two modes of buckling, with Z = H 

governing. Note that the loading connections are pinned, and the direction of bow is 

towards the stiffeners as observed and replicated in the experimental program.  
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(a) (b) 

Figure 6-6: Buckling modes in isometric and contour drawings: (a) Z = H; (b) Z = H/2. 
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6.5 EXPERIMENTAL VERIFICATION 

6.5.1 Purpose  

The purpose of the experimental verification was to confirm assumptions such 

as the governing mode of buckling to be of a singular semi sinusoidal shape, mode of 

failure, lack of local buckling due to the thickness of the panel, direct validation of the 

Finite Element Model (FEM) and sanity check for analytical results. 

6.5.2 Experimental setup 

Five stiffened engineered timber walls were tested with pinned supports under 

axial compression. An interior style wall with 70 × 35 mm MGP10 studs at 450 mm 

cts was chosen for the experimental testing. This is due to the lower bending capacity 

compared to the 90 × 45 mm studs common for exterior walls and allowed results to 

be comfortably within the limits of the load cell and actuator used. Specimens as shown 

in Figure 6-7 consist of two sets of single studs at 450 mm cts due to the stability over 

a single stud with 450 mm of panel as the stiffness of the stud is approximately 3 times 

that of the panel [110]. The studs are glued with polyurethane adhesive and nailed with 

glue coated pull-out resilient ring shank nails at 200 mm cts of 3.75 mm diameter and 

95 mm length. 
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(a) 

 

(b) 

Figure 6-7: Details of the engineered stiffened wall: (a) cross-

section; (b) section A-A. 

 

The testing apparatus is depicted in Figure 6-8 shows the orientation of the tested 

walls being horizontal. This is due to the increased versatility and capacity of testing 

specimens of greater heights in a laboratory setting [110]. Load from the actuator head 

was distributed through two 200 mm parallel flange channel (PFC) welded back to 

back, and a similar method was used on the butting end. Both sides were securely 

anchored to the strong floor with M24 threaded rods and to mitigate dynamic effects a 

displacement loading rate of 5 mm/min was used.  
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6.5.3 Experimental results 

The strength of the specimens under axial compression is captured by the force 

vs axial deflection graph as shown in Figure 6-9. Some slack was taken up in the first 

test which yielded the largest axial displacement. This was due to the bolted 

connections, but it did not affect the ultimate capacity due to the slow loading rate.  

 

Figure 6-9: Axial force versus axial deflection. 
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Figure 6-8: Experimental setup: (a) laboratory picture; (b) schematic. 
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The average experimental result for the ultimate capacity was found to be 

99.0 kN. This occurred with a flexural failure mode which the extreme fibres failed in 

tension as shown in Figure 6-10. The somewhat large standard deviation of 8.5 kN for 

the ultimate capacity was found and expected. This is explained due to the nature of 

the material in question and the mode of failure being flexural. That is, the studs are a 

sawn cut timber material which is non-homogeneous and can contain knots. If these 

knots happen to occur at mid-height, then a lower capacity is reached due to their 

reduced strength in tension.  

 

 

Figure 6-10: Flexural failure of the stud at mid-height. 

 

 

6.6 FEA  

6.6.1 Modelling technique 

An explicit non-eigenvalue analysis in the finite element software Abaqus was 

conducted. Locally orientated orthotropic materials were defined for the OSB and 

MGP10 sawn cut radiata pine studs as used for the panel and the stiffener respectively 

[358]. Each of the parts were created from an eight-node linear brick with reduced 

integration (C3D8R) to model them as three-dimensional elements. The connection 

between the panel and the stiffeners was achieved by gluing and nailing and thus both 

features were considered and modelled. A cohesive interaction was used to model the 
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adhesion in accordance to tests as outline in section ‘6.6.2.2 Adhesive’. Finally an 

embedded two-node linear beam element (B31) was used to model the nail with the 

maximum allowable stress in accordance to AS/NZS 1720.1 [359].  

6.6.2 Material Properties  

6.6.2.1 Timber 

The set of values used for the orthotropic materials for the timber panel and 

stiffener are displayed in Table 6.2. Tests in accordance to the Australian Standards 

[360-362] and from additional studies [363-367] were used to determine the constants 

for OSB. For the radiata pine studs AS1720.1 was used to obtain the relevant 

corresponding constants [54-61].  

 

Table 6.2: Elastic constants for orthotropic materials. 

Element 𝑬𝟏 

(MPa) 

𝑬𝟐 

(MPa) 

𝑬𝟑 

(MPa) 
𝒗𝟏𝟐 𝒗𝟏𝟑 𝒗𝟐𝟑 

𝑮𝟏𝟐 

(MPa) 

𝑮𝟏𝟑 

(MPa) 

𝑮𝟐𝟑 

(MPa) 

Stiffener 

(MGP10) 

10000 600 600 0.33 0.50 0.40 670 670 50 

Panel (OSB) 4100 2950 3450 0.31 0.32 0.34 1370 1250 130 

 

The stiffeners are MGP10 radiata pine studs which have a parallel to the grain 

tensile and compressive strength limit of 7.7 MPa and 18 MPa respectively. This in 

accordance to AS/NZS 1720 [368]. The panel has tensile and compressive strength 

limit of 11.9 MPa and 12.5 MPa respectively in accordance to manufacturers 

specification as per AS/NZS 2269.1 and AS/NZS 4063.1 [369, 370].  

6.6.2.2 Adhesive  

Sikaflex-221, a 1C PUR (one component polyurethane) glue with a tensile 

capacity of 1.8 MPa was chosen due to its mainstream proven use and suitability for 

bonding timber [371]. The elasticity and the fracture energy needed to model the glue 

was obtained through scale testing on samples equivalent to the wall engineered 

stiffened wall panels but at 150 mm lengths to minimise the bond area. The method 

used is in keeping with previous studies [372-374] and attained an elasticity (𝐸) of 
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7.8 MPa and fracture energy (𝐺𝑓) of 0.9 N/mm which were then used in the cohesive 

interaction property.  

6.6.3 FEA results 

The ultimate loads obtained through FEM for the corresponding 70 × 35 mm 

single, double, triple and quadruple configurations at 450 mm centres (cts) are: 

106.5 kN, 153.9 kN, 193.2 kN and 232.4 kN respectively. The FEM result of 106.5 kN 

corresponds to the experimental configuration of single studs at 450 mm cts. Although 

this value is 7.6% above the average experimental result for the same configuration, 

due to the large variation in the experimental results, it is still within one standard 

deviation. Further to this, the FEM result is below the maximum experimental result 

obtained of 107.5 kN. For these reasons the FEM is considered validated with the 

recommendation that the panels be carefully manufactured with any knots in the timber 

studs to be located away from centre height of the wall panel. 

6.7 RESULTS  

6.7.1 Comparison and Validation  

Comparing the experimental configuration of the single 70 × 35 mm stud at 

450 mm cts with wall height of 2.75 m with the corresponding developed FE model 

validated that model. This allowed the justified development of the FEM for additional 

configurations which were then compared to analytical results. The comparison is 

shown in Table 6.3 where it can be seen that the analytical method provides a close 

agreement with the FEM results, particularly for walls with a greater number of 

stiffeners.  
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Table 6.3: Comparison and validation of results, 70 × 35 mm studs at 450 mm 

cts with wall height 2.75 m. 

 𝑭𝒖 Axial load (kN)  

Stud 

configuration 
Experiment FEM Analytical 

Discrepancy of 

Analytical Method 

Single x̅ = 99.0, σ = 8.5 96.21 95.47 3.6% (to experimental) 

Double - 153.9 148.74 3.35% (to FEM) 

Triple - 193.2 191.75 0.75% (to FEM) 

Quadruple - 232.4 229.40 1.29% (to FEM) 

 

 

6.7.2 Design Curve  

The validated analytical method has been used on the proposed engineered 

stiffened wall in an array of 81 different configurations in order to generate simple and 

versatile design curves for a broad range of cases. The term ‘number of stiffeners’ 

represents the variation of the number of adjacent stiffeners per the set standard 

spacing of 450 mm, that is, single, double and triple stud scenarios. This time a slightly 

larger stud dimension is used such that it is in keeping with that used in load bearing 

exterior wall applications rather than the slightly smaller studs used in interior walls. 

However, the strength category of MPG10 is the same. The design curves shown in 

Figure 6-11 vary the thickness of the panel, number of stiffeners, height of the wall 

and applied load. As a result, for a desired load capacity, the optimal system 

configurations are given. Likewise, for a chosen configuration the maximum axial load 

is given.  
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Figure 6-11: Design Curves for OSB wall panels stiffened with 90 by 45 mm MGP10 

studs. 

6.8 DISCUSSION 

To the best knowledge of the authors this is the first time that this method has 

been adapted for practical use outside of the aircraft and aerospace field and into timber 

engineering. The analytical approach of the exact strip method through the Wittrick-

Williams algorithm has shown encouraging results for timber applications when used 
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with the appropriate material stiffness coefficients and limits. This work shows that 

this analytical method can be adapted to timber engineering as a preliminary and/or 

alternative means to predict the axial load capacity of engineered stiffened timber panel 

walls. This unlocks huge time saving capabilities in the design of these structural 

systems as the typical computation CPU time on a standard office laptop with an Intel 

Core i7 6600 @2.6GHz is 1.89 seconds but can be as low as 1.65 seconds. Compare 

this to an hour, or for that matter a number of hours that it takes on the same machine 

for an FEM analysis on a stiffened timber wall system. One can conclude that 

computationally, this is thousands of times faster, if not tens of thousands of times 

faster. This starkly clear benefit for an exact analytical solution has been exploited in 

this study to remarkably efficiently run 81 scenarios to create design curves for the 

developed system.  

Although the proposed stiffened engineered timber wall system utilises stud 

sizes and strengths which are the most common to Australia, this system and the 

method can be easily adapted and applied to any specific need or any country’s context. 

For example, in America the standard stud are known as “2 by 4” (inches) that is 

equivalent to 89 mm by 38 mm [375] in dimension and not the 90 mm by 45 mm used 

in Australia. As for the stiffness and strength of the wood, these are also slightly 

different too. However, this does not change the validity of lack of applicability to use 

this method to efficiently create design curves for similar stiffened engineered timber 

wall systems specific for those regions too.  

The structural and material efficiency, along with the widespread applicability 

for this proposed system and the simple and versatile design curves which it produces, 

is an important fundamental step in promoting the increase use of timber. This is based 

on providing an easily accessible level of understanding on the potential capabilities 

of such a timber system to go beyond the limits of lightweight framing without needing 

to resort to massive wooden CLT construction or the use of steel and concrete 

materials. The design curves can be read starting from many perspectives. However, 

only a couple will be discussed to convey the broad scope and importance. Take for 

example an engineer who is determining the feasibility of such a timber system for a 

project. They may start with the required load and trace right and match with a certain 

height for single, double and triple stiffeners then trace down to the corresponding 

curve and left to obtain the required thickness of panel. An example of this is shown 
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in Figure 6-12. Beginning with a 150 kN axial load requirement, for a 3.6 m high wall, 

an understanding is yielded that this can be achieved with either a single or double stud 

configuration as triple stud is not necessary since it does not intersect. From the two 

possibilities of number of studs, the corresponding thickness of panel is obtained, 

24 mm minimum thickness for the single stud configuration and 55 mm minimum 

thickness for the single stud configuration. Both configurations are suitable for the 

input load and wall height required. These two configurations can be examined further 

and costed for material price and manufacturing cost to which one would be deemed 

more suitable. This can be implemented for higher or lower levels in the building too, 

where the result would be tapering off from ground level up in terms of lesser number 

of stiffeners and thinner panels hence providing greatest efficiency of material usage. 

This is achieved without disturbing the spacing to keep the load paths direct. Moreover, 

the floor joists above are in uniform keeping and hence leading the entire structural 

system being highly suitable for rapid repeatable manufacturing through automated 

prefabrication.  
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Figure 6-12: Satisfactory configurations for required load. 

From another perspective, say a group affiliated with a timber panel producer or 

distributor wants to add value to a specific panel product by offering design 

information to potential buyers or possible uses of their product to increase sale and 

market share. This can be obtained through the reverse direction of the design curve 

for stiffened engineered timber wall systems. An example of this is shown in Figure 

6-13 where an engineered timber panel manufacturer or mass distributor produces or 

holds vast stock of a moderately thick 40 mm OSB panel and wishes to provide general 

design guide to builders and potential buyers of their product on how best to use it. It 

is shown that for an average double stud configuration this wall panel can achieve axial 

loads of 195 kN, 275 kN and 420 kN for the corresponding heights of 3.6 m, 3.0 m and 

2.4 m respectively.  

 

Figure 6-13: Load from any particular configuration. 
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Lastly consider a concrete or steel engineer who is not as familiar with timber, 

whose company is looking into tendering for a government project which highlights 

the preferred use of renewable and sustainable materials. The engineer may intuitively 

know the approximate required EI value for the proposed building for loading and 

serviceability if it was to be built with concrete but has no idea whether a timber system 

would be suitable instead, let alone what type of configuration and how much timber 

would be required. To get an appreciable feel for the capacity and configuration of a 

suitable engineered timber wall system with equivalent EI value they can start from 

the horizontal axis and trace up and down for the corresponding load and 

configurations. An example of this is shown in Figure 6-14 in which an EI of 

600 Pa⋅m4 is chosen for a wall of 3.0 m resulting in the determination that only double 

and triple stud configurations are suitable. They are to have corresponding minimum 

panel thicknesses of 46 mm and 56 mm respectively with axial load capacities of 

340 kN and 390 kN respectively.  
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Figure 6-14: Load and configuration from flexural capacity. 

 

In this way, it has been shown that the proposed design curves for stiffened 

engineered timber walls are highly versatile and impactful. The results show the 

positive relationship between load capacity, the number of stiffeners per spacing and 

the thickness of the panel. Furthermore, for many scenarios it can be seen that for a 

given load there are a number of satisfactory solutions. That is, a wall with a single 

stiffener per 450 mm cts with a thicker panel can have the same capacity of a wall with 

a thinner panel but double stiffeners. This method provides the user with refined 

options which they can investigate further. This would include estimating costs of the 

options in terms of materials and manufacturing in order to decide the most suitable 

case for their context.  

6.9 CONCLUSIONS  

This study has introduced the mathematical modelling of stiffened engineered 

timber wall systems which offer a material efficient solution for timber buildings. 
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These go beyond the limits of lightweight framing but below the capacity of massive 

wooden construction from CLT. A collection of corresponding simple and versatile 

design curves has been presented to aid in the initial feasibility analysis of the 

capabilities of such systems. This is applicable for numerous configurations which can 

be used from several perspectives to meet the specific need of the user. The results 

were obtained through an analytical approach via the exact finite strip method based 

upon the Wittrick-Williams algorithm with appropriate orthotropic material models 

and strength limits to capture the behaviour of the timber elements. This is the first 

time such a method has been adapted to be used outside of aerospace engineering in 

thin laminate composite plates and into timber engineering in stiffened engineered 

timber walls. Hence, essential validation through experimental testing and finite 

element analysis was undertaken; this proved successful. The computational cost 

efficiency of this analytical method is thousands if not tens of thousands of times 

greater than that of corresponding FEM analysis of stiffened engineering timber walls. 

This allowed for 81 models to be rapidly executed and thus facilitated this method to 

be efficiently applied to any specific design need or country context to generate similar 

design curves. The parameters which were varied include: the thickness of the panel, 

number of stiffeners, height of the wall and applied load. Using the created design 

curves, for a desired load capacity, the optimal system configurations are given. 

Likewise, for a chosen configuration the allowable axial load is given.  
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Verified and Validated Design Curves and Strength 

Reduction Factors for Post-Tensioned Composite Steel-

Timber Stiffened Wall Systems 

 

Abstract: Viability of timber-based solutions for projects is often limited by 

lengthy modelling and preliminary design when compared to traditional systems such 

as precast concrete. However, sustainability principles are becoming more prevalent 

in construction with increasing demands for mid-rise buildings constructed through 

automated prefabrication via Design for Manufacturing and Assembly (DfMA) 

techniques. Considering this, this paper introduces and presents design curves for Post-

Tensioned (PT) Composite Steel-Timber stiffened wall systems under axial loading. 

Notably material efficient, they consist of a stiffened engineered timber panel, having 

half the typical minimum thickness of Cross-Laminated Timber (CLT). Composite 

action is gained through integrally stiffening the panel with timber studs and steel 

square hollow sections (SHS), which house a PT rod. The post-tensioning facilitates 

vertical panel to panel connections for quick onsite assembly, permanent tie-down and 

self-centering rocking mechanism functionality. A full-scale experimental testing 

program was conducted in conjunction with analytically verified and validated finite 

element models. Parametric changes include: level of post-tensioning, number of 

stiffeners, thickness of panel, height of the wall and applied load. Highly versatile yet 

simple design curves have been developed from an exhaustive set of incremental 

results. In addition, a strength reduction factor capturing the effects caused by post-

tensioning is proposed. With these, a simple design procedure has been outlined for 

quick feasibility analysis and preliminary design. That is, for a desired load capacity 

https://doi.org/10.1016/j.engstruct.2019.110053
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and level of post-tensioning, the optimal system configurations is given. Likewise, for 

a chosen configuration and level of post-tensioning the allowable axial load is given.  

Keywords: Composite Steel-Timber (CST); Post-Tensioned (PT); Design 

Curves; Cross-Laminated Timber (CLT); Automated panelised prefabrication; Snap-

through buckling. 

 

6.10 INTRODUCTION 

Prefabrication is progressively being adopted in construction, particularly with 

timber-based systems [79, 319] in which industry is furthering its establishment for 

mid-rise construction through innovation and development [109, 126]. Traditionally, 

timber is used in the form of open-panel lightweight frame construction [320, 321] 

which is generally suitable for low-rise, one to three storey, developments [322, 323]. 

Fundamentally, timber is a renewable material that stores carbon, is highly workable 

and is suitable for automated prefabrication under via Design for Manufacturing and 

Assembly (DfMA) [88, 376-381]. Taller construction in timber can be achieved 

through what the International Building Code terms as ‘massive timber systems’, or 

‘mass wood construction’ [324]. These use large solid Cross-laminated timber (CLT) 

built-up panels which so far have achieved 18 stories, or 53 metres in height, with 

structural design concepts that each up to 150 metres [54, 77]. However, a more 

material efficient timber-based system is required for the practical construction of a 

new generation of mid-rise buildings. The presented fully prefabricated Post-

Tensioned Composite Steel-Timber (PT-CST) stiffened wall system and 

corresponding design curves and methods may provide a means for this. 

Post-tensioning of timber walls suitable for mid-rise buildings was first proposed 

and studied in 2005 at the University of Canterbury with the development of PresLam 

technology [172, 283, 284]. This and future studies were conducted showcasing PT 

based technologies merits in terms of its high seismic performance [285-290]. These 

studies focused on the lateral stability and seismic performance of basic monolithic 

timber walls, termed ‘mass timber walls’ much like precast concrete in terms of its 

geometrical dimensions. The self-claimed first commercial use of post-tensioning in 

mass timber walls was in 2012, this was a timber alternative solution to post-tensioned 

concrete shear walls with rocking functionality akin to Precast Seismic Structural 
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Systems (PRESS) [291-294]. The PT in mass timber shear walls creates rocking walls 

of a similar nature [289, 295]. These walls in earthquake events control the damage, 

provide lateral stability and also facilitate self-centring capability [296]. The timber 

shear wall used in this leading example was fabricated from mass Laminated Veneer 

Lumber (LVL). This has been studied by the University of Canterbury and was first 

implemented on the three-storey NMIT project located in New Zealand [296]. Since 

then, this technologies uptake and following studies has been slow, however, it has 

spurred the resulting shift to post-tensioned mass timber walls being built from CLT 

instead. Regardless of which type mass timber walls are considered, they are notably 

thick, at 160 mm and beyond, which generally matches the thickness of the precast 

concrete alternatives [279]. Although the cross-section dimensions have not changed 

significantly, the constituting timber laminates which form these walls are now many 

times thicker and cross-orientated. Due to the anisotropic nature of timber, the cross-

orientation aids the materials use in a shear wall, as it is to resist not only axial, but 

lateral loads also. From this, mass timber PT walls, also known as self-centring post-

tensioned CLT walls are amongst the latest developments in timber engineering and 

have been studied for their lateral performance in various lateral loading and seismic 

events [285, 288-290, 296-298]. 

Lateral stability and self-centring characteristics are the primary intended 

purposes of the inclusion of post-tensioning into these walls, and thus are what has 

been focused on [289, 295, 299-303]. Experimental investigations to validate the 

expected lateral response and thus support the outlined premise are plentiful [288-290, 

304, 305]. To support the practical implementation of timber systems, numerous 

studies have provided comprehensive investigation and solutions to fire concerns [382-

384]. Primarily, these related to either encapsulating methods or sacrificial char layers 

[383, 385, 386]. Encapsulation methods include the use of gypsum boards, intumescent 

coatings and spray applied fire-resistant materials (SFRM) to prevent burning [386-

388]. Whereas, with sacrificial char layers, that is, that allowance thereof; the wood is 

directly exposed such that it can be burnt [387, 389, 390]. The burnt material becomes 

an insulating charred layer, this in turn controls the rate of burning in a reliable and 

predictable manner [389, 391, 392]. Despite the advancements in understanding, CLT 

along with other forms of mass timber construction are often simply material 

inefficient and expensive, therefore efforts have been made in investigating the effects 



Chapter 6: Advancement to Design Methods and Selection 246 

of replacing some sections of CLT with lightweight framing, particularly with regards 

to post-tensioning and lateral performance [278]. However, despite all the work on the 

positive effects of post-tensioning on the lateral performance of mass timber walls, 

there is a clear gap in research when it comes to the axial performance of timber wall 

systems under post-tensioning. For vertical loads, the effects of post-tensioning on 

prefabricated panelised timber walls is a new and relatively unexplored field, and 

entirely new in terms of the developed Composite Steel-Timber (CST) stiffened walls 

[110]. This hinders the design, development and adoption of these more sustainable 

minded systems in industry, particularly when compared to more traditional and 

widespread construction systems such as precast concrete.  

There are many factors which relate to the viability and feasibility of a timber-

based solution for a project. One particular factor is the ability to undertake rapid 

modelling and preliminary design in the early stages [314, 315]. Time intensive 

purpose and project specific Finite Element Modelling (FEM) and specialist 

knowledge at this early stage prompts traditional methods based on concrete and steel 

to be considered as having greater viability [172, 316-318]. Due to its novelty there is 

currently no adequate procedure in national or international standards or guidelines to 

specifically cater for the design of Post-Tensioned Composite Steel-Timber (PT-CST) 

stiffened wall systems under axial load. A means for the rapid assessment of the 

capacity and identification of optimal design of commercially competitive 

configurations of Post-Tensioned Composite Steel-Timber (PT-CST) stiffened wall 

systems is needed.  

6.11 POST-TENSIONED COMPOSITE STEEL-TIMBER STIFFENED 

WALL SYSTEMS 

The developed Post-Tensioned (PT) Composite Steel-Timber (CST) stiffened 

wall system is displayed in Figure 6-15. It consists of a moderately thick engineered 

timber panel which is integrally stiffened through a chemically bonded and 

mechanically fastened connection to sawn-cut timber studs and steel square hollow 

sections (SHS) as shown in Figure 6-16. For clarity, the terminological use of the word 

post-tensioning, is consistent with industry practice, specifically referring to the 

tensioning application process being conducted on-site during installation rather than 

at the manufacturing facility. The composition of different materials allows for the 

maximisation of the benefits of each component and overall material efficiency [306]. 
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The moderate thickness of the engineered timber panel element, 20 mm to 60 mm, is 

such that it is lesser than that of the minimum thickness of CLT, however, significantly 

greater than typical 6 mm bracing sheets [270, 393-395]. The common minimum 

thickness of CLT is 60 mm, this is limited by the minimum number of laminated layers, 

that is, 3 layers of 20 mm thickness each [279]. However, the typical thickness of CLT 

used for walls is 160 mm, similar of that to precast concrete [52]. Compared to this 

thickness, the PT-CST walls consist of a significantly thinner engineered timber panel 

which is then stiffened and strengthened with conventional sawn cut studs and steel 

SHS’s through a chemical and mechanically fastened connection [396]. The spacing 

of the sawn cut timber studs is kept constant at 450 mm in keeping with the traditional 

spacing in lightweight timber frames [397, 398]. This enables established 

prefabricators to utilise their existing jigs and automated framing machinery in the 

manufacture of these systems [28, 46, 104, 112, 399]. It also ensures that the developed 

system is entirely compatible with off the shelf insulation bats and typical window 

sizes. Furthermore, this allows the system to be compatible with typical flooring 

systems which have the same 450 mm spacing for the joists such that a direct load path 

can be established [62]. 
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Figure 6-15: Post-Tensioned (PT) Composite Steel Timber (CST) Stiffened 

Wall System. 
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Figure 6-16: Connection details; nailed and glued stud to panel (left); welded 

steel tabs and screwed connection of SHS to panel (right). 

 

The proposed array of PT-CST stiffened wall systems consists engineered timber 

wall panels of varying thicknesses and heights, with a variety of the number of adjacent 

MGP10 sawn cut timber stud stiffeners (e.g. single, double, triple). The term used 

‘number of studs/stiffeners’ refers to the number of adjacent stiffeners per set spacing 

as shown in Figure 6-17. Note that there is no direct connection between adjacent 

studs, rather, each are glued and nailed to the panel. The rationale behind the proposed 

design of this system is in the maximisation of current supply chains to increase the 

feasibility for the practical widespread commercial adoption of the system by taking 

advantage of common readily available materials, familiarity of methods and 

construction techniques leading to cost effectiveness.  

 

 

Figure 6-17: Number of stiffeners 1, 2 and 3 corresponds to single double or triple 

adjacent studs per set spacing. 
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The material-efficient nature of the CST stiffened wall allows for a greater 

resource usage of timber for its load-carrying capability. This is especially notable 

when a CST stiffened wall is compared to regular rectangular cross-sectioned walls 

such as CLT since the former has a more efficient distribution of mass about the 

centroidal axis. For example, a CST stiffened wall with only one 90 × 35 mm stud 

stiffener per 450 mm and one 65 × 65 × 4 mm SHS per 900 mm along the length of a 

38 mm engineered timber panel can have the same second moment of area as CLT 

wall of 113 mm thickness. Apart from stiffening and load carrying, the integrated SHS 

houses the PT system which consists of a steel rod, end nuts and couplers which takes 

a critical role as both a connection element and a global structural element braced by 

the panel. The SHS is embedded into the wall via a glued and screwed connection via 

welded steel strip tabs, the latter of which aids the former in placement and curing. The 

inert steel SHS resists the PT loads which is loaded onto it, as a bid to help mitigate 

against crushing and long-term creep effects which non-hybrid timber post-tensioned 

structures face [400, 401]. The SHS’s are located at set spacings along the length of 

the wall, with one always at each end of the wall to facilitate a simple bolted plate 

connection between adjacent walls. Additionally, they serve as secure lifting points 

during cranage and installation on-site, an example is presented in Figure 6-18.  

The PT system stiffens and provides a tied tensioned vertical continuity which 

helps control the sway of the building through self-centring and helps mitigate 

structural damage [295, 305]. That is, it acts as the vertical connection for the panelised 

walls but also ties the entire building to the foundation to prevent overturning [278, 

402]. Through this method, forces induced by extreme winds or earthquakes may be 

controlled in terms of their potential damaging effect on the building [403, 404]. 

Moreover, it is important to note that due to the unsymmetrical cross-section (panel on 

one side only) the tensioned rod lies on the same side of the neutral axis as the overall 

central loading point. This ensures full mitigation against the risk of snap-through 

buckling between the temporary and permanent state. A symmetrical configuration 

with the panel on both sides of the studs would be likely prevent vapour diffusion of 

the sealed area which may lead rise to an increase risk of condensation, decay and 

mould growth when built in temperate climates [405-408]. Considering the complexity 

of the system and the number of components, this study aims to better understand the 
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performance and PT behaviour under vertical axial loading as well as simplify the 

feasibility analysis and design process of these systems.  

 

Figure 6-18: Example of a PT-CST wall system. Note that the walls are fully 

prefabricated, prior to delivery.  

 

6.12 METHOD AND MATERIALS 

6.12.1 Overview  

An overview of the method used in this project is presented in Figure 6-19. A 

standard configuration of the PT-CST was defined, then a Finite Element Method 

(FEM) was used to simulate the system which was verified by analytical means. From 

this, an appropriate experimental setup was configured, and testing occurred. The 

results of which allowed for the validation of the model which then allowed confident 

re-simulation across a greater dimensional array. With the key parameters affecting 

performance found, several altered configurations were designed and manufactured. 

Walls in accordance to these altered configurations were also then experimentally 

tested. The results were analysed, and the parametric changes were then again 

validated the finite element models which were refined in greater detail. The results of 

which led to the creation of general design curves which can be used for an array of 

configurations. Additionally, a strength reduction factor due to the application of PT 

was introduced and evaluated across a range of parameters. Finally, a design procedure 

has been proposed which utilises these developed learnings and design resources. 

Please note that the use of the proposed design method is limited to academic scholarly 

research in feasibility analysis and initial preliminary design of PT-CST systems that 

fall within the experimental testing conditions and parametric range investigated. 



Chapter 6: Advancement to Design Methods and Selection 252 

 

 

Figure 6-19: Method used to verify and validate the FEM based on analytical and 

experimental results. 
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6.12.2 Experimental program 

6.12.2.1 Specimen Design 

As representative sections of a greater width wall, the post-tensioned stiffened 

engineered timber composite walls specimens in its standard configuration is displayed 

in Figure 6-20. All specimens were created in typical prefabricated manufacturing 

conditions with the aid of an industry partner with the chosen engineered timber panel 

being Oriented Strand Board (OSB). The detail of each of the constituting elements of 

the composite walls is summarised in Table 6.4, with strength classes as per the 

appropriate standards and certification [308-312]. 

 

Table 6.4: Material and geometry summary. 

Element Material 
Cross-section 

(mm) 
Strength 

Studs Radiata Pine 90 × 35 MGP10 

Panel OSB 900 × 38 OSB4 

SHS Steel 65 × 65 × 4 CL450L0 

Rod Steel ⌀ 21.7 CL300 

 

To ensure stiffness and full composite action at even the early stages of loading, 

the connection between the relatively flexible panel and the stiffeners is first glued 

with a one-component polyurethane adhesive having an open time of 45 minutes. 

Immediately after placement, the studs are then nailed with 130 mm long, 3.75 mm 

diameter nails at 400 mm centres which ensured even squeeze out. The connection for 

the SHS component of the PT system to the panel is also first glued with a polyurethane 

adhesive. It features strips of welded steel tabs to the SHS which provides support for 

a supplementary screwed connection which is installed immediately after. In both 

instances, the nails and screws provide clamping pressure which aids the proper spread 

and bonding of the adhesive during installation and curing. 
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Figure 6-20: Standard configuration of specimen, units: mm. 

 

The height of the walls in this standard configuration is 3.2 m with 450 mm stud 

spacing and 900 mm PT system spacing, the details of which is summarised in Table 

6.5. 

 

Table 6.5: Standard configuration specimen summary. 

Property Specification 

Wall height 3.2 m 

Panel thickness 38 mm 

Number of adjacent studs per spacing One 

Stud spacing 450 mm 

Studs MGP10 90 × 35 mm 

PT spacing 900 mm 

PT Rod diameter 21.7 mm 

PT Torque level 210 Nm 

PT force ~30 kN 

SHS 65 × 65 × 4 mm 

Nail spacing 400 mm 

Adhesive 1C Polyurethane 

 



Chapter 6: Advancement to Design Methods and Selection 255 

Several other configurations were manufactured identical to the standard 

configuration apart from a single key modification as outlined in Table 6.6. Each of 

which has been carefully selected to investigated and gauge its impact on performance. 

The parameters which were altered include, height increased from 3.2 m to 4.0 m, 

various initial PT forces and also no initial PT force.  

Note that the maximum allowed designed PT force is capped at 80 kN. This is 

limited by the maximum amount of force a human can safely apply on-site whilst on a 

free-standing platform, the yield limit of the steel rod, in this case 137 kN, and any 

potential initial induced bow due to imperfections. 

 

Table 6.6: Tested walls and specimen ID. 

Wall 

Number Specimen ID 

Characterisation 

Configuration Description 

1 H3200_PT30_S1 Standard Specimen 1 

2 H3200_PT30_S2 Standard Specimen 2 

3 H3200_PT30_S3 Standard Specimen 3 

4 H3200_PT_0 Altered Zero PT force 

5 H3200_PT45 Altered Increased initial PT force 

6 H3200_PT75 Altered Increased initial PT force 

7 H4000_PT30 Altered Altered wall height 

 

6.12.2.2 Experimental setup, loading and instrumentation  

The experimental setup was conducted in a horizontal manner as depicted in 

Figure 6-21. Before external axial load from the actuator is applied, the specimens are 

post-tensioned to the required initial PT force. This is achievable with a torque wrench, 

even when the specimen is in the test setup, since the design of the specimen is such 

that the column is shorter in this region. This allows the wall to be held still during the 

PT process thus facilitating accurate reading of any out-of-plane displacement. The 

initial PT force to be applied to various specimens is 0 kN, 30 kN, 45 kN and 75 kN. 

After post-tensioning, the external axial load is applied only to the studs and SHS. This 

is achieved by the panel being 10 mm shorter. Short SHS sections are placed over the 

torqued nuts to bring the steel column in line with the top and bottom plates. This is 
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critical for the external load to be transferred to the SHS rather than the rod. A Material 

Test Systems (MTS) hydraulic actuator, rated to 500 kN, was bolted to the strong floor 

and applied the external load which was captured by a load cell every 0.01 seconds. 

The applied load was transferred via a spreader beam to the specimen under 

displacement control, at a rate of 4.0 mm/min. This was countered by the butting end 

in a similar manner. Both ends provided lateral and vertical restraint whilst allowing 

the specimen to rotate under buckling. Laser triangulation transducers recorded 

displacements at 100 Hz were placed underneath the PT-CST walls specimens at mid-

height.  

 

 

 

Figure 6-21: Horizontal experimental setup used for the axial compression 

tests. 

 

General purpose Tokyo Sokki Kenkyujo [313] strain gauges of type 

FLA-3-11-3LJC were carefully installed mid-way on the steel PT rods prior to 

assembly. A calibrated torque wrench with adjustable torque settings was used to apply 

the post-tensioning force. The level of torque to be applied needs to be calibrated to 

the level of post-tensioning specified through the strain readings. The strain read was 

in terms of microstrain and converted to post-tensioning force. Given that the Young’s 

modulus of steel of 200 GPa and the rod diameter was 21.7 mm, a linear relationship 

relating microstrain to the PT force was developed as per Equation 6.14 and Figure 

6-22. From this, the strain readings were matched and paired with the required levels 

of post-tensioning by increasing torque on the wrench.  
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 PT Force (kN) = 0.074 × Microstrain (6.14) 

 

Figure 6-22: Microstrain to experienced level of post-tensioning. 

 

6.12.3 Analytical  

An analytical method was used to model the behaviour of the composite steel-

timber wall systems under axial loading. This was based on the exact Finite Strip 

Method (FSM). The exact FSM discretises parts in a set of continuous planes, that is, 

in strips [335, 348, 350]. The limitation of this is that the geometry must be simple 

prismatic, in other words, with regular rectangular sections of uniform cross-sectional 

area. However, for this application, the panel, timber studs and steel SHS can be 

simplified into strips and used appropriately as shown in Figure 6-23  
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(a) 

 

(b) 

Figure 6-23: Strip simplification used for analytical (FSM) method: (a) profile 

view; (b) plan view. 

 

Appropriate stiffness matrices were found with the Kirchhoff hypothesis as 

shown in Equation 6.15 and used for each of the simplified parts. 
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(6.15) 

 

Exact solutions are found by iteratively solving the transcendental eigenvalue 

problem in Equation 6.16 until the material strength limits are reached. The basis of 

this method was first proposed by Wittrick and Williams [333, 350, 351].  
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 K(Q) D = P (6.16) 

 where, 

  

K = global stiffness matrix 

Q = critical load factor  

D = displacement vector  

P = perturbation forces 

 

The elements of K(Q) are transcendental functions of the eigenparameter Q, and 

its eigenvalues may be found by solving Equation 6.17.  

 K(Q)D = 0 (6.17) 

Then Equation 6.18 is solved to give the number of eigenvalues J which are 

lower than a trial value Q* of Q. 

  J(Q*) = J0(Q*) + sign [K(Q*)]  (6.18) 

 

The use of only free or clamped edges allows the critical load factor Q to be 

found for first mode buckling problems such as for the composite steel-timber stiffened 

wall systems. 

6.12.4 FEM 

6.12.4.1 Modelling technique 

An explicit non-linear analysis was conducted in the finite element software 

Abaqus [358]. Locally orientated orthotropic materials with linear behaviour were 

defined for the OSB and MGP10 sawn cut radiata pine studs used for the panel and the 

stud stiffeners respectively. Each of the parts were created from an eight-node linear 

brick with reduced integration (C3D8R) to model them as three-dimensional elements. 

The steel PT rod was modelled in a similar but isotropic manner for the important 

addition of initial post-tensioning. The post-tensioning was achieved through applying 

a temperature change in the rod; the appropriate temperature change was set such that 

it induced the desired PT force. This was applied prior to the external axial loading 

stage. This method of simulating post-tensioning in Abaqus through temperature 
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change has been successfully used in prior studies [409, 410]. As for the crucial load 

bearing steel SHS, material non-linearity was considered through plastic material 

behaviour and hardening despite only moderate displacements/deformations expected 

prior to glue delamination. This was to ensure that during the parametric study, where 

a range of configurations were simulated, if the yield limit was reached prior to glue 

delamination, that the appropriate behaviour would be adequately captured. This is 

particularly important for the steel SHS, as it is by far the stiffest member, thus primary 

loaded, as well as having notably large plastic region. When the material transitions 

from the elastic to plastic region in the FE analysis, convergence issues may arise due 

to multi-linear and exact non-linear material models being based directly off coupon 

experiments which for steel often includes a yield plateau prior to hardening. To help 

ensure that this issue was circumvented a bilinear material model was used; upon 

yielding the non-linear model immediately enters strain hardening. 

 The bilinear model with isotropic hardening was deemed appropriate due to 

quasi-static analysis, non-cyclic loading, moderately limited amount deformation as 

well as the limiting strength of the connection to the panel. Only the yield strength and 

tangent modulus are needed, where tangent modulus has been calculated using the true 

stress and true strain data of grade 450 steel [411]. However, since ANSYS was not 

utilized, the tangent modulus could not be used as the input for the bilinear model. 

Rather the plastic strain was necessary and calculated by the difference in strain at 

ultimate load (εu) to that at the elastic limit (εp) as given in literature [411]. 

Additionally, NLGEOM was turned on in the step definition to account for the 

inclusion of non-linear effects of any notable displacements for subsequent steps. Due 

to the integration of composite action in the PT-CST system, connection between 

components is critical to achieve accurate simulation. Therefore, experimental tests 

specifically on the connections were conducted to gather the required contact 

properties for the FE models, these will be further outlined. 

6.12.4.2 Material Properties  

The steel components were simply modelled with isotropic properties for 

young’s modulus, poisson’s ratio and density. This corresponded to values of 2.1 GPa, 

0.3 and 7850 kg/m3 respectively. The yield stresses were set to 450 MPa for the SHS 

and 350 MPa for all other steel components in accordance to manufacturers 

specifications. In contrast, orthotropic materials properties were required for the timber 
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panel and stud stiffeners, the set of values used are displayed in Table 6.7. Tests in 

accordance to the Australian Standards [360-362] and from additional studies [363-

367] were used to determine the constants for the timber studs and OSB panel.  

 

Table 6.7: Elastic constants for orthotropic materials. 

Element 
𝑬𝟏 

(MPa) 

𝑬𝟐 

(MPa) 

𝑬𝟑 

(MPa) 
𝒗𝟏𝟐 𝒗𝟏𝟑 𝒗𝟐𝟑 

𝑮𝟏𝟐 

(MPa) 

𝑮𝟏𝟑 

(MPa) 

𝑮𝟐𝟑 

(MPa) 

Stiffener 

(MGP10) 
10,000 600 600 0.33 0.5 0.4 670 670 50 

Panel 

(OSB) 
4,100 2950 3450 0.31 0.32 0.34 1370 1250 130 

 

The timber stud stiffeners are sawn cut MGP10 radiata pine which have a parallel 

to the grain tensile and compressive strength limit of 7.7 MPa and 18 MPa 

respectively, along with a bending and bearing strength of 17 MPa and 30 MPa. This 

in accordance to AS/NZS 1720 and timber design guides [368, 412]. The engineered 

timber panel has tensile, compressive and shear strength limits of 11.9 MPa, 12.5 MPa 

and 3.48 MPa respectively, and a bending and bearing strength of 20.3 MPa and 

16.9 MPa. This is in accordance to manufacturers specification, AS/NZS 2269.1 and 

AS/NZS 4063.1 [312, 369, 370].  

6.12.4.3 Connections  

Representative simulation of composite systems requires accurate modelling of 

the connection between components; thus, experimental testing focusing on the 

connections was conducted, these shown in Figure 6-24. The connections involve both 

mechanical fasteners and glue; therefore, both features were considered, tested and 

modelled.  
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(a) (b) 

 

(c) 

Figure 6-24: Connection testing, nail and adhesive: (a) panel to stud shear 

strength connection; (b) panel to SHS delamination and pull-off; (c) panel to 

stud pull-out/off. 
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An embedded 2-node linear beam element (B31) was used to model the 

embedded nails. The nails interaction with the wood was determined from 

experimental results; these included a Young’s modulus of 21.8 GPa, yield strength of 

71 MPa and a transverse shear stiffness of 181 MPa. The maximum allowable stress 

was in accordance to experimental testing and AS/NZS 1720.1 [413].  

A rigid 1C PUR (one component polyurethane) was chosen as the adhesive due 

to its proven suitability for bonding timber components [371]. The cohesive traction-

separation and damage evolution methods were used to model the adhesive action 

between the panel and stud stiffeners and panel and SHS through respective cohesive 

contact assignments and model definition. Tensile behaviour is captured in the normal 

direction whereas shear behaviour in the transverse direction; the traction-separation 

law as per Equation 6.19. 

 

𝑡 = {

𝑡𝑛
𝑡𝑠
𝑡𝑡

} = [

𝐾𝑛 0 0
0 𝐾𝑠 0
0 0 𝐾𝑡

] × {

𝛿𝑛

𝛿𝑠

𝛿𝑡

} = 𝐾𝛿𝑛 
(6.19) 

 

Where, the subscript n = normal direction; subscript t and subscript s = transverse 

directions; 𝑡 = traction; 𝛿 = separation and 𝐾 = contact stiffness. 

 

The damage initiation criterion as per Equation 6.20 and damage evolution laws 

were used using normal and transverse contact stress and fracture energy. Once the 

contact stress limit is reached in either the normal or transverse directions damage will 

ensue in accordance to the damage evolution criteria using fracture energy; elastic 

behaviour occurs until peak traction where exponential decay then takes place as 

shown in Figure 6-25. The governing equation of this damage evolution is given in 

Equation 6.21. 

𝑚𝑎𝑥 {
𝑡𝑛

𝑡𝑛
0

𝑡𝑠

𝑡𝑠
0

𝑡𝑡

𝑡𝑡
0} 

(6.20) 

Where, 𝑡𝑛
0 = maximum contact stress in the normal direction and 𝑡𝑠

0 as well as 

𝑡𝑡
0 = maximum contact stress in the transverse directions. 
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Figure 6-25: Traction-separation with exponential damage evolution. 

 
 

𝐷 = ∫
𝑇𝑒𝑓𝑓𝑑𝛿

𝐺𝑐 − 𝐺0

𝛿𝑚
𝑓

𝛿𝑚
0

 (6.21) 

 

Where the damage evolution is governed by: 𝑇𝑒𝑓𝑓 = Effective post-peak traction 

(difference between post-peak and peak tractions); 𝐺𝑐 = fracture energy; 𝐺0 = energy 

at damage initiation (elastic energy); 𝛿𝑚
𝑓

 = separation at fracture level and 

𝛿𝑚
0  = separation at damage initiation (separation at peak traction). 

 

These input parameters stem directly from the experimental tests as describe in 

detail in literature [358, 414, 415]; the elasticity 𝐸 for the contact stiffness and the 

fracture energy 𝐺𝑓 used to model the glue via the traction-separation and damage 

evolution methods was obtained through scale testing on samples equivalent to the 

stiffened engineered timber wall panels. This was carried out through a Hydrajaws 

Model 2000 as shown previously Figure 6-24; the method used matches that of 

previous studies [372-374, 415]. The contact stiffness, damage initiation and fracture 

energy results are shown in Table 6.8. 
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Table 6.8: Traction-separation methods experiential derived connection 

properties. 

 Contact Stiffness (MPa) Damage Initiation (MPa)  

 
Normal 

(nn) 

Shear 

(ss and tt) 

Normal 

(nn) 

Shear 

(ss and tt) 

Fracture Energy 

(Nmm/mm2) 

Panel to 

stud 
7.8 7.8 0.51 0.51 0.9 

Panel to 

SHS 
52.2 52.2 1.71 1.71 5.1 

 

6.13 RESULTS AND DISCUSSION 

6.13.1 Verification and Validation 

6.13.1.1 Peak force  

As per the investigations method previously outlined, FE models have been 

developed for a range of possible configurations. These include changing the thickness 

of the panel, height of the wall and number of adjacent stud stiffeners per standard 

450 mm spacing. The capacities to the set of configurations was also predicted via 

analytical means as described. A comparison summary of results is shown in Table 

6.9. The analytical method demonstrated an all-round conservative but close 

agreement with the FEM results. This may be due to the FEM simulations ability to 

better capture the more advanced effects of the combination of failure modes. The 

closest agreements between the FEM and analytical results were for walls with greater 

number of stiffeners and walls with thicker panels. Therefore, it can be said that in this 

application, engineered timber stiffened walls which have wider and thicker 

components both in terms of the panel and the stiffeners have their predicted composite 

capacity more closely matched by the two methods.  
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Table 6.9: Verification of results, FEM to analytical. 

  𝑷𝒖 – Ultimate Axial load (kN)  

Modification 

Configuration 

(in accordance to standard 

configuration with a PT of 

0 kN unless specified) 

FEM Analytical 
Discrepancy  

(Analytical to FEM.) 

Panel 

thickness 
t= 20 to 60 mm 269.4 up to 379.7 296.3 up to 398.7 From 10 % to 5% 

Height of wall h = 2.4 m to 3.6 m 434.6 down to 256.2 467.2 down to 289.5 From 7.5% to 13% 

Stud 

arrangement 
Single, Double, Triple 303.2 up to 496.4 330.5 up to 506.3 From 9% to 2% 

 

The FSM idealises each component as thin shells rather than three dimensional 

elements; although the walls itself lends to this simplification, there is some impact on 

how representative the end pinned support conditions are, thus a potential reason for 

its overall conservativity. The best agreements between the FEM and analytical results 

were for walls with greater number of stiffeners and walls with thicker panels. 

Therefore, it can be said that in this application, engineered timber stiffened walls 

which have wider and thicker components both in terms of the panel and the stiffeners 

have their predicted composite capacity more closely matched by the two methods. 

This may be due to the differing failure modes, particularly, that of the steel as 

compared to timber. Building from the confidence gained of the FEM through 

verification, an experimental setup was configured, and an investigation program was 

designed. This was to safely test and robustly determine through experimental means 

the actual performance of the engineered timber composite walls under various key 

configurations. The gathered experimental results and behaviour were compared to the 

FEM simulations in order to validate them. Table 6.10 demonstrates the successful 

validation of the FEM which accurately predicts the ultimate load as found in the 

experiments. This is likely due to the critical failure being the connection between the 

panel and the stiffeners which is accurately modelled through cohesive traction-

separation and damage evolution methods. However, some degree of underprediction 

always occurred, regardless of the level of post-tensioning. This is likely due to the 

reliance on capturing the exact behaviour of each component. This is particularly 

difficult for timber since it is a natural material and non-homogenous. 
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Table 6.10: Validation of results, FEM to experimental. 

 𝑷𝒖 – Ultimate Axial load (kN)  

Configuration 

(In accordance to standard 

configuration unless specified) 

FEM Experiment 
Discrepancy  

(FEM to experiment) 

Single (3.2 m height, PT0) 303.2 316.5 -4.2% 

Single (3.2 m height, PT30) 286.8 x̅ = 304.8, σ = 2.2 -5.9% 

Single (3.2 m height, PT45) 278.5 300.9 -7.4% 

Single (3.2 m height, PT80) 259.3 280.6 -7.6% 

Single (4.0 m height, PT30) 249.9 253.8 -1.5% 

 

6.13.1.2 Force-deflection behaviour  

Capturing the deflection behaviour under axial loading also provided an 

important means of validation of the FEM. It is particularly significant that these 

matched accurately since the panel component of these walls are classified as slender. 

This can be attributed to its slenderness ratio, that is, it height divided by thickness 

(H/t) is 84, being well over classic definitions of 30 and above [416]. Therefore, these 

walls are prone to global buckling. Because of this, stiffeners were incorporated into 

the design, however, buckling is still one of the principle mechanisms for failure prior 

to stiffener delamination as demonstrated by experimental and FEM results as per 

Figure 6-26(a) and (b). Therefore, it is important to capture of the out-of-plane 

deflection accurately since Serviceability Limits States (SLS) are likely to govern. This 

behavioural capture across the loading and deflection range was accomplished by the 

FEM as demonstrated in Figure 6-27. The observed softening behaviour that occurs 

after the serviceability range is caused by both geometric and material non-linearity. 

Geometric non-linearity is fundamentally present due to buckling as well as the slender 

walls loss of stability under eccentric loading, whereas material non-linearity is due to 

the plastic nature of the steel, specifically the SHS. 
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(a) 

 

 

 

(b) 

Figure 6-26: Experimental and FEM visualised; (a) prior to post-tensioning and axial 

loading; (b) after loading prior to critical failure. 
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H3200_PT30_SG:Y_SHSG:Y_S1 

H3200_PT30_SG:Y_SHSG:Y_S2 

H3200_PT30_SG:Y_SHSG:Y_S3 

 

 

H3200_PT30_SG:Y_SHSG:Y_AVG 

FEM_H3200_PT30_SG:Y_SHSG:Y 

  

(a) (b) 

Figure 6-27: Force-deflection behaviour, experimental results as compared to 

FEM: (a) full behaviour with modes of failure numbered; (b) behaviour 

within serviceability range. 

 

6.13.2 Post-tensioning  

Once on-site, the prefabricated walls are lifted into place and post-tensioned to 

form the panel to panel connection prior to release and lifting of the next wall. In this 

intermediary state internal stresses are experienced in the wall even without the 

application of any gravity loading. Therefore, it is critical that the amount of PT applied 

at this state to be sufficient for the connection and hold-down but not such that the wall 

will bow or buckle.  

The presented system is designed such that maximum specifiable post-tension 

force does not notably deflect the wall at all let alone approach serviceability deflection 

limits. This may initially seem unnecessarily conservative; however, it is imperative 

in order to alleviate the risk of snap through buckling and mitigate associated user 

discomfort and potential damage. This is particularly important when brittle claddings 

are used, since a strict h/500 SLS limit then applies. The potential of snap through 
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buckling should be considered for all PT systems during the temporary state at 

installation prior to loading in the permanent state. Therefore, it is imperative that the 

location and amount force in the PT rod is not greater than that which would cause the 

housing SHS to buckle and hence deflect the wall.  

Experimentally, the post-tensioning was increased from 0 kN up to 74.9 kN by 

applying increasing amounts of torque to the coupling nuts and compared to the 

calculations derived from strain gauge readings. The mid-height deflection as per laser 

transducer did not read any significant extent of out-of-plane deflection during this 

stage, even for the maximum level of post-tensioning applied. Out-of-plane deflection 

was considered significant if it was close to the serviceability limits. In all instances 

initial PT resulting in out-of-plane deflection within 1 mm, that is, within 1/10th of the 

serviceability limit. 

The FE models were analysed to determine the pattern and extent of distribution 

of stress throughout the wall caused by the PT. This is shown in Figure 6-28 from (a) 

to (d). The initial application of PT more greatly effects the ends of the wall at the 

centre, as seen in (b), this is where the SHS is located. When the PT force is increased 

as per (c), the stress distributes along the height of the panel, but only in the central 

region. This indicates that the effects of post-tensioning are rather localised to the 

region it is applied to due to the shear lag effect and the disproportionally high stiffness 

of the post-tensioned SHS as compared to the timber panel. Further increases to the 

level of post-tensioning continues this behaviour as shown by (d). Once a nominal 

amount of PT is applied, then axial loading of the wall commences which replicates 

the transition from intermediary state during assembly of a given level to the 

permanent state where the floor levels above are installed and occupied.  
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PT=0 kN PT=20 kN PT=40 kN PT=80 kN Disp. = 5 mm Disp. = 60 mm 

(a) (b) (c) (d) (e)  (f) 

Figure 6-28: FEM stress distribution throughout the post-tensioning phase and then 

under axial loading. 

 

Figure 6-28 (e) and (f) are of the wall after PT has been applied and axial loading 

is conducted such that mid-height out-of-plane displacement is 5 mm and 60 mm 

respectively. As seen in (e) the axial force reduces the peak distributed stresses caused 

by the PT, especially at the ends, but increases the overall bending stress at mid-height 

due to the onset of bow. Eccentricity causes this bow to develop through associated 

P-Δ effects as shown in (f), the follow-on effect of this is that all the initial PT force is 

now lost. The inherit loading eccentricity prior to deflection or bowing occurring is 

16.61 mm towards the stiffener side from the centre of gravity as indicated in Figure 

6-29. As the load increases, a bow develops towards the panel side of the wall; 

significant P-Δ effects cause further bow as the load continues up to the peak load; at 

this stage a maximum out-of-plane displacement of approximately 60 mm is 

experienced. 
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Figure 6-29: Contributing to P-Δ effects of eccentricity from the centre of 

gravity and bow direction and magnitude. 

 

6.13.3 Design curves  

The analytically and experimentally verified and validated FE models have been 

used on the proposed CST system over an array of 240 different geometrical wall 

configurations. The geometrical parameters investigated included the thickness of the 

panel, number of stiffeners and height of the wall. The comprehensive set of results 

were used to generate simple yet versatile design curves for various structural 

scenarios. The corresponding design curve is presented in Figure 6-30 which can be 

used to determine 𝑷𝒖,𝟎, this is the ultimate load capacity per metre of wall at 0 kN of 

initial PT force for any respective PT-CST wall configuration. Or alternatively it can 

be used to find suitable configurations for a required capacity. Finally, the flexural 

rigidity of each wall configuration is denoted by the vertical EI axis which maps the 

walls capacity to panel thickness (between 20 mm and 60 mm), and number of 

adjacent stud stiffeners (single, double, triple), for a range of wall heights between 

2.4 m and 3.6 m.
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Figure 6-30: Design Curves to determine 𝑷𝒖,𝟎 and/or configuration. That is, the ultimate load 

capacity per m of wall at 0 kN of PT force for the respective PT-CST stiffened wall configuration/s. 
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As can be seen in Figure 6-30 there are three sets of graphs corresponding to 

single, double and triple stud scenarios which have separated in groups, so as to 

distinctly differentiate between them. The curves are in vertical alignment with respect 

to the parameters of panel thickness as well as 𝑷𝒖,𝟎. This allows for efficient 

identification and comparison of applicable solutions to a given problem. It is shown 

in Figure 6-30, that for any given configuration, increasing the maximum applied 

gravity load requires either the panel thickness to be increased, the number of adjacent 

stud stiffeners to increase or the wall height to decrease. Notably decreasing the height 

has the greatest effect on improved capacity; however, to meet a client’s specification 

of taller walls, adaption of the structural configuration through increased panel 

thickness and greater number of adjacent stud stiffeners as presented is to be 

appropriately specified to achieve required capacities. 

6.13.4 𝝓𝒌 - Strength reduction factor for k kN of initial PT force 

A strength reduction factor 𝝓
𝒌
 is proposed and studied due to the effects of initial 

post-tensioning on capacity. Post-tensioning a wall on the same side as the neutral axis 

as the location of load may remove the risk of snap through buckling but as found, 

reduces its capacity. This can be explained through thinking of the post-tensioning as 

a sort of preload which reduces the amount of additional load which can then be 

applied. It can be mistaken that the external load applied will simply exactly replace 

the post-tensioning force since the post-tensioning will be lost as compression and 

buckling ensues. This outlook would lead one to believe that the post-tensioning will 

not affect the capacity of the system; this is incorrect. The post-tensioning location is 

offset from the neutral axis and causes a P-Δ effect similar to that of an initial 

imperfection, such that when the external load is applied deflection ensues. Therefore, 

in this configuration, the eccentricity of the PT causes a reduction of strength, however, 

at the same token safeguards against snap-through buckling. From the experimental 

results and the finite element modelling, it was found that there is essentially a linear 

decrease in capacity with the increase of initial-post-tensioning force. The results of 

which are presented in Figure 6-31. This shows the experimental results as compared 

to the more conservative model based on FEM. 
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Figure 6-31: Various levels of post-tensioning and corresponding reduction in 

capacity. 

 

It is important to note that reduction in capacity presented prior is specific to 

various levels of post-tensioning for the typical configuration which was tested. To 

generalise the result such that it can be applied to alternative configurations with 

various parametric changes, a complementing parameter must be developed. This 

complementing parameter is to be based on the critical factors influencing the strength 

loss specifically due to PT. In this case, 𝝓
𝒌
, the strength reduction factor for k kN of 

initial PT, will be dependent on 𝝓
𝟖𝟎

. A proposed configuration specific factor at the 

maximum PT force of 80 kN can be found through Equation 6.22.  

 

 
𝜙

𝑘
= 1 −

𝑘

80
× (1 − 𝜙

80
) 

(6.22) 

 where, 𝜙𝑘= Strength reduction factor for k kN of initial PT force 

𝜙80= Configuration specific strength reduction factor after 

maximum allowable amount of initial PT force, 80 kN 

𝑘 = Applied PT force 
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6.13.5 𝝓𝟖𝟎 - Configuration specific strength reduction factor due to PT  

In addition to all the geometrical configurations and corresponding FE models 

used to generate the design curve, various levels of PT were simulated for these walls. 

This notably multiplied the total number of run simulations and computational time. 

However, it has allowed a configuration specific strength reduction factor 𝝓𝟖𝟎 to been 

developed in order to be used in conjunction with the design curves to address the 

effects of PT force on axial capacity. Critical leading factors have been identified and 

investigated for the scope of structural configurations relevant to this system. The 

results have supported the hypothesis that regardless of the height, number of stiffeners 

and thickness of the panel, post-tensioning will always act to reduce the capacity when 

by design it is inherently applied on the side of the neutral axis as the load. It was found 

that the extent of capacity reduction due to post-tensioning is not solely governed by 

the level of post-tensioning itself, but also the specific configuration of the engineered 

timber wall. In brief, the wall height and the flexural rigidity in terms of number 

stiffeners and thickness of the panel governed this behaviour and thus formed the basis 

for the reduction factor due to post-tensioning.  

6.13.5.1 𝝓
𝟖𝟎 

chart  

The configuration specific strength reduction factors after the maximum 

allowable amount of initial PT force of 80 kN are presented in Figure 6-32. The 

behaviour is demonstrative of the effects of each prior outlined leading factor to the 

capacity of the post-tensioned stiffened engineered timber composite wall systems. 

The 𝝓
𝟖𝟎 

factors given here can be used in connection with Equation 6.22 in order to 

determine 𝝓𝒌 the strength reduction factor at a nominal k kN of initial PT force. 
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Figure 6-32: Strength reduction factor 𝝓
𝟖𝟎 

chart to determine the maximum 

reduction factor due to post-tensioning under various configurations. 

 

6.13.5.2 Thickness of the panel 

It has been found that the thickness of the panel component plays a direct and 

important role in altering the extent of capacity reduction due to post-tensioning. The 

reason for this is that it shifts the location of the neutral axis and thus for a given force 

alters the effects of post-tensioning and load on the system. That is, for thicker 

engineered timber panels the neutral axis moves away from the location of post-

tensioning and thus a greater level of capacity reduction is observed and vice versa. 

This is consistent with the strength reduction factor chart as shown previously in 

Figure 6-32.  

6.13.5.3 Number of adjacent stiffeners 

Increasing the number of adjacent stud stiffeners alters the location of the neutral 

axis such that the eccentricity of both the load and the post-tensioning reduces. In 

effect, this decreases the amount of capacity reduction due to post-tensioning. This is 
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in contrast with increasing the thickness of the panel which increases capacity 

reduction. Importantly, it does this while increasing the global stiffness of the wall. 

That is, varying the number of studs clearly and strongly varies the peak capacity. 

Interestingly, with respect to this capacity, the associated reduction due to PT did not 

vary significantly in magnitude as compared to the results of varying the panel 

thickness. This is primarily due to the centroidal location of the studs not changing, as 

the number of adjacent studs is increased. Whereas for the panel, as the thickness 

changes so does its centroidal location. Further to this, the stud’s centroid is close to 

that of the SHS, and therefore, so to the location of post-tensioning. Whereas for the 

panel, its centroidal location is notably offset from the location of post-tensioning and 

therefore, sensitive to it. Table 6.11 summarises this information, positive values 

indicate that the PT tends to cause a bending moment in the direction away from the 

buckling direction and thus acts to prevent it. Likewise, the negative values indicate 

that it is acting in the direction of buckling and thus contributing to it.  

 

Table 6.11: Centroidal location under stud and panel variations. 

Number of 

adjacent studs 

Distance of 

elements centroid 

to location of PT 

(mm) 

 
Thickness of 

panel (mm) 

Distance of 

elements centroid 

to location of PT 

(mm) 

1 +12.5  20 -42.5 

2 +12.5  40 -52.5 

3 +12.5  60 -62.5 

 

6.13.5.4 Height of the wall 

Figure 6-32 results suggest that the height of the wall itself has a leading effect 

on the level of capacity reduction due to post-tensioning. Having a greater height of 

wall in its own right reduces the load bearing capacity due to increasing the walls 

susceptibility to buckling. This is particularly the case for walls manufactured from 

timber and more so for engineered timber stiffened walls which are slender. The 

amount of extra reduction of capacity because of the inclusion of post-tensioning in 

taller walls was found not to be as large as that for shorter walls. This is crucially 

because in taller walls under axial loading, the post-tensioning force is lost quicker 
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than for shorter walls. That is, for taller walls at a given level of loading, a greater out-

of-plane deflection is present. This is particularly seen in the early stages or lower 

levels of loading since taller walls deflect more which causes the tension in the rod to 

diminish at a faster rate than for shorter walls. This differing rate of post-tension force 

loss is key to the effects of post-tensioning with height on the peak capacity. In fact, 

the experimental results also show that this is a significant phenomenon which is 

exacerbated by the fact that taller walls are also more prone to early stage out-of-plane 

deflection due to increased manufacturing and material imperfections. This is also 

supported and heightened by the fact that there is a large sensitivity within this system, 

even at 80 kN of post-tensioning, the steel rod will only axially shorten by 3.5 mm, 

and a more typical scenario of 30 kN post-tensioning will only cause the steel rod to 

axially shorted by 1.3 mm. Therefore, it is evident that the early level of out-of-plane 

displacement plays a strong role in the initial rate of reduction of post-tensioning force 

and thus its potential effects in reducing the peak capacity of the system. 

6.13.6 Proposed design procedure 

The proposed design procedure is based on the design curves presented which 

were based on experimental, analytical and FEM results. This procedure facilitates an 

efficient structural design process and configuration specification for PT-CST wall 

systems. It takes the form of a robust set of design curves for ultimate capacity at 0 kN 

post-tensioning as per Figure 6-30, in addition to an initial PT specific strength 

reduction factor due to a nominal level of post-tensioning for any specific structural 

configuration as per Figure 6-32. This is to be used in conjunction with the simple 

design equations Equation 6.22 and Equation 6.23, with the proposed procedure 

elaborated as follows. 

 

 
𝜙

𝑘
= 1 −

𝑘

80
× (1 − 𝜙

80
) 

(6.22) 

 where, 𝜙
80

= Strength reduction factor at 80 kN of 

initial PT force 
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 𝑃𝑢,𝑘 = 𝑃𝑢,0  × 𝜙
𝑘
 (6.23) 

 where, 

 

 

thus, 

and 

 

Additionally, 

so  

𝑃 = Load (kN) 

𝑢 = Ultimate 

𝑘 = Applied initial PT force (kN) 

𝑃𝑢,𝑘 = Ultimate Load after k kN of initial PT 

force 

𝑃𝑢,0 = Ultimate Load after 0 kN of initial PT 

force 

 

𝜙 = Strength reduction factor  

𝜙
𝑘
= Strength reduction factor after k kN of 

initial PT force 

If a desired configuration is known,  

(that is in terms of the wall height, engineered timber panel 

thickness, number of stud stiffeners and amount of initial post-

tensioning) 

then:  

(a simple a four-step process is as follows) 

1. Determine 𝑃𝑢,0 from the design curve as per Figure 6-30 

2. Find 𝜙80 from the reduction factor chart in Figure 6-32  

3. Use this to find 𝜙𝑘 from Equation 6.22 

4. Multiply 𝑃𝑢,0 and 𝜙𝑘 to get 𝑃𝑢,𝑘 as per Equation 6.23 

Else if, a desired configuration is unknown, then: 

1. Establish 𝑃𝑢,𝑘 required 

2. Divide 𝑃𝑢,𝑘 by 0.70 and assume as 𝑃𝑢,0 (worst case scenario of maximum 

strength reduction) 

3. Trace 𝑃𝑢,𝑘 vertically downwards on design curve as per Figure 6-30 and select 

all intersecting number of studs and height options applicable 

4. For each, trace across to find the corresponding panel thickness required for 

each satisfactory configuration  

5. Use the strength reduction factor chart in Figure 6-32 to determine 𝜙80 for each 

option 

6. Use Equation 6.22 to find 𝜙𝑘 for each satisfactory configuration  
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7. Multiply assumed 𝑃𝑢,0 by 𝜙𝑘 to get 𝑃𝑢,𝑘 for each option (each will be equal or 

greater than that required) 

8. Refine if/as necessary  

9. Assess each satisfactory configuration option  

10. If there more than one satisfactory configuration, then select based on local 

conditions such as suitability for project, material availability, preference in 

manufacturing methods and cost. 

In summary, for a set panel thickness, the amount of number of adjacent studs 

and post-tensioning required for a given load can be easily determined. This allows for 

quick identification of the most material efficient PT-CST wall solutions to be chosen 

for further consideration. In fact, the chosen design may itself taper off the higher the 

building goes whilst also maintaining interconnectivity and ease and consistency of 

manufacture as the load requirement reduces. In a similar way, a required load capacity 

can easily be checked against all possible configurations to find which is most suitable, 

along with the corresponding level of initial post-tensioning. This may prove especially 

useful in the early stages of a project when identifying structural solution options and 

establishment of feasibility is of concern. Moreover, the simplification of optimised 

design and showcasing of material efficient performance may promote the adoption of 

post-tensioned composite steel-timber stiffened wall systems.  

6.14 CONCLUSIONS  

This study has introduced the design of Post-Tensioned Composite Steel-Timber 

(PT-CST) stiffened wall systems which offer a material efficient solution for mid-rise 

timber-based buildings. The generated outcomes are of particular value during initial 

feasibility analysis where the capabilities of potential systems are evaluated. A 

collection of versatile design curves together with a strength reduction factor due to 

PT has been proposed under a comprehensive array of parametric changes. These 

include the amount of post-tensioning force, the thickness of the panel, number of 

adjacent stud stiffeners, height of the wall and applied load. An exhaustive set of 

incremental results supported by analytical, experimental and finite elemental methods 

has enabled highly versatile yet simple design curves to be developed. A design 

procedure has been proposed which utilises these design curves along with a 

configuration specific strength reduction factor due to any nominal level of post-
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tensioning. This allows rapid assessment of PT-CST stiffened walls. For a desired axial 

load capacity and PT level, the optimal system configurations can now be quickly 

found. Likewise, for a chosen configuration the allowable axial load and PT is given.  

Implications 

(2) Within the timeframe and context of this study, what knowledge and corresponding 

solutions can be developed, studied and successfully proven to address each 

limitation? 

Simple yet versatile design curves and design methods for axially loaded 

stiffened engineered timber wall with and without post-tensioning have been 

successfully developed. For a desired load capacity, the optimal system configurations 

are given. Likewise, for a chosen configuration the allowable axial load is given. The 

various parameters include: the amount of post-tensioning force, the thickness of the 

panel, number of adjacent stud stiffeners, height of the wall and applied load. An 

exhaustive set of incremental results supported by analytical, experimental and finite 

elemental methods has enabled the creation of highly versatile yet simple design 

curves. A design procedure has been proposed which utilises these design curves along 

with a configuration specific strength reduction factor due to any nominal level of post-

tensioning.  

The analytical results were obtained through the exact finite strip method based 

upon the Wittrick-Williams algorithm with appropriate orthotropic material models 

and strength limits to capture the behaviour of the timber elements. This is the first 

time any such method has been adapted to be used outside of aerospace engineering in 

thin laminate composite plates and into timber engineering in stiffened engineered 

timber walls. Hence, the key verification and validation was conducted. The 

computational cost efficiency of this analytical method is thousands if not tens of 

thousands of times greater than that of corresponding FEM analysis, which therefore, 

allows this method to be easily tailored for any local context. This means that for 

application in various parts of the world, the material properties and geometrical 

dimensions can be changed, and the design curves easily and quickly recalculated.  
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The general nature of the design curves and the involved parameters ensures its 

applicability for numerous configurations. Therefore, it can be used from several 

perspectives to meet the specific need of the user. For example, they are particularly 

useful for rapid feasibility assessment and preliminary design in the early phases of the 

project. Additionally, the developed design method facilitates the selection of the most 

optimal commercially competitive design appropriate to the prefabricator. This aids in 

winning tenders for mid-rise projects utilising timber-based systems instead of 

concrete and/or steel proposals. More so, the extent of simplification provided for 

initial feasibility analysis, where capabilities of potential systems are evaluated, is 

expected to draw more companies to consider timber-based solutions. Therefore, these 

validated versatile yet simple design curves are of high commercial value.  

As a result, the work completed is actively serving to increase the adoption of 

timber-based systems for mid-rise construction. A prime example of this is the industry 

partners starting international exports of the advanced prefabricated timber-based 

systems, for projects which they have won due to their new ability to produce rapid 

proposals for tender. With this disseminated of knowledge, it is expected that this trend 

will build as it brings high commercial value to the industry at large. Lastly, with the 

greater adoption of timber systems, it is expected that consumption of timber for 

timber-based construction in Australia to also increase.
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Development of panelised stressed-skin engineered timber 

floor cassettes for advanced manufacture 

 

Where the previous chapter worked on the development of the next generation 

of timber-based panelised wall systems, this chapter focuses on the development of the 

next generation of timber-based panelised floor systems. Specifically, reductively 

designed stressed-skin engineered timber floor systems for advanced manufacture. 

This begins with a preamble addressing the first research question. Following this, 

Manuscript Nine is presented along with an Addendum. Finally, implications are 

outlined with respect the second research question. 

Preamble 

(1)  What are the current limitations found in timber-based panelised systems built 

through advanced manufacturing, that are of genuine immediate commercial need 

and where knowledge is either lacking or non-existent? 

Due to innovations in Engineering Wood Products (EWPs), adhesives, design 

tools and automation, timber floor systems have been adapted and used for panelised 

prefabrication. This is particularly true for low to mid-rise buildings at levels above 

ground, where a solid concrete ground foundation can still be poured. Given that in its 

most basic linear form, this technology is already widely well-established, there is a 

push to further innovate and optimise these systems as panelised cassettes and the 

manufacturing processes in which they are built, to gain commercial advantage. This 

is such that material efficiency must increase whilst also simplifying or reducing the 

number of manufacturing processes required. Once such limitation is that knowledge 

is lacking on how this can be practically achieved, let alone, detailed parametric-based 

structural understanding of potential solutions. Manuscript Nine, ‘Structural 

behaviour of prefabricated Stressed-Skin Engineered Timber Composite Flooring 

Systems’ fills this knowledge gap and achieves this, at least for short spans, using 

reductive design with DfMA in mind.  
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Manuscript Nine 

Orlowski, K., Baduge, S. K., Mendis, P., & Oktavianus, Y. (2019). Structural 

behaviour of prefabricated stressed-skin engineered timber composite flooring 

systems. Structures, 22, 230-244.  

doi:https://doi.org/10.1016/j.istruc.2019.08.012 

 

Structural behaviour of prefabricated Stressed-Skin 

Engineered Timber Composite Flooring Systems  

 

Abstract: The primary focus of this study is understanding the behaviour and 

structural performance of prefabricated composite timber floor cassette systems with 

Oriented Strand Board (OSB) stressed-skins. These do not have a dedicated top flange, 

instead their plywood webs are integrally bonded to the OSB flooring skin through a 

chemical connection. Subsequently, local buckling of the stressed-skin was found to 

occur as the first failure mode. Specimens with 150 mm and 300 mm nail spacings 

were investigated for its effects on performance due to the criticality of the integrated 

web to floor skin connection in these systems. A total of 20 stressed-skin specimens 

were tested in three-point bending with recordings of the applied force, displacement, 

slip and failure modes. It was found that local buckling of the skin is prone to occur 

prior to reaching the designed SLS limit. A detailed Finite Element Analysis (FEA) 

which takes into consideration the full behaviour of the materials and the glue and nail 

connections along with failure modes has been validated and used to provide insight 

to potential design solutions. Key parameters investigated include the adhesive 

properties, the ratio of clear effective outstand width of the flange to the thickness of 

the stressed-skin (beff,o/t), ratio of the clear depth of the web to the thickness of the web 

(dp/tw), ratio of the clear span to the total depth of the composite beam (Lc/D) and 

finally the spacing of the nails. This has resulted in a broad level understanding of the 

effects of these design parameters to the behaviour of stressed-skin engineered timber 

flooring cassettes. 

https://doi.org/10.1016/j.istruc.2019.08.012
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Keywords: Stressed-skin; Timber flooring cassette; Engineered Wood Product 

(EWP); Three-point bending; Oriented Strand Board (OSB); Prefabricated; Finite 

Element Analysis (FEA). 

7.1 INTRODUCTION 

Prefabrication is a growing method of modern construction that has vast 

opportunities in the fields of automation and advance manufacturing which are being 

refined and improved upon to better compete against traditional methods of 

construction. This is particularly in terms of cost competitiveness, quality of work, 

flexibility of design and sustainability [14, 112, 125, 417]. Prefabrication is a suitable 

platform to adopt novel and efficient materials as well as to develop an optimum 

combination of several materials to form components of larger systems. One such 

material type and system which is focused upon in this research are engineered timber-

based flooring systems which are suitable for Design for Manufacturing and Assembly 

(DfMA) and off-site construction. Engineered Wood Products (EWPs) are 

increasingly being developed and used for the prefabricated building industry as a 

more versatile and better performing solution compared to conventional solid sawn-

cut wood and other construction materials [60]. Engineered timber I-beams have been 

relatively well studied in many areas such as flexural behaviour [418], bearing capacity 

[419], torsional rigidity [420], composite use of materials [421], shear behaviour [422], 

span and design guidelines [66] and behaviour with web openings [423]. Even there 

are standards such as ASTM-D5055 which have been developed to provide a 

‘Standard Specification for Establishing and Monitoring Structural Capacities of 

Prefabricated Wood I-Joists’ [424]. EWPs have been well studied and their behaviour 

has been well understood. However, there is a lack of work in the effective 

combination of types of EWPs used together as a composite system and their further 

refinement. Engineered timber I-beams have a top and bottom flange with a web in-

between. When adapted to prefabrication in the form of cassettes then they are also 

connected with rimboard along the outside edge to prevent overturning as shown in 

Figure 7-1 [69, 425]. 
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(a) 

 

(b) 

Figure 7-1: Traditional engineered timber flooring cassette with I-Beam joists: (a) 

cross-section view; (b) profile view. 

 

This study forwards the use of reductive design to potentially further refine these 

systems. Reductive design as a philosophy builds on the principles of minimalism and 

removal of the non-essential through the minimisation of the number of components 

[426-428]. For this project this concept was applied to traditional engineering timber 

floor systems by the removal of the top flange since the web is now to be directly and 

integrally bonded to the skin/sheathing as shown in Figure 7-2. By gluing the floor 

skin to the joist, a stressed-skin timber flooring solution where the flooring sheet 

carries load through composite action is achieved [412]. This was practically achieved 

due to prefabrication and controlled manufacturing methods which allowed both a 

glued and nailed connection to be repeatedly and reliably made rather than a nailed 

only connection. 
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(a) 

 

(b) 

Figure 7-2: Stressed-skin flooring cassette with removal of top flange: (a) cross-

section view; (b) profile view. 

 

Reductive design does not only reduces the number of components and offers 

‘pure aesthetic’ [426] but it has vast practical advantages beyond direct cost savings. 

These are centred around prefabrication and thus are exploited in the proposed system. 

For example, manufacturing complexity decreases, supply chain and inventory is 

smaller and general management and quality assurance processes also become simpler. 

However, reducing complexity may limit technical functionality and performance. It 

has been discovered in early investigations of stressed-skin action that for joist 

spacings of 450 mm to 600 mm that between 62% and 83% of the floor 

panelling/sheathing acted in composite with the joists [429]. Therefore, full composite 

behaviour may not occur. Additionally, the spacing and the shear effects in the floor 

under compression results in less than full usage of the sheathing [70]. However, there 

is potential for floor skins to act in the same function as a top flange of a regular I-

beam. Plywood (PLY) has been investigated as the skin material in the past [57, 70, 

430], although since then Oriented Strand Board (OSB) has taken over many markets 

as it sources underutilised softwood species and is notably cheaper [431]. Some early 

work has been carried out in the investigation of creep in these OSB skinned systems 

[432], design equations for shear and flexural deflection under point load [433] and 

local buckling of OSB without perpendicular stiffening [434]. However, there is little 

to no research observing the use of OSB in stressed-skin flooring cassettes or on the 

structural analysis and improved design thereof.  
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In summary, the hypothesis is that if the top flange is removed and the flooring 

panel is adequately bonded through both adhesive and nails to the joists then the floor 

panel/sheathing can essentially act as the top flange of the joist. That is, it may take in-

span compressive loads and hence become a stressed-skin. However, because of this, 

stressed-skin systems may be prone to local buckling prior to reaching serviceability 

and ultimate capacity limits. Thus, this investigation delves into the understanding of 

the force-deflection behaviour, failure modes and configuration adjustments in 

prefabricated stressed-skin floors which do not have a separate dedicated top flange in 

contrast to traditional flooring cassettes which do. 

7.2 EXPERIMENTAL PROGRAM 

7.2.1 Specimen design 

The prefabricated cassettes as shown prior in Figure 7-2 have been 

manufactured with a jig to tolerances of 5 mm and then cut into beam-like 

configurations according to their tributary width. This is shown in Figure 7-3 along 

with the respective material allocation and dimensions. The selection of the materials 

has been based on the merits of readily available EWPs to aid in providing material 

and cost efficiency. The length of the specimens is only 2400 mm. This short span 

design grants this system to be particularly suitable for high volume use corridors 

where shear forces may be a concern, hence the solid web design. The depth is fixed 

at 300 mm to be within typical structural depth of floors for mid-rise construction so 

as to allow for services and acoustic breaks between levels [435]. An overview of the 

arrangement of the structural members and the selected materials are shown in Figure 

7-3. The corresponding product details are summarised in Table 7.1, this includes their 

strength class with respect to the relevant building standards and manufacturers 

product declarations [55, 312, 359, 436]. 
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(a) 

 

(b) 

Figure 7-3: Composite stressed-skin timber flooring specimen design; (a) material 

assignment and cross-section geometry, units mm; (b) three-dimensional 

perspective drawing with front rimboard removed. 

Table 7.1: Engineered timber products used. 

Material Location 
Cross-section 

dimension (mm) 

Product 

Name 

Strength 

Class 

Densities 

(kg/m3) 

OSB 
Skin and 

Rimboard 

18 x 450 (Skin) 

300 x 450 (Rimboard) 

EGGER 

OSB 4 TOP 
OSB 4 620* 

PLY Web 21 x 237 CHH Ecoply F11 550 

LVL Bottom flange 45 x 90 
CHH 

hySPAN 
F14 580 

*The median of the quoted range of 600 to 640 kg/m3 



Chapter 7: Advancement to Floor Systems 292 

An 18 mm Oriented Strand Board (OSB) panel flooring was chosen to act as the 

stressed-skin. This was oriented with the stronger span positioned to bridge the 

distance between the joists. The thickness of this panel was based on traditional timber 

I-beam flooring systems where it is governed by the spanning capability from joist to 

joist. This distance was set at 450 mm, since it is by far the most common joist to joist 

distance in practice as it is governed such that it matches the spacing of timber studs 

in timber wall frame construction [437]. This enables loads to be transferred between 

structural components most directly [437]. A 21 mm F11 plywood panel has been 

chosen for the web as it is particularly suitable at resisting shear forces due to its 

orthogonally layered build-up. A bottom flange has been incorporated to the underside 

of the web to carry the tensile forces when the floor bends under vertical loading. By 

far the most appropriate EWP to undertake this role is a Laminated Veneer Lumber 

(LVL) stud. This is due to the parallel laminated veneers providing the greatest amount 

of in-span strength and stiffness without the high variation of irregularities and 

imperfections that comes with solid sawn-cut sections. In this application, a standard 

90 × 45 mm LVL section was chosen for its availability and cost efficiency per given 

cross-section size. Rimboards are used around the perimeter of the prefabricated 

cassette to hold the joists upright under lateral load. OSB was chosen for this 

application since this is not the primary loading direction, additionally, consistency of 

materials utilises the expected offcut from the flooring skin during prefabrication. Each 

of the joins have polyurethane (PU) adhesive (Sika-221) due to its standard and proven 

use in timber construction. Additionally, a 3 mm diameter ring shank nails at lengths 

such that they are embedded at least 30 mm into the web are used throughout to aid in 

providing strength to each connection. 

Overall, 20 floor specimens of 150 mm and 300 mm nail spacings with the glued 

connections have been chosen for experimental investigation due to the common 

nature and cost efficiency of these nail spacings. The two-different nail spacing were 

tested so as to accurately determine its influence on structural performance which 

needs to be balanced with time and cost in manufacturing for prefabrication. Influences 

are due to its own effect on increase in the strength of the connection through closer 

nail spacings.  This provides a more uniform pressure and stronger hold for the glue 

during its curing, thus improving the connection strength and overall performance.  
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7.2.2 Material properties 

Representative specimens have been tested in accordance with the Australian 

and New Zealand standards and compared to the manufactures documentation along 

with previous research to obtain the full set of mechanical properties to be used for the 

finite element analysis [55]. The values from the manufacturer and the Australian and 

New Zealand standards were cross-checked with those which have been previously 

studied [363-366]. The various materials elastic constants and properties used in the 

finite element modelling for this research are summarised in Table 7.2 and Table 7.3 

[360, 361, 367]. 

 

Table 7.2: Material properties. 

EWP 
Density 

(kg/m3) 

E1 

(MPa) 

E2 

(MPa) 

E3 

(MPa) 
Nu12 Nu13 Nu23 

G12 

(MPa) 

G13 

(MPa) 

G23 

(MPa) 

Ply 550 10500 10500 1300 0.264 0.365 0.365 680 125 125 

LVL 580 13200 500 280 0.34 0.37 0.41 660 550 100 

OSB 620 4100 2950 3450 0.31 0.32 0.34 1370 1250 130 

 

Table 7.3: Web strength properties. 

Strength Category Value (MPa) 

Bending 31.0 

Tensile 18.0 

Panel Shear 4.5 

Rolling Shear 1.8 

Compression in-plane 22.0 

Compression normal to the plane 12.0 

Modulus of Elasticity 10,500 

Modulus of Rigidity 525 
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To appropriately predict the stiffness and strength of the polyurethane adhesive 

used, a number of small-scale tests have been set up and carried out. The 

force – displacement graphs generated from the tests allowed the determination of the 

fracture energy parameter used as a primary input to the finite element analysis. An 

adhesive with the commercial name of Sika 221 [371] which is a one-component 

polyurethane was used to adhere the plywood web to the skin, rimboard and bottom 

LVL. The connection specimens were prepared by first adhering the glue on large 

samples of each respective timber at a minimal thickness with the appropriate ring 

shank nail spacings of 150 mm and 300 mm being the only pressure force applied to 

mimic manufacturing conditions. The curing period of 2 hours was taken before 

smaller specimens were cut out for testing in the laboratory. Block shear tests were 

performed 24 hours later on cut out block sections of dimension of 45 mm by 45 mm 

in full accordance to the Australian Standard 4364: ‘Timber - Bond performance of 

structural adhesives’ at a loading late of 12.8 mm/min [438]. These specimens came 

from locations close and far from the nailing locations to determine its average 

properties. The outcomes of these tests were that the glue used in this manner has a 

shear strength (𝒇𝒔,𝒈) of 1.77 MPa. The polyurethane adhesive in typical manufacturing 

conditions has shown lower properties in shear and axial tension when compared to 

the ideal values in perfect conditions which are presented by the manufacturer in their 

corresponding technical note [371]. The experiments on the glued connections showed 

their capacity having a standard deviation of 0.6 MPa, this may be due to the realistic 

manufacturing conditions in place when applying and pressing the glue bond, thus 

there may be variation in the glueline thickness and spread, the applied pressure and 

the cleanliness of the surfaces. The stiffness or the Young’s modulus (𝑬) of the glue 

was found to be on average 7.8 MPa and the corresponding average value of the 

fracture energy (𝑮𝒇) was found to be 0.9 MPa.  

7.2.3 Experiment setup 

A three-point bending test similar to the beam shear strength test in Clause 2.7 

from AS4063.1 was used to investigate the performance of cut sections of the novel 

engineered timber flooring cassettes [361]. The top skin is restrained from unintended 

lateral movement but allowed to deflect freely in the direction of loading. The length 

(which is 8 times the depth) conforms to typical transport and lifting limitations [439] 

and to AS4063. Additionally, the span is such that the pin and roller support are located 
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at a distance equivalent to the depth of the section within each end of the floor. This 

results in a clear span of 1800 mm for this configuration. Mid-span loaded at such span 

to depth ratios potentially induce a rolling shear failure in the web/flange joint and/or 

in the web material itself. The testing of the specimens were carried out in accordance 

to the Australian Standards 4063.1 ‘Characterisation of structural timber - Test 

methods’ [361]. The test is originally designed for shear strength determination 

through the use of a constant displacement-controlled three-point bending test 

configuration with a principle requirement of a span to depth ratio of 6 as well as 

rounded steel bearing plate supports. The testing configuration for the of the stressed-

skin floor specimens is shown in Figure 7-4. 

 

 

(a) 

 

(b) 

Figure 7-4: Load configuration and specimen dimensions used in the 

experimental program: (a) plan, units mm; (b) laboratory photograph. 
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7.2.4 Instrumentation and Testing 

A graduate displacement rate of 2 mm/min was applied to ensure that there was 

negligible dynamic effect [440]. Steel plates were used on top of rollers to spread the 

load so that no concentrated damage effects were present. A Material Test Systems 

(MTS) hydraulic actuator and load cell was used at centre span which has an axial 

force capacity of 500 kN. This is to an accuracy in force and displacement of 0.01 kN 

and 0.01 mm respectively. The force on the load cell and displacement of the actuator 

head was measured for each of the 20 specimens axially by using a Campbell Scientific 

CR800 Series data logger every 0.01 seconds [441]. Additionally, laser triangulation 

sensors with a precision of 0.01 mm were installed on the ground measuring up to the 

underside of the beam at quarter span and centre span to capture the deflection at 

various locations over time. Further to this, laser sensors were also mounted on the 

web to LVL interface to capture the slip movement of the bottom flange relative to the 

web.  

7.3 TEST RESULTS AND DISCUSSION 

7.3.1 Primary failure modes and analysis 

Three major modes of failure were observed and recorded for the 150 mm and 

300 mm nails spacing specimens as shown in Table 7.4. These were then 

superimposed onto the later presented force – displacement graphs. The purpose of the 

failure mode analysis is that they can be individually understood and addressed by 

changing the appropriate parameters to delay the onset and the severity of each 

respected mode of failure.  

 

Table 7.4: Failure mode summary. 

  150NS (kN) 300NS (kN) 

Failure mode Failure type x̅ * sx
** x̅ sx 

(1) Local buckling of skin 18.5  2.1 16.5  2.1 

(2) Web flexural failure 38.6  5.9 33.1  3.8 

(3) Bottom flange to web slippage 38.3  6.3 31.4 3.0 

* x̅ - average; **sx
 – standard deviation. 
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(a) 

 

 
 

(b) (c) 

Figure 7-5: The three sequential modes of failure observed:  

(a) failure mode (1) - local buckling of the top skin; 

(b) failure mode (2) - flexural crack in web at centre span; 

(c) failure mode (3) - slip failure of bottom flange to web. 

 

 

7.3.2 Local buckling of skin 

The first failure mode was the local buckling of the floor panel/stressed-skin 

whose onset was observed in the early stages of loading between the 15 kN to 20 kN 

mark as per Figure 7-5(a). This behaviour proved the hypothesis which theorised as 

such due to the removal of the top flange from a traditional timber flooring cassette 

system. This causes the external load to be now also be taken up by the flooring panel, 

which has not been formally designed for this role. Apart from one exception as later 

shown, the occurrence local buckling of the skin for spacing specimens with 150 mm 

nail spacing occurred at a later stage of loading than that of the 300 mm nail spaced 

specimens. The extent of this postponement to the onset of buckling is on average 

approximately only 2 kN. However, it is important to note that with the specimens with 
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the greater nail spacings, the extent of out-of-plane local buckling was greater which 

leads to separation in the floor-web connection. Thus, one of the influencing factors to 

the greater overall strength was the closer nailed specimens since they better 

maintained the floor-web connection. Importantly this may not necessarily be due to 

the support provided by the extra nails itself, but due to the better glued connection. 

This was facilitated by the closer nail spacings since they better press and hold the 

polyurethane glue during it curing process.  

7.3.3 Flexural failure of web  

The next failure mode was the cracking of the plywood web as per Figure 7-5(b), 

this also was gradual in onset and development. The onset of major web cracking was 

on average 5.5 kN higher for the 150 mm nail spacing than for the 300 mm. Generally, 

the beginning of the cracking occurred well after local buckling of the top floor panel 

and still comfortably before ultimate capacity. As web cracking propagated the forces 

were being continually transferred to the stronger bottom LVL flange whose 

connection to the web typically failed as a result. The location and orientation of the 

cracking was consistently shown not to be angled nor between reaction and applied 

force as a shear failure would suggest. A rolling shear failure across the plywood was 

not observed, instead the cracks were vertical at centre span directly under the applied 

load. They originated from the bottom of the web where it experienced the greatest 

curvature and tension then slowly propagated vertically upwards indicative of a 

flexural failure of the web.  

7.3.4 Slip failure 

The final failure mode was that of the ultimate slip and detachment of the bottom 

flange as per Figure 7-5(c). The excessive web cracking causes a large deflection and 

hence curvature, this is in addition to the forces being too great to be carried by the 

connection to the bottom flange alone. The LVL bottom flange is nailed and glued to 

the web and takes the tensile load of the system. Regardless of the nail spacing this 

member was observed to remain intact up to and after a sudden spontaneous failure 

which has been attributed to the failure of the adhesive layer. This is also demonstrated 

in the slip results presented in Figure 7-6. Based on the total area of contact between 

the LVL and the web, it can be concluded that the polyurethane is providing notably 

more strength and stiffness than the nails. This explains the similar observations across 

the tests prior to peak load. A typical slip response (BEAM - 06 - 150NS - STD) is 
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shown in Figure 7-6. This conveys that the data gathered supports the observation that 

at peak load, one half would suddenly slip and the other not. This is due to connection 

and material imperfections in both sides.  

 

 

Figure 7-6: Measured bottom flange to web slip of the left and right ends of 

the specimen under a constant loading rate of 2 mm/min. 

 

This failure mode always occurred either at the same time or shortly after flexural 

failure of the web. The damage due to flexural failure resulted in an average force for 

the slip failure to be lower. The connection in question failed in a shear action since 

the glue would reach its shear capacity and fail abruptly causing the nails to then deflect 

towards the ends of the joist. Further to this, halving the nailed spacings from 300 mm 

to 150 mm resulted in an increased shear resistance at this joint against slip failure, 

thus resulting in an average increase of capacity by 6.9 kN. Since this final failure 

mode is the ultimate failure of the floor system that occurs at peak loading and is rapid 

in nature, the progression without instrumentation is unobservable. However, its 

likelihood can be predicted safely before its occurrence due to at least some progressive 

cracking of the web always occurring beforehand.  
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7.3.5 Serviceability and Ultimate Load 

The Serviceability Limit State (SLS) as outlined in Australian Standards 1720.3 

‘Timber structures’, where design criteria’ is dependent on load category [368]. 

Serviceability requirements exist so as to limit excessive deflection which is noticeable 

to the human eye and protect against potential cracking of rigid plaster architraves and 

panelling [442]. Two load combinations have been considered for SLS as in Table 7.5 

as per serviceability calculations in AS1720.3 Table 4.1.3.3 and Table 4.1.3.5(B) 

[368]. In this case, the minimum of the two scenarios was taken as the deflection limit, 

this being 5 mm. Whereas the Ultimate Limit State (ULS) capacity was taken as the 

peak of each load-displacement graph.  

 

Table 7.5: Serviceability limit loading and associated deflection limits. 

Load category Loading condition* Deflection limits** 

1 G1+Q1 Min (L/300 or 15 mm) = 6 mm 

2 Q2 Min (L/360 or 9 mm) = 5 mm 

*Where: G1 – Distributed load, Q1, Q2 – Imposed action; **L – Span length. 

 

The average serviceability load for the 150 mm nail spacing specimens was 

24.2 kN with a standard deviation of 1.5 kN. This is similar to the average 

serviceability load for the 300 mm nail spacing specimens which was 22.6 kN at a 

standard deviation of 1.9 kN. This is highlighted in Figure 7-7 through the dashed line. 

These results suggest that the initial stiffness is not dissimilar between the varying nail 

spacings. This is proven to be the case as the average stiffness is 4.6 kN/mm for the 

150 mm nail spacing configuration and 4.4 kN/mm for the 300 mm nail spacing. This 

is thought to be due to the polyurethane adhesive being used on the entire area between 

each of the joins to form a firm connection taking much of the load at the connection 

in the initial and early stages of loading. Whereas the nails are having less of an overall 

impact and are primarily complementary to add further shear strength and ductility to 

each join particularly in later stages of loading.  

The ultimate capacity shows a greater difference in results than that of 

serviceability in that the specimens. The 150 mm nail spacings specimens on average 

perform to a higher level than that of the 300 mm nail specimens as shown in Figure 



Chapter 7: Advancement to Floor Systems 301 

7-7. The average ultimate limit for the 150 mm nail spacing specimens was 38.8 kN 

with a standard deviation of 5.6 kN. The average ultimate limit for the 300 mm nail 

spacing specimens was 33.1 kN with a standard deviation of 3.7 kN. This is due to the 

different strength of the connection in how well the skin is affixed to the web and the 

slip of the bottom flange to the web which can be seen by the performance and failure 

modes (1), (2) and (3). 
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(a) 

(1) Local buckling of the web;  

(2) Flexural web failure;  

(3) Slip between the bottom flange and the web. 

 
(b) 

Figure 7-7: Experimental results up to ultimate failure: (a) 150 mm nail 

spacing; (b) 300 mm nail spacing. 
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The absolute peak capacity occurring in any one of the 150 mm nail spacing 

configurations was 47.0 kN. This absolute peak value was tested in that it was almost 

reached a few more times during testing which verifies that this result wasn’t an 

anomaly. The maximum peak capacity for any one of the 300 mm nail spacing 

configurations was 36.8 kN, again this value was tested in that it was almost reached 

a few more times during testing verifying that this is indeed the absolute maximum 

capacity from this configuration. This shows a significant potential improvement of 

27.7% in the ultimate load capability stressed-skin engineered timber floor cassettes 

by simply halving the nail spacing based on peak value results and 17.2% increase 

based on average results. The justification in why such a stark improvement in the load 

carrying capability on the floor systems with the same geometry and materials is two-

fold. Firstly, due preventing and delaying the failure modes of local buckling of the 

stressed-skin due to separation of the OSB panel to the top of the web, and secondly, 

due to the delay of the slip/join failure of the bottom LVL flange and the web. 

Therefore, having an appropriate nail spacing is important to delay the failure modes 

of the stressed-skin floor system and increase its capacity. 

7.4 FINITE ELEMENT ANALYSIS 

Appropriate methods in ABAQUS has been used as an established and proven 

means to simulate the performance and behaviour of sawn-cut and engineered timber 

under numerous conditions [110, 443]. This includes delamination [444], buckling of 

oriented strand board webbed wood I-joists [445], nailed layered beams [446], timber 

with cracks [447] and flaws [363], nailed joint [448], timber with steel dowel 

connections [365], moisture variations [449] and timber pegged connections [364].  

7.4.1 FEA Modelling Technique 

Abaqus CAE 2017 [450] was used with explicit analysis to model the entire 

experimental specimen in detail. This included using the appropriate materials (OSB, 

PLY, LVL), connections (polyurethane adhesive and embedded nails) and support 

conditions (pin-roller for reactionary along with lateral restraint parallel to the 

direction of loading). Each EWP was modelled with an appropriate orthotropic 

material model with previously outlined material constants in Table 7.1, Table 7.2 

and Table 7.3. Each of the engineered timber materials were used with their primary 
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strength and spanning direction in mind. This was accounted for with the orthotropic 

characteristics aligned through the use of appropriate local orientations. 

Glue was modelled with the tested and measured parameters as a cohesive 

interaction due to the thinness and stiffness of the glueline. This decision to model the 

glue using cohesive interaction over cohesive elements is to significantly reduce the 

computational cost [110]. Since squeeze out of the glue was always observed, the 

assumption was made that full coverage of the adhesive was at the bond lines with the 

found properties. Moreover, another interaction property was established to capture 

the general friction coefficient of wood to steel of 0.2 for kinetic (µk) and 0.38 for 

static friction (µs) [451]. 

A 3D deformable element with eight-node linear brick and reduced integration 

(C3D8R) was used to model the web, skin, bottom flange and rimboard. A two-node 

linear beam element (B31) was used to appropriately model the nails which were 

embedded into the plywood web through each adjoining element since they were 

expected to primarily experience shear forces [443]. The nails were modelled with a 

mild steel material of modulus of elasticity of 200 GPa and with AS1720 [359] being 

used for the highest stress values as that of the strength of the joint.  

Detailed crack modelling was undertaken due to the results of the experimental 

program indicating a significant crack in the web at centre span developing prior to 

achieving ultimate load and propagating as the load continued to increase. Since the 

location of the crack was known and was repeated consistently throughout the 

experimental program, a vertical split in the web was incorporated for detailed crack 

analysis. An additional 3D deformable part was used to model the crack propagation 

at this location in centre span, this was a cohesive element type of 2 mm thickness 

utilising the traction-separation law method. This modelled the timber material 

properties for this type of cracking behaviour with the appropriate max stress failure 

criteria and element removal. Linear softening and mode independent damage 

evolution with fracture energy of 0.7 was used in accordance to established techniques 

as outlined in detail for similar applications in timber beams in bending in literature 

[418, 452, 453] and successfully used in LVL beams and members [454, 455] but 

specifically in plywood [456] which is also the material used for the webs in the 

stressed-skin flooring system. It has been established as an appropriate and innovative 

means to model cracks in timber with the major caveat the location must be known 
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beforehand. This was exactly what was consistently observed in the experimental 

program [454, 457-459]. 

7.4.2 FEA results 

Although the finite element analysis in totality is computationally demanding 

due to the use of cohesive elements, it did however successfully replicate the observed 

failure modes and behavioural response of the tested specimens. This in turn led to the 

force-displacement behaviour to be well simulated and allowed for preliminary 

adjustment of parameters to determine their general effect on the captured failure 

modes. Figure 7-8(a) displays the stress distribution of the beam when loaded within 

its elastic region. As expected, regions at the centre and near the location of load 

application show a greater stress level and concentration. The local buckling of the 

skin occurs next as shown in Figure 7-8(b) where a wave like displacement profile can 

be seen, loading continues to increase steadily as per experimental observations.  

 

Load: 4 kN

 

 

 

(a) 

Load:16 kN 

 

 

 

(b) 

 Figure 7-8: Finite Element Analysis (FEA) stress distribution during: 

(a) loading within elastic limit; (b) local buckling of top skin. 

 

The progression of the local buckling of the skin can be seen even without 

observing the displacement profile through the stress distributions from the top and 

bottom. Figure 7-9(a) depicts a stress distribution in which the variation is generally 
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uniform vertically, whereas in Figure 7-9(b), the variation of stress has evolved to be 

elliptical in nature. The fundamental point being, that the stress is unloaded along the 

long edges, which indicates clearly that the skin has undergone local buckling. This 

analysis shows an alternative check for local buckling which does not rely on the visual 

perception of displacement nor any arbitrary local maximum deflection limit to 

classify a stressed-skin member as locally buckled. 

 

 Load: 4 kN 

 

 

(a) 

 Load:16 kN 

 

 

(b) 

Figure 7-9: Top and bottom view of the stress distribution and pattern: 

(a) prior to local buckling of top skin; (b) post local buckling of top skin. 

 

The cohesive elements which were placed vertically through the web at mid-

span generally maintain their dimension through the elastic loading stage as shown in 

Figure 7-10(a). When loading and displacement is increased to the extent that the top 

skin undergoes local buckling, the elements begin to stretch and compress as can be 

seen in Figure 7-10(b) by the difference in element width. Loading continues and 
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eventually an element will exhibit a stress greater than that of the strength criterion to 

which it is assigned and is eliminated Stresses are then recalculated on the remaining 

elements and the loading continues. In this manner, the cohesive elements were used 

to approximately model the initialisation and growth of cracks. 

 

   

Loading: 4 kN 

(a) 

Loading: 16 kN 

(b) 

Loading: 30 kN 

(c) 

Figure 7-10: Cohesive element crack development: (a) elastic loading; 

(b) during local buckling of top flange; (c) web crack failure. 

 

The finite element analysis shows a strong similarity in initial secant stiffness for 

both the nail spacings, which were along the upper bounds of experimentally tested 

results. The simulated stiffness of approximately 5.4 kN/mm is generally maintained 

up to serviceability limit as shown by the vertical dashed line in Figure 7-11. At higher 

displacements the magnitude of the load difference is more pronounced up until 

ultimate load and critical failure as shown in the graph up of the FEM results in Figure 

7-11. 
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Figure 7-11: Force – deflection graph of FEM results for 150 mm and 300 mm 

nail spacing specimens. 

 

7.4.3 Validation of FEA  

A comparison between the FEA and experimental results is shown in Figure 

7-12(a) and (b). They demonstrate a close agreement and provide confirmation that 

this method can approximately simulate the actual behaviour accurately, however, at 

the cost of computational time. The experimental tests at 150 mm nail spacing 

produced an average maximum capacity and serviceability load of 38.8 kN and 

24.2 kN as compared to the 37.7 kN and 23.2 kN predicted with the FEM. That is, the 

FEM is only 2.8% conservative for Ultimate Limit State (ULS) and 4.1% conservative 

for SLS which shows great agreement. The experimental tests at 300 mm nail spacing 

produced an average maximum capacity and serviceability load of 33.1 kN and 

22.6 kN as compared to 28.4 kN and 21.0 kN with the FEM. That is, the FEM is 14.2% 

conservative for ULS and 7.1% conservative for SLS which shows close agreement 

but with greater conservativity. Moreover, the predicted mid-span lateral deflection at 

these maximum values are also comparable for the standard 150 mm and 300 mm 

spacing specimens. The primary reasons of some discrepancy for specifically the peak 

load results may be due to the number of complex failure mechanisms of the glue and 

nail connection to timber, and how well that was captured in small-scale test to derive 
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the parameters for the traction-separation method used. In addition, natural 

irregularities and variations in the timber at a larger scale than that of the smaller 

sections used to gather the material properties and the consistency of the factory-based 

manufacturing methods used to create the specimens may have also influenced some 

discrepancy. 
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(a) 

 

(b) 

Figure 7-12: Load – deflection comparison between FE model and experimental 

samples up to ultimate load: (a) 150 mm nail spacing; (b) 300 mm nail spacing. 
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7.5 PARAMETRIC STUDY 

Local buckling has been observed in the flooring panel due to the removal of the 

top flange and integrated use of this member as a stressed-skin prior to other failure 

mechanisms initiating. An introductory parametric study has been carried out to 

understand this issue and potentially remediate it through design parameter changes. 

This is justified at least on a preliminary level, since the FEA has successfully 

simulated the failure modes and the force and displacement in accordance to the 

experimental testing conducted. Parameters which were investigated included the 

adhesive properties, the ratio of clear effective outstand width of the flange to the 

thickness of the stressed-skin (beff,o/t), ratio of the clear depth of the web to the 

thickness of the web (dp/tw), ratio of the clear span to the total depth of the composite 

beam (Lc/D) and finally the spacing of the nails. Parameters which were not changed 

included the joist spacing. This was because in the Australian building industry, the 

standard spacing of joists is 450 mm so that they align with the spacing of the timbers 

studs in the walls which support them [437]. Additionally, the total depth has been kept 

at a constant level of 300 mm. This is such that it does not impede on typical floor to 

ceiling heights of adjacent rooms own spanning floor cassettes. Yet this depth still 

allows for services to run alongside the joists which is expected since this flooring 

system is designed for shorter spans such as in corridors. As a default the nail spacings 

were 150 mm to balance time and cost in manufacturing with performance. Lastly, the 

bottom flange which is a commonly available 90 × 45 mm LVL section has been kept 

constant; it is not the primary cause for any of the failure modes.  

7.5.1 Skin Slenderness  

Considering the local buckling of the skin due to the removal of the top flange 

and slenderness effects as seen in the experimental program, the skin slenderness ratio 

is investigated. In this case, the thickness to effective width ratio of the OSB flooring 

panel used as the stressed-skin. The aim in increasing the skin thickness (𝑡) and hence 

decreasing the slenderness ratio is to reduce the local buckling and hence provide a 

greater use of the stressed-skin as an integral part of the structural system without 

resorting to less cost-efficient EWPs such as plywood. The slenderness ratio for the 

skin uses an effective width in accordance to design guidelines as shown in Equation 

7.1 [460]. 
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𝑏𝑓,𝑐 = (𝑏𝑤 + 0.1 ∗ 𝑠𝑝𝑎𝑛)  ≤ 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 (7.1) 

Where,  

𝑏𝑓,𝑐 = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑚𝑒𝑚𝑏𝑒𝑟 (𝑡𝑜𝑝) 

𝑏𝑤 = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑒𝑏 

Hence for a web width of 21 mm and a span of 1800 mm,  

𝑏𝑓,𝑐  ≤ 201𝑚𝑚 

Therefore, for an effective width of the skin of 198 mm the outstand width is 100.5 mm with 

its clear outstand width (𝑏𝑒𝑓𝑓,𝑜) of 90 mm. 

 

Thicker flooring skins than the minimum 18 mm OSB panel to span the 450 mm 

joist spacing has been selected to tackle the local buckling of the stressed-skin. 

Although a tailored specific thickness of OSB can be produced through consultation 

timber manufacturers, minimum supply order and increased cost has led to the use of 

common available thicknesses to be incorporated and studied. The common 

thicknesses of OSB which are greater than 18 mm and are mass produced and available 

in the Australian market are 20 mm, 22 mm and 25 mm [461], thus these are the 

thicknesses used in the floor system which were investigated for performance. Each 

skin thickness was used in combination with the standard configuration presented prior 

with a nail spacing of 150 mm due to the balance between cost of manufacture and the 

corresponding increase in performance. The behaviour is depicted in Figure 7-13 with 

failure modes (1), (2) and (3) as per Table 7.4 superimposed, with key results 

summarised in Table 7.6 
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Figure 7-13: Force – deflection behaviour when increasing skin thickness. 

 

Table 7.6: Result summary of decreased slenderness ratio of the skin on 

performance. 

Skin 

thickness 

(mm) 

Skin slenderness 

ratio 

(𝒃𝒆𝒇𝒇,𝒐/𝒕) 

Serviceability 

load (kN) 

Ultimate load 

capacity (kN) 

Displacement 

at maximum 

load (mm) 

18 5.0 23.3 37.7 9.6 

20 4.5 25.6 40.7 9.9 

22 4.1 26.0 44.3 10.1 

25 3.6 27.0 45.0 10.4 

 

The positively sloped dotted line in Figure 7-13 indicates improvement in both 

the onset and severity of local buckling of the top skin which now occurs at higher 

loads and displacements when the skin thickness is increased. Once the skin thickness 

is increased to 25 mm, that is, the top skin having a slenderness ratio of 3.6 the point 
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of local buckling passes the serviceability limit. Greater increase in performance in the 

ultimate load capacity then the serviceability load is observed due to the minimisation 

of the local buckling of the skin which is most prominent after the 5 mm deflection, 

this governs the serviceability requirements. With the increase of thickness of the OSB 

skin the displacement at maximum load is impacted by the overall stiffness of the floor 

system being increased but countered by the greater load carrying capability due to the 

delaying of local buckling of the stressed-skin. Decreasing the slenderness ratio of the 

skin to 4.5 at this span results in much of the gain in performance to be realised. For 

the standard 450 mm joist spacings this corresponds to a minimal thickness of 20 mm, 

which is 2 mm greater than the minimum thickness of floor panel in regular timber 

flooring cassettes. 

7.5.2 Web Slenderness  

Since the plywood web cracking was found to be a critical failure mode, the 

parameter of web slenderness was investigated with the aim to achieve higher ultimate 

loads through the delay of this failure mode. The slenderness ratio of the web was 

calculated through the ratio of 𝑑𝑝/𝑡𝑤 where 𝑑𝑝 is the depth of the web from the top of 

the bottom flange to the underside of the skin and 𝑡𝑤 is the thickness of the web [462]. 

Although a tailored specific thickness of plywood can be produced, local commonly 

available thicknesses have been chosen for practicality and feasibility purposes. The 

commonly available thicknesses of plywoods which are greater than 21 mm and are 

produced and available in the Australian market are 25 mm, 32 mm [55, 463] thus 

these are the thicknesses used in the FEM analysis to investigate behaviour and the 

increase in performance as depicted in Figure 7-14 with key data summarised in Table 

7.7.  
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Figure 7-14: Force – deflection behaviour when increasing web thickness. 

 

Table 7.7: Result summary of decreased slenderness ratio of the web on 

performance. 

Web thickness 

(mm) 

Web slenderness 

ratio (𝒅𝒑/𝒕𝒘) 

Serviceability load 

(kN) 

Ultimate load 

capacity (kN) 

21 11.3 23.3 37.7 

25 9.5 25.9 40.4 

32 7.4 29.1 44.1 

 

Decreasing the slenderness ratio of the web has a positive effect on the 

serviceability and ultimate load capacities, however, it is not as pronounced as that 

compared with those attributed with the decrease of nail spacing. The negatively 

slopped dotted line in Figure 7-14 indicates that increasing the web thickness 
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decreases the displacement at which local buckling onset occurs, however, since the 

web is now thicker, the load at which this occurs is higher. Decreasing the slenderness 

ratio by 16% from the 21 mm thickness configuration results in a 11% increase in 

serviceability load and 7% increase in ultimate load capacity. Additionally, a further 

reduction of the slenderness ratio by another 22% results in a 12% increase in 

serviceability load and a 9% increase in ultimate load capacity. Therefore, this shows 

that an increase in serviceably load and ultimate load can be achieved in a regular 

predictable manner through increasing the thickness of the web regardless of what 

thickness it is. To increase overall performance efficiently, the thickness of the 

plywood web may remain at 21 mm if the thickness of the OSB is increased by 3 mm 

from 18 mm, as it has similar increase in performance per material increase but with 

less cost due to the nature of the material. If desired, the thickness of the web in this 

configuration can be increase to 25 mm with a slenderness ratio of 9.5 and above to 

meet higher capacities, as this produces a direct increase in overall performance in 

resisting bending. This is due to its orientation and moment of inertia well as the 

increase in the surface area of the bond line aiding in the prevention of slip. 

7.5.3 Nail Spacing 

The nails themselves have been kept constant with a diameter of 3.05 mm and 

length such that each nail is embedded a minimum of 30 mm into the web. This is 

governed by component availability, costing and considerations for management of 

efficient manufacturing and supply chains. In place of the nails themselves, the 

spacings of the nails have been altered for investigation. That is, closer nail spacings 

take particular consideration of the connection between the skin to the web and the 

bottom flange to the web have been studied. Specimens with a 300 mm nail spacings 

along with a reduce 150 mm nail spacing has been modelled and validated showing a 

notable increase of 8.9 kN in maximal capacity despite the onset of local buckling still 

occurring its magnitude is reduced as indicated by the vertical dotted line in Figure 

7-15. The FEM has supported experimental observations and allowed for modelling of 

a further reduced nail spacing of 75 mm for academic purposes. This does not take into 

consideration of the amount of extra time and cost in manufacturing these floor 

cassettes over those of 150 mm or 300 mm nail spacing, due to this process being if 

desired and invested upon, automated. The effects of halving the nail spacing once 

more to 75 mm shows a moderate increase in serviceability capacity of 4.2 kN and 
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6.1 kN as compared to the 150 mm and 300 mm scenarios. The failure modes (2) and 

(3), that is, the flexural failure of the web and the slip of the bottom flange of the web 

remain unchanged in terms of order. That is, the web first progressively fails and in 

doing so transfers the load to the bottom flange and its connection to the damage web 

then fails. However, as observed only the most spaced out nail spacing showed minor 

web cracking. 

The results of the further reduced nail spacings are more significant when a 

maximum capacity is of concern, particularly when compared to the 300 mm nail 

configuration. There is an increase of ultimate load of 7.2 kN compared to the 150 kN 

nail spacing, and 16.3 kN compared to the 300 mm nail spacing of the same standard 

outlined configuration. The entire behaviour of which is depicted in Figure 7-15. This 

indicates that reducing the nail spacing does indeed lead to a notable increase in 

ultimate performance. This is partly due to minimising the effect of local buckling of 

the stressed-skin and partly due to increasing the shear resistance of the joint to the 

bottom flange against ultimate slip failure.  
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 Figure 7-15: Ultimate force – deflection behaviour of stressed-skin floor 

cassettes FE models with nail spacings of 75 mm, 150 mm and 300 mm. 

 

 

7.5.4 Adhesive Properties 

Adhesives incorporated into the stressed-skin flooring system play a highly 

critical role in the ultimate capacity and behaviour. Particularly, those between the web 

and skin as well as in between the web and the bottom flange. This is ascribed to the 

integral engagement of the floor panel, that is, the stressed-skin to the web and the 

critical slip failure mode of the bottom flange. The motive for this part of the 

parametric study lies in the fact that the original glue and glue properties were for a 

simple flexible form of 1C polyurethane with the product name sika-221 with stronger 

and stiffer 2C (two component) polyurethane glues available. In addition, the 

manufacturing conditions which were used to create the specimens used to test the glue 

properties along with the test specimens were such that the glue cured under nail 

pressure only, leaving much room for improvement. Moreover, this not only limits the 

potential strength of the connection but the stiffness too, due to the uneven glue 

thickness and applied pressing pressure during curing. Thus, there is notable scope of 
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potential theoretical improvement of the tested glue properties which was evaluated 

through several alternative adhesive properties. These have been chosen by simply 

multiplying the current base case reference model (G1) by a factor of 2 (G2), 3 (G3) 

and 5 (G5) to determine its effect to the results. Figure 7-16 displays these results. The 

largest increase in performance is seen in G2 with its peak capacity now 10% higher. 

This is partly due to the relevant effects of increasing the glues stiffness but 

predominately due to the effects of a stronger bond due to increased cohesion. 

However, further increases of the glue properties practically has no effect. This is 

caused by the adhesive becoming stronger than timber itself and thus the extra 

cohesion, particularly as seen in G3 and G5, not providing any additional improvement 

in performance. Rather, the increased stiffness of the glue is somewhat relevant 

although its effect at this stage is marginal at best.  

 

 

Figure 7-16: Force – deflection behaviour with modified glue parameters. 
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7.5.5 Span to depth ratio 

Since this prefabricated system is designed for shorter spans such as in corridors, 

it is important to note that across projects, the width may not be the same. The ability 

for the chosen design to be manufactured repetitively at a constant overall depth in a 

high-volume prefabrication manufacturing line and accommodate various scenarios of 

span is important for efficiency, pre-made availability and economy of scale. Extreme 

scenarios of extra narrow and extra wide corridors have been looked at to determine 

the capacity and performance for multiple use of the chosen stressed-skin flooring 

cassette design for various spans. Figure 7-17 displays the force-deflection behaviour 

for the various spans with key results summarised in Table 7.8.  

 

 

 Figure 7-17: Force – deflection behaviour for alternative spans with constant 

overall depth of 300 mm. 
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Table 7.8: Summary of the effects of span to depth ratio on performance. 

Clear 

span 

(mm) 

Span to 

depth ratio 

(𝑳𝒄/𝑫) 

Serviceability 

load (kN) 

Ultimate load 

capacity (kN) 

Displacement at 

maximum load 

(mm) 

1200 4 29.0 52.5 7.0 

1800 6 23.3 37.7 9.6 

2400 8 19.6 32.8 13.6 

 

The long-dashed line which indicate the SLS limit are now not vertical but 

sloped. This is because the SLS limit changes for each of the cases, since the span is 

changed between each case. From the standard configuration which was tested 

experimentally, reducing the span to depth ratio by 33% increases the serviceability 

and ultimate load by 24% and 39% respectively. Whereas, increasing the span to depth 

ratio by 33%, decreases the serviceability and ultimate load by 16% and 13% 

respectively. These results show the direct influence the span to depth ratio has on both 

the serviceability and ultimate limits. The large increase in ultimate load for the shorter 

span scenario with the same floor depth is likely influenced by direct load transfer to 

the supports. Onset of local buckling was captured through analysing stress 

distributions as per the prior outlined FEM method, particularly in the 1200 mm span 

scenario where the onset is not clear.  

Increasing the span to depth ratio delays the onset of local buckling primarily in 

terms of displacement. To delay the onset of local buckling to occur beyond the SLS 

limit the span to depth ratio is to be increased beyond the value of 8. 

7.6 CONCLUSIONS 

Through the principles of reductive design, this study has investigated the 

removal of the dedicated top flange of engineered timber I-beams when used as 

cassettes. This prompted the use of the OSB flooring panel as a ‘stressed-skin’ 

structural member through an integrated glued connection to the web made possible 

through prefabrication and manufacturing in developing a material efficient timber 

floor cassette for short spans scenarios. A total of 20 stressed-skin specimens were 

tested with 150 mm and 300 mm nail spacings to understand its influence on the new 

connection and the corresponding structural behaviour, response and failure modes. 
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This includes increasing the strength of the connection due to closer nail spacings. This 

provides a more uniform pressure and stronger hold for the glue during its curing, thus 

enabling a stronger connection and overall performance. It was found that the removal 

of the top flange and integration of the flooring panel has caused local buckling of the 

now stressed-skin to occur prior to other modes of failure. A detailed Finite Element 

Analysis (FEA) which takes into consideration the full behaviour of the materials, the 

glue and nail connections, along with failure modes has been validated and used to 

provide insight to potential design solutions. Key parameters that were investigated 

were the adhesive properties, the ratio of clear effective outstand width of the flange 

to the thickness of the stressed-skin (beff,o/t), ratio of the clear depth of the web to the 

thickness of the web (dp/tw), ratio of the clear span to the total depth of the composite 

beam (Lc/D) and finally the spacing of the nails. This has resulted in a broad level 

understanding of the effects of these design parameters to the behaviour of stressed-

skin engineered timber flooring cassettes. 

The following key findings have been identified in this research: 

1. A more material efficient flooring cassette can be achieved by directly 

chemically bonding the flooring panel to the web without any top flange to 

form stressed-skin member.  

- However, local buckling of the skin is prone to occur prior to reaching 

the designed SLS limit.  

2. Halving the nail spacing on average results in a 17% improvement in the 

ultimate load capability of stressed-skin engineered timber floor cassettes.  

- This is credited to the improved shear resistance and glued connection 

with closer nail spacing which provides a more uniform pressure 

distribution during the adhesives curing process.  

3. Skin-slenderness ratio can be modified to delay the onset of local buckling 

beyond the serviceability limit.  

- For the proposed system it is predicted that this is achieved when the skin 

slenderness ratio is reduced to 3.6 rather than 5.0. This can be attained by 

using a 25 mm thick flooring panel rather than 18 mm for a 450 mm joist 

spacing.  
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4. Span to depth ratio can be increased to delay the onset of local buckling of 

the skin, particularly in terms of global displacement.  

- It is predicted that a span to depth ratio beyond 8 will result in the SLS 

limit to be reached prior local buckling occurring due to reduced load per 

unit centre displacement.  

5. Initial increases of the adhesive’s properties have the greatest effect on 

capacity due to improved cohesion. This is limited once the glue becomes 

stronger than the timber itself.  

- For the industrial manufacturing conditions and glue used, this can 

potentially amount to a 10% increase in peak capacity. 
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Addendum 

7.7 ADDITIONAL EXPERIMENTAL TESTING 

In additional to the twenty uninterrupted web specimens with varying nail 

spacings as per Manuscript Nine, six more specimens were manufactured and tested 

with alterations in the web [464]. These specimens have alterations to the web either 

from a web hole to allow for HVAC and other services, or a web join, to allow for use 

of offcuts during manufacture. The labelling system used is presented in Figure 7-18 

and the experimental test setup used is photographed and depicted Figure 7-19, this 

was identical to that of the unaltered web specimens.  

 

 

Figure 7-18: Specimen labelling used in the experimental investigation. 

 

 

Figure 7-19: Three-point bending test setup of stressed-skin floor specimens. 
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Figure 7-20 illustrates the three-point bending experimental setup for altered 

web specimens. Any one specimen has either a web hole, or a web joint, 300 mm from 

the nearest support. 

 

 

 

Figure 7-20: Altered web experimental setup and specimen illustration.  

 

 

7.7.1 Web Hole  

Three identical specimens with web holes were manufactured and tested, all had 

a web opening of diameter 200 mm at a location of 600 mm from the nearest end, 

which is also 300 mm from the nearest support. This is to mimic the effect of a 

tradesperson altering the web to create an allowance for services such as water and 

drainage pipelines as well as HVAC (heating, ventilation and air conditioning) ducts. 

The hole was large enough to accommodate the scenario of an air duct which 

consequently resulted in it only being 5 mm from bottom of web, leaving 32 mm at 

top of web due to the restricted depth. The geometrical layout and material assignment 

are otherwise identical to the specimens with the unaltered webs. The nail spacing for 

each specimen in this configuration was chosen to be 150 mm rather than 300 mm 

configuration to better safeguard against slip failure. However, this was to be shown 

to be unnecessary due to the changed failure modes and reduced capacity. 

With a maximum achievable load of 18.5 kN as compared to 36.7 kN, these three 

web hole specimens failed significantly prematurely as compared to that of the 
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unaltered web. The significant failing damage is shown in Figure 7-21. Only minor 

local buckling took place before the web developed a crack through the top and bottom 

of the hole where the section is reduced. This early onset and type of failure mode 

resulted in no observed flexural web cracking or slip behaviours since the load did not 

reach the limits at which these would occur. This indicates that having a reduced nail 

spacing for stressed-skin floor cassettes is unnecessary, since the load never reaches 

the level where a slip failure mode would occur, rather, critical shear cracking in the 

reduced web area occurs. 

 

 

(a) 

 

(b) 

Figure 7-21: Specimen with web hole; (a) prior to loading; (b) ultimate failure. 

 

Typically, the behaviour of the specimens with the inclusion of the web hole is 

similar for the early range loading when compared to the standard unaltered web 
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configurations. This is particularly true for the load displacement behaviour at quarter 

span prior to the floor systems failure around the web hole. This failure mode causes 

the altered web specimens significantly drop of peak load capacity by approximately 

a half of the original as shown in Figure 7-22.  

 

 

Figure 7-22: Typical WH (Web Hole) and STD (Standard) Configuration 

Comparison. 

 

7.7.2 Web Join 

From a manufacturing perspective it is feasible to mass manufacture stressed-

skin floor specimens without web joins if the system is solely used for shorter spans of 

a couple metres such as in corridors. That is, the web sections length is well within 

typical plywood panel dimensions which are ordered in large quantities and cut from. 

However, there will still be wastage in offcuts which are varied in size across projects. 

This is because different projects will have different spans and the ordered plywood 
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panels are limited by the manufacturer’s standard dimensions. For sustainability 

principles and material efficiency the more reasonable sized offcuts should be reused 

in a high value use such as taking a structural role. To ensure this, the reuse and 

repurposing of off-cute plywood panels as part of the web has been investigated 

through a web join. This inclusion of joins in the web requires experimental 

investigation to determine its effect on structural performance. Only a single web join 

is to be present in any specimen and the join is not to be near mid-span but closer to 

the supports to give the greatest chance of successful adoption. This is because the 

prior extensive experimental investigation of the continuous web specimens presented 

in Manuscript Nine consistently shown a flexural failure mode at the web at mid-span. 

Therefore, all the specimens had the join away from the centre and only 300 mm from 

one end of support point, that is, 600 mm in from the end of the joist. This was so that 

direct load will be transferred across the joint from the actuator head to the support 

reaction rather than if it was at the centre as it would undergo separation. The join itself 

is a flat butt join with PU (polyurethane) adhesive. The nail spacing for each specimen 

in this configuration has been kept at 150 mm rather than 300 mm in order to best 

ensure that the observed failure will be that associated with that of the join and not slip 

between the flange and the web. A total of 3 identical specimens with a web join have 

been manufactured and tested to determine the level of repeatability due to the variable 

nature of the materials used and industry standard manufacturing conditions.  
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Figure 7-23:Typical three-point bending results for specimen with web joint, 

quarter span being at the end with the web join. 

 

The specimens which had a vertical web join fared notably better than those with 

a web hole with an average maximum load value of 29.5 kN as compared to 18.5 kN 

making it comparable to the specimens without any web join particularly up it its peak. 

At this peak value the shear and induced transverse shear causes the delamination of 

the glue at the web joint which is shown by the notable drop in load carrying capacity 

when the force approaches 30 kN as shown in Figure 7-23. It may seem that this peak 

capacity is also the serviceability capacity when considering the limit L/300 for 

deflection; however, in this case, mid span deflection is not the maximum deflection. 

For maximum deflection, the quarter span is a better measure as it is near the web join 

location. Taking this into account the serviceability load is approximately half that of 

the peak load and the deflection approximately double. Therefore, inclusion of vertical 

web joints away from the central span in order to reduce waste and increase material 

usage can be carefully adopted by engineers and manufactures only when 

serviceability design governs.  
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It is important to note that after the peak failure mode occurs there is not a total 

loss of load carrying ability. This is because the bottom LVL flange is still, for the 

most part, attached to the web, and therefore, it does not entirely collapse. This can be 

considered as an inherit safety in design, where the minimum post peak failure load 

carrying capacity is 10.4 kN. Beyond this point, additional loading can be applied up 

to 17.5 kN at which the LVL bottom flange eventually fails. The bulk of the deflection 

is exhibited after the serviceability mark where web separation first begins. This 

supports the contention that this cost saving solution can be carefully incorporated and 

allowed for in design when the system is governed by serviceability limits.  

Lastly, some minor local buckling of the skin was observed at similar loads to 

the unaltered web specimens, however, as soon as the slip and splitting of the web join 

occurred this vanished. This was due to the failure mode of the web causing uplift of 

the skin, which was unhindered due to the lack of moment resistance in the tongue and 

groove join of the skin as shown in Figure 7-24. Further application of load resulted 

in even more separation of the web from the skin and the bottom flange with the latter 

eventually succumbing to flexural failure due to the web no longer efficiently 

transferring forces.  

 

(a)  

(1) Slip and separation of web join,  

(2) Nail pull-out and tensile cohesive failure,  

(3) Skin pivot about tongue and grove joint,  

(4) Flexural failure in the LVL bottom flange 
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(b) 

Figure 7-24: Failure modes observed for web join configurations: (a) web join 

specimen failure; (b) skin pivoted about tongue and groove joint. 

 

7.8 ADDITIONAL INSTRUMENTATION  

7.8.1 Method of Capturing Slip 

Slip was the critical failure mode for the unaltered web specimens found in 

Manuscript Nine. This failure mode was recorded via a laser transducer mounted to 

the web which shone on a rigid non-structural timber member affixed perpendicularly 

to the bottom flange as per Figure 7-25. It was necessary for this arrangement to be 

similar on both ends of the specimens since the failure side could not be premediated.  

 

 

Figure 7-25: Arrangement of laser transducer to measure slip. 

3 
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7.8.2 Shear Strain 

Strain gauges were used on all unaltered web specimens to record the strain 

observed in the material in case of rolling shear failure mode. The strain gauges were 

installed at quarter span on the web at an angle of 45° to the horizontal. They were 

perpendicular to each other and across the neutral axis to capture any rolling shear 

effect. This is because shear stresses lead to shear strain, particularly in this testing 

configuration due to the low span to depth ratio [465, 466]. Tokyo Sokki Kenkyujo 

TML PL-60 strain gauges were used to capture the shear behaviour as shown in Figure 

7-26. These strain gauges are 60 mm in length in order to average out local 

irregularities in the timber.  

 

 

Figure 7-26: Arrangement of strain gauges for shear strain measurement. 

 

Even though the web of the floor cassettes had an ultimate failure due to flexure, 

significant shear behaviour was observed through the strain readings. The results were 

compared to the loading force to determine if there was a corresponding relationship. 

Since a low span to depth ratio scenario was present notable shear behaviour was 

expected. A clear relation can be seen between shear strain and load as shown in 

Figure 7-27 where the readings were used to model the shear strain behaviour over 

time of loading. 

The described behaviour is the same for all repeated unaltered web specimens. 

Generally, and in this case (BEAM - 06 - 150NS - STD), the time period of 

0 – 150 seconds both the force and the shear strain increase at an almost constant rate, 
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from 150 – 315 seconds the plywood web begins to crack which slows down the 

increase of loading force. This is in keeping with the displacement-controlled test 

method. It is interesting to note that during this period the shear strain as observed in 

the web continues to increase at an almost unchanged rate despite some minor sudden 

drops in the load. This is theorised to occur despite the lower rate of increase in force 

due to the structural damage which is occurring in the web making the plywood more 

sensitive to any further increase in force. Finally, at the 315 second mark the bottom 

flange separates from the web and/or the web would also undergo major flexural 

failure and the shear strain in the web along with the load significantly drops.  

 

 

Figure 7-27: Typical measured shear strain and load behaviour over time, with 

loading rate of 2 mm/min. 
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Implications 

(2) Within the timeframe and context of this study, what knowledge and corresponding 

solutions can be developed, studied and successfully proven to address each 

limitation?  

With DfMA in mind reductive design was applied to engineered timber floor 

cassettes in the development and understanding of prefabricated stressed-skin 

engineered timber floor solution to address the described limitations. This led to the 

removal of the dedicated top flange of engineered timber I-beams when used as 

cassettes and prompted the integration of OSB flooring panel as a ‘stressed-skin’ 

structural member. This was through an integrated glued connection to the web made 

possible through prefabrication and advanced manufacturing. With such a system, 

material efficiency increases, whilst also reducing the number of manufacturing 

processes required. Knowledge has been developed not only on how this can be 

practically achieved, but also detailed structural understanding of the developed 

solution.  

A detailed parametric-based analysis provided understanding and solutions to 

overcome the serviceability and performance issues which arose. This included full 

comprehension of the effects of the ratio of clear effective outstand width of the flange 

to the thickness of the stressed-skin (beff,o/t), ratio of the clear depth of the web to the 

thickness of the web (dp/tw), ratio of the clear span to the total depth of the composite 

beam (Lc/D) and finally the spacing of the nails. Consequently, a broad yet detailed 

level understanding and knowledge has been created on reductively designed stressed-

skin engineered timber flooring cassettes which are now being commercially adopted. 

As a result, this is now the standard floor system for the industry partner who is now 

implementing this on mass scale due to this newly developed commercial advantage.
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Chapter 8: Concluding Discussion 

The previous chapters 3, 4, 5, 6 and 7 have discussed in detail the current 

limitations and knowledge gaps found in timber-based panelised systems built through 

advanced manufacturing, along with the newly developed knowledge and solutions to 

address them. This chapter however provides an overall introduction to findings 

(section 8.1), summary of findings (section 8.2) and synthesis of findings as a whole 

(8.3). Following this, final conclusions of the thesis are given (section 0). Lastly, 

reflections and learnings of the industry-university partnerships are shared (section 

8.5) and concluded with several final remarks (section 8.6). 

 

8.1 INTRODUCTION TO FINDINGS  

This industry-partnership research project has provided significant innovation 

and knowledge to five key areas in relation to advanced prefabricated timber-based 

panelised systems. These were: manufacturing processes, waterproofing, wall 

systems, design methods and selection and floor systems. 

In the advancement area of manufacturing processes as per Chapter 3 

‘Advancement to Manufacturing Processes’, a review and assessment of 

manufacturing processes for advanced automated timber-based panelised 

prefabrication was presented. Chapter 4 ‘Advancement to Waterproofing’ used this 

knowledge to identify and fill a missing link in manufacturing for panelised 

prefabrication, this concerned waterproofing. This issue was tackled through the 

development of prefabricated solutions to waterproofing fit for seamless integration in 

manufacturing processes and assembly. Chapter 5 ‘Advancement to Wall Systems’ 

drew on the learnings of both previous chapters in the advancement area of wall 

systems. This was through the development of a stiffened engineered panelised timber 

wall system for advanced manufacture as a fully-complete system and the post-

tensioning thereof. Adding to this, Chapter 6 ‘Advancement to Design Methods and 

Selection’ introduced the creation of corresponding simple design tools. Specifically, 

design curves, configuration specific post-tensioned strength reduction factors and 
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corresponding charts suitable for feasibility analysis, preliminary design and 

configuration selection. Finally, whereas previous chapters presented the development 

of the next generation of timber-based panelised wall systems, Chapter 7 

‘Advancement to Floor Systems’ focused on the development of the next generation of 

timber-based panelised floor systems through reductive designed stressed-skin 

engineered timber floor systems for advanced manufacture.  

As a result of the industry-focused research approach, a common outcome across 

all chapters has been their immediate commercial uptake. This demonstrates the 

impactful nature of the knowledge developed and advancements contributed to 

contemporary timber-based panelised prefabrication. 

8.2 SUMMARY OF FINDINGS  

8.2.1 Advancement to Manufacturing Processes 

It has been found that existing and potential fabricators lack information on 

holistic set of manufacturing systems that in combination are suitable for the advanced 

manufacture of fully complete timber-based panelised systems. This is also challenged 

by the changing and ever-increasing assortment of technologies available by suppliers 

of prefabrication technologies for each manufacturing process.  

Through this industry-partnership project, the entire set of processes needed for 

fully complete prefabricated timber-based systems are outlined in detail and matched 

to advanced automation enable technologies. As per Chapter 3 ‘Advancement to 

Manufacturing Processes’ an integrative literature review was conducted based on a 

modified framework to that presented by Templier and Paré with the automated and 

advanced manufacturing technologies are reviewed on a process to process basis. More 

than this, a mechanism for the assessment of current practices in manufacturing and 

their comparison to leading automated solutions was developed through a weighted 

Multi Criteria Analysis (MCA). This has been demonstrated and verified through a 

case study with an industry partner. Current timber-based wall panel manufacturing 

assembly lines can now be assessed with recommended automation-based 

improvements given. In other words, it uncovers the most recommended areas for 

investment and development to advance current assembly lines in a targeted manner, 

to produce advanced timber-based panelised manufacture. This occurs on a process 
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level and therefore, facilitates the achievement of strategic prefabricated 

manufacturing objectives specific to the local context. 

The review has shown a clear disparity in the level of automation currently 

available across the processes in the fabrication of these complete systems. An 

overwhelming disproportionate level of automation is placed in the primary stages of 

manufacturing, that is, the cutting and sawing of structural elements. It is suggested 

that this may be due to practicality, suitability and traditional convention. Recent 

technological automated solutions are available to vital labour-intensive processes 

other than sawing and cutting such as: gluing, nailing, stapling, storage and handling 

and installation of insulation. However, some processes currently do not have any 

automated equivalent solutions. Particularly installation of: electrical conduits, 

installation of windows, caulking, flashing and installation of prefabricated panel to 

panel weather seals. These areas offer further research and development interest, 

particularly the weatherproofing which was addressed in Chapter 4 ‘Advancement to 

Waterproofing’.  

It is recommended that a variety of alternative automation enabled solutions to 

each process be considered for new or to be upgraded production lines, for the 

advanced manufacture of fully-complete prefabricated timber-based walls for 

panelised construction.  

8.2.2 Advancement to Waterproofing 

It has been identified that waterproofing sealing methods of joints commonly 

practiced have served well in conventional construction; however, with many 

prefabricated systems emerging in the building industry new and novel means of 

weatherproofing between panels need to be developed purpose specific to this 

application. To address the limitation a methodological means to design and 

development of waterproof seals specific for prefabricated construction has been 

produced with DfMA in mind as per Chapter 4 ‘Advancement to Waterproofing’.  

In this, many factors have been identified for the DfMA and development of a 

prefabricated waterproofing solution for the numerous panel to panel connections had 

when using fully-prefabricated systems. A particularly significant determinate for this 

context has been identified as ability for the prefabricated seal to be able to handle a 
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wide range of manufacturing and assembly related tolerances. In addition to this, 

altering direction bow of adjacent walls is to be considered plausible dependant on 

loading configuration and thus discrepant mid-height out-of-plane deformation it to be 

considered. It has been identified that the ideal solution would be installed without the 

use of scaffolding, cranes, overhanging harnesses. Simply put the waterproof seal is 

not installed from the external face by any means. It is to be less dependent on skilled 

labour and human workmanship then conventional means as well as consume less 

time. 

As a result, a prefabricated waterproofing solution in the form of a carefully 

designed Ethylene Propylene Diene Monomer (EPDM) gasket has been successfully 

developed. It is fully prefabricated in that it does not require any work to be conducted 

on-site at all, let alone on-site work that requires access from the external face of the 

building. Seamlessly integrating with corresponding automated and semi-automated 

assembly lines as a process in an existing work station, it does not inhibit the 

completion of other processes. Furthermore, despite it being prefabricated, it has been 

proven not get damaged beyond function during handling, transport, lifting and 

assembly and in-place operation.  

It has been shown through design, experimental investigation, fluid structure 

interaction and numerical analysis and ultimately a case study, that a fully 

prefabricated waterproofing solution can perform well above minimum requirements, 

over a broad range of manufacturing and building tolerances, in the panelised 

prefabrication context.  

8.2.3 Advancement to Wall Systems 

A more material-efficient panelised timber-based wall system for mid-rise 

buildings has been successfully developed as per Chapter 5 ‘Advancement to Wall 

Systems’. The new form of timber-based wall system was termed stiffened engineered 

timber wall which were suitable for advanced manufacture and full prefabrication and 

can include post-tensioning. They allow for a greater resource usage of timber for its 

load-carrying capability, particularly when compared to regular rectangular cross-

sectioned mass timber walls such as CLT. This is fundamentally proven due to a 

notably higher second moment of area per unit mass of timber. 
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This solution has been developed considering DfMA in the context of panelised 

prefabrication, thus allowing for immediate adoption and production using currently 

available automation technologies and supply chains. A detailed investigation has 

successfully resulted in many key findings.  

Complex behaviour through several modes of failure was shown to sequentially 

lead to the critical failure at peak load. This was consistently the separation and 

delamination of the SHS from the engineered timber panel. PT force reduction due to 

axial loading was found to be a significant factor which should be considered in 

earthquake and wind design. For h/300 serviceability conditions, the tension in the rod 

was approximately ¼ of the initial PT force. This has important consequences since 

there is significantly less force tying the building to the foundation and restraining it 

from overturning.  

It was found that centre deflection at mid-span is more critical for SLS. 

Differential out-of-plane displacement should be considered in serviceability state 

design since it can constitute 7% to 12% of the allowable SLS limit. The application 

and increase of initial post-tensioning have been shown to have a clear and consistent 

negative effect on both SLS and ULS. This should be carefully considered in order to 

safely exploit the many benefits of prefabricated PT wall systems. 

Pivotally, not gluing the stud stiffeners to the engineered timber panel increases 

the serviceability load whilst reducing the number of manufacturing processes 

required. This is credited to the greater initial load share on the stiffer SHS. However, 

in doing so, there is a notably drop in the ULS. Therefore, it still may be feasible for 

serviceability dominated design, although with a higher specified initial post-

tensioning. PT systems in steel-timber stiffened walls can take full advantage of the 

lateral bracing provided by the SHS through only a screwed connection without itself 

imparting a greater axial load transfer to the panel as it would with a glued connection 

which would cause greater effective eccentricity. This can directly lead to 

manufacturing simplicity and concerns of bond strength between the steel SHS and 

panel for long-term, wet conditions, and extreme heat would be alleviated. 

Wall height has been strongly correlated to reduction in capacity and PT loss 

rate, thus appropriate higher initial post-tensioning is recommended for taller PT-CST 

walls. That is, higher PT, only up to material and/or bow initialisation limits. Changing 

the loading condition such that the SHS is loaded with the engineered timber panel 
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instead of the studs results in a reversal of buckling direction. Fundamentally this 

results in a notable increase in the ultimate load capacity of approximately 24%. 

8.2.4 Advancement to Design Methods and Selection 

Simple yet versatile design curves and design methods were able to be developed 

from analytical, experimental and numerical results for axially loaded stiffened 

engineered timber walls with and without post-tensioning. These were presented in 

Chapter 6 ‘Advancement to Design Methods and Selection’. An exact finite strip 

method based upon the Wittrick-Williams algorithm with appropriate orthotropic 

material models and strength limits was able to capture the behaviour of the timber 

elements.  

The developed design curves have proven that for a desired load capacity, the 

optimal system configurations are easily given. Likewise, for a chosen configuration 

the allowable axial load is had. The key parameters were found include: the amount of 

post-tensioning force, the thickness of the panel, number of adjacent stud stiffeners, 

height of the wall and applied load thus the incorporation of each. A verified and 

validated design procedure has been proposed which utilises these design curves along 

with a configuration specific strength reduction factor due to any nominal level of post-

tensioning.  

8.2.5 Advancement to Floor Systems  

Reductive design can be successfully applied to engineered timber floor 

cassettes in the development of prefabricated stressed-skin engineered timber floors as 

demonstrated by Chapter 7 ‘Advancement to Floor Systems’. In doing so it is possible 

to increases material efficiency whilst also reducing the number of manufacturing 

processes required. This can be achieved through the removal of the dedicated top 

flange of engineered timber I-beams when used as cassettes and integrating the OSB 

flooring panel as a ‘stressed-skin’ to form a composite structure. Advanced 

manufacturing technologies can facilitate this direct integral glued and nail connection 

between the web and the floor panel. Because of this serviceability issues particularly 

in the form of local buckling of the stressed-skin can arise. However, a parametric-

based analysis has shown several effective solutions to this SLS constraint.  
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It has been found that skin-slenderness ratio can be modified to effectively delay 

the onset of local buckling beyond the serviceability limit. For the proposed system it 

is predicted that this is achieved when the skin slenderness ratio is reduced to 3.6 rather 

than 5.0. This may be practically attained by using a 25 mm thick flooring panel as 

opposed to an 18 mm panel for a 450 mm joist spacing. Additionally, the results also 

show that the span to depth ratio can be increased to effectively delay the onset of local 

buckling of the skin, particularly in terms of global displacement. It is predicted that a 

span to depth ratio beyond 8 will result in the SLS limit to be reached prior local 

buckling occurring due to reduced load per unit centre displacement. 

The parametric-based analysis has also resulted in important findings on 

methods to increase ULS capacity. It has been found that halving the nail spacing on 

average results in a 17% improvement in the ultimate load capability of stressed-skin 

engineered timber floor cassettes. This was due to the improved shear resistance and 

glued connection with closer nail spacing which provides a more uniform pressure 

distribution during the adhesives curing process. Lastly, initial increases of the 

adhesive’s properties were shown to have the greatest effect on capacity due to 

improved cohesion. This was limited once the glue became stronger than the timber 

itself. For the typical industrial manufacturing conditions and glue used, this can 

potentially amount to a 10% increase in peak capacity.  

8.3 SYNTHESIS 

The overall research approach established and leveraged close collaborative 

industry-partnerships to facilitate a singular comprehension of current limitations 

faced in industry and importantly, a joint cooperative in addressing them. Rather than 

research focusing on only one specific area, the holistic understanding gained allowed 

for a series of detailed and in-depth pieces of research in several critical areas. In other 

words, detailed advancements were forged across a range of the most pressing areas 

to best satisfy the critical urgent needs faced in industry to develop and advance 

timber-based panelised prefabrication in an impactful manner that would not have 

been possible otherwise. 

Together with Chapter 2 ‘Overarching Literature Review’, Chapter 3 

‘Advancement to Manufacturing Processes’ served to administer the original research 

which followed. A comprehensive review and assessment of manufacturing processes 
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for automated timber-based panelised prefabrication was had, and in doing so, some 

broad strategies have emerged which may prove beneficial for further promotion and 

adoption of advanced fully-complete timber-based panelised prefabrication. These are 

presented in order of recommended consideration and include; base time per work 

station to be set by the maximum output of the CNC as a function of complexity; list 

and order all the possible individual tasks and processes for the system based on 

dependencies and potential automation and manufacturing methods; estimate the 

number of proposed work stations and outline proposed stage of completion of the 

wall for each; group all tasks which can be performed on the same station with respect 

to planned manufacturing method; ensure groups are large or small enough such that 

the expecting average completion time is in keeping with the maximum output of the 

CNC; ensure tasks per station are such that access to the station is not overcrowded 

with input materials or conflicting space requirements, if so rearrange tasks or add 

another separate working station; finally, minimise the number of processes which are 

to occur on each of the work stations such that the work stations are used in the most 

efficient manner. For example, stud to be cut to length prior to feed in and welding of 

tabs on steel separately beforehand then have the subassembly as feed in. For further 

dissemination of broad gained knowledge in this context, please refer to Appendix D 

‘Proposed Manufacturing Line’. 

Building on the collected and developed knowledge of manufacturing processes 

as outlined in Chapter 3, the collective study of weatherproofing, walls, design 

methods and floors in timber-based panelised prefabrication resulted in a holistic 

understanding of advanced panelised forms of timber construction previously little-

known. The set of developed learnings have strong interdependencies, that were 

cohesively learnt from and resulted in levels of product and solution development that 

otherwise would have been impossible under a more traditional research approach. 

One of the clearest examples in this context, is a prefabricated solution to 

waterproofing. It is doubtful that this would have been identified if not for the study 

on manufacturing processes within Chapter 3. Furthermore, the robustness of this 

solution was improved due to the study on advanced timber-based prefabricated wall 

and floor systems as in Chapter 5 and Chapter 7. 

Weatherproofing of buildings, whether prefabricated or not, is vital to maximise 

design life and performance. Careful design is required of external sealing 
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technologies, especially for timber-based structures in which the weatherproofing 

system is vital to protect the structural system. This is caused by timber being 

susceptible to decay and rot when exposed to external environmental conditions. 

Furthermore, for fully prefabricated systems intended for mid-rise buildings that have 

the façade already installed, many joins exist between panels. In comparison, a 

conventionally built building, the façade is either continuous or lapping. Traditional 

means of sealing gaps between panels is cumbersome and wasteful for façade included 

panelised systems. This is particularly true for advanced connections such as 

continuous steel post-tensioning is used (see Chapter 5 and Chapter 6) as this would 

mean that waterproofing is the only remaining task left on-site which requires access 

from the external face of the building. Since the façade and glazing is already installed 

in fully prefabricated systems, and the buildings in question are mid-rise, then it 

follows that it is wasteful and delaying setting up scaffolding and/or lines and 

harnesses to complete the only remaining task of weatherproofing between panels. The 

identification, understanding and addressment of this limitation as per Chapter 4 

‘Advancement to Waterproofing’ was only possible due to the nature of the research 

approach and multi-core area structure. Subsequently, a new prefabricated method of 

weatherproofing was developed through DfMA that requires no on-site work and 

integrates with the manufacturing processes as studied in Chapter 3.  

The solution was developed in that it is not only compatible with the entire 

prefabricated system workings but complements them. This was only made possible 

due to the knowledge gained through the projects multiple core areas and industry 

partnership. For example, how the seal interacts with the structure should be in a way 

which is suitable for all project stages from design, manufacture, assembly to 

maintenance. In the design stage this includes consideration in terms of the method of 

functionality, material choice and adhesion and connection to the structure. In the 

production of prefabricated panels and/or modules the installation and integration of 

the seal to the system was considered. This included how the seal is to be housed and/or 

affixed to the structure and at what stage during manufacture and/or assembly perform 

the required tasks need to be carried out. In turn, it is necessary to understand the 

effects of the manner, method and timings of manufacture and assembly of the seal on 

all the other processes in the production of panelised walls and floors. The multiple 

core areas approach allowed this to be completely understood, even to the details and 
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concerns related to the transport, lifting and placement. In addition, further co-

dependencies are present, for instance, a governing factor to the developed seals design 

performance is how and to what extent it is compressed. Moreover, the guidance and 

action provided by the post-tensioning system was exploited and facilitated the 

autonomous means of compression without separate input. This shows that there is 

significant co-dependency between the structure and the sealing system that required 

all systems to be developed in tandem within this research project. 

Fully integrating with the manufacturing and assembly methods whilst 

performing to and above minimum standards is still not entirely adequate. All sets of 

expected manufacturing, building and gap tolerances were considered for robustness. 

This is fundamentally important for prefabricated solutions since actual on-site 

weatherproofing performance is highly dependable on the in-plane and out-of-plane 

tolerances between panelised sections. The knowledge and experience gained from 

developing the novel panelised structural systems allowed the actual manufacturing 

tolerances of the components to be known, and through the successful adoption in 

commercial projects, the actual building tolerances and gaps measured. This is in 

relation to the structural systems of the walls and floors as outlined in Chapter 5 

‘Advancement to Wall Systems’ and Chapter 7 ‘Advancement to Floor Systems’. The 

configuration of the prefabricated weatherproofing solutions developed evolved from 

both these vertical and horizontal structural systems and vice-versa. In fact, the set of 

tolerance generated in these developed structural systems were directly applied as 

design parameters in the developed prefabricated gasket sealing solution. Accordingly, 

there is a fundamentally strong integration between the workings of the prefabricated 

structural system with the prefabricated weatherproofing system, where robust design 

of the latter would have been impossible if not for the study of the former.  

The performance requirements and operating conditions stem directly from the 

structural aspects as well as manufacturing for the design criteria; therefore, DfMA 

utilisation was crucial in the development of solutions. For greater detail on how 

design for manufacturing and assembly principles were used and the resulting benefits, 

please refer to Appendix E ‘DfMA Applied’. This involves more than only the 

locational design tolerances caused by the manufacture and assembly of the structural 

system. Indeed, the prefabricated waterproof seal was designed and tested with the 

actual stiffness of the wall and the amount of out-of-plane deflection under loading in 
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mind. Additionally, differential lateral displacement due to potential bowing in 

conflicting directions at mid-height between each wall panel was also considered as 

understood in Chapter 6 ‘Advancement to Design Methods and Selection’. This 

information enabled the rigorous understanding required for thorough design and 

development of a waterproof seal specific for panelised construction that was made 

possible due to the multiple-core and industry-focused research approach used.  

The developed structural systems such as the post-tensioned stiffened 

engineered timber wall presented, allows for full integration with every other system 

and component of the building. This has been shown by their adoption in industry, 

with the full inclusion of all additional components and processes at appropriate 

designated stations in a fully-complete linear manufacturing production line. As per 

the processes that are conducted in a controlled environment as outlined in Chapter 3 

‘Advancement of Manufacturing Processes’, the manufacturability and ease of 

assembly were improved. This can be attributed to the wall system being developed in 

tandem with the selection of advanced automated technologies to complete the 

required manufacturing processes used. Therefore, the developed systems such as the 

waterproofing, wall and floor systems complement each other as well as the 

manufacturing processes required and the method in which they are conducted.  

To ensure that the manufacture takes place to begin with, it is fundamentally 

important not just to provide ease of manufacture, but also to support ease of design. 

This can act as an adoption incentive for the selection of stiffened engineered timber 

walls for mid-rise construction. Therefore, analytical, experimental and finite 

elemental methods have provided an exhaustive set of incremental results for the 

creation of highly versatile yet simple design curves. The proposed design procedure 

in Chapter 6 utilises these design curves along with a configuration specific strength 

reduction factor for any nominal level of post-tensioning. This provides prefabricator 

the practical ability to produce rapid proposals for tender, that is, it enables rapid 

feasibility assessment and preliminary design in the early phases of a project. These in 

turn is actively serving to increase the adoption and thus the manufacture and use of 

the developed system. 

A principle aim in gaining structural efficiency in panelised forms of 

prefabrication, whether it is wall systems or floor systems, is the structural unification 

between premade components to act as a whole. For specific discussion on individual 
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components please refer to Appendix A ‘Discussion of components’. The interaction 

between components can be sub-system interaction or inter-system interaction. 

Structural efficiency has been gained by managing the two, for both wall and floor 

systems. On a sub-system level, the interaction between the timber studs and panel in 

stiffened walls was found to be akin to that between the web and top flange in stressed-

skin floors. An integral chemical connection, facilitated through advance 

manufacturing, was used to increase structural efficiency by forming composite 

sections for both which may not have had the same level of knowledge gained without 

studying the other. This is due to the transferability of knowledge for DfMA in the 

current capability of automated technology, methods of manufacturing and 

corresponding governing requirements. Examples include: pressing pressure, adhesive 

distribution and required curing time. For supplementary discussion on the benefits of 

stiffened engineered timber walls and benefits of post-tensioning engineered timber 

stiffened walls please refer to Appendix B and Appendix C respectively. 

On an inter-system level, the interaction between the wall system and floor 

system was also considered. This was undertaken to improve the unification between 

premade components to act as a whole. As a result, it is now suggested that one way 

this can be achieved is through affixing and lapping prefabricated floor cassettes to 

prefabricated stiffened timber walls between panel to panel joins. In other words, the 

structural engineers may specify the prefabricated wall and floor layouts to be such 

that once the walls are up and joined, the floor cassettes are to be placed such that they 

bridge panel to panel connections. Affixation can be accomplished through 

preinstalled ledger rails and connection directly to the structural wall via rimboard and 

the bottom flange at any location along the floor cassette. This flexibility allows for 

the two systems to cohesively integrate. The installation of a ledger for the floor system 

on the wall will also ensure out-of-plane alignment and final vertical position along 

the building perimeter. Through its successful commercial adoption, greater benefits 

were also realised. Importantly this includes, allowing for earlier lifting clutch 

disconnection from flooring cassettes which achieves increased crane efficiency. Due 

to the ledger, the flooring cassette can be suitably permanently affixed whilst 

additional walls and/or floors are lifted. Thus, the outcomes have proven a strong 

interdependency between each of the studied and developed components working 

succinctly as a greater encompassing system of subassemblies.   
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8.4 CONCLUSION 

The compilation of research works undertaken in this project followed a 

common principle aim in identifying, understanding and addressing current limitations 

and knowledge gaps in advanced timber-based panelised prefabrication. Close 

collaborative industry-partnerships were established and leveraged for the purposes of 

this study. This facilitated the understanding of current limitations faced in industry 

and more importantly, a joint cooperative in addressing them.  

Rather than research focusing on only one specific area, the holistic 

understanding gained, allowed for a series of detailed and in-depth pieces of research 

in several critical areas. In other words, detailed advancements were forged across a 

range of the most pressing areas to best satisfy the critical pressing needs faced in 

industry to develop and advance timber-based panelised prefabrication in an impactful 

manner. 

Beginning with an introduction and overarching literature review, five core 

chapters were then presented for the five areas of advancement, completed by a 

concluding discussion.  

The overarching literature review established the fundaments of knowledge and 

understanding across the topics covered on advanced timber-based panelised 

prefabrication. These included manufacturing processes, waterproofing, wall systems, 

design & selection methods and floor systems. The start and end of each core chapter 

contained an initial preamble and reflective implication section which have directly 

addressed the central research questions. Each core chapter delved into a specific 

limitation and knowledge gap of high commercial need within each topic. The 

developments and advancements made to each in-depth research focus expanded the 

body of literature in which it was positioned. Novel solutions were invented, designed, 

developed, modelled, tested, validated and verified to specifically address these 

limitations and knowledge gaps. The result of which was the increased industry 

adoption of, and knowledge around, advanced timber-based panelised prefabrication.  

Finally, after the core chapters, a concluding discussion evaluating the thesis as 

a whole was presented. The concluding discussion summarises and presents the key 

findings and contributions of the thesis. More specifically, focused discussion and 

conclusions of each core area is complemented by an articulation of a synthesis of the 
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developed knowledge as a whole. In this way, this extensive research project forms a 

unified coherent piece of work, with substantial contributions to knowledge and 

development of process and product innovations. Accordingly, these are spurring and 

enabling the growth of research in, and industry adoption of, advanced timber-based 

panelised prefabrication. 

8.5 INDUSTRY-UNIVERSITY PARTNERSHIPS 

8.5.1 Specific learnings 

Many learnings were generated specific for this project with regards to effective 

industry-university partnerships. These will now be shared for the benefit of others 

interested in engaging in this form of collaboration.  

It is important to establish and recognise that, for the most part, industry and 

academia hold alternative sets of perspectives and goals. Full understanding of the 

other parties’ specific context, aims and methods on how they achieve their aims, was 

not always evident in every situation. Therefore, it is recommended to simply be as 

transparent and direct as possible when establishing rapport. These two alternate 

parties, making their intentions, motives and approach known to each other was the 

clearest method to build an accurate rapport. In this way, these often-competing 

interests can be outlined. From this, a joint understanding and mutual respect for each 

parties’ strengths can be gained, and only then, if appropriate, areas of collaboration 

can be established.  

For this project, collaboration was based upon mutual need. The need for the 

industry partner to develop and understand a new system of construction with which 

they wish to expand their commercial business, and the need for the research group to 

provide expertise and investigational capabilities, to understand and develop novel 

technologies in an impactful manner. Collaboration in this manner flourished when the 

capabilities of both parties were identified, shared and assessed to be complementary 

to each other. The extent of collaboration in this project was great, indeed too large to 

fully elaborate, however, key areas will now be reflected upon.  

From the industry partners standpoint, collaboration was fundamentally based 

on: advanced semi-automated prefabrication facilities, manufacturing expertise, 

practical knowledge on the building industry, supply of test specimens, incorporating 

developments into case studies and proven experience in bringing new products to 
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market. From the academic standpoint, collaboration was fundamentally based on: 

stringent and diverse laboratory testing capabilities, extensive and detailed analytical 

and finite element modelling capacity, access to specific narrow discipline experts and 

the proven research ability to develop new knowledge and understanding. 

A project specification was developed with input from both parties and proved 

a useful reference point. It detailed the deliverables but also described the scope of the 

work, as a result, misunderstandings were avoided. Needs and requirements often 

compete, it is during these times that the appreciation which has been developed for 

each parties’ motives and aims may be drawn upon. The strong rapport and close 

working relationship with an academic, in this case, the candidate; being physically 

present and working from the industry partner’s location can and was relied upon. In 

this way, the divide in academic to industry partnerships can be bridged. As a result of 

these efforts, this has ultimately led, not only to the furthering of knowledge, but the 

furthering of impactful knowledge, and in doing so the associated technological 

advancements which were put into practice. 

8.5.2 Wider findings 

Findings of this research indicate that industry-university partnerships can be 

exceedingly successful when established strategically and managed appropriately. 

Comprehensive and clearly defined project specifications and IP agreements should 

be clearly defined at onset, with the joint understanding that developed knowledge 

must be able to be disseminated. Importantly, the research group in which the industry-

partnerships are established in, should be designed specifically to meet the commercial 

needs of the industry partner.  

Close regular meetings and work updates by the academic staff is insufficient. 

Instead, an academic actually working from the industry partner’s office and 

manufacturing facilities allows for stronger rapport and thorough invaluable 

understanding of the ever changing commercial and industrial landscape. In this way, 

research programs and laboratory investigations based at university can be best 

tailored for the needs of this rapidly advancing industry, with the outcome being the 

successful development of knowledge for both parties that could not have been 

achieved otherwise. 
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8.6 FINAL REMARKS 

This thesis has presented a comprehensive study addressing the limitations and 

knowledge gaps of advanced timber-based panelised prefabrication. The knowledge 

created and advanced, in combination with the developed verified solutions have now 

been put into practice and are currently shaping the industry. The overarching literature 

review together with all ten manuscripts have demonstrated both familiarity with, and 

understanding and critical appraisal of, the relevant literature. In addition, the core 

chapters provide sufficient comprehensive investigation of the topic with appropriately 

justified and applied methods and techniques. The published manuscripts provide 

compelling evidence of the importance of the novel results with adequate exposition 

and interpretation. Conclusions and implications are appropriately developed and 

clearly linked to the nature and content of the research. This is furthered through 

directly addressing the research questions in the preambles and implications sections 

of each core chapter. Finally, through compilation of carefully targeted and designed 

manuscripts of reputable scholarly quality, this thesis, as a whole, constitutes a 

significant original contribution to knowledge in the area of advanced timber-based 

panelised prefabrication.
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Appendix A 

Discussion of components 

Panel 

Purpose 

The purpose of the panel is much more than to effectively completely brace the 

stud’s stiffeners, it itself acts as an axial load transferring element. This is due to the 

moderate thickness which are chosen for the use in stiffened-engineered timber walls 

in addition to the strong integral connection to the stiffening elements. 

Types 

Strand-based panels such as OSB have been chosen due to their cost-efficiency 

which matches this system intention to be a replacement solution for CLT in mid-rise 

building. More information on this panel type and closest alternatives can be found in 

section 2.6.1 ‘Engineered Wood Products (EWPs)’. 

Thickness 

In lightweight framing where bracing board is mechanically fixed to studs, the 

thicknesses of which is typically 6 mm, this only provides lateral bracing restraint to 

the studs. However, in the proposed system the panel is notably thickener, typically 

40 mm, and is integrally bonded to the studs through a rigid chemical connection. 

Therefore, a composite section is formed where the panel now acts as axial load 

carrying element, with its increased thickness preventing local buckling. Thicknesses 

of panel proposed in this study (20 mm to 60 mm) are investigated as more than 

suitable for the intended purposes of this system with considering the spacing of the 

vertical studs and the floor and gravity loads wished to be transferred.  

Since the panel is also intended to aid not only in bracing but in transferring axial 

load, there is typically a direct benefit to be had with greater thicknesses. However, 

the recommended upper limit to panel thickness is 60 mm. This is due to the minimum 

thickness of CLT being the same, specifically a 3-layer cross-laminated panel with 

each lamella having a minimum thickness of 20 mm. This ensures that this system is 

used for its intended purpose as a more cost-efficient and material-efficient timber-

based solution for mid-rise buildings. In summary, thicknesses of the panel between 
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20 mm and 60 mm are deemed to be the most viable and recommended. This considers 

common stud sizes, spacings and the purposes and use of stiffened engineered timber 

walls for applications in which it would perform better as compared the other timber-

based panelised methods available. 

Stud Stiffeners 

Timber panels 20 to 60 mm thick if used as walls alone, are highly prone to out-

of-plane displacement and buckling, not only due slenderness but also because of the 

material properties of timber itself. That is, timber is notably more flexible than other 

typical building materials such as concrete and steel. For this reason, the panels need 

to be strengthened or stiffened for increased flexural capacity. This is achieved through 

integrally connecting timber studs at set centres to one side of the panel. It is possible 

that the stiffeners could have been made from any material, however timber is 

primarily chosen for this function. Being a prefabricated timber-based panelised 

system, this is most reasonable, especially considering the variety of section 

dimensions, classifications, and EWPs readily available and their ease of composite 

integration. 

Material and strength 

Sawn cut studs are a cheaper alternative to engineered timber studs due to the 

minimal processing required from log to final product. Cut along the length of the log, 

the direction of grain in timber stud is the same as the direction in which the stud is 

required to carry load. This proves to be its fundamental strength in axial load 

applications despite the minimal processing needed. Grading of the sawn cut studs can 

be performed through one of two ways, one manual and one automated. The manual 

method is through visual inspection by trained experts which consider the species and 

the natural features and defects of the timber before classifying it into a strength group. 

The second method is through rolling three-point bending tests in which each stud is 

fed through rollers with the middle roller pressurised to determine the flexural bending 

stiffness. Based on these results the studs are then stamped as a machine graded 

product (MGP) and a modulus of elasticity rating (MOE), typically 8, 10 or 12 GPa. 

In both cases localised features of the timber can strongly impact the classification.  

Sawn cut studs in combination with the engineered timber panel the sum of the 

two components can be a hybrid or composite timber structure given adequate 
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connection. That is, both sawn cut and engineered timber forms of wood are used 

together, with each of their individual merits being exploited and weaknesses 

mitigated. Stiffened engineered timber walls can mitigate the lower classification of 

sawn cut studs when used appropriately. Based on the geometry of the one-sided 

stiffened panel, the centre of stiffness and loading configuration can be designed to 

ensure that the wall will flex outwards. In other terms, towards the side of the stud 

stiffeners and not the panel. This behaviour can be taken advantage of; since, sawn cut 

studs that have knots and defects on one side can be faced towards the panel, away 

from tensile forces. This is important since to defects such as knots have negligible 

tensile strength. Therefore, it can be strategically placed on the panel side of the 

stiffened engineered timber wall since knots have strong compression strength. This 

results in little to negligible effects on performance due to this region being away from 

tensile forces.  

In terms of engineered timber studs instead of sawn cut, the primary suitable 

EWP for this application is Laminated Veneer Lumber (LVL) studs. This is due LVL 

having the highest tensile strength capacities of all EWPs [467]. LVL achieves this 

through many thin laminates which are all orientated with the grain along the 

lengthwise direction as shown in Figure A-A.1. The number of thin layers ensure that 

there are minimal localised weak points such that the overall material is more 

homogenous. This is important for this context since the one-sided stiffened 

engineered timber walls, when loaded evenly, will deflect towards the stud side and 

not the panel where the extreme fibre of the studs at mid span are the primary failure 

mode. 
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Figure A-A.1: Laminated Veneer Lumber (LVL) [467]. 

 

Dimension 

The dimension of the stud stiffeners, be it sawn cut or engineered, is central to 

providing the structural efficiency by increasing the flexural capacity. Due to cost 

efficiency and natural ability, sawn cut studs are for a large part, the most regarded 

material to be used as the stiffening element. The dimensions are limited for sawn cut 

wood; therefore, consideration should be given to what the mill can economically 

produce for any given diameter of log. Rectangular sections with modest depth to 

width ratios are most suitable for this application due to the materials efficiency in 

increase the moment of inertia about the horizontal in-plane axis.  

It should be noted that, slender sections such as planks cannot be used for several 

reasons. Firstly, with narrow width but deep section there is a high likelihood for 

planks to undergo local buckling in-plane to the panel. Furthermore, in relation to 

practicality for manufacturing and performance, there is difficulty to effectively bond 

a narrow width section. This caused by the nails tendency to split the timber, resulting 

in effective no capacity at all. Additionally, a glued bond is harder to apply, press and 

hold accurately for narrow yet deep sections. Moreover, failure in both tension and 

shear are more likely to occur given the minimised bond area. For these reasons the 

dimensions of stiffeners should remain to those available to traditional sawn cut timber 

studs and not verge into those available to timber planks. 
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It is recommended that depth dimensions for consideration be 70 mm, 90 mm 

and 120 mm with width dimensions of either 35 mm or 45 mm respectfully. These are 

the typical mill stud dimensions which are produced in Australia, however any similar 

dimension of stud like section may be considered. Depth can be chosen based upon 

required flexural performance, alternatively, the panel thickness can be varied to 

achieve this. If the latter method is chosen, the depth of the stud stiffener can be set 

constant such that it can house the required level of insulation. In this case, the most 

common scenario is a depth of 90 mm which covers most insulation requirements 

around Australia using affordable and effective insulation options such as rockwool.  

Further complexity can be introduced to stiffened engineered timber walls when 

optioning to use LVL studs. The standard mass-produced dimensions for the local 

marker are 90 mm deep by 45 mm wide which is in keeping with the most common 

sawn cut stud size used. Despite this, being by far the most common and available 

dimension of LVL stud available, theoretically any desirable dimension can be 

produced. This is credited to the product not being limited by the physical size of any 

one individual tree log. However, for practicality and commercial incentive in this 

industry partnership project, the most common and commercially available 

dimensions are recommended for consideration in stiffened engineered timber-based 

walls, with the greater dimension used perpendicular to the plane of the panel.  

Spacing 

When non-out-of-plane and localised and effects are not considered, the spacing 

of stiffening elements should have the same influence as the width dimension of the 

stiffener itself. This is due to their same effect on the second moment of inertia about 

the out-of-plane axis. Regardless, in application, spacings which are far apart may lead 

to localised effects on the structural panel at higher loads. Furthermore, spacings too 

close minimise the material efficiency in providing the structural advantage of 

increased flexural capacity taking away the primary mechanical attraction to this 

system. Therefore, in the development of the stiffened timber wall, consideration was 

given to all aspects through Design for Manufacture and Assembly principles and end 

use. It was then determined that the initial recommended spacing of the stud stiffeners 

would be 450 mm.  

This spacing for the stud stiffeners of 450 mm corresponds to the most common 

spacing of studs in timber framing. This spacing has been adopted also into the design 
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of stiffened engineered timber walls since familiarity ought to be actively considered 

more than a simple convenience since it has protracted financial benefits. For example, 

currently much of the automated and semi-automated and manual jigs used 

manufacturing lines and production facilities for the prefabrication of timber frames 

can be easily integrated or converted to the use in producing stiffened engineered 

timber walls due to the common stud spacing. From a systems perspective, the 

common spacing allows seamless integration of the overall width of wall with current 

timber-based prefabricated flooring cassettes which also have the same spacing 

allowing direct load transfer. More so, the familiar spacing of 450 mm allows for 

perfect integration and cross-use of the insulation battens which are used across the 

industry, be it in cold form steel frames or light eight timber framing. There is no need 

to cut insulation battens to a nominal amount and produce a waste of materials, time 

sun standard performance. Lastly, constant 450 mm spacing ensures seamless 

compatibility with current window sizes, façade systems and the batons and railings 

which support them.  

Bond and connection 

The bond and connection between the stud stiffener and the engineered timber 

panel is vital for composite behaviour and may also be a critical failure mode, hence 

particular attention to this may be required. In this application both a nail and glue 

were used together to form an integral connection.  

Nail 

Timber products facilitate quick and easy connections through nailing, hence 

this is the method of choice for many systems such as in lightweight timber framing. 

Stiffened engineered timber walls however, have different requirements in that the 

nails are not primarily used in the end grain of studs to the top and bottoms plates. This 

is because the timber studs have a moderately thick panel to hold against perpendicular 

to its grain direction. In doing this the stud is less likely to split.  

There can be a tendency for the stud stiffeners to pull away from the panel. This 

is due the bow and differing centroidal curvature for each element. This is governed 

by the geometry, loading configuration as well at the materials elasticity. The sawn cut 

stiffeners have a modulus of elasticity three times that of the panel product. 

Specifically, when a typical MGP10 stud is used with a strand-based engineered timber 
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wall panel such as OSB. As curvature increases not onto does this separation want to 

occur but so to the shear slip along the height-wise plane of the panel. Common steel 

nails used in the timber framing industry are a standard way to combat slip due to the 

strength of stiffness of steel. However, in terms of pull out this strength its full capacity 

will not be utilised since the nail will pull out from the engineered panel intact. 

Therefore, a purpose specific nail is needed to aid increase pull out resistance and has 

been used for stiffened engineered timber walls. 

Distinct nails that are ribbed along the length can be used, these are termed ring 

shank nails [468]. This increases friction and help against pull out through engagement 

of the surrounding timber material. More so, the nails can be coated with resin which 

when fired into the timber using a nail gun, melts due to the friction between the 

constituent host material, then later hardens. Nails which are both ring shank and resin-

coated are displayed in Figure A-A.2. Due to the nature of stiffened engineered timber 

walls with connection of the stiffeners to panels there is a justified requisite for the use 

of these types of pull out resilient nails.  

 

 

Figure A-A.2: Resin-coated ring shank coil nails for pneumatic nailing 

guns [468]. 

 

  



Appendices 386 

Glue 

There is a critical requirement for the both the panel and the stiffener to work 

together as a composite section in taking the axial loads from the floors above. Despite 

the additional manufacturing processes an integral chemical bond is required and 

adopted since mechanical only fixing such as through nails are insufficient. The 

additional processes involved with the glue bond are the cleaning of the surfaces, 

locating the desired application point, the placement and spread of the glue, the careful 

placement of the stud, nailing the stud, quality assurance in ensuring squeeze after out 

along the length of stud and finally the careful handling and storage of the wall whist 

the adhesive cures. For all the extra processes and costs involved, the decision to 

specify a glue bond is critical for the requirement of this composite system.  

Calculations show that both for the shear and tensile forces in this connection 

are largely taken by the adhesive and not the nails. This can be attributed to the amount 

of surface area of stud to panel for the given dimension of studs and the material and 

behavioural properties of the cured glue line. Therefore, the adhesive can be thought 

as the primary connection made possible due to the nails hold down of the stud during 

the curing of the glue. For stiffened engineered timber walls, polyurethane was the 

adhesive of choice due to its long-standing track performance for repeatability, 

longevity and dependability.  

Wood glue technology is a mature field which has led to polyurethanes being the 

overall stand out adhesive for timber to timber bonds in many application such as in 

Glulam, CLT furniture and joinery [57, 356, 469-473]. Polyurethane adhesives have a 

long historical use in timber engineering, when used appropriately, that is when careful 

surface preparation is carried out and mindful storage and handling is used, then it is 

stronger than the timber itself [356]. Both one-component and two-component 

varieties are available with the one component chosen for this application due to its 

simplicity and indented use in prefabrication environment for high manufacturing 

output. This choice allows for quicker and more accurate quality assurance, since all 

that needs to be looked for is initial cover, thickness and squeeze out. 
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To facilitate understanding the polyurethanes behaviour several tests were 

conducted. Block shear tests were conducted at a loading rate of 12.8 mm/min in 

accordance to ASTM D5751 and AS/NZS 4364. Failed specimens are shown in 

Figure A-A.3 with results in Figure A-A.4 and Table A-A.1. Additional testing of 

the steel to timber panel was conducted as per Figure A-A.5 particular interest was in 

the failure mode, aiming that it remained within the glue line and not the bond. 

 

Figure A-A.3: A portion of block test specimens after failure. 

 
 

 

 

 

  Figure A-A.4: Load vs extension of block test specimens. 
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Table A-A.1: Raw test results from block specimens. 

Specimen label Height (mm) Width (mm) Maximum load (N) 

1 37.99 52.18 1130.44 

2 38.91 51.44 1569.1 

3 39.11 51.68 996.54 

4 38.16 51.61 1506.19 

5 38.42 51.39 1152.32 

6 39.11 51.64 1862.22 

7 39.12 51.34 904.3 

8 38.65 51.39 1302.88 

9 38.34 51.34 1698.57 

10 38.05 51.65 2100.62 

11 38.79 51.48 982.08 

Mean 38.6 51.56 1382.3 

Standard Deviation 0.43512 0.24314 394.55 

Coefficient of Variation 1.12711 0.47158 28.54 

Maximum 39.12 52.18 2100.62 

Minimum 37.99 51.34 904.3 

 

 

 

Figure A-A.5: Glue testing of SHS to Panel. 
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Post-tensioning System  

Steel Column  

Steel columns are used to house a post-tensioned rod or cable and provide 

significant stiffness and strength to the wall at these locations. Square hollow sections 

(SHS), rather than deeper rectangular sections were used for the steel columns due to 

greater surface area available to bond to the panel. Regardless of the profile, the steel 

columns are required to be located at the ends of each wall to provide the ability for 

horizontally connections to the adjacent prefabricated panelised walls. It also allows 

secure lifting points equidistance from the centre of mass of the wall ensuring stable 

lifts free from rotation.  

Further steel columns for the post-tensioning system can be installed at nominal 

spacings along the length of the wall. These spacings are to be generally several times 

greater than that of the stud stiffeners, such as 4, that is, for every 4 single studs there 

will be one steel column. This is to maximise material and cost efficiency, since even 

a few points of post-tensioning along the wall provides adequate hold-down to the 

foundation and inter-storey connections. The variation on the steel column spacings 

allows for greater versatility of the engineered timber stiffened wall without changing 

its overall depth. This is because the manufacturing processes and materials do not 

need to be altered, allowing for greater repeatability and smooth automation of the 

timber components. 

PT Rod / Cable  

A steel threaded rod or cable is housed within the steel column. These tie into 

the wall bellow and will be drawn taught from above via torqueing a coupler large nut. 

This process occurs after the crane lifts the walls into position, with the steel columns 

being used as guidance. The level of tension in these elements is specified well within 

their elastic limits so that do not lose their restoration ability in mild lateral loading 

events. Extreme loading scenarios where the building may wish to sway, will cause 

tension and relaxation to post-tensioned rods and cables such that temporarily they are 

not at their original levels. A conservative level of post-tensioning has been 

investigated which still offers tie down to the foundation and secure vertical 

connection between walls. Additionally, the initial PT is moderate so that that the pre-
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load in well within elastic limits to minimise the risk of overloading and stretching. 

This would require re-post-tensioning or replacement and re-tension.  

The post-tensioning system provides rocking mechanism and fuse functionality 

under significantly large earthquake and lateral displacement events. This absorbs the 

transferred energy and helps mitigate structural damage. However, it is the negative 

consequence of PT to axial load carrying capability which is the focus on this research 

investigation. This is explored and designed around in Chapter 6 ‘Advancements to 

Design Methods and Selection’. 

Glue  

It is imperative that the each of the stiffening components whether steel of timber 

are integrally bonded to the panel for effective composite action. Thus, a stiffer and 

stronger chemical bond has been used through the adoption of a two-component (2-C) 

polyurethane. The reaction between the two parts is that of a polyol with an isocyanate 

prepolymer which results with a harder and more moisture resistant solution than one-

part polyurethanes. In practical terms, it involves a resin and a hardener that when 

mixed provides an extremely stiff and strong connection. This is taken advantage of 

with the inclusion of the post-tensioning system as the stiffness steel is high. Products 

such as Sikaforce 7720 by Sika is recommended to be used for this firm connection as 

it bonds well with both timber and steel and has a high stiffness and strength as 

compared to other polyurethanes. 

Screws 

Mechanical fasteners in the form of screws help facilitate a strong connection 

between the steel column and the engineered timber panel. This is achieved through 

the inclusion of welded steel strip tabs to the steel column. These have holes for wide 

course threaded timber screws. The use of fasteners provides robustness to the design 

in cases of severe fire events which lead to extreme temperatures and glue deterioration 

or lapses in quality control associated with 2-C glues that may not be functioning at 

designed levels. The use of fasteners may also provide ductility in lateral loading 

conditions in keeping to the principles of lower rise frame timber structures. However, 

since this structure is post-tensioned a restricted rocking motion is expected. The 

location of the strip tabs and hence the screws are away from the ends of the column, 

which covers the critical points of when separation first occurs when overloaded. Thus, 
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the screws provide additional pull-out and shear resistance to the key areas where the 

critical failure modes occur.  

Plate (Post-tensioning) 

The post-tensioned steel threaded rod or cable is resisted by a steel plate at the 

top end and by the connection to the lower wall on the bottom end. The plate on the 

top end of the wall distributes the tension force along the entire cross-section steel 

column and a portion of the top of the panelised wall. In this way, the tension force is 

distributed with the building being pulled down and affixed to the foundation for the 

prevention of overturning. The steel columns for the wall above will sit flat above the 

plate for the lower wall over the coupling nut which is used at the point of reference. 

Plate / Bolts (Horizontal connection)  

The steel columns which are at the end of each of the wall are tied together in a 

secure fashion with a quick and simple plate and bolt connection which is affixed to 

each adjacent steel member. This unifies each adjacent wall panel in the building prior 

to the placement of the floor cassettes above. The floor cassettes above are such that 

they lap this joint and tie directly into the engineered timber panel along its length 

which further reinforced the unity between adjacent walls. This therefore supplements 

the horizontal plate and bolt connection. Accordingly, it is evident that there is a strong 

interdependency of the floor and wall system when considered together as a set of 

systems rather than individual system. 

Prestress loss 

Prestress loss is the reduction of prestressed forces over time. This typically 

occurs due to: 1) Creep, 2) Mechano-sorption and/or 3) Relaxation of the pre-stressing 

strands. 

Creep is deformation caused by load duration. It is primarily dependent on 

loading time as well as grain direction [474]. Mechano Sorption is deformation caused 

by the interaction of loading and changes of moisture content in timber. It is not 

directly dependant on loading time [474]. Disk Springs, Coned-disc springs or 

Belleville washers can be used to help mitigate against the reduction of pre-stressing 

force. Capturing and modelling the full long-term effects of these phenomenon and 

potential mitigation measure fall as further recommended study in the area of post-

tensioned timber walls.    
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Appendix B 

Benefits of Stiffened Engineered Timber Walls 

Compared to open lightweight framing, stiffened engineered timber wall 

systems offer significantly greater axial load capability. The panel of moderate 

thickness directly supports the axial load and is integrally bonded to the stud stiffeners 

through chemical bonding and pull-out resilient fastener. This enables a composite or 

hybrid system to be formed which provides the material efficiency for a given flexural 

stiffness. In addition, the panel wall can act as a deep beam unlike lightweight framing 

without the huge costs of material and weight as in CLT walls.  

This system was developed for mid-rise structures with prefabrication in mind; 

therefore, it advances upon lightweight framing in terms of axial load capacity and 

buildability in design and construction. The stud stiffeners of the panel not only allow 

for greater second moment area of the section but also allow for space for insulation 

to be placed. Moreover, it this space can house services such as electrical and water. 

This is important as it aids in the overall feasibility and practicality of this system to 

not only an open panel system, but also as a closed panel system. That is, the system 

is targeted for fully complete prefabricated construction. Apart from the insulation, 

services the façade and windows and doors are be preinstalled too. The set of processes 

can be grouped into stages at sequential work stations where processes are repeated 

with the product moving down the manufacturing line until it is fully complete through 

semi-automated or automated production. 

Design and construction modifications due to door and window inclusions are 

also significantly improved with the proposed stiffened engineered timber wall system 

as compared to traditional lightweight framing. This is credited to the system’s ability 

to entirely remove lintels and frame surrounds since the structural panel will inherently 

provide this support. With lightweight framing extra studs need to be placed adjacent 

to windows and doors which now changes the optimal/desired spacing of the studs in 

the wall in these areas. Further to this, these extra members are often not full length so 

as to hold the additional horizontal beams/lintels up between top and bottom plates. 

Therefore, the traditional lightweight framing system is inefficient and time 

consuming in manufacturing per metre of wall when it comes to the inclusions of 

windows and doors. However, it should be noted that these processes for both systems 
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can be conducted by automated means, so the major benefit is structural efficiency 

rather than labour usage.  

Construction and fit out is both more versatile and simpler in stiffened 

engineered timber walls as compared to traditional lightweight framing. One 

demonstration of this is the ability to fit larger windows and doors which either fall 

outside typical specifications by simply cutting the panel to ensure the fit. If this was 

to occur with lightweight framing, either the windows and doors should be returned 

for standard sizes, or the framing needs to be entirely pulled apart in the area and 

redone to ensure the fit. Another example is in the moderate to long-term timeframe, 

when the building owner may wish to extend, remodel or renovate the property. The 

stiffened engineered timber wall provides flexibility allowing for additional doors or 

windows to be incorporated efficiently. This versatility also minimises costs in design 

and construction as no additional studs need to be framed around the locations of the 

new openings. The exception to this is in cases of exceptionally large openings, where 

the structural panel may need to be reinforced. However, in most cases the panel above 

will effectively act as a deep beam as in Figure A-B.6.  

 

Figure A-B.6: Wall acting as continuous deep beam providing flexibility for 

framing, columns, and openings on the level above [475]. 
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The stiffened engineered timber wall system is configured such that the 

structural panel is on the inside of the building. Since this panel is regularly supported 

with stiffeners, and that it is of moderate thickness, flexibility is gained on how it shall 

be loaded in terms of loading points. Floor loads, beam loads and point loads can be 

placed in any position along the wall as the structural panel can distribute this force to 

the stiffeners. Lightweight framing has top and bottom plates, which are the same 

dimension of the sawn cut timber vertical studs, placed horizontally across the top of 

each. Although these theoretically can distribute some they are severely limited in 

capacity since they act as a simple beam and not a deep beam. Thus, in conventional 

construction, floor loads, beam loads or significant point loads are placed directly at 

or above vertical studs.  

The capability to load at any point along the stiffened engineered timber walls 

has many benefits to the design and construction process. Designers are free to use 

rooms of any dimension without having to change the spacing of vertical studs or add 

extra studs at irregular locations. This saves considerable time in design. This saving 

is continued onwards to prefabrication and manufacturing, since configurations can 

be, for the most part, the same. Hence this reduces varying levels of complexity and 

better enables efficient automation. This is important as the ease of prefabrication is a 

fundamental requirement intended to be exploited with processes that are repeated 

through automated technologies. There are also secondary benefits, these include the 

speed and accuracy of assembly, as well as stronger quality assurances since the 

spacings of the vertical members are uniform despite loading points.  

The stiffened timber engineered wall system is a more material effect solution 

than that of CLT and advances the best use of wood resource as a building product. 

Since timber is a notably more flexible material as compared to concrete and steel it is 

often its propensity to exceed the serviceability limit which governs the design. The 

increase in material efficiency compared to CLT is easily seen when the flexural 

capacity or bending stiffness is compared per material volume.  

Lightweight framing is the most common and efficient method for low rise 

structures within its limits (approximately three to four stories), however, stiffened 

engineered timber walls can increase the use of timber as a choice for mid-rise 

construction where CLT is used. However, a combination of stiffened engineered 

timber walls for lower levels and lightweight framing above may be the most overall 
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cost-efficient solution to prefabricated panelised timber-based construction for 

buildings over four stories. For a given resource of wood, the manner of which a walls 

cross-section is constructed has a strong impact on its flexural capacity, hence its use 

and appropriate adoption to structures. Stiffened engineered timber walls are 

developed in prime place to replace CLT as a building system in mid-rise construction 

projects since it is notably more material efficient, easier to construct and more suitable 

for full-prefabricated systems. However, CLT should always have a strong standing 

for use in lift cores and shear walls, where its material inefficiency in providing 

out-of-plane flexural capacity is not a concern. This is credited to utilisation of walls 

in this scenario for lateral resistance.  

Since massive wooden construction methods can have large capacities, they can 

be used on lower levels of tall timber-based buildings, with stiffened-engineered 

timber walls above those, and then lightweight framing above them. Although from a 

structural standpoint this may seem to be the ideal solution, it may lack some 

practicality as the project manager would have to engage several building contractors 

for each section less a multi-focused company was formed. This is because 

manufactures primarily focus on one type of system as the semi-automated and 

automated processes and equipment involved vary between the structural systems. 

In all, there are many advancements that stiffened engineered timber walls have 

which finds itself in prime position to take timber construction beyond the limits of 

lightweight framing but below the maximum capabilities of CLT. 

 

  



Appendices 396 

Appendix C 

Benefits of Post-tensioning Engineered Timber Stiffeners Walls 

Engineered timber stiffened walls are a new and novel development, but the 

corresponding design and implementation of vertical post-tensioning within them even 

more so. There are many benefits that this facilitates which have been taken advantage 

of in the presented system. These benefits evolve around broad areas of the entire 

system with DfMA principles in mind. The geometry, connections, materials, 

processes and methods of manufacturing, quality assurance, handling, and transport 

has been carefully considered. For example, the lifting, placement and connection of 

these fully-prefabricated walls are carried out with precision and speed due to 

exploiting the inclusion of a novel steel post-tensioned connection system used. Not 

only would the integrated steel columns help enable solid lifting points, but they can 

guide the precise placement of the walls required for continuous post-tensioning. 

Furthermore, quick, solid and dependable bolted plate connections between adjacent 

walls can be had with accurate alignment. The strength and speed of assembly obtained 

is favourable to panelised systems competing in the prefabrication space for mid-rise 

construction. Their specific benefits are now discussed in greater detail. 

Tie-down to foundation 

Since timber buildings are significantly lighter than concrete buildings, mid-rise 

timber buildings can feature reduced foundation requirements. However, limitations 

are raised for lateral loads and induced overturning forces. Wind loads that acts on 

mid-rise buildings are notably greater than that for low-rise buildings due to the 

increased external surface area. Therefore, the input force for overturning is higher 

which may become critical since the resistance to overturning decreases due to higher 

building height to base width ratio. These two factors combined introduce a major 

challenge for material-efficient lightweight timber systems for mid-rise construction 

such as the proposed stiffened engineered timber walls. 

To resolve this, a post-tensioning system has been developed and applied in this 

research project. The foundation of the building has been utilised in facilitating the 

post-tensioning prevention of overturning, as this is where the forces from the rods or 

cables will ultimately be transferred to. At the locations of post-tensioning, the 

foundation should be deep and strong with appropriate steel reinforcement with the 
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purpose of the prevention of cracking in the bracing of tensile forces. For concrete 

slabs or rafts this would be located near the top surface. From this, reinforcement the 

steel connection system is to be constructed such that the first wall will have its steel 

column and post-tensioning system aligned carefully connect the first level of walls. 

Following this, the post-tensioning can begin; this occurs from the top of the wall at 

every level of construction which will result in the building being pulled down into the 

foundation. The resisting moment coupling of PT acts directly against the lateral 

overturning forces generated from wind loads as shown in Figure A-C.7. In this way, 

taller lightweight structures can be constructed to resist lateral loads. A secondary 

benefit of this is the reduction of maximum lateral drift during earthquakes, however, 

the focus of this extended study is the axial effects of PT. 

 

 

Figure A-C.7: Post-tensioned rods provide overturning resistance from lateral 

loads [476]. 

 

Lifting points 

Lifting of fully complete prefabricated engineered timber panel stiffened walls 

can prove challenging compared to structure only systems such as framing, due to the 

substantial increased weight due to the extra inclusion additional components such as 

windows, services and façade. Without increasing of pull-out capacity of timber, this 

leads to an undesirable amount of lifting points. In turn, time delays occur both in the 

manufacturing facility and on-site. This includes the additional installation of lifting 



Appendices 398 

points and corresponding quality control checks as well as the storage and handling of 

walls on-site. This also causes critical tasks to be delayed since the crane time (time 

the crane is on-site) will be increased by waiting for site crew to attach and detach the 

increased amount of lifting points. 

Increasing the capacity of each lifting point would minimises the total number 

of lifting points required per wall and hence directly reduce the critical path. This has 

been successfully achieved with the inclusion of the post-tensioning system to 

engineered timber stiffened walls. A hole in the top of the SHS or a tab welded onto 

the side of it allows for study lifting points to be connected and attached to. In this way 

the number of lifting points for fully-complete prefabricated walls can be vastly 

reduced. This results in time savings of critical tasks both off-site and on-site, this in 

turn corresponds to considerable cost savings.  

Guidance on placement 

Lifting crews have the task of ensuring the final guidance and location of 

placement through observation and communication relay with the crane operator. 

During this process the wall is being carried by the crane, therefore, it is a critical task 

which should be minimised. This should be completed through the simplification of 

their role since often the lifting crew are typically a separate contractor to the principle 

contractor of the project, as well as the manufacturer of the system. The inclusion of 

the post-tension system as described in Chapter 5 ‘Advancement to Wall Systems’ and 

Chapter 6 ‘Advancement to Design Methods and Selection’ aids in precisely lining up 

and directing the wall to the required location. This is due to each of the steel SHS 

columns that house the PT rod being able to be used as the reference point. It is not 

simply the presence of these which aids as a datum itself, but the careful design of 

them through slope edges can be included such that they self-guide for a nominal 

tolerance. This self-guidance can act in the same way as the corner castings in shipping 

containers do. In turn, this increases the efficiency of placement minimising cycle time 

and crane time whilst also allows for the rod or cable to be connected and post-

tensioned to the nominal level. 
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Connections 

Vertical 

Post-tensioning itself forms the vertical connection between the panelised 

structures since each will tie down to the one below. If the connections were made 

through timber as the host material for fasteners, as the case with lightweight framing 

and panelised walls without post-tensioning like CLT or the stiffened engineered 

timber wall, then the on-site assembly process would take more time. This is because 

more connections will need to be had as compared to a steel to steel connection due to 

difference in strength. Assembly time is critical to any prefabricated system; therefore, 

the steel column and post-tensioning systems inclusion into prefabricated panelised 

timber wall improves the overall suitability of this system for mid-rise prefabricated 

structures. 

Horizontal 

To structurally unify along the overall length of the building between each 

adjacent wall panel, a rigid and strong connection is needed. Although a timber method 

can be implemented for this it will be more time consuming and arguably less efficient 

and less stiff as compared to using a steel to steel connection. The latter is achieved 

when the post-tensioning system is introduced into the walls at the end of each wall. 

That is, during installation a bolted connection between the top of adjacent steel 

columns is possible and can be completed in a quick manner. This avoidance of many 

connections points between panels is important due to lack of accessibility in fully-

prefabricated walls.  

Stiffening  

The steel SHS column which houses the rod or cable for post-tensioning is 

notably stiffer than the timber components. In fact, its modulus of elasticity is 20 times 

that of the MGP10 stud and 60 times that of the strand-based engineered timber panel. 

Since in most cases the spacing of the post-tensioning system is much greater than that 

of the stud stiffeners, then the later components cannot be removed else local buckling 

effects may occur. Both rectangular and square cross-sectioned steel columns are 

feasible, however, rectangular cross-sections will have greater second moment of 

inertia hence a greater stiffening effect. For this increased stiffening effect to be 

utilised across the full load spectrum, adequate fixed bonding between the column 
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surface and the engineered timber panel must be had. Thus, to prevent delamination, 

this contact area has been increased by using a square cross-section as the steel 

stiffening element. 

Direct load paths 

Stud stiffeners give the engineering timber panel wall the flexibility to transfer 

and carry floor loads, beam loads and point loads at any location along the wall. The 

steel columns which house the post-tensioning directly transfer the loads from all 

stories above straight down into the foundations. This direct load path is guaranteed as 

the connections system and post-tensioning system ensures that the steel columns line 

up for the entire building. 

Creep 

Mid-rise timber buildings are extremely prone to long-term creep effects. If the 

post-tensioned system in the developed walls did not include the steel column which 

housed the PT rod, then creep would be a great concern. Such as the Simpsons Strong 

Tie system, or as in CLT shear walls [477, 478]. This is caused by constant loading 

onto timber without any stiff non-timber elements. With the incorporation of a steel 

column into the post-tensioning system, the negative creep can be minimised due to 

the significant higher stiffness and its preclusion to creep that steel offers compared to 

compared to timber. Timber is highly significant to creep particularly when used 

cross-grain and in long-term exposed conditions. Mechano-sorptive behaviour is 

strongly present as timber interacts closely with the moisture around it. In other words, 

the timber changes its moisture content during its lifetime, and when stressed, 

permanent shorten [400, 479, 480]. Therefore, the inclusion of steel columns at the 

locations of post-tensioning to mitigate these concerns is highly advantageous.  

Props 

Critical tasks in the assembly of panelised prefabricated buildings are those 

which occur when the crane is connected to the wall. One of these tasks is the propping 

of walls the moment after they are lowered into their required in-floor base position. 

Props are then affixed from the floor to the top half of the wall to secure the wall in its 

temporary state so that the crane can be disconnected and moved for the next lift. 

Simultaneously, the props can then be finely adjusted until each prefabricated 

panelised wall is precisely vertical.  
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The inclusion of the post-tensioning system enables the reduction of both 

formally mentioned activities although the later less critically since it can be conducted 

after the crane releases the wall. This is because when the wall is positioned and post-

tensioned, the induced forces facilitates the wall to be self-standing. Due to potential 

impact and wind gust, further out-of-plane force resistance is necessary but 

comparatively minimal. This saves time along the critical path as the installation of the 

props occur when the crane is still attached. The secondary benefit is that during the 

post-tensioning the walls will self-right themselves vertically minimising the work of 

at least two site workers in measuring the plumbing the wall and the would-be 

adjustments of the props.  

Compressive Capacity and Stiffness 

Composite action is a clear structural effect that is exploited in the developed 

prefabricated composite steel-timber stiffened wall systems. The inclusion of the 

structurally integrated steel SHSs to the results in increased compressive capacity as 

well as stiffness. This is due to the Youngs modulus of steel being approximately 20 

times that of timber [110]. The result of this is the greater load share to the steel 

component which additionally stiffens the timber wall panel as well as directly 

increasing the overall compressive capacity.  
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Appendix D 

Proposed manufacturing line 

The proposed manufacturing line is linear of nature and contains several 

sequential stations. Some these are aided by automated technologies and conduct 

groups of processes required for fully-complete prefabricated walls.  

Stations 

Each station consists of roller tables that facilitate the ease of movement of the 

wall down the production line. In addition, the tables can raise, and lower allowing 

optimal working height for the given processes. Additionally, they include simple 

clamps to prevent movement along with attachment positions for tools and equipment 

used. Strategically, some of the stations are automated whist others are manual 

labour-based. This allows for flexibility in product variations and production volume 

which is especially important in turbulent market conditions [129]. 

CNC 

The linear manufacturing line begins with the input of wall panel material. This 

is delivered in value bulk stacks on one end of the factory. The EWP panels are then 

fed into the CNC machine for processing. The CNC will receive the relevant 

information from the design team whose software communicates with it. The CNC is 

to be manned by one person who ensures the continued operation of the CNC by 

monitoring the feed in, cutting and handling and the feed out. Additionally, the CNC 

is to have multiple cutting heads and tools that allow for various functions. Other than 

a 5 axis saw to cut long lengths, the various heads and tools shall be those which can 

drill holes, plane down the wall and finely cut right angle corners [481]. This operator 

will ensure that the tools are functioning as intended and is to be be trained on how to 

replace them when necessary with the spare parts that are to be available on-site, in 

advance, at any time, so as to minimise downtime [137]. 

Buffer 

A buffer station at the exit of the CNC is to be present to absorb the time 

differences in the processing time of wall with various levels of complexity. Since the 

final wall, once manufactured, is to be the length of the truck, approximately 10 to 12 

m, and the input panels are generally a maximum of 4 m, multiple panels will be cut 
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for each wall. The buffer station is to be large enough to house all these panels for each 

wall whilst the next station prepares to receive them. 

Joining  

The panels will be rolled across from the buffer table to the next station which 

is the joining station. The work crew of the joining station would consist of two 

employees. These two workers begin with transferring the panels across the rollers. 

The CNC has grooved out the edges of the wall panels for the joins such that they can 

be accurately and firmly affixed to each other through a tongue and groove connection 

or a finger joint connection. The table will have a bottom rail such that the wall panels 

can but up and rest against to ensure horizontal alignment. An air gun will first be used 

to blow off any saw dust from the cut edges of the panel which are to be glued. A glue 

dispenser is to be stored partially down the line to this work station in a temperature 

and humidity-controlled room. This is to be set in accordance to the glues 

manufacturers specifications, whilst the fact that it is located more down the line is 

such that it can used to facilitate other stations also.  

The ideal glue will be a one-part polyurethane which has a proven record of 

accomplishment in outperforming the timber itself which it glues to. For cost 

efficiency the glue is to be ordered in bulk, in the form of steel drums. Ideally it will 

be sourced from local suppliers to ensure longevity to use by date. Pumping equipment 

will be used to pump the glue out from the barrel down the lines and out of the glue 

dispenser which at this stage will be of a single outlet wand type to best fill the cut and 

milled grooves. There are to be two of the lines and dispensers, although only one is 

to be used by one worker. The other worker ensures quality control and aids in the 

joining of the two panels together through insertion of the tongue piece of the join if 

applicable as well as the pressing the walls together with clamps. The second set of 

lines and dispenser is only present for backup when the first set fails during production 

time due to glue being clogged or fails to function to the required specification such as 

glue pump out rate and dispersion thickness. In these cases, the other lines can be used 

as replacement immediately without any delay. After production hours, the original 

lines and dispensers can then be serviced. 
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Multifunctional Bridge  

Once the panels are initially pressed together, the entire wall will be moved along 

to the next station. The wall will then be repressed and held firmly in the new station. 

This is not simply to promote appropriate bonding of the glue while it undergoes its 

chemical reaction but to ensure that the next stage, which will be automated, is 

conducted accurately to datum, without wall movement. The far end of this working 

station is to be fixed in location for the clamps while the clamps on the other end will 

be where the length of the wall ends. This serves at the datum and rigid working area 

in which the studs will be glued and nailed to. A multifunctional bridge will travel 

along the length of this station on guide rails either side of the table. The 

multifunctional bridge will also be in communication to the design teams’ computers 

and files, thus it will know the precise location of the studs. The multifunctional bridge 

will have the functionality of blowing, pinning and picking, gluing, nailing and 

stapling although all but the last will be used, as stapling can be carried out quickly by 

hand to any tolerance if required. Its function of holding down the building wrap is 

completed at a later stage of production; not warranting the extra capital investment of 

another multifunctional bridge, nor the production line inefficiencies in backtracking 

or overloading this central work station.  

The first pass of the automated multifunctional bridge will be a complete blow 

down of the top surface of the wall. There is only one operator at this station, which 

will also act as quality control and will oversee the functionality of the bridge. The 

bridge will be programmed such that when every new wall is started the blow down of 

the top surface will be performed. The next pass will be dispensing the glue on the 

exact locations for all the studs, this can be conducted quickly by the multifunctional 

bridge and be well within the common thirty-minute open time polyurethanes typically 

possess. 

Next, the bridge will collect the studs for the stiffeners which are all pre-cut to 

comply with the height the wall. It does this from a stacked feed-in stations via pinning 

into them. It will then proceed to lift and move them and place them onto the glue 

locations with a nominal force. Once they are all placed the multifunctional bridge will 

then nail each of the studs at the required centres, usually 300 to 400 mm. The operator 

and quality control worker will ensure that squeeze out of the glue is visible on both 

edges of the studs. This quick check ensures that the glue has been adequately 
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dispensed, that the placement of the stud is correct and that the pressure which the 

nailing provides. This station has strategically been chosen for automation due to its 

time criticality and usual labour intensity.  

Laser 

Lasers shall be used to project the designed details onto the panel to allow for 

fast quality assurance. Lasers have the advantage over projectors for they are effective 

where lighting conditions are bright, therefor allowing workers to work in natural light. 

This process and equipment can be installed and incorporated at any key stations in 

which it is suitable for or at the buffer station as a separate task.  

PT SHS columns, rough in of services and insulation install 

After the multifunctional bridge, the wall will be transferred across the rollers to 

the next work station. This is where steel post-tensioned column assembly is installed, 

along with the rough in of the services and the insulation placement. The prior 

automated station best took advantage of the many identical and repeatable labour-

intensive task of stiffening the panel. In this station there would be up to 3 or 4 workers 

depending on their efficiency, but no more, so as not to get in each other’s way. 

Depending on complexity, one or two would perform the services rough in fit out along 

the already placed stiffeners and two would lay and install the PT assembly in the CNC 

pre-grooved marked location if applicable for the wall. If the rough in is quicker, they 

will help in the mechanical fixing of already placed SHS sections.  

After this, they will work on the short and quick task of packing the insulation 

battens and the installation of the post-tensioned steel column assembly. The workers 

of this station are specially qualified and multiskilled to appropriately install electrical 

and water lines. As outlined, they will also conduct the other tasks allocated to this 

station which in conventional construction electricians and plumbers would not. Stock 

piles of insulation and plumbing will be directly next to the work station, along with 

the electrical cable being on a nearby roller dispenser. The drills and cut out 

attachments for the stud rough in will be stored and located in the near vicinity on both 

sides of the table for quick and easy access to whichever side is closer. All the input 

material mentioned prior are strategically on wheeled trolleys which provides 

manoeuvrability if needed. Additionally, this aids in a quick restock and replacement.  
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Glazing and caulking, wrap, baton install 

The next station beings with a feed-in of premade glazing assemblies. Larger 

sections will be lifted through suction on an overhead crane whist smaller windows 

can be moved manually through traditional suction grips. The fitting to panel by design 

is tight, as it has been cut been cut through CNC. The frames will be secured to the 

surrounding panel and then the edges sealed with silicone and caulking where 

appropriate. Building wrap will be adjacent the table on a roller dispenser and laid. 

Construction grade staplers and staples are to be located on both sides of the table for 

quick access. Once the building wrap is installed the batons for the façade and air 

cavity will be affixed. To meet efficiency conventions, the required tools and materials 

such as the nail guns, nails, compact-one handed circular saw and batons will be 

located directly adjacent. The batons will be on trolleys for easy replacement with full 

trolleys which are stored out of the way.  

Installation of façade and prefabricated weatherproofing gasket solution  

The final production station is that of the façade panel installation and the 

prefabricated weatherproof inter-panel gasket seal. The batons for the façade system 

have been installed in the prior station due to the time required at this station to cut out 

and install the façade panels. Another separate CNC specifically for this stage is not 

only expensive but also not advised as client wishes to have different façade systems 

and façade panels. The significance of which is that some are unsuitable for CNC at 

all, and many would require entirely different CNC heads and tools.  

This decision may wish to be revised for companies which are geared to large 

production volumes with only particular suitable façade panels. Additionally, for 

smaller companies with lower outputs, it is advised that they may wish not to have a 

unidirectional linear production. Instead they may consider to back track these walls 

to the multifunctional bridge where it would handle all the nailing and off-cutting of 

the façade quickly and accurately. However, to allow for high throughput, short cycle 

times as well as for practicality, financial and technical reasons, it is recommended 

that this station by default should be a manual station with three to four workers. They 

also take part in the then storage and handling and final quality control along with the 

general production manager. The prefabricated weatherproof gasket solution as 

designed and developed in Manuscript Three and Manuscript Four will installed last 

after the façade to avoid damage. 
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Butterfly table 

The proposed wall system and manufacturing methods differ than that currently 

used in industry since it removes the butterfly station entirely [482]. Electromechanical 

or hydraulically powered butterfly tables also known as turn tables, are used to flip the 

wall around its lengthwise axis. From here the wall can be rolled onto following station 

which may include another multifunctional bridge for double sheathed walls or back 

to the previous station if only one multifunctional bridge is present. The removal of 

this work station and associated processes is achieved since the walls are built one way 

up, upon a relatively thick engineered wood panel, which is then integrally stiffened. 

This not only increases manufacturing efficiency from the removal of critical 

processes and reduced assembly time, but also reduces initial capital investment. This 

consideration is significant since initial capital investment is identified as one of the 

principle barriers for greater prefabrication adoption in construction [13, 483-486].  

Workers 

For the linear manufacturing line, the production workers will be highly trained 

in all areas of production and will be under constant supervision and guidance. In due 

course, workers will be rotated and trained across all stations. This will ensure their 

professional development amongst all skills, enabling their versatility to be used across 

the line to free up bottlenecks and to fill in where replacement is needed. This is in 

contrast to many popular published literature which state that a benefit of 

prefabrication as compared to traditional construction is that the workers are only 

semi-skilled being only trained for a limited number of skilled tasks, thus cheaper [4, 

487, 488].  
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Appendix E 

DfMA applied 

Stiffened engineered timber panel walls offer themselves to efficient design, 

manufacture and assembly processes. The proposed design lends itself to many of 

DfMA principles, one of which is the minimisation of components. This is achieved 

in several ways; one crucial way is that the stiffeners are all the same dimensions and 

spacings are constant. If any additional stiffness is required for any wall or location, 

such as walls on lower levels and locations of point loads, then the stud stiffeners will 

be simply doubled or tripled per spacing. For instance, there will be two stud stiffeners 

adjacent to each other at the set spacing for a wall on a lower level and one stud 

stiffener per the same set spacing on the wall for the upper level. Through 

incorporating the minimisation of number of unique components into the design many 

other benefits also follow suit.  

A prime example of this is design work is significantly simplified, none the least 

that the walls have the same overall thickness. The complexity of design is reduced 

due to the reduction of unique components and the repeatability of components. More 

so, the efficiency in manufacturing is significantly improved as compared to using 

different depth or width or strength class stud stiffeners, since the nails used to affix 

them when they are kept the same. This further reduces the number of different input 

materials and tools required since nail guns have a set range on nails which they can 

fire. This helps reduces inventory and inventory control, streamlines the supply chain, 

ensures compatibility, saves time in manufacturing and improves quality control.  

The gluing process involved also reduce in complexity, since the width of any 

one stud stiffener is the same then the rate at which the glue is expected from the nozzle 

of the applicator and the speed at which it moves is kept the same. This is because the 

width of the applied target is the same regardless of what configuration and level of 

the building the wall is to be for. Additionally, in restricting the stud stiffener design 

also ensures that the insulation can be directly placed without any prior cutting. This 

is because the spacings between each set of stiffeners are the same or if not, similar, 

regardless if they are single, double or triple stud.  

Figure A-E.8 displays an outline behind the justification of decisions involved 

with one aspect in the design and development of the proposed wall system, that is, 
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‘Increased Standardisation’. Based from principles of DfMA the figure shows how 

limitations to be managed or overcome and the benefits to be exploited. The decision 

taken to reduce variability in the walls for effective manufacturing, is in keeping with 

many academic studies that promote and even hold it as the universal goal in 

prefabrication [489-494]. 



Appendices 410 

 

Figure A-E.8: DfMA principle of increased standardisation applied to stud stiffeners. 
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The reduction of different stud stiffener components is not the only area in which 

efficient manufacturing practices have been applied. Input materials for the wall panel 

itself are purposely set to be notably large, at 4 m wide. These strand-based panels of 

set nominated thickness, are bought in bulk directly from the manufacturer. Since these 

panels begin the manufacturing line in large dimensional forms, there are a minimal 

number of panels and thus connections required for integration as a full-length wall. 

This aids in the design as the number of drawings produced and sent to the CNC is 

reduced and aids the manufacturing as it is simplified due to the reduction of tasks.  

The methods which the connections can be achieved are plentiful; such as finger 

join, tongue and groove, and are well known and practiced in the industry for other 

engineered timber products such as in Glulam beams [396]. In keeping the connections 

between input panels which constitute the wall are the same as those commonly used 

in industry, therefore, the tooling heads are readily available and training and 

techniques for workers is reduced aiding assembly. The maximum height and length 

of the final timber wall is governed not by weight, as it with concrete, but by the 

physical size. This is limited by the ability to handle, store and transport the walls. This 

may be governed by the space in and around the manufacturing facility, the length of 

the transport trailers and individual on-site limitations. This information is noted as an 

input criterion to the design team, such that the walls will be such that they will 

facilitate the processes involved with assembly, transport and handling.  

Another key factor that stems from or act with DfMA is supply chain 

management. Considering the design of the developed system, DfMA principles 

leading to supply chain management has resulted in many benefits. For example, the 

use of standardised of components such as the sawn cut studs and corresponding nails. 

In terms of supply chain management, this not only reduces direct costs but also lowers 

the purchasing lead time. This allows for flexibility in terms of ability to ramp up and 

down production. Therefore, in considering DfMA at the heart of the developed 

stiffened engineered timber wall system the results are, as its termed ‘lean 

construction’. Lean construction being a reduction of waste, waste being any element 

that does not contribute to meeting the quality, price, or delivery deadline required by 

the customer [495]. 
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Non-value adding activities  

Non-value adding activities can be termed as waste, they are tasks or processes 

which do not convert material or information towards the requirements of a customer, 

yet they still use or take time, resources and space [496]. Reducing the number of 

non-value adding activities reduces waste, thus this has been an essential element in 

the design of the system. It is recommended that for manufacture of the fully complete 

prefabricated stiffened engineered timber walls there is to be a minimum number of 

work stations. This is to not hinder the space required to conduct each process and 

simplify the production at each station to more repeatable small tasks thus helping 

mitigate the occurrence of delays. However, the number of stations is not to be 

considerably greater than the sum of the time required for all processes divided by the 

CNC processing time. This results in the reduction of the non-value adding activity in 

transferring and moving of the wall panel from work station to work station. 

Furthermore, this reduces the hand over time which one set of workers from a 

particular station is to take to received and familiarise themselves with the 

configuration of the wall and its status. This would mean that workers would be 

required to be trained to conduct multiple processes which they would conduct whilst 

the wall was at the very same work station before it is transferred to the next. This also 

reduces the total inspection and quality control time since there would be less stations 

to check and would facilitate the results of several processes to be checked at once.  

As touched on prior, the leaner construction due to appropriate implementation 

of DfMA removes and reduces many non-value-added activities. Effectively, this has 

many time and efficiency gains that then follow on. For example, the choice of 

increased standardisation of stud stiffeners reduces the processing, inspection and wait 

times and hence the total cycle time as per Equation A-E.1 [496]. 

 

Cycle time = Processing time + inspection time + wait time + move time (A-E.1) 
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Linear manufacturing line management 

Reducing cycle time in the context of the proposed system is of fundamental 

importance to each work station. This is true weather the station is automated, manual, 

or semi-automated. Simply because each is critical due to the sequential nature of the 

proposed manufacturing line. That is, each work station should share the same cycle 

time in which it receives the panel at a certain level of completion, carries out the tasks 

and processes allocated then passes the now more complete wall onto the next work 

station down the line.  

The balance of mean cycle times of each station is one of the primary aims, such 

that, each work station is being completely utilised without waiting for other work 

stations to finish. Transferring processes from one work station to another and adding 

or removing a unit of labour from selected work stations are some ways in which this 

can be managed. Another method take workstation that is continually critical and 

causing bottle necks and split the processes, so that it is completed in two work 

stations. However, as mentioned earlier, the total number of work stations should be 

minimised to reduce total waste in the moving and handling of the prefabricated walls 

panels. In the manufacturing of the stiffened engineered timber walls it is 

recommended that each station to aim for a mean cycle time equivalent to the most 

critical automated station used. If the number of processes per station are designed in 

such a way, then the maximum capacity of automation is entirely utilised without wait 

times and bottlenecks.  

For example, take a semi-automated linear production line which has several 

stations in which sequential parts of the fully complete walls are manufactured. If two 

stations are automated, such as one being a CNC that cuts the engineered timber 

panels, and another is a multifunctional bridge which glues and nails the stud 

stiffeners; it follows, that the one which has the slower mean cycle time for a typical 

complete wall shall be the aimed cycle time target. With this goal, every work station 

after and in-between can be designed with this target in mind, to best utilise the 

automated resources and minimise waste in labour and time.  

It may be that one or some of the other manual-based work stations take a greater 

amount of time than this target value, in those cases the processes shall be shifted either 

to the prior or later station or a new station created where appropriate. An example of 

this may occur in a later work station for affixing building wrap, battens and façade 
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panels. This is because façade panels need to be measured and cut to specific size and 

affixed around openings, this work station sometimes becomes delayed beyond the 

mean cycle time of the least fast automated station. This can be actively managed by 

sending through one simple wall with less openings and then one more complex wall; 

rather than all simple walls first, then all the complex walls after. However, this causes 

difficulty in the organisation of storage and handling. Alternatively, some of the 

processes can be transferred to other work stations or to a new work station. In this 

scenario, the cutting, fitting and stapling of the building wrap can be easily transferred 

to the previous work station which would be that which caulks around window frames 

and installs the insulation. Moreover, the installation of the battens can also be 

conducted prior or at least part of. 

In cases where the stiffened engineered timber panel walls vary significantly in 

length or complexity, it may be beneficial for two adjacent work stations to have the 

flexibility of carrying out a task which could be carried out at either one, or partly at 

both. This would be such that the process of installing the batons for the façade. 

Alternatively, a buffer station which is unmanned and without automated machinery 

can be placed between two stations and simply hold the wall to absorb large production 

time variation between any two wall panels.  



Appendices 415 

Appendix F 

General recommendations to increase prefabrication adoption 

In literature, there has been a vast amount of discussion about general limitations 

alluring to general recommendations to increase the adoption prefabrication in 

construction. This thesis has mindfully ignored this path of making general 

recommendations based on general limitation and instead directly increased the use of 

advanced prefabrication by solving the specific and vital problems of those who 

actually adopt it and seeing through the solution and newly gained commercial 

advantage to adoption. Nonetheless, there are many fascinating logical reasoning and 

ideas published based on general limitations which should be actively considered and 

implement.  

Since prefabricated forms of construction has a vast potential for uptake and 

further development, several recommendations have been identified to tackle existing 

challenges to speed up the adoption of this form of construction [497]. These are based 

on current challenges faced in industry and areas which lack research. Furthermore, 

this is also shaped by the interests of all the stakeholders involved with prefabricated 

construction from designers, fabricators, suppliers, builders and other intermediaries, 

end-users and project owner and financier.  

To begin with, as compared to traditional forms of construction, there is a 

significant absence of standardised design guidelines and policies for prefabricated 

forms of construction [14, 21, 22]. Performance and traditional limit state design are 

currently used, however it has been identified that these are inadequate, therefore, 

design guidelines specific for prefabricated forms of construction is needed [13]. 

Inherently, the structural load path mechanisms are different in prefabricated 

construction and also differ in the sense that critical short-term loading is present 

during the temporary state in transport, lifting and placement [498]. Inaccuracies with 

regards to geometric positioning and form should be considered from the 

manufacturing and installation stage [257]. Therefore, prefabricated forms of 

construction differ in many ways to traditional forms it should not rely on traditional 

design guidelines [499]. This is exemplified by the fact that the design stage 

determines the vast majority of the entire life cycle of a building [500]. Introductory 

design guidelines and policies have been proposed with some key criteria mentioned. 
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These included those relating to tolerance, however, there is a major gap between these 

works and the coherent and abundant body of work available for traditional 

construction [11, 88, 501-503]. 

A lack of research and development in the role of suppliers of prefabrication 

technologies and suppliers of materials to the prefabrication sector has also been noted 

[89]. There is untapped potential in prefabrication suppliers forming integrated 

business relationships across an array of fabricators in sharing of knowledge, 

development of standardised systems and co-dependence of the risks involved in 

prefabrication. A major challenge is faced due to intermediaries such as builders who 

give off resistance in not only deviating from traditional construction processes but its 

entire replacement [17, 89]. It is claimed that these intermediaries perceive a threat to 

their jobs and thus draw up and spread their negative attitudes and beliefs towards 

prefabrication [504]. These dogmas against prefabrication include unproven cost 

benefits, increased business risk, reduce revenue streams and threats to traditional 

construction methods and jobs [417, 504].  

It has been recommended that education of the smart use of prefabrication be 

increased. This is aimed create an environment where all stakeholders have common 

knowledge of the when, where, how and why behind the numerous examples in which 

prefabricated forms of construction, have provided, and can provide, an overall net 

benefit over traditional forms. This would also encapsulate the end user, since a 

challenge which is faced in greater adoption of prefabricated housing is negative 

consumer perception. This is fuelled by a historical stigma of cheap and poor-quality 

construction of temporary housing which is unrepresentative of the modern 

prefabrication industry [4].  

Financiers such as banks which are inherently averse to risk is also a major 

challenge preventing greater adoption of prefabrication since finance can be difficult 

to obtain [505]. This is partly due to the lack of understanding as well as resistance to 

change from only financing an array of well proven types of projects and technologies 

in construction. Although this can be mitigated through education, demonstration and 

track record, there is also an underlying technicality behind prefabricated forms of 

construction itself which hinders its associated risk for financing [505, 506]. This lies 

with the fact the capital developed, is developed off-site. In other words, in a facility 

that is not owned by the banks nor the project owner [89]. With traditional 
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construction, the money invested and paid to the builder, directly transfers to capital 

work and gains on the land itself. This land is partly owned by the banks as collateral 

or project owner. Lump sum payments can be transacted at each stage of construction 

as it is sequentially completed on-site, thus the risk to the financer is significantly 

reduced. Since even if the builder forecloses operation, the banks and project owner 

hold ownership of the land and the developed capital. Whereas, for the prefabricated 

forms of construction the banks and project owner could be left with nothing for their 

money if the fabricator forecloses, since minimal work has been performed on-site. 

This intrinsic problem remains to be solved, therefore, it is difficult for smaller 

prefabricators who cannot finance themselves to act as developers [507]. 

Sometimes general recommendations and strategy on a broad level are presented 

by peak industry bodies, however, they generally refrain from debate with regards to 

prefabrications direct competition to traditional construction [508]. This is 

strategically due to avoidance of building a greater perceived threat or risk to the 

existing industry, which has been proven to be resistant to change [509]. Rather, the 

notion that prefabricated forms of construction is to be established, it is conveyed as 

an alternative and complementary building method that can offer benefits to the greater 

housing industry and economy. Thereby, acceptance and validity can be first 

established which can then be leveraged in broadly increasing the uptake of this form 

of construction.  
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Structural Behaviour of Prefabricated Load Bearing 

Braced Composite Timber Wall System 

 

 

Abstract: Timber is gaining its popularity in the construction of low to the mid-

rise buildings and sometimes in high-rises due to its sustainability, cost-effectiveness, 

and availability all around the world. In addition, the prefabricated building is 

becoming popular due to advances in the automation industry, reduction in resources 

including time, labour, waste, and the cost-effectiveness of mass production. Due to 

higher capacity demands for mid-rises and convenience in Design for Manufacturing 

and Assembly (DfMA) in prefabrication, a new development of prefabricated load 

bearing Closed Panel Composite Timber (CPCT) wall system made from Oriented 

Strand Boards (OSBs) stiffened by sawn-cut timber stud and sometimes with 

additional steel stud to increase its load carrying capacity has been considered in this 

research. Five full-scale CPCT walls have been tested subjected to axial compression. 

The results showed that the mid-height lateral deflection governs the maximum 

allowable force acting to this wall. Moreover, Finite Element Analysis (FEA) has been 

conducted and compared to the experimental results. Once a close agreement between 

the experimental results and FEA results has been obtained, parametric studies have 

been performed to comprehensively understand the sensitive parameters affecting the 

axial behaviour of this system. The parameters studied in this research include the 

material, the size and the arrangement of the stud, the spacing of the nail, and type of 

https://doi.org/10.1016/j.engstruct.2018.09.037
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adhesive. Moreover, the possible issue in the practice and the effect of the additional 

steel stud have also been discussed.  

Keywords: Prefabricated wall; Braced composite timber wall; Load bearing 

wall; Axial compression behaviour. 

A-G.1 INTRODUCTION 

Timber is gaining its popularity in the construction of low to the mid-rise 

building due to its sustainability, cost-effectiveness, ability to use in an advanced 

manufacturing environment and availability all around the world [449]. In Australia, 

there is an increase in the demand for using engineered timber product and the demand 

for taller timber structures [510]. Engineered timber is usually more preferred than the 

solid timber due to its higher thermal performance, higher moisture resistance, 

uniformity, and lower expense. There are several engineered timber products 

commercially available, such as plywood, Cross-Laminated Timber (CLT), Laminated 

Veneer Lumber (LVL), Glue-laminated timber (Glulam), Oriented Strand Board 

(OSB), and wood I-joists [511]. This study includes a 38 mm thick OSB timber panel 

created from multiple layers of strandboard. The primary mechanical properties of the 

material have been tested and found to be significantly lower than that of solid sawn 

timber, however, it was selected to provide a level of performance proportional to its 

cost. 

The combination of studs and engineered timber panel can be termed as a 

diaphragm wall [512]. This approach of combining sawn cut timber with engineered 

timber is termed as a method hybridisation, the results of doing so is a maximisation 

of benefits in which individual building components offer [306]. Diaphragms are 

efficient structural systems which can counter lateral shear forces such as those induce 

by wind or earthquakes [513], they can be single sheathed or double sheathed either 

both on one side of the studs or on both sides [514]. However, this research proposes 

utilisation of the diaphragm to transfer the gravity load. 

Prefabricated buildings are becoming popular due to advances in the automation 

industry, reduction in resources including time, labour, waste and cost-effectiveness 

of mass production. Due to higher capacity demands for mid-rises and convenience in 

Design for Manufacturing and Assembly (DfMA) in prefabrication, a new 

development of prefabricated load bearing Closed Panel Composite Timber (CPCT) 
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wall system made of OSB stiffened by sawn-cut timber studs and sometimes with 

additional steel studs to increase its load carrying capacity has been considered in this 

research. There is particularly limited research observing the axial behaviour of the 

CPCT wall as a gravity load transferring element though experimental and analytical 

approaches are available for lateral behaviour of timber wall in the literature [515-

517]. For instance, there is one previous research observing the axial behaviour of OSB 

panel [434]. However, the dimension of this OSB panel was quite small and there was 

no stiffener attached to the panel. These conditions do not reflect the CPCT wall 

considered in this research which has the OSBs stiffened with the studs and pinned 

only along two opposite edges. In addition, the axial behaviour of CPCT wall with 

OSB and timber studs are not covered in popular guidelines such as [359] and 

Eurocode 5 [518].  

In general, wood behaves differently in each direction due to its heterogeneity 

and orthotropic material which increases the difficulty level of predicting the 

behaviour of the timber under loading condition [365, 434]. Abaqus explicit analysis 

was used in this research to simulate the axial behaviour of the full-scale closed panel 

composite timber (CPCT) wall system made of oriented strand boards stiffened by 

sawn-cut timber stud and sometimes with additional steel stud. Abaqus is used since 

it is proven to be able to predict the behaviour of the timber under the various 

conditions, such as delamination [444], timber with flaws [363] and cracks [447], steel 

dowel connections [365], nailed joint [520] and timber pegs connections [364], 

moisture variations [449], buckling of oriented strand board webbed wood I-

joists [445]. 

Figure A-G.9 shows the isometric view of the CPCT wall considered in this 

research. It is designed such that the gravity load is transferred through the three layers 

of OSB wall in order to keep the continuity of the timber studs (MGP10) and steel 

studs (SHS). Having the gravity load applied to the wall, there will be an eccentricity 

between the centroid of the CPCT wall and the applied load which can increase the 

lateral deformation of the system due to second order effect. Moreover, due to the low 

Young’s modulus of the timber, eccentric loading conditions, tolerance limits in 

Computer Numerical Control (CNC) machines and thin walls; the excessive lateral 

deflection from buckling may govern the allowable gravity load that can be transferred 

to the wood panel, hence further investigation is required.  
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In order to comprehensively understand the behaviour of the wall under gravity 

load, both experimental work and Finite Element Analysis (FEA) have been utilised 

in this research. Five typical full-scale CPCT wall sections including two MGP10 studs 

are subjected to compressive load until failure. Once the FEA results have a close 

agreement with the experimental result, parametric studies were conducted to obtain 

the sensitive parameters affecting the axial behaviour of the CPCT wall. These include 

several different variables such as the material and geometry of the stud, the strength 

of the adhesive, the spacing of the nail, and the presence of the steel stud. The results 

showed that the arrangement of the studs governs the behaviour significantly. 

Moreover, a minimum strength of the adhesive and maximum spacing of the nails were 

also derived to prevent the premature stiffness degradation. In addition, it is 

recommended for further research to quantify the effect of different moisture content 

and creep on the structural behaviour of the proposed wall. 

 

 

Figure A-G.9: The isometric view of the closed panel timber wall system 

considered in this research. 
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A-G.2 EXPERIMENTAL WORK 

A-G.2.1 Experimental setup 

A total of five CPCT walls were tested in pure compression with pinned supports 

at both ends restrained against both vertical and lateral movement. Figure A-G.10 

shows the details of the specimen. Two 70 × 35 mm MGP10 studs were used to 

simulate the frame in only one side of the wall. There were no studs at the other side 

of the wall because this side will be the interior side of the structure. In the 

construction, the gravity load is transferred through the three layers of OSB wall only. 

Therefore, a notched section was created at each end of the stud as shown in Figure 

A-G.10(b). The studs were attached to the wall by both nails and polyurethane 

adhesive. Moreover, the nails have a diameter of 3.75 mm, length of 90 mm, and 

spacing of 200 mm.  

 

           

(a) 

                

(b) 

Figure A-G.10: Details of the CPCT wall: (a) cross-section; (b) section A-A. 

 

Figure A-G.11 shows the layout of the test rig. Each end of the CPCT wall was 

supported inside 200 PFC (Parallel Flange Channel). This PFC is then connected to 

the actuator at one end by using two 200 PFC bolted back to back as an “I” 

configuration which provides a stiff support for distributing the load equally from 

actuator to the wall. The PFC sections are all 1250 mm in length which is marginally 
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larger than the width of the specimen. At the other end of the wall, the specimen was 

supported by two 150 SHS at the stud end. By adding the studs to the OSB wall, the 

neutral axis of the stiffened wall has moved towards the studs and hence the buckling 

will occur towards the studs since the axial loading is applied to the OSB wall. The 

specimen was allowed to have a maximum rotation of approximately 20 degrees 

upward. A displacement loading was applied with a rate of 5 mm/min (which is 

equivalent to a strain rate of 0.0018 min−1) to ensure that there was no dynamic effect.  

A hydraulic actuator with an axial force of 250 kN and accuracy of 0.01 kN and 

0.01 mm was used and mounted horizontally. For each specimen, both force and 

displacement were measured axially by using the data logger every 0.01 seconds. 

Moreover, for specimen 3 to 5, a lateral deflection at 50 mm from both sides of the 

mid-height of the wall was also measured by using laser transducer with a precision of 

0.01 mm.  

 

(a) 

 

(b) 

Figure A-G.11: The layout of the test rig: (a) schematic; (b) laboratory photo. 
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A-G.2. Experimental results 

Figure A-G.12 shows the axial force versus axial deflection obtained from the 

experimental work. It is shown that there is a variation between the results in terms of 

the initial stiffness and the maximum axial force and its corresponding deflection. For 

instance, if the initial axial stiffness was calculated at 1 mm axial deflection (within 

the linear elastic range), the average initial axial stiffness is approximately equal to 

38.35 kN/mm with a standard deviation of 6.5 kN/mm. Moreover, the maximum axial 

compression capacity is equal to 107.5 kN which occurs in Test 3 which has a 

combined failure mode, that is, stud flexural failure accompanied by the delamination 

of the stud from the wall as shown in Figure A-G.13. However, the minimum axial 

compression capacity is equal to 85.2 kN which occurs in in Test 2. This is ascribed to 

the failure of the adhesive and the insufficient embedded depth of the nails which 

caused the delamination between the stud and the surface of the OSB wall as shown 

in Figure A-G.14. The adhesive and the nails support each other and hence, failure of 

one of these leads to the failure of the other. In specimen 2, it was observed that the 

nail only penetrated the OSB wall approximately 15 mm. This may be due to the 

misalignment when driving the nail to the stud. Moreover, it may also due to the 

surface of the OSB wall which was not sufficiently clean prior to applying the 

adhesive.  

It is also observed that Test 1 required the largest axial displacement at maximum 

axial capacity. This may be due to the slack in the test rig, especially due to the slip in 

the bolted connections. Moreover, all the slack seems have been taken during Test 1 

and it yields better results for the remaining tests.  
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Figure A-G.12: Axial force versus axial deflection obtained from the 

experimental investigation. 

 

 

Figure A-G.13: Flexural failure of the stud accompanied by the delamination 

between the stud and the surface of the OSB wall, observed in test 3. 
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Figure A-G.14: Delamination between the stud and the surface of the OSB wall 

as observed in test 2. 

 

As mentioned previously, an additional laser transducer was installed at 50 mm 

from either side of the OSB wall to measure the mid-height lateral deflection of the 

wall. Figure A-G.15 shows the axial force versus mid-height lateral deflection 

obtained from the experimental work. The mid-height lateral deflection of the wall 

(Figure A-G.15) is quite large compared to the axial deflection (Figure A-G.12) at 

the same level of axial compressive force. Moreover, all three tests showed 

substantially similar behaviour. The common failure mode for all the specimens is 

either the delamination of the studs from the OSB wall (failure of the weakest three 

walls) or the flexural failure of the studs (observed in the strongest two walls). 

All of the specimens exhibited a linear behaviour up to a mid-height lateral 

deflection of 8 – 12 mm and an axial force of at least 60 kN. By calculating the initial 

lateral stiffness at 5 mm lateral deflection (within the linear elastic range), the average 

initial lateral stiffness is approximately equal to 8.23 kN/mm with a standard deviation 

of 1.2 kN/mm. Eurocode 5 [518] limits the deflection to span ratio (∆/𝐿) to be within 

1/150 to 1/300 for beam and 1/300 for a single member in compression. Moreover, 

[521] only specifies the lateral deflection limit for wall due to wind and lateral actions 

to be h/500 for brittle cladding. If the lateral deflection of the proposed wall is limited 

to a (∆/𝐿) of 1/300 for Serviceability Limit State (SLS), it will be equivalent to the 

allowable deflection of approximately 9 mm which corresponds to the axial force of 

50 – 64 kN. Figure A-G.15 shows that the maximum lateral deflection is greater than 

50 mm which is quite large in comparison to the SLS limit of 9 mm. This means that 

this system provides high flexibility in the lateral direction.  
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Table A-G.2 shows the summary of the results observed in the experimental 

campaign. The ultimate capacity shown in the results should be reduced to take into 

account the capacity factor (∅ = 0.7 for office and 0.9 for the house) and the load 

duration factor (𝑘1 = 0.8) as suggested by [359]. By using the load combination stated 

in [521] for office and assuming a total dead load of 1.5 kPa, the ratio of the ultimate 

load to the serviceability load is obtained to be equal to 1.75 for short-term live load. 

It is shown in Table A-G.2 that the ULS will govern the design since the ratio of the 

design capacity to the service axial load is less than 1.75. However, if the wall is 

strengthened, there is a possibility that the serviceability limit will govern the design. 

Therefore, it is crucial to understand the sensitive parameters affecting the buckling 

stiffness and the strength of the wall. This will be accomplished by using Finite 

Element Analysis (FEA) explained in the following section. 

 

 

 

Figure A-G.15: Axial force versus mid-height lateral deflection obtained from 

the experimental work. 
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Table A-G.2: Experimental results summary. 

 

A-G.3 FINITE ELEMENT ANALYSIS 

A-G.3.1 Material properties 

The mechanical properties of the OSB wall are summarised in Table A-G.3. The 

values were obtained from the tests following the available standards in Australia [360-

362]. The nominal material properties of MGP10 stud are available in [359]. 

Moreover, by using supplementary data from the previous research [363-367], the 

elastic constants for the stud and the OSB wall used in this research are summarised 

in Table A-G.4. The nominal stress limit for the stud and OSB is checked manually 

in the output file of the FEA results and stated later section 0 and in Figure A-G.21. 

This is because the actual specimen may have higher ultimate capacity than the 

nominal value. Therefore, the elastic property of the timber is utilised to have 

additional information such as the required axial force to fail the adhesive and stud. 

However, nominal material properties are used in the parametric study to be more 

conservative.  

 

Test 

No. 

Axial load (kN) ∅𝒌𝟏𝑭𝒖/𝑭𝒔 ratio 
Secant stiffness 

(kN/m) 
 u 

(mm) 

Failure 

mode 𝑭𝒔𝟏  

(L/300) 

𝑭𝒔𝟐 

(L/500) 
𝑭𝒖 

∅𝒌𝟏𝑭𝒖

𝑭𝒔𝟏

 
∅𝒌𝟏𝑭𝒖

𝑭𝒔𝟐

 L/300 L/500 

1 N/A N/A 103.0 N/A N/A N/A N/A N/A 
Delam. and 

stud failure 

2 N/A N/A 85.2 N/A N/A N/A N/A N/A Delam. 

3 61.4 45.3 107.5 0.98 1.33 6.70 8.2 64.5 
Delam. and 

stud failure 

4 50.1 34.7 101.0 1.13 1.63 5.47 6.3 65.0 
Delam. and 

stud failure 

5 64.5 47.0 96.9 0.84 1.15 7.04 8.5 33.0 Delam. 
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Table A-G.3: Mechanical properties of the OSB wall. 

Mechanical Property Standard 

OSB Orientation 

Edgewise 

(MPa) 

Flatwise 

(MPa) 

Bending strength  [360] N/A 20.3 

Modulus of elasticity [360] N/A 3557 

Bending strength  [362] 16.6 N/A 

Modulus of elasticity  [362] 3343 N/A 

Shear strength [360] 3.48 

Bearing strength perpendicular 

to the grain 
[361] 16.9 N/A 

Compressive strength parallel to 

grain 
[360] 12.5 

Tension strength parallel to grain [361] 11.9 

 

 

Table A-G.4: Elastic constants for engineering constant material. 

Element 
𝑬𝟏 

(MPa) 

𝑬𝟐 

(MPa) 

𝑬𝟑 

(MPa) 
𝒗𝟏𝟐 𝒗𝟏𝟑 𝒗𝟐𝟑 

𝑮𝟏𝟐 

(MPa) 

𝑮𝟏𝟑 

(MPa) 

𝑮𝟐𝟑 

(MPa) 

Stud (MGP10) 10000 600 600 0.33 0.5 0.4 670 670 50 

Wall (OSB) 3343 3557 3343 0.34 0.25 0.26 1249 1337 1405 

 

 

One-component polyurethane adhesive was used to bond the stud to the wall in 

addition to nails with a spacing of 200 mm. The axial tensile capacity of the adhesive 

summarised in the technical note provided by the manufacturer [371] is equal to 

1.8 MPa. Several small tests have been conducted to predict the modulus of elasticity 

of the adhesive and the fracture energy which will be used in the finite element 

analysis. A 90 × 35 mm MGP10 stud with a full-length of 2750 mm was bonded to a 

strip of OSB wall with a width of 300 mm and the same length as the stud. The studs 

were also nailed at 400 mm centres to the wall to add pressure to the uncured. Once 

the adhesive is cured (approximately 1 day for the adhesive thickness of 2 mm), the 

strip was cut between the nails into several sections with a length of 150 mm and yields 
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a contact area of 150x35 mm. This testing method is similar to those mentioned in 

several publications [372-374] with the larger contact area. The average value obtained 

from 5 small specimens for the modulus of elasticity (𝑬) and the fracture energy 

(𝑮𝒇) of the adhesive is approximately equal to 7.8 MPa and 0.9 N/mm, respectively. 

Further study to comprehensively understand the effect of using a different type of 

adhesive and different surface treatment is required, however, it is beyond the scope 

of this research. 

A-G.3.2 Modelling technique 

Abaqus explicit has been used to model the specimen in full scale. In order to 

predict the behaviour of the specimen precisely, an orthotropic material was used to 

model the wood. There are two methods which can be used for orthotropic materials, 

those are the utilisation of engineering constant material as well as the orthotropic 

material. Moreover, when the orthotropic material is used, the elastic constants in 

Table A-G.4 needs to be modified following the equation provided in the Abaqus user 

manual [519]. The summary of the elastic constants for the orthotropic material is 

shown in Table A-G.5.  

The stud and the wall were modelled using a 3D deformable element with 8-

node linear brick and reduced integration (C3D8R). The nails were modelled using 3D 

deformable with two-node linear beam element (B31) and embedded to the stud and 

the wall. The adhesive was modelled by defining the cohesive interaction between the 

stud and the wall based on the small experimental work conducted in section 0. The 

cohesive interaction was used instead of modelling the cohesive element because it 

will significantly reduce the computational cost. The material properties of the stud, 

wall and adhesive have also been summarised in section 0.  

Since the orthotropic material is used, the local orientation for each element 

should be modified accordingly. The nails were assumed to be mild steel with Young’s 

modulus of 200 GPa. The maximum allowable stress of the nail was modified to be 

equivalent to the joint strength of the nails according to AS1720.1 [359].  
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Table A-G.5. Elastic constants for orthotropic material. 

Element 
D1111 

(MPa) 

D1122 

(MPa) 

D2222 

(MPa) 

D1133 

(MPa) 

D2233 

(MPa) 

D3333 

(MPa) 

D1212 

(MPa) 

D1313 

(MPa) 

D2323 

(MPa) 

Stud 

(MPG 10) 
10366 395 729 469 304 736 670 670 50 

Wall 

(OSB) 
4432 2025 4736 1614 1690 4169 1249 1337 1405 

 

 

A-G.3.3 FEA results 

Several different Finite Element Models (FEMs) have been developed and 

compared to the experimental work. The details for each model are summarised in 

Table A-G.6. The FEM designation is explained as follows. The first field describes 

the size of the specimen whether whole model (W) or half model (H) is utilised. The 

second field represents the type of material. It can be E for engineering constant or O 

for orthotropic. The third field denotes the interaction between the stud and the wall. 

It can be T for Tie constraint, G for cohesive interaction to represent the adhesive, and 

N for embedded nails. 

 

Table A-G.6: Details of the Finite Element Model (FEM) for comparison with 

experimental work. 

Model 

no. 

FEM 

designation 

Whole or 

half model 

Material 

type 

The interaction between the stud and the 

wall 

Tie 

constraint 

Adhesive is 

modelled 

Nail is 

modelled 

1 W_E_T Whole 
Engineering 

constant 
Yes No No 

2 H_E_T Half 
Engineering 

constant 
Yes No No 

3 H_O_T Half Orthotropic Yes No No 

4 H_O_G Half Orthotropic No Yes No 

5 H_O_N Half Orthotropic No No Yes 

6 H_O_GN Half Orthotropic No Yes Yes 
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A-G.3.3.1 Whole versus half model  

The purpose of this section is to confirm that the half model can give the same 

accuracy as the whole model and hence it can be used to reduce the computational 

cost. In this section, tie constraints were used between the stud and the wall. This may 

not indicate the real behaviour of the tested specimens since there are adhesive and 

nails in between the stud and the wall which cannot be represented by using tie 

constraints. Firstly, a full-scale model for the whole model (W_E_T) has been created 

to duplicate the real dimension of the specimen used in the experimental work as 

shown in Figure A-G.16. Figure A-G.16(a) shows the unloading state of the model. 

The steel plates were also modelled in ABAQUS to represent similar test setup as 

observed in the experiment. Moreover, Figure A-G.16(b) shows the contour of the 

lateral deflection at the maximum axial force. In the experimental work, the mid-height 

deflection is measured at the mid-height of the wall at an approximate distance of 

50 mm from the edge of the wall.   
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(a) 

 

(b) 

Figure A-G.16: Full-scale Finite Element Analysis (FEA) of whole model 

(W_E_T): (a) at unloading state; (b) at the maximum axial force. 

 

Secondly, a half model (H_E_T) has been created considering that there is one 

axis of symmetry as shown in Figure A-G.17. Figure A-G.17(a) shows the unloading 

state of the model. Moreover, Figure A-G.17(b) shows the contour of the lateral 

deflection at the maximum axial force. Figure A-G.18 shows the axial force versus 

mid-height lateral deflection of the wall for both the whole and the half model. It is 

shown that both models give the same behaviour. Therefore, to reduce the analysis 

burden, the half model was utilised from here on.  
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(a) 

 

(b) 

Figure A-G.17: Full-scale Finite Element Analysis (FEA) of half model 

(H_E_T): (a) at unloading state; (b) at the maximum axial force. 
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Figure A-G.18: Axial force vs mid-height lateral deflection for W_I_T and 

H_I_T. 

 

 

A-G.3.3.2 Type of material: Engineering constant versus Orthotropic 

In this section, H_E_T has been modified to consider a different type of the 

material available in ABAQUS to model the orthotropic condition. Instead of using 

engineering constant (H_E_T), an orthotropic material (H_O_T) has been utilised. The 

elastic constants for the orthotropic material were derived from the engineering 

constant following the equations provided in ABAQUS manual as previously 

mentioned in section 0. Therefore, it is expected that the behaviour obtained in H_O_T 

should be the same as that obtained in H_E_T as confirmed in Figure A-G.19. Figure 

A-G.19 shows the axial force versus mid-height lateral deflection of the wall for 

H_E_T and H_O_T. It is shown H_E_T generates the same curve as H_O_T as 

expected.  
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Figure A-G.19: Comparison between H_E_T and H_O_T. 

 

A-G.3.3.3 Types of interactions: Tie, cohesive and embedded element  

In the experiment, adhesive and nails are used to attach the stud to the wall. 

Therefore, tie constraint may not be appropriate since it will assume ideal contact with 

rigid stiffness. In reality, the stiffness of the adhesive and the joint strength of the nail 

will govern the contact between the stud and the wall. As shown in Table A-G.6, 

H_O_G, H_O_N, and H_O_GN do not use tie constraint to model the interaction 

between the stud and the wall to realistically predict the behaviour of the tested 

specimens. H_O_G used cohesive interaction to represent the adhesive and the nails 

are not modelled. The effect of the adhesive on the overall behaviour of the stiffened 

wall is observed. Moreover, H_O_N only models the nails and they are embedded in 

the stud and the wall. The details of the nails have been described previously in section 

0. By using H_O_N, the effect of the nails on the overall behaviour of the stiffened 

wall can be observed. At last, H_O_GN incorporates both adhesive and nails to the 

Finite Element Model (FEM) which represents the tested specimens. Figure A-G.20 

shows the behaviour of H_O_T, H_O_G, H_O_N, and H_O_GN. It is shown that 

H_O_T, which uses ties constraint, has the stiffest and strongest behaviour compared 

to other interaction which is as expected. Comparing model H_O_G, H_O_N, and 

H_O_GN, it can be concluded that the adhesive is quite stiff in the normal direction 

compared to the nails and it causes the adhesive to take most of the force occurring in 

the interface between the stud and wall. Once the adhesive deforms and almost reaches 
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its maximum capacity, the force is then transferred to the nails. However, since the 

nails do not have the high pull-out capacity, only a small increase in the capacity is 

observed as shown in Figure A-G.20. 

 

 

Figure A-G.20: The overall behaviour of H_O_T, H_O_G, H_O_N and 

H_O_GN. 

  

A-G.4 FEA AND EXPERIMENTAL RESULT COMPARISON  

To confirm whether the FEM has a sufficiently close match with the 

experimental work, H_O_GN is compared to the test result as shown in Figure A-

G.21. It is shown that H_O_GN lies in between the results from test 3 and test 4. There 

is a difference between the result obtained from test 3 and test 4 due to the high 

standard deviation of the adhesive as well as the timber. The average maximum 

capacity obtained from test 3 to 5 is approximately equal to 102 kN and the maximum 

capacity obtained from FEM for H_O_GN is approximately equal to 106 kN. 

Moreover, the maximum mid-height lateral displacement prior to the sudden drop in 

the capacity due to the failure of the stud followed by the delamination between the 

stud and the wall (refer to Figure A-G.13) is approximately equal to 73 and 65 mm 

for test 3 and 4, respectively. This is slightly lower than the FEA results on H_O_GN 

which has maximum mid-height lateral displacement of 78 mm prior to the failure of 
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the adhesive and nails. In addition, H_O_T is also plotted in Figure A-G.21 to show 

the ideal behaviour when the adhesive and nails provide high stiffness and strength. 

By having the ideally fixed contact between the studs and the wall (H_O_T), a highly 

stiff and strong wall is observed. In the other word, the adhesive and nails have 

considerably reduced both the strength and the stiffness.  

Having the stud nominal flexural capacity of 17 MPa plotted in Figure A-G.21, 

the experimental results showed that higher capacity of the stud was observed. For 

instance, FE model H_O_T should fail earlier at the axial force of 123 kN and mid-

height lateral displacement of 33 mm. A similar trend occurs in FE model H_O_GN 

which has an axial capacity of 95 kN and mid-height lateral displacement of 40 mm. 

Using the nominal capacity of the timber has led to the failure of the stud prior to the 

delamination which is different to the one observed in the experiment. This shows that 

the adhesive and nail have provided sufficient strength above the nominal ultimate 

capacity of the stud.  

 

 

Figure A-G.21: Comparison between H_O_T, H_O_GN, and the results of test 3 

to 5 on the axial force versus mid-height lateral deflection. 

 

Considering that the ratio of lateral deflection to height is limited to L/300, it 

will correspond to the axial force of 51.4 kN for H_O_GN model which lies within the 
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axial force due to the lateral deflection limit is approximately equal to 70.8 kN which 

is 38% higher than the H_O_GN model. 

A-G.5 PARAMETRIC STUDY 

Having a close agreement between the experimental and the FEA results, a 

parametric study has been performed to comprehensively understand the sensitive 

parameters which affect the buckling stiffness of the CPCT wall. Moreover, since 

either SLS or ULS can govern the design depending on the SLS lateral deflection limit, 

both full behaviour up to the nominal ultimate capacity (either delamination or the 

failure of the stud, whichever comes first) and the behaviour up to a lateral deflection 

of 10 mm are plotted side by side. From section 0, it is shown that H_O_GN, which 

corresponds to an FE half model with orthotropic material for the wood which 

incorporates both the adhesive and nails, has given the closest agreement with the 

experimental results. Therefore, further parametric study will use H_O_GN as the 

reference specimen.  

Given that the CPCT wall is primarily a gravity load bearing member, the 

structural load run down results in a design action in terms of axial force per metre of 

wall. Therefore, all the results will be modified to the axial force per metre width. Prior 

to the parametric study, the effect of modelling one or group of studs with the same 

stud spacing will be discussed. This is achieved by modelling the wall with a width of 

450, 900, and 1350 mm with 1, 2, and 3 studs, respectively. Therefore, each stud will 

contribute to stiffening the wall within 450 mm tributary width. It is shown in Figure 

A-G.22 that similar results are observed regardless of the total width of the wall. 

Therefore, the parametric study incorporates the same wall arrangement used in the 

experimental work which has two studs with a width equivalent to two times of the 

stud spacing.  
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(a) (b) 

Figure A-G.22: Axial force versus mid-height lateral deflection for the different 

total width of the wall with the same stud spacing: (a) up to lateral deflection of 

10 mm; (b) up to the nominal ultimate capacity of the stud. 

 

Table A-G.7 shows the details of the FEM used for the parametric study covered 

in section 0 to 0. In total, there are 17 FEMs considering different material and 

arrangement of the stud (the spacing, size and whether single or double stud is used), 

the spacing of the nail, and adhesive properties. In addition to this, there are six 

additional FEMs considering the combination of steel and timber stud which is covered 

in section 0. The designation used in Table A-G.7 is explained as follows. The first 

field relates to the material (first two letters), spacing (first three numbers), and the 

depth of the stud (last two numbers). For instance, TS450/70 is for timber stud with a 

spacing of 450 mm and depth of 70 mm or SS450/65 is for steel stud with a spacing 

of 450 mm and depth of 65 mm. The second field relates to the spacing and length. 

For instance, N200/90 is designated for a specimen with a nail spacing and length of 

200 mm and 90 mm, respectively. The third field relates to the adhesive properties. It 

can be G2 when all the properties of the adhesive are double than the reference 

specimen which is H_O_GN or TS450/70_N200/90_G1_S as shown in Table A-G.7. 

The fourth field relates to the number of the combined stud. This could be S if there is 

a single stud or D if there is a double stud. When steel stud is used instead of the 
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MGP10 stud, the steel that is used in this research is SHS 65 × 65× 4 mm grade 

350 MPa. This section has been chosen considering that the depth of this section 

(65 mm) is similar to the depth of the timber stud (70 mm). When MGP12 or MGP 15 

is used instead of MGP10, the additional fifth field is added. 

 

Table A-G.7: Details of the Finite Element Model (FEM) for parametric study. 

No. FEM designation 

The 

material 

of the 

stud 

Spacing/

Depth of 

the stud 

(mm) 

Spacing/ 

Length of 

the nail 

(mm) 

Adhesive 

properties 

(𝑬; 𝒇𝒕;  𝑮𝒇) 

(MPa; MPa; N/mm) 

Single 

or 

Double-

stud 

1 TS450/70_N200/90_G1_S MGP10 450/70 200/90 (7.8;1.77;0.9) Single 

2 TS300/70_N200/90_G1_S MGP10 300/70 200/90 (7.8;1.77;0.9) Single 

3 TS225/70_N200/90_G1_S MGP10 225/70 200/90 (7.8;1.77;0.9) Single 

4 TS450/70_N100/90_G1_S MGP10 450/70 100/90 (7.8;1.77;0.9) Single 

5 TS450/70_N300/90_G1_S MGP10 450/70 300/90 (7.8;1.77;0.9) Single 

6 TS450/70_N400/90_G1_S MGP10 450/70 400/90 (7.8;1.77;0.9) Single 

7 TS450/70_N200/90_G2_S MGP10 450/70 200/90 (15.6;3.54;1.8) Single 

8 TS450/70_N200/90_G3_S MGP10 450/70 200/90 (23.4;5.3;2.7) Single 

9 TS450/70_N200/90_G5_S MGP10 450/70 200/90 (39;8.85;4.5) Single 

10 TS450/70_N200/90_G1_D MGP10 450/70 200/90 (7.8;1.77;0.9) Double 

11 TS225/70_N200/90_G1_D MGP10 225/70 200/90 (7.8;1.77;0.9) Double 

12 SS450/65_ N0/0_G1_S Steel 300 450/65 0/0 (7.8;1.77;0.9) Single 

13 SS450/65_ N0/0_G5_S Steel 300 450/65 0/0 (39;8.85;4.5) Single 

14 TS450/70_N200/100_G1_S MGP10 450/70 200/100 (7.8;1.77;0.9) Single 

15 TS450/90_N200/120_G1_S MGP10 450/90 200/120 (7.8;1.77;0.9) Single 

16 TS450/70_N200/90_G1_S_12 MGP12 450/70 200/90 (7.8;1.77;0.9) Single 

17 TS450/70_N200/90_G1_S_15 MGP15 450/70 200/90 (7.8;1.77;0.9) Single 

 

Table A-G.8 shows the summary of the FEA results. It shows the axial load and 

the secant stiffness at the corresponding serviceability limit state (both L/300 and 

L/500). Moreover, the ultimate axial load and the corresponding deflection and failure 

mode have also been summarised. In addition, the ratio of the ultimate load to the 

service load was calculated to distinguish the governing criteria, i.e. either SLS or 

ULS. According to Australian standards [359, 521], for offices this ratio is 



Appendices 442 

approximately 1.75 (when short-term live load is used) or 2.33 (when long-term live 

load is used). If the ratio of the nominal capacity to the serviceability capacity is larger 

than the limit, then the SLS governs the design. Further discussion for each parameter 

has been summarised in the following subsections.  

 

Table A-G.8: Parametric studies FEA result summary. 

FEM designation 

Axial load (kN/m) 
∅𝒌𝟏𝑭𝒖/𝑭𝒔  

ratio 

Secant 

stiffness 

(kN/m2)  u 

(mm) 

Failure 

mode 
𝑭𝒔𝟏  

(L/300) 

𝑭𝒔𝟐 

(L/500) 
𝑭𝒖 

∅𝒌𝟏𝑭𝒖

𝑭𝒔𝟏

 
∅𝒌𝟏𝑭𝒖

𝑭𝒔𝟐

 
At 

𝑭𝒔𝟏 

At 

𝑭𝒔𝟐 

TS450/70_N200/90_G1_S 57.7 41.3 106.9 1.0 1.5 6.3 7.5 41.8 
Stud flexural 

failure 

TS300/70_N200/90_G1_S 65.1 44.7 139.4 1.2 1.7 7.1 8.1 42.2 
Stud flexural 

failure 

TS225/70_N200/90_G1_S 70.2 47.3 165.0 1.3 2.0 7.7 8.6 44.4 
Stud flexural 

failure 

TS450/70_N100/90_G1_S 57.8 41.4 107.3 1.0 1.4 6.3 7.5 41.6 
Stud flexural 

failure 

TS450/70_N300/90_G1_S 57.5 41.2 106.6 1.0 1.4 6.3 7.5 41.9 
Stud flexural 

failure 

TS450/70_N400/90_G1_S 57.5 41.2 106.5 1.0 1.4 6.3 7.5 41.9 
Stud flexural 

failure 

TS450/70_N200/90_G2_S 59.4 42.0 111.8 1.1 1.5 6.5 7.6 41.0 
Stud flexural 

failure 

TS450/70_N200/90_G3_S 59.8 42.2 113.4 1.1 1.5 6.5 7.7 40.8 
Stud flexural 

failure 

TS450/70_N200/90_G5_S 61.3 43.1 114.8 1.0 1.5 6.7 7.8 40.5 
Stud flexural 

failure 

TS450/70_N200/90_G1_D 66.5 45.5 153.9 1.3 1.9 7.3 8.3 51.9 
Stud flexural 

failure 

TS225/70_N200/90_G1_D 81.0 53.1 232.4 1.6 2.5 8.8 9.7 53.8 
Stud flexural 

failure 

SS450/65_N0/0_G1_S 109.6 72.7 219.1 1.2 1.8 12.0 13.2 26.3 Delamination 

SS450/65_ N0/0_G5_S 113.0 74.3 318.9 1.6 2.4 12.3 13.5 62.6 Delamination 

TS450/70_N200/100_G1_S 57.7 41.3 106.9 1.0 1.4 6.3 7.5 41.8 
Stud flexural 

failure 

TS450/90_N200/120_G1_S 73.2 50.7 150.8 1.2 1.7 8.0 9.2 40.8 
Stud flexural 

failure 
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A-G.5.1 Stud arrangement 

Therefore, this section focuses on two parameters, the spacing of the stud and 

whether single or double stud is used. Figure A-G.23 shows that for single stud, by 

reducing the spacing of the stud from 450 mm (TS450/70_N200/90_G1_S) to 300 mm 

(TS300/70_N200/90_G1_S), the secant stiffness increases approximately by 12.8% at 

L/300 and 8.3% at L/500. By further reducing the spacing of the stud to 225 mm 

(TS225/70_N200/90_G1_S), the secant stiffness further increases by 8% at L/300 and 

6% at L/500. This means that a total increase of 22% at L/300 and 15% at L/500 can 

be obtained by reducing the stud spacing from 450 mm to 225 mm. Moreover, when 

the double stud is used instead of the single stud (with the same spacing), the secant 

stiffness increases by approximately 15% at L/300 and 12% at L/500. By using the 

same amount of stud, it is obtained that reducing the spacing 

(TS225/70_N200/90_G1_S) is more effective than using the double stud 

(TS450/70_N200/90_G1_D). However, it is suggested that both double stud and 

closer spacing should be used whenever possible to obtain the maximum secant 

stiffness.  

 

 

(a) (b) 

Figure A-G.23: Axial force versus mid-height lateral deflection for different 

stud arrangement: (a) up to lateral deflection of 10 mm; (b) up to the nominal 

ultimate capacity of the stud. 
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A-G.5.2 Stud material properties 

Figure A-G.24 shows the axial behaviour of the CPCT wall with different 

material of the timber stud. The wall performance using MGP12 and MGP15 stud was 

compared to the one using MGP10. The material properties for MGP12 and MGP15 

were obtained from [359]. When the specimen using MGP12 is compared to the one 

using MGP10, the secant stiffness of the specimen does not increase at the lateral 

displacement of L/500 and only increases by 2% at L/300. Moreover, when the 

specimen using MGP15 is compared to the one using MGP10, the secant stiffness of 

the specimen increases by 5% at lateral displacement of L/500 and 7% at L/300. It 

means that higher grade of the timber will have less effect to the secant stiffness of the 

wall. Moreover, Figure A-G.24(b) shows that the ultimate capacity of the wall does 

not change significantly when higher grade MGP stud was used. However, the ultimate 

displacement capacity of the system with MGP10 was increased almost double 

compared with the specimen with MGP15. Since the ultimate capacity of the system 

with MGP10 has already sufficient, therefore, there is no need to increase the ductility 

of the wall.  

 

 

(a) (b) 

Figure A-G.24: Axial force versus mid-height lateral deflection for different 

grade of the timber stud: (a) up to lateral deflection of 10 mm; (b) up to the 

nominal ultimate capacity of the stud. 
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A-G.5.3 Nail spacing 

This section studies the effect of different nail spacing to the stiffness of the 

CPCT wall. Various nail spacing from 100 to 400 mm has been chosen and the results 

can be seen in Figure A-G.25. Figure A-G.25(a) shows that the nail spacing is not 

sensitive to the secant stiffness of the wall (both at L/300 and L/500). This agrees well 

with the previous finding that shows that the nail only increases the ductility of the 

wall until the failure of the adhesive, but not the secant stiffness. However, since the 

nominal ultimate capacity of the timber was used in this parametric study, the stud 

failed prior to the delamination of the adhesive. Therefore, as long as maximum nail 

spacing of 400 mm has been provided, the wall will have similar behaviour up to the 

nominal ultimate capacity of the timber stud.  

 

 

(a) (b) 

Figure A-G.25: Axial force versus mid-height lateral deflection for different nail 

spacing: (a) up to lateral deflection of 10 mm; (b) up to the nominal ultimate 

capacity of the stud. 

 

A-G.5.4 The size of the stud and length of the nail 

Figure A-G.26 shows the effect of using a larger depth of the stud and the longer 

nail on the axial behaviour of the CPCT wall. When 90 × 35 mm MGP10 is used for 

0

10

20

30

40

50

60

70

0 1 2 3 4 5 6 7 8 9 10

A
x
ia

l 
fo

r
c
e
 (

k
N

/m
)

Mid-height lateral deflection (mm)

TS450/70_N200/90_G1_S TS450/70_N100/90_G1_S

TS450/70_N300/90_G1_S TS450/70_N400/90_G1_S

0

20

40

60

80

100

120

0 10 20 30 40 50

A
x
ia

l 
fo

r
c
e
 (

k
N

/m
)

Mid-height lateral deflection (mm)

L/500 L/300



Appendices 446 

the stud instead of 70 × 35 mm MPG10, the secant stiffness increases by 27% at L/300 

and 23% at L/500. Moreover, the ultimate axial capacity increases by 41%. However, 

the depth of the stud is limited to the wall size. Thus, increasing the stud size 

significantly is not a viable option considering the total thickness of the closed panel 

which will reduce the commercial area. By extending the length of the nail (from 90 

to 100 mm), the anchorage length to the wall increases. However, there is no 

significant effect on the behaviour since the nail will take the load once the adhesive 

loses its stiffness as stated previously.  

 

 

(a) (b) 

Figure A-G.26: Axial force versus mid-height lateral deflection for different size 

of stud and nail: (a) up to lateral deflection of 10 mm; (b) up to the nominal 

ultimate capacity of the stud. 
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increases the secant stiffness by 3%, 3.6%, and 6.2%, respectively when L/300 is used. 

This corresponds to an increase of 1.9%, 2.3%, and 4.4%, respectively when L/500 is 

used. It concludes that if there is a stronger adhesive available in the market with 

similar price, then it should be chosen. Otherwise, the current adhesive has provided 

reasonably effective performance and can still be used. Moreover, as suggested 

previously in section 0, a quality control of the adhesive should be performed to ensure 

that equal thickness of the adhesive is applied throughout the stud-wall interaction in 

addition to appropriate surface treatment as suggested by the manufacturer.  

 

 

(a) (b) 

Figure A-G.27: Axial force versus mid-height lateral deflection for different 

adhesive properties: (a) up to lateral deflection of 10 mm; (b) up to the nominal 

ultimate capacity of the stud. 
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the secant stiffness increases approximately by two-fold. However, it should be noted 

that the cost for the steel stud is much higher than the timber stud. Moreover, it is also 

shown that the adhesive has a minimum impact at SLS as shown in Figure A-G.28(a). 

The secant stiffness has increased only up to 6% for timber stud and 3% for steel stud. 

However, the adhesive has a significant impact at ULS when steel stud is used as 

shown in Figure A-G.28(b). For instance, when G5 is used instead of G1, the ultimate 

axial capacity increases by 50% for the specimen using steel stud and increases only 

by 10% for the specimen using timber stud.  

 

 

(a) (b) 

Figure A-G.28: Axial force versus mid-height lateral deflection for the different 

material of the stud: (a) up to lateral deflection of 10 mm; (b) up to the nominal 

ultimate capacity of the stud. 
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A-G.29(a) and (b). Furthermore, the location of the steel stud is varied from the middle 

between the timber stud to the one side of the timber stud as shown in Figure A-

G.29(b) and (c). In this section, several same parameters have been used. Those are 

70 × 35 mm MGP10 for timber stud, 65 × 65 × 4 mm SHS grade 300 MPa for steel 

stud, nail spacing of 200 mm for timber stud, and adhesive property G1 for both steel 

and timber stud. The FEM designation used in Table A-G.9 is explained as follows. 

The first field relates to the number of the timber stud at one location and the spacing 

between the stud. For instance, ST300 is for single timber stud with a spacing of 

300 mm. The second field relates to the spacing of the steel stud and its location 

relative to the timber stud. For instance, S1800-Mid is designated for a specimen with 

a steel stud spacing of 1800 mm and the steel stud is located in the middle between 

two timber studs.  

 

 

Figure A-G.29: Combination of steel and timber in strengthening and stiffening 

the wall: (a) ST300_S1800-M; (b) ST450_S1800-M; (c) ST450_S1800-S. 
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Table A-G.9: Details of the Finite Element Model (FEM) for combined steel and 

timber studs. 

No. FEM designation 

Spacing of 

timber stud 

(mm) 

Spacing of 

steel stud 

(mm) 

Location 

of steel 

stud 

Single or 

Double-timber 

stud 

1 ST300_S1800-Mid 300 1800 Middle Single 

2 ST450_S1800-Mid 450 1800 Middle Single 

3 ST450_S1800-Side 450 1800 Side Single 

4 ST450_S900-Side 450 900 Side Single 

5 ST450_S450-Side 450 450 Side Single 

6 DT450_S450-Side 450 450 Side Double 

 

Figure A-G.30 shows the behaviour of the wall with combined timber and steel 

stud as illustrated in Figure A-G.29 and Table A-G.9. It is also compared with the 

previous model which has only timber stud (TS450/70_N200/90_G1_S – this is named 

ST450_no steel in Figure A-G.30) by dividing the axial force by the width of the wall 

to convert it to the axial force per metre width. Table A-G.10 shows the summary of 

the FEA results on the wall system with combined steel and timber stud. By adding a 

steel stud every 1.8 metres (ST450_S1800-Mid), the secant stiffness has increased 

approximately by 10% at both L/500 and L/300. Moreover, the location of the steel 

stud, whether it is installed in the middle of timber studs (ST450_S1800-Mid) or 

immediately adjacent one of the timber studs (ST450_S1800-Side), does not alter the 

behaviour of the wall. Reducing the spacing between the stud from 450 mm 

(ST450_S1800-Mid) to 300 mm (ST300_S1800-Mid) will increase the secant stiffness 

by 11% and 15% at L/500 and L/300, respectively.  

The spacing between the steel stud can also be varied depends on the demand. 

By keeping the spacing of the timber to be 450 mm, when the spacing of the steel stud 

is reduced from 1800 mm (ST450_S1800-Side) to 900 mm (ST450_S900-Side), the 

secant stiffness of the wall increases by 20% and 24% at L/500 and L/300, 

respectively. Moreover, the ultimate capacity of the system increases by 26%. By 

further reducing the spacing of the steel stud from 900 (ST450_S900-Side) to 450 mm 

(ST450_S450-Side), the secant stiffness of the wall further increases by approximately 

32% and 38% at L/500 and L/300, respectively. However, the ultimate capacity of the 
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system further increases by 33%. The failure happened due to delamination of the steel 

stud instead of the failure of the timber stud.  

Double timber stud may also be utilised in addition to the closely spacing steel 

and timber stud to carry the higher loading demand. This is simulated in specimen 

DT450_S450-Side which has a spacing of 450 mm for both double timber stud and 

steel stud. When this specimen is compared to the same specimen with single timber 

stud (ST450_S450-Side), the secant stiffness of the wall increases by 5% and 6% at 

L/500 and L/300, respectively. Moreover, the ultimate capacity of the wall increases 

only by 3.4% due to the delamination between the steel stud and the wall. 

 

 

(a) (b) 

Figure A-G.30: The axial behaviour of the wall with combined timber and 

steel stud: (a) up to lateral deflection of 10 mm; (b) up to the nominal ultimate 

capacity of the stud. 
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Table A-G.10: FEA results of the wall system with combined steel and timber 

stud. 

FEM 

designation 

Axial load (kN/m) 
∅𝒌𝟏𝑭𝒖/𝑭𝒔  

ratio 

Secant 

stiffness 

(kN/m2) u 

(mm) 

Failure 

mode 
𝑭𝒔𝟏  

(L/300) 

𝑭𝒔𝟐 

(L/500) 
𝑭𝒖 

∅𝒌𝟏𝑭𝒖

𝑭𝒔𝟏

 
∅𝒌𝟏𝑭𝒖

𝑭𝒔𝟐

 
At 

𝑭𝒔𝟏 

At 

𝑭𝒔𝟐 

ST300_S1800-

Mid 
73.1 50.2 159.8 1.2 1.8 8.0 9.1 41.6 

Stud flexural 

failure 

ST450_S1800-

Mid 
63.6 45.3 135.8 1.2 1.7 6.9 8.2 42.3 

Stud flexural 

failure 

ST450_S1800-

Side 
63.2 45.1 136.0 1.2 1.7 6.9 8.2 43.6 

Stud flexural 

failure 

ST450_S900-

Side 
66.9 47.1 171.0 1.2 1.8 7.3 8.6 51.5 

Stud flexural 

failure 

ST450_S450-

Side 
100.5 67.3 227.5 1.2 1.8 11.0 12.2 35.8 Delamination 

DT450_S450-

Side 
110.3 71.7 235.3 1.1 1.8 12.0 13.0 27.7 Delamination 

 

A-G.6 POTENTIAL CONSTRUCTION ISSUE AND SOLUTION 

In the design, the wall on the lower floor is expected to carry the load from the 

timber beam which is transferred through the wall in the upper floor. The load is 

transferred through sheathing considering construction sequence, keeping the 

continuity of wall system through studs due to tolerance issues of floor cassette. This 

condition (as shown in Figure A-G.31 as Wall_Wall) has been studied in the previous 

sections both in experimental work and the FEA. However, in the construction 

application, there is a possibility that the connection between the upper and the lower 

floor is not exactly the same as the design due to the tolerance of the timber beam, 

shrink-swell due to moisture variation and the long-term creep. The load from the 

upper floor may be transferred through the upper wall and stud and supported by the 

stud in the lower floor (represented by Wall_Stud as shown in Figure A-G.31). 

Another possibility is that both the wall and the stud are perfectly sitting on the top of 

the timber beam and the lower stud, respectively (refer to Wall_Wall+Stud in Figure 

A-G.31). The most adverse effect should be chosen for future study to be conservative.  
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Figure A-G.31: Various support arrangements considering application in 

construction. 

 

Three specimens with the same geometry as TS450/70_N200/90_G1_S (refer to 

Table A-G.7), but with different support arrangement (Wall_Wall, Wall_Stud, 

Wall_Wall+Stud) have been modelled in FEA software. The result from each of the 

support arrangement is plotted in one graph as shown in Figure A-G.32. Figure A-

G.32(a) shows that Wall_Wall+Stud arrangement provides the highest axial capacity 

because the wall and the stud have acted together to eliminate the eccentricity at the 

lower end of the wall. Moreover, the Wall_Stud arrangement generates a double 

curvature moment which has led to the stiffest behaviour, although with a premature 

failure at low lateral deflection less than L/300. Figure A-G.32(b) shows that 

Wall_Stud arrangement has provided the highest secant stiffness at a lateral deflection 

of L/500 mm which is 2.48 times the Wall_Wall arrangement. Moreover, the 

Wall_Wall+Stud arrangement has a secant stiffness which is 2.4 times the Wall_Wall 

arrangement at L/500. It means that Wall_Wall arrangement provided the most flexible 

and the weakest arrangement. Therefore, a strengthening method is required if this 

arrangement is to be used to design a tall building.  
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(a) (b) 

Figure A-G.32: The behaviour of TS450/70_N200/90_G1_S with different 

support conditions: (a) up to lateral deflection of 10 mm; (b) up to nominal 

ultimate capacity. 

 

A-G.7 CONCLUSIONS  

Five full-scale Closed Panel Composite Timber (CPCT) walls were tested in 

pure compression with pinned supports at both ends restrained against both vertical 

and lateral movement. The axial force versus axial deflection and axial force versus 

mid-height lateral deflection have been summarised. Moreover, Finite Element 

Analysis (FEA) has been undertaken and compared to the experimental results in terms 

of maximum axial force, initial and secant stiffness, and the displacement at maximum 

axial force. Once a close agreement has been obtained between the experimental 

results and FEA results, parametric studies have been performed to comprehensively 

understand the sensitive parameters affecting the buckling behaviour of the CPCT 

wall. The important findings for the specimens considered in this research have been 

summarised as follows: 

1. The results showed that the mid-height lateral deflection may govern the 

maximum allowable force acting to this wall. Through the FEM 

approach, SLS and ULS capacity can be quantified and can be used in 

the structural design. 
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2. Closer stud spacings and double studs should be used whenever possible 

to obtain the maximum secant stiffness. Moreover, a larger depth of the 

stud may be used to further increase the axial capacity of the CPCT wall. 

However, a higher grade of the stud has a negligible effect on the axial 

capacity of the CPCT wall. 

3. The nail is important to increase the ductility of the wall and not the 

secant stiffness. Therefore, as long as maximum nail spacing of 400 mm 

has been provided, the wall will have similar behaviour up to the mid-

height lateral deflection of 10 mm. 

4. Increasing the strength, modulus of elasticity, and the fracture energy of 

the adhesive will only increase the stiffness of the wall slightly. However, 

it increases the ultimate capacity of the system significantly if the 

member does not fail prior to the delamination. Moreover, the quality 

control procedure of the adhesive should be implemented to minimise 

the variation of the result.  

5. By using the SHS 65 × 65 × 4 mm steel stud instead of the MGP10 

70 × 35 mm timber stud, the axial force at serviceability limit state 

increases by two-fold. However, it should be noted that the cost for the 

steel stud is much higher than the timber stud. A hybrid system, consist 

of timber and steel stud, may be used to increase the stiffness and the 

strength of the wall.  

6. A potential issue in the construction with respect to the support condition 

has been explored. It has been shown that when the loading is transferred 

through the wall, a more flexible structural behaviour is expected.  
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Appendix H 

Declaration and co-authorisation forms 
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