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Summary 

The greater utilisation of timber in the building sector has the potential to contribute 
to reductions in greenhouse gas emissions, which represent a major and universal 
challenge to the sector as a whole. Global population growth and urbanization are 
placing increasing demands on a need for multi-storey, space-efficient, sustainable 
and adaptable buildings. The Woodsol research project was established to develop 
commercial structural solutions for urban buildings and was financed by the 
Research Council of Norway (RCN). The work performed in this doctoral 
programme is linked to Work Package 4 (WP4) of the Woodsol project.  

The objective of WP4 was to explore a comprehensive design for long-span floor 
elements for utilisation in moment-resisting frames, possibly by enhancing the 
properties of Timber-Concrete Composites (TCCs). The scope and objective of the 
present work was influenced by findings from correlated work packages, most 
notably WP2, which addressed topics related to production and assembly. WP2 
examined properties related to storey height, span, grid and the size of structural 
elements, and exposed conditions and specifications needed for floor elements to 
meet architectural expectations. It also addressed the space required for technical 
installation, as well as flexibility specifications that provide opportunities for 
expected adaptations. The efforts and achievements of the work packages addressing 
moment-resisting connectors and acoustics also influenced formulation of the 
objectives and scope of the present work. 

Research matured and was appropriately adapted during the first two years of the 
doctoral project. Focus was gradually transferred from numerical studies of the 
behaviour of composite materials and the interface and effect of moment-resisting 
end constraints, to the broader aspects of developing timber floor elements for 
commercial and adaptable buildings. This shift was motivated by results derived 
from correlated work packages, and strongly influenced by findings made as part of 
literature reviews. 

TCCs have been the object of much research attention. Published articles addressing 
the topic have rendered guidelines for TCCs, but related solutions are strongly 
associated with increased carbon emissions, a factor which detracted from the 
primary competitive benefit offered by timber-based floor elements. For this reason, 
TCCs were disregarded as the project progressed and its scope refined.  

This work has shown that the design of floor elements as an inherent structural 
component of moment-resisting frames is achievable. A moment-resisting connector 
that transfers rotational stiffness between a column and a floor element introduces 
loads to connected members through an arrangement of threaded rods. The structural 
interface between the rods and the edge joists of the floor element is flexible and 
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practical. While the global building system is critically influenced by the rotational 
stiffness of the frames, the design of the floor element is less affected. Moment 
resisting end restraints yield a positive ratio of span to depth for the floor element, 
but other less studied factors are likely to exert a greater influence in determining 
increased competitiveness. 

Research into suitable serviceability criteria for timber floors has been carried out 
for more than 30 years. Consent has advanced in recent years, but uncertainty of the 
outcome made research linked to current methods for vibration serviceability less 
attractive. The uncertainty encouraged a focus on issues not directly related to 
serviceability, but rather to competitiveness. A brief on the utilisation of the ISO 
baseline curve for the second generation of Eurocode 5 were published in 2018. In 
January 2019, the proposed method for the second generation of Eurocode 5 was 
published, and the method was implemented and applied in the present work 
thereafter. 

An analysis of the market position of long-span timber floors was performed in the 
form of a SWOT analysis. The high cost of timber floor elements compared with 
comparable concrete elements has been significant for the low market share. 
Furthermore, the arguments for selecting low-emissions designs were insufficient to 
persuade the sector to adopt timber flooring systems for commercial buildings – a 
situation that supported the project group’s conclusion. The results of the SWOT 
analysis exerted a great influence on the research and motivated investigations into 
how competitiveness should be defined, and how the competitiveness of long-span 
timber floor elements could be enhanced. 

The combined options, conditions and constraints that have to be considered when 
designing a long-span floor element generate a solution space for which the optimum 
design can only confidently be identified when computationally explored. 

It was found that the challenges related to competitiveness and solution space had 
the potential to be linked as part of a joint exercise to explore the competitive 
optimum for timber floor elements as applied in a building. Thus, the final objective 
and scope of this doctoral project came to address the issue of how to enhance the 
adaptability and competitiveness of long-span timber floor elements.  

The research challenge has been how to quantify competitiveness and develop an 
approach to the rapid and confident exploration of the solution space of possible 
combinations of geometries and materials suitable for an adaptable building. 
Requirements concerning serviceability, support conditions and any significant 
parameters that influence the use of a floor element in a given building are addressed.  

On a methodological level, the objective of this work has been to smooth the way 
for future research by developing suitable and practical tools and methods. Effort 
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and focus has thus been directed towards facilitating an enhanced application of the 
present work by using open source software for programming, by continuously 
adding thorough comments to the codes written, and by making these codes 
accessible to future researchers. The present work may be regarded as providing 
parametric building blocks similar to other recent projects on algorithm-aided design 
carried out at NTNU. 

The research objective of this doctoral study has thus been defined based on the 
context and experience obtained from a mature research approach, involving 
research questions duly formulated and answered. The funding agency RCN stated 
that the product of this research should be a reference work for the use of the 
Woodsol building system, and this has been a contributing factor in the formulation 
of the objective and scope of the work. 

The academic defence of this doctoral thesis is based on six published articles 
described in the following. Four of these articles were submitted to peer-reviewed 
journals, and the last two as contributions to conference proceedings publications. 

Paper I: Effect of interconnects on timber floor elements: dynamic and static 
evaluations of structural scale tests 

Floor elements with various configurations and connections are integrated in a 
flooring system. The connections between the floor elements may offer a cost-
effective solution for improvement of the dynamic response of a flooring system 
without changing the design of the floor element. The results can assist builders in 
selecting a cost-effective and environmentally beneficial method of increasing floor 
comfort performance. The work was based on structural scale tests of floor elements 
arranged both in parallel and in series. It demonstrated that connections between 
timber elements have significant effects on floor serviceability that may in turn 
improve the vibration performance of long-span timber floors. The article has been 
peer-reviewed and accepted by the European Journal of Wood and Wood Products. 

Paper II: A study on beam-to-column moment-resisting timber connections 

The Woodsol building system was tested in a structural scale model. The building 
system exhibits a weak direction that may require global building stiffness to be 
provided by dedicated shear walls or bracings. In the strong direction, stiffness is 
provided by moment-resisting frames that confer joint stiffness from the columns, 
the connector, and the embedded edge joists of the floor element. In this study, the 
moment-resisting frames were subjected to cyclic lateral loading and tested using 
experimental modal analysis. The lateral stiffness, energy dissipation and 
fundamental eigen-frequencies of the assembly were measured and quantified, and 
compared with the results of finite element (FE) analyses. The FE model 
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demonstrated good agreement with the experimental results. The article has been 
submitted to the peer-review European Journal of Wood and Wood Products. 

Paper III: Competitiveness of timber floor elements: an assessment of 
structural properties, production, costs and carbon emissions 

A method called Item-Driven Activity-Based Consumption (IDABC) has been 
developed and is presented in this study. The method establishes an accurate 
relationship between product specifications and overall resource consumption linked 
to the finished manufactured product. In addition to production time, method 
outcomes include cost distributions, including labour costs, and carbon emissions for 
both accrued materials and production line activities. The output serves to quantify 
competitiveness. The parametric architecture of the method enables implementation 
in an optimization workflow. The work represents a response to a research gap 
related to resource consumption and the optimisation of timber floor elements. The 
IDABC method has been applied to a timber component and assembly line operated 
by a major manufacturer in Norway, and demonstrates good agreement with 
empirical data. The article has been peer-reviewed and accepted by the Forest 
Products Journal. 

Paper IV: Optimisation of costs and carbon emission of timber floor elements 

The timber industry is under substantial pressure to identify attractive solutions for 
floor elements with otherwise favourable environmental features. The combined 
options, conditions and constraints that have to be considered when designing a long-
span floor element generate a solution space for which the optimum design can only 
confidently be explored computationally. In this paper, the cost and ECO2 
optimisation of a timber floor element is presented, and the IDABC method is 
applied to make the calculation possible. A Mixed-Integer Sequential Linearization 
Procedure (MISLP) is employed to solve the formulated discrete optimisation 
problem. The results provide insights into the general properties of optimum timber 
floor elements. The optimisation model is used to analyse the characteristics of 
optimum designs, and a comparison between the current and the second generation 
of Eurocode 5 is shown to demonstrate achievable outcomes. The article has been 
submitted to the peer-review journal of Structural Engineering. 

Paper V: Assessing the adequacy of numerical representation for performance 
optimisation in long-span timber floors 

The objective of this study was to describe the effect that variations in the numerical 
representation of a floor element had on the accuracy of modal analysis and 
computational effort. Various formulations and combinations of shell and solid 
members were modelled and subsequently compared with experimental results. The 
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study succeeded in identifying combinations of element types and sizes resulting in 
a favourable combination of precision and computational effort, suitable for an 
optimisation workflow. The article was accepted for the conference proceedings of 
the World Conference on Timber Engineering, WCTE 2018, Seoul. 

Paper VI: Conditions and features of a design tool for long-span timber floor 
elements 

This paper expands on a handbook for timber floor elements using information 
obtained from architects, engineers and manufacturers. It reviews the factors 
influencing the competitiveness of timber floor elements for commercial and 
adaptable buildings, and uses its findings to describe the features and requirements 
of a design tool that could supply information to a handbook. A SWOT analysis was 
used to identify indicators of competitiveness, as well as conditions and features that 
an optimisation tool should include. The paper proposes an architecture that 
promotes a holistic approach to optimisation and the scoping of solutions with a view 
to preparing a reference work. The article has been accepted for the conference 
proceedings of the WCTE 2021, Santiago. 

Keywords: 

Abaqus; activity-based; adaptable buildings; algorithm aided design; carbon 
emission; closed hollow sections; competitiveness; COPTICHS; cost optimisation; 
dynamic performance; engineered wood; expenditure; floor element; flooring 
system; full-scale test; IDABC; interconnections; ISO baseline; long-span timber 
floors; mixed-integer sequential linearization procedure (MISLP); moment-resisting 
timber frames; numerical analysis; optimisation; parametric; production line; 
PSACHS; python; reference work; serviceability; static performance; stressed-skin 
panels; timber element manufacturing; wood.

  



Competitive timber floors – List of publications 

XVII 

List of publications 
I. Nesheim, S., K. A. Malo and N. Labonnote. 2021. Effect of interconnects 

on timber floor elements: dynamic and static evaluations of structural scale 
tests. [1] 

Acceptance pending after submitting response to minor revisions in peer-
reviewed journal: European Journal of Wood and Wood Products 

II. Vilguts, A., S. Nesheim, H. Stamatopoulos and K. A. Malo. 2021. A study 
on beam-to-column moment-resisting timber connections, comparing full-
scale connection testing and mock-up frame assembly. [2] 

Manuscript submitted to peer-reviewed journal: European Journal of Wood 
and Wood Products 

III. Nesheim, S., K. A. Malo and N. Labonnote. 2021. Competitiveness of 
timber floor elements: an assessment of structural properties, production, 
costs and carbon emissions. [3] 

Approved for publication in peer-reviewed journal: Forest Products Journal 

IV. Nesheim, S., K. Mela, K. A. Malo and N. Labonnote. 2021. Optimisation of 
costs and carbon emission of timber floor elements. [4] 

Submitted to peer-reviewed journal: Engineering Structures 

V. Nesheim, S. and K. A. Malo. 2018. Assessing adequacy of numerical 
representation for optimisation performances in long span timber floors. [5] 

Published in proceedings of World Conference in Timber Engineering 2018. 
Seoul. 

VI. Nesheim, S., K. A. Malo and N. Labonnote. 2021. Conditions and features 
of a design tool for long-span timber floor elements. [6] 

Approved for publication in proceedings of World Conference in Timber 
Engineering 2021. Santiago. 

 



Competitive timber floors– PART I: Synopsis 

1 

PART I: Synopsis Synopsis 
 

 

 
[7]  



Competitive timber floors– PART I: Synopsis 

2 

 
Vær utålmodig menneske! 
Langsomt blir allting til. 

– Inger Hagerup, “Vær utålmodig menneske!”, 1947 
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1 Introduction 

1.1 New role for the built environment 

1.1.1 The environmental and political backdrop  

The built environment has had a significant role in the climate change. This is a role 
it will continue to have, but with an expected change of character. In the future the 
role of the construction sector may increasingly be addressed as a measure to 
decelerate global warming [8]. Currently the construction sector is strongly 
identified with negative climatic impact, accounting for 36 % of the global energy 
use and an associated 39 % of the carbon dioxide emissions [9]. Even as 85% of the 
buildings we will inhabit in 2050 are already built [10], the construction sector is 
expected to erect or recondition some 230 billion square metres of new construction 
over the next 40 years [9]. The last three decades the Greenhouse gas (GHG) 
emissions from the construction sector has increased with 55% and is currently one 
of the three fastest growing sources [11]. GHG emissions related to the construction 
sector is likely to be doubled by 2050 [12]. The material use of the construction 
sector is dominated by concrete. Currently concrete is the second most consumed 
material in the world surpassed only by water. The much referred benchmark of one 
cubic meter of concrete per capita per year [13] is outdated. According to the German 
market and consumer database Statista, it has been a steady growth in the annual 
cement production until a flattening of the rate in 2013 at 4100 million tonnes per 
year [14]. This equals an annual consumption of cement-based materials (CBM) of 
25 billion tonnes, equivalent to 1.4 cubic meter per capita per year.  

This growth comes with a consequence. Our governments are all committed to 
measures defined by the United Nations Framework Convention on Climate Change 
(UNFCCC). For the European countries carbon emission targets has steadily grown 
ambitious from the Kyoto Protocol in 1997 and the Copenhagen Accord in 2009 to 
the Paris Climate Agreement [15] in 2016 associated with an unconditional reduction 
of carbon emissions of 40% by 2030 with respect to 1990 levels. In regard to due 
pledges the European countries are currently performing insufficiently, even 
trending towards highly insufficiently [16]. Today it is a general understanding that 
countries cannot meet emission reduction targets without reducing energy 
consumption in the construction sector. Studies have been conducted in order to 
reduce the carbon emissions from concrete [17], but to achieve a significant 
reduction in GHG, steel and concrete must extensively be replaced by timber-based 
building systems. This is the conclusion in a recent study of material efficiency (ME) 
strategies for reducing GHG in the construction sector [18]. Whilst the effect of 
recent political strategies of energy efficiency improvements is seen as reduced GHG 
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in a lifetime perspective, the embodied GHG of buildings are increasing, as reported 
by Röck et al [19]. This support the findings in [18] and emphasise the importance 
of substituting conventional materials and solutions with environmentally friendly 
building systems. 

1.1.2 Timber as a viable building resource for the future 

During the last century the amount of Norwegian forests have increased by a factor 
three, currently holding one billion cubic meters of deciduous and coniferous forest 
[20, 21].  During 2020 the growth in Norwegian forests was 24 million cubic meters 
of which only 11 million cubic meters was harvested. [22]. A recent strategy 
document for the forest sector has pointed out the increased share of forest products 
in the building industry as a vital drive for a healthy economy [23, 24]. 

According to mapping of sustainable forests [25], there is a huge potential for 
industrialization of timber-based products for the European market in the Nordic 
countries. The availability of raw material in the Nordic countries and Russia is 
greatly exceeding forest resources of central Europe. Suitable solutions for 
standardization, agreements on cooperation between Nordic countries as well as 
necessary political guidelines must be established to release the potential. In North 
America and Western Europe, the forest is managed and certified. This is however 
not the case for most forest areas of the world, and manufacturers and suppliers of 
timber-based products must ensure the use of certified timber. Mapping of certified 
forests are a helpful means to ensure that the outtake of timber is sustainable [25]. 

 
 

Forest not 
managed, no 
certification 

Forest 
managed, 
0.1-50% 
certification 

Forest 
managed, 
50-70% 
certification 

Forest 
managed, 
70-100% 
certification 

Forest 
managed, no 
certification 

Fig. 1: Certified forest area relative to the forest area under management [25] 

In Norway, like in most forests worldwide, the portion of small-diameter trees tend 
to overstock, and opportunities of utilising this resource is currently studied [26]. 
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1.1.3 Prosperous market potential 

City fires from The Great Fire of London to more recent incidents at the beginning 
of the 20th century, caused national building regulations to have substantial 
restrictions for use of timber in tall buildings in most European countries. In Norway, 
the restrictions were relieved as late as 1997 when material-neutral regulations were 
introduced. In practice this has caused building construction systems of steel and 
concrete to achieve a substantial lead in developments. The Norwegian Directorate 
of Public Construction and Property (Statsbygg) has investigated the consequences 
and concluded that timber-based building systems are associated with higher risk for 
building contractors in comparison to other materials [27].  

Now the trend is more positive. Both in the Nordic countries and in the rest of the 
world several recent commercial timber-based building projects have forced 
technical developments ahead [28-31] (see Fig. 2), and the demonstration projects 
are increasing market trust, as studied in [32]. Throughout the European countries, 
governmental programmes are established to promote timber-based building systems 
for commercial and high-rise buildings. The building sector is expected to erect 
quarter of a trillion square metres of new construction over the next 40 years [9].  

The Principles of circular economy and bio-economy strengthens the sustainability 
of timber construction further, as can be read in the Finnish study of Hynynen [33]. 
This study also emphasises the timber industry as particularly suitable to stimulate 
regional economic developments. Opportunities for market growth for timber 
building systems are associated with the high level of prefabrication, potential in the 
systematic exploitation of expertise, and in the improved planning [32]. Huge 
potential is also found in modular commercial building applications, and in a recent 
review of Ferdous et al. [34], advancement are discussed in terms of challenges and 
opportunities. A review of new connections for timber structures elaborates on the 
potential of joining timber components [35]. For both product types a common threat 
is the lack of standardisation. With respect to the sector of prefabricated concrete 
elements, the timber sector has very little agreement of standardised solutions for 
prefabricated modules and timber connections.  

Opportunities for timber-based building systems are also associated with timber-
concrete composites. The guidelines issued by the COST Action FP1402 [36] are 
supporting this development, and a positive influence on the market potential is 
certain, as observed in Germany [37]. In general, the awareness and attention to 
hybrid timber building systems, is likely to increase market shares of timber, and to 
improve the environmental performance of the building sector. Joint ventures for 
buildings in timber in combination with steel, concrete or brick all have the potential 
of improving the built environment, and the shared knowledge and strengths 
certainly have the potential to offer common benefits. 
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Fig. 2: Looking up: Tall wood buildings around the world [38] 

Interviews with manufacturers and reviews [32, 39] mention the suitability for 
industrial applications as one of the main strengths and opportunities for wood. 
Timber-based building components are accurately and efficiently CNC machined. 
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The opportunity can be viewed in terms of increased scale and machine-aided 
operations, where components can be assembled into finalized products. Complete 
parametric frameworks for design and manufacturing as in the work of Mork et al. 
[40] and robotic timber manufacturing [41, 42] are some of a range of studies of this 
topic. Survey of novel timber architecture worldwide has concluded that the 
opportunities are particularly high for wood [43, 44]. 

1.1.4 A new generation of timber buildings 

The population in Europe is growing and the demography changes. Urbanization 
takes place and is generally accepted and regarded as a necessary measure to meet 
reductions in GHG emissions. It is therefore likely that the cities develop towards 
more compact buildings with more stories. For wood to become an attractive 
building material in this market, innovative, competitive and industrialized structural 
concepts with high technical qualities and low economic risk need to be developed, 
documented and made available. Open architecture and long spanning primary 
structures will further enhance the competitiveness and environmental performance 
of timber-based buildings because it increases compliant building functions and 
typologies. Flooring systems capable of long spans add a high level of indeterminacy 
to the building and increases possible permutations of internal layouts [45].  

A long spanning flooring system also implies that floor elements could be designed 
with an overcapacity effectively built into the structure as this is erected, to further 
increase the sustainability of the building. To some extent this would increase 
immediate costs and emissions, but considerably decrease future resources of 
adaptions. To further enhance sustainability the building lifetime and adaptability is 
essential. As reported in Hertwich et al [18] reduced GHG is strongly associated with 
building lifetime extension, reuse, remanufacturing and recycling.  

A tall timber building with an incorporated Designed for Disassembly (DfD) and a 
flexible plan, meet several of the requirements and can assist in the sustainable 
development of the built environment. 

1.1.5 Rough terrain still ahead 

Timber-based building systems exhibit a substantial market potential, and the timber 
sector is endeavouring to gain market shares for commercial building applications. 
The advantage timber-based building systems have in terms of carbon emissions is 
currently not a sufficiently legitimate argument for the construction industry. There 
is a complex reasoning behind this with many causes linked to a branch that is very 
little matured with respect to the steel and concrete industry. The construction 
industry is well-known for risk aversion, and the awareness to the challenges timber-
based solutions may have for tall buildings is well expressed. With respect to steel 
and concrete, timber-based building systems have a disadvantageous ratio of weight 
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to stiffness causing tall timber buildings to be prone to excessive vibrations both 
from internal and external sources of excitation.  

Wind induced vibrations may cause excessive global deformations and 
accelerations, whilst human and machine induced vibrations may cause responses to 
floors and walls exceeding human perception levels for comfort both in terms of 
tactile and audible vibrations. Restraining structural responses to accepted levels of 
serviceability and human comfort, is one of the paramount challenges in the design 
and execution of mid- to high-rise timber-based buildings. Different analysis 
methods have been used to throw light on future potential for timber-based multi-
storey buildings in Europe. In [46], analyses performed in 2014 show high 
correlation between future potential and the regulatory framework and the 
construction industry structure. Risk aversion in the value chain of the timber 
construction industry is assessed to be a significantly larger obstacle than 
competition from alternative construction principles and materials. The study also 
argues that competition between manufacturers of timber elements in combination 
with better cooperation between suppliers of wood products and construction 
industry is required to increase the competitiveness. 

The study supports findings from the timber sector in Norway. A survey presented 
by the Nordic Network for Tall Wood Buildings and the Norwegian Institute of 
Wood Technology reports that cooperation between parties is essential to increase 
market impact [47]. 

1.2 The Woodsol project 
The work performed in this doctoral thesis is funded by the RCN in the Woodsol 
research project. Woodsol is an acronym for Wood frame solutions for free space 
design in urban buildings. Woodsol was established to develop industrialized 
structural solutions for urban buildings [48]. Urban buildings are here commercial 
buildings in five to ten stories with an open architecture for a flexible plan. 

The state of industrialization for timber-based systems for commercial buildings has 
improved in recent years, particularly in Sweden and in German speaking countries. 
Although several wooden components are produced effectively by various national 
vendors, no industrialized solution for the production and assembly of buildings are 
readily available in Norway. Consequently, building contractors and planners prefer 
to use other material systems of concrete or steel, believed to represent less risk than 
timber structures. The Woodsol project was a response to this situation and 
motivated by political incentives of increasing the use of timber in the construction 
sector. Additionally, the Woodsol project should be an alternative to building 
systems of Cross Laminated Timber (CLT) panels. CLT panels have contributed 
significantly to realization of multi-storey timber buildings up to 10 storeys, but the 
building system is material consuming and allows limited span lengths.  
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Fig. 3: Woodsol building system as modelled by Løvseth + Partners AS 

To facilitate industrial production, the load bearing structure of the Woodsol building 
system was based on grids and repetitions. The building system has basically one 
strong and one weak direction for horizontal stabilisation. In the weak direction the 
stability is solved either by braces or shear walls, but in the strong direction the 
Woodsol building system offers long span and open facades.  

The horizontal stabilization in the strong direction is based on Moment Resisting 
Frames (MRF) of columns and beams, with prefabricated couplings to allow rapid 
erection on site. The Moment Resisting Connectors (MRC) [2, 49] are structurally 
integrated in the columns and beams by threaded rods [50]. The floor elements are 
an inherent structural component of the building system as the beams of the MRF 
are embedded in the longitudinal edges of the floor element. Because the floor 
element has moment-resisting supports, the span length may be extended without 
increasing the building height of the floor element [51]. The Woodsol project has a 
strong focus on the practical documentation of the developed solutions. Hence, a 
full-scale model was built as part of the project. The scale model was primarily built 
to assess acoustic properties of the building system [52], but testing of floor elements 
and building system stiffness was also tested. It was a condition from the RCN that 
solutions from the research project should be made publicly available, with the aim 
of providing the building sector with a documented solution for timber-based urban 
buildings competitive to traditional building systems and solutions. The Woodsol 
project comprises seven work packages (WP) which will be described in the 
continuation. The first of these (WP1) was concerning administration and 
organisation and owned by Kjell Arne Malo (NTNU). In addition to members from 
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NTNU and SINTEF, the Woodsol project group consisted of members of the 
following partners of the research project: 

• Moelven Limtre AS 
• ÅF Advansia AS 
• Backe Trondheim AS 
• Eggen arkitekter 
• Charlottenlund upper secondary school 
• Sør-Trøndelag county authority 
• Linnéus University 
• SP Technical Research Institute of Sweden 
• Løvseth + Partner AS 
• Sweco Norge AS 
• Hochschule für angewandte Wissenschaften Rosenheim 

1.2.1 WP2 Production and assembly 

The work package was established to define conditions and specifications to meet 
the desired architectural prospects. Properties concerning story height, span, grid, 
size of structural elements and openings were addressed. The WP also investigated 
space for technical installation and requirements for alterations of the components 
of the building system. Additionally, measures influencing transportation, erection 
and installation were addressed. The WP was owned by Åge Holmestad (Moelven 
Limtre AS) and the Woodsol project group was strongly involved in the work. 

1.2.2 WP3 Moment resisting frames 

The work of fellow doctoral student Aivars Vilguts [2, 49] was linked to WP3. The 
WP was responsible for the development of Moment Resisting Frames (MRF) based 
on the use of glulam components connected with long steel rods with timber threads. 
The WP was formally owned by Kjell Arne Malo (NTNU). 

1.2.3  WP4 Flooring systems 

The present work is linked to WP4. The scope of WP4 was initially oriented towards 
enhancing the composite effects of a Timber-Concrete Composite (TCC) for long-
span floor elements in MRF applications. With respect to this scope WP4 should 
address the complete design for long-span floor elements comprising a suitable 
interface for the structural connection to an MRC in each corner of the floor element, 
through which moment is transferred between the floor element and the building 
columns. However, the findings from WP2 strongly influence the scope and 
objective of WP4. The parallel efforts and achievements of WP3 and WP5 likewise. 
The WP was formally owned by Kjell Arne Malo (NTNU). 
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1.2.4 WP5 Acoustics 

The WP addressed how the MRF was affecting the transmission of sound and 
vibrations. The work of fellow doctoral student Simone Conta [52-54] was linked to 
WP5. The work assessed the structural vibration transmission and how to obtain 
sufficient sound insulation, depending on the application and code requirements. 

1.2.5 WP6 Prototypes 

The work package was responsible for the realisation of a full-scale model of the 
building system. Most of the practical work in this WP was performed by partner 
Charlottenlund upper secondary school (CVGS), responsible for education and 
training of carpenters and construction workers in Trondheim, Norway. The WP was 
formally owned by Petra Rüther (SINTEF). 

1.2.6 WP7 Dissemination 

The work package was responsible for dissemination of the results and outcomes of 
the project in a functional and flexible format to increase knowledge among 
professionals and stakeholders in timber building research, development and 
construction. A strong emphasis was put to ensure that the end-customers find the 
format and content valuable in practice. The Research Council of Norway (RCN) 
who has funded the research project is expecting the deliverable from the project to 
be a reference work on the use of the Woodsol building system. 

1.3 Timber flooring systems in adaptable buildings 

1.3.1 Floor layout and available floor element solutions 

The term adaptable building is used for buildings that are capable to facilitate and 
adapt to changes in use and environment. As sustainability has become an 
increasingly important measure, the concept has been the subject of a series of 
studies [45, 55-58]. In the present work this term is adopted because it addresses an 
essential concept in the future role of the built environment, and because it is closely 
related to the span length. Potential in energy savings and flexibility in use is often 
lost as floor plan layout is overlocked in early design phase [59]. A building with 
long spanning primary structures and open architecture increases compliant building 
typologies and functionality and increases potential permutations of interior layout 
[45]. Floor elements may affect building adaptability in several ways. By altering 
the support conditions, orientations of MRF and by utilizing floor elements deviating 
from rectangular shape flexibility in building plan layouts is possible with timber 
floor element. See the illustration of a Woodsol plan in Fig. 4. The continuous 
research on constructive glass argue the case of an increased potential for stabilizing 
buildings, and the Woodsol project has also executed a study on the topic [60]. 
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Fig. 4: Variations of support conditions 

In the plan of Fig. 4 the important concept of utilizing standardized dimensions of 
floor element edge joist connectors regardless of mechanical property is envisioned 
(standard connector with and without moment-resisting capacity) in addition to 
linear support on console/bracket (girth strip). The concept of standardisation of 
floor elements and floor element interconnections is shown. Fig. 4 is also showing 
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the open spaces formed longitudinally between floor elements due to the required 
space of the columns and the MRCs. Light-frame completion elements (LFCE) are 
used to fill these openings. The joists of the LFCE may have the same dimensions 
as the field joists of the floor elements, but the LFCE is typically specified for each 
building project. Structural bottom flange is typically not required for the LFCE, and 
it does not contain internal mass unless required for acoustic properties. The top 
flange of the LFCE is extending onto the adjacent floor element, and the top flange 
of the LFCE is of identical dimension as the adjacent floor elements. This permits 
the LFCE to be structurally integrated with the floor elements through 
interconnections transversally or longitudinally when forming the required lateral 
stiffness of the flooring system. Simple modifications of floor elements to allow 
vertical ducts are shown. Modifications of transverse edges of floor elements are not 
shown. Such modifications are allowed provided that the longitudinal edge joist of 
the floor elements is intact, and the edge beam is substituted, and the field joists are 
structurally reintegrated with the substituted edge beam. The modification may 
require calculation of affected details. Modifications due to horizontal ducts or 
technical routing longitudinally or transversally is not shown. Such modifications 
are allowed when prescribed methods are followed. This topic is covered by previous 
studies at NTNU [61] and not covered in the present work.  

The fire resistance design philosophy of the flooring system is that the residual 
capacity shall be sufficient to withstand actions of accidental limit state with the 
bottom flange completely charred. The bottom flange is intended either to be 
exposed to fire or covered by a ceiling system specified for the building project. 
Rules for structural fire design [62] with guidance from [63-65] and chapter 11 in 
the Norwegian technical requirements for construction works [66] are used to 
calculate the required thickness. Hazard class 4 and fire class 3 are used where a 
complete fire scenario of 90 minutes is presupposed. The minimum thickness of the 
bottom flange material is then calculated from the charring rate of the material for 
the fire scenario. Restraining internal mass from fire exposure is not considered. 

As concluded in Paper I, standardized floor elements may, to a certain extent, be 
adapted to required comfort properties by changing the interconnections between the 
floor elements. The effect of combining strong and weak direction of the floor 
elements is utilized in addition to brazing and shear walls to provide the required 
global structural performance of the building. Designing the flooring system with an 
overcapacity effectively built into the structure as this is erected, will further increase 
the adaptability of the building [45]. To some extent this would increase immediate 
costs and emissions, but considerably decrease future resources of adaptions and 
increase the potential lifetime of the building. Qualities associated with long 
spanning primary structures are closely related to building lifetime extension, but 
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may also be linked to improved reuse, remanufacturing and recycling, which are 
features strongly associated with reduced GHG [18]. 

For residential buildings, from domestic buildings to mid- and high-rise apartment 
buildings, span lengths are usually less than 7.2 m. The span lengths for apartment 
buildings are typically linked to the grid system defined by the basement parking 
space. To allow an efficient parking1 the grid size is normally 5.4 or 7.2 m for two 
or three vehicles within the grid size. As long span lengths and complexity is a cost 
driver, the floor elements of multi-storey buildings follow the grid, hence the short 
span lengths even for apartment complexes. The drawback of this is that buildings 
have low adaptability and are determined to lose market value, or may even be 
demolished or dismantled, if the required use changes. To ensure that buildings 
better meet future requirements a longer span is consequently desired. Commercial 
buildings with open architecture may hold offices or retail or schools which all 
require longer span to allow the wider range of functions. These buildings may be 
built as adaptable buildings. Specialised buildings like hospitals or museums or 
hotels or cultural centres or multifunctional buildings [67] may have similar 
ambitions. At 9.6 meters the grid size allows both an efficient basement parking 
space layout with four vehicles within the grid size in addition to a flexible plan. The 
span of 9.6 m marks a paradigm shift in building plan layout. At this span length few 
restrictions to functionality exist and may therefore be associated with an adaptable 
building with only minor expected limitations. At span lengths of 12.6 m, or even at 
12.0 m depending on the support conditions and column dimensions, the limitations 
are substantially smaller and may be associated with a completely adaptable 
commercial building. In addition to the sources referenced in this section, the span 
length design premise for adaptable buildings is based on information and 
discussions during project group workshops. Currently, commercially available 
timber-based flooring systems are generally offered for span up to six meters (CLT) 
or eight meters (e.g. Kerto Ripa by MetsaWood or Trä8 by Moelven). Floor element 
spanning ten meters is also offered (e.g. Lignatur box elements), but with minor 
potential for high volume commercial building market. For timber floor elements, 
research and experience is mainly available for 4 to 8 m span lengths, and only 
limited research has been performed for span lengths exceeding 8 m. Consequently, 
for the adaptable building market, floor element solutions in concrete and steel are 
the only competitive solutions available, where span lengths from 6 to 20 m are 
offered depending on the structural system [68].  

                                                      

1 Based on information from the research project group, parking space width of 2.4 m is used in the 
present work. However, current building projects frequently use 2.5 m, and prospect also indicate that 
2.6 m is required for modern vehicles. This will affect the floor plan of future adaptable buildings. 
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While it is technically feasible to design a timber floor of ten metres span with 
acceptable acoustic performance, the product is generally not an attractive alternative 
for the construction market. The challenge is therefore to offer the market timber 
floor elements with competitive cost and designs at an acceptable commercial risk 
and with proven serviceability. 

1.3.2 The structural role of the flooring system 

The development of long-spanning flooring systems has the potential to enhance the 
competitiveness and environmental performance of timber-based buildings. The 
Woodsol project is one of a handful of research initiatives currently addressing this 
topic in the Nordic countries, and the initiatives are all investigating timber-based 
building systems incorporating prefabricated floor elements with an increased 
structural role. The stability of the buildings is in various manners dependent of the 
capacity of the flooring system and vice versa, which increases the influence the 
flooring system has on the overall building robustness and flexibility. Subsequently, 
as the flooring system is gaining structural influence, volume and complexity, it also 
receives an increasingly important role in the quest of designing buildings with both 
low global warming potential and capital expenditures. 

1.4 Competitiveness of long-span timber floor elements 
The timber sector is endeavouring to gain market shares for commercial and 
adaptable building applications. As elaborated through section 1.1, timber-based 
building components exhibit a substantial market potential, with timber-based 
flooring systems making no exception. However, there exist no competitive timber 
flooring systems for this segment, and advantages in carbon emissions are currently 
not a legitimate argument for the construction industry. There is a complex reasoning 
behind this with many causes linked to a branch that is very little matured with 
respect to the steel and concrete industry. Timber floor elements are nearly twice the 
cost of a comparable concrete hollow-core element [69], and the additional 
challenges of acoustics and serviceability performance are causing the construction 
sector to be reluctant [46]. 

For timber floor elements to become an attractive alternative in this market, 
challenges of serviceability and cost must be addressed. Increased span and 
improved vibration performances must be achieved whilst keeping consumed 
resources low.  

1.4.1 Material appropriateness 

The material properties of wood have both advantages and disadvantages for the use 
in flooring systems. The adequacy of the material properties is influenced by the 
span length. Whilst timber is successfully used as a competitive material for flooring 
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system in domestic buildings and even for mid- to high-rise residential buildings, the 
properties for a viable option for commercial building applications are demanding. 
In the following the material properties for timber as an appropriate and viable 
material for flooring system in commercial and adaptable buildings are briefly 
elaborated. 

In Ashby [70], helpful material selection charts is produced by plotting two key 
material properties in logarithmic scales. The charts offer valuable information in 
the process of selecting the appropriate material for a given mechanical application. 
In the following three charts related to serviceability design of timber floor elements 
are reproduced by permission from Elsevier. Applied as columns and beams, the 
ratio of stiffness to cost per unit volume is among the highest for wood, as can be 
found in Fig. 5. In this figure the dotted line in the middle is the guideline for a stiff 
beam of minimum cost (E0.5/Cv,R).  

 
Fig. 5: Chart of stiffness to cost for various materials. Originally published as figure 
3.26 in [70]. Reproduced by permission. Copyright Elsevier (2021) 

Generally, pronounced advantages are found in the stiffness and carbon emissions 
(embodied energy) [32]. The environmental performance of wood also shows 
excellent properties, and as can be seen in Fig. 6, the ratio of stiffness to embodied 
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energy per unit volume is among the highest for wood. The performance of non-
technical ceramics requires tensile armour which will increase cost and carbon 
emissions with respect to the values used in Fig. 6.  

 
Fig. 6: Chart of stiffness to embodied energy for various materials. Originally published 
as figure 14.7 in [70]. Reproduced by permission. Copyright Elsevier (2021) 

Weaknesses of wood applied to floor elements is associated with vibration 
performances. Vibration response in terms of human perception can be reduced by 
increasing stiffness, damping and mass. The most efficient approach depends on the 
fundamental frequency of the floor.  

For a floor element with fundamental frequency above 4.5 Hz, vibration performance 
responds well to increased mass, but the material properties of wood are not the best 
candidate to assist. As can be found in the modulus to density plot of Fig. 7, the 
density of wood is considerably lower than metals and ceramics for the same 
stiffness. Note that for a stiff beam with a maximum density, a guideline 
perpendicular to (E0.5/ρ) must be used. 
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Fig. 7: Chart of stiffness to density for various materials. Originally published as 
figure 3.3 in [70]. Reproduced by permission. Copyright Elsevier (2021) 

Enthusiasm and views on the diverse use of timber and the unexploited potential 
timber may have for buildings and construction was also found in the following 
excellent books [31, 42-44, 71-81].  

1.4.2 Approaching serviceability consent for structural response 

Universally acknowledged criteria for vibration serviceability performance and 
acceptability is massively debated. Currently, no consensus is obtained and even 
though the current European timber code, EN 1995-1-1 [82], has guidelines for 
evaluation of comfort properties of simple floor elements, the requirements are 
implemented differently in the European countries[83].  

Toratti [84] has proposed a design method and classification of floors in vibration 
classes based on laboratory and in situ tests on steel-, concrete and timber. A work 
by Hamm and Richter [85] also includes in situ tests of a large number of timber 
floors together with subjective assessment of floor vibration performance as basis 
for developing design guidelines for vibration serviceability.  
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Based on research conducted in North-America on field floors, Hu and Chui [86] 
published a comfort criterion based solely on 1 kN static deflection and fundamental 
frequency. The criterion does not recognize damping as a performance parameter.  

Measurements of dynamic properties of timber floors have been carried out by many 
researchers. The work by Homb [87] includes both laboratory and in situ tests on 
traditional timber joist floors with or without transverse stiffeners, simply supported 
on two supports or continuous over three supports. The damping ratios of the in situ 
tested floors were much higher than for the floors measured in the laboratory. 
Reliable prediction of damping is difficult, although some methods do exist, see e.g. 
[88].  

The interaction with the surrounding parts has an effect on the dynamic properties, 
and Jarnerö [89] has demonstrated that both the damping ratio and the fundamental 
frequencies depend on the assembly of structural parts, and they change as the 
components are added to the structure during construction. A brief overview of this 
field can be found in Jarnerö [89].  

Strengths and weaknesses of the various approaches for evaluation of serviceability 
have been reviewed by several studies [83, 84, 90-93].  

The recent developments on criteria and the limits for vibrations in timber floors by 
working group WG 3 under CEN TC 250/SC 5 [94] are most interesting and will 
probably introduce a significant change in how vibration serviceability criteria is 
treated for timber floor elements. These amendments are likely to be introduced in 
the second-generation of Eurocode 5, and will give the possibilities of designing 
flooring systems in performance classes based on analytical calculations involving 
damping.  

The proposed method [95, 96] is based on research efforts over the last 30 years, and 
has resulted in a new and robust analytical calculation procedure. The approach is 
based on human perception levels originally developed in the 1930s by Reiher-
Meister [97] and later in various forms and for various applications until widely used 
for steel floors and footbridge structures in the very influential work of Murray [98, 
99]. In the modified Reiher-Meister charts the human perception was associated with 
deflection. See Fig. 8. 
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Fig. 8: Reproduction of the modified Reiher-Meister scale 

Improved description of human perception is achieved by root mean squared (RMS) 
acceleration levels. Here levels of acceleration correspond to vibration limit states as 
defined depending on the use of the building and the associated flooring system. 
Specific acceleration levels were adopted in early versions of the ISO guideline for 
the evaluation of human exposure to whole-body vibration in buildings [100]. The 
same principle is used for the proposed method for the second generation of 
Eurocode 5, but where the allowable acceleration levels are given by the product of 
the ISO baseline and a response factor R.  

In  Fig. 9 this principle is illustrated. Here acceleration levels, which between 4 and 
8 Hz dominate the human perception with respect to vibration, are used to quantify 
the performance of resonant responding floor elements. As can be seen in Fig. 9, the 
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ISO baseline curve is constant in this frequency at aRMS=0.005 m/s2. Above 8 Hz the 
ISO baseline curve is not constant. By integrating the baseline curve from 8 Hz, the 
corresponding velocity is constant at vRMS=0.0001 m/s [95], and this level is used to 
quantify performance for transient responding floor elements.  

By employing the ISO baseline curve [101] multiples of the curve are used to 
recommend floor performance levels for the approach proposed for the second 
generation of Eurocode 5 [102, 103]. Fig. 9 is based on figure C.1 in [101], with 
floor performance levels as proposed for the final draft of the EN 1995-1-1 [96]. 

 
Fig. 9: Floor performance levels with respect to the ISO baseline curve 



PART I: Synopsis – Introduction 

22 

1.4.3 Determination of floor element response 

For CLT or stressed skin panel where the flexural rigidity is well defined in both 
directions, a floor element with simple support conditions can efficiently and quite 
precisely be solved analytically. Analytical expressions for continuous floor 
elements with intermediate supports is also readily available in the guidelines. 
However, for many building applications Finite Element Analysis (FEA) may often 
be required to obtain a required level of precision for the floor element response. 

The numerical representation of the model depends on the material model and the 
properties of the structural system, the connections and supports. The combination 
and properties of finite elements may also impose significant influences on the 
accuracy of the predicted response. Nevertheless, for floor element responses the 
load model may impose the greatest challenges and even diverse results. 

Several studies are arguing that deterministic methods will produce conservative 
responses for loads that by nature are stochastic [104, 105], which is the case for 
footfall [106]. The deterministic models tend to overestimate resonant response 
particularly when induced by higher order of footfall load harmonics. While 
improved deterministic models for human induced loading are developed for high-
frequency floors [107], this is only marginally helpful for long-span timber floors 
typically characterised by a resonant floor response. Moreover, since the much-
debated cut-off frequency between resonant and transient floor response tends to 
shift upwards from eight hertz a few years ago to current proposals of 14 Hz [108], 
long-span timber floors are likely not to utilize these improved models.  

Currently, the deterministic analysis approach is conveniently available in several 
commercial software products for serviceability assessment of floor elements. 
However, as the above mentioned FEA approaches of computing human induced 
vibration actually are ignoring Human-Structure Interaction (HIS) [109], alternatives 
are aspired. In [110] an equivalent moving force based on spring-mass theory is 
developed to reflect HIS. However, time-step analyses will always be 
computationally demanding, and when adding HIS the analyses will require even 
more computational effort. Consequently, time-history FEA is not very suitable, or 
even incompatible, with optimisation of design where numerous iterations of altering 
geometry and material composition is required.  

An alternative to deterministic methods is to rather model human loading as a 
stochastic process. In probabilistic methods the interaction of human and the 
variability in the human step is encountered for. In probabilistic methods a spectral 
density model is used to represent human induced loads [111]. Such analyses can be 
performed analytically by employing stochastic vibration theory [112, 113], but the 
analyses require an accurate mode shape (Eigenvector) to predict the responses. 
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For CLT or stressed skin panel where the flexural rigidity is well defined in both 
directions, a floor element with simple support conditions can be solved analytically 
with modal analyses, but in most building applications FEA is required to obtain 
reliable results.  

Recent studies are promising and appear to have met the level of walking load 
samples required to generate a spectral density model for stochastic dynamic 
response of floor elements. In the work of Chen et al [105] Power Spectral Density 
(PSD) models are generated for single human walking load, and in [114] a similar 
work is performed to obtain PSD models for jumping load. In a study by Wang et al 
[115], the development is extended to a PSD model for crowd walking load. 

Retaining analytical methods of determination are sought to be required for 
commonly available guidelines, but the drawbacks of analytical methods increase as 
the availability and application of FEA increase. Keeping in mind the above-
mentioned overestimates of dynamic responses, FEA based on deterministic load 
models nevertheless produce useful results as reported by many studies [116-118]. 

The proposed analytical methods in the second generation of Eurocode 5 quantify 
acceleration and velocity deterministically based on Fourier series assuming the load 
model from one step to be reproduced by the next in a periodic process [95, 119]. 
The solutions utilize estimates of damping to improve the description of vibration 
response, but the precision is consequently sensitive to the level of damping ratio 
used. Many parameters influence the damping ratio of timber floor elements.  

The type of floor element, the support conditions and interconnection between the 
floor elements, the properties of outfitting, and the use of the building are all 
influencing parameters. 

The continuous assessment of long-span timber floors, either numerically, in-situ or 
as full-scale laboratory tests, is crucial to build information that will enable a reliable 
level of damping ratio to be selected for the various floor types and applications. 

For long-span timber floor designs, the proposed analytical method for the second 
generation of Eurocode 5 [95, 96] may offer a good compromise between simplified 
methods of assessing serviceability [120, 121] and more sophisticated numerical 
analyses. However, if FEA can be used, the stochastic load models may be a 
promising way forward. The method is a computationally efficient approach where 
the precise probabilistic dynamic vibration response directly can be used to assess 
the performance of the floor with respect to the human perception levels given by 
the ISO baseline. 
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1.4.4 Pursuing competitiveness  

Information from the Woodsol project group and interviews of members of the 
Norwegian building and construction sector has emphasised that the cost of long-
span timber floor elements is substantially higher than comparable concrete hollow 
core elements, and the incentive for choosing a flooring system that improves carbon 
emission accounting is currently not a sufficiently weighty argument to choose 
timber-based flooring systems for commercial buildings [47]. The much-debated 
challenge in fire resistance is expressed to be manageable, whilst challenges of 
acoustics and vibration require attention. These experiences are reflected by the 
study of Kuzman et al. [32].  

Numerous studies have investigated properties related to vibration serviceability of 
timber floors. The joined forces have reached at a promising approach as presented 
in section 1.4.2. Also, the acoustic properties are much studied. In recent years 
frequent studies have addressed timber-concrete or timber-steel composites [122-
131], also with valuable outcome [36, 37] as pointed out in section 1.1.3. Many 
studies have also aimed at redesigning and improving the performance of timber 
floors [132-138].  

However, the cost of the proposed designs and solutions is often either overlooked 
or treated superficially in terms of bill of materials. In order to increase the market 
impact of long-span timber floor elements, advancements in competitiveness must 
be achieved. Consequently, the present work has aimed at filling gap of knowledge 
and at developing methods and tools that may assist in enhancing competitiveness, 
either by optimising the floor element or by utilizing other cost-efficient approaches.  

1.4.5 Increased competitiveness through optimisation 

Timber flooring systems for long-span applications are normally glued thin flange 
elements with stiffeners and joists constituting the core. The number of joists and 
stiffeners, the internal added weight and insulation, and the dimensions of all 
members result in numerous combinations. This number increases drastically when 
the continuously expanding range of technical wood products and types of bonding 
are considered. (Fig. 10).  
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Fig. 10: Timber floor element 

When outfitting as overlays and ceiling system is addressed, combinations increase 
further. And finally, when support conditions and load conditions, serviceability 
performance levels and building heights are regarded, the solution space is immense 
(Fig. 11). With this many parameters, finding a competitive design may not be 
manageable by manual exploration, and the solution space can in practice only 
confidently be investigated when assessed computationally.  

 
Fig. 11: Some parameters for timber floor element applied in building 
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As concluded by Forintek and the Canadian Wood Council [139] a precise 
manufacturing cost accounting in combination with an optimisation workflow can 
offer an efficient solution for the development of competitive timber floor elements. 
Findings from informal interviews of parties of the Norwegian timber industry also 
emphasise the importance of improved knowledge and precisions of costing. This 
concerns both capital expenditures of manufacturing and construction, and 
operational expenses throughout the service lifetime. 

A parametric accounting method of resources in the manufacturing of timber 
elements is studied and developed in the present work. The method is called Item-
Driven Activity-Based Consumption [Forest Products Journal]. The method may 
directly be used as an objective function both for cost and the embodied carbon 
emissions (ECO2) of timber floor elements, and the parametric architecture of the 
method facilitates for easy implementation in an optimisation workflow. The 
IDABC-method is employed in a python module that calculates the structural 
response of the associated floor element as applied in a building [140]. This module 
is used to describe the timber element subject to optimisation. 

By joint forces with the Faculty of Built Environment at Tampere University it was 
managed to adapt an optimisation algorithm originally developed for cost- and mass-
optimisation of steel constructions to cost- and ECO2-optimisation for timber floor 
elements [141]. In the process of developing the architecture of the workflow, 
determination of structural response was solved analytically. However, the workflow 
may employ FEA for a more precise determination of the structural response, hence 
the effort in the development of a parametric script for an automated generation of 
Closed Hollow Sections in Abaqus [142]. See Annex A.II. The script was named 
Python Script for Abaqus for Closed Hollow Sections, herein referred to as PSACHS 
[143].  

Due to the parametric design of the workflow, optimisation of floor element building 
height is also possible. The building height is also an important indicator of 
competitiveness for timber floor elements. This is due to the influence the floor 
elements height has to either the total building height or to the potential loss of 
number of stories when the building cornice height is constrained. 

In Norway an electronic handbook is freely available for concrete floor elements 
[144]. The handbook readily guides architects and engineers in the use of concrete 
floor elements. A comparable asset for long-span timber floor elements (LSTFE) 
would be of significant assistance to increase the market shares of timber floors for 
commercial building applications. This reference work could have the format of a 
handbook or a guideline that could be available through a website, possibly with an 
additional option of a printed version if the market claims this. The data that this 
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reference should be built upon must comprise competitive designs, and the presented 
work consequently addresses factors influencing competitiveness of LSTFE. 

1.4.6 Environmental challenges 

The environmental performances of timber-based building systems are reported to 
vary. In [145] the differences between a conventional beam and columns to a CLT 
systems with low global warming potential, show nearly a 10 % reduction in carbon 
emission in a 50-year service time perspective. A similar consequence is revealed in 
[146] where carbon emissions in floor elements are studied. Here timber floor 
elements are found to have lower carbon emissions than comparable floor elements 
in other material, but it is also shown that a 50-80% higher carbon emissions can be 
expected for the same timber product if suppliers and components are not selected 
with care.  

The findings address a necessity of an ability of selecting specific building 
component or direct material between various suppliers, and to see the effect of the 
selected supplier in the resulting ECO2 for the finalized timber element, and one of 
many findings entered into the systems analysis of timber floor elements. 
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2 Research approach 

2.1 Background 
The scope of the study was initially oriented towards enhancing the composite 
effects of a Timber-Concrete Composite (TCC) for long-span floor elements in MRF 
applications. TCC have both advantageous and disadvantageous for floor 
applications [36, 147]. Whilst TCC may offer longer span, the time-dependent 
behaviour of the composite, i.e. creep, drying shrinkage, mechano-sorption and 
thermal and hygroscopic strains, must be addressed for a permanent well performing 
floor. Full-scale tests at NTNU performed by Skaare [148] (2013), Alm and Frihetsli 
[149] (2015), and Åby and Hartnes [150] (2016), reported that the disadvantageous 
early-age behaviour of the concrete flange was difficult to resolve without excessive 
use of cost or embodied carbon emissions (ECO2) consuming resources. i.e. 
reinforcement to counteract creep and shrinkage, or the prefabrication of concrete 
flanges with cost driving storage during hardening. Of reasons above the focus 
shifted to flanges of technical timber. 

In addition to the main objective of WP4 (see section 1.2.1), the scope of research of 
the present work was strongly affected by the addressed topics and findings in the 
research project group during the work on WP2 Production and assembly (see 
section 1.2.1). The span length and element depth, support conditions, maximum 
dimensions for transportation, as well as cost and ECO2 was some of a huge range 
of topics addressed. The findings from the assessment of buildability and assembly 
of the Woodsol concept by MSc students Ivar Hoel Monsen and Mathias Nystuen 
[151] was also considered. The gathered information was sorted and continuously 
considered during the development of the research approach. 

The work of MSc students Henning Bjørge and Terje Kristoffersen was an important 
background for the present work. Their work [152] included the design and 
realisation of a full-scale model. This work also included testing and numerical 
analyses of the floor element. The level of acceptance revealed for a 9 m floor 
element as measured to various methods of serviceability criterion was influential 
for the research approach.  

Of importance for the research approach was also the ongoing work for a method for 
floor serviceability for the second generation of Eurocode 5. Reports of utilizing the 
ISO baseline curve was released in 2018 [102]. In relation to the timeline of the 
present work, the expected outcome of the new method argued the case of not linking 
research to current methods for vibration serviceability. In January 2019 the author 
was informed by Tomi Toratti about details of the proposed method of the second 
generation of Eurocode 5. 
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Due to the substantial effort in pursuing the best combination of material and 
dimensions of the floor element and the associated effort of numerical modelling of 
the floor element, a script was written to generate the numerical model in Abaqus 
[142]. Furthermore, due to the high computational time for analysis reported [152], 
conclusions towards assessing the influence of finite element type and size [153] was 
also drawn. The objective of assessing how the type and size of finite element will 
influence the precision and computational effort of solving the numerical model, was 
consequently addressed (Paper V). This work provided information of what base 
feature, finite element and element size that would be best for optimisation purposed. 

Based on the findings, methods for numerical optimisation using the Abaqus analysis 
engine was studied. The software developer Dassault was contacted, and the author 
organised an optimisation workshop at NTNU with Ebbe Smith from PLM 
Technology. Following the workshop, several undertakings at the Timber Structures 
Research Group was performed where Abaqus was run from the execution engine 
iSight [154]. An optimisation workflow for the numerical representation of the floor 
element was also developed using iSight. The routine proved excellent performances 
for optimising the dimensions of the members of the floor element based on the Hu 
& Chui criterion [86] as objective function. However, due to the pending conclusion 
on serviceability methods, and the increased awareness of cost as a key cause for the 
low market share for timber floor elements, conclusions that the optimisation 
workflow requires a cost module was drawn. A literature review related to cost 
accounting of timber elements identified little compatible research, whilst the 
reasoning of the value a precise cost accounting would have for the audience of the 
research work increased.  

Attention was brought to the topic of cost accounting for timber elements, whilst the 
MSc student Sissel Solibakke Mo utilized PSACHS and the optimisation workflow 
developed in the present work [155]. Mo also used iSight to predict the material 
model for the flange of the floor element based on laboratory testing. Here the 
Pointer method in iSight was used, and the information of the material model brought 
forward in the present work.  

During the development of a cost module and essentially a cost object for the floor 
element, an analytical approach to optimisation using the Galapagos solver for 
Grasshopper [156] was employed rather than iSight. This was due to benefits from 
a fast analysis time which was important both for debugging and to assess the results. 
The development of the cost module was performed in a Python object in 
Grasshopper to enable the re-implementation in optimisation workflows based on 
Python coding, which is the case for Abaqus and iSight. 

Still the optimisation employed the Hu & Chui criterion for serviceability, but this 
was done only to have a straightforward assessment of serviceability that always 
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would return a number during the development of the optimisation. Grasshopper has 
the same opportunity of selecting different materials and predetermined material 
dimensions as in iSight, but enables in addition an easy elaboration on the content 
and results from the Grasshopper workflow. In an early version of the cost module, 
Grasshopper calculated a number of manufacturing processes and the area of the 
processed surfaces, with a simplified assessment of the associated costs in addition 
to the cost and ECO2 of the accrued material. See Fig. 12. 

 
Fig. 12: Outcome from the Grasshopper workflow 

However, the cost functions did not produce the required level of accuracy, and a 
matured literature review on cost and resource consumption from manufacturing was 
performed. This work was also greatly motivated by the conclusion of Forintek and 
the Canadian Wood Council [139] stating that a precise manufacturing cost 
accounting is required to identify competitive solutions for timber floor elements 
through optimisation.  

In spring 2019 Kristo Mela from Tampere University was contacted because of 
methods applied in cost-optimisation of steel structures. An intent of elaboration was 
established, and in the autumn, the author stayed two weeks as a researcher in 
residency at the Tampere University where the Python-based method for 
optimisation was studied. 

The researchers at the Faculty of Built Environment at Tampere University exercised 
excellent attention to academic common benefits during the cooperation. 

2.1.1 Mid-term research approach findings 

• Floor elements spanning 10 m between axis is feasible, but finding an 
optimum solution is demanding 

• The construction sector is reluctant to using timber floor elements in 
commercial applications due to 1) uncertainty of cost estimates, and/or high 
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costs with respect to comparable alternatives in concrete, and 2) uncertainty 
in vibration response. Note that at the time of the mid-term conclusions, the 
recommendation of method for serviceability for the second generation of 
Eurocode was still pending open hearing. 

• Cost is a less studied topic of timber floor elements 
• Optimisation requires accurate cost object function 
• Computational exploration required to reliably explore the possibilities of 

available material combinations 
• Margins must be pursued throughout the product specifications and in the 

stages of manufacturing 
• The depth of the floor element is an important cost parameter and must be 

addressed 
• Glue pressurizing of flanges using screws are cost-driving 

2.1.2 Matured research approach 

Quantification of manufacturing resources like production time, cost and ECO2 may 
serve as indicators for competitiveness, and can be measurable research objectives. 
Timber-based flooring systems are endeavouring to gain a market share in terms of 
their use in commercial buildings and cost must be reduced. The challenge of 
enhancing competitiveness of long-span timber floor elements is substantial and 
requires the attendance to several goals simultaneously. A matured research 
approach was consequently defined: 

• Certain quantities may serve as indicators of competitiveness and addressed 
as research objectives.  

• Information from the project group must be analysed to identify significant 
indicators of competitiveness and to ensure that the information is adopted 
and exploited in terms of conditions for a reference work. 

• An optimisation workflow may be built from the compilation of modules for 
1) determination of floor element response, 2) quantification of resources 
from manufacture and materials, and 3) suitable solver for optimisation 
based on available material types and dimensions. 

• The determination of floor element response can be estimated analytically 
using the proposed guidelines for the second generation for Eurocode 5. The 
determination should address any significant contributions for the floor 
element as applied and finalized in a building. 

• A parametric quantification of consumed resourced for the floor element as 
finalized at the factory gates should be developed. 

• Elaborate with Tampere University in finding a suitable and robust 
optimisation solver and workflow for long-span timber floor elements. 

• Involve industry in the benchmarking and validation of the work. 



PART I: Synopsis – Research approach 

32 

• Address topics and concerns related to Design for Disassembly, and criteria 
to satisfy utilization in adaptable buildings. 

• Ensure that the work may be utilized by future students by investing effort 
in comments and explanations and a clean code. 

• The Research Council of Norway (RCN) is expecting a deliverable suitable 
for a reference work for the Woodsol building system. For the floor element, 
data for such a reference work must comprise competitive designs to have a 
market impact. 

2.2 Ethical issues 
In some areas of the world logging is not sustainable, and outtake are higher than the 
augmentation. However, political regulations are steadily improving the situation. 
The recent updates in [25] shows which areas where logging are sustainable, and 
such sources in addition to assessment of carbon emissions guide in selecting 
materials that can be combined in a product with high ethical standards.  

Simultaneously, the Woodsol building system aims at reducing the amount of 
required timber as opposed to the more generic CLT solutions and in that manner 
resembling the efficiency and revolution which the stud frame housing developed 
because of the timber shortage post-WW2. 

Avoiding making timber constructions appear as the more favourable material than 
what it is, is also an ethical concern. The research project must pursue the best 
combination of timber with other materials. Timber is not the entire solution but part 
of the bigger picture. Bridging interests and branches are a shared responsibility, 
though this is not always the case: Every branch is biased to prioritize own 
advantages, rather than joining actions and creating a product with less 
environmental impact even though that could lower profits. It is in this project’s 
interest to show high standards on this matter. 

Seeking cooperation with other research institutes and foreign universities has 
ethical dimensions and will be given attention. Such efforts will build alliances and 
future projects. Similarly, facilitating for future students to take advantage of the 
scripts and archive of literature established during the present work is of importance 
and will gain all parties. This will be achieved by investing efforts in comments and 
explanations and a clean code and calculation documents. 

The vision and strategy of the owners of the research project is kept in mind during 
the present work. The vison of the Department of Structural Engineering at NTNU 
is Knowledge for sustainable constructions, and the SINTEF corporate strategy is to 
contribute to societal benefits, competitiveness and usability. Reflections on these 
values has been done during the present work. 
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2.3 Research objective and questions 
Timber-based building systems exhibit a substantial market potential, and the timber 
sector is endeavouring to gain market shares for adaptable building applications. The 
advantage timber-based building systems have in terms of carbon emissions is 
currently not a sufficiently legitimate argument for the construction industry. 
Reductions in greenhouse gas emissions represent a major and universal challenge 
for the construction sector, and the timber industry is under substantial pressure to 
find attractive solutions particularly for adaptable buildings that by concept may 
prove low levels of carbon emissions and overall energy consumption with respect 
to the expected service life time. 

The objective of this doctoral project is to strengthen adaptability and 
competitiveness of long-span timber floor elements. The challenge is to quantify 
competitiveness and to develop an approach for a confident and fast exploration of 
the solution space of possible combinations of geometries and materials suitable for 
an adaptable building. Requirements concerning serviceability, support conditions 
and any significant parameter that influences the application of a floor element in the 
building must be addressed. 

The Research Council of Norway (RCN), who has funded this doctoral project, has 
requested the deliverable from the Woodsol project to be a handbook on the use of 
the Woodsol building system. This has been a contributing factor in the formulation 
of the objective and scope of the work. The orientation towards applied research and 
the aim of demonstrating practicable methods to assist the market for long-span 
timber floor elements is a response to the request be RCN. 

On a methodical level it is an objective that the effort and contribution of this 
doctoral project should be performed in such a way that it will facilitate for further 
research based on the tools and approaches developed by the present work. 

The elaboration of research objectives has been done based on the context and the 
experience from a matured research approach. From the research objectives the 
following research questions have been duly formulated: 

1) Can timber floor elements be used for span of ten meters, and what 
parameters are significantly influencing the performance of a timber floor 
element when applied in a building? 

2) The cost of timber floor element with respect to comparable alternatives is 
high. How is this affecting the market share for timber floor elements for 
commercial buildings, and what can be done to increase the market share?  

3) The construction industry is well-known for risk aversion, and the awareness 
of the challenges of long-span timber floor elements is well expressed: How 
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can this risk be further clarified, and what can be done to reassure the 
construction sector on this matter? 

4) Reducing GWP is a paramount responsibility for the construction sector. 
How can timber floor elements contribute to a sustainable development of 
the built environment? 

5) The Research Council of Norway has requested the deliverable from the 
doctoral work to contribute to a handbook on the use of the Woodsol 
building system. How can this be addressed? How can the data for a 
handbook be validated, and what are the conditions and requirements for a 
handbook related to timber floor elements? 

6) The amount of new engineered wood products, fasteners and adhesives 
continuously introduced to the market may be prosperous for the 
development of a competitive timber floor element, but the availability may 
also be challenging. How can the solution space be explored efficiently, and 
what are the requirements for the exploration?  

7) What can be done to facilitate that methods and tools developed in the 
present work are utilized by future students at either MSc or doctoral levels 
for the common best of timber-based solutions as a means of improving the 
environmental performance of the built environment? 
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3 Research method 

3.1 Methods at a glance 

Information retrieval performed through several 
of the university databases. New information was 
inquired as the research approach evolved. The 
information was organised in Endnote. NVivo was 
used for literature review support.  
Numerical analyses performed in crossX for shear 
flow analyses, and in Abaqus/iSight for numerical 
determination of responses for floor elements with 
different support conditions and for two floor 
elements with interconnections.  
Analytical methods used for determination of 
responses, frequency analyses, post-processing of 
numerical results, calculation of resource 
consumptions and optimisation. The programming 
language Python was used throughout the study.  
Experimental methods for measuring deflections, 
accelerations and modal shapes. Experiments was 
performed with different support conditions, and 
with varying types of interconnections between 
floor elements to quantify effects.  
Systems analysis performed to sort and categorise 
information from the project group. The objective 
was to ensure that all indicators and parameters 
was addressed, and to identify features and 
conditions for competitive timber floor elements.  
Real-life approach to involve the industry and to 
benefit from the knowledge and experience. The 
dialogue with the industry was important for reality 
orientation of the present work and in the 
validation of results.  
Optimisation was performed to exploit both the 
potential of the codes developed in the present 
work, the potential of long-span timber floor 
elements, and to essentially comply with the 
expected outcome of the research.  
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3.2 Information retrieval 
Throughout the doctoral work new ideas, hypotheses and strategies have initially 
been elaborated through information retrieval, analysis and review. Information 
retrieval has constantly been addressed with thorough preparations and with the aim 
of establishing a valuable and useful library. The attitude brought the author to take 
a course in literature search for PhD candidates held by the NTNU University 
Library. Endnote [157] was used to manage the information. The resulting Endnote 
library holds more than 750 papers on timber floor and related topics. The library is 
made available for future students at the Timber Structures Research Group. 

 
Fig. 13: Word cloud of journal articles addressing timber floor 

3.2.1 Databases 

There is a considerable overlap between databases. E.g. is there an overlap between 
Scopus and ISI of more than 5000 documents of some 20 000 comparable scope of 
articles. In retrieving information these databases were used: 

• SCOPUS (Elsevier): Owned of Elsevier and covers nearly 22,000 titles from 
over 5,000 publishers, of which 20,000 are peer-reviewed journals in the 
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scientific, technical, medical, and social sciences. Scopus is the most 
comprehensive abstract and citation database of peer-reviewed literature. 

• ISI Web of Science: Consists of seven online databases encompassing more 
than 50,000 scholarly books, 12,000 journals and 160,000 conference 
proceedings 

• Compendex/Inspec (Ei and Engineering Village 2): Engineering Village is 
particularly designed for the engineering community and offers access to 
twelve engineering literature and patent databases providing coverage from 
a wide range of sources. The most comprehensive of these databases is the 
Ei Compendex alone offering more than 20 million indexed records 

• Civil Engineering Database (CEDB): Free bibliographic database offering 
records of all publications by American Society of Civil Engineers (ASCE) 
since 1872. The database is run by the ASCE Library which is offering an 
online full-text search ranging from peer-reviewed journals, proceedings, e-
books, to standards published by the American Society of Civil Engineers. 

• Google Scholar: Freely accessible web search engine that indexes the full 
text or metadata of scholarly literature across an array of publishing formats 
and disciplines. As of 2014 it is estimated to contain roughly 160 million 
documents. Google Scholar is similar in function to the freely available 
CiteSeerX and getCITED. 

In addition to library databases the University Library at NTNU was contacted at 
several occasions for papers not able to available through the subscriptions at NTNU 
Oria. In addition, several papers from the Taylor & Francis Group were difficult to 
retrieve even though listed with NTNU access. 

3.2.2 Search inquiry key words 

As will be explained in section 2.1 the research approach developed as literature was 
collected and examined in context of the present project. Each database has its own 
syntax for truncation and formulation of text search strings, and various options of 
combining and excluding words or stems of word may be used in addition to other 
means of conditionally search. Typically, this is to constraints the search to key 
words and topics, title (exact or approximate), or authors. The search could be 
constrained to an exact journal, year of publication to mention some. Key words and 
topics used in the information retrieval is given, but not limited to, the content of 
Table 1. In several of the groups, various basic terms for limiting the search to e.g. 
timber floor elements, or long-span timber floor elements, is implemented and not 
reflected in the search terms. The same apply to the structural type like the terms of 
Closed Hollow Section or Stressed Skin Panel. Additionally, several inquiries have 
been performed on specific authors and is not reflected in the table. The key words 
and topics are presented in groups of literature. 
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Table 1: Groups of inquired information and related key words 

Group Key word and topic 
Adaptable buildings: Buildings AND adaptable; flexible; sustainable 
Composite floor: Composite; TCC; STC; hybrid;  
Cost objective: (Cost* OR expenditure) AND objective; estimate; 

competitiveness; economic;  
Structural topics: Shear lag; effective width; Winkler; elastic 

foundation; horizontal stabilisation; Shear; 
diaphragm; 

Engineered Wood 
Products: 

Glulam; limtre; CLT; Cross laminated; LVL; 
Laminated timber; Laminated veneer; Laminated 
strand; EWP; 

Experimental Modal 
Analysis: 

Modal; experimental; EMA; MAC; Maxwell 
reciprocity; rowing hammer; 

Fabrication awareness: Fabrication awareness; manufacturability; 
buildability; assembly*; 

Human induced vibration: Human induced; footfall; heeldrop; Low freq*; 
Multi-objective: multi object*; multi paramet*; multi-paramet*; 

multicriteria design; multicriteria object* 
Numerical modelling: Abaqus; Finite element AND (*selection; *type; 

*mesh); accuracy; computational effort;  
Object function: Object function; system optimization; structural 

optimization; design optimization 
Optimisation: Optimisation; Optimization 
Parametric study: Parametric*;  
Power Spectral Density: Power Spectral Density; Power Spectral-Density; 

Spectral-Density; Spectral Density; PSD; spectral 
model; 

Statistical energy analysis: Statistical energy; SEA;  
Sustainable machining: Machining AND sustainable; life cycle 

assessment; LCA; Energy efficiency; 
sustainability assessment; 

Timber construction market 
potential: 

Market; future; potential; industry; 

Timber material model: Mechanical;  propert*; modulus; characteristic*; 
elastic; *tropic; constant*; model; material* 

Time-Driven ABC: time-driven activity 
Topology Optimisation: Topology Optimization; origami; 
Vibration serviceability: Vibration; serviceability; perception; acceptance; 

structural response; dynamic response; damping* 
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3.2.3 Interpretation and sorting of literature 

During literature analyses and reviews, NVivo [158] was used to ease the 
interpretation and to gain overview of the collected information. When an 
assessment or a review was to be made, the relevant Endnote library was imported 
in to NVivo, and various methods applied. The text search query in NVivo enable a 
search through the internals (Endnote records where a pdf-file is available) to find 
occurrences of words or phrases. The text search can filter the library down to 
occurrences of a subject (e.g. timber AND floor) and store these as a new set, on to 
which a new text search query or word frequency methods can be run. Queries were 
run on various file classifications depending on the type of information requested 
(book, book section, conference paper, journal article, etc.). The result of the NVivo 
methods is the establishment of a link to each of the occurrences (nodes) where the 
context of the occurrence is easily found and elaborated on. The use of Word Tree 
proved very efficient in the process of review, and an example of a timber floor 
literature set is assessed for the occurrence and context of the word Optimisation 
with one occurrence selected. See Fig. 14. 

 
Fig. 14: NVivo Word Tree example 

3.2.4 Materials database 

A material database is built to support the various codes written in the present work. 
The database contains both mechanical properties and commercial properties. The 
material database is built as two Python repositories. See Annex A.I. 

The first repository is named materialFormat. This repository contains the retail 
standard material formats of all materials used in the present work. The repository is 
structured with a mandatory name of the material followed with primary dimensions, 
secondary dimension and finally production lengths if available. All dimensions are 
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given as a list even if there are no standard retail dimensions available (bulk 
material), or if there are only one dimension available. All dimensions in [m]. 

The second repository is named materialProperty. The repository contains the 
following material properties.  

• elasticType: ISOTROPIC or ENGINEERING_CONSTANTS 
• elasticProperty: E1, E2, E3, Nu12, Nu13, Nu23, G12, G13, G23 [N/m2] 
• density: [kg/m3] 
• unitVolCost: unit cost [€/m3] 
• unitMassCO2eq and unitMassCO2uptake: unit mass parameters for 

embodied CO2 emissions (ECO2) and uptake of CO2 equivalents (in g per 
kg) for materials information modules A1–A3 (Cradle-to-Gate) [gECO2/kg] 

• format: Reference to a specific entry in the materialFormat repository 
• chrRate: None or [mm/min] if available 

Quantities of cost and unitMassCO2 (equivalents and uptake) are given as 
dictionaries. This implies that a supplier must be parsed to retrieve a value of cost or 
unitMassCO2. This is done because values of cost and unitMassCO2 is prone to 
differ between suppliers or manufacturers. 

The material database is also used to store sources of material properties The 
database is primarily based on the following references [69, 77, 146, 159-164]. 

The Python codes PSACHS [143] and PARAPECHS [140] both read material 
specifications from this common database. 

3.3 Numerical methods 

3.3.1 Numerical representation of the flooring system 

Throughout the present work a numerical representation of a flooring system was 
required. The Finite Element Analysis (FEA) software Abaqus [142] was used for 
this purpose. Due to a cumbersome modelling in combination with changing flooring 
system specifications, this resulted in the building of a Python Script for Abaqus for 
Closed Hollow Sections (PSACHS) [143]. This enabled a fast generation of a 
numerical model with due analyses, post-processing and writing of results to an 
output file. The specification of the floor element is done in a text file (see Annex 
A.II). In the current section reference to the parameters of this input file is given as 
italic terms in parenthesis. The script resulted in a complete freedom in the 
specification of material and dimensions and of number of joists and stiffeners. Full 
freedom was also given in how to model the base feature of all members (shell or 
solid), the type of finite element, and the size. Surface layers (applicator and 
receiver) was added to facilitate easy definition of loading (ptLoad, dstrLoad) and 
collecting of responses. 
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A timber floor element constituting a closed hollow section as shown in Fig. 15. The 
floor element is created from an edging frame of joists  and interconnecting 
transverse beams . The edge joists are positioned with an optional offset from the 
flanges. A number of field members (fldJstNum)  are fitted between the transverse 
beams positioned either at even cavity distances (evenJstCvty Y/N) or even centre 
distances. A number of transverse stiffeners (fldTrnsNum) may equally be fitted. The 
centre joist can have particular specifications (diffCntJst Y/N). A continuous flange 
is structurally glued on top  and bottom  of the frame. The interaction between 
the flanges and members of the frame is controlled by stiffness parameters in three 
directions (topFlgKnn, topFlgKss, topFlgKtt, and btmFlgKnn, btmFlgKss, 
btmFlgKtt). For the flanges, the number of plies and the direction of the plies may 
also be specified (topFlg_plyNum, topFlg_plyOrient, and btmFlg_plyNum, 
btmFlg_plyOrient). The Ply orientation apply symmetrically from longitudinal axis 
with alternating direction of rotation. 

 
Fig. 15: Cross-section of floor element in PSACHS 

Non-structural overlay (overlayDstrMass) and internal mass including mass of 
ceiling system (cvtyDstrMass) are represented as distributed mass associated with 
the top and bottom flange. Mass of fasteners is represented in both or either of these. 
The script incorporated several types of support conditions as illustrated in Fig. 16. 
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Fig. 16: Support conditions in the XZ plane as defined in [143] 

For the Moment Resisting Connectors (MRC) these were modelled as a force couple 
of cartesian springs attached between either a rigid body reference or a column, and 
the edge joists of the floor element. The cartesian springs were defined with specified 
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stiffness in three directions (D11, D22 and D33). Skin/Stringer reinforcements (SCmtrl) 
were defined for the joist to represent the load distribution from the MRC to the 
joists. If the edge joist was defined by solid elements, four cartesian springs was used 
for each end of the edge joist, while for shell element two cartesian springs was used 
to generate the required end constraint (see Fig. 17). 

 
Fig. 17: Definition of cartesian springs 

For the cartesian springs, D22 and D33 was estimated both as an iSight Pointer 
problem with reference to numbers obtained from experimental testing, and in 
dialogue with fellow PhD student Aivars Vilguts [2], where the later quantity of 
7.425 ∙ 106 𝑁𝑁

𝑚𝑚
 was used. The iSight analysis was based on the deflection from 

measurements on the structural scale model built at Charlottenlund upper secondary 
school (CVGS) and showed a stiffness of 5.95 ∙ 106 𝑁𝑁

𝑚𝑚
 in the Z-direction. 
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Fig. 18: iSight Pointer target search for vertical stiffness of MRC 

For the force couple generating the rotational stiffness of the MRC, the stiffness D11 
was calculated according to equations of equilibrium as illustrated in Fig. 19, where 
the elongation of a spring with the stiffness D11 is given by u1 at the applied force F1, 
and where distance between the springs are the height of the edge joist (cvtyHgt). 
See Eq. 1 and Eq. 2. 

ɵ =
2 ∙ 𝑢𝑢1

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=

2 ∙ 𝐹𝐹1𝐷𝐷11
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

=
2 ∙ 𝐹𝐹1

𝐷𝐷11 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
,𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝐹𝐹1 =

𝑀𝑀
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 Eq. 1 

Substituting force to moment solves the equation with respect to D11. 

𝑀𝑀
ɵ

= 𝐾𝐾ɵ    
𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
�⎯⎯⎯�    𝐷𝐷11 =

2 ∙ 𝐾𝐾ɵ
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2

 Eq. 2 
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Fig. 19: Principal diagram for rotational stiffness 

The output of the floor element analysis when Abaqus was run by the PSACHS-
script was in the form of a CSV text file containing the following information: 

• Analysis and model identification: PSACHSver (version of PSACHS used 
for the analysis); pair (running number parsed from the input file to enable 
a control that the content of the output file belongs to a given input file), 
modelDscr (manual or automatically generated description of the model), 
model_nodesNum (number of degrees of freedom for the numerical 
problem) 

• First eigenfrequencies (constrained by a total number or a maximum 
frequency) 

• Deflection at midspan due to 1) self-weight measured at the receiver, and 2) 
point load measured at applicator, for the three positions of: edge joist, field 
joist closest to longitudinal centre line, and soft spot between two members 
closest to longitudinal centre line. 

3.3.2 Optimisation of the floor element based on FEA 

Optimisation of the dimensions of the members of the floor element was performed 
in iSight. The optimisation workflow comprised a Design Of Experiment (DOE) 
component and a Simcode component in a loop (see Fig. 20). The workflow 
instructed Abaqus to create design specifications for the numerical representation of 
the floor element from the DEO, then run an analysis in a fast-performing non-GUI 
Abaqus environment and parse the output of the analysis to an analysis record file. 
The optimisation was performed using the simplified Hu & Chui criterion [86] as 
objective function. 
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Fig. 20: iSight Design Gateway DEO-Simcode loop 

3.3.3 Determination of human induced vibration 

The human induced vibration is an essential topic for serviceability performances of 
flooring systems. In the present work this is mostly described analytically, but 
numerical analyses are also performed on human induced vibrations and is briefly 
presented. As described in the introductory section 1.4.2, the load model from 
footfall is a highly stochastic process and one step is not the same as the next, but 
the loading, as seen in Fig. 21 [106], may nevertheless be approximated 
deterministically using a Fourier series. 

 
Fig. 21: Vertical load component from foot fall 

Related to the present work the MSc students Bjørge and Kristoffersen performed 
analyses of from human induced vibration from walking load. In this analysis the 
load function was based on the normalised dynamic load from harmonic terms as 
given in [165] and reproduced in Eq. 3 
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P𝑝𝑝(𝑐𝑐) = 𝛼𝛼0 ∙ 𝐺𝐺 +�𝛼𝛼𝑦𝑦 ∙ 𝐺𝐺 ∙ sin (2𝜋𝜋 ∙ 𝑖𝑖 ∙ 𝑓𝑓𝑝𝑝 ∙ 𝑐𝑐 − 𝜑𝜑𝑦𝑦)
𝑛𝑛

𝑦𝑦=1

 Eq. 3 

Where G and fp is the pedestrian weight and step frequency, αi the Fourier 
coefficients, and φi the phase angle. For details on the parameters see [152]. The 
analysis of human induced vibrations was performed using implicit dynamic analysis 
in Abaqus. Here the loading is applied in time domain with a suitable time-
increment. The walk stride and step width were 0.75 m and 0.2 m respectively. 
Depending on definition of damping and the size of time interval, the analysis will 
produce a time series of the structural response of the floor element from which the 
acceleration and velocities also can be exposed. The drawback of the method is as 
described in section 1.4.2 both neglection of human-structure interaction and 
variability in the human step, as well as the overestimation of responses induced by 
higher order of footfall load harmonics. The major drawback of the method in the 
context of the present work is the computational time. Depending on the number of 
DOF and the time steps, the completion of the analysis may take several hours. Time-
domain FEA is therefore not a very suitable option for optimisation where numerous 
iterations may be required. 

A probabilistic FEA was also performed in the present work. Here the interaction of 
human mass and the variability in the human step is encountered for, and the 
demanding time-step analyses is replaced by a single domain transformation of the 
degrees of freedom of the model in question. In probabilistic methods a spectral 
density model is used to represent human induced loads [111]. Recent studies appear 
to have met the level of walking load samples required to generate a spectral density 
model for stochastic dynamic response of floor elements. Based on the work of Chen 
et al [105] Power Spectral Density (PSD) models may be generated for single human 
walking load. This is performed in Python (see code in Annex A.IV) for the four first 
harmonics and subharmonics, and the resulting PSD load model seen in Fig. 22. This 
load model has been used for random response analyses in Abaqus at an elapsed 
analysis time of approximately 30 minutes. This a reduction in computational time 
of a factor 30 with respect to the elapsed analysis time for the deterministic approach, 
arguing the advantageous for optimisation purposes. The results from the analysis 
will be presented in a future paper. 
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Fig. 22: PSD of individual walking load 

3.3.4 Shear flow analysis 

At various stages during the present work, an assessment of the shear flow of the 
floor element was required, either to determine the level of longitudinal shear stress 
or to assess shear lag. The cross section analysis was performed using CrossX [166]. 
A screen image from the analysis is given in Fig. 23. The analyses were mostly used 
as a guidance to decisions of research approach. 

 
Fig. 23: Image from CrossX analysis 

3.4 Analytical methods 

3.4.1 Floor serviceability 

During the present work the vibration serviceability criteria was calculated either as 
the first or second generation of Eurocode 5. The serviceability criteria used is 
summarized in Table 2. Combination 1 is the current common practice for floor 
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element design in Norway. Combination 2a and 2b is the method proposed for the 
second generation of Eurocode 5 [96]. 

Table 2: Floor serviceability criteria and levels 

 
Current 
common 
practice1) 

EC5 proposal  

Resonant floor response Transient floor response 

𝑓𝑓1,𝑚𝑚𝑦𝑦𝑛𝑛 [𝑐𝑐𝐻𝐻] 10 4.5 8 

𝑓𝑓1,𝑚𝑚𝑚𝑚𝑚𝑚  [𝑐𝑐𝐻𝐻] − 8 − 

𝑤𝑤1𝑘𝑘𝑁𝑁  [𝑚𝑚𝑚𝑚] 1.3 {0.25 0.25 0.5 0.8 1.2 1.6} 1) 

Dynamic 𝑐𝑐𝐻𝐻𝑚𝑚𝑦𝑦𝑛𝑛 = 1 𝑎𝑎𝑟𝑟𝑚𝑚𝑦𝑦,𝑚𝑚𝑚𝑚𝑚𝑚 = 0.005 ∙ 𝑅𝑅 2) 𝑐𝑐𝑟𝑟𝑚𝑚𝑦𝑦,𝑚𝑚𝑚𝑚𝑚𝑚 = 0.0001 ∙ 𝑅𝑅 2) 

𝑤𝑤𝑓𝑓𝑦𝑦𝑛𝑛,𝑚𝑚𝑚𝑚𝑚𝑚  [𝑚𝑚] 𝐿𝐿
200

 

1) According to SINTEF Building Research Design Guides [167] 
2,3) Array for Floor Performance Levels (FPL) 1 to 6 
3) Response factor levels [96]: 𝑅𝑅(𝐹𝐹𝐹𝐹𝐿𝐿) = {4 8 12 20 30 40} 

3.4.1.1 Determination of bending stiffness 

Longitudinal and transversal bending stiffness (EI) is calculated with simple linear 
elasticity as stated in Eurocode 5 [121], with effective width of flanges bi and 
position of neutral axes (ai) calculated accordingly. The 𝛾𝛾 factor for composite effect 
has normally been set to 1.0. See Eq. 4. 

EI = ∑ �𝐸𝐸𝑦𝑦𝐼𝐼𝑦𝑦 + 𝛾𝛾𝑦𝑦𝐸𝐸𝑦𝑦𝐴𝐴𝑦𝑦𝑎𝑎𝑦𝑦2�3
𝑦𝑦=1    , where 𝐴𝐴𝑦𝑦 = ℎ𝑦𝑦𝑏𝑏𝑦𝑦 Eq. 4 

The apparent stiffness (D) of flooring system is calculated as the bending stiffness 
of the floor section divided by the extent of the section [Nm2/m]. The apparent 
bending stiffness longitudinal (DL) and transversally (DT) in given in Eq. 5 and Eq. 
6. The length of the midsection is defined at half the span length of the floor element. 

𝐷𝐷𝐿𝐿 =
𝐸𝐸𝐼𝐼𝐿𝐿
𝑤𝑤𝑚𝑚𝑚𝑚𝑦𝑦

 Eq. 5 

𝐷𝐷𝑇𝑇 =
𝐸𝐸𝐼𝐼𝑇𝑇,𝑚𝑚𝑦𝑦𝑦𝑦𝑚𝑚𝑦𝑦𝑚𝑚𝑚𝑚𝑦𝑦𝑚𝑚𝑛𝑛

𝐿𝐿𝑚𝑚𝑦𝑦𝑦𝑦𝑚𝑚𝑦𝑦𝑚𝑚𝑚𝑚𝑦𝑦𝑚𝑚𝑛𝑛
 Eq. 6 
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3.4.1.2 Determination of fundamental frequency 

The fundamental frequency has mostly been calculated based on generalized mass 
and stiffness (Eq. 7 and Eq. 8) with the appropriate expression for the wave function 
ψ(x) depending on the support conditions. 

𝑚𝑚� = � 𝑚𝑚(𝑥𝑥) ∙ ψ(x)2𝑑𝑑𝑥𝑥
𝑦𝑦

0
 Eq. 7 

𝑘𝑘� = � 𝐸𝐸𝐼𝐼(𝑥𝑥) ∙ ψ′′(x)2𝑑𝑑𝑥𝑥
𝑦𝑦

0
 

Eq. 8 

Characteristic equations for respectively simply supported and clamped beams are 
as stated in Eq. 9 and Eq. 10, where l is the span, and m the distributed mass per unit 
length. The derivations and wave functions are not shown. 

𝑓𝑓1 =
𝜋𝜋2� 𝐸𝐸𝐼𝐼

𝑚𝑚𝑙𝑙4
2𝜋𝜋

 
Eq. 9 

𝑓𝑓1 =
22.27

2𝜋𝜋
� 𝐸𝐸𝐼𝐼
𝑚𝑚𝑙𝑙4

 

Eq. 10 

Fundamental frequency is also estimated analytically for support condition 
comprising rotational stiffness. In this case the frequency is calculated according to 
Eq. 11 as developed in [51]. The estimation of fundamental angular velocity is based 
on Rayleigh quotient and the corresponding assumed shape function for the 
vibrational deformations.  

𝑓𝑓1 =
√4290 ∙

𝜋𝜋
�

29𝐾𝐾𝜃𝜃2 + 116𝐾𝐾𝜃𝜃 + 620
993𝐾𝐾𝜃𝜃2 + 20560𝐾𝐾𝜃𝜃 + 109220

∙ �
𝐸𝐸𝐼𝐼
𝑚𝑚𝑙𝑙4

 

Eq. 11 

Here it can be shown that the floor element gains frequency as the rotational stiffness 
increase from a pinned support to 10 kNm/rad, before the increase is gradually 
reduced. In the same range the deflection decreases rapidly as the supports gains 
rotational stiffness, but at 10 kNm/rad the decrease levels out significantly.  

A general form for fundamental frequency was also calculated according to [96] 
section 9.3.4 (see Eq. 12). 
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f1 =  𝑘𝑘𝑦𝑦,2
18

�𝑤𝑤𝑦𝑦𝑦𝑦𝑦𝑦
 Eq. 12 

Here the system deformation is due to sum of self-load and partition load (g) and 
calculated as in Eq. 13. 

𝑤𝑤𝑦𝑦𝑦𝑦𝑦𝑦 =
5 ∙ 𝑐𝑐 ∙ 𝐿𝐿4

384 ∙ 𝐸𝐸𝐼𝐼𝐿𝐿
+

𝑐𝑐 ∙ 𝐿𝐿2

8 ∙ 𝐺𝐺𝐴𝐴𝐿𝐿
 Eq. 13 

The frequency multiplier ke,2 is calculated to reflect the effect of the transverse floor 
stiffness as reproduced in Eq. 14. For the present work the system width B was 
defined as 1.5 times the span length, unless an actual number of the flooring system 
width was known. 

𝑘𝑘𝑦𝑦,2 = �1 + �
𝐿𝐿
𝐵𝐵
�
4 𝐷𝐷𝑇𝑇
𝐷𝐷𝐿𝐿

 Eq. 14 

Depending on the specification of transverse stiffeners of the floor element the length 
of the midsection is calculated. When there are no transverse stiffeners in the field 
of the floor, i.e. only one compartment in the longitudinal direction, and with 
transverse beams located at the ends of the floor element, the length of the mid-
section is defined at half the span length of the floor element.  

When there are no transverse stiffeners, the transverse bending stiffness of the mid-
section are approximated. The connection efficiency factor is zero when there are no 
members between the flanges, hence the neutral axis and Steiner’s theorem is not 
contributing. This is not the best estimate, but it is still used in the optimisation code 
because of the minor effects it has on the overall performance of the floor element. 

The analytical solution for the eigenfrequency of the flooring system deflecting as a 
standing wave (also referred to as free-free boundary condition) is based on the 
equation of motion given in Eq. 15. 

𝑚𝑚(𝑥𝑥)
𝜕𝜕2𝑢𝑢
𝜕𝜕𝑐𝑐2

+
𝜕𝜕
𝜕𝜕𝑥𝑥 �

𝐸𝐸𝐼𝐼(𝑥𝑥)
𝜕𝜕2𝑢𝑢
𝜕𝜕𝑥𝑥2�

= 0 Eq. 15 

The general form of deflection u with respect to position and time is given by Eq. 
16: 

𝑢𝑢(𝑥𝑥, 𝑐𝑐) = 𝜑𝜑(𝑥𝑥) ∙ 𝑞𝑞(𝑐𝑐) Eq. 16 
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Applied in the equation of motion yield Eq. 17 and Eq. 18. 

𝑚𝑚(𝑥𝑥)𝜑𝜑(𝑥𝑥)𝑞𝑞′′(𝑐𝑐) + 𝑞𝑞(𝑐𝑐)�𝐸𝐸𝐼𝐼(𝑥𝑥)𝜑𝜑′′(𝑥𝑥)�′′ = 0 Eq. 17 

−
𝑞𝑞′′(𝑐𝑐)
𝑞𝑞(𝑐𝑐)

=
�𝐸𝐸𝐼𝐼(𝑥𝑥)𝜑𝜑′′(𝑥𝑥)�′′

𝑚𝑚(𝑥𝑥)𝜑𝜑(𝑥𝑥)  
Eq. 18 

Where ω (Eq. 19) 

𝜔𝜔2 =
�𝐸𝐸𝐼𝐼(𝑥𝑥)𝜑𝜑′′(𝑥𝑥)�′′

𝑚𝑚(𝑥𝑥)𝜑𝜑(𝑥𝑥)  
Eq. 19 

And β defined as Eq. 20 

𝛽𝛽4 =
𝜔𝜔2 ∙ 𝑚𝑚(𝑥𝑥)
𝐸𝐸𝐼𝐼(𝑥𝑥)  

Eq. 20 

Yields the general form of the equation of motion of the standing wave (Eq. 21) 

𝜑𝜑(𝑥𝑥) = 𝐻𝐻1 sin𝛽𝛽𝑥𝑥 + 𝐻𝐻2 cos𝛽𝛽𝑥𝑥 + 𝐻𝐻3 sinh𝛽𝛽𝑥𝑥 + 𝐻𝐻4 cosh𝛽𝛽𝑥𝑥 Eq. 21 

Where the constants are solved for the governing boundary conditions to form the 
particular solution of motion as given in Eq. 22: 

𝜑𝜑(𝑥𝑥) = sinh𝛽𝛽𝑥𝑥 + sin𝛽𝛽𝑥𝑥 +
sin𝛽𝛽𝑙𝑙 − sinh𝛽𝛽𝑙𝑙
cosh𝛽𝛽𝑙𝑙 − cos𝛽𝛽𝑙𝑙

(cos𝛽𝛽𝑥𝑥 + cosh𝛽𝛽𝑥𝑥) Eq. 22 

 

3.4.1.3 Determination of deflection 

The deflection from unit point load for respectively pinned, clamped and rotationally 
stiffened support conditions are approximately calculated as equivalent beam as Eq. 
23-Eq. 25. 

𝑤𝑤 =
𝑝𝑝 ∙ 𝐿𝐿3

48 ∙ 𝐸𝐸𝐼𝐼𝐿𝐿
+ 𝐾𝐾𝑦𝑦𝑓𝑓𝑦𝑦

𝑝𝑝 ∙ 𝐿𝐿
4 ∙ 𝐺𝐺𝐴𝐴𝐿𝐿

 
Eq. 23 

𝑤𝑤 =
𝑝𝑝 ∙ 𝑙𝑙3

192 ∙ 𝐸𝐸𝐼𝐼𝐿𝐿
+ 𝐾𝐾𝑦𝑦𝑓𝑓𝑦𝑦

𝑝𝑝 ∙ 𝐿𝐿
4 ∙ 𝐺𝐺𝐴𝐴𝐿𝐿

 
Eq. 24 
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𝑤𝑤 = �
𝑝𝑝 ∙ 𝐿𝐿3

48 ∙ 𝐸𝐸𝐼𝐼𝐿𝐿
+ 𝐾𝐾𝑦𝑦𝑓𝑓𝑦𝑦

𝑝𝑝 ∙ 𝐿𝐿
4 ∙ 𝐺𝐺𝐴𝐴𝐿𝐿

� ∙
𝐾𝐾𝜃𝜃 + 8

4(𝐾𝐾𝜃𝜃 + 2)
 

Eq. 25 

• p: unit point load 1 kN 
• Ksfd: constant in prediction of shear force deformations. For rectangular 

section, Ksfd = 1.2 [168] 
• GAL: Shear stiffness in longitudinal direction. Only longitudinal members 

will in practice contribute to the shear capacity from bending, i.e. edge- and 
field joists of the floor element. 

In order to improve the representation of two-way deflection a robust approach based 
on the Winkler theorem for describing beams on elastic foundation [169, 170] was 
used. Unit point load at midspan is then estimated as Eq. 26. 

𝑝𝑝 =
𝑑𝑑4𝑤𝑤
𝑑𝑑𝑥𝑥4

+ 𝑘𝑘 ∙ 𝑤𝑤 Eq. 26 

Principally this is done by equating a fictitious Winkler foundation to the uniform 
deformation w caused by the floor element acting as an equivalent beam (Eq. 23). 

By using the effective length of the transverse midsection of the floor element as the 
length of the foundation (Lwink), the Winkler foundation stiffness (k) can be 
expressed as Eq. 27: 

𝑘𝑘 =

𝑝𝑝
𝐿𝐿𝑤𝑤𝑦𝑦𝑛𝑛𝑘𝑘
𝑤𝑤

 Eq. 27 

Finally, the deflection constraint due to unit point load is calculated by determining 
the maximum deflection of the transversal cross section of the floor resting on the 
elastic foundation as Eq. 28: 

𝑤𝑤𝑤𝑤𝑦𝑦𝑛𝑛𝑘𝑘 =
𝛽𝛽 ∙ 𝑝𝑝
2 ∙ 𝑘𝑘

∙
2 + cosh𝛽𝛽𝑥𝑥 + cos𝛽𝛽𝑥𝑥

sinh𝛽𝛽𝑥𝑥 + sin𝛽𝛽𝑥𝑥
 Eq. 28 

Where, 

𝛽𝛽 = �
𝑘𝑘

4 ∙ 𝐸𝐸𝐼𝐼𝑇𝑇,𝑚𝑚𝑦𝑦𝑦𝑦𝑚𝑚𝑦𝑦𝑚𝑚𝑚𝑚𝑦𝑦𝑚𝑚𝑛𝑛

4
 Eq. 29 
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3.4.1.4 Determination of dynamic response 

The common method for vibration serviceability in Norway is the Ohlsson method 
of the current Eurocode [121], but where the Hu and Chui criterion [120] (Eq. 30) is 
applied rather than the unit impulse velocity [167, 171].  

� 𝑓𝑓1
18.7�

2.27

𝑤𝑤1𝑘𝑘𝑁𝑁
≥ 1 Eq. 30 

A rigorous approach for calculating floor response is proposed in the second 
generation of Eurocode 5 [95, 96]. The approach relate responses to human 
perception levels in terms of root mean square acceleration levels of the ISO baseline 
curve [101]. Acceleration levels dominates the human perception between 4 and 8 
Hz. Consequently, the acceleration is used to assess floor performance levels in this 
frequency range and is calculated as Eq. 31. The ISO baseline curve level is constant 
in this frequency at aRMS=0.005 m/s2. For human induced vibration, this frequency 
range is associated with a resonant floor design because the step frequency and the 
associated four first harmonics may coincide with the first natural frequency of the 
floor element. 

𝑎𝑎𝑟𝑟𝑚𝑚𝑦𝑦 =
𝛼𝛼 ∙ 𝐹𝐹

7 ∙ 𝜁𝜁 ∙ 𝑀𝑀∗ Eq. 31 

α Fourier coefficient 𝛼𝛼 = 𝑒𝑒−0.4∙𝑓𝑓1  
F Vertical force imposed by walking person (700 N) 
ζ Modal damping ratio of 3 % 

M* Modal mass 𝑀𝑀∗ = 𝑚𝑚𝐿𝐿𝑚𝑚
4

 

m Mass (kg) of floor per unit area (m2) 

Due to the ratio of stiffness and mass, long-span timber floor elements typically have 
a first natural frequency above 8 Hz. Above 8 Hz the ISO baseline curve is not 
constant. As can be seen however, by integrating the baseline curve from 8 Hz, the 
corresponding velocity is constant at vRMS=0.0001 m/s [95]. This new constant is 
used as reference for floor performance levels above 8 Hz and is calculated as Eq. 
32. For floor elements with first natural frequency above 8 Hz the floor response will 
be transient when subject to human induced vibration. 

𝑐𝑐𝑟𝑟𝑚𝑚𝑦𝑦 = 𝐾𝐾𝑦𝑦𝑚𝑚𝑝𝑝 ∙
0.7 ∙ 𝐼𝐼𝑚𝑚

𝑀𝑀∗(𝒙𝒙) + 70
(0.65 − 0.01 ∙ 𝑓𝑓1)(1.22 − 11 ∙ 𝜁𝜁) ∙ 𝜂𝜂 Eq. 32 

Kimp  Higher modes multiplier for transient floor response 𝐾𝐾𝑦𝑦𝑚𝑚𝑝𝑝 = 𝑚𝑚𝑎𝑎𝑥𝑥 �0.48 �𝑚𝑚
𝐿𝐿
� �𝐷𝐷𝐿𝐿

𝐷𝐷𝑇𝑇
�
0.25

1
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lm Mean modal impulse 𝑙𝑙𝑚𝑚 = 42∙𝑓𝑓𝑤𝑤1.43

𝑓𝑓11.3  

fw Walking frequency (2 Hz) 

𝜂𝜂 = �1.52 − 0.55 ∙ 𝐾𝐾𝑦𝑦𝑚𝑚𝑝𝑝   1.0 ≤ 𝐾𝐾𝑦𝑦𝑚𝑚𝑝𝑝 ≤ 1.5
0.69   𝑜𝑜𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑤𝑤𝑖𝑖𝑒𝑒𝑒𝑒

 

3.4.2 Experimental Modal Analysis 

Experimental Modal Analysis (EMA) was performed to determine modal properties 
of the flooring system. The Rowing Hammer Method (RHM) [172, 173] was applied 
for this purpose. This method assumes linearity and time-invariance and is based on 
the Maxwell's reciprocity theorem. The latter simply states that an applied excitation 
at a given structural position 𝑋𝑋𝑋𝑋 causing a response at a structural position 𝑋𝑋�𝑋𝑋�, will 
be identical to a response at 𝑋𝑋�𝑋𝑋� caused be the same excitation at 𝑋𝑋𝑋𝑋, for all 
frequencies imposed by the excitation source. RHM exposes the modal parameters 
of frequency, damping ratio and mode shape of the dynamic responses detected. The 
Frequency Response Function (FRF) Hij (Eq. 33), is the relationship between the 
Fourier transform of the response Xi(t) and the Fourier transform of the excitation 
Fj(t). The response Xi(t) is quantified by a stationary accelerometer and the Fj(t) by 
the impact source. 

𝑐𝑐𝑦𝑦𝑖𝑖(𝜔𝜔) =
𝑋𝑋𝑦𝑦(𝜔𝜔)
𝐹𝐹𝑖𝑖(𝜔𝜔)

 Eq. 33 

3.4.3 Power Spectral Density 

Fast Fourier Transformation (FFT) was performed on the acceleration data from 
cyclic load tests. However, since a substantial amount of low frequencies is 
continuously transmitted, the FFT offered only limited assistance to interpret the 
characteristics of the floor resonances. Due to this the signal was rather analysed by 
the Welch method [174]. The Welch method is suitable for irregular time-sampled 
data and for combinations of different wave forms. 

The realisation (time series with N samples) is split into K number of (overlapping) 
segments X1(j),…,XK(j) of length L of which a modified periodogram is calculated as 
the finite Fourier transforms A1(n),….AK(n) for W data windows (Eq. 34): 

𝐴𝐴𝑘𝑘(𝑛𝑛) =
1
𝐿𝐿
�𝑋𝑋𝑘𝑘(𝑗𝑗) ∙ 𝑊𝑊(𝑗𝑗) ∙ 𝑒𝑒

−2𝑘𝑘𝑦𝑦𝑖𝑖𝑛𝑛
𝐿𝐿

𝐿𝐿−1

𝑖𝑖=0

 Eq. 34 

See [174] for further details of the segmentation of the realisation (how overlapping 
is treated). Finally, K modified periodograms is obtained and averaged (Eq. 35): 
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𝐼𝐼𝑘𝑘(𝑓𝑓𝑛𝑛) =
𝐿𝐿
𝑈𝑈

|𝐴𝐴𝑘𝑘(𝑛𝑛)|2 Eq. 35 

Where 

𝑓𝑓𝑛𝑛 =
𝑛𝑛
𝐿𝐿

,𝑛𝑛 = 0, … , L/2 and 𝑈𝑈 =
1
𝐿𝐿
�𝑊𝑊2(𝑗𝑗)
𝐿𝐿−1

𝑖𝑖=0

 Eq. 36 

Is applied to yield an estimation of the Power Spectral Density of the realisation (Eq. 
37): 

𝐹𝐹𝑃𝑃𝐷𝐷(𝑓𝑓𝑛𝑛) =
1
𝐾𝐾
� 𝐼𝐼𝑘𝑘(𝑓𝑓𝑛𝑛)
𝐾𝐾

𝑘𝑘=1

 Eq. 37 

As can be seen in [174] the area of the spectral window is unity (1) with a width 
equal to 1/L. 

In practice the PSD describe the power intensity of the accelerations as function of 
frequency and reveal information on how the flooring system is responding at a given 
frequency band by assessing the amplitude and width of peaks. 

3.4.4 Accounting of consumed resources during manufacture 

As reported Paper III, a parametric relationship between the specifications of a 
timber floor element and the overall resource consumption was developed. This 
method has similarities to the Time-Driven Activity-Based Costing (TDABC) 
method [175], and activity-based costing in general [176], but include more 
information about the resource consumption related to manufacture The developed 
method is called Item-Driven Activity-Based Consumption (IDABC). 

IDABC resembles the much used Time-driven Activity-Based Costing (TDABC) 
[175] in how the manufacturing line is modelled as resources combined to perform 
required activities (Fig. 24). However, where the TDABC uses predetermined 
duration of activities to calculate costing, the IDABC method utilizes information 
stored in the items subject to manufacture to calculate durations. For any item the 
activity requests a specific quantity based on predetermined SI unit associated with 
the activity, which in turn is used to calculate activity duration. Based on the duration 
of the activity and the definition of the activity and the underlying resources, 
manufacturing resources are determined. 
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Fig. 24: Activity-based accounting in general. The relationship between resources, 
activity and expenditures 

In the method an expenditure vector Vη is computed for all items at every activity 
the item is subject to during the manufacturing. The vector contains the duration Tη 
[s], cost Cη [€], the part of cost associated with labour LCη [€], and the ECO2 
[kgCO2eq], where η represent an item in the floor element (see Eq. 38). 

𝑽𝑽𝜂𝜂 = �𝑇𝑇𝜂𝜂 𝐻𝐻𝜂𝜂 𝐿𝐿𝐻𝐻𝜂𝜂 𝐸𝐸𝐻𝐻𝐸𝐸2𝜂𝜂�       [𝑒𝑒 € € 𝑘𝑘𝑐𝑐𝐻𝐻𝐸𝐸2𝑒𝑒𝑞𝑞] Eq. 38 

The total expenditure of the floor element is the accumulated expenditures for all 
items (bodies and assemblies) of the product (Eq. 39). This is the outcome of the 
method and may be utilized as an objective function in an optimisation workflow, or 
it may serve to quantify competitiveness. 

𝑽𝑽𝑝𝑝𝑟𝑟𝑚𝑚𝑦𝑦𝑝𝑝𝑚𝑚𝑚𝑚 = � � 𝑽𝑽𝑦𝑦,𝑖𝑖

𝑛𝑛𝑝𝑝𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚

𝑖𝑖=0

𝑛𝑛𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑦𝑦𝑦𝑦

𝑦𝑦=0

   + � � 𝑽𝑽𝑘𝑘,𝑦𝑦

𝑛𝑛𝑝𝑝𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚

𝑦𝑦=0

𝑛𝑛𝑝𝑝𝑚𝑚𝑛𝑛𝑦𝑦𝑚𝑚𝑛𝑛𝑦𝑦𝑦𝑦

k=0

 Eq. 39 

3.5 Experimental methods 

3.5.1 Experimental Modal Analysis (EMA) 

During the present work various modal analyses was performed using the Rowing 
Hammer Method (RHM). The eigen frequency of the floor element was tested by 
supporting the floor element on soft air cushions (see Fig. 25). This was a useful 
approach because it simplified the boundary conditions of the system, hence 
improving the accuracy in modelling of the governing boundary conditions 
numerically. The EMA with free-free boundary conditions therefore provided better 
data for the calibration and validation of the numerical models. 
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Fig. 25: Floor element resting on air cushions 

Support conditions is essential of a flooring system and the RHM was also used for 
more realistic boundary conditions. In the laboratory a 9 m floor element was tested 
with pinned support conditions (floor element corners or linear along the transverse 
edge), and with moment-resisting end constraints. This work was performed as part 
of the MSc of Bjørge and Kristoffersen [152]. 

A structural scale model (also referred to as mock-up) was built in cooperation with 
Charlottenlund upper secondary school (CVGS). Carpenter students at CVGS built 
the floor elements and the PhD students of the Woodsol project assembled the mock-
up with assistance from Leif Joar Lassesen at CVGS, all according to an assembly 
manual [177]. Fig. 26 and Fig. 27 show the conceptual sketch and the competed 
mock-up at CVGS. Extensive use of the RHM was performed during the full-scale 
test. 

 
Fig. 26: Mock-up conceptual sketch 

 
Fig. 27: Mock-up as-built 
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On the structural scale model, the present work tested the effect of various 
interconnections between the floor elements. Fig. 28 show the cross-section of two 
floor elements structurally related by one of the interconnections designed for the 
test. 

 
Fig. 28: Section view (in direction of span) of one of the interconnections tested 

For the structural scale model EMA was performed to determine both in-plane and 
out-of-plane deformation modes and their related modal parameters. The results 
from the exercise are found in Paper I and Paper II. Fig. 29 and Fig. 30 show the 
excitation grid and position of the accelerometer the out-of-plane EMA. 

 
Fig. 29: Rowing hammer grid for floor elements in parallel 

 
Fig. 30: Rowing hammer grid for floor elements in series 
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3.5.2 Deflection tests 

Deflection tests were 
performed on the structural 
scale model at CVGS. A 
series of deflection sensors 
was positioned in relation 
to both the loaded and 
unloaded floor element. 
Point load was applied at 
the centre of the top flange 
through tension bars 
towards the underside of 
the floor element to where 
load cell and charge was 
located. The load on the 
floor element was 
distributed from the upper 
16 mm adapter steel plate 
to an underlaying 200 cm2 load pad as advised in the timber floors test method [178] 
(see Fig. 31). Three different loading protocols were developed and employed at site. 
The first protocol used a water tank for loading advantageous for the steady rate of 
change of load, but the method was time consuming. The second and third protocol 
differs from the first in ramp time and type of charge, replacing the water tank by a 
precise chain hoist anchored in the workshop floor. The drawback of the charge was 
the difficulty to maintain a steady rate of change of load, but the advantage was the 
ability of taking fast series of onloading and offloading.  

The deflection tests suffered from low amplitude response due to short span floor 
elements primarily built for testing acoustic performances [36]. Because of this and 
the complexity in the deformation due to the number of parameters affecting the 
deflection, a statistical evaluation was performed to reveal main effects and the level 
of significance each factor had on the response of the flooring system. The statistical 
assessment was performed in Minitab [179], with the following figures exposed: 

• Pareto chart to expresses the absolute values of standardized effects in 
ascending order aiding to determine the magnitude and importance of the 
effects of the factor. 

• Main effect chart to show how the fluctuation in mean response as the level 
of a factor moves between its extremes. 

• Interaction chart to express the relationship between one factor and the 
continuous response depending on the value of a second factor.  

For further details see Paper I. 

Fig. 31: Load and load cell application 
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3.5.3 Cyclic load 

The structural scale model was also 
subjected to cyclic load. An eccentric 
mass vibrator (EMV) [180] was used to 
excite the floor element dynamically 
from 5 Hz to 30 Hz during a 2 min sweep. 
The EMV was mounted to one of the 
floor elements both for floor elements in 
parallel and in series, The EMV was 
anchored to the loaded floor element 
through the same adaptor plate as used 
for the deflection tests, which was tied to 
the floor element at the mid span. See 
Fig. 32.  

Two accelerometers monitored the 
response; one at EMV (applicator) and 
one at immediate proximity to the centre 
of the bottom flange (receiver). In 
addition to floor accelerations the exciter 
frequency was recorded. The force from 
the exciter varied from 50 N to 1250 N as 
function of frequency. For further details 
see Paper I. 

3.6 Systems analysis 
The project group associated with the Woodsol research project comprised 
manufacturers of wood components, architects, building and construction 
companies, and research institutes. The project group represents a valuable resource 
and information and knowledge from the group must be utilized. During the work 
on WP2 Production and assembly, the project group addressed a range of topics for 
a successful flooring system. Also findings from the assessment of buildability and 
assembly of the Woodsol concept by Monsen and Nystuen [151] was taken into 
account. The collected material consisted of more than one hundred drivers and 
conditions and factors that a successful long-span timber floor element should 
regard. This information was regarding the floor element specification, 
advantageous and disadvantageous of manufacturing processes, and topics related to 
transport, installation and completion, adaptability and reuse.  

Fig. 32: EMV anchored to floor element 
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Fig. 33: Illustration of a possible completion scenario of early floor design 

In order to analysis the information, a framework was needed where the information 
could be sorted and arranged. Several approaches were attempted before a 
conclusion was drawn for both a strategy and a framework for information analysis. 

The strategy was to base the analysis of information on the concept of an 
optimisation tool that would collect information and produce an optimum solution 
for a given application. As can be studied in Paper VI the optimisation tool was 
envisioned to produce information to a reference work (possibly in the form of a 
handbook for long-span timber floor elements). Due to this the optimisation tool was 
placed in the centre of a system that should be able to produce optimum solutions, 
i.e. competitive solutions. 

The framework of how the information could be analysed was then addressed. This 
took the form of a simplified systems analysis established to categorize topics 
influencing the market impact of timber floor elements for commercial building 
applications. The analysis was used to elaborate the purpose and scope of a ready 
reference work, and to gain overview of the possible features and requirements of a 
design tool that this reference could be based upon.  

As described in Paper VI, the indicators proposed to quantify competitiveness for a 
floor element finalized at the factory is the consumed resources (manufacturing time, 
cost and ECO2). Linked to a floor element applied in a building, additional indicators 
serve to quantify its competitiveness. The combined performance of resource 
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consumption from manufacture and the required resources linked to adaptability of 
the floor element was therefore selected as one of the axes of the framework. Because 
resource consumption has different units of quantity, the resources consumption was 
assessed in terms of economy. Along the other axis of the framework the phases of 
realization were placed, from design and manufacture, via installation and 
completion, to adaption, reuse and disposal. The systems analysis was executed by 
sorting topics related to resource consumption, in economic terms, in entities along 
the ordinate axis, and topics related to realization processes in entities along the 
abscissa axis.  

Due to the nature of the selected axis (short to long term economic on the ordinate 
axis, and phases of realization along the abscissa axis), interactions occur when 
information is transferred between entities in the framework diagram (Fig. 34). This 
offered perspectives and help in interpreting how the various information would 
affect both the role of the floor element when this is a part of the built environment, 
and for the conceptualisation of an optimisation tool that should produce data to a 
relevant reference work for the market. 

 
Fig. 34: Framework of realization processes and economic impacts influenced by an 
optimisation tool for long-span timber floor element 
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3.7 Real-life approach 
Dialogue with the industry was held during various phases of the present work. The 
factory visits at the Trä8 floor element production line at Moelven Töreboda AB and 
at the Splitkon AS production line gave valuable insight. An extensive presentation 
and demonstration at Stora Enso Oyj in Helsinki was also helpful to understand the 
market of commercial timber products.  

However, the explanation of the production line and the bilateral workshop at 
Moelven Limtre AS was essential for scoping and outcome of Paper III. During this 
session quantification of resources and activities was carried following extensive 
dialogue with a production line manager with thorough understanding of the 
operations that take place on the production line. 

3.8 Optimisation 

3.8.1 Method 

The optimisation workflow developed in the present work consists of three modules 
as indicated in Fig. 35: i) Design premise; ii) Item-Driven Activity-Based 
Consumption; and iii) Optimisation. The output from IDABC is the cost and ECO2, 
and the design premise state the constraint function values. Both these modules are 
included in a common code named Parametric Resources and Performance of CHS 
(PARAPECHS) [140]. This information is input to the optimisation module (MISLP 
Optimise in Fig. 35). The output of the optimisation module is the optimised product. 
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Fig. 35: Flow chart of optimisation framework 

The optimisation method employed in this study is based on solving a sequence of 
linear mixed-integer optimisation problems. This method is a discrete extension of 
the well-known sequential linear programming (SLP) approach [181]. At each 
iteration point, the nonlinear functions are approximated by their linearization. The 
design variables are treated as continuous variables when solving the linearization. 
In the present work five dimensions related to the cross-section of the floor element 
are taken as design variables, collated as a vector denoted by x (Eq. 40).  

 
Fig. 36: Cross-section for floor element subject to optimisation 

𝐱𝐱 = {ℎ1 ℎ2 ℎ3 𝑤𝑤𝑦𝑦𝑦𝑦𝑒𝑒𝑒𝑒𝑦𝑦𝑚𝑚 𝑤𝑤𝑓𝑓𝑦𝑦𝑦𝑦𝑒𝑒𝑦𝑦𝑚𝑚}     [𝑚𝑚𝑚𝑚] Eq. 40 
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3.8.2 Theory 

Discrete values can be enforced by introducing binary variables as follows. Let x be 
a discrete variable with the allowable values 𝑋𝑋 = {𝑥𝑥�1,𝑥𝑥�2, … , 𝑥𝑥�𝑦𝑦}. The binary 
variables are then introduced, 𝑐𝑐𝑖𝑖 ∈ {0,1},   𝑗𝑗 = 1,2, … ,𝑑𝑑. The variable x can be 
forced to have one of its allowable values by adding the following linear constraints 
to the optimization problem: 

𝑥𝑥 = �𝑥𝑥�𝑖𝑖y𝑖𝑖

𝑦𝑦

𝑖𝑖=1

 Eq. 41 

� y𝑖𝑖 = 1
𝑦𝑦

𝑖𝑖=1

 
Eq. 42 

The latter equation ensures that exactly one binary variable takes the value 1, 
whereas the former equation sets the discrete value corresponding to the non-zero 
binary variable for x. Each discrete variable is supplemented with its own binary 
variables and constraints of Eq. 41 and Eq. 42.  

Consider the following optimization problem 

min
𝐱𝐱
𝑓𝑓(𝐱𝐱) 

such that  𝑐𝑐𝑦𝑦(𝒙𝒙) ≤ 0, i = 1, 2, … , m 
                         𝑨𝑨𝒙𝒙 ≤ 𝐛𝐛 
                         𝑪𝑪𝒙𝒙 = 𝒅𝒅 

Eq. 43 

where 𝑐𝑐𝑦𝑦 are nonlinear and continuously differentiable functions, and the matrices 𝑨𝑨 
and 𝑪𝑪 as well as the vectors b and 𝑑𝑑 are constants. The vector of design variables, 𝑥𝑥, 
includes both continuous and discrete variables. 

In one iteration of the mixed-integer sequential linearization procedure (MISLP), 
the original optimisation problem is linearized at the current iteration point, 𝑥𝑥𝑘𝑘: 

            min
𝐱𝐱
𝑓𝑓�𝐱𝐱k� + ∇𝑓𝑓�𝐱𝐱𝑘𝑘�𝑇𝑇�𝐱𝐱 − 𝐱𝐱𝑘𝑘� 

such that  𝑐𝑐𝑦𝑦�𝐱𝐱𝑘𝑘�  + ∇𝑐𝑐𝑦𝑦�𝐱𝐱𝑘𝑘�
𝑇𝑇�𝐱𝐱 − 𝐱𝐱𝑘𝑘�  ≤ 0, i = 1, 2, … , m 

                         𝑨𝑨𝐱𝐱 ≤ 𝐛𝐛 
                         𝑪𝑪𝐱𝐱 = 𝐝𝐝 

Eq. 44 

The problem of equation Eq. 44 is a mixed-integer linear optimisation problem 
(MILP), which can be solved, for example, by the branch-and-cut method that is 
implemented in various optimisation software packages. 
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It is well-known that the SLP as well as the MISLP method may not converge in its 
basic form. The method can be stabilised by introducing so-called move limits that 
restrict the feasible set of the linearized problem. The move limits are written as 
additional bound constraints for the design variables. the move limits can be 
expressed as a portion of the total range of the variable, or in terms of local allowable 
change, say 15% of the current value. In any case, the move limits can be written as 

∆𝑦𝑦𝑘𝑘≤ 𝑥𝑥𝑦𝑦 − 𝑥𝑥𝑦𝑦𝑘𝑘 ≤ ∆𝑦𝑦
𝑘𝑘

           Eq. 45 

where ∆𝑦𝑦𝑘𝑘 and ∆𝑦𝑦
𝑘𝑘
are the prescribed bounds. In this study, the bounds are related to 

the range of variable values, i.e. 

  ∆𝑦𝑦𝑘𝑘= C1(𝑥𝑥𝑦𝑦 − 𝑥𝑥𝑦𝑦) 

   ∆𝑦𝑦
𝑘𝑘

= C2(𝑥𝑥𝑦𝑦 − 𝑥𝑥𝑦𝑦)       Eq. 46 

where C1 and C2 are constants. In this study, the initial values C1 = 0.5 and C2 = 0.5 
were used. Over the iterations, these constants are updated by the following rule 

𝐻𝐻𝑦𝑦 ← (1 − γ)Ci Eq. 47 

where γ = 0.001 was used in this study. 

For the application of the MISLP method on the timber floor optimisation problem 
see Paper IV. As for the modules of objective and constraint, the modelling of the 
optimisation problem is performed in Python [182], and the Google AI OR-Tools 
for Python [183] are used to solve the MILP sub-problem. 

3.8.3 Results and implications 

The performance of the MISLP optimisation technique was evaluated by comparing 
the design obtained by MISLP to the global minimum found by manual exploration 
of the solution space. This was a huge endeavour because of the possible 
combination of the solution space. As can be studied in see Paper IV, finding the 
optimum solution with brute force (global exploration of the solution space) used an 
average of 600 minutes per case. In comparison the average duration of the 
optimisation approach was less than two seconds per case. The mean error between 
the global optimum and the optimum found by the MISLP-optimisation was 1.5%. 

The implications of the study are that the MISLP optimisation method may be run 
directly from a server to generate immediate designs based on parameters collected 
from the user interface. Other implications are that cost- or ECO2 optimised 
solutions may be found for a set of changing parameters like span, or maximum 
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values of building depth, to mention some. In the following figure this is exemplified 
by the showing the cost-optimum solution whilst varying span and serviceability 
constraints, to see the effect on the depth of the floor element. See Fig. 37.  In this 
figure the current common method of Hu and Chui is compared to the new method 
proposed for the second generation of Eurocode. The dashed lines represent resonant 
floor element design (4.5 ≤ 𝑓𝑓1[𝑐𝑐𝐻𝐻] < 8), continuous lines represent transient floor 
element designs (𝑓𝑓1[𝑐𝑐𝐻𝐻] ≥ 8), and the dash-dot line representing the current 
common method. This figure is discussed in Paper IV. Example of other practical 
implications directly addressing the sought delivery of the present work is found in 
Paper IV. 

 
Fig. 37: Cost-optimum solutions at various serviceability constraints  
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4 Research 

4.1 Objectives and findings 

4.1.1 Paper I 

Effect of interconnects on timber floor elements: dynamic and static evaluations of 
structural scale tests.  

When assembling floor elements together to form a functional flooring system, 
various connections and configurations can be used. These connections can be a cost-
effective solution to improve the dynamic response of a flooring system without 
changing the design of the floor element. The result can aid in choosing a cost and 
environmentally advantageous method to increase the performance related to floor 
comfort properties. This was the background and motivation of the study. The 
objective was to investigate how interconnections between timber floor elements 
could be used as the basis for a resource-efficient approach to enhance serviceability 
performance.  

Full-scale floor elements were positioned in a variety of configurations and tested 
for static and dynamic performance using different types of interconnections. The 
interconnections were mounted both transversally and longitudinally and tied to 
floor element edge members while varying the number of fasteners.  

A major part of the study was to see how the damping ratio was affected by changing 
interconnections through different mode shapes. Whilst material damping may be 
estimated from the strain energy method [184, 185], the structural damping is 
difficult to predict because it is linked to detailing in the design and execution of the 
floor element and its supporting structures [186]. Full-scale tests are therefore an 
important yet expensive measure to obtain credible values of total damping. 

The observed effects of interconnection types vary according to the configuration 
and direction of mode shapes, and were assessed in terms of shift in frequency, 
damping and resonant energy. In general, a strong interconnection will increase 
fundamental frequency with respect to an isolated similar floor element and increase 
the performance of the flooring system as quantified by the Hu & Chui criterion. For 
resonant floor design situations (acceleration dominated perception) increased 
stiffness of the interconnection will increase damping and consequently reduce 
accelerations. Depending on the fundamental frequency, it is a likely measure to shift 
acceleration levels considerably down. For transient floor design situations (velocity 
dominated perception) both increased damping and increased fundamental 
frequency will contribute to decrease velocity response. The concurrent effect from 
both would contribute effectively to decrease velocity response. 
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The present work demonstrated that connections between timber elements have 
significant effects on timber floor serviceability and may offer interesting solutions 
to improve the vibration performance of long-span timber floors. 

4.1.2 Paper II 

A study on beam-to-column moment-resisting timber connections 

In the structural scale model at CVGS the Woodsol building system was tested. The 
building system has one weak direction (y-direction) where the global building 
stiffness must be provided by dedicated shear walls or bracings. In the strong 
direction (x-direction) the Moment Resisting Frames (MRF) comprising the joint 
stiffness of columns, the Moment Resisting Connector (MRC) and the embedded 
edge joists of the floor element provide the global building stiffness. In the study of 
Paper II, the moment-resisting frames were subjected to both cyclic and monotonic 
loading, and the rotational stiffness and the energy dissipation were determined 
based on full-scale cyclic tests. The mock-up frame assembly was subjected to cyclic 
lateral loading and tested with experimental modal analysis. The lateral stiffness, the 
energy dissipation and the fundamental eigen-frequencies of the frame assembly 
were measured and quantified and compared with the FE analyses. 

Experimental Modal Analysis of both weak and strong direction was performed. The 
dynamic structural damping ratios measured with experimental modal analysis were 
2.1% and 3.9% in x- and y-directions. The FE model shows good agreement between 
the experimental results and the analytical model. 

For more information about additional tests performed to assess the beam-to-column 
stiffness on the mock-up frame assembly, see Paper II. 

4.1.3 Paper III 

Competitiveness of timber floor elements: an assessment of structural properties, 
production, costs and carbon emissions 

Cost reductions for timber floor elements to competitive levels must be pursued 
throughout the product details and in the stages of manufacturing. As new wood 
products are introduced to the market, solution space is increased to levels that 
demand computerised optimisation models, which require accurate expenditure 
predictions. To meet this challenge, a method called Item-Driven Activity-Based 
Consumption (IDABC) has been developed and presented in this study. The method 
establishes an accurate relationship between product specifications and overall 
resource consumption linked to finished manufactured products. In addition to 
production time, method outcomes include cost distributions, including labour costs, 
and carbon emissions for both accrued materials and production line activities. A 
novel approach to resource estimation linked to assembly friendliness is also 
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presented. IDABC has been applied to a timber component and assembly line 
operated by a major manufacturer in Norway and demonstrates good agreement with 
empirical data. 

The objectives of the present work was to explore a parametric method for 
quantification of consumed resources in the manufacture of timber elements. The 
output of the method should serve as a quantification of competitiveness. The 
findings of Paper VI and a dedicated review have identified production time, cost, 
labour cost and ECO2 as indicators of competitiveness. The method should be 
parametric and have features that makes it suitable as an objective function in 
optimization workflows. The method should be based on principles that keep the 
effort of implementation low. 

In compliance with the objective the method established a parametric link between 
the specification of a timber element and the quantification of manufacturing 
expenditures. Also, in compliance with the objective, the output of the method serves 
to quantify competitiveness in terms of production time, total cost, labour cost and 
carbon emissions. The parametric architecture of the method enables the 
implementation in an optimization workflow for timber elements. This was one of 
the main motivation of Paper III. The attention to means of reducing implementation 
effort, as addressed in the objective, led to the item-driven approach that utilizes 
information stored in the items being processed to calculate duration of the various 
activities of the manufacturing. 

4.1.4 Paper IV 

Optimisation of costs and carbon emission of timber floor elements 

Long-span timber floor elements may increase the sustainability and adaptability of 
a building and exhibit a significant market potential. The timber sector is currently 
endeavouring to meet this potential, but building projects employing long-span 
timber floors have encountered drawbacks. High costs and vibration performance 
are challenging, and the timber industry is under substantial pressure to find 
attractive solutions for building components with otherwise favourable 
environmental features.  

Timber flooring systems for long-span applications are normally glued thin flange 
elements with stiffeners and joists constituting the core. The number of joists and 
stiffeners, the internal added weight and insulation, and the dimensions of all 
members result in numerous potential combinations to be examined. This number 
increases drastically when the range of wood products and types of bonding are 
considered. When outfitting such as overlays and ceiling system is addressed, the 
number of combinations increase further. And finally, when support and load 
conditions and serviceability performance levels are regarded, the solution space is 
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immense. With this many parameters, finding a competitive design may not be 
manageable by manual exploration, and the solution space can in practice only 
confidently be investigated when assessed computationally. 

Optimisation is useful when there are conflicting criteria, and when different 
objectives cause disagreeing designs. This is also the case for timber floor elements. 
The constraints and objective of an optimum solution may differ from project to 
project. For one project the pursued optimum would be towards minimum cost, while 
another project would pursue minimum ECO2 or building depth.  

The objective of the present work has been to assist in the commercialisation of 
timber floor elements suitable for adaptable building applications. The recent 
development of a novel parametric accounting method for manufacturing of timber 
elements [3] has contributed to realize this study. As concluded by Forintek and the 
Canadian Wood Council [139] a precise manufacturing cost accounting in 
combination with an optimisation workflow can offer an efficient solution for the 
development of competitive timber floor elements, and this is what Paper IV has 
endeavoured. 

In this study, the cost and ECO2 optimisation of a novel timber floor element is 
presented. A mixed-integer sequential linearization procedure is employed to solve 
the formulated discrete optimisation problem. Various material combinations and 
constraint combinations are treated. The optimisation framework provides a tool for 
rapid design exploration that can be used in general design situations. The results of 
the calculations carried out in this study provide insight on the general trends of 
optimum floor elements. The optimisation model is used to analyse the 
characteristics of the optimum designs, and a comparison between the current and 
the second generation of Eurocode 5 is shown to demonstrate implications. 

The MISLP optimisation method demonstrates adequate properties and 
performances required to be run directly from a server to generate immediate designs 
based on parameters collected from the user interface. The ability to confidently 
explore a solution space in a rapid growing market of novel engineered wood 
products opens a range of opportunities and implications. 

4.1.5 Paper V 

Assessing adequacy of numerical representation for optimisation performances in 
long-span timber floors 

The objective of this study was to describe the effect variations in the numerical 
representation of a floor element had on the accuracy of modal analysis and 
computational effort. The expected outcome of the study was to find the adequate 
numerical representation for optimisation workflows for timber floor elements. The 
variations of the numerical representation was 1) the base feature of the members of 
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the floor element (shell or solid), 2) the type of element, and 3) the size of the 
element. The effect was measured as the combined RMS error between the predicted 
and the measured eigen frequency, and the computational effort as quantified by the 
number of DOF. 

For the solid base feature the following elements was included in the Design Of 
Experiment (DOE): C3D8, C3D8R, C3D20R, C3D8I and SC8R (here the continuum 
shell was modelled as a solid and consequently listed here). The shell elements 
assessed was S4, S4R, and S8R. From these compatible combinations was generated. 
The seed size changed from 0.025 m to 0.07 m in four steps. The analysis was 
performed in Abaqus/Standard, and the PSACHS code [143] was generating the 
numerical representations and executing the analysis based on an excel file where 
the Design Of Experiment was modelled.  

The finding of the study was the identification of combinations of element types and 
element sizes that render a favourable combination of precision and computational 
effort, suitable for an optimisation workflow. The finding were that 1) Moderately 
thick to thick joists should be modelled as C3D8 in combination with flanges 
modelled as conventional S4. 2) A robust field joist formulation accepting varying 
thicknesses should be formulated with the S8R element in combination with 
C3D20R for thick edge joists and beams and with S8R in the flanges. 3) A linear 
version of the same base feature should be modelled with field joists in S4 in 
combination with C3D8I for edge joists and beams and with the S4 formulation for 
the flanges. 4) A solid flange formulation would favourably be modelled with the 
continuum shell in combination with C3D20R given relatively thick joists and 
flanges. 

4.1.6 Paper VI 

Conditions and features of a design tool for long-span timber floor elements 

A handbook for long-span timber floor elements would be of significant assistance 
to increase the market shares of timber floors for commercial building applications. 
Based on collected information from architects, engineers and manufacturers, the 
study elaborates on the contents of a ready reference. The presented study also 
reviews factors influencing the competitiveness of timber floor elements for 
commercial and adaptable buildings, and combines the findings to scope the features 
and requirements of a design tool that could supply information to a handbook.  

The objective of the present work was to suggest a design approach for a calculation 
tool that could be used to generate useful and reliable data for a reference work for 
long-span timber floor elements, and to uncover gaps and further developments 
required to realize this tool. A literature review in the form of a SWOT-analysis was 
performed as part of the study. 
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The study has contributed to the development of a method of optimisation suitable 
for producing data for a reference work for long-span timber floor element. The 
contribution comprises the architecture of a holistic method of optimisation, 
identification of indicators for competitiveness, identification of conditions and 
features that an optimisation tool should apprehend, and the scoping of solutions to 
realize a reference work. 

4.2 Answers to research questions 
Based on research objectives stated in section 2.3 due research questions were 
formulated. In the continuation these are quoted in bold following a condensed 
answer based on the findings of the papers of the present work. 

1) Can timber floor elements be used for span of ten meters, and what 
parameters are significantly influencing the performance of a timber 
floor element when applied in a building? 

It is technically feasible to design a timber floor of ten metres span with 
acceptable acoustic performance. Findings in Paper IV suggest that lengths 
of 12.6 meters may also be achieved (based on analytical determined 
accelerations and velocities), but the cost tend to increase considerably from 
approximately ten meters span. Designing floor elements as an inherent 
structural component in moment-resisting frames is achievable. Moment 
resisting end constraint will increase the span length without increasing the 
building depth of the floor element depending on the rotational stiffness of 
the connector and the columns. The moment-resisting connector transferring 
rotational stiffness between column and floor element introduce loads to 
connected members in an arrangement of threaded rods. The structural 
interface between the threaded rods and edge joists of the floor element is 
flexible and practicable. The threaded rods can be installed during floor 
element manufacture. The design specification for floor element related to 
the interface with the MRC is a balance of the interrelated parameters of 
building height, loading, number of bays of MRF, span, and floor element 
depth. The outcome of the balance is an arrangement and dimension of 
threaded rods and dimensions that must be fitted in the edge joist where 
required edge spacing is taken into account. In order to harmonize rules, the 
height of the edge joist is used as the extremes of the accommodating volume 
for the threaded rods, but during tests the threaded rods has entered at flange 
level, and is a doable option that may increase the rotational stiffness of the 
MRF. Vibration serviceability is enhanced by increasing stiffness, damping 
and modal mass. The most efficient approach to influence serviceability 
depends on the fundamental frequency of the floor. 
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2) The cost of timber floor element with respect to comparable alternatives 
is high. How is this affecting the market share for timber floor elements 
for commercial buildings, and what can be done to increase the market 
share? 

Timber floor elements are nearly twice the cost of a comparable concrete 
hollow-core element, and the advantages in carbon emissions are currently 
not a legitimate argument for the construction industry. There is a complex 
reasoning behind this with many causes linked to a branch that is very little 
matured with respect to the steel and concrete industry. For timber floor 
elements to increase the market share, innovative, competitive and 
industrialized elements with high technical qualities and low economic risk 
need to be developed, documented and made available. The floor elements 
must respond to the requirements for adaptable buildings (see section 1.3.1) 
and enter into a process of standardisation of building components for timber 
building systems. The increased focus on ISO baseline curve for 
serviceability, with dynamic responses either determined analytically or 
numerically, is likely to increase the precision in vibration performance 
without regard to span length, and the possibility of varying floor 
performance levels will increase flexibility in design. In Paper I the effect of 
connections between floor elements was assessed as a resource-efficient 
approach to modify serviceability performance. 

3) The construction industry is well-known for risk aversion, and the 
awareness of the challenges of long-span timber floor elements is well 
expressed: How can this risk be further clarified, and what can be done 
to reassure the construction sector on this matter? 

In Paper VI a due SWOT-analysis was performed where key indicators of 
both risk and competitiveness was identified. Findings from the timber 
industry emphasise the importance of improved knowledge and precisions 
of costing. This concerns both capital expenditures of manufacturing and 
construction, and operational expenses throughout the service lifetime. 
Threats may predominately be associated with the lack of standardisation in 
timber building system. Opportunities are found in the level of 
prefabrication, potential of systematic feedback of expertise, and in the 
improved responsibility in planning and construction. Substantial potential 
is also found in modular commercial building applications and method for 
of joining timber components. The lack of precise methods for cost 
estimation of timber element manufacturing led to the development of a 
parametric accounting approach for estimation of manufacturing resources 
for timber elements. 
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4) Reducing GWP is a paramount responsibility for the construction 
sector. How can timber floor elements contribute to a sustainable 
development of the built environment? 

The reference to adaptable buildings is adopted in the present work because 
it addresses an essential concept in the future role of the built environment, 
and because it is closely related to the design of floor elements. The potential 
in energy savings and flexibility in use is often lost as floor plan layout is 
overlocked in early design phase. A building with long spanning primary 
structures and open architecture increases compliant building typologies and 
functionality and increases potential permutations of interior layout. Due to 
the attention to reduced GWP, the parametric accounting of manufacturing 
resourced developed in the present work is also addressing embodied carbon 
emissions (ECO2), and as can be seen in Paper III and Paper IV be used to 
optimised floor element with respect to ECO2. 

5) NFR has requested the deliverable from the doctoral work to contribute 
to a handbook on the use of the Woodsol building system. How can this 
be addressed? How can the data for a handbook be validated, and what 
are the conditions and requirements for a handbook related to timber 
floor elements? 

The present work has been devoted to the request from the NFR on a 
handbook. This deliverable is assessed to be most advantageous for the 
general development of timber floor elements. As demonstrated in all kind 
of technical developments, the exposure of solutions to the market is the 
most effective method to force developments ahead. Due to this, there has 
been a strong orientation towards applied research and the aim of 
demonstrating practicable methods to assist the market for long-span timber 
floor elements. 

In Norway an electronic handbook is freely available for concrete floor 
elements, readily guiding architects and engineers in the use of concrete 
floor elements. A comparable asset for long-span timber floor elements may 
be of significant assistance to increase the market shares of timber floors for 
adaptable buildings. This reference work could have the format of a 
handbook or a guideline that could be available through a website. In the 
process of answering to this request, information from architects, engineers 
and manufacturers was collected and elaborated with respect to the contents 
of a handbook. The data that such reference work should be based upon must 
comprise competitive designs, and the present work addressed both this 
topic and the conceptualisation of an optimisation framework that could be 
used to generate required data in Paper VI. 
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In Paper III an object function quantifying indicators of competitiveness is 
developed, and the method is applied to a timber component and assembly 
line operated by a major manufacturer in Norway and demonstrates good 
agreement with empirical data. In Paper IV the optimisation framework is 
built and executed and implications with respect to a ready reference work 
discussed. 

6) The amount of new engineered wood products, fasteners and adhesives 
continuously introduced to the market may be prosperous for the 
development of a competitive timber floor element, but the availability 
may also be challenging. How can the solution space be explored 
efficiently, and what are the requirements for the exploration?  

Timber flooring systems for long-span applications are normally glued thin 
flange elements with stiffeners and joists constituting the core. The number 
of joists and stiffeners, the internal added weight and insulation, and the 
dimensions of all members result in numerous potential combinations to be 
examined. This number increases drastically when the range of wood 
products and types of bonding are considered. When outfitting such as 
overlays and ceiling system is addressed, the number of combinations 
increase further. And finally, when support and load conditions and 
serviceability performance levels are regarded, the solution space is 
immense. With this many parameters, finding a competitive design is not 
manageable by manual exploration, and the solution space can in practice 
only confidently be investigated when assessed computationally. Based on 
this context, awareness of indicators of competitiveness and manufacturing 
cost-drivers, a holistic approach of exploring the solution space was 
conceptualised and developed. The approach incorporates: 

• parametric relationship between the specifications of a timber 
floor element and the overall resource consumption in the 
format of an objective function for optimisation 

• Quantification of added cost due to complexity of the floor 
element assembly (quantification of directionality) 

• Utilization of the retail assortment of standard material formats 
of applicable materials 

• Determination of vibration serviceability based on the method 
proposed in the second generation of Eurocode 5 implying 1) 
span length is not critical for the determination of performance, 
2) utilisation of the ISO baseline curve increasing flexibility in 
floor design, and 3) the computation is fast and, based on 
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statement in [95], offers a good compromise to more 
sophisticated numerical analyses. 

• Implementation of a suitable optimisation solver compatible 
with integer material dimensions 

The optimisation framework has demonstrated the possibility of a holistic 
design approach for timber floor elements incorporating all significant 
parameters for the optimum design of the floor element as applied in a 
building. 

The development of an automated numerical modelling of floor elements 
based on the same parametric system for geometric specification as for the 
analytical approach applied in Paper IV represents an unexplored potential. 
In combination with the probabilistic load model developed for use with 
Abaqus for human induced vibration (Annex A.IV) has the potential of 
increase precision when the importance of moment-resisting end constraints 
is apparent. This may not be adequately addressed in the analytical approach 
even though expressions for rotational stiffness in end constraints is 
implemented in the determination model [140]. 

7) What can be done to facilitate that methods and tools developed in the 
present work are utilized by future students at either MSc or doctoral 
levels for the common best of timber-based solutions as a means of 
improving the environmental performance of the built environment? 

This will be achieved by writing codes in a language much used by engineers 
and architects, and by making codes available. The codes incorporate a high 
level of commenting along the codes. 

The codes are written parametrically with the utilisation of common input 
files and customizable material databases, to facilitate collaboration between 
modules. The work may be implemented in BIM and the Architecture of 
Architecture (e.g. implemented in tools like Spacemaker). 

The codes may be considered as an early step to allow for the 
implementation of machine learning in the computational design of 
optimised timber floor elements, where feedback from customers/users can 
build a training set for improves timber floor performance 

4.3 Further work 
1) The present work can be used as a basis for comparing the structural 

response in terms of acceleration and velocity and the associated 
computational effort for a range of floor elements and spans, as determined 
for the following three methods: 
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a. The proposed analytical method for the second generation of 
Eurocode 5. 

b. Numerical analysis based on deterministic load models (time-
domain implicit analysis) 

c. Numerical analysis based on probabilistic load models (frequency 
domain random response analysis) 

The comparison should categorise the various floor element designs in the 
Floor Performance Level table of [96]. The effect of changing damping 
coefficient and the effect of changing internal mass could also be addressed. 
The tools and methods developed in the present work have prepared for this 
comparative analysis to be easily performed. By utilizing PSACHS for the 
generation of numerical models and the use of PARAPECHS for the 
analytical model, the same floor element can be built and assessed. The two 
codes use the same input file for specification of the floor element. The 
cumbersome definition of the probabilistic load model is given in Annex 
A.IV, and the deterministic load model with references to required 
parameters found in section 3.3.3. 

2) Timber floor elements is completion friendly. For timber floor elements with 
a continuous bottom flange, completion is particularly convenient. Time to 
completion, and consequently cost, is therefore associated with 
competitiveness with respect to comparable alternatives in concrete. The 
cost of transportation and installation must also be addressed as means of 
increased competitiveness. Due to the lower mass of long-span timber floor 
elements, the number of elements per transporting vehicle will be higher for 
timber than for concrete floor elements. This affects cost and carbon 
emissions. The required capacity of building crane will due to weight also 
be lower for timber than for concrete floor elements. The calculation can 
also be extended to comprise figures for adaption, dismantling and reuse of 
timber floor elements which in all cases has impact on competitiveness both 
in terms of cost and ECO2. The topic can be addressed, and comparisons 
made to provide more numbers of competitiveness of timber floor elements. 

3) There is a substantial potential for standardisation of timber building 
systems. Much work has been done on the topic, but efforts are scattered on 
a range of more or less particular cases. A comprehensive review of the topic 
must be performed, including related guidelines, and the scoping and 
conceptualisation of standardisation of timber elements, connectors and 
interfaces must be performed. An obvious part of the standardisation is 
Design for Disassembly and reuse. The standardisation must comprise 
requirements for adaptable buildings. 
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4) A floor element with thin field webs were designed and built during the 
present work. However, the doctoral project newer found resources to test 
this floor element in order to determine the accuracy of the numerical 
representation of floor elements with thin field webs. The floor element is 
stored at NTNU and may be used in future research. Technical drawings of 
the floor element is included in  

 
Fig. 38: Thin field web floor element 
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5 Reproducibility and information access 
Transparency and reproducibility in articles may be aided by making associated data 
and codes available. As argued in the present work, and in accordance with the 
proposal for future research, data is shared and reuse invited. 

The data from measurements and codes used herein is made available under standard 
publication license Attribution 4.0 International (CC BY 4.0) at https://bird.unit.no/ 

This license lets others distribute, remix, tweak, and build upon the work, even for 
commercial purposes, as long as the work using the resource credit the original 
creation. 

BIRD is a digital service that collects, preserves, and distributes digital material. 
Repositories are important tools for preserving an organization's legacy; facilitating 
digital preservation and scholarly communication. BIRD is a part of Unit 
(Norwegian Directorate for ICT and Joint Services in Higher Education and 
Research) and is a part of a national strategy on access to and sharing of research 
data. 

• The data from testing and codes for analysing structural response for the 
work on effects of interconnection between timber floor elements (relating 
to the work of Paper I) is made available here: 
https://hdl.handle.net/11250/2724776 

• The material data base, the PSACHS code for modelling and analysing 
timber floor elements in Abaqus, and required input files is made available 
here: 
https://hdl.handle.net/11250/2724786 

• The literature archive used in the present work is made available at the 
Timber Structures Research Group at NTNU. 
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Effects of interconnections between timber 
floor elements 

Dynamic and static evaluations of structural scale tests 

Abstract 
Long-span timber floor elements increase the flexibility of a building and exhibit a 
significant market potential. Timber floor elements are endeavouring to fulfil this 
potential, but building projects employing long-span timber floors have encountered 
drawbacks. High costs and vibration performance are challenging, and the timber 
industry is under substantial pressure to find attractive solutions for building 
components with otherwise favourable environmental features. Only a few existing 
studies have investigated serviceability sensitivity in relation to timber floor 
connections. Interconnections are inexpensive to produce and install and may offer 
a resource-efficient approach to improving serviceability performance. In the present 
study, the effect of interconnections is investigated in a full-scale structural test. 
Floor elements positioned in different configurations have been tested for static and 
dynamic performance using different types of interconnections. The observed effects 
of interconnection types vary according to the configuration and direction of mode 
shapes, and are assessed in terms of shift in frequency, damping and resonant energy. 
These can all be utilised in combination with observed differences in the deflection 
parameter. The present work demonstrates that connections between timber elements 
have significant effects on timber floor serviceability and may offer interesting 
solutions to improve the vibration performance of long-span timber floors.  

Keywords 
Long-span timber floors; interconnections; full-scale test; static performance; 
dynamic performance; serviceability. 

1 Introduction 
The greater utilisation of timber in the building sector has the potential to contribute 
to reductions in greenhouse gas (GHG) emissions, which represent a major and 
universal challenge to the sector. Global population growth and urbanization are 
placing increasing demands on a need for multi-storey, space-efficient, sustainable 
and flexible buildings. For timber to become an attractive building material under 
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current market conditions, innovative and competitive concepts must be developed, 
proven and effectively marketed. The development of open architectures and long-
spanning primary structures has the potential to enhance the competitiveness and 
environmental performance of timber-based buildings. Such features increase the 
scope of compliant building typologies, functionality and potential interior layout 
permutations (Gosling et al. 2013). It is currently technically feasible to design a 
timber floor of ten metres span with acceptable acoustic performance. The challenge 
is however to offer the market floor elements with competitive designs at an 
acceptable commercial risk with proven static and dynamic performance of 
serviceability. 

Numerous criteria may be used to assess timber floor serviceability, and although 
the physical principles are similar to human discomfort during horizontal motion, 
the topic is less matured and no international agreement of evaluating serviceability 
have been established. In general terms, floor serviceability criteria involve the use 
of a deflection constraint for flatness, and a frequency constraint that addresses 
human perception. The criterion commonly used by Hu and Chui (Hu 2004) is based 
solely on these two constraints. However, most other approaches employ a dynamic 
constraint, either in the form of a Vibration Dose Value (ISO 2007), an RMS-
acceleration for resonant response (Smith et al. 2009), or an RMS-velocity for 
transient response (Ohlsson 1988) that serves to improve the description of what are 
perceived to be troublesome vibrations. Recent developments resulting from work 
carried out in Working Group 3 of the CEN TC 250/SC 5 (CEN 2018) are likely to 
introduce more adaptable criteria that incorporate categorisation into performance 
classes. As is clear from published reviews (Zhang et al. 2013, Negreira et al. 2015), 
all documented methods exhibit benefits and drawbacks and will lead to different 
floor designs for the same application. 

The second major challenge facing the timber floor construction sector is how to 
boost serviceability and market competitiveness while keeping resource 
consumption low. A focused exploration of the solution space related to typologies 
and innovatively engineered timber products is a challenging task. A less studied 
approach has been the assessment and utilisation of performance differences when 
comparing single floor elements with contiguous flooring systems. The assembly of 
floor elements to form a functional flooring system may involve the use of a variety 
of connections and configurations. The use of connections may represent a cost-
effective approach to altering the dynamic response of a flooring system without 
changing the overall design of the basic floor element.  

Only very few investigations have been published on the topic of connections, and 
generally with the aim of establishing guidelines governing the cost-efficient 
adaptation of floor elements to different applications. Comparisons of differences in 
performance of floor elements with continuous and discontinuous sheeting have 
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been presented in (Burch et al. 2016), and similar results are expected for 
comparisons between floor elements. Weckendorf et al. (Weckendorf and Smith 
2012) present a study of the effects of both interconnecting elements and 
intermediate supports in the context of Cross Laminated Timber (CLT) construction. 
Ebadi et al. (Ebadi et al. 2016, Ebadi 2017) document the results of a study of the 
low-amplitude dynamic responses of a one-way spanning floor element. One out of 
nine floor configurations (Floor 5 in their study), demonstrated the effect of 
interconnected adjacent floor elements contributing towards increased composite 
action. This study concluded that the first fundamental frequency and deflection 
parameters remain unchanged, but that frequency spacing between adjacent modes 
decrease for higher mode shapes. In another study carried out by Weckendorf et al. 
(Weckendorf et al. 2016), mode shapes, frequencies and damping are interpreted to 
be strongly dependent on the construction details of end and edge restraints, as well 
as the method of interconnection between the elements making up the flooring 
system. In Weckendorf et al. (Weckendorf et al. 2016), the authors address the 
influence on boundary conditions of timber floors in the context of both design 
strategies and damping. Ignoring the semi-rigid connections between CLT elements, 
by assuming either an absence of connections or full continuity, leads to significant 
inaccuracies in predictions of mode shapes and frequencies. This is also pointed out 
in a study by Ussher (Ussher et al. 2017), which investigated half-lap screwed 
interconnections. In Labonnote et al. (Labonnote and Malo 2010), a main effects 
analysis indicated that connection stiffness and element width exert a significant 
influence on the Hu and Chui (Hu and Chui 2004) criterion. This study demonstrated 
that the vibration properties of floor elements improve with increasing width, and 
that the influence of interconnections between elements is closely related to element 
width. Weckendorf (Weckendorf et al. 2014) investigated the effects of on-site 
horizontal transmissions within floor substructures forming contiguous flooring 
systems, but the boundary conditions are not comparable.  

The objective of this study is to adapt the comfort performance of elements in a 
flooring system in a way that reduces costs and environmental impact. This has been 
achieved by investigating whether interconnections between timber floor elements 
can be used as the basis for a resource-efficient approach to enhance serviceability 
performance. Full-scale floor elements are positioned in a variety of configurations 
and then tested for static and dynamic performance using different types of 
interconnections. Interconnections are mounted both transversally and 
longitudinally, and tied to floor element edge members while varying the number of 
fasteners. Comfort properties for floor elements are related to damping, but the 
quantification of damping is challenging. Total damping consists of material 
damping and structural damping. Whilst material damping may be estimated from 
the strain energy method (Ungar and Kerwin Jr 1962, Adams and Bacon 1973), the 
structural damping is difficult to predict because it is linked to detailing in the design 
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and execution of the floor element and its supporting structures (Labonnote et al. 
2015). Full-scale tests are therefore an important yet expensive measure to obtain 
credible values of total damping.  To the authors’ knowledge, the present study is 
the only investigation to date addressing interconnections between cassette type 
timber floor elements. 

2 Materials and Methods 

2.1 Geometry and material properties 

Three Closed Hollow Section (CHS) floor elements with two different spans are 
studied: Two identical long floor elements (L) and one short floor element (S). A 
cross-section of two parallel floor elements viewed in the direction of the span is 
shown in Fig. 1. The floor element cross-section and material selection was based 
on studies reported in (Nesheim and Malo 2018). Each of the floor elements has a 
continuous frame of two joists  and transverse end beams  in 405 x 140 GL30c. 
In the main load carrying direction three field joists  in 405 x 66 GL28c are fitted 
between the end beams. The cavities are filled with gravel type 8/16  with mass 
corresponding to a distributed 100 kg/m2 for improved acoustic performance. The 
floor has a continuous top  and bottom  flange of 43 and 61 mm Kerto-Q, 
respectively. The frame including field joists is both glued and screwed with liquid 
gap filling phenol-resorcinol adhesive (Dynea 2017) and self-tapping double 
threaded fastener (SFS WT-T 8.2 x 220), whilst the flanges were structurally glued 
together with the same adhesive, but without fasteners. When floor elements are 
combined laterally, they are referred to as flooring system, and in current study the 
flooring system is simplified and arranged as two elements either in parallel or series. 
The floor elements of the Woodsol building system is an inherent structural 
component in the Moment Resisting Frames (MRF), joined to the columns with 
Moment Resisting Connectors (MRC). In the current study the columns were 405 x 
450 GL30c, stretching 450 mm in the direction of the span. The MRC consisted of 
two parts connected with M30 grade 12.9 friction bolts with a rated tightening torque 
of 2.5 kNm. The parts of the MRC are connected by threaded rods to the floor 
element edge joists, and columns. See light blue and dark blue dashed lines of Fig. 
2. The length of the MRC was 285 mm in the direction of span. The long elements 
(L) were 4.7 m between end supports, designed at half the span of a typical floor 
element for the Woodsol building system (Stamatopoulos and Malo 2018), while the 
short floor (S) was 3.8 m long. The corresponding system lengths (centre of columns) 
was 5.72 and 4.82 m. The length of the floor elements and the quantity of internal 
mass was based on assessments related to acoustic testing (Conta and Homb 2020). 



PART II: Dissemination – Paper I 

105 

 
Fig. 1 Floor element cross-section (configuration 3) 

2.2 Test specimen configurations 

At floor level each face of a column can accommodate one MRC, hence parallel 
floors share an MRC, whilst elements in series are connected to separate MRC. 
Principally the floor element is suspended as illustrated in Fig. 2. and the MRC is 
represented by a set of normal springs with various stiffness in the cartesian 
directions. In Fig. 2. the x-direction spring (D1) is visible. The columns are supported 
on hinges with no rotational stiffness about the Y-axis. In the test the floor elements 
were mounted with the bottom of construction levelled 2 m above ground. Details 
on the MRC can be found in (Vilguts et al. 2018). 

 
Fig. 2 Spring arrangement for deck in longitudinal direction (left: principle of MRC, 
right: physical realization) 

Four different configurations of floor elements were tested. Configuration one 
through three have floor elements in parallel, whilst configuration four have floor 
elements in series. See Fig. 3 and Fig. 4, respectively.  
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Fig. 3 Plan of configuration 1 through 3 (floor elements in parallel) 

 
Fig. 4 Plan of configuration 4 (floor elements in series) 

When floor elements are mounted in parallel, the flooring system differs only by the 
type of interconnection between the elements. Fig. 5 show the three different 
connections used for floor elements in parallel. 

   

C1 C2 (principally related to C4) C3 

Fig. 5 Section view (in direction of span) of element interconnections: C1: No 
connection, C2: Board/bridge connection with twin row of fasteners at top and bottom 
level, C3: Intersecting connection with single row of fasteners at both levels.  
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In configuration 1 (C1) there are no interconnection between elements, and the 
elements are structurally related only through common columns. In configuration 2 
(C2), a section similar to the upper and lower flange is attached between adjacent 
longitudinal edge joists with a number of screws, and in configuration 3 (C3) the top 
and bottom flange is respectively extended and retracted to facilitate an intersecting 
connection with the flanges of the adjacent floor element. The torque on the bolts of 
the MRC is affecting the rotational stiffness between column and floor element. 
Configurations C1 and C2 is tested with rated torque on the bolts of the MRC. 
Because the rated tightening torque of the M30 bolts require hydraulic torque tools, 
the bolts of the MRC were tightened to 1 kNm achievable by manual labour for the 
reminder of the tests.  

In configuration 4 (C4) floor element S is mounted in series with element L. The C4 
test sequence starts with floor elements connected only through their common 
columns, advancing with the installation of a bridging component mounted as a 
transverse interconnection between the floor elements, principally like C2, but with 
shear capacity. The bridging component covers the open space caused by the 
columns and the required space of the MRC (see Fig. 6). The bridging component is 
constructed from a central transverse web and two longitudinal edge webs all in 
GL28c 66 x 405 mm. The flange plates are identical to the flanges of the floor 
elements. The bridge piece was not filled with additional mass. 

The pattern of fasteners is chosen from combined considerations of required edge 
spacing, a desired fastener at mid span, even centre to centre distance, and allowance 
for systematic increase in the number of fasteners. For C2 and C3 fasteners was 
positioned according to Fig. 7  and Fig. 8, and for C4 according to Fig. 6. For C2 the 
minimum amount of fasteners was three per row, at two rows per board. For C3 and 
C4 the minimum amount was one fastener per row. The sequence of fastening was: 
one central screw when applicable, three fasteners by adding one screw at each end 
of the row. Further fastening was then achieved by adding screws between existing 
screws.  

The screw pattern distance was 245 mm for longitudinal interconnections (C2 and 
C3), and 240 mm for transverse interconnection (C4). The fastener used was a partial 
threaded flange head Ø8 mm by 160 mm for top flange, and 180 mm for the bottom 
flange (SFS-HT-T-FH-PT). The nail plate used in C4 was a Rothoblaas LBV 2.0 x 
1200 x 100 mounted in series to cover the width of the bridge. Rows of 50 screws 
per meter was mounted at each longitudinal edge of the nail plate. 
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Fig. 6 Fasteners C4 (9 screws at each row and level) 

 
Fig. 7 Fasteners position for C2 (19 screws at each row and level) 

 
Fig. 8 Fasteners position for C3 (19 screws at each level) 

2.3 Design of experiments 

The design of experiments is presented in Table 1 and Table 2. Both tables follow 
the same setup: ID column are configuration identifiers separated by a running 
number. Interconnection columns contain number of screws per row, and an 
additional parameter specifying the particulars of the interconnection: For floor 
elements in parallel stating the MRC torque, and for floor elements in series stating 
whether nail plates are used. For C4 top and bottom flange fastening has separate 
columns. Performed tests are given in the last three columns. The selected tests were 
designed to study variation in deflection and modal parameters as the interconnection 
between the floor elements was altered. Due to limitations of time and changing 
boundary conditions, not all tests was performed for the various configurations and 
interconnections. As can be seen only a few rowing hammer tests was performed. 
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For floor element in parallel rowing hammer tests was performed only for the 
weakest and strongest connection where the MRC is tightened at rated torque. The 
shaded area identifies factors used in the statistical analysis of structural response as 
described in section 2.6. 

Table 1 Test sequence of floor elements in parallel 

 
Table 2 Test sequence of floor elements in series 

  

2.4 Data collection 
2.4.1 Weightand moisture content 

Weight of the floor elements was mL = 2450 kg and mS = 1865 kg, including 
additional mass. Weight of the MRC parts were 4 pieces of 18 kg and the associated 
threaded rods were 16 pieces of 1.5 kg, in addition to weight of adhesive and 
fasteners (~10 kg). Moisture content was 10.5 % for glulam, and 11.0 % for LVL. 
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2.4.2 Excitations 

Two dynamic and one static excitation test protocol was designed for the study. 
Types and positions of sensors and excitation source are given in Annex A.II. 

2.4.2.1 Experimental Modal Analysis (EMA) 

Rowing Hammer Method (RHM) (Labonnote 2018) was applied to quantify out-of-
plane deformation modes and damping. The method assumes linearity and time-
invariance to fulfil the Maxwell's reciprocity theorem (Pavelka et al. 2015). The 
response was measured by a stationary ceramic/quartz impedance accelerometer 
type 8770A50 (Kistler 2008), and the excitation by the 8210 sledge (Brüel & Kjær 
2012). With a mass of 5.44 kg and with the soft impact tip it produces a 10 mS 
duration impulse with a maximum force of 500 N. The excitation grids and position 
of the accelerometer for the tested configurations are given in Annex A.I. 

2.4.2.2 Cyclic load 

An Eccentric Mass Vibrator (EMV) (Anco Engineers 2010) was used to excite the 
floor element dynamically from 5 Hz to 30 Hz during a 2 min sweep. The EMV was 
mounted to the floor element through an adaptor plate tied to the floor element at 
mid-point. Two accelerometers monitored the response; one at EMV (applicator) 
and one at immediate proximity to the centre of the bottom flange (receiver). Both 
accelerometers was type 8770A50 (Kistler 2008). In addition to floor accelerations, 
the exciter frequency was recorded. The force from the exciter varied from 50 N to 
750 N depending on frequency. Data were recorded at 1200 Hz. The dynamic 
loading was produced by four rotating weights on two shafts. The weights counter-
rotate to retain a uni-directional force. The magnitude of the dynamic loading is 
controlled by the eccentricity of the weights. By turning the angles of the weights, 
the eccentricity can be adjusted from 0% to 100%, corresponding to the range from 
zero to 0.12 kg ∙ m. The weights were chosen with 30% eccentricity. 

2.4.2.3 Point load deformation 

A point load was applied at the centre of the top flange via two Ø8 mm tension bars 
connected to load cell and with the loading located under the floor element. The 
tension bars was affixed to a 16 mm steel plate distributing the load to the 
underlaying 200 cm2 load pad as advised in the timber floors test method (CEN 
2018). Because the cross section of the floor element was designed for twice the 
span, the standard unit load of 1kN was increased to 10 kN. The point load idled at 
maximum load for 5 min to expose creep, before it was released to the unloaded 
state. The rate of loading and unloading was 6 ⅔ N/s for floor elements in parallel 
(loading from water balloon as illustrated in Fig. 9), and ⅓ kN/s for floor elements 
in series (loading from hoist anchored to ground). The response was sampled at 2Hz. 
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A 50 kN load cell was used (HBM 2019), and the displacements were recorded with 
Linear Variable Differential Transformers (LVDT) (HBM 2019), see Fig. 9. 

 
Fig. 9 Illustration of load and load cell application 

 
Fig. 10: Static load test situation image 

2.5 Numerical representation 

Numerical analysis was performed using Abaqus (Dassault Systèmes 2017). 
Members of the core were modelled as solids, while shell elements were used for 
flanges. The interconnections were modelled by shell members tied to the flanges. 
The representation differs from the study performed in (Ebadi et al. 2017), where 
connecting elements and joists are modelled as simplified 2D quadratic Timoshenko 
orthotropic element and spring elements for interconnections were used. Particular 
care was taken for the numerical model to be able to represent accurate eigen 
frequencies and bending modes, and the selection of elements was done in 
accordance with (Nesheim and Malo 2018). Eight-node brick element (C3D8) were 
used for all members of the core, whilst four-node shell element (S4) was used for 
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flanges. A surface was put on top and bottom of the floor elements to manage loads 
and responses. These are modelled with the four-node quadrilateral surface element 
(SFM3D4). Columns are modelled with solids in C3D8. Each of the four threaded 
rods of the MRCs was modelled as a linear cartesian connector with the following 
properties with respect to the global axis system, where 1 is longitudinal, 2 is 
transversal and 3 is vertical direction: 

𝑫𝑫 = {𝐷𝐷1 𝐷𝐷2 𝐷𝐷3} = {12.2 3.715 7.425} ∙ 106     �
𝑁𝑁
𝑚𝑚�

 

The modelling did not consider variation in tensioning of the bolts on the MRC, and 
D was computed to represent a constant rotational stiffness of 2 MNm/rad between 
the column and each end of the edge joists of the floor element. To allow a realistic 
force employment from the point loads of the MRC, a reinforced skin modelled as a 
S4 shell was attached to timber faces covered by the MRC. The skins were all 
modelled as 27 mm S355 steel plate. Added weight of 100 kg/m2 was applied to the 
bottom flange to represent internal mass, whilst 15 kg/m2 was added to top flange to 
represent adhesive and fasteners. 

2.6 Statistical evaluation 

A statistical evaluation was performed to reveal main effects and the level of 
significance each factor had on the response of the flooring system. The design of 
experiment, as explained in section 3.3, was transformed to matrices of factors 
(columns) and runs (rows) corresponding to the shaded area of Table 1 and Table 2. 
The statistical assessment was performed in Minitab. Hu and Chui (Hu and Chui 
2004) criterion (1) was used to evaluate changes in performance as alterations in the 
interconnections changed fundamental frequency (f1) and unit point load deflections 
(w). Similarly, changes in dynamic responses was evaluated using the expressions 
for root mean square of acceleration (2) and velocity (3) as described in (Abeysekera 
et al. 2019).  

� 𝑓𝑓1
18.7�

2.27

𝑤𝑤
> 1 

(1) 

𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟 =
𝛼𝛼 ∙ 𝐹𝐹0

7 ∙ 𝜁𝜁 ∙ 𝑀𝑀∗ (2) 

α Fourier coefficient 𝛼𝛼 = 𝑒𝑒−0.4∙𝑓𝑓1 F0 Vertical force imposed by walking 
person (700 N) 

ζ modal damping ratio M* modal mass 𝑀𝑀∗ = 𝑟𝑟𝑚𝑚𝑚𝑚
4

 
m Mass (kg) of floor per unit area (m2) L span of floor (m) 
B Width of floor (m)   
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𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐾𝐾𝑖𝑖𝑟𝑟𝑖𝑖 ∙
0.7 ∙ 𝐼𝐼𝑟𝑟
𝑀𝑀∗ + 70

(0.65 − 0.01 ∙ 𝑓𝑓1)(1.22 − 11 ∙ 𝜁𝜁)𝜂𝜂 (3) 

Kimp  Higher modes multiplier for transient response 𝐾𝐾𝑖𝑖𝑟𝑟𝑖𝑖 = 𝑚𝑚𝑎𝑎𝑚𝑚 �0.48 �𝑚𝑚
𝑚𝑚
� �𝐸𝐸𝐸𝐸𝐿𝐿

𝐸𝐸𝐸𝐸𝑇𝑇
�
0.25

1
 

EIL Longitudinal bending stiffness 
(Nm2/m) 

EIT Transverse bending stiffness (Nm2/m) 

lm Mean modal impulse 𝑙𝑙𝑟𝑟 = 42∙𝑓𝑓𝑤𝑤1.43

𝑓𝑓11.3  fw Walking frequency (Hz) 

𝜂𝜂 = �1.52 − 0.55 ∙ 𝐾𝐾𝑖𝑖𝑟𝑟𝑖𝑖   1.0 ≤ 𝐾𝐾𝑖𝑖𝑟𝑟𝑖𝑖 ≤ 1.5
0.69   𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒

 

3 Results 

3.1 Numerical analysis 

Eigen frequencies from finite element analysis (FEA) are presented in Table 3. The 
first column of the table contains a reference to the images in Table 4 for the 
associated modal shapes. No differences were made in the numerical representation 
of floor elements with longitudinal interconnection (C2 and C3), and the numerical 
representation is of C2 with 19 screws. The direction of view is arranged to match 
the view of corresponding configurations in Table 5. Due to the wide edge joists 
made to accommodate the threaded rods, the longitudinal bending stiffness (EIL) is 
higher at the element edges compared to the field. Furthermore, since the bending 
stiffness transversally (EIT) is low, transverse mode orders dominates the mode 
shapes, typically in combination with first longitudinal mode of the field of the floor 
element. 

Table 3 FEA fundamental frequency analyses 

Table 4 Boundary condition Frequency [Hz] Description of mode shape 
L1 Single element attached 

to column through MRC 
L 38.83 1st transversal (element) 

L2 50.36 2nd transversal (element) 
S1 S 46.21 1st transversal (element) 
S2 56.86 2nd transversal (element) 

C11 C1 (uncoupled elements type 
L) 

22.82 1st transversal (diaphragm) / RB roll (element) 
C12  38.87 2nd transversal (elements out-of-phase viewed) 
C13  50.38 3rd transversal 
C14  52.06 1st torsional 
C21 C2 19s (coupled elements type 

L) 
24.61 1st transversal (diaphragm) 

C22  32.72 2nd transversal 
C23  37.7 1st torsional 
C24  39.42 3rd transversal 
C41 C4 (L and S in series) modelled 

as nail plates on top and bottom 
23.57 L-dominated 1st torsional (element roll) 

C42  29.96 S-dominated 1st torsional (element roll) 
C43  35.15 1st longitudinal (L-dominated) 
C44  39.36 L-dominated 1st transversal 
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Table 4 FEA fundamental frequency mode shapes 

 

3.2 Rowing Hammer experiments 

Table 5 presents governing mode shapes from 1 to n with corresponding frequencies 
(fn) and damping (ζn) for the flooring system as measured by rowing hammer testing. 
The grids for the rowing hammer positions are visualized in Annex A.I Fig. 17 and 
Fig. 18 for floor elements in parallel and series, respectively. Due to the low vertical 
stiffness of the MRC, rigid body motions were large with respect to modal 
deformations. Furthermore, since the objective of the present work is focusing at the 
relative movement between the floor elements, the rigid body motions was excluded.  

Table 5 EMA frequency and damping results floor elements in parallel 
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Table 6 EMA frequency and damping results floor elements in series 

 

3.3 Cyclic loading experiments 

Responsive energy is characterised by Power Spectral Density (PSD) of 
accelerations of the floor elements due to imposed dynamic loading is charted in Fig. 
11 and Fig. 12. Corresponding peak values is given in Table 7. The magnitude of 
dynamic loading as generated by the EMV is controlled by the crank weight, 
eccentricity (set at 30%), and angular frequency squared as given in (4). 

𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸(𝑓𝑓) = 0.12𝑘𝑘𝑘𝑘𝑚𝑚 ∙ 30% ∙ (2𝜋𝜋𝑓𝑓)2 (4) 

Responses below 20 Hz are related to rigid body motions and are disregarded. These 
are succeeded by modal shapes associated with behaviour of the floor elements, 
starting with responses for the floor acting as a common diaphragm from 22 to 25 
Hz. The vertical motions of the floor elements are mainly caused by deflections in 
the MRCs, which were large compared to deformations associated with the floor 
elements. Hence, modal properties of the isolated flooring system were not obvious 
from a standard FFT-analysis. However, by applying Welch’s method (Welch 1967) 
the modal deformations associated with the flooring system appear distinctly in the 
PSD charts as seen in Fig. 11 and Fig. 12. For C4, the peaks at 30 Hz is disregarded. 
These peaks are associated with resonance in the EMV due to a frequency sweep out 
of range. 
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Fig. 11 Logarithmic plot of PSD for responses in configurations 1 to 3 

 
Fig. 12 Logarithmic plot of PSD for responses in configuration 4 
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Table 7 Dominant resonant peak properties from Welch method 

Description ID 
1st dominant 2nd dominant 

Frequency Value Frequency Value 
[Hz] [(m/s2)2/Hz] [Hz] [(m/s2)2/Hz] 

C1 c1_2 34.60 0.0038 37.38 0.0024 
C2 3s c2_0 34.54 0.0097 37.18 0.0005 
C2 5s c2_1 34.73 0.0072 37.44 0.0008 
C2 9s c2_2 34.78 0.0021 37.28 0.0015 
C2 19s c2_5 35.11 0.0026 37.39 0.0010 
C3 0s c3_0 35.02 0.0071 37.52 0.0011 
C3 19s c3_5 35.44 0.0043 37.49 0.0004 
C4 0s c4_1 35.12 0.0062 39.34 0.0180 
C4 3s c4_3 35.69 0.0013 39.35 0.0077 
C4 5s c4_4 36.30 0.0017 39.43 0.0088 
C4 9s c4_5 36.29 0.0026 39.30 0.0052 
C4 9s npTop c4_6 37.11 0.0018 40.05 0.0061 
C4 9s npTopBtm c4_7 36.93 0.0068 40.79 0.0030 
C4 9s npTop looseBtm c4_8 36.42 0.0018 39.35 0.0087 

3.4 Unit load deflection 

As explained in 3.4.2.3, due to assumed linearity the point load was increased to 10 
kN to have measurable deformations. Deformations at unit load (1 kN) were then 
calculated by regression analyses of the measured deformations from the entire 
loading protocol. R2 were typically above 96%. Relative deflection and Root Mean 
Square Error (RMSE) were calculated for all response parameters and compiled into 
tables. Table 8 and Table 9 contain dimensionless responses as relative deformations 
with respect to C1_A for floor elements in parallel, and to C4_1 for floor elements 
in series. In Annex B Table 11 and Table 12. RMSE from the regression analyses is 
found. Only the most relevant measurements are displayed in Table 8 and Table 9. 
Compression of sensors yield positive number. 

3.4.1 Floor elements in parallel 

The reference denoted C1_A is the average structural responses of C1_0 and C1_1. 
Similarly, C2_3 and C2_4 is replaced with an average C2_A. C1_A and C2_A are 
the tests where the friction bolts of the MRC are tightened at rated prestressing torque 
(2.5 kNm). Note that ZAmean1and4 is the mean value of ZA1 and ZA4. RYatCon 
and RXbtwFlr is respectively relative rotation in radians about Y-axis between 
column and edge of floor element, and relative rotation about X-axis between 
longitudinal adjacent floor elements.  
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Table 8 Relative deflection of selected positions with respect to C1_A 

ID ZA0 ZA2 ZAmean1/4 ZA5 ZA6 ZR0 RYatCon RXbtwFlr 
[1] [1] [1] [1] [1] [1] [1] [1] 

c1_A 1 1 1 1 1 1 1 1 
c1_2 1.062 1.353 1.168 0.733 1.057 1.156 0.059 Invalid 
c2_0 1.062 1.096 1.108 0.728 0.980 0.582 -2.154 1.386 
c2_1 1.025 1.208 1.035 0.721 0.983 0.475 -2.776 1.128 
c2_2 1.016 1.092 1.018 0.703 0.976 0.316 -0.861 2.056 
c2_A 0.976 1.189 0.858 0.959 0.984 0.017 -0.545 2.129 
c2_5 1.038 1.129 0.990 0.697 0.983 0.126 -2.102 2.353 
c3_0 0.800 1.099 0.986 0.861 1.000 0.551 -0.809 0.326 
c3_1 0.952 1.328 0.815 0.881 1.024 0.254 -0.212 0.644 
c3_2 0.868 1.060 0.800 0.834 1.014 0.063 -1.415 0.766 
c3_3 0.880 1.325 0.918 0.869 1.023 0.116 -0.665 0.822 
c3_4 0.913 1.270 0.797 0.849 1.031 0.000 -1.258 1.214 
c3_5 0.878 1.399 0.880 0.879 1.022 0.000 -1.215 1.814 

 

3.4.2 Floor elements in series 

Note that ZAmean0and4 , ZAmean3and9 and ZAmean7and8 is the mean value of 
ZA0 and ZA4, ZA3 and ZA9, and ZA7 and ZA8, respectively. RYbtwFlr is the 
relative rotation in radians about Y-axis between the two end beams (transversal part 
of floor element frame) facing the bridging component. 

Table 9 Relative deflection of selected positions with respect to C4-1 

ID ZAmean0/4 ZA1 ZA2 ZAmean3/9 ZA5 ZA6 ZAmean7/8 RYbtwFlr 
[1] [1] [1] [1] [1] [1] [1] [1] 

c4_1 1 1 1 1 1 1 1 1 
c4_2 0.991 1.043 1.194 1.039 0.991 0.991 1.107 0.995 
c4_3 0.986 2.753 2.249 0.961 0.997 1.021 3.740 0.801 
c4_4 0.961 2.912 2.857 0.957 0.976 1.009 3.993 0.826 
c4_5 0.971 2.969 2.288 0.943 0.983 1.026 4.392 0.718 
c4_6 0.906 3.704 2.593 0.888 0.922 0.996 5.521 0.452 
c4_7 0.823 4.210 3.099 0.992 0.927 1.004 8.078 -0.066 
c4_8 0.841 3.153 2.516 0.996 0.949 1.018 5.355 0.938 

3.5 Statistical assessment 

A full factorial analysis was generated based on the dimensionless responses from 
the point load. The included terms in the model were seven terms for floor elements 
in parallel (three factors: See shaded columns of Table 1), and 15 for floor elements 
in series (four factors: See shaded columns of Table 2). Two-sided confidence level 
for all intervals was set to 95%. Data from the analyses was exposed in three charts: 

1) Pareto chart to expresses the absolute values of standardized effects in 
ascending order aiding to determine the magnitude and importance of the 
effects of the factor. The reference line in the chart indicate which factor that 
is statistically significant at the given significance level. 
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2) Main effect chart to show how the fluctuation in mean response as the level 
of a factor moves between its extremes. 

3) Interaction chart to express the relationship between one factor and the 
continuous response depending on the value of a second factor. An 
interaction implies that the response due to one factor depends on the level 
of the other factor. 

These charts are the results of the analysis, and the charts are used in the discussion. 
The charts are given in Annex C. 

4 Discussion 

4.1 Comparison of dynamic responses 

The most significant effect of tying the floor elements together is the advancing 
formation of modal shapes where the elements are responding as a common 
diaphragm. In mode shapes where energy is dissipated in the interconnection, 
structural damping is increasing, and frequency is shifted depending on the direction 
of the mode and the mode order. Mode interactions is complicating the 
interpretation. To assist in the assessment of the influence of interconnection, the 
responsive energy is therefore examined: The power intensity of the accelerations as 
function of frequency, as described by the PSD, reveal information on how the 
flooring system is responding at a given frequency band by assessing the amplitude 
and width of peaks. The influence on human perception of vibration is in the present 
work evaluated from a combined examination of shift in frequency, damping and 
responsive energy, and the floor elements in parallel and in series are discussed 
separately. In the discussion, reference to mode shapes are made with respect to 
Table 5 and Table 6. Interpretation of the PSD are challenging because the peaks are 
separated with nearly equal spacing, indicating that the peaks can be associated with 
harmonic components of the same mode. Furthermore, the frequency range of the 
EMV was not high enough to actively stimulate the vibrations of interest, and the 
analysis was trusting random vibrations of higher harmonics to be developed by the 
vibration source. 

For both floors in parallel and in series, the effect of tying floor elements together is 
characterized in the PSD as a flattening of the resonant energy. This has the effect of 
reducing the susceptibility of fundamental frequencies responding as a distinct peak, 
making the flooring system less disposed to resonance from a single frequency 
source. The peaks tend to agree with fundamental mode orders starting with 
transverse mode. 
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4.1.1 Floor elements in parallel 

The longitudinal interconnection constrains relative movements between floor 
elements, and depending on the mode shape, the interconnection will be subjected 
to axial and shear stresses. For modal deformations longitudinally, the effect of the 
interconnection on bending stiffness is neglectable, and it is evident that the modal 
mass increases with respect to the bending stiffness causing a reduction in frequency. 
This mechanism is reflected in the numerical analyses where eigen frequencies for 
first common mode decreases with 15.8 %. This is also demonstrated in the 
experimental results where eigen frequencies from EMA suggest a decrease by 19.1 
% from f6, C1_0 (40.8 Hz) to f4, C2_3 (33.0 Hz) for modes dominated by longitudinal 
deformations. This interpretation supports findings in (Ebadi et al. 2016, Ebadi 
2017). No significant change in damping was observed for this mode.  

For transverse mode shapes the trend is different: The increase in bending stiffness 
of the flooring system caused by the interconnection is significant with respect to the 
limited bending stiffness the floor element has transversally. From uncoupled to 
coupled elements (C2_3), the numerical analysis yields a shift in eigen frequency for 
first transversal mode upwards from 22.8 Hz to 24.6 Hz (7.9 %), comparable to the 
EMA which changes from 22.0 Hz for f1, C1_0 to 24.8 Hz for f1, C2_3 (12.4 %). For this 
mode for C2_3, the interconnection is activated in-plane and perpendicular to the 
length of the interconnection, and the axial stress cause no significant change in 
damping. 

For the second transversal mode (f2), the interconnection is activated for shear stress 
perpendicular to plane and the damping ratio is increased from 0.75 % to 1.32 %. As 
can be seen from comparing the matching first two transversal modes (f1 and f2) of 
C1_0 and C2_3, it is evident that the shift is attributed structural damping in the 
interconnection. Shear deformation of both the interconnector and the floor elements 
generally render high damping. This supports the findings in (Labonnote et al. 2013). 

Advancing to f3, torsion of the floor elements is causing shear dominant stresses, 
and the damping of C1_0 where there is no interconnection, are also generating high 
damping. When tying the floor elements together, the same mode is seen in f3, C2_3, 
and structural damping from the shear stressed connection is increasing the total 
damping from 1.31 % to 2.13 % as system boundaries alter. The torsional modes are 
however significantly stimulated by the low vertical stiffness of the MRC, and would 
undoubtedly be less evident if the vertical motion of the floor element supports was 
more constrained. 

In mode order five, the damping is high for both configurations: For C1_0, the mode 
is the second transverse mode. The damping is higher than for the first transverse 
mode, and lower than for the third transverse mode (f8, C1_0), strengthening the finding 
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of increased damping for increasing mode order, supporting the findings in 
(Labonnote et al. 2013). 

For floor elements in parallel, as stiffness in the interconnection is increased, the 
frequency spacing between adjacent modes decrease, supporting findings in (Ebadi 
et al. 2016). 

4.1.2 Floor elements in series 

Due to the geometry and the support conditions, the interconnection is only subject 
to axial stresses, and shear due to bending from connected floor elements. Shear 
stresses from deflection is predominantly transferred to the columns. The bridging 
component requires both top and bottom flange to be connected to increase the 
bending stiffness of the flooring system. This is observed in the EMA particularly 
for C4_1 (loose bridge) from which the frequency is slight increasing with increasing 
stiffness of the bridging component. However, no significant interaction was 
observed between frequency spacing of adjacent modes and stiffness of the 
interconnection. 

For 1st transverse (f1), longitudinal (f2) and transverse (f3), as well as for 2nd 
transverse (f5), increasing stiffness generally cause higher damping. 

The damping tends to be higher with nail plates than with a number of larger screws, 
even as the screwed connection is causing a comparable shift in frequency, hence 
arguing a comparable increase in bending stiffness. The exception from this 
tendency is seen in the 2nd longitudinal mode where high damping already is found 
in the loose bridge (f4, C4_1), and increasing from 1.93 % to 4.05 % with a screwed 
connection, whilst it only increases slightly with nail plates. This is difficult to 
explain, but this is the only mode shape where the curvature is changing direction 
across the bridging component, and shear stress is predominantly transferred to the 
columns. 

For the last EMA test, the bridging component is fastened with nail plates at the top 
flange, but the bottom flange is loose. This test was performed because it represents 
a favourable method of installing and fastening the bridging component. However, 
the performance of the flooring system is unfortunate, and damping is generally low. 
In comparison, even a completely loose bridging component tend to cause higher 
damping.  

4.2 Point load deflection 

The following discussion is based on statistical analyses of the deflection tests as 
described in section 3.5. The charts used as background for the discussion are found 
in Annex C. 
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4.2.1 Floor elements in parallel 

The propagation of deflection from loaded to unloaded floor element, increase by up 
to 30% as the interconnection gain stiffness. (Fig. 22) (RMSE considered). The 
pareto chart shows significance for type of configuration and torque of MRC bolts 
(Fig. 23). Main effects clearly state that the C3 interconnection is the most effective 
connection to even out deflection between floor elements. For rated prestressing 
torque, response of unloaded floor tends to increase from configuration 1 to 2, whilst 
for 1.0 kNm torque, the same response tends to decrease from configuration 1. Not 
immediately expected this indicates that the deflection of the unloaded floor to be 
vulnerable not only to intersecting flanges of C3, but also to the stiffness of the 
connection to the columns (torque on MRC bolts). See Fig. 24. 

The relative vertical deflection between adjacent floor elements unveil the most 
distinctive results from the test (see Fig. 13 and Annex C.I.b). The pareto chart (Fig. 
25) show significance of both configuration and screws as expected. Furthermore, 
the magnitude as expressed in the main effects chart (Fig. 26) is unambiguous and 
easy to interpret. Upper left panel of the interaction chart show valuable information 
(Fig. 27): For configuration domain 1 to 2: Changing torque has less significance for 
the first configuration. Effect of an increasing number of screws are not as apparent 
for C3 as for C2. With respect to unconnected elements, five screws in C3 will cause 
an 80% reduction of the displacement between adjacent floor elements, while it for 
C2 only causes 50% reduction. Bear in mind C2 require four rows of screws whilst 
C3 only two, hence C2 will consume twice the amount of workforce and screws as 
C3 for installation. 

 
Fig. 13 Relative and absolute deflection with errorbar for ZR0 

Concerning the rotation about longitudinal axis between adjacent edges (see Annex 
C.I.c), torque is as expected not significant, but the configuration and the shear 
capacity of the connection (i.e. number of screws) is dominating (see Fig. 28). The 
main effects plot (Fig. 29) clearly shows the effect of configurations and the number 
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of screws and that the rotation is increasing from C1 to C2 as the flanges are 
increasingly tied together with loose flange boards, and that the same effect is seen 
for C3. The deformation pattern is as expected because adjacent longitudinal edges 
follow a quadrilateral pattern for C2, whilst for C3 vertical deformation from the 
loaded floor is efficiently transferred to the unloaded floor. For C3 this causes the 
unloaded floor to be deformed more, thus increasing the relative rotation between 
the floors because the stiffness of the intersecting flange is smaller than the stiffness 
of the floor elements. See Fig. 14. The analysis of rotational deflection indicates that 
neither of the present longitudinal interconnections can transfer significant bending 
moment between the floor elements. 

 
Fig. 14 Rotation about longitudinal axis between adjacent edge joists (RXbtwFlr) 

4.2.2 Floor elements in series 

For floor elements in series the following trends are seen: Both ZA1 and 
ZAmean7and8 is responding similarly and with similar statistical results. The 
discussion is based on charts for the latter (see Fig. 15). The deflection is responding 
rapidly on the first number of screws particularly on top of the bridge. Already at 
three screws the deflection is transmitted from loaded floor to unloaded floor with 
80% of the expected potential. The observed effect of bottom nail plate with respect 
to nail plate on top for transmitting deflection, is likely to be connected to the 
censoring point which are on the bottom flange (Fig. 30). The response shows no 
noteworthy interaction of factors, hence not discussed. 
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Fig. 15 Relative and absolute deflection with errorbar for ZAmean7and8 

As for the deflection of the unloaded floor (Annex C.II.b), the midspan deflection is 
also responding rapidly on the first number of screws (Fig. 31), but the responding 
mechanisms are different: The deflection is increasing as the floors are tied together, 
but as the moment stiffness is further increased either with nine screws at top and 
bottom, or nail plates on both levels, the deflection decreases (Fig. 32). This 
phenomenon is as expected and is distinctively also seen in the relative rotation 
between the floor elements in section 5.1.2.4. 

As can be seen on Fig. 16 the relative rotation is responding nicely to increased 
stiffness between the floor elements, but the effect requires nine screws to be 
substantial (45 % of the rotation of the unconnected case). The nail plate added on 
the three last runs on is equally efficient as nine screws, but it requires as expected a 
force couple on top and bottom (see difference on two runs to the right of Fig. 16 as 
well as left panel on the interaction chart Fig. 33). 

 
Fig. 16 Relative and absolute deflection with errorbar for RYbtwFlr 
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4.3 Numerical modelling of interconnection 

The numerical modelling of the floor elements used in the present work is studied in 
(Nesheim and Malo 2018). The modelling of the MRC was done in accordance with 
results from testing of the MRC (Vilguts et al. 2021). The interconnections were 
modelled as simplified shell elements tied to the flanges also modelled as shell 
elements as no alterations was studied in the numerical representation of the 
interconnections. Interconnections can more accurately be modelled as spring 
elements to better reflect changes in the stiffness of the interconnection, but for the 
present work the simplified modelling sufficed to see the dominating variations 
between the different configurations. If, however changes to a particular 
interconnection was to be studied, the numerical modelling must have been modelled 
more accurately. 

5 Conclusions 
Dynamic and static evaluations of the effect of interconnection on various 
configurations of two full-scale floor elements have revealed several discoveries. 
Investigation of results have focused on effects that can aid as resource-efficient 
approach of manipulating vibration serviceability performance without any 
significant increase in cost or carbon emission for the flooring system. The present 
work can aid in the understanding on how the dynamic responses shift as 
interconnections and orientations of floor elements change, and the principle can aid 
in standardization of floor elements as one design can be utilized in flooring systems 
with amendable comfort properties. Generally, fundamental mode shapes of the floor 
elements acting as unconnected entities are observed to persist, but their resonant 
energy is lowered depending on the interconnection. Ignoring the effects of 
interconnections may cause considerable misjudgement in the assessment of 
vibration serviceability performance of the flooring system. Due to the range of 
configurations and effects, key findings are condensed from the discussion and 
presented schematically in Table 10. The table is split to have floor elements in 
parallel and series in separate columns, and with category of effects in separate rows. 
Each of the key findings of Table 10 contains a reference to the associated paragraph 
of the discussion. 
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Table 10 Schematic presentation of key findings 

Effect Floor elements in parallel Floor elements in series 
Frequency Increased interconnection stiffness 

reduces eigen frequency of longitudinal 
mode shapes, shifting towards resonant 
response. (4.1.1¶1). 

For each mode order, both 
longitudinally and transversally, the 
eigen frequency is increasing with 
increasing bending stiffness of the 
interconnection. (4.1.2¶1).  Increased interconnection stiffness 

yields a shift in eigen frequency of 
transverse mode shapes upwards close 
to 10 %. (4.1.1¶2). 
Frequency spacing between adjacent 
modes decrease with increasing 
stiffness of the interconnection. 
(4.1.1¶6).  

No significant correlation is observed 
between the stiffness of the connection 
and the frequency spacing of adjacent 
modes. 

Damping 
generally 

Damping increase with increasing mode order. (4.1.1¶5, 4.1.2¶2). 
For comparable mode shapes, damping increase with increasing stiffness of 
interconnection, provided that both shear and bending is transferred. (4.1.1, 
4.1.2). 
No information available Damping tend to be higher with nail 

plates than with flange head screws. 
(4.1.2¶3) 

Material 
damping 

Mode shapes associated with bending generally cause low damping (see 4.1.1¶1) 
Mode shapes associated with floor element torsion efficiently increase damping. 
(4.1.1¶4). 

Structural 
damping 

Mode shapes activating interconnection axial stress cause no significant 
contribution to damping. (4.1.1¶2). 
Mode shapes activating shear stress either in the interconnection or the floor 
elements render high damping. (4.1.1¶3). 

Resonant 
energy 

Resonant energy is flattened as interconnection gain stiffness: Susceptibility to 
resonance from single frequency source is reduced as the response characteristics 
are flattened. (4.1¶2) 

Deflection 
transfer 

Intersecting flanges (C3) is the 
proposed solution for design situations 
requiring good load distribution. 
Screws are more effectively utilised in 
C3 than in board interconnection. Only 
five screws in C3 will cause an 80% 
reduction of the displacement between 
adjacent floor elements. (4.2.1¶1,2) 

Already at three screws per row on the 
bridging component, deflection from 
loaded to unloaded floor element is 
transmitted with 80% of the expected 
potential. Adding more screws is 
likely not an economic measure. 
(4.2.2¶1) 

Bending 
transfer 

The longitudinal interconnections do 
not have the structural capacity of 
transferring significant bending 
moment between the floor elements. 
(4.2.1¶3) 

The interconnection must transfer 
moment to realize significant effect. 
(4.1.2¶4). Either nine screws or nail 
plates on both top and bottom suffice. 
Further fastening is likely not cost-
effective. (4.2.2¶3) 
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In general, a strong interconnection will increase fundamental frequency with respect 
to an isolated similar floor element and increase the performance of the flooring 
system as quantified by the Hu & Chui criterion. For resonant floor design situations 
(acceleration dominated perception) increased stiffness of the interconnection will 
increase damping and consequently reduce accelerations. Depending on the 
fundamental frequency, it is a likely measure to shift acceleration levels considerably 
down. For transient floor design situations (velocity dominated perception) both 
increased damping and increased fundamental frequency will contribute to decrease 
velocity response. The concurrent effect from both would contribute effectively to 
decrease velocity response. 

Experiments executed in this study suffer from low amplitude dynamic response due 
to short span floor elements primarily built for testing acoustic performances (Conta 
and Homb 2020). Several sensors have readings lower than the accuracy of the 
sensor and is disregarded. For a future opportunity of full-scale testing of long 
spanning floor elements, a design of experiment that can validate the findings herein 
would be valuable. Keeping all floor elements of same size would help in revealing 
mechanisms with enhanced general validity. An interesting topic could also be to 
investigate the effect of combining strong and weak direction of the floor elements, 
both due to the flexibility the configuration may add to the floor plan, but also due 
to the increased system and torsional damping. Due to the findings of damping 
related to torsion, combining floor elements in reciprocal configurations that induce 
torsional deflections may yield flooring system with high damping. These studies 
would all provide valuable information for resource-efficient measures of adapting 
standardized floor elements to a wide range of applications. 
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Annex A. Methods & materials 

Annex A.I EMA 

 
Fig. 17 The 18 by 9 (left) and 10 by 9 rowing hammer grid for C1 and C2 

 

 
Fig. 18 The 9 by 5 rowing hammer grid for C4 
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Annex A.II Positioning of monitoring equipment 

 
Fig. 19 Position and type of sensors for floor elements in parallel 
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Fig. 20 Position and type of sensors for floor elements in series 

Sensor label taxonomy is explained in Fig. 21: 

- Linear displacement (green): First letter is direction of measurement. 
- Inclinometer (blue): Prefix Rot following the axis of which the rotation is 

measured about. 
- Accelerometers and position for cyclic load are only marked with their 

specific colour.  
- General: The letter A designate absolute measurements, and R for relative 

deformation. The trailing digit is a running number.   

 
Fig. 21 Marker identification chart 
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Annex B. Results from unit load deflection 
Table 11 Root Mean Square Error (RMSE) of selected positions 

 
Table 12 Root Mean Square Error (RMSE) of selected positions of C4 

 

ZA0 ZA2 ZAmean1and4 ZA5 ZA6 ZR0 RYatCon RXbtwFlr
[m] [m] [m] [m] [m] [m] [rad] [rad]

c1_A 4.31E-06 1.72E-06 6.65E-06 5.71E-06 1.82E-05 4.50E-06 6.31E-06 2.18E-06
c1_2 1.67E-05 5.70E-06 2.16E-05 1.17E-05 2.37E-05 1.29E-05 1.65E-06 NaN
c2_0 1.39E-05 1.57E-06 1.41E-05 1.01E-05 1.77E-05 1.34E-05 2.87E-06 1.72E-06
c2_1 1.51E-05 1.37E-06 2.89E-05 1.15E-05 1.88E-05 8.23E-06 2.80E-06 2.50E-06
c2_2 1.53E-05 1.58E-06 2.15E-05 9.57E-06 1.67E-05 7.40E-06 6.37E-07 1.18E-06
c2_A 6.08E-06 1.59E-06 8.88E-06 5.22E-06 1.72E-05 4.18E-06 2.26E-06 3.06E-06
c2_5 1.57E-05 7.54E-07 1.78E-05 7.53E-06 1.99E-05 4.51E-06 2.61E-06 7.68E-07
c3_0 1.32E-05 2.33E-06 1.32E-05 1.05E-05 1.54E-05 6.71E-06 2.51E-06 2.64E-06
c3_1 1.21E-05 7.70E-06 1.55E-05 4.74E-06 1.17E-05 2.78E-06 1.69E-06 2.43E-06
c3_2 2.06E-05 6.92E-06 1.99E-05 1.32E-05 1.74E-05 2.64E-06 2.23E-06 2.53E-06
c3_3 1.47E-05 3.17E-06 8.14E-06 6.15E-06 1.76E-05 1.44E-06 7.43E-07 1.01E-06
c3_4 1.41E-05 8.29E-06 9.14E-06 5.80E-06 1.48E-05 5.99E-08 2.35E-06 2.80E-06
c3_5 1.57E-05 7.21E-07 1.57E-05 1.08E-05 1.63E-05 0.00E+00 1.72E-06 1.16E-06

ID

ZAmean0and4 ZA1 ZA2 ZAmean3and9 ZA5 ZA6 ZAmean7and8 RYbtwFlr
[m] [m] [m] [m] [m] [m] [rad] [rad]

c4_1 1.22E-05 4.86E-06 6.79E-06 7.41E-06 9.18E-06 1.86E-05 6.13E-06 2.75E-06
c4_2 1.41E-05 3.65E-06 3.05E-06 7.05E-06 1.00E-05 1.71E-05 6.75E-06 1.27E-06
c4_3 9.43E-06 2.41E-06 2.43E-06 3.34E-06 8.81E-06 1.80E-05 4.09E-06 2.21E-06
c4_4 8.81E-06 3.01E-06 2.29E-06 4.84E-06 7.38E-06 1.47E-05 4.83E-06 1.76E-06
c4_5 9.42E-06 2.88E-06 2.83E-06 4.55E-06 9.09E-06 2.45E-05 5.25E-06 1.44E-06
c4_6 5.33E-06 1.96E-06 3.15E-06 5.30E-06 5.31E-06 1.17E-05 3.66E-06 2.78E-06
c4_7 6.76E-06 1.91E-06 2.18E-06 3.35E-06 6.69E-06 1.93E-05 5.07E-06 1.07E-06
c4_8 1.09E-05 2.84E-06 2.74E-06 5.17E-06 8.97E-06 1.82E-05 6.39E-06 1.49E-06

ID
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Annex C. Results from statistical assessment 

Annex C.I Floor elements in parallel 

Annex C.I.a Midspan deflection of adjacent unloaded floor (ZA2) 

 
Fig. 22  Relative and absolute deflection with errorbar for ZA2 

 
Fig. 23 Pareto 
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Fig. 24 Main effects 

Annex C.I.b Relative vertical deflection between adjacent floor elements (ZR0) 

 
Fig. 25 Pareto 

 
Fig. 26 Main effects 
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Fig. 27 Interaction 

Annex C.I.c Rotation about longitudinal axis between adjacent edge joists 
(RXbtwFlr) 

 
Fig. 28 Pareto 

 
Fig. 29 Main effects 
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Annex C.II Floor elements in series 

Annex C.II.a Deflection of unloaded floor towards bridging 

 
Fig. 30 Main effects 

Annex C.II.b Midpoint of unloaded floor element 

 
Fig. 31 Relative and absolute deflection with errorbar for ZA2 

 
Fig. 32 Main effects 
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Annex C.II.c Rotation about transverse axis between adjacent floors 

 
Fig. 33 Main effects 
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1.2 Paper II 

A study on beam-to-column moment-resisting timber connections, 
comparing full-scale connection testing and mock-up frame assembly 
Aivars Vilguts, Sveinung Ørjan Nesheim, Haris Stamatopoulos, Kjell Arne Malo 
 
For publication in: European Journal of Wood and Wood Products  
 
Submitted: 17th December 2020 
Accepted: Pending after submitting response to minor revisions 

Credit author statements 

The 1st author has written the paper (including figure preparation), performed all 
experimental static tests of the moment-resisting connections and mock-up frame 
assembly, Finite Element simulations and performed all calculations. The 1st and 
2nd contributed to the mock-up frame assembly process. The 2nd author has 
performed experimental modal analysis of the mock-up-frame assembly. The 3rd 
and 4th author have contributed to the concept/content development and have 
critically reviewed the manuscript. The 1st authors have developed the original 
concept of steel coupling part based on L-profiles and friction bolts. The 4th author 
has developed the conceptual design of the experimental protocol and energy 
dissipation determination and has developed the original concept of moment-
resisting beam-to-column connections based on inclined threaded rods. The 3rd 
author has developed the component method and derived equations. All authors have 
seen and approved the manuscript and have contributed significantly to its 
preparation. 
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A study on beam-to-column moment-
resisting timber connections, comparing full-
scale connection testing and mock-up frame 
assembly 

Abstract 
A new timber frame structural system consisting of continuous columns, 
prefabricated hollow box timber decks and beam-to-column moment-resisting 
connections is investigated. The hollow box timber decks allow long spans with 
competitive floor height and efficient material consumption. To achieve long spans, 
semi-rigid connections at the corners of deck elements are used to join the columns 
to the deck elements. In the present paper, experimental investigations of a semi-
rigid moment-resisting connection and a mock-up frame assembly are presented. The 
semi-rigid connection consists of inclined screwed-in threaded rods and steel 
coupling parts, connected with friction bolts. Full-scale moment-resisting timber 
connections were tested under monotonic and cyclic loading to quantify rotational 
stiffness, energy dissipation and moment resistance. The mock-up frame assembly 
was tested under cyclic lateral loading and with experimental modal analysis. The 
lateral stiffness, energy dissipation, rotational stiffness of the connections and the 
eigen-frequencies of the mock-up frame assembly were quantified based on the 
experimental tests in combination with a Finite Element model, i.e. the model was 
validated with experimental results from the rotational stiffness tests of the beam-to-
column connections. Finally, the structural damping measured with experimental 
modal analysis was evaluated and compared with FE model by use of material 
damping of timber parts and equivalent viscous damping measured of the moment-
resisting connections. 

Keywords 
Moment-resisting timber connection, Damping, Experimental modal analysis, 
Equivalent viscous damping, Lateral stiffness, Full-scale tests. 
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1 Introduction 

1.1 Background 

The main aim of the Norwegian research project WOODSOL is to develop 
industrialised structural solutions based on moment-resisting timber frames and 
hollow box timber decks for urban buildings up to ten storeys allowing for greater 
architectural flexibility. The moment-resisting frames, the hollow box timber decks, 
the moment-resisting connections and the acoustic properties of the buildings are the 
research objectives of the project. The structural system consists of moment-resisting 
timber frames with continuous columns and hollow box timber decks connected to 
columns via semi-rigid beam-to-column connections. 

The main purpose of a building's structural system is to carry vertical and lateral 
loads to the foundation. The type of structural system is chosen taking architectural 
and structural restrictions into account and a system based on moment-resisting 
timber frames with semi-rigid beam-to-column connections can be an interesting 
alternative. Timber frames offer many opportunities such as constructability, low 
environmental footprint and high strength-to-mass ratio (Kasal et al. 2014, Gohlich et 
al. 2018). Hollow box timber decks can be very effective floor elements and are 
further improved when connected by moment-resisting connections to the columns. 
Malo and Köhler (Malo and Köhler 2013) showed that semi-rigid end restraints of 
beams can be exploited to achieve enhanced performance against human-induced 
vibrations and therefore makes longer spans possible. 

To increase the span length of hollow box timber decks and to satisfy the structural 
requirements of buildings, the semi-rigid connection stiffness should be sufficient. 
The research presented in (Vilguts et al.) concluded that required connection stiffness 
for mid- and high-rise timber buildings with moment-resisting frames should be 
around 10000-15000 kNm/rad, respectively. The moment-resisting timber 
connection with screwed-in, inclined threaded rods with wood screw threads and 
steel coupling parts has been presented in (Lied and Nordal 2016, Vilguts et al. 2018). 
Based on tests of these connection types, rotational stiffness values up to approx. 
8000 kNm/rad can be achieved for two planes of rods. Therefore, the required 
stiffness values can be achieved with approx. 2-6 planes of rods.  

1.2 Outline 

In the present paper, the experimental results from full-scale tests of a moment-
resisting connection with inclined threaded rods and steel coupling parts are 
presented. The connections as shown in Figure 1 (a) were subjected to both cyclic 
and monotonic loading and the rotational stiffness, moment resistance and energy 
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dissipation in the low-intensity domain were quantified. The experimental results 
from monotonic loading tests were compared to an analytical component model 
(Stamatopoulos and Malo 2020). Moreover, a mock-up frame assembly with columns 
and hollow box timber decks connected with the moment-resisting connections, see 
Figure 1 (b), was used to evaluate the properties of the connections in the frame 
assembly. The frame assembly was subjected to cyclic lateral loading and the lateral 
stiffness, energy dissipation and rotational stiffness of the connections were 
evaluated. In addition, the energy dissipation was estimated in the longitudinal and 
transversal directions of the frame assembly using the modal hammer technique 
followed by experimental modal analysis. The experimental results from the tests 
were input to Finite Element (abbr. FE) simulations, where the experimentally 
measured rotational stiffness and energy dissipation of the beam-to-column 
connections were used to model the behaviour of the connections in the mock-up 
frame assembly. Finally, the static and dynamic properties from experimental testing 
were evaluated and compared with results from FE modelling. 

(a) 

 

(b) 

Fig. 1: (a) Moment resisting connection with inclined threaded rods and steel coupling 
parts comprising of L-profiles inter-connected with friction bolts. (b) Mock-up frame 
assembly, photo: SINTEF/A.-L.Bakken 

2 Materials and methods 

2.1 Moment-resisting connections 
2.1.1 Experimental set-up and specimens 

Three full-scale moment-resisting timber connections were tested under cyclic 
loading, to evaluate rotational stiffness and energy dissipation. One out of these three 
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tests was tested until failure to explore the complete behaviour with respect to 
rotational stiffness and moment resistance. The experimental set-up is shown in 
Figure 2 with corresponding pictures in Figure 3. In total 3 columns, 2 beams and 3 
steel coupling parts were used to assemble the connection specimens.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 2: Experimental set-up: (a) beam-to-column moment-resisting connection,  
(b) technical layout of the connection, (c) section A-A, (d) location of instrumentation 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

Fig. 3: Detailed experimental set-up: (a) experimental set-up, (b) steel coupling part, 
(c) load application, (d) bottom-view of the connection, (e) locations of LVDTs 

The beam-to-column moment-resisting connection consists from two timber beams, 
steel coupling parts and a timber column. The threaded rods at the beam-side were 
installed with rod-to-grain angle of 10 degrees, while in the column-side 55 and 70 
degrees were used, as shown in Figure 2 (b). The threaded rods were screwed in 
predrilled holes with diameter 17 mm. The rods were manufactured with two types 
of threads at their ends: wood screw threads in one end and M20 metric threads at 
the other end, as shown in Figure 4. The inner and outer diameter of the wood screw 
threads were 𝑑𝑑1 = 16.1 mm and 𝑑𝑑 =22 mm, respectively. The mean ultimate strength 
of the rods was 𝑓𝑓𝑢𝑢,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 952 MPa (Lied and Nordal 2016).  

 
Fig. 4: Threaded rod 

The steel coupling parts at the beam-side and column-side were connected to the 
rods by use of purpose-made steel washers and M20 nuts, as shown in Figure 2 (b). 

Wood screw-thread 𝑑𝑑1 =16.1 and 𝑑𝑑 =22 mm.                        Metric thread M20 
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The steel coupling parts were made from standard L200x200x16 profiles (strength 
class S355) with oversized holes, to allow better fitting to the inclined threaded rods. 
The steel coupling parts were fastened to the column and beams with 5 mm and 20 
mm gaps respectively, as shown in Figure 2 (b). These intended gaps ensured that the 
forces were transferred solely by the threaded rods. The beam- and column-side steel 
coupling parts were connected with two M30 high strength friction bolts of strength 
class 12.9. The pre-stressing torque applied of the bolts was 2500 Nm. The rod-to-
grain angles 𝛼𝛼𝑖𝑖, embedment lengths of rods 𝑙𝑙𝑖𝑖, and the free length of the rods 𝑙𝑙0,𝑖𝑖 (i.e. 
the distance between the entrance point on wood and the fixing point in the steel 
plates) for tests are summarized in Table 1. The values in Table 1 are given for positive 
moment according to Figure 2 (a). 

Table 1: Parameters for experimental set-up according to Figure 2 

𝛼𝛼𝑐𝑐1
= 𝛼𝛼𝑐𝑐4 

𝛼𝛼𝑐𝑐2
= 𝛼𝛼𝑐𝑐3 

𝛼𝛼𝑏𝑏1
= 𝛼𝛼𝑏𝑏2 

𝑙𝑙𝑐𝑐1
= 𝑙𝑙𝑐𝑐4 

𝑙𝑙𝑐𝑐2
= 𝑙𝑙𝑐𝑐3 

𝑙𝑙𝑏𝑏1
= 𝑙𝑙𝑏𝑏2 

𝑙𝑙0,𝑐𝑐1

a 

𝑙𝑙0,𝑐𝑐2

a 

𝑙𝑙0,𝑐𝑐3

a 

𝑙𝑙0,𝑐𝑐4

a 

𝑙𝑙0,𝑏𝑏1

a 

𝑙𝑙0,𝑐𝑐2

a 
𝑧𝑧 

(deg) (deg) (deg) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 

55 70 10 550 480 850 65 55 40 45 45 25 400 

a 𝑙𝑙0,𝑐𝑐1 ≠ 𝑙𝑙0,𝑐𝑐4, 𝑙𝑙0,𝑐𝑐2 ≠ 𝑙𝑙0,𝑐𝑐3 and 𝑙𝑙0,𝑏𝑏1 ≠ 𝑙𝑙0,𝑏𝑏2 despite geometrical symmetry: the tensile 

forces at the top edge are transferred by contact between fixing washers and the 

interior surface of steel plates, while in the bottom edge the compressive forces 

are transferred by contact of fixing washers and the exterior surface of steel plates. 

 

Columns and beams were Glued-laminated timber (abbr. glulam) elements made 
from Norwegian spruce (Picea Abies) with strength class GL30c (CEN 2013) and 
lamination thickness 45 mm. The cross-sectional dimensions of the columns were 
405 x 450 mm2 (i.e. block glued glulam), while the beams were 140 x 405 mm2, 
confer Figure 2 (a), (c). The timber specimens were conditioned at temperature of 
20ºC and 65% relative humidity, resulting in approximately 12 % moisture content 
in the wood. 

The supports at both ends of the column were pinned. To prevent splitting 
perpendicular to grain, steel brackets were mounted at both supports, as shown in 
Figure 3 (a). The point loading was applied on the beams by a clamp of two 
aluminium profiles (Figure 3 (c)), which allowed both positive and negative point 
loading. 
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The deformation in beams, column and steel coupling parts was measured by a total 
of 12 displacement transducers (abbr. LVDTs), confer Figure 2 (d). The relative 
horizontal deformation between the column and the beams was measured with four 
LVDTs (TD1, TD2, TD3, TD4). Four LVDTs measured the relative horizontal 
deformation between the column and the steel coupling parts at column-side (CD1, 
CD2, CD3, CD4), and four LVDTs measured the relative horizontal deformation 
between the beam and the steel coupler at beam-side (BD1, BD2, BD3, BD4).  

2.1.2 Loading protocol 

In total, four loading protocols were applied, as shown in Table 2 : 

• Fully reversed cyclic loading in range from +30 to -30 kNm. The cyclic 
rotational stiffness 𝐾𝐾𝜃𝜃,𝑐𝑐𝑐𝑐𝑐𝑐 was obtained by fitting a straight line to the 
hysteresis loops giving a representative stiffness for a connection subjected 
to cyclic alternate loading (typical in structures subjected to vibration). The 
area enclosed in each hysteresis loop is the energy dissipation per cycle 𝐸𝐸𝑑𝑑.  

• Cyclic loading with positive moment ranging from +7.5 to +30 kNm and 
cyclic loading with negative moment ranging from -7.5 to -30 kNm. These 
loading schemes do not give alternating signs, that is, the moment does not 
go through zero moment. The cyclic rotational stiffness and the energy 
dissipation are determined for each side. separately.  

• Monotonic loading until failure according to EN 26891:1991 (CEN 1991).  
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Table 2: Imposed moment vs Rotation for the moment-resisting beam-to-column 
connections according to the various loading schemes 

 Loading scheme Measured response 

1 

  

2 

 

 

 

3 

 

 

 



PART II: Dissemination – Paper II 

149 

2.1.3 Equivalent viscous damping 

To quantify energy dissipation in the connection subjected to cyclic loading, the 
equivalent viscous damping ratio is estimated according to Eq. (1) (Chopra 2012): 

 ξ𝑚𝑚𝑒𝑒 =
1

4𝜋𝜋
𝐸𝐸𝑑𝑑
∆𝐸𝐸𝑚𝑚𝑒𝑒

 (1) 

where 𝐸𝐸𝑑𝑑 is the dissipated energy per cycle and ∆𝐸𝐸𝑚𝑚𝑒𝑒 − is the corresponding change 
in elastic energy per cycle. The dissipated energy 𝐸𝐸𝑑𝑑 per cycle can be found from the 
measured enclosed area in the hysteresis loop, visualised in Table 2. The maximum 
elastic change ∆𝐸𝐸𝑚𝑚𝑒𝑒  during a cycle is: 

• In case of moment-rotation: 

 ∆𝐸𝐸𝑚𝑚𝑒𝑒 =
1
2
𝑀𝑀𝑚𝑚

2

𝐾𝐾θ,cyc
  (2) 

 

• In case of force-displacement: 

 ∆𝐸𝐸𝑚𝑚𝑒𝑒 =
1
2

𝐹𝐹𝑚𝑚2

𝐾𝐾𝑚𝑚𝑎𝑎,cyc
 (3) 

where 𝑀𝑀𝑚𝑚 = 1 2⁄ ∙ (𝑀𝑀𝑚𝑚𝑚𝑚𝑎𝑎 − 𝑀𝑀𝑚𝑚𝑖𝑖𝑚𝑚) and 𝐹𝐹𝑚𝑚 = 1 2⁄ ∙ (𝐹𝐹𝑚𝑚𝑚𝑚𝑎𝑎 − 𝐹𝐹𝑚𝑚𝑖𝑖𝑚𝑚), 𝑀𝑀𝑚𝑚𝑚𝑚𝑎𝑎 and 𝑀𝑀𝑚𝑚𝑖𝑖𝑚𝑚 − are 
the maximum and minimum moments in the hysteresis loop, 𝐹𝐹𝑚𝑚𝑚𝑚𝑎𝑎 and 𝐹𝐹𝑚𝑚𝑖𝑖𝑚𝑚 − are the 
maximum and minimum applied forces in the hysteresis loop, 𝐾𝐾θ,cyc,𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐𝑐𝑐𝑐𝑐 − are the 
linear stiffnesses obtained by fitting a straight line to all points in the hysteresis loop, 
using the method of least squares. 

2.1.4 Analytical methods 

2.1.4.1 Rotational stiffness of connection 

The analytical model proposed in (Stamatopoulos and Malo 2020) is used in the present 
paper to calculate the rotational stiffness and resistance of the connection. The 
analytical model considers the connection in three separate parts: column-side, 
beam-side and steel coupling part. 

The horizontal force component 𝐹𝐹𝑎𝑎 is obtained by moment equilibrium, as shown in 
Figure 2: 

 𝐹𝐹𝑎𝑎 =
𝑀𝑀
𝑧𝑧

 (4) 
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where 𝑀𝑀 − is the moment acting on the connection and 𝑧𝑧 − is the lever are of the 
connection. 

The rotational stiffness about y-axis of the connection at the column-side is obtained 
using the following equation (Stamatopoulos and Malo 2020): 

 𝐾𝐾θ,y,c =
𝑀𝑀𝑐𝑐

θ𝑐𝑐,𝑐𝑐
=

𝑧𝑧𝑐𝑐2

�𝑆𝑆𝑎𝑎𝑎𝑎,𝑐𝑐
(𝑐𝑐1−𝑐𝑐2) + 𝑆𝑆𝑎𝑎𝑎𝑎,𝑐𝑐

(𝑐𝑐3−𝑐𝑐4)� + �𝑆𝑆𝑎𝑎𝑥𝑥,𝑐𝑐
(𝑐𝑐3−𝑐𝑐4) − 𝑆𝑆𝑎𝑎𝑥𝑥,𝑐𝑐

(𝑐𝑐1−𝑐𝑐2)� ∙ 𝑧𝑧𝑐𝑐
2 ∙ 𝐿𝐿𝑣𝑣

 (5) 

 𝑆𝑆𝑎𝑎𝑎𝑎,𝑐𝑐
(𝑐𝑐1−𝑐𝑐2) =

cos2𝛼𝛼𝑐𝑐1 𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐2 + cos2𝛼𝛼𝑐𝑐2 𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐1⁄⁄
(cos𝛼𝛼𝑐𝑐1 ∙ sin𝛼𝛼𝑐𝑐2 + cos𝛼𝛼𝑐𝑐2 ∙ sin𝛼𝛼𝑐𝑐1)2 (6) 

 𝑆𝑆𝑎𝑎𝑎𝑎,𝑐𝑐
(𝑐𝑐3−𝑐𝑐4) =

cos2𝛼𝛼𝑐𝑐3 𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐4 + cos2𝛼𝛼𝑐𝑐4 𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐3⁄⁄
(cos𝛼𝛼𝑐𝑐3 ∙ sin𝛼𝛼𝑐𝑐4 + cos𝛼𝛼𝑐𝑐4 ∙ sin𝛼𝛼𝑐𝑐3)2 (7) 

 𝑆𝑆𝑎𝑎𝑥𝑥,𝑐𝑐
(𝑐𝑐1−𝑐𝑐2) =

cos𝛼𝛼𝑐𝑐1 ∙ sin𝛼𝛼𝑐𝑐1 𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐2 − cos𝛼𝛼𝑐𝑐2 ∙ sin𝛼𝛼𝑐𝑐2 𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐1⁄⁄
(cos𝛼𝛼𝑐𝑐1 ∙ sin𝛼𝛼𝑐𝑐2 + cos𝛼𝛼𝑐𝑐2 ∙ sin𝛼𝛼1)2  (8) 

 𝑆𝑆𝑎𝑎𝑥𝑥,𝑐𝑐
(𝑐𝑐3−𝑐𝑐4) =

cos𝛼𝛼𝑐𝑐3 ∙ sin𝛼𝛼𝑐𝑐3 𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐4 − cos𝛼𝛼𝑐𝑐4 ∙ sin𝛼𝛼𝑐𝑐4 𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐3⁄⁄
(cos𝛼𝛼𝑐𝑐3 ∙ sin𝛼𝛼𝑐𝑐4 + cos𝛼𝛼𝑐𝑐4 ∙ sin𝛼𝛼𝑐𝑐3)2  (9) 

where 𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐1,𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐2,𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐3,𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐4 𝐾𝐾𝑚𝑚𝑎𝑎,𝑗𝑗 are the axial stiffness of rods c1-c4 (see Section 
2.1.4.3), 𝑧𝑧𝑐𝑐 − is the lever arm between threaded rods at column-side. 

The rotational stiffness about y-axis of the connection at the beam-side is given by 
the following equation (Stamatopoulos and Malo 2020): 

 𝐾𝐾θ,y,b =
𝑀𝑀𝑐𝑐

θ𝑐𝑐,𝑏𝑏
=

𝑧𝑧𝑏𝑏2

�𝑆𝑆𝑎𝑎𝑎𝑎,𝑏𝑏1 + 𝑆𝑆𝑎𝑎𝑎𝑎,𝑏𝑏2� + �𝑆𝑆𝑎𝑎𝑥𝑥,𝑏𝑏2 − 𝑆𝑆𝑎𝑎𝑥𝑥,𝑏𝑏1� ∙
𝑧𝑧𝑏𝑏

2 ∙ 𝐿𝐿𝑣𝑣
 (10) 

 𝑆𝑆𝑎𝑎𝑎𝑎,𝑏𝑏1 =
sin𝛼𝛼𝑏𝑏12

𝐾𝐾𝑣𝑣,𝑏𝑏1
+

cos𝛼𝛼𝑏𝑏12

𝐾𝐾𝑚𝑚𝑎𝑎,𝑏𝑏1
 (11) 

 𝑆𝑆𝑎𝑎𝑎𝑎,𝑏𝑏2 =
sin𝛼𝛼𝑏𝑏22

𝐾𝐾𝑣𝑣,𝑏𝑏2
+

cos𝛼𝛼𝑏𝑏22

𝐾𝐾𝑚𝑚𝑎𝑎,𝑏𝑏2
 (12) 

 𝑆𝑆𝑎𝑎𝑥𝑥,𝑏𝑏1 = sin𝛼𝛼𝑏𝑏1 ∙ cos𝛼𝛼𝑏𝑏1 ∙ �
1

𝐾𝐾𝑣𝑣,𝑏𝑏1
−

1
𝐾𝐾𝑚𝑚𝑎𝑎,𝑏𝑏1

� (13) 
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 𝑆𝑆𝑎𝑎𝑥𝑥,𝑏𝑏2 = sin𝛼𝛼𝑏𝑏2 ∙ cos𝛼𝛼𝑏𝑏2 ∙ �
1

𝐾𝐾𝑚𝑚𝑎𝑎,𝑏𝑏2
−

1
𝐾𝐾𝑣𝑣,𝑏𝑏2

� (14) 

where 𝐾𝐾𝑚𝑚𝑎𝑎,𝑏𝑏1,𝐾𝐾𝑚𝑚𝑎𝑎,𝑏𝑏2,𝐾𝐾𝑣𝑣,𝑏𝑏1,𝐾𝐾𝑣𝑣,𝑏𝑏2 are the axial and lateral stiffness of threaded rods (see 
Section 2.1.4.3), 𝑧𝑧𝑏𝑏 − is the lever arm between threaded rods at beam-side. 

The steel connector has coupling parts both at the column- and beam-side, which are 
inter-connected by friction bolts. The rotational stiffness of the steel connector can 
be measured or derived from FE model, see Section 3.1.1. 

The total rotational stiffness of the connection can be calculated according to Eq. 
(15): 

 𝐾𝐾θ,y = �
1
𝐾𝐾θ,c

+
1
𝐾𝐾θ,b

+
1

𝐾𝐾θ,con
�
−1

 (15) 

2.1.4.2 Capacity of threaded rods and column 

The threaded rods are mainly axially loaded and the axial capacity per threaded rod 
is given by the following equation: 

 𝐹𝐹𝑚𝑚𝑎𝑎,𝑅𝑅 =
𝑛𝑛𝑚𝑚𝑒𝑒
𝑛𝑛
∙ min �

𝐹𝐹𝑚𝑚𝑎𝑎,𝑚𝑚,𝑅𝑅
𝐹𝐹𝑡𝑡𝑚𝑚𝑚𝑚𝑡𝑡,𝑅𝑅

 (16) 

where 𝑛𝑛𝑚𝑚𝑒𝑒 = 𝑛𝑛0.9 − is the effective number of threaded rods acting together according 
to EN1995-1-1 (CEN 2010) and 𝐹𝐹𝑡𝑡𝑚𝑚𝑚𝑚𝑡𝑡,𝑅𝑅 = 𝐴𝐴𝑡𝑡 ∙ 𝑓𝑓𝑢𝑢,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the tensile capacity of each 
rod. 

On the column-side, the axial forces in each rod can be estimated according to Eqs. 
(17-20) (Stamatopoulos and Malo 2020): 

 𝐹𝐹𝑚𝑚𝑎𝑎,𝑐𝑐1 =
1
𝑛𝑛
∙

cos𝛼𝛼𝑐𝑐2 + sin𝛼𝛼𝑐𝑐2 ∙
𝑧𝑧𝑐𝑐

2 ∙ 𝐿𝐿𝑣𝑣
cos𝛼𝛼𝑐𝑐1 ∙ sin𝛼𝛼𝑐𝑐2 + cos𝛼𝛼𝑐𝑐2 ∙ sin𝛼𝛼𝑐𝑐1

∙
𝑀𝑀
𝑧𝑧𝑐𝑐

 (17) 

 𝐹𝐹𝑚𝑚𝑎𝑎,𝑐𝑐2 =
1
𝑛𝑛
∙

cos𝛼𝛼𝑐𝑐1 − sin𝛼𝛼𝑐𝑐1 ∙
𝑧𝑧𝑐𝑐

2 ∙ 𝐿𝐿𝑣𝑣
cos𝛼𝛼𝑐𝑐1 ∙ sin𝛼𝛼𝑐𝑐2 + cos𝛼𝛼𝑐𝑐2 ∙ sin𝛼𝛼𝑐𝑐1

∙
𝑀𝑀
𝑧𝑧𝑐𝑐

 (18) 

 𝐹𝐹𝑚𝑚𝑎𝑎,𝑐𝑐3 = −
1
𝑛𝑛
∙

cos𝛼𝛼𝑐𝑐4 − sin𝛼𝛼𝑐𝑐4 ∙
𝑧𝑧𝑐𝑐

2 ∙ 𝐿𝐿𝑣𝑣
cos𝛼𝛼𝑐𝑐3 ∙ sin𝛼𝛼𝑐𝑐4 + cos𝛼𝛼𝑐𝑐4 ∙ sin𝛼𝛼𝑐𝑐3

∙
𝑀𝑀
𝑧𝑧𝑐𝑐

 (19) 
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 𝐹𝐹𝑚𝑚𝑎𝑎,𝑐𝑐4 = −
1
𝑛𝑛
∙

cos𝛼𝛼𝑐𝑐3 + sin𝛼𝛼𝑐𝑐3 ∙
𝑧𝑧𝑐𝑐

2 ∙ 𝐿𝐿𝑣𝑣
cos𝛼𝛼𝑐𝑐3 ∙ sin𝛼𝛼𝑐𝑐4 + cos𝛼𝛼𝑐𝑐4 ∙ sin𝛼𝛼𝑐𝑐3

∙
𝑀𝑀
𝑧𝑧𝑐𝑐

 (20) 

On the beam-side, the axial forces in each rod can be estimated according to Eqs. 
(21) and Eq. (22) (Stamatopoulos and Malo 2020): 

 𝐹𝐹𝑚𝑚𝑎𝑎,𝑏𝑏1 =
1
𝑛𝑛
∙ �𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼𝑏𝑏1 + 𝑐𝑐𝑠𝑠𝑛𝑛𝛼𝛼𝑏𝑏1 ∙

𝑧𝑧
2 ∙ 𝐿𝐿𝑣𝑣

� ∙
𝑀𝑀
𝑧𝑧

 (21) 

 𝐹𝐹𝑚𝑚𝑎𝑎,𝑏𝑏2 = −
1
𝑛𝑛
∙ �𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼𝑏𝑏2 + 𝑐𝑐𝑠𝑠𝑛𝑛𝛼𝛼𝑏𝑏2 ∙

𝑧𝑧
2 ∙ 𝐿𝐿𝑣𝑣

� ∙
𝑀𝑀
𝑧𝑧

 (22) 

2.1.4.3 Analytical predictions of axial and lateral stiffness and capacity of 
screwed-in threaded rods 

The axial stiffness of threaded rod is one of the most important parameters. The 
withdrawal stiffness of threaded rods can be approximated by Eqs. (23) and (24) 
(Stamatopoulos and Malo 2020): 

 𝐾𝐾𝑡𝑡𝑚𝑚𝑠𝑠,𝑚𝑚𝑎𝑎 ≈
50000 ∙ � 𝑑𝑑20�

2
∙ � 𝜌𝜌𝑚𝑚470�

2
∙ 𝑘𝑘𝑒𝑒𝑚𝑚𝑚𝑚𝑙𝑙ℎ𝑡𝑡,𝐾𝐾

0.40 ∙ cos 𝛼𝛼2.3 + sin 𝛼𝛼2.3  (23) 

 𝑘𝑘𝑒𝑒𝑚𝑚𝑚𝑚𝑙𝑙ℎ𝑡𝑡,𝐾𝐾 = min ��
𝑙𝑙

300
�
0.75

, 1.0� (24) 

where 𝑑𝑑 − is the outer-thread diameter of the rod in mm, 𝜌𝜌𝑚𝑚 − is the wood density 
in kg/m3, 𝛼𝛼 − is the rod-to-grain angle and 𝑙𝑙 − is the embedment length in mm.  

The axial stiffness of the free part (non-embedded) of the threaded rod is given by 
the following equation: 

 𝐾𝐾𝑚𝑚𝑎𝑎,𝑒𝑒0 = 𝐴𝐴𝑡𝑡 ∙ 𝐸𝐸𝑡𝑡 𝑙𝑙0⁄  (25) 

where 𝐴𝐴𝑡𝑡 = 𝜋𝜋 ∙ 𝑑𝑑12 4⁄ ; 𝐸𝐸𝑡𝑡 =210000 MPa, 𝑑𝑑1 − is the inner-diameter of threaded rod, 
𝑙𝑙0 − is the free length of the rod not embedded in timber (i.e. the length between the 
entrance point in wood and the fastening point in the steel coupling parts). 

The total axial stiffness of the threaded rods is given by the following equation: 

 𝐾𝐾𝑡𝑡𝑚𝑚𝑠𝑠,𝑚𝑚𝑎𝑎,𝑡𝑡𝑡𝑡𝑡𝑡 =
𝐾𝐾𝑡𝑡𝑚𝑚𝑠𝑠,𝑚𝑚𝑎𝑎 ∙ 𝐾𝐾𝑚𝑚𝑎𝑎,𝑒𝑒0

𝐾𝐾𝑡𝑡𝑚𝑚𝑠𝑠,𝑚𝑚𝑎𝑎 + 𝐾𝐾𝑚𝑚𝑎𝑎,𝑒𝑒0
 (26) 
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The lateral stiffness of a threaded rod subjected to lateral loading depends on the 
rotation of the end of the rod at the connecting point to the steel coupling part 
(Stamatopoulos and Malo 2020). For fixed end, the following expression can be used: 

 𝐾𝐾𝑡𝑡𝑚𝑚𝑠𝑠,𝑣𝑣,𝑡𝑡𝑡𝑡𝑡𝑡 =
3 ∙ 𝑚𝑚 ∙ 𝑘𝑘𝑣𝑣 ∙ 𝑙𝑙𝑐𝑐ℎ ∙ (λ0 + 𝑚𝑚)

λ04 + 4 ∙ λ03 ∙ 𝑚𝑚 + 6 ∙ λ02 ∙ 𝑚𝑚 + 6 ∙ λ0 ∙ 𝑚𝑚 + 3 ∙ 𝑚𝑚2 (27) 

where 𝑘𝑘𝑣𝑣 ≈ 300 N/mm2 is the foundation modulus of timber (Qazi 2020), 𝑚𝑚 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑡𝑡4 𝑑𝑑14⁄  
λ0 = 𝑙𝑙0 𝑙𝑙𝑐𝑐⁄ , 𝑙𝑙𝑐𝑐ℎ = �4 ∙ 𝐸𝐸𝑡𝑡 ∙ 𝐼𝐼𝑡𝑡 𝑘𝑘𝑣𝑣⁄4 . The flexural stiffness of the embedded part screw is 
𝐸𝐸𝑡𝑡 ∙ 𝐼𝐼𝑡𝑡 = 𝐸𝐸𝑡𝑡 ∙ 𝜋𝜋 ∙ 𝑑𝑑14 64⁄ , 𝑑𝑑𝑚𝑚𝑚𝑚𝑡𝑡 =0.9∙20=18 mm is the diameter of the non-embedded 
part.  

A simplified expression, derived in (Stamatopoulos and Malo 2020), can be used to 
estimate mean withdrawal capacity of threaded rods: 

 𝐹𝐹𝑚𝑚𝑎𝑎,𝑚𝑚,𝑅𝑅 ≈ 15.0 ∙ 𝑑𝑑 ∙ 𝑙𝑙 ∙ �
𝜌𝜌𝑚𝑚
470

� (28) 

2.2 Mock-up frame assembly 
2.2.1 Experimental set-up and specimens 

The mock-up frame assembly shown in Figure 5 was used to evaluate the properties 
of connections in moment-resisting frame. The mock-up frame assembly consisted 
of six glulam columns and two hollow 4.7 m long box timber deck elements. The 
connections were similar to those presented in Section 2.1, as shown in Figure 5 (b) 
and (c). A cross-section of two parallel floor elements in direction of the span is 
shown in Figure 5 (d). Each of the deck elements consisted of two external parallel 
glulam beams (1) of GL30c with cross section of 140 x 405 mm2 and three internal 
glulam beams (2) of GL28c with cross section of 66 x 405 mm2. The top (3) and 
bottom (4) flanges were made from Kerto-Q LVL plates with thickness of 43 mm 
and 61 mm, respectively. The elastic material properties are given in Table 3. 
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Table 3: Material properties (Kristoffersen and Bjørge 2017) 

 
Ρ, 

[kg/m3] 

𝐸𝐸𝐿𝐿 , 
[MPa] 

𝐸𝐸𝑡𝑡, 
[MPa] 

𝐸𝐸𝑅𝑅 , 
[MPa] 

𝐺𝐺𝐿𝐿𝑅𝑅 , 
[MPa] 

𝐺𝐺𝐿𝐿𝐿𝐿, 
[MPa] 

𝐺𝐺𝑅𝑅𝐿𝐿 , 
[MPa] 

GL30c 430 13000 300 300 600 600 30 

LVL (Kerto-Q) 510 10500 2400 130 600 120 22 

 

The flange plates (Kerto-Q) were glued to beams with phenol-resorcinol adhesive 
and therefore rigid behaviour at the interface was assumed. The deck elements were 
installed to the columns with the bottom flange 2 m above the floor level.  

The columns were 5.2 m high with a block glued cross-section of 405 x 450 mm2. 
The columns used in this set-up were the same columns as used for the beam-to-
column moment-resisting tests described in Section 2.1. The columns were installed 
on the concrete floor with brackets, which allowed rotation about y-axis, as shown 
in Figure 5 (a), that is, the connections to the floor were pinned about y-axis. 

The hollow box decks elements were connected to the columns with the moment-
resisting connections described in Section 2.1. Two M30 high strength friction bolts 
(grade 12.9) with applied prestressing torque on the bolts of 2500 Nm. Both floor 
elements shared the central column (C2) with the double-sided connection shown in 
Figure 5 (b), while the connections to the corner columns were a single-sided version 
of the same connection, as shown in Figure 5 (c). 
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(a) 

 

(b) 

 

(c) 

 
(d) 

 

Fig. 5: The mock-up frame assembly set-up. (a) over-view of the construction, (b) 
connection between floors and centre columns (C2), (c) connection between floors and 
edge columns (C1 and C3), (d) cross-section of the floor elements. Photo (a), (b) and (c): 
SINTEF/A.-L.Bakken 

2.2.2 Loading protocol and instrumentation 

In order to evaluate lateral stiffness, energy dissipation and some dynamic properties 
of the frame assembly, the following tests were performed:  

1) Cyclic loading from 0 to +11/12 kN. The load was applied two meters above 
concrete floor. This loading was applied on each one of the columns (C1, C2, C3) 
separately, that is, three test series were performed in total.  

2) Experimental modal analysis (abbr. EMA), by use of the roving hammer technique 
using one reference accelerometer and a defined grid of hammering points. The 
impact loads were imposed at the level of the moment-resisting connections as 
shown in Figure 6 (b); in the direction of moment-resisting connections (x-axis), 
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and in the transversal direction (y-axis). An impact hammer with a soft rubber cap 
was used to excite the structure. Two impacts at each point of the gird were 
executed, recorded and averaged. The experimental modal analysis was limited to 
the two horizontal directions. 

The lateral deformations of the prototype frame construction were measured by a 
total of 9 LVDTs. Three LVDTs measured the absolute displacements (x-axis) of the 
columns (C1,C2,C3) two meters from the concrete floor. Two LVDTs for each column 
(RD1,RD2,RD3,RD4,RD5 RD6) were used to measure the relative displacements 
between the columns and floor elements at the top and bottom levels of the moment-
resisting connections at columns C1, C2, C3, as shown in Figure 5 (c), which allowed 
to determine of their rotations. 

2.2.3 Finite Element analysis  

Finite Element analysis of frame assembly was carried out by SAP2000 Finite 
Element software (Wilson and Habibullah 1997, SAP 2003), where the rotational 
stiffness of moment-resisting connections on the mock-up frame assembly is the 
emphasized issue. The obtained results are compared to the experimental tests. The 
layout of 3D frame structure is shown in Figure 6 (a).  

(a) 

 

(b)

 

Fig. 6: (a) 3D FE model of frame structure, (b) horizontal cross-section of the frame 
assembly showing the locations of accelerometers and excitation points  

The glulam columns were modelled with linear elastic beam elements with mean 
elastic moduli equal to: 𝐸𝐸0,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑐𝑐 = 13000 MPa and 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑐𝑐 = 650 MPa for GL30c 
according to EN14080 (CEN 2013), see Table 3. The floor elements were modelled as 
thick shell elements with effective bending stiffness of  𝐸𝐸𝐼𝐼𝑒𝑒,𝑒𝑒𝑡𝑡𝑚𝑚𝑙𝑙𝑖𝑖𝑡𝑡𝑢𝑢𝑑𝑑𝑖𝑖𝑚𝑚𝑚𝑚𝑒𝑒 = 6.7∙1013 
N∙mm2 in the longitudinal x-direction (Conta and Homb 2020) and 𝐸𝐸𝐼𝐼𝑒𝑒,𝑡𝑡𝑠𝑠𝑚𝑚𝑚𝑚𝑡𝑡𝑣𝑣𝑚𝑚𝑠𝑠𝑡𝑡𝑚𝑚𝑒𝑒 = 
4∙1013 N∙mm2 in the transversal y-direction (Kristoffersen and Bjørge 2017). These 
effective bending stiffness values in longitudinal and transversal directions were 
measured experimentally. 
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The moment-resisting connections between columns and floor elements were 
modelled as semi-rigid with respect to the rotational degrees of freedom (abbr. DOF) 
about x- and y-axis. Linear-elastic rotational springs with spring constants 𝐾𝐾θ,𝑎𝑎 and 
𝐾𝐾θ,𝑐𝑐 represented the moment-resisting connections. The translational DOFs were 
fixed between columns and decks in all directions, while the rotation about z-axis 
was released (pinned). The rotational stiffness values 𝐾𝐾Θ,y used for FE analysis were 
taken from the experimental tests of the moment-resisting connections. For the 
centric columns (C2) the rotational stiffness was 𝐾𝐾θ,y, but for the connections at the 
corner columns (C1 and C3) 𝐾𝐾θ,y 2⁄  was used. The connections for the C2 columns 
consist of the double amount of threaded rods and steel coupling parts compared to 
the connections at the corner columns. 

2.2.4 Analytical predictions of connection stiffness about x-axis 

The rotational stiffness about x-axis 𝐾𝐾θ,𝑎𝑎 were estimated from the following 
expressions as the total connection rotational stiffness, column-side stiffness and 
beam-side stiffness, respectively: 

 𝐾𝐾θ,x =
𝐾𝐾θ,x,c ∙ 𝐾𝐾θ,x,b

𝐾𝐾θ,x,c + 𝐾𝐾θ,x,b
 (29) 

 𝐾𝐾θ,x,c =
𝑀𝑀𝑎𝑎

θ𝑎𝑎,𝑐𝑐
= 𝑧𝑧𝑎𝑎,𝑐𝑐

2 ∙ �
1

𝐾𝐾𝑣𝑣,𝑐𝑐,𝑐𝑐
+

1
𝐾𝐾𝑣𝑣,𝑐𝑐,𝑐𝑐

�
−1

 (30) 

 𝐾𝐾θ,x,b =
𝑀𝑀𝑎𝑎

θ𝑎𝑎,𝑏𝑏
= 𝑧𝑧𝑎𝑎,𝑏𝑏

2 ∙ �
1

𝐾𝐾𝑣𝑣,𝑐𝑐,𝑏𝑏
+

1
𝐾𝐾𝑣𝑣,𝑐𝑐,𝑏𝑏

�
−1

 (31) 

where 𝐾𝐾𝑣𝑣,𝑐𝑐,𝑐𝑐 ,𝐾𝐾𝑣𝑣,𝑐𝑐,𝑏𝑏 − are the lateral stiffness of threaded rods (see Section 2.1.4.3) and 
𝑧𝑧𝑎𝑎,𝑐𝑐 , 𝑧𝑧𝑎𝑎,𝑏𝑏 − are the lever arms between threaded rods in column and beam, 
respectively. 

2.2.5 Free damped vibrations of mock-up frame assembly 

One major objective in the present research was to explore possible prediction of 
structural damping based on knowledge of mass, stiffness and damping 
characteristics of each of the components constituting a complete structure. The 
mock-up frame assembly, see Figure 1 (b), was modelled with the FE model shown 
in Figure 6 (a). The following values (in parenthesis) were used for the material 
damping in the various components; timber columns (0.5%) (Labonnote et al. 2013), 
hollow box timber decks (1.5%) (Conta and Homb 2020) and the stiffness and mass 
were modelled by their representative tabulated mean values. The moment-resisting 
connections were modelled as linear-elastic rotational springs with the average 
values of spring stiffness from the cyclic tests of the connections. The equivalent 
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viscous damping of the connections in the FE model was modelled by the damping 
coefficient (𝑐𝑐) as stiffness-proportional damping (Chopra 2012): 

 𝑐𝑐 = 𝛽𝛽 ∙ 𝐾𝐾θ,y (32) 

where β = 2ξ𝑚𝑚𝑒𝑒 𝜔𝜔𝑚𝑚,𝑎𝑎⁄ , ξ𝑚𝑚𝑒𝑒 − is the experimentally measured equivalent viscous 
damping for the connections (equivalent viscous damping assumed equal for all the 
connection in FE model), and 𝜔𝜔𝑚𝑚,𝑎𝑎 = 2𝜋𝜋 ∙ 𝑓𝑓𝑚𝑚,𝑎𝑎, 𝑓𝑓𝑚𝑚,𝑎𝑎 − is the undamped fundamental 
eigen-frequency obtained from FE simulations along x-direction. In calculations of 
damping coefficient (𝑐𝑐), the rotational stiffness of connections on centric columns 
(C2) 𝐾𝐾θ,y were taken from cyclic experimental tests of the moment-resisting 
connections, while the rotational stiffness on the corner columns (C1 and C3) were 
taken as 𝐾𝐾θ,y 2⁄ .  

Using the FE model and initial conditions (applied displacement on columns along 
x-axis), a damped free vibration was obtained in the x-direction of the mock-up 
frame assembly. The structural damping from the damped simulation was estimated 
using the method with logarithmic decrement, leading to Eq. (33) (Chopra 2012): 

 ξ =
1

2𝜋𝜋𝜋𝜋
ln

𝑢𝑢𝑖𝑖
𝑢𝑢𝑖𝑖+𝑗𝑗

 (33) 

where 𝜋𝜋 − is the number of cycles for evaluation, 𝑢𝑢𝑖𝑖 − is the maximum displacement 
of 𝑠𝑠-th cycle and 𝑢𝑢𝑖𝑖+𝑗𝑗 − is the (decreased) displacement of (𝑠𝑠 + 𝜋𝜋)-th cycle.  

From the free vibrational response of the FE model the by applying the material and 
connection mechanical properties, the vibrational frequency and the structural 
damping for the structure were determined. 
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3 Results and discussion 

3.1 Moment-resisting connection 
3.1.1 Experimental monotonic loading tests 

One full scale moment-resisting beam-to-column timber connection was tested 
under monotonic loading until failure. The result from the monotonic test is 
presented in Figure 7. The capacity of the connection was by slips (loss of friction) 
between the steel coupling parts. The recorded maximum moment resistance was 
100.6 kNm. No initial slip was observed in the test. The estimated axial forces in the 
threaded rods at failure were lower than the estimated withdrawal capacities, confer 
Table 4. Analytical predictions of the forces in the threaded rods at maximum 
moment are given in Table 4, while the prediction of the connection stiffness is 
summarized in Table 6.  

 
Fig. 7: Moment-rotation curve from monotonic loading test 
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Table 4: Analytical predictions at failure 

Parameter Reference C1-B1 Units 

Maximum moment, 𝑀𝑀𝑢𝑢 Figure 7 100.6 (kNm) 

𝐹𝐹𝑚𝑚𝑎𝑎,𝑐𝑐1 
Utilization, withdrawal, % 

        steel, % 

Eq. (17) 
Eq. (17) 
Eq. (16) 

65.0 
42.0% 
28.8% 

(kN) 

𝐹𝐹𝑚𝑚𝑎𝑎,𝑐𝑐2 
Utilization, withdrawal, % 

        steel, % 

Eq. (18) 
Eq. (18) 
Eq. (16) 

77.1 
57.0% 
34.1% 

(kN) 

𝐹𝐹𝑚𝑚𝑎𝑎,𝑐𝑐3 
Utilization, withdrawal, % 

        steel, % 

Eq. (19) 
Eq. (19) 
Eq. (16) 

-77.1 
57.0% 
34.1% 

(kN) 

𝐹𝐹𝑚𝑚𝑎𝑎,𝑐𝑐4 
Utilization, withdrawal, % 

        steel, % 

Eq. (20) 
Eq. (20) 
Eq. (16) 

-65.0 
42.0% 
28.8% 

(kN) 

𝐹𝐹𝑚𝑚𝑎𝑎,𝑏𝑏1 
Utilization, withdrawal, % 

        steel, % 

Eq. (21) 
Eq. (21) 
Eq. (16) 

125.7 
49.6% 
55.6% 

(kN) 

𝐹𝐹𝑚𝑚𝑎𝑎,𝑏𝑏2 
Utilization, withdrawal, % 

        steel, % 

Eq. (22) 
Eq. (22) 
Eq. (16) 

-125.7 
49.6% 
55.6% 

(kN) 

Maximum axial force at failure 
in the connection, 𝐹𝐹𝑎𝑎 

Eq. (4) 251.5 (kN) 

Steel capacity of a single rod: 𝐹𝐹𝑡𝑡𝑚𝑚𝑚𝑚𝑡𝑡,𝑅𝑅 = 𝐴𝐴𝑡𝑡 ∙ 𝑓𝑓𝑢𝑢,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = (𝜋𝜋 ∙ 16.12 4⁄ ) ∙ 952 ∙ 10−3 ∙

�𝑛𝑛𝑚𝑚𝑒𝑒 𝑛𝑛⁄ � = 180.8 kN 

 

3.1.2 Finite Element simulations of steel coupling part 

The axial stiffness and resistance of the steel coupling parts were evaluated by use 
of Finite Element (abbr. FE) software ABAQUS (Corp. 2014). The FE model is 
shown in Figure 8. The simulations were performed for both tensile loading (Figure 8 
(a)) and compressive loading (Figure 8 (b)). The steel coupling parts were meshed 
with eight-node linear full integration brick elements. The modelled material 
properties for the steel parts are given in Table 5. Possible plasticity in the steel was 
taken into account by stress-plastic strain relationship according to DNV (2013) for 
S355. The contact between the steel coupling parts was modelled by use of ‘‘hard” 
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contact behaviour in the normal direction, while isotropic tangential behaviour with 
friction coefficient of 0.3 (steel-to-steel) were used in the contact plane. The friction 
bolts were modelled linearly isotropic with assumed 𝐸𝐸 = 210 GPa and ν = 0.3. The 
pre-stressing force was applied in the middle of the bolts as a pre-stressing force 𝐹𝐹 
depending on the torque level. The pre-stressing force was calculated according to 
Eq.(34) (Oskouei and Chakherlou 2009): 

 𝐹𝐹 =
𝑇𝑇

𝑘𝑘 ∙ 𝑑𝑑𝑏𝑏𝑡𝑡𝑒𝑒𝑡𝑡
 (34) 

where 𝑇𝑇 − is the applied torque, 𝑘𝑘 = 0.20 and is the torque coefficient defined as the 
term which depends on friction coefficients and 𝑑𝑑𝑏𝑏𝑡𝑡𝑒𝑒𝑡𝑡 − is the nominal diameter of 
the bolt.  

The FE results are summarized in Figure 9. According to Figure 9, the elastic axial 
stiffness values with respect to horizontal displacements in tension and compression 
are 𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐𝑡𝑡𝑚𝑚,1 = 460 kN/mm and 𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐𝑡𝑡𝑚𝑚,2 = 500 kN/mm, respectively. Based on the 
values for 𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐𝑡𝑡𝑚𝑚,1 and 𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐𝑡𝑡𝑚𝑚,2 the rotational stiffness about y-axis was determined 
as follows: 

 𝐾𝐾θ,con =
𝑀𝑀
θ𝑐𝑐𝑡𝑡𝑚𝑚

= 𝑧𝑧𝑐𝑐𝑡𝑡𝑚𝑚2 ∙ �
1

𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐𝑡𝑡𝑚𝑚,1
+

1
𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐𝑡𝑡𝑚𝑚,2

�
−1

 (35) 

where 𝑧𝑧𝑐𝑐𝑡𝑡𝑚𝑚 = 380 mm, as shown in Figure 2 (b). 

The rotational stiffness of the steel coupling part is 34595 kNm/rad. The friction slip 
between steel coupling part occurred at about 260 kN, which also was observed from 
monotonic loading tests, where 𝐹𝐹𝑎𝑎 at maximum moment was 251.5 kN, confer Table 
4. 

Table 5: Material properties for steel S355, 16mm < 𝒕𝒕 < 40mm (2013) 

𝐸𝐸,  
[MPa] 

ν,  
[-] 

𝜎𝜎𝑝𝑝, 

[MPa

] 

𝜎𝜎𝑐𝑐1, 

[MPa

] 

𝜎𝜎𝑐𝑐2, 

[MPa

] 

𝜎𝜎𝑢𝑢𝑒𝑒𝑡𝑡 , 

[MPa

] 

𝜀𝜀𝑝𝑝, 

[-] 

𝜀𝜀𝑝𝑝.𝑐𝑐1, 

[-] 

𝜀𝜀𝑝𝑝.𝑐𝑐2, 

[-] 

𝜀𝜀𝑝𝑝.𝑢𝑢𝑒𝑒𝑡𝑡 , 

[-] 

21000

0 

0.

3 
311.0 346.9 355.9 541.6 

0.000

0 

0.004

0 

0.019

7 

0.139

1 
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Fig. 8: Finite element model of steel coupling part subjected to axial forces: (a) tensile 
loading, (b) compressive loading 

 
Fig. 9: Force-displacement curve for steel coupling part according to FE simulations 

The experimental results and the analytical predictions of the component method 
with respect to rotational stiffness are summarized in Table 6, which give the 
resulting values from evaluations of the analytical expressions given in Section 2.1.4. 
The experimentally measured rotational stiffness value of the connection under 
monotonic loading was 𝐾𝐾θ,y = 4761 kNm/rad and the analytical prediction gave 7137 
kNm/rad. The analytical prediction overestimates the total stiffness of the 
connection, which can be related to the high rotational stiffness of simulated steel 
coupling part. The analytical expressions slightly underestimate the rotational 
stiffness on the beam-side and slightly overestimate rotational stiffness on the 
column-side. 
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Table 6: Analytical predictions of rotational stiffness compared to experimental result 
from monotonic test 

Property Reference Specimen Units 

𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐1 (𝐾𝐾𝑡𝑡𝑚𝑚𝑠𝑠,𝑚𝑚𝑎𝑎,𝑐𝑐1/𝐾𝐾𝑚𝑚𝑎𝑎,𝑒𝑒0,𝑐𝑐1) 

Eq. (25) 
In parenthesis: 
𝐾𝐾𝑡𝑡𝑚𝑚𝑠𝑠,𝑚𝑚𝑎𝑎 𝐾𝐾𝑚𝑚𝑎𝑎,𝑒𝑒0⁄  

Eq. (23)/ Eq. (25) 
 

62.6 (68.1/822.1) 

(kN/mm) 

𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐2 (𝐾𝐾𝑡𝑡𝑚𝑚𝑠𝑠,𝑚𝑚𝑎𝑎,𝑐𝑐2/𝐾𝐾𝑚𝑚𝑎𝑎,𝑒𝑒0,𝑐𝑐2) 53.4 (56.2/1068.7) 

𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐3 (𝐾𝐾𝑡𝑡𝑚𝑚𝑠𝑠,𝑚𝑚𝑎𝑎,𝑐𝑐3/𝐾𝐾𝑚𝑚𝑎𝑎,𝑒𝑒0,𝑐𝑐3) 53.7 (56.2/1187.1) 

𝐾𝐾𝑚𝑚𝑎𝑎,𝑐𝑐4 (𝐾𝐾𝑡𝑡𝑚𝑚𝑠𝑠,𝑚𝑚𝑎𝑎,𝑐𝑐4/𝐾𝐾𝑚𝑚𝑎𝑎,𝑒𝑒0,𝑐𝑐4) 65.6 (68.1/1781.3) 

𝐾𝐾𝑚𝑚𝑎𝑎,𝑏𝑏1 (𝐾𝐾𝑡𝑡𝑚𝑚𝑠𝑠,𝑚𝑚𝑎𝑎,𝑏𝑏1/𝐾𝐾𝑚𝑚𝑎𝑎,𝑒𝑒0,𝑏𝑏1) 113.3 (125.3/1179.4) 

𝐾𝐾𝑚𝑚𝑎𝑎,𝑏𝑏2 (𝐾𝐾𝑡𝑡𝑚𝑚𝑠𝑠,𝑚𝑚𝑎𝑎,𝑏𝑏2/𝐾𝐾𝑚𝑚𝑎𝑎,𝑒𝑒0,𝑏𝑏2) 118.4 (125.3/2137.6) 

𝐾𝐾𝑣𝑣,𝑐𝑐1 

Eq. (27) 

4.9 

(kN/mm) 

𝐾𝐾𝑣𝑣,𝑐𝑐2 5.9 

𝐾𝐾𝑣𝑣,𝑐𝑐3 8.2 

𝐾𝐾𝑣𝑣,𝑐𝑐4 7.3 

𝐾𝐾𝑣𝑣,𝑏𝑏1  7.3 

𝐾𝐾𝑣𝑣,𝑏𝑏2  11.1 

𝐾𝐾θ,c  
Eq. (5) 12627 (per plane of 

rods: 6330) (kNm/rad) 
Tests 11223 

𝐾𝐾θ,b 
Eq. (10) 31250 (per plane of 

rods: 7813) (kNm/rad) 
Tests 35006 

𝐾𝐾𝜃𝜃,𝑐𝑐𝑡𝑡𝑚𝑚  
FE Results 34595 

(kNm/rad) 
Tests - 

𝐾𝐾θ,y 
Eq. (15) 7137 

(kNm/rad) 
Tests 4761 

 
3.1.3 Cyclic loading tests 

Initially, cyclic tests were performed on the moment-resisting connections using the 
loading protocols presented in Section 2.1.2. For each cyclic loading case 10 cycles 
were performed. The experimentally recorded moment-rotation hysteresis loops for 
each specimen are shown in Figure 10, where first column gives the total rotational 
stiffness for the test set-ups, while the second and third columns visualise the 
contributions from beam-side and column-side, respectively.  Table 7 summarizes the 
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experimentally recorded cyclic stiffness values, the (average) energy dissipation per 
cycle and the equivalent viscous damping ratios according to Eq. (2) for the 
connection and for each part separately. 

 

 Fully reversed cyclic tests  Positive moment  Negative moment 

Fig. 10: Moment-rotation curves from cyclic tests of the connections 
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Table 7: Experimental results of connections subjected to cyclic testing 

 
The mean rotational stiffness measured for fully reversed cyclic loading Kθ,cyc = 
4175 kNm/rad is slightly lower compared to mean values of the rotational stiffness 
for positive moment (Kθ,+ =4900 kNm/rad) and negative moment (Kθ,− =4480 
kNm/rad). Furthermore, the measured stiffness values from monotonic loading 
(4761 kNm/rad) are quite similar to all the values recorded from the cyclic tests. The 
mean rotational stiffness on the column-side connection ranges from 8341 to 8815 
kNm/rad and on the beam-side connection the mean rotational stiffness ranges from 
34367 to 41939 kNm/rad. 

The mean equivalent damping ratios are similar for fully reversed loading (4.2%), 
positive moment (4.7%) and negative moment (4.9%) with variability coefficient of 
13.4%, 18.9% and 11.4, respectively. The mean equivalent viscous damping ratios 
for the beam-side connection are approximately two times higher compared to 
column-side, both for fully reversed loading (5.7% vs 2.6%), cyclic loading under 
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positive moment (6.3% vs 3.8%) and cyclic loading under negative moment (6.6% 
vs 2.4%). This finding may be related to the fact that more threaded rods are used on 
the beam-side possibly resulting in larger energy dissipation. 

3.2 Mock-up frame assembly 
3.2.1 Cyclic loading tests 

The experimental results from cyclic loading tests are given in Figure 11 in terms of 
force-displacement hysteresis loops for each loading point and displacement 
measurement. The displacements in x-direction were monitored by the LVDTs 
attached to the columns C1, C2 and C3, as shown in Figure 5 (a). Consequently, Figure 
11 can be interpreted as a graphical 3x3 stiffness matrix. As it may be observed, the 
off-diagonal elements are fairly symmetric and indicates the degree of coupling 
effects between the three columns. The corresponding values for lateral stiffness 
(𝐾𝐾𝑒𝑒𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚), energy dissipation (𝐸𝐸𝑑𝑑), viscous damping coefficient (𝜉𝜉𝑚𝑚𝑒𝑒), bending 
moments (𝑀𝑀𝑐𝑐) and rotational stiffness of connections (𝐾𝐾θ,y) are summarized in Table 
8. Furthermore, the experimental results were compared with the FE model shown 
in Figure 6 (a). 

 

Fig. 11: Force-displacement curves from lateral cyclic tests of the mock-up frame 
assembly 
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Table 8: Experimental and FE results of mock-up frame assembly subjected to lateral 
cyclic loading 

 
As shown in Table 8, the lateral stiffness of the mock-up frame assembly for loading 
in C1, C2, C3 were measured to 2.43, 4.49, 2.33 kN/mm, respectively. The lateral 
stiffness is smallest when the load is applied on the corner columns, presumably due 
to torsion caused by the eccentric loading. Furthermore, the frame assembly showed 
considerable energy dissipation with equivalent viscous damping coefficients for all 
loading cases (3.11%, 2.62% and 4.65%). 

3.2.2 Finite Element evaluations 

In order to examine the effects of the transversal (x-axis) rotational stiffness of the 
connections, a series of FE simulations of the frame assembly were carried out 
varying the ratio between the rotational stiffness about x-axis (transversal) and y-
axis Kθ,x Kθ,y⁄ . The rotational stiffness (Kθ,y) about y-axis were fixed to 4200 and 
2100 kNm/rad for centric and corner columns, respectively (i.e. the average 
rotational stiffness from the cyclic loading tests). The FE results are presented in 
Figure 12. The stiffness ratio range of Kθ,x Kθ,y =⁄  0.2-0.3, which is highlighted in 
Figure 12, give good agreement regardless of load condition and is valid both for 
static and dynamic response. The rotational stiffness of connection about x-axis does 
not affect horizontal displacements when the loading is applied on the centric 
column, confer Figure 12. Furthermore, the mean rotational stiffness of connection 
measured in laboratory was 4175 kNm/rad, but for the mock-up frame assembly the 
measurements gave rotational stiffness from 4166 to 4535 kNm/rad. The mean 
rotational stiffness of connection for corner columns was measured to 1878 
kNm/rad. The FE model with the stiffness ratio Kθ,x Kθ,y⁄  in the range 0.20-0.30 gave 
also good agreement for the fundamental eigen-frequency in the y-direction 
compared to the experimentally obtained value of 1.81 Hz (Table 9), see the rightmost 
plot on Figure 12. The corresponding vibrational modes from FE simulations are 
shown in Figure 13. 
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Fig. 12: Lateral displacements according to FE analyses of the frame assembly as 
function of the ratio 𝐊𝐊𝛉𝛉,𝐱𝐱 𝐊𝐊𝛉𝛉,𝐲𝐲⁄  

(a) (b) 

Fig. 13: Mock-up frame assembly mode shapes from FE software SAP2000: (a) First 
mode in transversal y-direction with frequency of 1.80 Hz; (b) Second mode in 
longitudinal x-direction with frequency of 3.34 Hz 

3.2.3 Free damped vibration evaluation 

The fundamental eigen-frequencies and damping ratios with respect to translation in 
x- and y-directions obtained from experimental modal analysis and FE simulation 
are given Table 9. The fundamental eigen-frequency with EMA was recorded to be 
1.81 Hz along the y-direction and 3.55 Hz along the x-direction with structural 
damping ratios of 2.1% and 3.9%, respectively. No experiment on energy dissipation 
in the connections for transverse direction (y-direction) was performed, and hence 
no comparison of FE and EMA is available for y-direction. 
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Table 9: The fundamental eigen-frequencies and structural damping from EMA and 
FE simulations 

Test method 𝑓𝑓𝑚𝑚,𝑐𝑐, [Hz] 𝜉𝜉𝑐𝑐, [%] 𝑓𝑓𝑚𝑚,𝑎𝑎, [Hz] 
𝜔𝜔𝑚𝑚,𝑎𝑎 , 

[rad/sec] 
𝜉𝜉𝑎𝑎, [%] 

EMA 1.81 2.10 3.55 22.30 3.90 

FE 1.80 - 3.34 20.98 3.88 

To evaluate the structural damping with FE simulations as discussed in Section 2.2.5, 
the applied material damping values of the timber columns and hollow box timber 
decks and damping coefficients of the moment-resisting connections are presented 
in Table 10 and damping coefficient estimated according to Eq. (32). The free damped 
vibration results from FE simulation are presented in Figure 14 in terms of 
displacement vs time and compared with free damped vibration test results from 
values obtained with EMA by applying the equation of motion for damped 
structures: 

 𝑢𝑢(𝑡𝑡) = 𝑒𝑒−𝜉𝜉𝑥𝑥𝜔𝜔𝑛𝑛,𝑥𝑥𝑡𝑡 �𝑢𝑢(0) cos𝜔𝜔𝑑𝑑,𝑎𝑎𝑡𝑡 +
�̇�𝑢(0) + 𝜉𝜉𝑎𝑎𝜔𝜔𝑚𝑚,𝑎𝑎𝑢𝑢(0)

𝜔𝜔𝑑𝑑,𝑎𝑎
sin𝜔𝜔𝑑𝑑,𝑎𝑎𝑡𝑡� (36) 

 𝜔𝜔𝑑𝑑,𝑎𝑎 = 𝜔𝜔𝑚𝑚,𝑎𝑎�1 − 𝜉𝜉𝑎𝑎
2 (37) 

where 𝜉𝜉𝑎𝑎 − is the structural damping from EMA, 𝜔𝜔𝑚𝑚,𝑎𝑎 − is the natural frequency,  
𝑢𝑢(0) − is the initial displacement, 𝜔𝜔𝑑𝑑,𝑎𝑎 − is the damped natural frequency, �̇�𝑢(0) − is 
the initial velocity.  
  



PART II: Dissemination – Paper II 

170 

Table 10: Material and equivalent viscous damping ratios for FE simulation 

Structural part 
Material 

damping, [%] 

Equivalent 

viscous 

damping, [%] 

Damping 

coefficient (𝑐𝑐), 

[N∙s/mm] 

Timber columns 0.5 - - 

Hollow box timber decks 1.5 - - 

Moment-resisting connections 

on centric columns 
- 4.2 16816.0 

Moment-resisting connections 

on corner columns 
- 4.2 8408.0 

FE simulations assuming: Kθ,y = 4200 kNm/rad on centric columns and Kθ,y = 

2100 kNm/rad on corner columns. Undamped natural frequency 𝜔𝜔𝑚𝑚,𝑎𝑎 = 2𝜋𝜋 ∙ 𝑓𝑓𝑚𝑚,𝑎𝑎 =

2𝜋𝜋 ∙ 3.34 = 20.98 rad/sec. 

The initial displacement on the centric and corner columns at the level of hollow box 
timber decks 𝑢𝑢(0) = 5.0 mm and initial velocity �̇�𝑢(0) = 0 m/s were applied to 
measure free damped vibrations. The structural damping of FE frame assembly 
model according to Eq. (33) and Figure 14 is 3.88%.  

As it may be observed from Table 9, as well as from Figure 14, a minor difference in 
the fundamental frequency 𝑓𝑓𝑚𝑚,𝑎𝑎 between the FE model (with measured component 
values) and the EMA results (of the mock-up frame assembly) is present. The FE 
model give 𝑓𝑓𝑚𝑚,𝑎𝑎 = 3.34 Hz, while 𝑓𝑓𝑚𝑚,𝑎𝑎 = 3.55 Hz is obtained from EMA. Probably this 
is due to small differences in the rotational stiffness of the connections. The resulting 
deviation in frequency is consistent with the fact that the connection stiffness 
obtained from the mock-up (and consequently in the EMA) were slightly larger than 
the stiffness measured in the connection component tests. It should also be kept in 
mind that there are experimental variations in the performance of the connections, 
both in the component tests as well as in the mock-up frame assembly tests. The use 
of material damping and equivalent viscous damping from the cyclic connection tests 
show very good agreement and this approach can successfully be used to predict the 
structural damping of complete frame assemblies. 
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Fig. 14: EMA and FE free damped vibration results in x-direction 

4 Conclusions 
The performance of beam-to-column moment-resisting timber connections with 
inclined threaded rods and steel coupling parts connected with friction bolts has been 
investigated by use of full-scale tests and a mock-up frame assembly. The moment 
resisting connections were subjected both to cyclic and monotonic loading. The 
rotational stiffness and the energy dissipation properties were determined on the 
basis of the three full-scale cyclic tests. In addition, the rotational stiffness and the 
moment resistance were measured under monotonic loading and compared with 
analytical predictions based on an analytical model (Stamatopoulos and Malo 2020). 
The mock-up frame assembly was subjected to cyclic lateral loading and also tested 
with experimental modal analysis. The lateral stiffness, energy dissipation, 
fundamental eigen-frequencies and structural damping of the frame assembly were 
measured and quantified and compared with FE analyses. The following main 
conclusions are drawn: 

• The rotational stiffness of present connection measured from monotonic 
loading test was 4761 kNm/rad. The maximum moment resistance was 
100.6 kNm limited by friction between the steel plates. No initial slip was 
recorded, and the connection demonstrated initial load take-up.  

• The rotational stiffness of connections for fully reversed loading and single-
sided positive and negative moment tests were 4175, 4480 and 4900 
kNm/rad, respectively with coefficient of variation around in range from 4.0 
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to 8.6%, and hence only minor differences are exhibited by this type of 
connections. 

• The mean rotational stiffness of connection from laboratory tests and from 
tests with mock-up frame assembly were in average 4175 kNm/rad and 4367 
kNm/rad, respectively. Therefore, the measured values for connection 
properties obtained in the laboratory are also achievable in full-scale 
assemblies for this type of connections. 

• The rotational stiffness of connections obtained from fully reversed cyclic 
loading tests are very suitable for FE simulations. The FE model shows good 
agreement between the experimental results and the analytical model.  

• For unsymmetrical loading conditions when torsional rotation of the frame 
assembly is introduced, the transversal rotational stiffness of the connections 
should be considered. The transversal rotational stiffness value of these 
moment-resisting connections can be assumed to be around 0.20-0.30∙ 𝐾𝐾θ,𝑐𝑐. 

• The moment-resisting connections and mock-up frame assembly tests under 
cyclic loading showed high energy dissipation; 4.2% and 3.5% in terms of 
equivalent viscous damping, respectively.  

• Cyclic energy dissipation from quasi-static component tests can be used to 
predict the structural damping in moment-resisting frames. Provided that the 
amount of material damping is known in the components, the damping 
caused by the connections can be modelled by equivalent viscous damping 
in FE models and consequently the structural damping in framed structures 
can be predicted. 
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Competitiveness of timber floor elements 
An assessment of structural properties, production, costs and 
carbon emissions 

Abstract 
As long-spanning timber floor elements attempt to achieve a meaningful market 
share, proof of serviceability continues to be a demanding task as international 
consensus remains unsettled. Initiatives to improve vibration levels are achievable, 
but a lack of confidence in the market is resulting in increases in margins for both 
manufacturers and contractors. State-of-the-art concrete alternatives are offered at 
less than half the price, and even though timber floors offer reduced completion costs 
and low carbon emissions, the market is continuously reserved. Cost reductions for 
timber floor elements to competitive levels must be pursued throughout the product 
details and in the stages of manufacturing. As new wood products are introduced to 
the market, solution space is increased to levels that demand computerised 
optimisation models, which require accurate expenditure predictions. To meet this 
challenge, a method called Item-Driven Activity-Based Consumption (IDABC) has 
been developed and presented in this study. The method establishes an accurate 
relationship between product specifications and overall resource consumption linked 
to finished manufactured products. In addition to production time, method outcomes 
include cost distributions, including labour costs, and carbon emissions for both 
accrued materials and production line activities. A novel approach to resource 
estimation linked to assembly friendliness is also presented. IDABC has been 
applied to a timber component and assembly line operated by a major manufacturer 
in Norway and demonstrates good agreement with empirical data. 

Keywords 
Activity-based; assembly; component; carbon emissions; cost; expenditure; floor; 
forest products; optimization; production; timber; wood. 

1 Introduction 
Timber flooring systems are endeavoring to gain a market share in commercial 
buildings. In this market cost is the dominant selling point, hence cost reductions for 
timber floor elements to competitive levels must be pursued throughout the product 
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details and in the stages of manufacturing. However, future competitiveness is not 
an issue of cost only. The construction sector currently contribute to global energy 
use and carbon emissions by 36 % and 39 %, respectively (UN Environment and 
International Energy Agency (IEA) 2017), and emission reduction targets are likely 
not to be met without a reduction of the energy consumption in the sector. 85% of 
the buildings we will use in 2050 are currently built (Dixon et al. 2018). Still 
projections indicate that 230 billion square meters of buildings will be erected or 
reconditioned by 2060 (UN Environment and International Energy Agency (IEA) 
2017). Estimates suggest that greenhouse gas (GHG) emissions is likely to double in 
the same period (Pomponi and Moncaster 2016). Material Efficiency (ME) analyses 
have been performed to form strategies for reducing GHG by substituting steel and 
concrete with timber (Hertwich et al. 2019). Studies of energy efficient buildings 
show a reduction of GHG in the service lifetime, but an increase in embodied GHG 
of the building itself (Röck et al. 2020). As political incentives are encouraging the 
use of environmental beneficially materials (Hill and Dibdiakova 2016), the market 
potential for timber elements gain strength. However, the construction industry is 
expectant and more research is required to improve timber floor systems and 
simultaneously reduce GHG emissions and cost.  

As new wood products are introduced, computerized optimization models may be 
required to find the optimum solution both to cost and embodied carbon emissions. 
Forintek and the Canadian Wood Council (Hu et al. 2006) concluded that an accurate 
accounting of the expenditure of manufacturing is required to formulate methods of 
optimization of timber floor elements.  

Assessment of estimation methods for major construction cost factors provide 
evidence of the importance of accurate accounting. (Akintoye 2000). The study 
reports that construction and buildability constitute critical factors, and that precise 
estimates of cost and delivery of prefabricated components such as floor elements 
are essential. 

Cost of direct material (material from supplier) and labor cost is key indicators of 
competitiveness, but better description of machining processes may further enhance 
competitiveness (Ratnasingam et al. 1999). The study brings understanding of the 
furniture wood machining and related machining cost, and argues that machining 
costs may be calculated using Activity-Based Costing (ABC) (Drury 1992). The 
study has many similarities to the present work, but the level of detail may not be 
suitable for heavy timber product manufacture. Implementation of lean 
manufacturing in the secondary wood industry increase competitiveness, according 
to (Velarde et al. 2011). Depending on the factory, lean manufacturing requires 
specific systems, and the implementation of new systems can be a burden for a 
factory. However, the outcome may reduce excess production time, increase the 
efficiency of the factory floor and the utilization of direct material. 
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The United States Department of Agriculture and the Wood Components 
Manufacturers Association developed a product cost quotation tool for timber 
component manufacturers (Andersch et al. 2013, Andersch et al. 2014). This is a 
robust framework for costs accounting but is based on traditional costing methods 
and historical data taken from the company applying the method. It is neither 
parametric, nor does it facilitate the calculation of carbon emissions linked to 
manufacturing. As such, it cannot be applied as part of an optimization algorithm 
without extensive redesign. Other studies have been carried out with the aim of 
developing methods to assist sawmill operators in estimating product costs (Howard 
1988), but such methods are not representative of cost calculations used in timber 
element manufacturing. 

An outline of basic manufacturing costing methods is presented in (Moore and 
Creese 1990). In this study, costs are assigned to specific activities and the methods 
described share similarities with the frequently applied models using Activity-Based 
Costing (Yongqian et al. 2010) and Time-Driven Activity-Based Costing (Namazi 
2016). Applied for product manufacturing, the Activity-Based Costing methods all 
define activities along the production line as resources that combine to perform 
operations in the manufacture or processing of a given item. The drawback of these 
models is that they are not parameterized, and requires input in the form of 
predetermined values of activity durations. More advanced mathematical methods 
are able to model demand-driven manufacturing. The method described in 
(Kalaiarasi and Rajarathnam 2015) addresses inventories and not activities, while 
(Durga Prasad et al. 2014) describe an approach involving a mathematical 
representation of quality control, value engineering and target costs. In the latter 
approach, product cost management during the conceptual phase is studied as a 
means of balancing costs and quality, and the mathematical relationships are 
analyzed and solved to support optimization procedures during product 
development.  

The manufacturing of timber-based floor elements is a machine-driven production 
process. The machining industry is increasingly required to record and reduce its 
carbon emissions. The energy consumption of timber element manufacturers is 
moderate compared to sectors such as the metallurgical and chemical industries, 
where the levels of energy consumption and carbon emissions are excessive. 
However, the topic still has relevance for the timber components and assembly 
sector. In (Cai et al. 2018, Hu et al. 2018, de Souza Zanuto et al. 2019) methods to 
manage carbon emissions related to consumables is studied, whilst (Du et al. 2015) 
study operational models for low-carbon manufacturing processes to assist in 
strategic work to reduce carbon emissions in the machinery manufacturing industry.  

Cost of manufacturing of steel-based flooring systems is reported in (Klanšek and 
Kravanja 2006). The study includes cost of accrued materials, energy consumption 
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and labor, and is a relevant study because it embraces the holistic approach of 
measuring a wider range of resource consumption. The costing method applied in 
(Mela and Heinisuo 2014) where feature-based cost centers is controlled by 
processing units, the approaches described in (Klanšek and Kravanja 2006, Mela and 
Heinisuo 2014), combined with the Time-Driven Activity-Based Costing (TDABC) 
method (Kaplan and Anderson 2003), have all provided valuable input to the method 
developed in the present work. 

Objectives of the present work are to explore a parametric method for quantification 
of consumed resources in the manufacture of timber elements. The output of the 
method should serve as a quantification of competitiveness. The review has 
identified production time, cost, labor cost and ECO2 as indicators of 
competitiveness. The method should be parametric and have features that makes it 
suitable as an objective function in optimization workflows. The method should be 
based on principles that keep the effort of implementation low.  

2 Materials and methods 

2.1 Background and principle 

The method developed and presented in this study has similarities to the 
aforementioned Time-Driven Activity-Based Costing (TDABC) method (Kaplan 
and Anderson 2004). However, while TDABC uses predetermined values as input 
for activity duration, the method described here uses the parametric properties of the 
items being processed to calculate durations. Moreover, the outcome is not limited 
to costings, but also to a more detailed calculation of consumption in terms of time, 
overall costs, labor costs, and carbon emissions. To acknowledge its relationship 
with the TDABC approach, the method developed during the present study is called 
Item-Driven Activity-Based Consumption (IDABC). Its relationship with the 
TDABC method and the differences between the two are explained in the following, 
subsequent to key definitions and programming concept: 

Activity-based costing in general (Hoozée and Hansen 2014), as applied for product 
manufacturing, defines activities along a production line as resources that combine 
to perform operations in the manufacture or processing of a given item. Resources 
are the theoretical definition of apparatus and personnel that can contribute in an 
activity, whilst an activity is the physical realization to a given item. An activity is 
performing an operation on an item, and an item is either direct material in the 
manufacturing of a component, or a component in the assembly or processing of the 
final product. See Figure 1. 
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Figure 1: Activity-based accounting in general. The relationship between resources, 
activity and expenditures 

Object-Oriented Programming (OOP) was applied in the programming of the 
IDABC. OOP is generally much used in modelling of real-life applications and the 
concept of classes in OOP is convenient and offers excellent levels of control when 
a programming operation shall be repeated multiple times. Classes was defined for 
resources and activities, sections, bodies and assembly, and the instantiation of any 
of these classes generates a unique object based on a set of attributes. The object can 
then be treated by what is known as methods of the class, to perform various 
programming operations of that object. OOP is not compulsory when implementing 
IDABC, but is mentioned to give some understanding of how the programming was 
performed. 

The TDABC approach employs two parameters for the estimation of cost-driver 
rates. These are the cost per unit time of resources, and the time required to perform 
a given activity (Kaplan and Anderson 2004). In situations involving the costs of 
product manufacture, the TDABC approach would multiply cost-center rates with 
the duration of the relevant activities. This requires the duration of all activities to be 
predetermined. Any permutations from a planned manufacturing framework will 
impose additional planning production costs on the manufacturer during product cost 
determination. 

The IDABC approach allows more indeterminacy, and features levels of flexibility 
and information content that enable the parametric accounting of manufacturing 
expenditures linked to the systematic and repeated manufacture of components 
constituting an assembly.   

The initial parameter used in the IDABC method is cost of resources per unit time 
(CR), where R denotes a resource. In addition to cost rate, the IDABC method also 
includes the rate of production of CO2 equivalents (CO2R). This is required for the 
completion of an Environmental Product Declaration (EPD), which is an 
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increasingly important factor in customer purchase motivation (Del Borghi 2013, 
Thies et al. 2019). 

The second parameter used in the TDABC method is the predetermined duration of 
an activity. In the IDABC approach this is substituted by a parametric function in the 
activity object (the programmed representation of the activity). When an item is 
subject to an activity, the activity object is parsing the predefined processing SI unit 
of the activity, and the item is returning the requested quantity processed by the 
activity. In the activity object a series of methods serve to compute an expenditure 
vector associated with the processing of the item. For example, during the lifting of 
a given item, the weight of the item in [kg] is requested. During a sawing process, 
depending on which saw activity that is used, either the number of items being cut 
[1], or the cutting area [m2], is requested.  

The expenditure vector Vη (Eq. 1) contains the duration of an activity Tη [s], overall 
costs Cη [€], labor costs LCη [€], and the amount of CO2 equivalents GWPη 
[kgCO2eq] associated with the item. The subscript η denotes a specific item subject 
to a given activity. Overall costs represent the total costs linked to the activity, while 
labor costs constitute that part of the costs associated with labor. 

𝑽𝑽𝜂𝜂 = �𝑇𝑇𝜂𝜂 𝐶𝐶𝜂𝜂 𝐿𝐿𝐶𝐶𝜂𝜂 𝐺𝐺𝐺𝐺𝐺𝐺𝜂𝜂�       [𝑠𝑠 € € 𝑘𝑘𝑘𝑘𝐶𝐶𝑘𝑘2𝑒𝑒𝑒𝑒] Eq. 1 

Principally, an item inherits an expenditure vector for each activity to which it is 
subjected during the production process. The total expenditure linked to manufacture 
of the product (Vassembly) is the sum of expenditures for the activities completed as the 
items pass along the production line and operations for building the assembly are 
performed (Eq. 2). Vassembly is the output of the method, and comprise the selected 
indicators for competitiveness. 

𝑽𝑽𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = � � 𝑽𝑽𝑖𝑖,𝑗𝑗

𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛

𝑗𝑗=0

𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛𝑎𝑎

𝑖𝑖=0

   + � � 𝑽𝑽𝑘𝑘,𝑎𝑎

𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛

𝑎𝑎=0

𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

k=0

 
Eq. 2 

2.2 Description of the process 

The IDABC process is initiated by specifying the SI units associated with the 
activities, and the energy sources linked to the resources. This is followed by 
definitions of the unique sections that constitute the product. These sections are 
defined on the basis of the product’s general specifications as illustrated in the two 
upper rows in Figure 2. The IDABC approach divides the manufacturing into two 
subprocesses. The first of these involves the manufacture of bodies (“Body Level”), 
and the second is the assembly process that produces the final product (“Assembly 
Level”). The term body is introduced here as a more general expression also covering 
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e.g. coating and adhesive, and will be used to address the physical components of an 
assembly. Introductory, the term component was used because it better 
communicates the physical meaning, but this term will henceforth be used in 
reference to vector components (elements of a linear array). In a flowchart the 
process is divided into four subprocesses (Figure 2): 

• Input: definitions of fasteners and sections based on specifications, materials 
selection, accounting figures, the energy source for resources, and the SI 
units associated with the activities. 

• Cost centers: Identification of activities and associated resources in the 
production line 

• Body Level: bodies are made from direct materials 
• Assembly Level: bodies are assembled to make the final product 

 
Figure 2. IDABC method process flowchart 

Resources defined for the present study:  

• Operators: human resources employed at the factory. Most activities require 
operators. 

• Joinery saw: 5D CNC machine used for linear cutting and milling 
operations. Direct materials used by this resource are either standard lengths 
or predetermined lengths from the supplier. 

• Sheet panel saw: device used to cut structural plates. A plate is defined as a 
section with an aspect ratio above a given threshold. 

• Overhead crane: Handling of items weighing above a given threshold. 
• Element inverter: equipment inverting structural plates or sub-assemblies 

through 180 degrees. 
• Robotic arm: device used to operate screwing and nailing modules. 
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• Glue center: in this study, only manual gluing operations are considered, and 
gluing is associated with operator resources. However, most technical 
timber product manufacturing processes employ an automatic glue center. 

• Glue press: this is an optional resource by which a product is subjected to 
pressure during glue hardening. In this study, the resource is not included 
because pressure in conjunction with glue hardening is applied using screws.  

• Overhead: this resource parameter encompasses costs linked to carbon 
emissions from the factory building, including lighting, heating, ventilation, 
and air conditioning (HVAC), and the use of hand tools. 

In the case considered in this study, the resources used are combined to form fifteen 
activities performed at “Body Level” and “Assembly Level” (Figure 2). As is 
illustrated in the flowchart in Figure 3, it is possible for any given resource to 
contribute to a given activity, and for any given activity to contribute towards 
producing a given body. Furthermore, once manufactured, any given body can be 
incorporated into an Assembly Level activity, and any Assembly Level activity can 
contribute towards the assembly process. In Figure 3, to avoid confusion arising from 
an excessive number of connecting lines, only two linkage combinations (separated 
by continuous and dotted lines) are included for the upper three processes. The 
relevant resources and activities are explained in more detail in sections 2.3 and 2.5. 

 

 
Figure 3. Resource flow chart for the IDABC method 
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2.3 Materials database 

A materials database is required as input to the method. The database contains 
supplier-specific information regarding the delivery format, density, unit cost (in 
Euros per cubic meter), and unit mass parameters for embodied CO2 emissions 
(ECO2) and uptake of CO2 equivalents (in g per kg) for materials information 
modules A1–A3 (Cradle-to-Gate). The delivery format is structured with the primary 
dimension listed first, followed by the secondary dimension and optionally lengths. 

2.4 Definition of factory resources 
2.4.1 General form 

Factory resources are associated with two consumables; the rate of cost, and rate of 
CO2 emissions. The rate of cost is given as cost per second and is written on general 
form for a given resource R in Eq. 3: 

𝐶𝐶𝑅𝑅 = �
𝐶𝐶𝑛𝑛

(𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 ∙ 𝑇𝑇𝑆𝑆𝑂𝑂𝑆𝑆 − 𝑇𝑇𝑈𝑈𝑎𝑎𝑈𝑈𝑈𝑈) ∙ 𝑇𝑇𝐸𝐸𝑈𝑈𝑈𝑈
� ∙

1
3600

       �
€
𝑠𝑠�

 
Eq. 3 

where CA is the annual cost of the resource as it appears in factory accounting figures, 
inclusive of payments on associated loans, capital consumption allowance, and the 
cost of scheduled maintenance and operation. TSOW and TOPW are the annual 
scheduled weeks of operation, and the scheduled hours of operation per week, 
respectively. TUsDT represents the number of hours of unscheduled downtime, and 
TEUT is the expected uptime per time unit. 

The rate of CO2 emissions from factory operations is obtained from a combination 
of ECO2 from the machinery, and emissions resulting from power consumption. 
Several papers, including (Du et al. 2015) and (Liu et al. 2017), address the issue of 
emissions from machining tools, but very little information is available on how the 
ECO2 generated by any given machine is treated and distributed across the products 
it produces. Our approach is to calculate machinery-related ECO2 by first 
distributing the effective ECO2 from a given machine along its service time and then 
redistributing it to the activities that utilize the resource. Both the ECO2 and the 
service lifetime are parameters that are specific for a machinery and the maintenance 
strategy of the factory, and must be entered into the method. Effective CO2 emissions 
are calculated by subtracting the upstream ECO2 (as installed) from the downstream 
ECO2 (documented recovery as replaced or disposed) for the machinery, and then 
adding an estimate of the ECO2 emitted by consumer durables, parts, and 
maintenance work carried out during the service lifetime of the machine. This 
approach provides the factory with an incentive to maintain residual service capacity 
in its resources, which would be the case when leasing machinery. It will also serve 
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to reduce CO2 emissions associated with manufacturing by encouraging late-phase 
maintenance and ensuring that residual CO2 in the machinery is sustained. 

The amount of CO2 produced by a resource is a function of its energy consumption 
(PR) and the energy source used in production. As is illustrated by the typical 
machining power profile published in reference (Shin et al. 2017), power 
consumption is kept constant for the duration of the operation. The approach fails to 
take into consideration standby power consumption, but succeeds in taking high 
levels of power consumption during idle operations into account (Schudeleit et al. 
2016). Emissions levels from various energy sources are defined in (Schlömer et al. 
2014). Median energy values from hydropower are used in the calculations 
performed in this study (Table 1). 

Table 1. Median values for emissions derived from selected electricity supply 
technologies (gCO2eq/kWh) (Schlömer et al. 2014). 

gCO2eq
kWh �

𝑎𝑎𝑛𝑛𝑛𝑛𝑠𝑠𝑛𝑛𝑎𝑎
= �𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑘𝑘𝑐𝑐𝑠𝑠 𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠 ℎ𝑦𝑦𝑦𝑦𝑠𝑠𝑐𝑐 𝑛𝑛𝑛𝑛𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐𝑠𝑠 𝑤𝑤𝑤𝑤𝑛𝑛𝑦𝑦𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎𝑛𝑛 𝑤𝑤𝑤𝑤𝑛𝑛𝑦𝑦𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛

820 490 41 24 12 11 12 � 

 

The CO2 produced by a given resource is given by the general expression in Eq. 4: 

Eq. 4 

𝑪𝑪𝑪𝑪𝟐𝟐𝑹𝑹 = �

𝑪𝑪𝑪𝑪𝟐𝟐𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆
𝑻𝑻𝑺𝑺𝑺𝑺

(𝑻𝑻𝑺𝑺𝑪𝑪𝑺𝑺 ∙ 𝑻𝑻𝑪𝑪𝑶𝑶𝑺𝑺 − 𝑻𝑻𝑼𝑼𝑼𝑼𝑼𝑼𝑻𝑻) ∙ 𝑻𝑻𝑬𝑬𝑼𝑼𝑻𝑻
+

𝒈𝒈𝑪𝑪𝑪𝑪𝟐𝟐𝒆𝒆𝒆𝒆
𝒌𝒌𝑺𝑺𝒌𝒌 �

𝑼𝑼𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒆𝒆
𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏

∙ 𝑶𝑶𝑹𝑹�

∙
𝟏𝟏

𝟑𝟑𝟑𝟑𝟏𝟏𝟏𝟏
  �
𝒌𝒌𝒈𝒈𝑪𝑪𝑪𝑪𝟐𝟐𝒆𝒆𝒆𝒆

𝑼𝑼
� 

 

2.4.2 Case study resources 
Table 2 lists the specific values used in the resource equations for the production line 
investigated in the present study. The values are defined from both empirical and 
probability data and are based on interviews with the Production Line Manager. The 
values will change between factories depending on a variety of factors, including 
level of loan financing and efficiency of premises and installed inventory, salary, 
working hours, lean manufacture implementation levels, and maintenance strategy 
to mention some. 
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Table 2. Factory resource specification 

Name of factory 
resource 

Effective 
ECO21 

Service 
lifetime 

Power 
consumption 

Annual 
Resource 

Cost 

Annual 
Scheduled 
Operation 

Weekly 
scheduled 
operation 

Expected 
Uptime Per 
Time Unit 

Annual 
Unscheduled 

Downtime 
ECO2, ef TSL PR CA TSOW TOPW TEUT TUsDT 

[kgCO2eq] [yrs] [kw] [€/yr] [wks/yr] [hrs/wk] [DL] [hrs/yr] 

Factory operators 1000 3 0 60000 17502/37.5 37.5 0.85 16 

Joinery saw 10000 10 10 100000 45 40 0.85 10 

Sheet panel saw 10000 10 12 75000 45 40 0.5 10 

Overhead crane 10000 20 2 5000 45 40 0.75 10 

Element inverter 1000 15 3 5000 45 40 0.1 10 

Robotic tool arm 5000 8 5 10000 45 40 0.75 10 

Glue center 10000 15 3 10000 45 40 0.5 10 

Glue press 10000 15 10 15000 45 40 0.5 10 

Overhead 50000 25 50 75000 45 40 1 10 
1) Upstream (as installed) minus downstream (documented recovery as alternated) ECO2 values for the machinery, with added 

estimate of the CO2 emitted by consumer durables, parts, and maintenance work carried out during the service lifetime of 
the machine. 

2) Full-time equivalent for operators 

2.5 Definition of factory activities 
2.5.1 General form 

Costs and CO2 emissions are a function of the duration of the activity. The duration 
of an activity is a parametric function of processed quantity and an associated Index 
of Effort (IoE). The processed quantity is activity-specific and is defined according 
to how the underlying resources operate. The SI units associated with a processed 
quantity may be Piece [ea.], Weight [kg], Length [m], Area [m2], Volume [m3] or 
Time [s]. The IoE is typically expressed in terms of machineability (feed rate), which 
influences the time taken to process the processed quantity. The duration of an 
activity is the first component of the expenditure vector (V), expressed in its general 
form in Eq. 5: 

𝑽𝑽[1] = T(𝑄𝑄𝑇𝑇𝑄𝑄, 𝐼𝐼𝑐𝑐𝐼𝐼) = 𝑇𝑇𝑂𝑂𝑅𝑅𝐸𝐸 + 𝑇𝑇𝑛𝑛𝑢𝑢𝑈𝑈𝑢𝑢(𝐼𝐼𝑐𝑐𝐼𝐼) ∙ 𝑄𝑄𝑇𝑇𝑄𝑄 + 𝑇𝑇𝐶𝐶𝐶𝐶𝑆𝑆      [𝑠𝑠] Eq. 5 

where TPRE is the preparation time for the activity, TuQTY is the processing rate of the 
activity in time per unit quantity (as a function of IoE), QTY is the processed 
quantity, and TCLS is the time taken to close the activity. The second component of 
V is the associated overall cost of the activity, and is calculated using Eq. 6, where 
CNonTD is the non-time-dependent initial cost of the activity, nOP is the number of 
operators, Coperators is the cost rate of the operator, and CR is the rate of cost, as defined 
in Eq. 3. 
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𝑽𝑽[2] = 𝐶𝐶(T) = 𝐶𝐶𝑁𝑁𝑛𝑛𝑛𝑛𝑈𝑈𝑈𝑈 + �𝐶𝐶𝑅𝑅 + 𝑛𝑛𝑆𝑆𝑂𝑂 ∙ 𝐶𝐶𝑛𝑛𝑜𝑜𝑎𝑎𝑠𝑠𝑎𝑎𝑛𝑛𝑛𝑛𝑠𝑠𝑎𝑎� ∙ 𝑇𝑇      [€] Eq. 6 

The third component of V comprises labor costs and is calculated in Eq. 7. 

𝑽𝑽[3] = 𝐶𝐶𝐿𝐿(T) = 𝑛𝑛𝑆𝑆𝑂𝑂 ∙ 𝐶𝐶𝑛𝑛𝑜𝑜𝑎𝑎𝑠𝑠𝑎𝑎𝑛𝑛𝑛𝑛𝑠𝑠𝑎𝑎 ∙ 𝑇𝑇       [€] Eq. 7 

CO2 emissions constitute the last component of V and are a function of energy source 
(in gCO2eq per kWh) and resource power consumption (in kW), expressed in Eq. 8. 

Eq. 8 

𝑽𝑽[𝟒𝟒] = 𝑪𝑪𝑪𝑪𝟐𝟐 �𝑻𝑻,
𝒈𝒈𝑪𝑪𝑪𝑪𝟐𝟐𝒆𝒆𝒆𝒆
𝒌𝒌𝑺𝑺𝒌𝒌

�
𝑼𝑼𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒆𝒆

� = �𝑪𝑪𝑪𝑪𝟐𝟐𝑹𝑹 + 𝒏𝒏𝑪𝑪𝑶𝑶 ∙ 𝑪𝑪𝑪𝑪𝟐𝟐𝒔𝒔𝒐𝒐𝒆𝒆𝒔𝒔𝒐𝒐𝒐𝒐𝒔𝒔𝒔𝒔𝑼𝑼� ∙ 𝑻𝑻      [𝒌𝒌𝒈𝒈𝑪𝑪𝑪𝑪𝟐𝟐𝒆𝒆𝒆𝒆] 

A sheet panel saw is used as an example. The saw is operated by two persons and 
the unit of processing quantity is cutting area. It takes 100 seconds to prepare, and 
an additional 20 seconds to close the saw cut process. A fixed non-time-dependent 
cost of 5 Euros is added to the process. Depending on the density of the material, 
sawing takes 25, 50, or 100 seconds per unit area (1m2) based on a power 
consumption of 12 kW averaged across the time taken to complete the process. For 
a unit cutting area of 1m2 at lowest IoE, the consumption functions return the 
following expenditure vector: [145, 11.16, 2.78, 11.6e-3] in [s, €, €, kgCO2eq] 

2.5.2 Case study activities 

For the product investigated in the present study the activity specifications and 
dependent resources are summarized in Table 3. The values are based on interviews 
with the Production Line Manager and a process of calibration. The number of 
operators, preparation- and closure times and the non-time-dependent costs will 
change between factories. The values are influenced by the factory floor 
infrastructure, operation friendliness of depending resources, and operation 
strategies to mention some. Furthermore, it requires documentation or understanding 
of the activity processes to properly define the representative processing SI unit and 
the processing time rate, optionally with a level of effort. Note that for the LinearCut 
activity, the underlying resource is not influenced by machineability because the 
parameter TuQTY(IoE) has identical values for all three components. These are 
adaptations based on interviews with the Production Line Manager. 
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Table 3. Factory activity specification 

Factory activity 

Type of 
operator 

Number 
of 

operators 
SI units of 
processing 
quantity 1) 

Preparation 
time 

Time per unit 
quantity 

(function of IoE) 

Closure 
time 

Non-time-
dependent 

initial 
cost 

Resource(s) 

Coperators nOP 
TPRE TuQTY(IoE) TCLS CNonTD 

CR 
[s] [s/unit] [s] [€] 

SheetPanelCut permFactory 2 4 100 [25,50,100] 20 5 sheetPanelSaw 

LinearCut permFactory 2 1 10 [10,10,10] 10 1 joinerySaw 

Milling permFactory 2 5 100 [100,200,300] 30 10 joinerySaw 

ManLift permFactory 0 2 30 [1] 0 0 permFactory 

Crane permFactory 2 2 60 [0.1] 30 0 overheadCrane 

ElementInverter permFactory 1 1 180 [60] 60 0 elementInverter 

ManGlueLine permFactory 2 4 300 [45] 180 0 permFactory 

PlaceSheet permFactory 0 4 0 [30] 0 0 permFactory 

ManScrew permFactory 0 1 0 [60,120,240,480] 0 0 permFactory 

AutScrew permFactory 1 1 90 [5,15,30,60] 30 0 robotArm 

AutNails permFactory 1 1 90 [2] 30 0 robotArm 

Mate permFactory 1 6 0 [1] 0 0 permFactory 

GluePress permFactory 1 6 180 [1] 120 0 gluePress 

MarkAndPack permFactory 0 4 0 [45] 0 0 permFactory 

Overhead permFactory 3 4 0 [36] 0 0 overhead 

1)  SI units of processing quantity: 1: Piece [ea.], 2: Weight [kg], 3: Length [m], 4: Area [m2], 5: Volume [ m3], 6: Time [s] 

 

2.6 The manufactured product 

A timber floor element is used as a case study to assist in describing the method. The 
dimensions of the element investigated are 9 meters in length by 2.4 meters wide. 
Manufacture takes up 21.6 m2 of the production floor. Details of the floor element 
specifications are given in Table 5 in Annex A. 

2.6.1 Sections 

A section is the two-dimensional description of a body in the assembly (see shaded 
area of Figure 4). It has the following attributes: 

1) Cross section: dimensions along orthogonal axes termed “local 2” and 
“global 3”. The latter coincides with the predefined assembly vertical axis 
e3 to give the section orientation. 

2) Purpose: describes how the section is employed in the product. One of six 
predefined purposes: structural, adhesive, fastener, non-structural, insulation 
and technical. 

3) Material: associated material 
4) Number: the number of times the section will be used to extrude bodies 
5) Material main axis: axis that coincides with the normal vector of the section.  
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Figure 4. Definition of section and body dimensions and orientations 

2.6.2 Bodies 

Sections are extruded to form bodies, which are the representation of the physical 
members of the assembly. A body has the following attributes: 

1) Section: specific section associated with the body 
2) Level: the level of the body within the assembly 
3) Heading: a normal unit vector of the associated section with respect to its 

global axes ( 𝒗𝒗� ) 
4) Length (l): the extruded length of the body 
5) pointOfProcess: a statement of whether body related consumptions shall be 

accounted at the factory or on-site 
6) indexOfEffort: a measure of the effort invested in performing an activity, 

typically associated with density, machineability (feed rate), or the volume 
of fasteners. 

7) fastenSpec: a specification of fasteners associated with the body.  

For the floor element considered in present study (Figure 5), bodies are grouped into 
levels, where the structural composite is defined as levels 1 to 3, and adhesive as 
level 0. Other levels built onto level 1 are numbered successively as follows: 10, 11, 
12, etc. The same applies to levels 2 and 3. Figure 5 illustrates the various bodies 
annotated with their respective levels: a top flange , a core frame  consisting of 
edge joists (hatched), an edge beam (not visible) and field joists, a bottom flange 
, adhesive , and an internal mass . In the same way, additional bodies are used to 
describe overlays and ceiling systems. Figure 5 is viewed in the direction of the 
production line (e1) and with e2 and e3 also indicated. 
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Figure 5. Cross-section of product showing the definition of levels (viewed in the 
direction of the production line) 

Each body is associated with a pointOfProcess, and the activity object effectively 
looks up the value to decide whether activities are performed in the factory or 
externally. In this paper, only activities carried out in the factory are considered. 

2.6.3 Fastener 

Fasteners are handled as an optional added feature of a body, thus activating specific 
activities based on the specification of the fastener. Activities related to fasteners are 
automatic nailing and screwing, and manual screwing. The specification of fasteners 
are stored in a separate vector that is appended to bodies (see Table 6 in Annex A). 
The fastening vector consists of the following components: 

1) Fastener type: nail or screw 
2) Diameter of the fastener 
3) Direction of row of fasteners 
4) Multiplier for the number of rows 
5) DistanceOrAmount: whether to calculate the number of fasteners as the 

distance between fasteners, or as the total number of fasteners along the row 
defined in (4) 

6) Value of the above argument 
7) Unit cost of a fastener 
8) Unit kgCO2eq of a fastener 
9) Length of a fastener 

2.7 Body Level activities 

The resource consumption involved in the manufacture of a body is separated in two: 
the amount of accrued material, and the resources invested in the activities carried 
out to produce the body. Consumption of material is a function of its volume and 
density, while input from the materials database is expressed in terms of unit costs 
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and unit mass of CO2 equivalents. Consumption linked to body manufacture is 
grouped into the Body Level activities illustrated in Figure 3. 

2.7.1 Handling and cutting 

The initial activities in body manufacture are handling and saw cut operations. 
Handling is performed both before and after saw cut activity. The handling activity 
depends on the weight of the body. Bodies weighing less than 25 kg are handled 
manually, while heavier bodies are handled using an overhead crane. Pre-saw cut 
handling involves lifting direct material to the saw station for the required number 
of times either in standard lengths [10m, 12m, 13.5m or 15m], or in the lengths 
delivered by the supplier. Post-saw cut handling involves the lifting of bodies that 
have already been subject to cutting. 

Structural bodies are cut using either a sheet panel saw or a joinery saw. The type of 
saw used is determined by (1) the dimensions of the supplied material and the extent 
to which it conforms to body specifications, (2) the level (1 through 3) in which the 
body is contained, and (3) the width to height ratio of the body. A joinery saw is used 
unless the aspect ratio is greater than 20, in which a sheet panel saw is used. 

2.7.2 Milling 

Milling is performed depending on two conditions. If the thickness of the field joists 
is less than 36 mm, milling will be carried out on flanges in order for a slice to be 
created that facilitates gluing. If a fastener must be predrilled, milling will be 
employed to perform this operation. Predrilling will be carried out either (a) if the 
IoE of the body is larger than 1, or (b) if the diameter of the fastener is greater than 
8 mm. 

2.7.3 Place sheet 

For bodies with levels at between 10 and 20, or above 30, a place sheet activity is 
carried out to calculate consumption related to the distribution of sheets. The activity 
involves both placing and cutting as a function of area. 

2.7.4 Screwing and nailing 

The preconditions for screwing activity are factory pointOfProcess and the use of 
screws as fasteners are specified for a given body. If the body is at level 3 or above, 
or at level 1 or below, automatic screwing is used. Bodies at level 2 are fastened 
using manual screwing. In the case of automatic nailing, the activity is applied if the 
fastener is a nail and the body is at either level 10 or above, or at level 30 or below.  

2.7.5 Gluing 

If a body is associated with level 0, either a manual or automatic gluing activity is 
performed for that body. In this study manual gluing is carried out as opposed to use 
of the automatic glue line. The activity is carried out for the area of the glue line. As 
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it is calculated in this study, the length of the adhesive body is essentially the 
thickness of the glue line. 

2.8 Assembly Level activities 

Assembly consists of putting bodies together and incurs no material consumption 
other than that associated with the film used to cover the final product. Activities 
related to assembly include the mating of bodies, element inversion, the application 
of glue pressure, mark-up, packing and final handling.  

2.8.1 Directionality of structural bodies 

In the method developed in present study, unidirectional production can be defined 
as an assembly process in which the heading of all bodies is oriented in the direction 
of the production line. Although this is not feasible for most assemblies, a high 
degree of directionality in production is preferred because it reduces operational 
requirements and production line complexity, and reduces the time taken to position 
bodies. For this reason, directional production is quantified. The additional time 
associated with positioning bodies is not calculated in the general form (Eq. 5), but 
is expressed in terms of the cumulative time taken to complete Body Level activities, 
scaled with a directionality factor. Only the volumes of structural bodies (structural 
volumes) are included in this measure because these are the main contributors to 
activities that relate to body mating and orientation. Associated additional time is 
used as input to an activity called mate that adds an expenditure vector to the 
Assembly Level.  

The quantification of directionality begins with a calculation of the number of 
structural volumes that coincide with each of the production line orientations (e). In 
this study, only three orientations are used, but further orientations may be used to 
represent rotations or inverted elements to better reflect deviations from 
unidirectional production. The volumes are collected in a vector called Structural 
Volume Heading (SVH). This is obtained by multiplying all structural volumes 𝐴𝐴𝑛𝑛 ∙
𝑐𝑐𝑛𝑛 with their heading unit vector 𝒗𝒗�𝑛𝑛 (see Figure 4) and summing the volumes 
together (Equation 3-9). Consequently, SVH[1] contains volumes heading in the 
direction of the production line (primary volumes), SVH[2] volumes perpendicular 
to the main direction and in-plane to the production floor (secondary volumes), and 
SVH[3] volumes normal to the production floor (tertiary volumes). 

𝑺𝑺𝑽𝑽𝑺𝑺 = � {𝐴𝐴𝑛𝑛 ∙ 𝑐𝑐𝑛𝑛} ∙  𝒗𝒗�𝑛𝑛

𝑎𝑎𝑛𝑛𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑎𝑎

𝑛𝑛=1

 Eq. 9 

Since small structural bodies, such as transverse stiffeners, can influence assembly 
friendliness even at low volumes, the SVH parameter is modified to reflect the 
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number of structural bodies in the various production line orientations. This is 
performed by populating a vector m, containing the number of structural bodies in 
the various orientations, and a scalar M, which is the sum of the elements in m. SVH 
and m are then multiplied elementwise (Hadamard product) and divided by M to 
give the new, modified nSVH. This vector is now a representation of the 
directionality of volumes which also takes the number of bodies into account (Eq. 
10). 

𝒏𝒏𝑺𝑺𝑽𝑽𝑺𝑺 =
1
𝑀𝑀
∙ {𝑺𝑺𝑽𝑽𝑺𝑺◦𝒆𝒆} Eq. 10 

The directionality factor (DF) can now be calculated. Firstly, the ratio of primary 
orientation volumes represented by nSVH[1] is divided by the sum of nSVH. If the 
next component of nSVH is greater than zero (i.e. if volumes in the secondary 
orientation exist), the previous term is multiplied with the ratio of secondary 
orientation volumes nSVH[2] by the residual sum of nSVH. In this paper, only three 
orientations are considered, so only two steps are required to calculate the DF of the 
assembly. However, the principle can be extended by repeating the terms of Eq. 11 
(below) provided there exist residual volumes in a new orientation. If all volumes of 
bodies are pointing in the same direction DF equals one. 

𝐷𝐷𝐷𝐷 = ��
𝒏𝒏𝑺𝑺𝑽𝑽𝑺𝑺[𝜀𝜀]

∑ 𝒏𝒏𝑺𝑺𝑽𝑽𝑺𝑺[𝜓𝜓]|𝒆𝒆|
𝜓𝜓=𝜀𝜀

𝒏𝒏𝑺𝑺𝑽𝑽𝑺𝑺[𝜀𝜀] > 0

1 𝒏𝒏𝑺𝑺𝑽𝑽𝑺𝑺[𝜀𝜀] = 0

|𝒆𝒆|

𝜀𝜀=1

 Eq. 11 

Finally, the time of the mate activity is calculated using Eq. 12: 

𝑽𝑽𝒆𝒆𝒐𝒐𝒐𝒐𝒆𝒆[1] =
∑ 𝑽𝑽𝑖𝑖[0]𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛𝑎𝑎
𝑖𝑖=0

𝐷𝐷𝐷𝐷𝑀𝑀
− � 𝑽𝑽𝑖𝑖[0]

𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛𝑎𝑎

𝑖𝑖=0

      [𝑠𝑠] Eq. 12 

  

2.8.2 Invert 

Invert is the second activity at Assembly Level. This operation is carried out in 
preparation for cavity filling and top flange mounting. It involves inverting a 
subassembly consisting of a bottom flange and the complete structural core after 
gluing and screwing have been completed. This activity is a combined operation 
involving both operators and machinery, and the processing unit is piece as duration 
is only affected by number of inversions. 
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2.8.3 Glue pressure 

Gluing and glue pressure may be carried out at a hardening station, involving both 
operators and glue press machinery. Hardening time is a predetermined quantity. 
Normally, glue pressure and hardening are not considered to be cost-effective for 
production volumes of less than 250,000 m2 per year. In the worked example 
involving timber floors, this activity is replaced using screws to generate glue line 
pressure. 

2.8.4 Mark-up and packing 

Mark-up and packing constitute a combined activity that employs both operators and 
material resources. It employs area as its processing unit, and the parsed amount is 
the exterior surface of the finished product. Materials consumption involves the film 
used to package the product.  

2.8.5 Final handling 

Final handling of the product is carried out by operators in combination with an 
overhead crane and uses mass as its processing unit. The parsed amount is the 
transportation weight of the final product ready at the factory gates.  

2.8.6 Overhead 

The aforementioned activities are grouped in Assembly Level, where associated 
expenditure vectors are summarized as given in the second term of Error! 
Reference source not found.. Production time at the factory is the sum of body time 
and assembly time. 

The final activity is called overhead and is treated differently from other activities in 
that time is not associated with actual production time. Duration for this activity is a 
fictitious time based on the area that the assembly process occupies on the factory 
floor (AresProdFlr), divided by factory production capacity in area per unit time as 
shown in Eq. 13.  

𝑽𝑽𝒔𝒔𝒗𝒗𝒆𝒆𝒔𝒔𝒌𝒌𝒆𝒆𝒐𝒐𝒐𝒐[1] = �
𝐴𝐴𝑠𝑠𝑎𝑎𝑎𝑎𝑂𝑂𝑠𝑠𝑛𝑛𝑛𝑛𝑟𝑟𝑎𝑎𝑠𝑠

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤𝑐𝑐𝑦𝑦𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑂𝑂𝑎𝑎𝑠𝑠𝑆𝑆𝑎𝑎𝑛𝑛
�       [𝑠𝑠] Eq. 13 

The activity overhead is derived from factory resources such as lighting, HVAC, 
hand tools, and the employment of three service operators. The expenditure vector 
uses this fictitious duration as input to calculate costs and carbon emissions. 

  



PART II: Dissemination – Paper III 

195 

3 Results 

3.1 Expenditures due to an activity 

Expenditures resulting from a cutting activity of the top flange is used as an example. 
The aspect ratio command the activity “sheet panel cutting”. This activity combines 
two underlying resources, and the calculation employs Eq. 3 and Eq. 4, combined 
with data for operators and the sheet panel saw given in Table 2. The rate of 
consumption of the two required resources yields the following: 

𝑪𝑪𝒔𝒔𝒐𝒐𝒆𝒆𝒔𝒔𝒐𝒐𝒐𝒐𝒔𝒔𝒔𝒔𝑼𝑼 = �
𝟑𝟑𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏

�𝟒𝟒𝟑𝟑𝟐𝟐𝟑𝟑 ∙ 𝟑𝟑𝟑𝟑.𝟓𝟓 − 𝟏𝟏𝟑𝟑� ∙ 𝟏𝟏.𝟖𝟖𝟓𝟓
� ∙

𝟏𝟏
𝟑𝟑𝟑𝟑𝟏𝟏𝟏𝟏

= 𝟏𝟏𝟏𝟏.𝟑𝟑𝟏𝟏
𝒔𝒔€
𝑼𝑼

 

𝑪𝑪𝑼𝑼𝒌𝒌𝒆𝒆𝒆𝒆𝒐𝒐𝑶𝑶𝒐𝒐𝒏𝒏𝒆𝒆𝒔𝒔𝑺𝑺𝒐𝒐𝒔𝒔 = �
𝟑𝟑𝟓𝟓𝟏𝟏𝟏𝟏𝟏𝟏

(𝟒𝟒𝟓𝟓 ∙ 𝟒𝟒𝟏𝟏 − 𝟏𝟏𝟏𝟏) ∙ 𝟏𝟏.𝟓𝟓
� ∙

𝟏𝟏
𝟑𝟑𝟑𝟑𝟏𝟏𝟏𝟏

= 𝟐𝟐𝟑𝟑.𝟐𝟐𝟖𝟖
𝒔𝒔€
𝑼𝑼

 

 

𝑪𝑪𝑪𝑪𝟐𝟐𝒔𝒔𝒐𝒐𝒆𝒆𝒔𝒔𝒐𝒐𝒐𝒐𝒔𝒔𝒔𝒔𝑼𝑼 = �
𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
𝟑𝟑

�𝟒𝟒𝟑𝟑𝟐𝟐𝟑𝟑 ∙ 𝟑𝟑𝟑𝟑.𝟓𝟓 − 𝟏𝟏𝟑𝟑� ∙ 𝟏𝟏.𝟖𝟖𝟓𝟓
+

𝟐𝟐𝟒𝟒
𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏

∙ 𝟏𝟏� ∙
𝟏𝟏

𝟑𝟑𝟑𝟑𝟏𝟏𝟏𝟏
= 𝟑𝟑𝟑𝟑

𝒆𝒆𝒈𝒈𝑪𝑪𝑪𝑪𝟐𝟐𝒆𝒆𝒆𝒆
𝑼𝑼

 

𝑪𝑪𝑪𝑪𝟐𝟐𝑼𝑼𝒌𝒌𝒆𝒆𝒆𝒆𝒐𝒐𝑶𝑶𝒐𝒐𝒏𝒏𝒆𝒆𝒔𝒔𝑺𝑺𝒐𝒐𝒔𝒔 = �
𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
𝟏𝟏𝟏𝟏

(𝟒𝟒𝟓𝟓 ∙ 𝟒𝟒𝟏𝟏 − 𝟏𝟏𝟏𝟏) ∙ 𝟏𝟏.𝟓𝟓
+

𝟐𝟐𝟒𝟒
𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏

∙ 𝟏𝟏𝟐𝟐� ∙
𝟏𝟏

𝟑𝟑𝟑𝟑𝟏𝟏𝟏𝟏
= 𝟏𝟏.𝟑𝟑𝟑𝟑

𝒈𝒈𝑪𝑪𝑪𝑪𝟐𝟐𝒆𝒆𝒆𝒆
𝑼𝑼

 

The rate of resource consumption calculated in the equations above enable 
expenditures linked to sheet panel cutting to be calculated based on unit quantity and 
a duration of one hour. The processing SI unit (TuQTY) for the sheet panel cutting is 
area [m2], and for this specific machine 25, 50, or 100 seconds per unit. In this 
example an intermediate step is taken where one unit of the processed quantity and 
one hour is inserted into Eq. 5 through to Eq. 8 to reveal the expenditure rates of the 
activity: 

𝑽𝑽[𝟏𝟏] = 𝑻𝑻(𝟏𝟏, 𝑰𝑰𝒔𝒔𝑬𝑬) = 𝟏𝟏𝟏𝟏𝟏𝟏 + [𝟐𝟐𝟓𝟓,𝟓𝟓𝟏𝟏,𝟏𝟏𝟏𝟏𝟏𝟏] ∙ 𝟏𝟏 + 𝟐𝟐𝟏𝟏 = [𝟏𝟏𝟒𝟒𝟓𝟓,𝟏𝟏𝟑𝟑𝟏𝟏,𝟐𝟐𝟐𝟐𝟏𝟏]
𝑼𝑼
𝒆𝒆𝟐𝟐 

𝑽𝑽[𝟐𝟐] = 𝑪𝑪(𝟑𝟑𝟑𝟑𝟏𝟏𝟏𝟏) = 𝟓𝟓 + (𝟏𝟏.𝟏𝟏𝟐𝟐𝟑𝟑𝟐𝟐𝟖𝟖 + 𝟐𝟐 ∙ 𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏𝟑𝟑𝟏𝟏) ∙ 𝟑𝟑𝟑𝟑𝟏𝟏𝟏𝟏 = 𝟏𝟏𝟑𝟑𝟏𝟏.𝟐𝟐𝟐𝟐
€
𝒌𝒌𝒔𝒔𝑼𝑼

 

𝑽𝑽[𝟑𝟑] = 𝑪𝑪𝑺𝑺(𝟑𝟑𝟑𝟑𝟏𝟏𝟏𝟏) = 𝟐𝟐 ∙ 𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏𝟑𝟑𝟏𝟏 ∙ 𝟑𝟑𝟑𝟑𝟏𝟏𝟏𝟏 = 𝟖𝟖𝟏𝟏.𝟒𝟒𝟐𝟐
€
𝒌𝒌𝒔𝒔𝑼𝑼
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𝑽𝑽[𝟒𝟒] = 𝑪𝑪𝑪𝑪𝟐𝟐(𝟑𝟑𝟑𝟑𝟏𝟏𝟏𝟏,𝟐𝟐𝟒𝟒) = �𝟑𝟑.𝟑𝟑 ∙ 𝟏𝟏𝟏𝟏−𝟒𝟒 + 𝟐𝟐 ∙ 𝟑𝟑.𝟑𝟑 ∙ 𝟏𝟏𝟏𝟏−𝟓𝟓� ∙ 𝟑𝟑𝟑𝟑𝟏𝟏𝟏𝟏 = 𝟏𝟏.𝟖𝟖𝟓𝟓𝟖𝟖
𝒌𝒌𝒈𝒈𝑪𝑪𝑪𝑪𝟐𝟐𝒆𝒆𝒆𝒆

𝒌𝒌𝒔𝒔𝑼𝑼
 

The dimensions of the top flange body are parsed to the activity object in order to 
check its dimensions. The thickness of the body must conform to the top flange 
thickness specification (global 3). The activity object will check if the panel requires 
cut to the correct width. If cutting is required, the parsed processing unit will be 
defined by the thickness multiplied by the length of the top flange body. A check is 
then made to see if the panel requires cutting to the correct length, and the operation 
of cutting along a second axis is then added to the first to calculate a total cutting 
area.  

Preparation and closure times are added only once for consecutive operations by the 
same activity on the same body. For this example, the cutting area is 2.4 by 0.043 m. 
This area is parsed to the activity object together with the density of the material. In 
the case of the sheet panel saw, the Index of Effort (IoE) is controlled by density (ρ). 
The activity object chooses the first value in TuQTY(IoE) if the density (ρ) ≤ 500, the 
second if 500 < ρ ≤ 650, and the third value if the density is greater than 650 kg/m3. 
The panel used in this example has a density of 510 kg/m3 and the middle IoE value 
is used. Inserting parsed values into Eq. 5 through to Eq. 8 produce expenditure 
quantities rather than rates, and inserting these in Equation 14 produce the activity 
expenditure vector for top flange cutting: 

𝑽𝑽𝑼𝑼𝒌𝒌𝒆𝒆𝒆𝒆𝒐𝒐𝑶𝑶𝒐𝒐𝒏𝒏𝒆𝒆𝒔𝒔𝑺𝑺𝒐𝒐𝒔𝒔 = [𝟏𝟏𝟐𝟐𝟓𝟓.𝟏𝟏𝟑𝟑 𝟏𝟏𝟏𝟏.𝟑𝟑𝟒𝟒 𝟐𝟐.𝟖𝟖𝟑𝟑 𝟏𝟏.𝟏𝟏𝟑𝟑𝟒𝟒𝟑𝟑] [𝑼𝑼 € € 𝒌𝒌𝒈𝒈𝑪𝑪𝑪𝑪𝟐𝟐𝒆𝒆𝒆𝒆] 

3.2 Case study expenditures 

The complete resource consumption figures for the finalized product are presented 
in Table 4. The first column is the name of the cost center followed by columns of 
expenditures per manufactured area of the finalized timber element. The cost 
columns are split in total cost, and labor cost. The sums of costs related to activities 
(sheetPanelSaw to placeSheet), and materials (structural to packing materials) are 
presented in italics. The bottom row of the table shows the overall costs of the 
product (in bold font). Note that no materials are associated with insulation nor 
technical installations (e.g. piping and cables). 
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Table 4. Resource consumption per area of finalized product 

Cost center 
Time (V[1]) Cost [€] CO2 (V[4]) 
[s] Total (V[2]) Labour (V[3]) [kgCO2eq] 

sheetPanelSaw 11.7 1.00 0.26 6.0e-3 
linearSaw 6.6 0.59 0.15 2.5e-3 
CNCmachine 0.0 0.00 0.00 0.0 
manLift 5.8 0.07 0.07 0.4e-3 
crane 96.8 2.29 2.19 23.5e-3 
elementInverter 13.9 0.26 0.16 2.6e-3 
manScrew 166.7 1.88 1.88 10.5e-3 
autScrew 80.6 1.08 0.91 18.2e-3 
autNails 0.0 0.00 0.00 0.0 
manGlueLine 109.9 3.73 3.73 20.7e-3 
mate 7.9 0.18 0.18 1.0e-3 
gluePress 0.0 0.00 0.00 0.0 
markAndPack 114.2 1.29 1.29 7.2e-3 
overhead 36.0 1.64 1.22 29.9e-3 
placeSheet 0.0 0.00 0.00 0.0 
structural 0.0 107.75 0.00 14.331 
adhesive 0.0 0.69 0.00 0.233 
fasteners 0.0 1.56 0.00 1.363 
nonStructural 0.0 10.94 0.00 0.300 
insulation 0.0 0.00 0.00 0.0 
technical 0.0 0.00 0.00 0.0 
packing 0.0 0.25 0.00 0.025 
Production 649.9 14.01 12.04 0.122 
Material 0.0 121.19 0.00 16.252 
Sum 649.9 135.20 12.04 16.375 

The production time is only associated with activities and not with accrued materials. 
Crane operations are time consuming in addition to manual work as gluing and final 
marking and packing, all contributing with typically 15 % of the production time. 
The screwing operations contribute with 40 % of the production time, and in 
particular the manual screwing operations (25 %). The resulting production time for 
the timber element is close to 11 minutes per square meter. 

The carbon emissions associated with manufacturing activities are very low (less 
than 1 %), and carbon emissions are mainly stored in materials entering the factory. 
To increase the readability of the cost figures in the table, the numbers are translated 
into two charts. 

Figure 6 shows the cost distribution for the machinery and labor involved in 
production line activities. Figure 7 shows the overall costs of the product, distributed 
according to production activities (equal to the sum of activities costs in Figure 6) 
and costs arranged in material purpose. 

As can be seen in Figure 6, the cost driver of the manufacturing is the labor-intensive 
activities, contributing with 86% of the manufacturing cost. The directionality factor 
associated with the mating activity of bodies of the assembly, contribute with 1.5 % 
of the overall manufacture cost. In perspective, the manufacture cost only contributes 
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with 10 % of the overall product cost as seen in Figure 7, and that the structural 
material volumes are the main cost driver overall.  

 

 

Figure 6. Distribution of production line 
costs (machinery and labor) 

Figure 7. Overall product costs 
based on production activities and 
materials costs 

4 Discussion  

4.1 Principal findings 

Manufacturers of timber floor elements are endeavoring to gain a market share in 
terms of their use in commercial buildings. Currently, a concrete hollow-core 
element is close to half the cost of a comparable timber floor elements (Norconsult 
Informasjonssystemer AS and Bygganalyse AS 2019). For timber floor elements this 
requires cost reduction to be pursued throughout the product details and in the stages 
of manufacturing. An optimization approach to this necessitates a parametric link 
between the specification of a product and the manufacturing expenditures. An 
accurate accounting of the cost of manufacturing is required to formulate methods 
of optimization of timber elements (Hu et al. 2006), and the environmental 
challenges the construction sector face, emphasize the importance of the topic. A 
solution to this has not been brought forward, and the present work has addressed 
this. The present work has developed an approach that comply with the objectives of 
the study. The method has certain strengths and weaknesses: 
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The parametric feature and the architecture of the method enable it to be 
implemented as a module in optimization workflows where it can be treated as an 
objective function for competitiveness. The method is organized to benefit from 
repetition of resources and activities, sections, bodies and assembly.  

Accounting of manufacturing resources require initial steps to feed information into 
the model. The objective of the present work has been seeking to reduce these initial 
steps by exploiting the possibilities of utilizing information stored in the items being 
processed, resulting in the item-driven principle. The minimum information for 
defining a resource is the rate of cost as taken from the accounting figures and the 
power consumption, whilst the optional input is the embedded carbon emissions and 
the estimated service lifetime of the resource. The mandatory information for 
defining an activity is the SI units of the processing quantity, and the time for 
processing one unit of the quantity. The optional input which will enhance the 
precision of the accounting, is the number and type of operators, differentiation of 
processing time due to an index of effort, preparation and closure times, in addition 
to fixed costs of the activity. Due to this principle, a minimum of initial information 
will make the accounting run. The effort of the initial steps depends on the 
complexity of the production line. 

Representation of minor tasks and judging which resources and activities that should 
be incorporated directly and which should not, can influence both the effort of 
implementation and the accuracy of the method. The optional input of an activity 
object may contribute to the representation of minor tasks that are elsewise 
cumbersome to deal with. 

The principle of letting an item inherit an expenditure vector is comparable to have 
a repository added to the item where information can be added and stored. This 
principle has been suitable for accumulating consumed resources, and elegantly 
supported by object-oriented programming. The programming principle represent a 
potential for further development, e.g. price and wage developments.  

A factory specific material database must be built where information about suppliers, 
delivery formats, densities, cost and embodied carbon emissions is organized. In the 
present work the materials database has been constructed in the form of dictionaries, 
which enable a product’s materials provision to be associated with a choice of 
suppliers. The effect of selecting between different suppliers can in this way be 
observed directly in product resource consumption, and this feature may serve as an 
aid to competitiveness by revealing purchase motivation during negotiations with 
suppliers. 

A consistent method to quantify directionality of production volumes may suffice in 
expressing added production time due to positioning and alignment of items. The 
present work has suggested an approach where a complex arrangement of volumes 
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is substitutes by a single directionality factor using a comprehensible term. To the 
authors’ knowledge, no other method currently exists that reflects directionality 
along production lines.  

4.2 Implications 

An accurate parametric link between specification of a timber element and the 
manufacturing expenditures open several possibilities. It formalizes and document 
the accounting of resource consumption along the production line, and may 
facilitate: 

1) systematic calibration of the manufacture expenditures, 
2) investigations of excessive production-related resource consumption, 
3) support in relation to Lean Manufacturing or other resource optimizing 

strategies 
4) increased precision in estimated product expenditure even if the product 

differs from previously manufactured products. 

The bottom line is the opportunity to reduce the required margins between actual 
expenditures and estimates offered in tenders. 

4.3 Future research 

The flexibility and the parametrization incorporated in the method enables a range 
of future studies to be performed, and a few proposals is mentioned: 

• The method can be implemented in an optimization workflow, where a set 
of design variables (e.g. dimensions or material type) is altered by a solver 
to minimize an objective (e.g. cost or carbon emissions), whilst constraining 
serviceability performances and boundary conditions. 

• Sensitivity analyses of how product competitiveness is responding to price 
developments of materials and salaries. 

• The principle of separating activities in levels of completion is a useful 
feature and increase control of the accounting. In the present work a 
separation in “Body Level” and “Assembly Level” is performed, but this 
may be extended. Furthermore, the pointOfProcess associated with a body 
also enables the method to separate between location of activities. This 
feature can be used to extend the accounting from the factory gate to as built. 
It may include transportation, installation, and completion, where resources 
and activities and pointOfProcess is defined accordingly. 

• An interface to Computer Aided Manufacturing (CAM) where geometry and 
material definitions can be retrieved will ease implementation. 
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5 Conclusion 
A method called Item-Driven Activity-Based Consumption (IDABC) is developed 
in the present work. In compliance with the objective the method enables a 
parametric link to be generated between the specification of a timber element and 
the quantification of manufacturing expenditures. Also, in compliance with the 
objective, the output of the method serves to quantify competitiveness in terms of 
production time, total cost, labor cost and carbon emissions.  

The parametric architecture of the method enables the implementation in an 
optimization workflow for timber elements. This has been the main motivation and 
the paramount objective of the present work, and is a response to missing efforts in 
the research and the ongoing endeavor of improving timber elements.  

Attention to means of reducing implementation effort, as addressed in the objective, 
led to the item-driven approach that utilizes information stored in the items being 
processed. 

As a worked example the present study is using a timber floor element. However, 
irrespective of materials and production line operations, the method can be applied 
to generic products that involve the systematic repetition of body manufacture 
leading to a final assembly process. As such the IDABC method offers 
indeterminacy and flexibility in production line accounting. 

Definition of resources and activities in the present work was performed following 
interviews with a Production Line Manager who has a thorough understanding of the 
operations that take place on the production line. The method has been applied to a 
specific timber component and assembly line operated by a major manufacturer in 
Norway and demonstrates good agreement with empirical data. 
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Annex A. Floor element specifications 
Table 5. Specification of the bodies making up the assembly 

 
h w l 

material appliance 
mass vol. cost CO2 

[m] [kg] [m3] [€] 
[kgCO2e
q] 

topFlg 0.043 2.400 9.000 Kerto_Q structural 473.7 0.929 743.04 90.00 

edgJst0 0.405 0.140 9.000 GL30c structural 219.4 0.510 306.18 23.92 

edgJst1 0.405 0.140 9.000 GL30c structural 219.4 0.510 306.18 23.92 

edgBeam0 0.405 0.140 2.120 GL30c structural 51.7 0.120 72.12 5.63 

edgBeam1 0.405 0.140 2.120 GL30c structural 51.7 0.120 72.12 5.63 

fldJst0 0.405 0.066 8.720 GL28c structural 100.2 0.233 139.85 10.93 

fldJst1 0.405 0.066 8.720 GL28c structural 100.2 0.233 139.85 10.93 

fldJst2 0.405 0.066 8.720 GL28c structural 100.2 0.233 139.85 10.93 

btmFlg0 0.061 2.400 9.000 Kerto_Q structural 672.0 1.318 1054.08 127.68 

adhesive 1 10.068 0.001 Phenol-
resorc. 

adhesive 5.034 5.033e-
3 

17.62 5.03 

internalMass0 0.094 0.480 8.720 
Gravel 
8/16 nonStructural 539.4 0.394 59.06 1.62 

internalMass1 0.094 0.480 8.720 Gravel 
8/16 

nonStructural 539.4 0.394 59.06 1.62 

internalMass2 0.094 0.480 8.720 
Gravel 
8/16 nonStructural 539.4 0.394 59.06 1.62 

internalMass3 0.094 0.480 8.720 Gravel 
8/16 

nonStructural 539.4 0.394 59.06 1.62 

 

Table 6. The fastening vector appended to selected bodies 

 
Ø l 

number 
mass vol. cost CO2 

Type of fastener 
[m] [kg] [m3] [€] 

[kgCO2e
q] 

topFlg 0.005 0.1 150 2.30 295e-6 15.00 8.61 Partial thread flange head 

edgBeam0 0.008 0.28 12 1.32 169e-6 1.20 4.94 

Double-threaded 

edgBeam1 0.008 0.28 12 1.32 169e-6 1.20 4.94 

fldJst0 0.008 0.132 4 0.21 27e-6 0.40 0.78 

fldJst1 0.008 0.132 4 0.21 27e-6 0.40 0.78 

fldJst2 0.008 0.132 4 0.21 27e-6 0.40 0.78 

btmFlg0 0.005 0.1 150 2.30 295e-6 15.00 8.61 Partial thread flange head 
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Optimisation of costs and carbon emission of 
timber floor elements 

Abstract 
Long-span timber floor elements increase the adaptability of a building and they 
exhibit a significant market potential. High cost of the floor elements is a challenge, 
and the timber sector is under substantial pressure to find more economical solutions 
without weakening otherwise favourable environmental performance. The range of 
technical timber-based materials and components, structural typologies, overlays 
and ceiling systems represent an immense solution space when searching for a 
competitive design for a specific building application. Finding the optimum solution 
requires a computational procedure. In this study a recent development for the 
accounting of manufacturing resources for timber elements is utilized to build an 
optimisation framework for cost and ECO2 minimisation of timber floor elements 
finalized at the factory gate. The design of the element is formulated as a discrete 
optimisation problem which is solved by a mixed-integer sequential linearization 
procedure. Various material combinations and constraint combinations are treated. 
The optimisation framework provides a tool for rapid design exploration that can be 
used in general design situations. The results of the calculations carried out in this 
study provide insight on the general trends of optimum floor elements. The 
optimisation model is used to analyse the characteristics of the optimum designs, and 
a comparison between the current and the second generation of Eurocode 5 is shown 
to demonstrate achievable implications. 

Keywords 
Cost optimization, carbon emission optimisation, long-span, timber floor, mixed-
integer sequential linearization procedure (MISLP), Item-Driven Activity-Based 
Consumption (IDABC), second generation Eurocode 5, competitiveness. 

1 Introduction 
The built environment is significantly contributing to the climate change today and 
represents therefore a substantial opportunity for mitigating it tomorrow. The role of 
the construction sector must increasingly be addressed as a measure to decelerate 
global warming [1]. Currently this sector is strongly identified with negative climatic 
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impact, accounting for 36 % of the global energy use and an associated 39 % of the 
carbon dioxide emissions [2]. Even as 85% of the buildings we will inhabit in 2050 
are already built [3], the construction sector is expected to erect some 230 billion 
square metres of new construction over the next 40 years [2]. The challenge is 
substantial, and the greenhouse gas (GHG) emissions related to the construction 
sector are likely to be doubled by 2050 [4]. The last three decades the GHG emissions 
from the construction sector have increased with 55% and are currently one of the 
three fastest growing sources [5].  

It is a general understanding that the widely agreed emission reduction targets [6] 
cannot be met without appropriate actions in the construction sector. A recent study 
on material efficiency for reducing GHG in the construction sector [6] has examined 
various strategies such as more intensive use of materials, lifetime extension of 
buildings, light-weight design, and reuse of building components. 

Another possibility is to develop new products that meet the imposed technical 
requirements while simultaneously being economically competitive with reduced 
GHG emissions. Such elements exhibit a substantial market potential, and the timber 
sector is endeavouring to gain market shares for commercial building applications. 
However, there exist no competitive timber flooring systems for this segment, and 
the potential advantages in carbon emissions must be accompanied with suitable 
costs. It has been shown that the cost of timber floor elements can be nearly twice 
the cost of a comparable concrete hollow-core element [7], and the additional 
challenges of acoustics and serviceability performance are causing the construction 
sector to be reluctant to accept timber floor elements widely [8]. For timber to 
become an attractive building material in this market, innovative, competitive and 
industrialized concepts with high technical qualities and minimal economic risks and 
investments need to be developed, documented and made readily available.  

Timber flooring systems for long-span applications are normally glued thin flange 
elements with stiffeners and joists constituting the core. The number of joists and 
stiffeners, the internal added weight and insulation, and the dimensions of all 
members result in numerous potential combinations to be examined. This number 
increases drastically when the range of wood products and types of bonding are 
considered. When outfitting such as overlays and ceiling system is addressed, the 
number of combinations increases further. And finally, when support and load 
conditions and serviceability performance levels are regarded, the solution space is 
immense. With these many parameters, finding a competitive design may not be 
manageable by manual exploration, and the solution space can in practice only 
confidently be investigated when assessed computationally. 

Timber structures have been optimised for greater material efficiency in [9, 10], with 
the conclusion that the required amount of material in a construction can be 
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substantially reduced, but the study does not reflect the resources of manufacturing 
nor the environmental impact from reduced potential reuse. Incorporating the total 
manufacturing cost and the environmental impact of the floor element in 
optimisation are identified as main issues for the present work. For steel structures, 
cost optimisation has been widely employed in the literature. In [11] a cost centre 
approach is used which resembles the cost accounting method used in the present 
work. The minimum cost designs of steel floors are obtained in [12], taking into 
account the cost of material, labour, equipment, overhead and including profit as 
well. In [13] the cost objective of composite floors is based on simple summation of 
costs of accrued material and manufacturing processes. The minimum cost is 
investigated in terms of how a change in steel price would affect the different 
structural principles that the composite floor is based on. 

In a study by Mahn et al [14] optimisation of wooden floors is conducted in terms of 
acoustic performance, and in the context of increasing market impact of timber 
floors. The conclusions of the study are in line with the general concern of a low 
market share of timber floors. However, no further findings in the study offer support 
to the present work. Acoustic performance of timber floors is studied in [15], where 
a comparable hollow-core timber floor is parametrically described and optimised for 
sound insulation. It is reported that the various parameters could not simultaneously 
be minimised, leading to the definition of a compromise. A probabilistic robustness 
analysis based on the Pareto front of two significant parameters was performed to 
find the optimum compromise. 

Optimisation is useful also when there are conflicting criteria, and when different 
objectives cause disagreeing designs. This is also the case for timber floor elements. 
Then, the methods of multiobjective optimisation can be employed, for example, to 
consider cost management such as in [16], where three conflicting criteria (target 
costing, value engineering and quality function deployment) are integrated in a 
single-objective optimization to balance cost, functionality and customer satisfaction 
of a product. 

One of the challenges of long-span timber floors has been uncertainties in vibration 
performance. Unless idealised support conditions and simple floor element 
construction, the assessment may require numerical analyses. However, the method 
as proposed for the second generation of Eurocode 5 [17, 18] is based on research 
efforts over the last 30 years, resulting in a new and rigorous analytical calculation 
procedure. In the present work the optimisation is based on this method, and the 
performance is compared to a common analytical method of serviceability [35, 36].  

In this study, the cost and ECO2 minimisation of a novel timber floor element is 
presented, and the design approach is formulated as an optimisation problem that is 
solved by an appropriate method. The manufacturing cost and ECO2 of the element 
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are taken as objective functions, and they are evaluated by the parametric accounting 
method of resources in the manufacturing of timber elements, developed in [19]. 
This workflow is in accordance with the conclusions of Forintek and the Canadian 
Wood Council [20] stating that a precise manufacturing cost accounting in 
combination with an optimisation workflow can offer an efficient solution for the 
development of competitive timber floor elements.  

A mixed-integer sequential linearization procedure is employed to solve the 
formulated discrete optimisation problem. Various material combinations and 
constraint combinations are treated. The optimisation model is used to perform a 
parametric study for alternating span of the element. The results of optimisation are 
used to analyse the characteristics of the optimum floor element designs. 

The objective of the present work is to assist in commercialisation of timber floor 
elements suitable for adaptable building applications. The optimisation framework 
provides a tool for rapid design exploration that can be used in general design 
situations. Moreover, the results of the calculations carried out in this study provide 
insight on the general trends of optimum floor elements. 

The paper is organised as follows. In Section 2, the timber floor element is described 
in detail, including the cost and ECO2 evaluation. The treated optimisation problem 
is presented in Section 3, followed by a computational study in Section 4. The 
implications of the results are discussed in Section 5. Finally, conclusions of the 
research are drawn in Section 6. 

2 Timber floor element 
2.1 Structural configuration 

A simply supported timber floor element constituting a closed hollow section as 
shown in Figure 1 is studied. By varying material combinations and the number of 
joists fourteen base floors are defined. The base floor designs are created from an 
edging frame of joists  and interconnecting transverse beams . Three or seven 
field members  are fitted between the transverse beams positioned with equal 
centre to centre distances between all members. In the cavities 100 kg/m2 of gravel 
type 8/16  is deposited to achieve acceptable acoustic performances. A continuous 
flange is structurally glued on top  and bottom  of the frame.  
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Figure 1: Cross-section of base floors including design variables of the optimisation 
problem 

The base floors are fitted with a combination of non-structural overlay and ceiling 
system to acceptably estimate as built conditions. The ceiling system is designed to 
withstand fire exposure either as exposed bottom flange or covered by two layers of 
gypsum type F. The overlay is either type 1 or type 2 as indicated in Figure 2. This 
results in four combinations of outfitting of the base floor designs 1 to 14, generating 
cases 1 to 56: 

• Case 1 – 14: Base floor designs with overlay type 1 and exposed ceiling 
• Case 15 – 28: Base floor designs with overlay type 1 and ceiling type 1 
• Case 29 – 42: Base floor designs with overlay type 2 and exposed ceiling 
• Case 43 – 56: Base floor designs with overlay type 2 and ceiling type 1 

In Figure 2 the associated cases of base floor 1 are shown. 
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Figure 2: Outfitting of base floor 

For the optimisation a constant module width (wmod) of 2.4 m is used, and the design 
limit state is serviceability. Modifying support conditions, material specification, 
cavity mass, or thickness of edge beams will alter the optimization problem. 

2.2 Material composition 

The goal of the optimisation is to explore the potential of changing material of edge 
frame members  , flanges   and field members . The materials are altered 
according to Table 1 to define the base floor designs. Base floor 1 is referred to as 
the reference floor. GL30c and GL28c is according to [21]. Laminated Veneer 
Lumber (LVL) in spruce (S-LVL) and beech (B-LVL) is according to [22]. Two 
variants of LVL are used: LVLS has unidirectional fibre orientation, while LVLQ 
has a 20 % of the fibres in crosswise direction. Construction plates in quality HB 
HLA1 (HB) and OSB3 (OSB) are used for field members [23]. In these cases, the 
number of field members is seven. 
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Table 1: Material composition and due combinations 

Base 
floor 

Edge joist 
and beam 

Num 
fldJst Field joist Flanges 

Possible combinations 
Case 1-14 Case 15-28 Case 29-42 Case 43-56 

1 GL30c 3 GL28c S-LVLQ 44496 129024 48384 129024 
2 GL30c 3 S-LVLS S-LVLQ 32256 86016 32256 86016 
3 GL30c 3 B-LVLS S-LVLQ 40320 107520 40320 107520 
4 GL30c 3 GL28c B-LVLQ 42336 98784 42336 98784 
5 GL30c 3 S-LVLS B-LVLQ 28224 65856 28224 65856 
6 GL30c 3 B-LVLS B-LVLQ 35280 82320 35280 82320 
7 S-LVLS 3 S-LVLS S-LVLQ 9216 24576 9216 24576 
8 B-LVLS 3 B-LVLS S-LVLQ 31200 83200 31200 83200 
9 S-LVLS 3 S-LVLS B-LVLQ 8064 18816 8064 18816 
10 B-LVLS 3 B-LVLS B-LVLQ 27300 63700 27300 63700 
11 GL30c 7 HB HLA1 S-LVLQ 24192 64512 24192 64512 
12 GL30c 7 HB HLA1 B-LVLQ 21168 49392 21168 49392 
13 GL30c 7 OSB 3 S-LVLQ 16128 43008 16128 43008 
14 GL30c 7 OSB 3 B-LVLQ 14112 32928 14112 32928 
Number of combinations 374292 949652 378180 949652 

The various components of the floor element are available only in given dimensions. 
The standard delivery formats constitute the discrete values given in Table 2. 

Table 2 Allowable dimension values. 

Allowable dimensions 
Material Allowable values [mm] 

Abbreviation Description 

HtopFlg Height of top 
flange 

S-LVLQ 33,39,45,51,57,63,69,75 
B-LVLQ 20,30,40,50,60,70,80 

Hjst Height of 
joists 

GL 90,115,135,180,225,270,315,360,405,450,495,540,585,630 
S-LVLS 200,220,240,300,360,400 
B-LVLS 120,160,200,240,280,320,360,400,440,480,520,560,600 

HbtmFlg 
Height of 
bottom flange 

S-LVLS (33,39,45,51,57,) 63,69,75 
B-LVLS (20,30,40,50,) 60,70,80 

Wedge Width of 
edge joists 

GL 36,48,66,73,90,115,140,165,190,215,140,260 
S-LVLS 27,33,39,45,51,57,63,75 
B-LVLS 40,50,60,80,100,120,160,200,240,280 

Wfield Width of 
field joists 

GL 36,48,66,73,90,115,140,165,190,215,140,260 
S-LVLS 27,33,39,45,51,57,63,75 
B-LVLS 40,50,60,80,100,120,160,200,240,280 
HB 7,8,9,10,11,12 
OSB 12,15,18,22 

The bottom flange is intended either to be exposed to fire or covered by two layers 
of 15 mm gypsum type F. Rules for structural fire design [24] with guidance from 
[25], [26] and chapter 11 in the Norwegian technical requirements for construction 
works [27] are used to calculate the required thickness. Hazard class 4 and fire class 
3 are used, presupposing a complete fire scenario of 90 minutes. The design 
philosophy is that the floor element shall have the capacity to withstand actions of 
accidental limit state without the bottom flange present. The minimum thickness of 
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the bottom flange material is then calculated from the charring rate of the material 
for the fire scenario. Both spruce LVLQ and beech LVLQ have charring rate of 0.65 
mm/min leading to a minimum thickness of 59 mm for exposed bottom flange 
(leaving the dimensions in brackets out of Table 2, or 19.5 mm when two layers of 
gypsum type F is used as ceiling system. Restraining internal mass from fire 
exposure is not considered. 

2.2.1 Design variables 

The optimisation problem described below in Section 3 consists of an objective 
function that is to be minimised with respect to chosen design variables subject to 
given constraints. The structural responses used as constraint or objective functions 
are written as functions of the design variables. Therefore, the relevant responses 
used in design are written here in the form f(x), where x is the vector of design 
variables. This vector consists of five dimensions of the cross-section (see Figure 1 
for the definition of symbols): 

𝐱𝐱 = {ℎ1 ℎ2 ℎ3 𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒}     [𝑚𝑚𝑚𝑚] Eq. 1 

The design variables are discrete such that ℎ1 ∈ 𝐻𝐻𝑒𝑒𝑡𝑡𝑡𝑡𝑡𝑡𝑓𝑓𝑒𝑒, ℎ2 ∈ 𝐻𝐻𝑗𝑗𝑒𝑒𝑒𝑒, ℎ3 ∈ 𝐻𝐻𝑏𝑏𝑒𝑒𝑏𝑏𝑡𝑡𝑓𝑓𝑒𝑒, 
𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ∈ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, and 𝑤𝑤𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ∈ 𝑊𝑊𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓𝑒𝑒 . The corresponding allowable values are 
given in Table 2. 

2.3 Essential structural properties 

For the formulation of the optimisation problem, the objective functions of the floor 
element are retrieved at factory exit, whereas the constraints are derived from the 
governing design requirements. Floor element design is generally stiffness-driven, 
and the constraints are defined to reflect serviceability, and not ultimate limit 
resistance. For comparison two methods are used to define the serviceability 
constraints. Additionally, building height is included as a constraint because of the 
financial importance the parameter has for tall timber building projects. In the 
following, the equations for calculating the relevant structural responses are 
presented. 

Longitudinal and transversal bending stiffness (EI) is calculated with simple linear 
elasticity as stated in Eurocode 5 Rules for buildings [28] section 7.3.3, with 
effective width of flanges bi and position of neutral axes (ai) calculated accordingly. 
Note that the properties and method of execution for the structural connection 
between flange and field joist differs depending on the thickness of the joist. If the 
thickness is 36 mm and above, the structural connection is glued and screwed. If the 
member is less than 36 mm, a tapered slice is machined in the flanges and the field 
members (webs) are glued in this slice. These are definitions entered into the 
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IDABC-method for the floor element application [19]. Due to the diverse methods 
the factor for composite effect (𝛾𝛾) is herein defined at a constant 1.0. 

EI(𝐱𝐱) = ∑ �𝐸𝐸𝑓𝑓𝐼𝐼𝑓𝑓 + 𝛾𝛾𝑓𝑓𝐸𝐸𝑓𝑓𝐴𝐴𝑓𝑓𝑎𝑎𝑓𝑓2�3
𝑓𝑓=1    , where 𝐴𝐴𝑓𝑓 = ℎ𝑓𝑓𝑏𝑏𝑓𝑓 Eq. 2 

 
2.3.1 Element depth 

The depth of a floor element is an essential cost parameter for building projects. In 
this study, the element depth is taken as a constraint, and it is used in Pareto analyses 
to see the effect on cost and ECO2 as the element depth is constrained. The element 
depth is simply the sum of the layer thicknesses: 

h𝐶𝐶𝐶𝐶𝐶𝐶(𝐱𝐱) =  ℎ1 + ℎ2 + ℎ3 Eq. 3 

 
2.3.2 Fundamental frequency 

Controlling the vibrations of the floor element in serviceability limit state is a key 
design requirement, and it is expressed in terms of the fundamental frequency, f1, 
which is calculated according to [18] section 9.3.4 as follows: 

f1(𝐱𝐱) =  𝑘𝑘𝑒𝑒,2(𝐱𝐱)
18

�𝑤𝑤𝑒𝑒𝑠𝑠𝑒𝑒(𝐱𝐱)
 Eq. 4 

System deformations due to self-load, 𝑤𝑤𝑒𝑒𝑠𝑠𝑒𝑒(𝐱𝐱), are calculated as 

𝑤𝑤𝑒𝑒𝑠𝑠𝑒𝑒(𝐱𝐱) =
5 ∙ 𝑔𝑔(𝐱𝐱) ∙ 𝐿𝐿4

384 ∙ 𝐸𝐸𝐼𝐼𝐿𝐿(𝐱𝐱) +
𝑔𝑔(𝐱𝐱) ∙ 𝐿𝐿2

8 ∙ 𝐺𝐺𝐴𝐴𝐿𝐿(𝐱𝐱) Eq. 5 

The frequency multiplier ke,2 is calculated to reflect the effect of the transverse floor 
stiffness as reproduced in Eq. 6. For the present work the system width of the flooring 
system (B) is defined at a constant 1.5L, where L is the span. 

𝑘𝑘𝑒𝑒,2(𝐱𝐱) = �1 + �
𝐿𝐿
𝐵𝐵
�
4 𝐷𝐷𝑇𝑇(𝐱𝐱)
𝐷𝐷𝐿𝐿(𝐱𝐱) Eq. 6 

The apparent stiffness (D) of flooring system is the bending stiffness of a section 
divided by the extent of the section [Nm2/m]. The apparent bending stiffness 
longitudinal (DL) and transversally (DT) in given in Eq. 7 and Eq. 8. 

𝐷𝐷𝐿𝐿(𝐱𝐱) =
𝐸𝐸𝐼𝐼𝐿𝐿(𝐱𝐱)
𝑤𝑤𝑏𝑏𝑡𝑡𝑒𝑒

 Eq. 7 
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𝐷𝐷𝑇𝑇(𝐱𝐱) =
𝐸𝐸𝐼𝐼𝑇𝑇,𝑏𝑏𝑓𝑓𝑒𝑒𝐶𝐶𝑒𝑒𝑚𝑚𝑒𝑒𝑓𝑓𝑡𝑡𝑚𝑚(𝐱𝐱)
𝐿𝐿𝑏𝑏𝑓𝑓𝑒𝑒𝐶𝐶𝑒𝑒𝑚𝑚𝑒𝑒𝑓𝑓𝑡𝑡𝑚𝑚

 Eq. 8 

LmidSection is the length of the mid-section in direction of span (L). In the present work 
where the floor element has only one compartment in the longitudinal direction, and 
where transverse beams only are located at the end of the floor element, the length 
of the mid-section is defined at half the span length of the floor element. 

2.3.3 Unit load deflection 

Mid span deflection due to a unit point load is used to assess serviceability in the 
methods of serviceability applied herein. The calculated deflection is strongly 
influenced by the support conditions and the analytical representation of the 
deflection. The present work applied the Winkler theorem for describing beams on 
elastic foundation [29, 30] in order to improve the representation of two-way 
deflection from unit point load at midspan (Eq. 9).  

𝑝𝑝 =
𝑑𝑑4𝑤𝑤(𝐱𝐱)
𝑑𝑑𝑑𝑑4

+ 𝑘𝑘 ∙ 𝑤𝑤(𝐱𝐱) Eq. 9 

This is done by equating a fictitious Winkler foundation [29, 30] to the uniform 
deformation w(x) caused by the floor element acting as an equivalent beam (Eq. 10). 

𝑤𝑤(𝒙𝒙) =
𝑝𝑝 ∙ 𝐿𝐿3

48 ∙ 𝐸𝐸𝐼𝐼𝐿𝐿(𝐱𝐱) + 𝐾𝐾𝑒𝑒𝑓𝑓𝑒𝑒
𝑝𝑝 ∙ 𝐿𝐿

4 ∙ 𝐺𝐺𝐴𝐴𝐿𝐿(𝐱𝐱) Eq. 10 

• p: unit point load 1 kN 
• Ksfd: constant in prediction of shear force deformations. For rectangular 

section, Ksfd = 1.2 [31] 
• GAL: Shear stiffness in longitudinal direction. Only longitudinal members 

will in practice contribute to the shear capacity from bending, i.e. edge-  
and field joists  in Figure 1. 

By using the effective length of the transverse midsection of the floor element as the 
length of the foundation (Lwink), the Winkler foundation stiffness (k) can be 
expressed as: 

𝑘𝑘(𝐱𝐱) =

𝑝𝑝
𝐿𝐿𝑤𝑤𝑓𝑓𝑚𝑚𝑤𝑤(𝐱𝐱)
𝑤𝑤(𝐱𝐱)  Eq. 11 

Finally, the deflection constraint due to unit point load is calculated by determining 
the maximum deflection of the transversal cross section of the floor resting on the 
elastic foundation as: 
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𝑤𝑤𝑤𝑤𝑓𝑓𝑚𝑚𝑤𝑤(𝐱𝐱) =
𝛽𝛽(𝐱𝐱) ∙ 𝑝𝑝
2 ∙ 𝑘𝑘(𝐱𝐱) ∙

2 + cosh𝛽𝛽(𝐱𝐱)𝑑𝑑 + cos𝛽𝛽(𝐱𝐱)𝑑𝑑
sinh𝛽𝛽(𝐱𝐱)𝑑𝑑 + sin𝛽𝛽(𝐱𝐱)𝑑𝑑

 Eq. 12 

Where 

𝛽𝛽(𝐱𝐱) = �
𝑘𝑘(𝐱𝐱)

4 ∙ 𝐸𝐸𝐼𝐼𝑇𝑇,𝑏𝑏𝑓𝑓𝑒𝑒𝐶𝐶𝑒𝑒𝑚𝑚𝑒𝑒𝑓𝑓𝑡𝑡𝑚𝑚(𝐱𝐱)
4

 Eq. 13 

 
2.3.4 Dynamic response 

The dynamic response of the floor element is represented by three constraints. This 
is the criterion by Hu and Chui [32] representing a current common practice, and the 
acceleration and velocity expressions as described in the proposal for the second 
generation of Eurocode 5 [18]. 

The Hu and Chui (HC) parameter is a convenient and simple expression for the 
fundamental frequency and unit point load deflection (Eq. 14). 

𝐻𝐻𝐻𝐻(𝐱𝐱) =
�𝑓𝑓1(𝐱𝐱)

18.7 �
2.27

𝑤𝑤𝑤𝑤𝑓𝑓𝑚𝑚𝑤𝑤(𝐱𝐱)  Eq. 14 

An approach for calculating floor response is proposed in the second generation of 
Eurocode 5 [17, 18]. The approach relates responses to human perception levels in 
terms of root mean square acceleration levels of the ISO baseline curve [33]. 
Acceleration levels dominate the human perception between 4 and 8 Hz. 
Consequently, the acceleration is used to assess floor performance levels in this 
frequency range and is a selected constraint (Eq. 15). The ISO baseline curve level 
is constant in this frequency at aRMS=0.005 m/s2. For human induced vibration, this 
frequency range is associated with a resonant floor design because the step frequency 
and the associated four first harmonics may coincide with the first natural frequency 
of the floor element. 

𝑎𝑎𝑟𝑟𝑏𝑏𝑒𝑒(𝐱𝐱) =
𝛼𝛼(𝐱𝐱) ∙ 𝐹𝐹

7 ∙ 𝜁𝜁 ∙ 𝑀𝑀∗(𝐱𝐱) Eq. 15 

α Fourier coefficient 𝛼𝛼 = 𝑒𝑒−0.4∙𝑓𝑓1  
F Vertical force imposed by walking person (700 N) 
ζ Modal damping ratio of 3 % 

M* Modal mass 𝑀𝑀∗ = 𝑏𝑏𝐿𝐿𝑚𝑚
4

 

m Mass (kg) of floor per unit area (m2) 

Due to the ratio of stiffness and mass, long-span timber floor elements typically have 
a first natural frequency above 8 Hz. Above 8 Hz the ISO baseline curve is not 
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constant (see Figure 3). As can be seen however, by integrating the baseline curve 
from 8 Hz, the corresponding velocity is constant at vRMS=0.0001 m/s [17]. This new 
constant is used as reference for floor performance levels above 8 Hz, and is a 
selected constraint (Eq. 16). For floor elements with first natural frequency above 8 
Hz the floor response will be transient when subject to human induced vibration. 

 

 
Figure 3: Floor performance levels with respect to the ISO baseline curve 
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𝑣𝑣𝑟𝑟𝑏𝑏𝑒𝑒(𝒙𝒙) = 𝐾𝐾𝑓𝑓𝑏𝑏𝑡𝑡(𝒙𝒙) ∙
0.7 ∙ 𝐼𝐼𝑏𝑏(𝐱𝐱)
𝑀𝑀∗(𝒙𝒙) + 70

�0.65 − 0.01 ∙ 𝑓𝑓1(𝐱𝐱)�(1.22 − 11 ∙ 𝜁𝜁) ∙ 𝜂𝜂(𝐱𝐱) Eq. 16 

Kimp Higher modes multiplier for transient floor response 𝐾𝐾𝑓𝑓𝑏𝑏𝑡𝑡 = 𝑚𝑚𝑎𝑎𝑑𝑑 �0.48 �𝑚𝑚
𝐿𝐿
� �𝐷𝐷𝐿𝐿

𝐷𝐷𝑇𝑇
�
0.25

1
 

lm Mean modal impulse 𝑙𝑙𝑏𝑏 = 42∙𝑓𝑓𝑤𝑤1.43

𝑓𝑓11.3  

fw Walking frequency (2 Hz) 

𝜂𝜂 = �1.52 − 0.55 ∙ 𝐾𝐾𝑓𝑓𝑏𝑏𝑡𝑡   1.0 ≤ 𝐾𝐾𝑓𝑓𝑏𝑏𝑡𝑡 ≤ 1.5
0.69   𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒

 

 
2.3.5 Final deformation 

Deformation from permanent and imposed loads is a selected constraint: 

w𝑓𝑓𝑓𝑓𝑚𝑚(𝐱𝐱) ≤ 𝑤𝑤𝑏𝑏𝑚𝑚𝑚𝑚𝑡𝑡𝑓𝑓𝑚𝑚 Eq. 17 

For imposed loading category of use D2 (Areas in department stores) as defined in 
Eurocode 1 Actions on structure [34] is used. This is used for indeterminacy as the 
level is covering all categories. D2 states distributed load: q = 5000 N/m2 and point 
load: Q = 7000 N. The deformation is calculated as equivalent beam. 

2.4 Economical and ecological performance 

Cost and embodied carbon emissions are taken as objective functions in this study, 
and they are evaluated using a manufacturing expenditure accounting procedure 
developed in [19]. This method is called Item-Driven Activity-Based Consumption 
(IDABC). The method generates a parametric link between product specification and 
the expenditures in the manufacturing of a timber element. Expenditures cover 
manufacturing activities and accrued materials and it is presented as four indicators 
of competitiveness.  

IDABC resembles the much used Time-driven Activity-Based Costing (TDABC) 
[35] in how the manufacturing line is modelled as resources combined to perform 
required activities. However, where the TDABC uses predetermined duration of 
activities to calculate costing, the IDABC method utilize information stored in the 
items subject to manufacture to calculate durations. For any item the activity requests 
a specific quantity based on predetermined SI unit associated with the activity, which 
in turn is used to calculate activity duration. Based on the duration of the activity and 
the definition of the activity and the underlying resources, manufacturing resources 
are determined. 

Manufacturing of a floor element is typically divided into two parts: i) the making 
of components; and ii) the process of assembly. This separation is also seen in 
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IDABC where components are made from direct material and then assembled to a 
final product. As can be seen in [FPJ], an expenditure vector is generated for all 
items at every activity the item is subject to during the manufacturing.  

The expenditure vector Vη (Eq. 18) comprise four quantities. This is the duration Tη 
[s], cost Cη [€], the part of cost associated with labor LCη [€], and the ECO2 
[kgCO2eq], where η represent an item subject to an activity. 

𝑽𝑽𝜂𝜂 = �𝑇𝑇𝜂𝜂 𝐻𝐻𝜂𝜂 𝐿𝐿𝐻𝐻𝜂𝜂 𝐸𝐸𝐻𝐻𝐸𝐸2𝜂𝜂�       [𝑒𝑒 € € 𝑘𝑘𝑔𝑔𝐻𝐻𝐸𝐸2𝑒𝑒𝑒𝑒] Eq. 18 

The total expenditure of the product is the accumulated expenditures for body level 
and assembly level activities. See Eq. 19. 

𝑽𝑽𝑡𝑡𝑟𝑟𝑡𝑡𝑒𝑒𝑝𝑝𝑚𝑚𝑒𝑒 = � � 𝑽𝑽𝑓𝑓,𝑗𝑗

𝑚𝑚𝑝𝑝𝑏𝑏𝑛𝑛𝑚𝑚𝑒𝑒

𝑗𝑗=0

𝑚𝑚𝑝𝑝𝑏𝑏𝑚𝑚𝑡𝑡𝑒𝑒𝑠𝑠

𝑓𝑓=0

   + � � 𝑽𝑽𝑤𝑤,𝑓𝑓

𝑚𝑚𝑝𝑝𝑏𝑏𝑛𝑛𝑚𝑚𝑒𝑒

𝑓𝑓=0

𝑚𝑚𝑝𝑝𝑏𝑏𝑛𝑛𝑒𝑒𝑏𝑏𝑏𝑏𝑓𝑓𝑠𝑠

k=0

 Eq. 19 

Specification of factory resources and activities are as defined in [19]. The conditions 
for applying the various activities, specification of fasteners, as well as principles of 
defining sections and material assignment likewise. 

The cost objective is thus the total cost of the product finalized at the factory gates 
as offered by the wood component manufacturer 𝐻𝐻𝑡𝑡𝑟𝑟𝑡𝑡𝑒𝑒𝑝𝑝𝑚𝑚𝑒𝑒. The embodied carbon 
emissions of the product 𝐸𝐸𝐻𝐻𝐸𝐸2𝑡𝑡𝑟𝑟𝑡𝑡𝑒𝑒𝑝𝑝𝑚𝑚𝑒𝑒 have the same boundary conditions, 
normally referred to as cradle-to-gate, or A1 to A3 in the Environmental Product 
Declaration (EPD). The definition of resources and activities associated with the 
manufacturing of a timber element will change from one manufacturer to another, 
and the definition used in the present work is given in [19]. Unit cost and embodied 
carbon emissions of direct material are given in Annex A Table 6. 

3 Optimisation 
3.1 Framework 

The optimisation framework consists of three modules as shown in Figure 4: i) 
Design premise; ii) Item-Driven Activity-Based Consumption; and iii) Optimisation. 
The background for the first two modules was described in Section 2. Their output 
is the cost and ECO2, and the constraint function values. This information is input 
to the optimisation module (MISLP Optimise in Figure 4). The output of the 
optimisation module is the optimised product. In this Section, the details of 
optimisation are provided.  

All modules are parametric and they have been implemented using the principles of 
Object Oriented Programming in Python [36].  
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Figure 4: Calculation framework for optimisation 

3.2 Problem formulation 
3.2.1 Constraint combinations and levels 

The constraints are derived from Section 2. The constraints are arranged in three 
constraint combinations (CC) each with levels as stated in Table 3. Combination 1 
is the current common practice for floor element design in Norway. This is based on 
the Ohlsson method of the current Eurocode [28], but where the Hu & Chui term 
rather than the unit impulse velocity is used [37, 38]. Combination 2a and 2b is the 
method proposed for the second generation of Eurocode 5 [18]. Here a separation in 
floor response is made, where resonant floor response (4.5 ≤ 𝑓𝑓1[𝐻𝐻𝐻𝐻] < 8) is 
assessed by acceleration, and transient floor response assessed by velocity (𝑓𝑓1[𝐻𝐻𝐻𝐻] ≥
8). 
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Table 3: Constraint combinations and levels 

 Current 
Eurocode 51) 

Second generation of Eurocode 5  
Resonant floor response Transient floor response 

CC 1 2a 2b 
ℎ𝐶𝐶𝐶𝐶𝐶𝐶,𝑏𝑏𝑓𝑓𝑚𝑚 [𝑚𝑚] 1 or changing from 0.8 to 0.3 in Pareto-analysis 

𝑓𝑓1,𝑏𝑏𝑓𝑓𝑚𝑚 [𝐻𝐻𝐻𝐻] 10 4.5 8 

𝑓𝑓1,𝑏𝑏𝑚𝑚𝑚𝑚  [𝐻𝐻𝐻𝐻] − 8 − 

𝑤𝑤1𝑤𝑤𝑘𝑘 [𝑚𝑚𝑚𝑚] 1.3 {0.25 0.25 0.5 0.8 1.2 1.6} 1) 

Dynamic 𝐻𝐻𝐻𝐻𝑏𝑏𝑓𝑓𝑚𝑚 = 1 [−] 𝑎𝑎𝑟𝑟𝑏𝑏𝑒𝑒,𝑏𝑏𝑚𝑚𝑚𝑚 = 0.005 ∙ 𝑅𝑅 2)  �
𝑚𝑚
𝑒𝑒2
� 𝑣𝑣𝑟𝑟𝑏𝑏𝑒𝑒,𝑏𝑏𝑚𝑚𝑚𝑚 = 0.0001 ∙ 𝑅𝑅 2)  �

𝑚𝑚
𝑒𝑒
� 

𝑤𝑤𝑓𝑓𝑓𝑓𝑚𝑚,𝑏𝑏𝑚𝑚𝑚𝑚 [𝑚𝑚] 𝐿𝐿
200

 

1) According to National Annex for Norway and SINTEF Building Research Design Guides [38] 
2,3) Array for Floor Performance Levels (FPL) 1 to 6 
3) Response factor levels [18]: 𝑅𝑅(𝐹𝐹𝐹𝐹𝐿𝐿) = {4 8 12 20 30 40} 

 
3.2.2 Problem statement 

The optimum design problem of the floor element can now be written as: 

min 𝑓𝑓 (𝒙𝒙) 
such that: 

 Eq. 20 

 𝑓𝑓1,𝑏𝑏𝑓𝑓𝑚𝑚 ≤ f1(𝐱𝐱) 
𝑓𝑓1,𝑏𝑏𝑚𝑚𝑚𝑚 > f1(𝐱𝐱), for CC2a only 
𝐻𝐻𝐻𝐻𝑏𝑏𝑓𝑓𝑚𝑚 ≤ 𝐻𝐻𝐻𝐻(𝐱𝐱), 𝑓𝑓𝑜𝑜𝑒𝑒 𝐻𝐻𝐻𝐻1 𝑜𝑜𝑜𝑜𝑙𝑙𝑜𝑜 
𝑎𝑎𝑟𝑟𝑏𝑏𝑒𝑒,𝑏𝑏𝑚𝑚𝑚𝑚 ≥ 𝑎𝑎𝑟𝑟𝑏𝑏𝑒𝑒(𝐱𝐱), 𝑓𝑓𝑜𝑜𝑒𝑒 𝐻𝐻𝐻𝐻2𝑎𝑎 𝑜𝑜𝑜𝑜𝑙𝑙𝑜𝑜 
𝑣𝑣𝑟𝑟𝑏𝑏𝑒𝑒,𝑏𝑏𝑚𝑚𝑚𝑚 ≥ 𝑣𝑣𝑟𝑟𝑏𝑏𝑒𝑒(𝐱𝐱), 𝑓𝑓𝑜𝑜𝑒𝑒 𝐻𝐻𝐻𝐻2𝑏𝑏 𝑜𝑜𝑜𝑜𝑙𝑙𝑜𝑜 

 
 ℎ𝐶𝐶𝐶𝐶𝐶𝐶,𝑏𝑏𝑓𝑓𝑚𝑚 < h𝐶𝐶𝐶𝐶𝐶𝐶(𝐱𝐱) 

𝑤𝑤1𝑤𝑤𝑘𝑘 ≥ w𝑤𝑤𝑓𝑓𝑚𝑚𝑤𝑤(𝐱𝐱) 
𝑤𝑤𝑏𝑏𝑚𝑚𝑚𝑚𝑡𝑡𝑓𝑓𝑚𝑚 ≥ w𝑓𝑓𝑓𝑓𝑚𝑚(𝐱𝐱) 

 ℎ1 ∈ 𝐻𝐻𝑒𝑒𝑡𝑡𝑡𝑡𝑡𝑡𝑓𝑓𝑒𝑒 
ℎ2 ∈ 𝐻𝐻𝑗𝑗𝑒𝑒𝑒𝑒  
ℎ3 ∈ 𝐻𝐻𝑏𝑏𝑒𝑒𝑏𝑏𝑡𝑡𝑓𝑓𝑒𝑒 
𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ∈ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  
𝑤𝑤𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ∈ 𝑊𝑊𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓𝑒𝑒  

Where f(x) is cost C or embodied carbon emissions ECO2 of the floor element per 
area (m2) as derived from Section 2. Note that some of the constraints will be 
removed depending on the constraint combination. The constants appearing on the 
left-hand side in the constraints are taken from Table 3 for each constraint 
combination. 

The problem as stated in Eq. 20 is a discrete nonlinear optimisation problem 
consisting of five design variables and five or six constraints depending on the 
constraint combination. The problem is small-scale, and the objective and constraint 
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functions are evaluated effortlessly through analytical expressions. For a given 
structural setup (span, materials, etc.), the problem may be solved by a brute force 
approach, where all combinations of design variable values are enumerated. This is 
performed for all cases to locate the cost and ECO2 minima as well as the 
computational effort required, but to rationally expedite the design space 
exploration, the problem of Eq. 20 is solved by a suitable optimisation method. As 
the design variables correspond to cross-sectional dimensions, they can be relaxed 
and treated as continuous variables during optimisation. Moreover, the functions of 
the optimisation problem are continuously differentiable. This allows the use of 
gradient-based optimisation methods. 

3.3 Mixed-Integer Sequential Linearization Procedure 

The optimisation method employed in this study is based on solving a sequence of 
linear mixed-integer optimisation problems. This method is a discrete extension of 
the well-known sequential linear programming (SLP) approach [39]. At each 
iteration point, the nonlinear functions are approximated by their linearization. The 
design variables are treated as continuous variables when solving the linearization. 
Discrete values can be enforced by introducing binary variables as follows.   

Let x be a discrete variable with the allowable values 𝑋𝑋 = {𝑑𝑑�1, 𝑑𝑑�2, … , 𝑑𝑑�𝑒𝑒}. Then, 
introduce binary variables, 𝑜𝑜𝑗𝑗 ∈ {0,1},   𝑗𝑗 = 1,2, … ,𝑑𝑑. The variable x can be forced 
to have one of its allowable values by adding the following linear constraints to the 
optimization problem: 

𝑑𝑑 = �𝑑𝑑�𝑗𝑗y𝑗𝑗

𝑒𝑒

𝑗𝑗=1

 Eq. 21 

� y𝑗𝑗 = 1
𝑒𝑒

𝑗𝑗=1

 Eq. 22 

The latter equation ensures that exactly one binary variable takes the value 1, 
whereas the former equation sets the discrete value corresponding to the non-zero 
binary variable for x. 

Each discrete variable is supplemented with its own binary variables and constraints 
of Eq. 21 and Eq. 22. During optimisation, the discrete variables can be treated as 
continuous variables. Note that also the binary variables can be relaxed, so methods 
employing relaxation of discrete variables can be applied. 

Consider the following optimization problem 
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            min
𝐱𝐱
𝑓𝑓(𝐱𝐱) 

such that  𝑔𝑔𝑓𝑓(𝒙𝒙) ≤ 0, i = 1, 2, … , m 
                         𝑨𝑨𝒙𝒙 ≤ 𝐛𝐛 
                         𝑪𝑪𝒙𝒙 = 𝒅𝒅 

Eq. 23 

where 𝑔𝑔𝑓𝑓 are nonlinear and continuously differentiable functions, and the matrices 𝑨𝑨 
and 𝑪𝑪 as well as the vectors b and 𝑑𝑑 are constants. The vector of design variables, 𝐱𝐱, 
includes both continuous and discrete variables. 

In one iteration of the mixed-integer sequential linearization procedure (MISLP), 
the original optimisation problem is linearized at the current iteration point, 𝐱𝐱𝑤𝑤: 

            min
𝐱𝐱
𝑓𝑓�𝐱𝐱k� + ∇𝑓𝑓�𝐱𝐱𝑤𝑤�𝑇𝑇�𝐱𝐱 − 𝐱𝐱𝑤𝑤� 

such that  𝑔𝑔𝑓𝑓�𝐱𝐱𝑤𝑤�  + ∇𝑔𝑔𝑓𝑓�𝐱𝐱𝑤𝑤�
𝑇𝑇�𝐱𝐱 − 𝐱𝐱𝑤𝑤�  ≤ 0, i = 1, 2, … , m 

                         𝑨𝑨𝐱𝐱 ≤ 𝐛𝐛 
                         𝑪𝑪𝐱𝐱 = 𝐝𝐝 

Eq. 24 

The problem of Eq. 24 is a mixed-integer linear optimisation problem (MILP), which 
can be solved, for example, by the branch-and-cut method that is implemented in 
various optimisation software packages. Even with the binary variables, this 
linearized problem can be considered small-scale for the timber floor optimisation 
problem of Eq. 20. 

It is well-known that the SLP as well as the MISLP method may not converge in its 
basic form. The method can be stabilised by introducing so-called move limits that 
restrict the feasible set of the linearized problem. The move limits are written as 
additional bound constraints for the design variables. the move limits can be 
expressed as a portion of the total range of the variable, or in terms of local allowable 
change, say 15% of the current value. In any case, the move limits can be written as 

  ∆𝑓𝑓𝑤𝑤≤ 𝑑𝑑𝑓𝑓 − 𝑑𝑑𝑓𝑓𝑤𝑤 ≤ ∆𝑓𝑓
𝑤𝑤

           Eq. 25 

where ∆𝑓𝑓𝑤𝑤 and ∆𝑓𝑓
𝑤𝑤
are the prescribed bounds. In this study, the bounds are related to 

the range of variable values, i.e. 

  ∆𝑓𝑓𝑤𝑤= C1(𝑑𝑑𝑓𝑓 − 𝑑𝑑𝑓𝑓) 

   ∆𝑓𝑓
𝑤𝑤

= C2(𝑑𝑑𝑓𝑓 − 𝑑𝑑𝑓𝑓) 
Eq. 26 

where C1 and C2 are constants. In this study, the initial values C1 = 0.5 and C2 = 0.5 
were used. Over the iterations, these constants are updated by the following rule 
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  𝐻𝐻𝑓𝑓 ← (1 − γ)Ci Eq. 27 

where γ = 0.001 was used in this study. 

For the application of the MISLP method on the timber floor optimisation problem, 
binary variables are introduced as described in Eq. 21 and Eq. 22 which are the only 
linear constraints. Note that the binary variables appear only in the linear equality 
constraints that do not need linearization. For binary variables, no move limits were 
prescribed, but they were allowed to change from 0 to 1, or vice versa, when solving 
the linearized problem.  

If the linearized problem is feasible, its optimum is a design, where all discrete 
variables attain an allowable discrete value. This feature is enabled by the binary 
variables. Without the binary variables, the linearized problem will likely provide a 
design, where the design variables non-allowable values, which means that solution 
process is not as efficient. 

The design provided by the linearized problem may not necessarily satisfy the 
original nonlinear constraints. Moreover, the move limits may restrict the feasible 
set of the linearization such that even if its solution satisfies the original nonlinear 
constraints, the design may not be optimal for the original problem. Consequently, 
the linearization is performed sequentially until the obtained design does not change 
more than by a given tolerance. 

For the MISLP method to begin, an initial design is required. In this study, the initial 
design is based on engineering judgement. The initial design for base floors 1 to 10 
(three joists as field members) and 11 to 14 (seven webs as field members) is based 
on the cross-section of two floor element designs built and tested and used as a 
reference floor throughout the project that the present work is a part of. Base floor 1 
and 11 have the same dimensions as the reference floors, while the initial design for 
similar base floors are adjusted by shifting the dimension up to the nearest matching 
dimension of available standard formats of associated materials. 

As for the modules of objective and constraint, the modelling of the optimisation 
problem is performed in Python [36], and the Google AI OR-Tools for Python [40] 
are used to solve the MILP sub-problem. 

4 Results 
The performance of the MISLP optimisation technique was evaluated by comparing 
the design obtained by MISLP to the global minimum found by manual exploration 
of the solution space in all 56 cases. Both cost minimum and ECO2 minimum were 
compared. As seen from Table 1 the sum of possible combinations of the base floors 
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is 9.5·105. These combinations were run with four different outfitting giving a total 
of 2.65·106 combinations. The computational effort for performing this exploration 
is demanding. Currently a contemporary desktop computer (Intel(R) Core(TM) i7-
8700 CPU at 3.20GHz with 64 GB RAM) was calculating 2.65 runs per second, 
requiring 395 hrs to find the optimum solutions for these cases, or on average of 600 
minutes per case. In comparison the average duration of the optimisation approach 
was less than two seconds per case. 

For the comparative study 9 m span was used and Floor Performance Level 4 was 
used when assessing the floor in accordance with the proposal for the second 
generation of Eurocode 5. The error was calculated as the ratio of the minimum 
found by the optimisation method to the associated global minimum found by 
manual exploration. In Table 4 the statistical indicators of accuracy of the 
optimisation method is presented. It can be concluded that in general, the MISLP 
approach performs very well, considering its simplicity and low computational time. 
The results from the manual exploration and due comparison to the MISLP optimum 
is given in 0. 

Table 4: Indicators of accuracy of the optimisation 

Deviation from global cost 
and ECO2 minimum 

Current Eurocode 5 
(with Hu and Chui) 

Second generation of Eurocode 5 
Resonant response Transient response 

Cost ECO2 Cost ECO2 Cost ECO2 
Mean error 3.81% 4.65% 1.41% 1.00% 1.83% 2.25% 
Standard deviation of error 7.78% 8.73% 1.58% 1.18% 2.40% 3.49% 

Optimum designs are also compared to the two reference floor elements (base floor 
1 and 11). The reference floor element is an efficient design previously developed in 
the research programme financing the present work. For the reference floor elements, 
the width of the edge joists is constrained to a minimum width of 140 mm to allocate 
space for treaded rods. This constraint is therefore also used in the optimum case in 
the comparison presented in Table 5. The minimum width constraint of edge joists 
is not used elsewhere in the present work and is a special case to compare cost and 
ECO2 with the reference floor elements only. The optimum of cost and ECO2 
produce the same solution for the variant of base floor 1 and 11 with minimum edge 
joist constraint.  
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Table 5: Comparison to reference floor elements 

Floor element 
property 

Base floor 1 Base floor 11 
Reference Optimum Reference Optimum 

h1 [mm] 45 33 45 39 
h2 [mm] 405 450 405 450 
h3 [mm] 63 63 63 63 
wedgJst [mm] 140 1) 140 1) 140 1) 140 1) 
wfldJst [mm] 66 48 8 7 
Cost [€/m2] 137.58 130.40 145.74 144.75 
ECO2 [kgCO2eq/m2] 21.71 20.10 26.48 26.03 
f1 [Hz] 10 ≤ 10.16 10.17 9.67 10.06 
w1kN [mm] 1.3 > 0.198 0.20 0.21 0.19 
HC [DL] 1 ≤ 1.266 1.247 1.073 1.248 
wmaxFin [mm] 45 ≥ 16.79 16.31 18.02 16.82 
1) Edge joist minimum width constrained to 140 mm 

For a floor element where the transverse deflection is not a negligible contribution 
to overall deflection, the Winkler method is enhancing the precision and provide 
good estimates for the two-way deflection. On average the analytical deflection of 
the floor element calculated as an equivalent beam produce 60 % of the deformation 
computed numerically [41], whilst the Winkler theory of elastic foundation is 
evaluating the deflection 10 % above the deformation computed numerically. For 
the application in the present paper the Winkler method both provide increased 
accuracy and estimates to conservative side for the deflection. 

Because of the discrete design variables, the optimisation will produce stepwise 
results. To increase the readability of the results and to better see trends, the results 
are plotted as a polynomial fit of degree 5 of the data points. In Figure 5 two different 
cases are plotted to see the difference between the optimum solution and the fitted 
curve. For all cases a similar fit is seen, only with slight variations due to the steps 
of which dimensions for the design variables is offered. 
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Figure 5: Optimum data points and polynomial fitted curve for cases 15 and 23. 

5 Discussion  
5.1 Principal findings 

Fourteen base floors each with four different systems of ceiling and overlays were 
optimised and compared to manual exploration of global minimums of cost and 
ECO2. The optimisation exhibits 1) compatible interaction with modules for 
calculation of objectives and constraints, 2) handling of changing composition of 
material and outfitting, 3) handling discrete design variables, 4) high and even level 
of accuracy, 5) high convergence rate and consequently small calculation time.  

To demonstrate the implications the method may offer the industry, the optimisation 
framework is applied to produce cost-optimum designs for spans associated with 
adaptable buildings. The span ranges from 7.2 m to 12.6 m in steps of 0.2 m. Both 
the current common method of serviceability [35, 36] and the method proposed for 
the second generation of Eurocode 5 [17, 18] are used, and comparison between the 
methods is also presented. 



PART II: Dissemination – Paper IV 

229 

5.2 Implications 
5.2.1 Cost optimum of base floor designs 

Current common method based on Hu and Chui [32] is used to generate cost-
optimum for base floors with overlay type 1 and ceiling type 1. Ceiling type 1 implies 
that the minimum thickness of the bottom flange in practice is controlled by 
serviceability as opposed to fire resistance. The general trend shows a low gradient 
for cost for spans up to about 10 meters. For greater spans, the cost increases more 
strongly. See Figure 6. This is associated with available edge joist heights. Flange 
volumes are cost-drivers, and the cost-optimum solution will increase the height of 
joists unless constrained. Both case 15 and 18 with glulam frame and spruce and 
beech LVL respectively, perform well both with respect to span and cost. Floor 
elements with beech LVL (case 18) are slightly more expensive than spruce LVL 
(case 15) but offer marginally longer spans. Only limited spans are found for cases 
21 and 23 due to the limited height offered for spruce LVLS. Only certain material 
combinations offer span towards 12 meters. 

 
Figure 6: Cost-optimum of material combinations for cases 15 through 28. 
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5.2.2 Correlation of cost and ECO2 

For the same cases as in 5.2.1, the embodied carbon emissions (ECO2) are plotted 
with respect to span in Figure 7. Both cost and ECO2 are strongly linked to the 
volume of accrued materials, hence the strong correlation. A regression of case 15 
shows that a linear model explains 99.4 % (R2) of the variance of the dependent 
variable, and that cost-optimum for most cases produce a well performing ECO2-
design. As for section 5.2.1, case 15 demonstrates good performance. On the other 
hand, a larger variance in designs based on beech LVL can be seen. This is because 
the available thicknesses of spruce LVL which is offered at 6 mm steps, whilst the 
step is 10 mm for beech LVL. (See case 18 in Figure 7). 

 

  
Figure 7: ECO2 at cost-optimum of material combinations for cases 15 through 28. 
Each marker represents a single material combination for a certain span. 
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5.2.3 Cost to depth ratio of cost-optimum designs 

The ratio of cost to floor depth is presented in Figure 8. Both parameters are 
indicators of competitiveness. By consulting Figure 6, cost is increasing slowly until 
the available standard dimensions for the frame no longer offers increasing heights. 
By consulting Figure 9, the depth of the floor is also seen steadily to increase, 
contributing the negative gradient of the ratio. As can be shown, as increased flange 
thickness is dominating the design, the gradient is turning positive. 

 
Figure 8: Cost-optimum to floor depth ratio of material combinations for cases 15 
through 28. 

5.2.4 Comparison of serviceability methods 

To further examine effect of floor depth at cost-optimum, the current common 
method of Hu and Chui is compared to the new method proposed for the second 
generation of Eurocode for case 15 (See Figure 9). The dashed lines represent 
resonant floor element design (4.5 ≤ 𝑓𝑓1[𝐻𝐻𝐻𝐻] < 8), continuous lines represent 
transient floor element designs (𝑓𝑓1[𝐻𝐻𝐻𝐻] ≥ 8), and the dash-dot line representing the 
current common method. Concerning the new method for the Eurocode, resonant 
and transient floor designs both produce the same design for performance level 4 to 
6. For resonant floor design, the best performance level found is three at a minimum 
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span of 9 m satisfying the maximum fundamental frequency (f1). The results suggest 
that lower building depths may be found for resonant floor designs with respect to 
both the current common method and transient floor design. The findings suggest 
that floor element designs with a resource-efficient solution to lowering fundamental 
frequency (as increased internal mass), may offer a potential for LSTFE with low 
building heights. 

 
Figure 9: Cost-optimum solutions at various serviceability constraints 

  



PART II: Dissemination – Paper IV 

233 

5.2.5 Cost to depth trade-off 

The proposal for method of calculating serviceability in the second generation of 
Eurocode 5 [17, 18] provides flexibility in floor design by employing the ISO 
baseline curve [33]. The method offers flexibility in calculations by either satisfying 
acceleration or velocity criterion and addressing required human perception levels 
for a specific building project through performance levels. The performance levels 
also serve as a convenient parameter to consider diverse socio-cultural attitude and 
expectations in the national annex. In the present work the performance levels 
proposed for Norway are used [18]. When applying a given performance level for a 
floor design, the cost-optimum will produce a floor depth. However, because floor 
depth also is a cost indicator for a building project, the interaction between floor 
depth and floor element cost is interesting. Consequently, the present work has 
applied the optimisation framework for a trade-off analysis in the sense of multi-
criteria optimisation between depth and cost. In Figure 10 the cost-optimum designs 
are presented for performance levels 1 to 6 for transient floor design, as floor depth 
is constrained from 0.8 m to 0.3 m in steps of 2 mm. As can be seen, depending on 
the performance level, the floor element cost increase as the floor depth is 
constrained. Generally, the ratio of cost to depth is increasing with increasing span. 
For performance level 1 at 8.4 m, reducing depth from 0.75 m to 0.5 m is associated 
with a 10 % cost, whilst at 11.4 m reducing depth by 0.1 m is associated by an 
additional cost of 25 %. 

 
Figure 10: Trade-off between cost and depth 

 
  



PART II: Dissemination – Paper IV 

234 

5.2.6 Cost and ECO2 as built 

The cost and ECO2 used as objective function in the optimisation framework cover 
manufacturing activities and accrued materials until the floor element is ready for 
transport at the factory gates. Associated as-built levels of cost and ECO2 requires 
further calculations of cost and ECO2 of activities including transport, installation 
and completion on-site. This is not covered in the present work, but projected levels 
of materials specified for as-built are presented in this section. In Figure 11 cost and 
ECO2 for the floor element at factory gate are presented as bottom bars and bottom 
horizontal line. Cost and ECO2 of material added to the floor on site is presented as 
the top bar for the cost, and as the black line with top horizontal line for ECO2.  

In this chart base floor 1 is used with four different outfitting. See Figure 2 for a 
reminder of cases 1, 15, 29 and 43. As expected, the 50 mm screed contributes 
considerably to the ECO2 (cases 29 and 43), as well as the 2 x 15 mm gypsum type 
F (see case 1 compared to case 15). The latter may argue the case of using timber 
rather than gypsum in the fire resistance design when this is an option due to the 
ECO2 benefits of avoiding gypsum. The observed cost-optimum benefits from a 
heavy non-structural plate is caused by the effect the increased mass has on the 
serviceability criteria. However, the excessive cost is gained when adding the cost 
of the screed. The additional cost of installation will further increase this cost. For 
7.2 m case 1 and 43 is explained by specific numbers:  

The cost of the floor element at factory gate is 104 and 96 €/m2 for cases respectively. 
When including required material for completion on site the costs are risen to 130 
and 126 €/m2. The weight of the screed of case 43 causes the serviceability constraint 
to be accepted with less structural timber than for the lighter floor element of case 1. 

For the ECO2 the competitive figures are different. The increased structural timber 
of case 1 results in ECO2 of 17 kgCO2eq/m2 whilst case 43 contains 14 kgCO2eq/m2 
as delivered from factory. The ECO2 figures as installed are respectively 23.5 and 
48.5 kgCO2eq/m2.  
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Figure 11: Projected levels of cost and ECO2 due to additional materials (base floor 1 
with four different outfitting) 

5.3 Future research 

Effect of transverse stiffeners are not included in the study, nor is the effect of 
changes of the edge beams. The effect of changes in these members will not be 
properly be reflected in an analytical assessment of the floor element performance. 
The optimisation algorithm must therefore be implemented in a workflow where a 
numerical representation of the floor element is calculating serviceability 
performance, preferably using probabilistic methods of load modelling to lower the 
computational time to a level feasible of producing data for a reference work [42]. 
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6 Conclusions 
The optimisation workflow implemented in this study provides a seamless dataflow 
between the designer and manufacturer (cost data). MISLP proved to be efficient 
and reliable and detect solutions close to the global optimum. The MISLP 
optimisation method demonstrates adequate properties and performances required to 
be run directly from a server to generate immediate designs based on parameters 
collected from the user interface. The ability to reliably and efficiently explore the 
solution space in a rapidly growing market of novel engineered wood products opens 
a range of implications briefly demonstrated in section 5.2. 

- Mean error and standard deviation between the global optimum and the 
solution obtained by MISLP are significantly larger for constraint 
combinations based on Hu and Chui than with acceleration and velocity. 
This is associated with the fact that the Hu and Chui constraint are composed 
of two other constraints. 

- With respect to the 600 minutes analysis time per case for manual 
exploration of the solution space, the optimisation approach took less than 
two seconds per case. The analysis duration may be sufficiently fast for an 
online reference work. 

- Predetermination of floor element designs in conventional charts is 
challenging due to the six Floor Performance Levels (FPL). This is an 
argument for an online reference work. 

- Glulam as joists is outperforming alternatives. Glulam has a competitive 
combination of cost, ECO2, stiffness and standard format range. The 
combination of glulam and spruce-LVL-Q in flanges performs generally 
best. Glulam in combination with beech LVL-Q slightly increase span, but 
at a high cost (2 % increase in span at 20 % increase in cost). 

- Flange-driven performance increase is expensive, and it is increasingly 
dominating after 9.4 m for most base floor designs. 

- Minimum cost and ECO2 correlate well as both are related to accrued 
material volume.  

- The distribution of optimum design is generally responding well for FPL 1 
to FPL 3, whilst similar designs is typically found for FPL 4 to FPL 6. This 
is linked to the activation of final deflection constraint. 

- Pareto-analysis of the trade-off between cost and depth yields the cost 
increase as floor depth is constrained. Generally, the ratio of cost to depth is 
increasing with increasing span. 

- The cost and ECO2 of the floor element as built deviate significantly from 
quantities as manufactured, depending on the design strategy for fire 
resistance and overlay. 
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The timber sector is under substantial pressure to find competitive solutions for an 
increasing demand for long-span floor elements suitable to adaptable and sustainable 
buildings. Due to the findings of the present work, a huge potential for the 
manufacturers in the successful adaption to algorithm aided design may be realistic, 
given that the infrastructure of the suppliers and production line can cope with the 
indeterminacy. 

The combined investments in the modules of the presented workflow may offer the 
required computational foundation for a ready reference, thus assist in 
commercialisation of long-span timber floor elements suitable for adaptable building 
applications. All codes in the optimisation workflow are based on open source which 
may simplify in producing public available results. 

The present work is a contribution in the endeavour of industrialising timber 
manufacturing and in the establishment of parametric framework covering the value 
chain from design to manufacturing [43-45]. 

Note that changing cost and properties of materials, in addition to the manufacturing 
cost will influence the optimum design. The optimum design may therefore change 
between manufacturers. 
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Annex A. Material supply cost and carbon emissions 
Table 6: Direct material supply cost and ECO2 

Material Cost [€ per m3] ECO2 [g CO2 per kg] 
Adhesive 2965 [46] 1000 [46] 
Beech LVL 635 [46] 364.9 [46] 
Fasteners See Table 7 
Fibre board 36 mm 275 [7] 243 [7] 
Glulam 510 [46] 144.2 [47] 
Gravel 8/16 150 [46] 3 [48] 
Gypsum type F 400 [7] 200.8 [49] 
HB HLA 1' 1000 approx. from [7] 661 [7] 
OSB 3 520 [7] 208 [7] 
Particle board P6/22 785 [7] 409 [7] 
Screed 170 [7] 1355.9 [48] 
Spruce LVL 595 [46] 254.9 [50] 

 

Table 7: Fastener specification used to calculate fastener vector of body or assembly 

Fastened 
member 

1) 

Type 

dia Row-
Dir2) multiplier3) 

4) 

𝐷𝐷
𝐴𝐴

 
Value 

unit-
Cost unit-CO2 

5) Len6) 
Type 

[mm] [€] [kgCO2eq] [m] 

Top flange S 5 1 fldJstNum+2 D 0.3 0.05 None 0.1 Partial tread 
flange head 

Edge 
beam 

S 8 3 2 D 0.05 0.1 None None Double 
threaded 
fastener Field joist S 8 3 2 D 0.05 0.1 None None 

Trns. 
stiffener S 6.3 3 2 D 0.05 0.1 None None NA 

Bottom 
flange S 5 1 fldJstNum+2 D 0.3 0.1 None 0.1 Partial tread 

flange head 
Overlay N 4 1 fldJstNum+2 D 0.1 0.01 None None NA 
Ceiling S 3 1 fldJstNum+2 D 0.2 0.01 None None NA 
Floor 
element S 8 2 2 D 0.1 0.1 None 0.2 Partial tread 

flange head 
1) N: nail, or S: screw. If screw and: Ø > 8 mm or machinability > 1 or density of material > 650 kg/m3; 
predrilling is performed 
2) Global direction of row of fasteners in body in question 

 3) Multiplier of the row as defined in rowing direction 
 4) Calculate the proceeding Value as distance between fasteners (D) or total amount of fasteners (A) along one 

row 
 5) None or a number. If None a value is calculated based on the volume using unitMassCO2eq of steel. 
 6) Length of fastener or None. If None length is calculated as twice the plate thickness or beam width (aspect 

ratio parsed as condition) 
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Annex B. Dataset for quantifying accuracy of the 
optimisation 
Table 8: Global cost optimum compared to MISLP for current common method (Hu 
and Chui) 
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Table 9: Global cost optimum compared to MISLP for second generation of Eurocode 
5 (Resonant response) 
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Table 10: Global cost optimum compared to MISLP for second generation of Eurocode 
5 (Transient response) 
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Table 11: Global ECO2 optimum compared to MISLP for current common method 
(Hu and Chui) 
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Table 12: Global ECO2 optimum compared to MISLP for second generation of 
Eurocode 5 (Resonant response) 
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Table 13: Global ECO2 optimum compared to MISLP for second generation of 
Eurocode 5 (Transient response) 
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Assessing adequacy of numerical 
representation for optimisation performances 
in long span timber floors 

Abstract 
Proving confidence and adequacy in numerical representation is of vital importance 
when optimising a construction through finite element analyses. The numerical 
representation must be robust to tackle a variation in geometric parameters, and the 
computational demand minimised as the process of optimisation generally requires 
a large number of iterations. Assessing goodness of fit of a numerical representation 
also depends on the component and its complexity and the available data for 
validation. Herein such assessment is applied to a long span timber floor, which is 
part of a modular building system in the research project Woodsol. The assessment 
aims at suggesting criteria for building a flexible and consistent numerical 
representation with sound approximations of first fundamental modes of deflection, 
at least computational effort. Prior to presenting the method of qualification the 
numerical representation, early stages of prototyping and testing of the floor is 
briefly explained and linked to the above mentioned method. 

Keywords 
Floor element, Finite element, Numerical representation, Eigen frequency, Modal 
shape, Optimization' 

1 Introduction 
Flooring systems capable of spanning ten meters permits an attractive and flexible 
floor plan offering new possibilities to commercial premises and office buildings. 
Woodsol is one of a handful of research initiatives currently addressing this topic in 
the Nordic countries. The initiatives are all investigating timber-based building 
system incorporating prefabricated floor elements with an increased structural role. 
Consequently, the stability of the buildings are in various manners dependent of the 
capacity of the flooring system and vice versa to a certain degree. The structural 
collaboration is dependent on a range of properties all connected to stiffness and 
damping and the modes of deflection, and in Woodsol different work packages 
investigates the various properties of joints and columns and flooring system in a 
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joint effort of developing the building system. This paper brings attention to 
development steps subsequent to concept development and initial testing, to where 
the basis for confidently working through the solution space of the floor element is 
required. In this process validating the numerical representation and its  adequacy is 
essential. This paper present results from laboratory tests of a basic floor element 
which is compared to a range of simulations using finite element analysis (FEA). As 
will be shown, proper combination and selection of finite elements impose 
significant influences to the predicted eigen frequencies (hereafter EF) and 
computational demand, and the accuracy and applicability of the numerical 
representation has huge variations and pitfalls. 

2 Attention to floor element 

2.1 Role 

The Woodsol building system receives stability from moment resisting frames 
composed of columns rigidly connected to beams, and where the beams are 
embedded in the floor elements, making the floor element an inherent structural 
component of the building system. Advantages is that it allows both façades and 
internal walls parallel to the plane of the moment resisting frames to be non-
constructive, which in turn offers flexible wall solutions and building programme. 
Initially this principle is treated in its simplest form where the columns is connected 
to each corner of a basic floor element to provide moment resisting frames. The 
typical scenario for moment resisting frames is that actions from the global building 
response may influence the performance of the floor, while the global stability of the 
building depends directly on the stiffness of the floor element and the moment 
resisting connections. Each connection between the column and an edge beam in the 
floor resist currently moment loads in the range of 100 kNm with a corresponding 
rotational stiffness reaching 10 MNm/rad.  

2.2 Particulars 

The basic floor elements is a cassette-type composite structure currently with 
continuous top and bottom flanges with interlaying joists and edge beams of glulam. 
The element width is 2.4 m as governed by transport limitations when transported 
horizontally. A full-scale model with span of 9 m has recently been built and tested 
and compared to numerical analysis. A cross-section of the tested basic floor 
elements is shown in figure 1. This floor element is subject to further studies 
pursuing optimisation of performance and production. 
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Fig. 1: Cross section of tested floor 

2.3 Simply supported response 
2.3.1 General 

A few key performances is briefly quoted below: Longitudinal and transversal 
flexural rigidity (EI) is respectively 135 MNm2 and 80 MNm2, corresponding to a 
first natural frequency of 14.7 Hz when the floor is simply supported. However, in 
actual use, a number of additional layers increases the weight, and using a pre-
accepted composition with integral cast, an increase in weight of 105% is reducing 
the fundamental frequency to 9.8 Hz. The 1 kN deflection measured to 0.2 mm 
corresponds to a 85% utilisation of the serviceability criteria by Hu and Chui [1]. 
The RMS-acceleration from footfall has been calculated to 0.39 m/s2 and falls within 
the limit according to the TRADA-method [2], and the element complies with the 
regulations as given by Eurocode 5 [3]. In general, the performance of the floor 
element is promising particularly when assessing the distributing effects and 
damping from adjacent and coupled elements in the modular flooring system. 

2.3.2 Measurement of eigen frequencies 

While deflection is predicted with good accuracy using finite element analysis 
(FEA), modal shapes and corresponding eigen frequencies has proved more 
demanding to simulate with confidence. The lateral acceleration has been difficult 
to simulate reliably, and even if the first modes of deflection typically agree with 
measurements, the numerical simulations tend to produce lower EF for higher 
modes. For the simply supported condition modal response was measured using the 
rowing hammer technique, and EF for the four first modal shapes are given in the 
below table: 

  

Field joist 
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Table 1: Measured and predicted EF simply supported element 

Mode shape Measured EF [Hz] Predicted EF [Hz] 
1 14.69 14.65 
2 21.19 21.54 
3 36.72 32.03 
4 42.59 36.52 

The deviations between the measured and predicted EF are increasing with 
increasing modal shape. Now, it is highly relevant that the measured EF only 
represent one sample of an actually built floor and that another floor element would 
perform differently. However, the deviations are still increasing with increasing 
modal shape, either arguing the case of an inadequate numerical representation, or 
vibrations in the frequency range of interest dissipated from the supporting structures 
influencing the measurements. 

2.4 Floating support response 

In order to decrease the source of inaccuracy, an experimental modal analysis (EMA) 
was designed particularly to assess the modal response and to produce data for 
validation of the numerical representation of the floor element. Validating overall 
stiffness through eigen frequencies and modal shapes is a vigorous indicator of 
serviceability performances for floor elements, and is a cost- and time-efficient 
method. As explained in a separate report [4] the test was designed with free-free 
boundary conditions to address the challenge with energy dissipation from the 
support structure and to minimize the uncertainty in the dynamic behaviour of the 
supporting structure. In order to achieve this the floor element was mounted on air 
cushions at each corner of the floor element where the structure is at its stiffest, and 
inflating the air cushions to an appropriate level. This setup provides the rigid body 
a resonance frequency of some 3.5 Hz, providing a fair approximation of a free-free 
boundary condition. In short the EMA was carried using the roving hammer 
technique with three impulses recorded for each excitation point. Two figures 
explaining the setup is presented below: 
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Fig. 2: Experimental modal analysis setup 

 
Fig. 3: Parker 6’’ 9109-series air cushions in position 

Through the Abravibe toolbox the eleven first eigen frequencies was extracted from 
the EMA, and the eigen vectors at a 5 by 10 matrix represent the actual mode shape 
for the tested floor element. In Table 1 the modal shapes and the corresponding 
resonance frequencies for the measured and predicted eigen frequencies are 
compared. However, only the first eight modes is investigated herein as the related 
study assess low frequency response for the flooring system (i.e. up to 80 Hz as 
defined in Woodsol), and an adjacent study is assessing vibrations in excess of 
typically 50 – 80 Hz. 
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Table 2: Measured and predicted EF for free-free conditions 

EMS measured EF FEA predicted EF 
1st torsional: 17.4% difference 
Mode 1: 26.03 Hz Mode 1: 23.86 Hz 

  

1st longitudinal: 1.8% difference 
Mode 2: 31.93 Hz Mode 2: 31.64 Hz 

  

2nd torsional: 6.6% difference 
Mode 3: 42.07 Hz Mode 4: 40.12 Hz 

  

1st transverse: 14.5 difference 
Mode 4: 42.68 Hz Mode 3: 37.86 Hz 
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Higher order: 9.6% difference 
Mode 5: 65.68 Hz Mode 6: 60.53 Hz 

  

2nd transverse: 19.5% difference 
Mode 6: 71.89 Hz Mode 5: 60.50 Hz 

  

2nd longitudinal: 6.4% difference 
Mode 7: 72.33 Hz Mode 7: 68.48 Hz 

  

Higher order: 8.0% difference 
Mode 8: 74.96 Hz Mode 8: 70.42 Hz 

  

As the figure and numbers show, the torsional and transverse predictions disagree in 
particular to measured eigen frequencies, encouraging further studies. 
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2.5 Typical stresses and behaviour 

For a closed hollow box section without transverse stiffeners, the below stresses and 
responses are important for the numerical model to be able to reproduce: 

• Compression stresses, shear lag and local buckling of the top flange 
• In-plane bending of the joists 
• In-plane shear of joists as well as local buckling 
• Tension in bottom flange as well as shear lag 
• Flange curling and representation of transverse bending of the floor element. 

The response will impose bending with respect to longitudinal axis and out-
of-plane shear for the joists. 

• Twisting is likely to occur and rotational stiffness is essential. The model 
must be able to represent St. Venant behaviour for the complete element. 

3 Numerical representation 

3.1 Approach to the problem 

Carefully addressing the above-mentioned responses in connection with the 
structural dimensions of each member will give indications to which type of finite 
element (hereafter element) that will produce reliable results. However, as the model 
is composed of a number of different members of varying size and role, this 
assessment is not straightforward. The number of available elements is vast, and e.g. 
Abaqus/Standard that is used in this analysis offers some 550 elements [5], and even 
if only about 20 of these are applicable for the problem, it is still a large number of 
possible elements. Moreover, due to requirements of building a numerical 
representation capable of optimisation, it is of essential importance to keep the 
computational effort at a minimum, whilst maintaining the precision. 

3.2 Material properties 

The material model for the analysis is given in Table 3 respectively for density (ρ), 
Young’s-modulus (E), Poisson’s-ratio (ν), and shear modulus (G). The material 
model for glulam is taken from tests by Dahl [6] and for Kerto-Q from sources at 
Metsä Wood directly [7]. 
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Table 3: Material model in engineering constants format 

Property GL28c GL30c Kerto-Q 
ρ [kg/m3] 430 430 510 
E1 [N/m2] 12500E6 13000E6 10500E6 
E2 [N/m2] 300E6 300E6 2000E6 
E3 [N/m2] 300E6 300E6 130E6 
ν12 [1] 0.39 0.39 0.11 
ν13 [1] 0.49 0.49 0.81 
ν23 [1] 0.64 0.64 0.07 
G12 [N/m2] 650E6 650E6 600E6 
G13 [N/m2] 650E6 650E6 120E6 
G23 [N/m2] 65E6 65E6 22E6 

3.3 Boundary conditions 

For eigen frequency analyses, boundary conditions are suppressed, and system mass 
not associated with gravitational accelerations, hence the simulation is only solving 
the eigenvalue problem. For the deflection analyses, the model is simply supported 
along the bottom edge or vertices of the edge joists, and the ends reinforced by an 
ingrained skin or stringer, respectively for solid and shell, for comparable 
performance to the actual treaded rods that the floor is supported to. The 
reinforcement covering the entire end face of the edge joists is modelled in steel with 
a thickness of 35 mm in order to have the same amount of mass as the rods. 

3.4 Element selection 
3.4.1 General evaluation 

The floor element consists of members that are all tied together, and no slip is 
assumed. The analysis must in particular produce accurate eigen frequencies and 
bending modes dominated by both lateral and transversal deformations, as well as 
energy dissipation through the elements. Only the serviceability is of major interest, 
and the deformations will not cause severe distortion of the mesh. Looking at the 
various members, the typical structural dimensions indicate which element theory 
that is applicable for the specific member, and the following assessment is referring 
to [8], [9] and [10]. 

3.4.2 Conventional shell elements 

Three Mindlin-Reissner elements is found to have appropriate properties for the 
model. Reduced integration is normally preferred as the main structural response is 
dominated by bending, and as full integration normally produce stiffer behaviour due 
to shear locking. The formulation is used to avoid spurious shear modes, but is not 
able to detect strains at the integration points, and can possibly cause hourglassing. 
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This mechanism can be reduced by introducing more elements through the section 
experiencing the bending. S4R is a robust linear shell element frequently used in 
applications where the thickness is small with respect to the length of the member, 
and it is an obvious candidate for the analysis. The full-integration version of the 
same element might produce too stiff behaviour, but the general purpose S4-element 
is specifically used for in-plane bending problems and does not suffer from parasitic 
locking, thus also an obvious candidate. Apart from linear shell element, the 
quadratic S8R is promising since the meshing in the model is designed to be regular. 
The S8R is capable of representing beams in particular since it converges to shear 
flexible theory for moderate to thick members and could be ideal for field joists with 
changing thicknesses. Discrete Kirchoff elements (S4R5) is not assessed, but is 
generally a cost-effective element for large models much like a floor element. 

3.4.3 Continuum shell elements 

Continuum shells are much appreciated in the top flange as it is particularly suitable 
for composite description when modelled as a solid. In this analysis the continuum 
shell will only be composed of a single layer through the thickness, but it is important 
to map its performance for later use. The continuum shell normally offers an accurate 
description of through-thickness response for composite laminate structures, and the 
only applicable element for the mesh is SC8R. 

3.4.4 Solid elements 

For members where the typical shell thickness is more than 1/10 of the structural 
dimensions, solid elements might be a good option. These are more computationally 
demanding than shells, and the analysis will compare the performance between 
solids and shell with the penalty of computational demand. The work of Labonotte 
et al, [11] have used the reduced integration formulation C3D8R for vibration studies 
of floor elements, and the same element is recommended in [12]. However, the 
formulation might, as mentioned, require a larger number of nodes to properly 
converge, thus increasing the computational effort. The analysis will also use the 
linear C3D8 as well as the 20-node quadratic brick with reduced integration 
(C3D20R). Finally C3D8 with incompatible modes is very interesting. C3D8I have 
an additional degree of freedom (DoF) for bending purposes, enabling capture 
bending more accurately even with a single element through the thickness, hence 
having a potential of being computationally efficient. 

3.5 Element combination and size 
3.5.1 Building the combinations 

To compare the performance of the various elements, a framework of base feature 
combinations is first made. The base feature is the fundamental description deciding 
if the member is a shell or a solid. The framework presuppose that both edge joists 
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and both edge beams are equally modelled, resulting in four different members to 
assemble into unique combinations. Two base features and four different members 
combines into 24 = 16 combinations as presented in Table 4. The exception from this 
composition is for the scenarios investigating continuum shell as top flange element 
where its base feature consequently is kept constant, only varying the bottom flange 
according to Table 4.  

Table 4: Base feature combination chart 

Edge members Field 
joists 

Flanges 
Joists Beams 

solid 

solid 
Solid 

solid 
shell 

Shell 
solid 
shell 

shell 
Solid 

solid 
shell 

shell 
solid 
shell 

shell 

solid 
solid 

solid 
shell 

shell 
solid 
shell 

shell 
solid 

solid 
shell 

shell 
solid 
shell 

Each combination above is referred to as scenarios, and the combinations as a whole 
as groups. Each group keep the seed size and associated mesh constant, and mesh 
size variation, which is of vital importance of the overall adequacy, is controlled by 
the seed size one group one at a time. Normally, a series consist of four groups with 
changing seed size. The seed sizes are calculated for an overall fit to the dimensions 
of the members for fitting a regular (quadrilateral or hexahedral) mesh, rather than a 
more complex three-node mesh as used in [13]. The seed sizes used in the entire 
analysis is 70, 50, 35, and 25 mm. 

3.5.2 Compatible element combinations 

For the solids base feature the following elements will be assigned: C3D8, C3D8R, 
C3D20R, C3D8I and SC8R. The continuum shell is modelled as a solid and listed 
here. The shell elements assessed is S4, S4R, and S8R. There are however limitations 
on how to combine these elements. For the regular mesh generated in this analysis 
linear elements are obviously not combined with quadratic elements. The elements 
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is arranged in six different combinations corresponding to the six series. Table 5 
presents the compatible element combinations used in the analysis, and place them 
in the six series each with four (three) groups with varying seed size. Note that for 
quadratic elements, the smallest seed size was either aborted (series BCFF1: 52 of 
64 scenarios completed), or not included in the analysed (series BCFF5). The six 
series as a whole is referred to as the dataset. 

Table 5: Compatible combinations of elements 

Series Shell Solid 
Seed size range 

Group 1 Group 1 Group 1 Group 4 
BCFF0 S4 C3D8 0.07 0.05 0.035 0.025 
BCFF1 S4R C3D8R 0.07 0.05 0.035 (0.025) 
BCFF2 S8R C3D20R 0.07 0.05 0.035 0.025 
BCFF3 S4 C3D8I 0.07 0.05 0.035 0.025 
BCFF4 S4R C3D8I 0.07 0.05 0.035 0.025 

BCFF5 S8R 
C3D20R 

SC8R 
0.07 0.05 0.035  

3.6 Analysis and results format 

The analysis is performed in Abaqus/Standard. The dataset is read by a Python script 
which also is building the model, defining the type of job to be performed, and finally 
writing results to a text file. In addition to pairing identification for controlling that 
a specific scenario is belongs to a specific output, the text file contain information of 
number of nodes in the model as well as eigen frequencies for the ten first 
fundamental frequencies. The number of nodes is used to quantify the computational 
demand for each scenario. The dataset was imported into Matlab for post-processing 
and interpretation of the results.  

4 Interpretation 

4.1 Outline and strategy 

Each of the six series in the dataset is treated separately and equally. The overall 
strategy is to assess how the predicted eigen frequencies (PEF) from the numerical 
analyses is performing with respect to the two objectives mutually, meaning that the 
overall condition is met if and only if both objectives are met: The first objective is 
based on the distribution of results within each series. The larger the distribution, the 
less agreement within the series, hence a less robust combination of elements, whilst 
a small distribution and consequently a high consensus between the PEF in the series, 
is arguing the case of a robust combination of elements, least influenced by seed size, 
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hence the sought propensity of an adequate element combination. The second 
objective, which is more tangible, is assessing the performance of PEF with respect 
to the measured eigen frequencies (hereafter EFAS) as explained in section 2.4. The 
reason for keeping attention to the first objective in addition to the obvious 
comparison to measured values, is that the measured values are based on one sample 
only, thus associated with an inherent uncertainty. Another built floor would 
naturally perform differently, though within limits. The measured eigen frequencies 
are still of superior importance, but can hardly be argued to be kept as the sole 
reference for validation. Finally, scenarios from the entire dataset having an overall 
high goodness of fit to both objectives, is assessed with respect to its computational 
demand. A scenario with high goodness of fit for both objectives, which in addition 
have a low computational demand, is a suitable candidate for bringing further in the 
assessment and project. 

4.2 Processing and visualization 
4.2.1 Filtering with Root Mean Square Error 

As can be seen from the below Figure 4, the mean values for PEF (Predicted Eigen 
Frequency) differs from EFAS (Eigen Frequency As Measured) and is consistently 
lower than the measured values. The figure is showing the minimum and maximum 
PEF for each series as error bars with respect to the mean predicted EF value. The 
measured eigen frequencies are plotted for reference. Root Mean Square Error 
(RMSE) is calculated for each scenario with respect to the two objectives described 
introductorily. For the first RMSE-calculation, the overall regression is calculated 
for the six series, and the RMSE is calculated with respect to the regression of the 
series for which the specific scenario belongs to. Secondly, the other RMSE is 
calculated with respect to EFAS, see equation (1). 

𝑟𝑟𝑟𝑟𝑟𝑟𝐸𝐸𝑖𝑖 = �
∑ (𝐸𝐸𝐸𝐸𝐸𝐸𝑆𝑆1,𝑗𝑗 − 𝑃𝑃𝐸𝐸𝐸𝐸𝑖𝑖,𝑗𝑗)2𝑛𝑛
𝑗𝑗=1

𝑛𝑛
 (1) 

The RMSE is then applied to filter each scenario for goodness of fit both with respect 
to the simulation consensus, and the measured eigen frequency. A visualization of 
the latter is presented in Figure 5. This figure show which single scenario for each 
series that have PEF closest to EFAS, which scenarios is within the 95% and 80% 
best fit, and finally rest of the scenarios with least fit to EFAS plotted as dots. As can 
be seen the filtering is reducing the number of valuable results, but the selection is 
too large to draw any conclusion. 
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Fig. 4: Simulation minima and maxima as errorbars from mean values at fundamental 
eigen frequencies 

 

Fig. 5: Simulation agreement to measured eigenfrequencies (EF 
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The figures show a unifying performance for all series except the series involving 
linear elements with reduced integration. As expected, and as described in section 
3.4.2 and 3.4.4 particularly the cubic linear element with reduced integration is more 
dependent on a larger number of elements through the section to converge. As seen 
in the below figure, the seed size must be decreased from 70 mm til 25 mm before 
the formulation is converging. In an optimisation procedure this formulation will be 
computationally demanding. 

 
Fig. 6: Converging EF predictions as seed size decrease for the C3D8R (all solids) 

Looking at Figure 1 and Figure 5 again, the deviation from mean predicted values to 
the measured values can as described in section 4.1 be related to the specific 
performance of the built floor with respect to the mean values used in the material 
model. An increasing deviation is most certainly also associated with the dry 
conditions in the test facility. From the material storage where the relative air 
humidity is kept constant at 65 %, the test facility is much dryer, and the moisture 
content of the members are reduced from 12 % to as low as 5 %. This obviously 
affect the stiffness, and current studies are investigating and quantifying the effect 
this have on the floor performance. The deviation jump as seen from mode shape six 
to seven is related to lack of censoring in the test floor where only vertical 
accelerations were recorded. 

4.2.2 Mutual fulfilment of objectives 

As a preparation for the comparison of goodness of fit to number of nodes in the 
model, and hence the overall adequacy for the scenarios, a simple rule is applied to 
the two RMSE-arrays containing values for errors to consent and EFAS for the 
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dataset. The RMSE is once more filtered to detect how many, and which of the 
scenarios, that have an RMSE lower than a certain threshold. The threshold is now 
designed to be comparable across the series, hence calculated for the entire dataset. 
The threshold both for consent and for EFAS is calculated the same way and is 
simply the mean value for each of the two RMSE for the entire dataset, minus the 
mean of the standard deviation for the dataset. This filter removes any scenario with 
a RMSE larger than the common threshold value with respect to the mean and 
standard deviation for 1) the numerical consensus for the dataset, and 2) the 
measured eigen frequencies. As previously, the rule also demand that both conditions 
shall be fulfilled mutually, producing a list of resulting scenarios that both is 
positioned one standard deviation above the numerical consensus, and at the same 
time is predicting eigen frequencies with an accuracy one standard deviation above 
the mean performance. 

4.2.3 Number of nodes as indicators for computational demand 

The number of nodes can efficiently be used as an indicator for the required 
computational effort to solve the associated DoF for the numerical representation. 
As is demonstrated in paragraph four in section 4.2.1 and illustrated in Figure 6, most 
finite element formulations will converge towards the strong form solution as the 
mesh is refined. This is however not associable with time- and cost-efficient FEA, 
and particularly not when the FEA is used in an optimisation routine. It is of crucial 
importance to have a model that reliably perform precise simulations with the least 
amount of computational effort in order to enable an iterative simulation scheme 
normally used in optimisation.  

As prepared in the previous section, the filtered scenarios is now slightly adapted to 
allow weighted comparison: The resulting scenarios all having a mutual RMSE 
below the threshold value is normalized between 0 and 1. The associated number of 
nodes is equally normalized. The minimum and maximum limits used in the 
normalization is the extremes for the entire dataset, because the scenarios is taken 
from various series. The vector sum of the normalized mutual RMSE and number of 
nodes is then calculated for each scenario, indicating the resulting performance of 
each of the scenarios. Finally, the scenarios is sorted in ascending order. The scenario 
with the lowest vector sum has both the least root mean square error to both measured 
eigen frequency and overall numerical consensus of the entire dataset, and at the 
same time has a low number of nodes and will perform well in an optimisation 
routine. In the below Figure 7, the mutual RMSE is plotted against node numbers for 
all scenarios below the objective threshold value. Consequently, the scenarios that 
has a combined lowest root mean square error with respect to the threshold values, 
and at the same time has a number of nodes as low as practicably feasible for the 
particular performance, will have the least radial distance (i.e. vector sum) from 
origo. Table 6 is showing the same numbers but limited to only cover the scenarios 
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listed in the legend of Figure 7. These are the eleven scenarios with the lowest vector 
sum of the entire dataset, i.e. out of a total of 356 scenarios as Table 5 explains. 

 
Fig. 7: Mutual Root Mean Square Error as function of computational effort 

Table 6: Scenarios with lowest Root Mean Square Error and highest computational 
effort 

 
4.2.4 Final selection with arguments 

In the above table combinations of elements and seed sizes having the lowest overall 
deviation to the objectives is listed in descending order of RMSE. As can be seen, 
several assumptions from section 3.4 can be identified: Both the edge joists and edge 
beams have an overall best performance when modelled as a solid. For linear 
elements C3D8 with or without incompatible modes also perform well. For the field 
joists these are similarly in most cases found to be performing best with solid 
elements. However, in an optimisation procedure where the thickness of the field 
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joists differs, the criteria for choosing solids might quickly rather suggest a Mindlin-
Reissner formulation. A reliable choice might therefore be to hold the element 
constant to S4 (the S4R has relatively high RMSE with respect to S4) for the field 
joist in combination with C3D8I for edge joists and beams, unless changed as a 
function of thickness of the field joist during model generation. An alternative is 
keeping the field joist element constant as a S8R, and changing affected elements to 
quadratic formulation. The flanges are in the majority of scenarios modelled as a 
shell with linear elements. The general modelling of joists and flanges (sheathing) 
thus resembles the configuration suggested in [14]. When composite flanges are not 
analysed as shells, this work is modelling the composite with continuum elements. 
In this case the bottom flange is modelled as a quadratic shell element. There is not 
identified any particular reason for choosing continuum shell formulation instead of 
conventional shells for model composite flanges.   

5 Conclusion 
The majority of analyses reviewed during this work use reduced integration, either 
as linear shells or solids, for the entire floor element. As this study provides 
information about, this approach might not be associable with an efficient 
optimisation routine. For flooring system where the mesh in practice is undistorted, 
computational demand can be reduced while keeping the precision high if the 
numerical representation is done more selectively. Full integration can successfully 
be applied to linear shell elements, whilst reduced integration rather can be reserved 
to quadratic shell formulations when needed in combinations with e.g. S8R 
formulation for field joists. For the scenarios in Table 6 and likewise, the numerical 
representation is less influenced by mesh size, and is converging with high precision 
with a reasonable amount of elements. The table is listing the scenarios in descending 
order of overall adequacy. Dependent on the structural dimensions of the members, 
these can all be applied for closed hollow box timber-based floor element. The 
scenarios have a combined lowest root mean square error with respect to the 
threshold values for 1) analysis consent, and 2) measured eigen frequencies, and has 
at the same time a low number of nodes, thus performing well in an optimisation 
routine. There are no evidence of suggesting a constant combination of elements, but 
generally the following combinations are all promising and favourable given a 
comparable relative seed size:  

• For moderately thick to thick joists and beams a solid C3D8 formulation, 
whilst flanges in conventional S4 shells, 
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• For a robust field joist formulation accepting varying thicknesses the S8R 
shell formulation in combination with C3D20R for thick edge joists and 
beams. S8R in flanges. 

• For a linear version of the above, field joists modelled with S4 in 
combination with C3D8I for edge joists and beams, and S4 for flanges.  

• For a solid flange formulation, the continuum shell performs well in 
combination with C3D20R in thick joists and flanges. 

The above combinations all perform well within the scope studied herein. However, 
the recommendations and findings should be accompanied with experiments when 
possible, but more importantly with experience, sceptics and general understanding 
of the mathematics, possibilities and limitations of the finite element method. 
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Conditions and features of a design tool for 
long-span timber floor elements 

Abstract 
A handbook for long-span timber floor elements would be of significant assistance 
to increase the market shares of timber floors for commercial building applications. 
Based on collected information from architects, engineers and manufacturers, the 
study elaborates on the contents of a handbook. The presented study also reviews 
factors influencing the competitiveness of timber floor elements for commercial 
buildings, and combines the findings to scope the features and requirements of a 
design tool that could supply information to a handbook. Gaps and required research 
to realize a reliable design tool that would efficiently generate data for a handbook 
is exposed and described. 

Keywords 
Cassette, Commercialisation, Competitiveness, Design methodology, Guideline, 
Handbook, Hollow core, Long-span, Market impact, Optimisation, Ready reference, 
Systems analysis, SWOT, Timber floor element. 

1 Introduction 
The cost of long-span timber floor elements is high compared to a concrete hollow 
core element [1], and the incentive for choosing a flooring system with a lower global 
warming potential is currently not a sufficiently weighty argument for the building 
industry. In addition, timber floor elements are experiencing challenges in vibration 
performance, and the timber industry is struggling to gain market shares. As new 
engineered wood products, fasteners and adhesives are continuously introduced to 
the market, a prosperous backdrop for a new generation of competitive long-span 
timber floor elements may be seen, but assistance must be provided.  

In Norway an electronic handbook is freely available for concrete floor elements [2]. 
The handbook readily guides architects and engineers in the use of concrete floor 
elements. A comparable asset for long-span timber floor elements (LSTFE) would 
be of significant assistance to increase the market shares of timber floors for 
commercial building applications. This reference work could have the format of a 
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handbook or a guideline that could be available through a website, possibly with an 
additional option of a printed version if the market claims this. 

The data that this reference should be built upon must comprise competitive designs, 
and the presented work consequently addresses factors influencing competitiveness 
of LSTFE. The study elaborates on the required and expected content of the 
reference to genuinely assist in introducing LSTFE to the market. 

The objective of the present work is to suggest a design approach for a calculation 
tool that could be used to generate useful and reliable data, and to uncover gaps and 
further developments required to realize this tool. 

2 Methods 

2.1 Scope of floor element types  

Timber floor elements suitable for commercial building applications are typically 
cassette type elements. As shown in Figure 1, the elements principally comprise a 
continuous top flange  feasibly with longitudinal slits for access and acoustic 
influence. Either separate bottom flanges at each joist, or a continuous bottom flange 
 as in Figure 1 constitutes the structurally stressed skins of the element. The 
elements could have different edge joists  and field joists  depending on the 
support conditions, typically positioned either at constant centre distance, or at 
constant cavity spacing. Transversally, the elements could comprise edge beams  
in addition to a number of optional transverse stiffeners fitted between the joists.  

Optionally, as part of the prefabrication, cavities can be filled with insulation, mass 
or technical installations . Mass can also be added as a non-structural overlay in 
addition to other outfitting assisting to meet design requirements . This is also 
features that could be added during manufacturing.  

Depending on the requirements of the floor, a ceiling system  is optionally installed 
on-site. The flanges are typically glued structurally to the core, with an optional use 
of additional fasteners. The scope of the presented study is limited to this type of 
element. 
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Fig. 1: Cross section of typical LSTFE 

2.2 SWOT-analysis 

An analysis of interior Strengths and Weaknesses, and exterior Opportunities and 
Threats (SWOT-analysis) [3] was performed to organise information about the 
recent developments in the sector of commercial timber buildings, with a focus on 
long-span timber floors (LSTFE). The objective of the SWOT-analysis was to 
prioritize principles and parameters that would aid the increased competitiveness for 
LSTFE, and consequently implemented in the design approach. Information retrieval 
was based on review of recent research and market potential of the associated sector, 
and informal interviews of a selection of the main contractors and manufacturers of 
timber elements in Norway. 

2.3 Systems analysis 

Systems analysis is used to identify targets and purpose of a system to see how the 
various processes of the system perform. A simplified systems analysis was 
established to categorize topics influencing the market impact of timber floor 
elements for commercial building applications. The analysis was used to elaborate 
the purpose and scope of a ready reference work, and to gain overview of the possible 
features and requirements of a design tool that this reference could be based upon. 
The analysis was also used to elaborate on effects that the various processes and 
decisions incorporated in a design approach would have on each other. 
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3 Results and discussion 

3.1 SWOT of timber floor elements 
3.1.1 Strengths and weaknesses (interior) 

Concerning material properties, strengths of utilizing timber in commercial building 
systems are particularly found in the relative stiffness and carbon emissions 
(embodied energy) [4]. In Ashby [5], materials are presented and illustrated in terms 
of their suitability in various mechanical applications. In the following three figures 
from this source is referenced, but not reproduced due to copy rights. Applied as 
columns and beams, the ratio of stiffness to cost per unit volume is among the highest 
for wood, as can be found in figure 3.26 in [5]. In this figure the dotted line in the 
middle is the guideline for a stiff beam of minimum cost (E0.5/Cv,R).  

The environmental performance of wood also shows excellent properties. As can be 
found in figure 14.7 in [5], the ratio of stiffness to embodied energy per unit volume 
is among the highest for wood. Note that the performance of non-technical ceramics 
requires tensile armour, strongly increasing cost and carbon emissions.  

Weaknesses of wood applied to floor elements is associated with vibration 
performances. Vibration response in terms of human perception can be reduced by 
increasing stiffness, damping and mass. The most efficient approach depends on the 
fundamental frequency of the floor. For a floor element with fundamental frequency 
above 4.5 Hz, vibration performance responds well to increased mass, but the 
material properties of wood are not the best candidate to assist. As can be found in 
the modulus to density plot of figure 3.3 in [5], the density of wood is considerably 
lower than metals and ceramics for the same stiffness. Note that for a stiff beam with 
a maximum density, a guideline perpendicular to (E0.5/ρ) must be used. 

Moving to design rules, the market potential of long-span timber floor is weakened 
due to the unsettled agreement of international guidelines for evaluation of human 
induced vibrations. The literature on the topic is extensive, and in the presented 
findings emphasis on recent studies is kept. Strengths and weaknesses of the various 
approaches for evaluation of serviceability have been reviewed by several studies 
[6-11]. Recent research tends to agree to utilize the research on human perception 
[12, 13] by employing ISO baseline levels of accelerations and velocities [14-16].  

Research related to development of design rules for Eurocode is taking advantage of 
this, and is likely to introduce serviceability criteria with performance classes based 
on analytical expressions for dynamic response [17]. The analytical solutions are 
deterministic methods based on Fourier series assuming the load model from one 
step to be reproduced by the next in a periodic process [18, 19]. The analytical 
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solutions utilize estimates of damping to improve the description of vibration 
response, but the precision is consequently sensitive to the level of damping ratio 
used. Many parameters influence the damping ratio of timber floor elements. The 
type of floor element, the support conditions and interconnection between the floor 
elements, the properties of outfitting, and the use of the building are all influencing 
parameters. The continuous assessment of long-span timber floors, either 
numerically, in-situ or as full-scale laboratory tests, are crucial to build information 
that will enable a reliable level of damping ratio to be selected for the various floor 
types and applications. 

Several studies are arguing that deterministic methods will produce conservative 
responses for loads that by nature are stochastic [20, 21], which is the case for footfall 
[22]. The deterministic models tend to overestimate resonant response particularly 
when induced by higher order of footfall load harmonics. While improved 
deterministic models for human induced loading is developed for high-frequency 
floors [23], this is only marginally helpful for long-span timber floors typically 
characterised by a resonant floor response. Moreover, since the much-debated cut-
off frequency between resonant and transient floor response tend to shift upwards 
from eight hertz a few years ago to current proposals of 14 Hz [24], long-span timber 
floors are likely not to utilize these improved models.  

Retaining analytical solutions are still sought to be required for commonly available 
guidelines, but the drawbacks of analytical methods increase as the availability and 
application of Finite Element Analysis (FEA) increase. Keeping in mind the above-
mentioned overestimates of dynamic responses, FEA based on deterministic load 
models nevertheless produce useful results as reported by many studies [25-27].  

Currently, this analysis approach is conveniently available in several commercial 
software for serviceability assessment of floor elements. However, as the above 
mentioned FEA approaches of computing human induced vibration actually are 
ignoring Human-Structure Interaction (HSI) [28], alternatives are aspired. In [29] an 
equivalent moving force based on spring-mass theory is developed to reflect HSI. 
However, time-step analyses will always be computationally demanding, and when 
adding HSI the analyses will require even more computational effort. Consequently, 
time-history FEA is not very suitable, or even incompatible, with optimisation of 
design where numerous iterations of altering geometry and material composition is 
required.  

An alternative to deterministic methods is to rather model human loading as a 
stochastic process. In probabilistic methods the interaction of human and the 
variability in the human step is encountered for, and the demanding time-step 
analyses is replaced by a single domain transformation of the degrees of freedom of 
the model in question. In probabilistic methods a spectral density model is used to 
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represent human induced loads [30]. Such analyses can be performed analytically by 
employing stochastic vibration theory [31, 32], but the analyses require an accurate 
mode shape (Eigenvector) to predict the responses. For CLT or stressed skin panel 
where the flexural rigidity is well defined in both directions, a floor element with 
simple support conditions can be solved analytically with modal analyses, but in 
most building applications FEA is required to obtain reliable results.  

Recent studies are promising and appear to have met the level of walking load 
samples required to generate a spectral density model for stochastic dynamic 
response of floor elements. In the work of Chen et al [21] Power Spectral Density 
(PSD) models are generated for single human walking load, and in [33] a similar 
work is performed to obtain PSD models for jumping load. In a study by Wang et al 
[34], the development is extended to a PSD model for crowd walking load. 

For optimisation of long-span timber floor designs, the proposed analytical method 
for the new Eurocode [17, 18] may offer a good compromise between simplified 
methods of assessing serviceability [35, 36] and more sophisticated numerical 
analyses. However, if FEA can be used, the stochastic load models are assessed to 
be a promising way forward. The method is a computationally efficient approach 
where the precise probabilistic dynamic vibration response directly can be used to 
assess the performance of the floor with respect to the human perception levels given 
by the ISO baseline. 

3.1.2 Opportunities and threats (exterior) 

City fires from The Great Fire of London to more recent incidents at the beginning 
of the 20th century, caused national building regulations to have substantial 
restrictions for use of timber in tall buildings in most European countries. In Norway, 
the restrictions were relieved as late as 1997 when material-neutral regulations were 
introduced. In practice this has caused building construction systems of steel and 
concrete to achieve a substantial lead in developments. The Norwegian Directorate 
of Public Construction and Property (Statsbygg) have investigated the consequences 
and concluded that timber-based building systems are associated with higher risk for 
building contractors in comparison to other materials [37].  

Currently, the trend is more positive. In the Nordic countries several recent 
commercial timber-based building projects have forced technical developments 
ahead [38-41], and the demonstration projects are increasing market trust, as studied 
in [4]. Throughout the European countries, governmental programmes are 
established to promote timber-based building systems for commercial and high-rise 
buildings. The building sector is expected to erect quarter of a trillion square metres 
of new construction over the next 40 years [42], and it is a general understanding 
that countries cannot meet emission reduction targets without reducing energy 
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consumption in the building sector. Consequently, one of the main drivers of 
increased use of timber is its environmental performance. 

In North America and Western Europe, the forest is managed and certified. This is 
however not the case for most forest areas of the world, and timber-based building 
systems must ensure the use of certified timber. Mapping of certified forests are a 
helpful means to ensure that the outtake of timber is sustainable [43]. In Norway, 
like in most forests worldwide, the portion of small-diameter trees tend to overstock, 
and opportunities of utilising this resource is currently studied [44].  

The Principles of circular economy and bio-economy strengthens the sustainability 
of timber construction further, as can be read in the Finnish study of Hynynen [45]. 
This study also emphasis the timber industry as particularly suitable to stimulate 
regional economic developments. The environmental performances of timber-based 
building systems are reported to vary. In [46] the differences from conventional 
beam and columns to CLT systems with low global warming potential show nearly 
a 10 % reduction in carbon emission in a 50-year service time. A similar consequence 
is revealed in [47] where carbon emissions in floor elements are studied. Here timber 
floor elements are found to have lower carbon emissions than comparable floor 
elements in other material, but it is also shown that a 50-80% higher carbon 
emissions can be expected for the same timber product if suppliers and components 
are not selected with care. 

In [48] two different analysis methods have been used to throw light on future 
potential for timber-frame for multi-storey buildings in Europe. The analysis 
performed in 2014 show high correlation between future potential and the regulatory 
framework and the construction industry structure. Risk aversion in the value chain 
of the timber construction industry is assessed to be a significantly larger obstacle 
than competition from alternative construction principles and materials. The study 
also argues that competition between manufacturers of timber elements in 
combination with better cooperation between suppliers of wood products and 
construction industry is required to increase the competitiveness. 

The study supports findings from the timber sector in Norway. A survey presented 
by the Nordic Network for Tall Wood Buildings and the Norwegian Institute of 
Wood Technology report that cooperation between parties are essential to increase 
market impact [49]. 

In [4] opportunities are reported to be the high level of prefabrication, potential of 
systematic feedback of expertise, and in the improved responsibility in planning and 
construction. Huge potential is also found in modular commercial building 
applications, and in a recent review of Ferdous et al. [50], advancement are discussed 
in terms of challenges and opportunities. A review of new connections for timber 
structures elaborate on the potential of joining timber components [51]. For both 
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product types a common threat is the lack of standardisation. With respect to the 
sector of prefabricated concrete elements, the timber sector has very little agreement 
of standardised solutions for prefabricated modules and timber connections.  

Findings from informal interviews of parties of the Norwegian timber industry 
emphasise the importance of improved knowledge and precisions of costing. This 
concerns both capital expenditures of manufacturing and construction, and 
operational expenses throughout the service lifetime. The much-debated challenge 
in fire resistance is expressed to be manageable, whilst challenges of acoustics and 
vibration requires attention. These experiences are reflected by the study of Kuzman 
et al. [4]. Interviews of members of the Norwegian building and construction sector 
emphasised that the cost of long-span timber floor elements is substantially higher 
than comparable concrete hollow core elements, and the incentive for choosing a 
flooring system that improves carbon emission accounting is currently not a 
sufficiently weighty argument to choose timber-based flooring systems for 
commercial buildings. 

Opportunities for timber-based building systems are associated with timber-concrete 
composites. The guidelines issued by the COST Action FP1402 [52] are supporting 
this development, and a positive influence on the market potential is certain, as 
observed in Germany [53]. In general, the awareness and attention to hybrid timber 
building systems, is likely to increase market shares of timber, and to improve the 
environmental performance of the building sector. Joint ventures for buildings in 
timber in combination with steel, concrete or brick all have the potential of 
improving the built environment, and the shared knowledge and strengths certainly 
have the potential to offer common benefits.  

Interviews with manufacturers and reviews [4, 54] mention the suitability for 
industrial applications as one of the main strengths and opportunities for wood. 
Timber-based building components are accurately and efficiently CNC machined. 
The opportunity can be viewed in terms of increased scale and machine-aided 
operations, where components can be assembled into finalized products. Complete 
parametric frameworks for design and manufacturing as in the work of Mork et al. 
[55] and robotic timber manufacturing [56, 57] are some of a range of studies of this 
topic. Survey of novel timber architecture worldwide has concluded that the 
opportunities are particularly high for wood [58, 59]. 

3.2 Systems analysis 

The basis of the systems analysis was information collected during project group 
workshops. The project group associated with the research project comprised 
manufacturers of wood components, architects, building and construction 
companies, and research institutes. The collected material consisted of more than 
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one hundred drivers, conditions and factors that a successful commercialisation of 
long-span timber floor elements would have to regard. In the systems analysis this 
information was sorted and arranged, and the organisation of information was 
performed in order to elaborate on the content of a ready reference for LSTFE. The 
systems analysis resulted in a simplified definition of the content that the reference 
should address, and the resulting content was used for scoping the computational 
foundation of which the reference work could be based. The systems analysis was 
used strategically for development and conceptualisation of this tool.  

Floor element design offered in a ready reference work should be competitive, 
causing the underlying design principle to be envisioned as an optimisation tool. An 
optimisation tool requires an objective, and findings from the SWOT-analysis 
indicated cost to be one of the key indicators. Competitiveness was in addition based 
on assessment of the value chain, the processes of realization, and the disciplines 
involved during realisation. Combined findings guided towards defining 
competitiveness as a joint performance of resource-efficiency and the adaptability 
and applicability of the floor element. The resource-efficiency was in turn defined 
as capital expenditures and carbon emissions in terms of economy. Due to this 
definition, the systems analysis reflecting the content of the reference work, took the 
form of a framework between realisation processes and economic impacts, with the 
LSTFE design tool in the centre. See Figure 2. 

  



PART II: Dissemination – Paper VI 

281 

 

 
Fig. 2: Framework of realization processes and economic impacts. Yellow: Measurable 
quantities; Pink: Direct interface to the design tool; Green: Interactions and secondary 
effects 

Topics related to realization processes were grouped in entities along the abscissa 
axis, whilst topics related to resource consumption, in economic terms, grouped in 
entities along the ordinate axis. In principle, topics comprising design parameters 
was linked to the optimisation design tool and is therefore pointing inwards, whilst 
topics comprising indicators of competitiveness are directed outwards to the 
measurable quantities of the outer quadrants. Interactions and information transfer 
occur between any two entities in the diagram. Realisation processes incorporate the 
following four main phases from left to right: 

• Design premise, where the product requirements are specified 

• Suppliers and manufacturer 

• Transport from manufacturer to building site, installation and completion; 
and 

• Disposal and reuse. 
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Resource consumption and potential is described in economic terms from cost of 
design and manufacturing (capital expenditure) and economic consequences of 
continual improvement, to economic effects related to carbon emissions as sales 
arguments (Design for Environment) and perspectives of second-hand value.  

Placing the optimisation tool at the centre of the entities might cause confusion when 
interpreting the figure. However, during conceptualisation of the design approach, 
the principle offered perspectives for scoping and market attention for the ready 
reference work of which the design tool should generate data.  

During development of the strategy of the parametric design tool, the diagram helped 
in identifying how the various parameters and indicators would influence each other, 
and how they could influence the outer quadrants.  

Starting with upstream processes of realisation, the reference work should include 
topics addressing the possibilities to influence Design for Disassembly (DFD), and 
methods to adapt the basic floor element design (flexibility). Flexibility could cover 
floor element shapes deviating from rectangular shape, as well as methods of 
retaining capacity, or rules of reduced capacity, for apertures cut in webs or flanges. 
Possible locations and details of apertures should also be included.  

For downstream realisation processes, information to assist late-phase alterations 
such as extension or division of floor elements should be described, possibly in 
addition to typical actions of maintenance. Depending on the attention to DFD, 
information concerning disposal and reuse should be stated. A particular focus 
should be given principles of redocumentation and CE marking to assist reuse.  

3.3 Conceptualization of design tool 

Based on the framework developed in the system analysis, the principle and 
parameters of the design tool were established. The tool should be able to control 
parameters from the entire realisation process. Included parameters would range 
from specification of the floor element comprising outfitting and internal 
installations, to parameters describing any significant contributions influencing 
competitiveness until the floor element was manufactured and ready for transport. 
Calculation of serviceability performance would have to regard the support 
conditions, category of use, fire- and hazard class of the building of which the floor 
element would be applied. To address the solution space offered by possible material 
combinations, the tool must incorporate a material database where typical material 
types and associated dimensions can be collected and stored. To achieve a 
competitive design, the design tool must be able to adjust members and retrieve 
capacities where possible. It must therefore comprise an optimisation algorithm, 
consequently requiring that several parameters are parametrically linked. The 
architecture of the design tool is presented in Figure 3. 
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Fig. 3: Design principle of an optimisation tool for long-span timber floor elements 

The design tool is currently built and tested using analytical calculation for 
serviceability performance. In this phase the multi-objective evolutionary Galapagos 
solver in Grasshopper [54] is used. This is a powerful genetic algorithm, but the 
challenge is to control the development and avoid local and multiple minima. For 
both a more precise calculation of the floor element and increased control of 
optimisation, iSight [55] in combination with Abaqus [60] is also used where a 
Design of Experiment is generated to explore a defined solution space.  

Both methods require a large number of iterations, and the development of the 
principle continuous as obstacles and limitations are uncovered. 

4 Conclusion 
As experience and possibilities mature, the enthusiasm and expertise in using wood 
in commercial buildings are growing rapidly, but the way forward is still 
challenging. In this study, a contribution to the content of a ready reference work to 
assist in commercialisation of long-span timber floor elements is presented. From 
this a design tool that this reference work can be based on is elaborated, and the 
architecture of a holistic optimisation tool is presented.  

The constraints of the floor element, ranging from support and load conditions to 
limits of serviceability, can be solved either analytically or by FEA. The resulting 
numbers of combination of support and load conditions, span and the various 
influences of both outfitting and building application, would require a web-based 
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reference work, with the possibility of retrieving the required design through filtering 
of conditions.  

Two possible strategies to the continuous development of a tool that could generate 
data for a ready reference work for long-span timber floor elements are proposed: 

a) An analytical solution can be run directly at a server and present design for 
floor elements based on settings in the user interface. This would reduce 
design premise limitations as any combination of settings are attempted to 
be solved. This would on the other side reduce precision of serviceability 
calculations and consequently increase the required tolerances. Open source 
codes for optimisation, objective and constraints would make publication of 
results uncomplicated. 

b) A comprehensive Design of Experiment (DoE) can be built from which FEA 
is performed based on probabilistic load models. This would require a 
substantial computational effort upfront, where optimised designs would be 
mapped to a searchable database. The scope of the DoE would define the 
design premise limitations. Since copy right and software licence are related 
to the use of the software, and not to the results of the use, publication of 
results should principally still be uncomplicated. 

4.1 Future developments 

The initial tests of the design tool have uncovered valuable information that will be 
used in the continuous improvement and development of the principle. Further effort 
is required on the following topics in order to successfully develop and implement a 
design tool that could serve as a basis for a ready reference work of long-span timber 
floor elements: 

1) Supported by the findings in this study, and by Forintek and the Canadian 
Wood Council [61], the development of a method that increase the precision 
and options in the accounting of cost and carbon emission related to 
manufacture of timber floor elements is required. The method must be 
compatible with the optimisation tool addressed herein. 

2) A suitable optimisation solver that can work on a small number of iterations 
would increase the possibility of exploring the solution space of designs, 
particularly when employing FEA. Whilst numerous iterations are 
performed per second for an analytical solution, a single iteration using FEA 
would require several minutes for a probabilistic method, and several hours 
for a deterministic method with HIS. 

3) Timber floor elements is completion friendly. For timber floor elements with 
a continuous bottom flange completion is particularly convenient. Time to 
completion, and consequently cost, is therefore associated with 
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competitiveness with respect to comparable alternatives in concrete. The 
cost of transportation and installation must also be addressed as means of 
increased competitiveness. Due to the lower mass of LSTFE, the number of 
elements per transporting vehicle will be higher for timber than for concrete 
floor elements. This affect cost and carbon emissions. The required capacity 
of building crane will due to weight also be lower for timber than for 
concrete floor elements. The topic must be addressed, and comparisons 
made to provide numbers of competitiveness. 

4) Cost-efficient solutions that can aid in adjusting serviceability performance 
of a timber flooring system without changing the design of the floor 
elements may serve to increase the competitiveness. Such solutions may also 
contribute to standardisation of timber floor elements. 

The current work is a response to the conclusions in [61] and to a request by the 
Norwegian Research Council for results that can aid in commercialise long-span 
timber floor elements. 
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3.1 Presentations 
I. Nesheim, S. 2017. Experience from timber-based flooring systems at 

NTNU. Asplan Viak Oslo, Forum for trekonstruksjoner. Timber Concrete 
Composite floor systems. [188] 

Oral presentation of the findings from testing and analysis of timber-based 
floor element at NTNU the recent years. The presentation addressed 
particularly Timber-Concrete Composite (TCC) solutions made current by 
new guideline on TCC. 

II. Nesheim, S. 2018. Closed hollow wood sections in long-span flooring 
systems. NTNU Wood Workshop 2018. [189] 

Oral presentation of the conceptualisation of multi-parameter approach for 
optimisation of the Woodsol flooring system. The presentation included the 
idea of why measures to reduce cost may be a paramount concern in the 
research on timber floor elements. 

III. Nesheim, S. 2019. Optimisation strategies for timber floor element. 
Tampere University Finland. [190] 

Oral presentation of the Woodsol building system and the strategies for 
optimisation of the floor element. The presentation was an introductory part 
in the establishment of the cooperation between the Norwegian University 
of Science and Technology and the Tampere University on pursuing 
competitiveness on timber floor elements through optimisation. 

IV. Nesheim, S. 2019. Brief on Woodsol floor developments. NTNU Wood 
Workshop 2019. [191] 

Oral presentation of the Woodsol floor element developments and strategies. 
Time line for achievements and planned work presented in addition to causes 
of strategies presupposing numerical models. 
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3.2 Appearances 
I. Nesheim, S. 2019. Norge nå. Mjøstårnet - verdens høyeste trehus. NRK, 

Norwegian Broadcasting Corporation. [192] 

Talk on national television about the recent history of timber building in 
Norway and why governing rules and regulations now facilitate for building 
taller in timber. Additional talk on carbon emission of tall timber buildings 
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Etter strævet kan du steikja flesk 
og lesa kinesiske vers. 

– Olav H. Hauge, “Kvardag”, 1966 
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Annex A.I Material database code 
author: Sveinung Nesheim 
Versioning and change control 
1.2 (20191112) Moved application from EWPmtrlBase to CHSperfCalc.section (Current version) 
1.1 (20191103) Changed from list to dictionary for libMtrl in order to find material directly from input file. libForm 
remains unchanged. 
1.0 (20191031) Last working version 
 
Common preparations of Python script 
import numpy as np 
import pandas as pd 
import os 
 
#singleLine=None 
singleLine=0 
 
with open('%s\\CHS_input.tsv' % os.getcwd()) as input_file: # Hardcoded input filename 
    if singleLine==None: 
        for line in input_file: 
            extracted_line=line 
            extracted_list=extracted_line.split('\t') 
            span=float(extracted_list[8]) 
            modWid=float(extracted_list[9]) 
    else: 
        extracted_line=input_file.readlines()[singleLine] 
        extracted_list=extracted_line.split('\t') 
        span=float(extracted_list[8]) 
        modWid=float(extracted_list[9]) 
 
Precalculations ECO2 
# Resulting value in CO2 equivalents in g per kg 
def calcECO2(kgPerUnit, weightUnits, kgECO2perUnit, units, URLref): 
    rho=kgPerUnit/weightUnits 
    eco2=kgECO2perUnit*1000/units/rho 
    return {'rho':rho, 'eco2':eco2, 'ref':URLref} 
 
eco2GlulamMoelven=calcECO2(430,1,62,1,'https://www.epd-norge.no/getfile.php/139412-
1538388506/EPDer/Byggevarer/Heltreprodukter/NEPD-456-318-EN_Glulam-Beams-and-Pillars_1.pdf') 
eco2gypsum=calcECO2(12.5, 0.015, 2.51, 0.015, 'https://www.epd-norge.no/bygningsplater/norgips-fireboard-
brann-type-df-brn-article2561-318.html') 
eco2kertoQ=calcECO2(510, 1, 130, 1, 
'https://www.metsawood.com/global/Tools/MaterialArchive/MaterialArchive/Kerto-manual-lvl-emissions.pdf') 
eco2baubuche=eco2kertoQ.copy() 
eco2baubuche['rho']=eco2baubuche['rho']/510*730 
eco2baubuche['eco2']=eco2baubuche['eco2']/510*730 
eco2screed=calcECO2(1652,1,10.56,0.025,'Skaar, C., B. Solem and P. Rüther. 2017. Composite floors in urban 
buildings: Options for a low carbon building design. Forum Wood Building Nordic. Trondheim Norway, Forum 
Wood Building Nordic Trondheim 17.') 
 
Definition of standard specifications for applicable building components 
stdSheetLen_feet=[4,5,8,9,10,12] 
stdSheetLen=list(np.around(np.multiply(stdSheetLen_feet,12*0.0254),1)) 
 
stdSheetWid_feet=[5/3,2,3,4,5] 
stdSheetWid=list(np.around(np.multiply(stdSheetWid_feet,12*0.0254),1)) 
 
Material format library 
class MaterialFormat: 
    ''' Adds retail/available material formats as lists to a list object (libForm). Each object in the list is structured with 
mandatory name and primary dimensions first, followed by secondary dimension and production length if available. 
All dimensions must be given as list even with none or one item. All dimensions in meters of course. The content 
of the libary can be viewed in the dictionary named libFormCat''' 
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    cat={} 
    items=0 
 
    def __init__(self, name, primary, secondary, length, reference=None): 
        self.name=name 
        self.pri=primary # Most significant dimension: Thickness for panels or height for beams 
        self.sec=secondary 
        self.l=length 
        self.reference=reference 
 
        MaterialFormat.cat[self.name]=MaterialFormat.items 
        MaterialFormat.items+=1 
 
libForm=[] 
'''for i in range(libFormImport.shape[0]): 
    
libForm.append(MaterialFormat(libFormImport['group'][i],[libFormImport['primary'][i]],[libFormImport['seconda
ry'][i]],[libFormImport['length'][i]],libFormImport['reference'][i]))''' 
 
libForm.append(MaterialFormat('Glulam',[0.09, 0.115, 0.135, 0.18, 0.225, 0.27, 0.315, 0.36, 0.405, 0.45, 0.495, 
0.54, 0.585, 0.63],[0.036, 0.048, 0.066, 0.073, 0.09, 0.115, 0.14, 0.165, 0.19, 0.215, 0.24, 0.26],[],)) 
libForm.append(MaterialFormat('StructuralTimber',[0.073,0.098,0.123,0.148,0.173,0.198,0.223],[0.036,0.048,0.07
3],[],)) 
libForm.append(MaterialFormat('KBP',[0.2, 0.25, 0.3],[0.036, 0.048, 0.07],[],)) 
libForm.append(MaterialFormat('BN',[0.225,0.25,0.27,0.3,0.315,0.35,0.36,0.4,0.405],[0.048],[12],)) 
libForm.append(MaterialFormat('CLT',[0.06,0.08,0.09,0.1,0.12,0.14,0.16,0.18,0.2,0.22,0.24,0.26,0.28,0.3],[1.2,2.4
,2.95,3.5],[16.5],)) 
libForm.append(MaterialFormat('KQ',[0.033, 0.039, 0.045, 0.051, 0.057, 0.063, 0.069, 0.075],[modWid,2.5],[],)) # 
The following tcks are only for slim panels (up to 225 mm width): 0.021, 0.021, 0.024, 0.027, 0.03, 
libForm.append(MaterialFormat('KQ sand',[0.031, 0.037, 0.043, 0.049, 0.055, 0.061, 0.067, 
0.073],[modWid,2.5],[],)) # 0.019, 0.022, 0.025, 0.028, 
libForm.append(MaterialFormat('KS',[0.2, 0.22, 0.24, 0.3, 0.36, 0.4],[0.027, 0.033, 0.039, 0.045, 0.051, 0.057, 
0.063, 0.075],[],)) 
libForm.append(MaterialFormat('KS sand',[0.2, 0.22, 0.24, 0.3, 0.36, 0.4],[0.025, 0.031, 0.037, 0.043, 0.049, 0.055, 
0.061, 0.073],[],)) 
libForm.append(MaterialFormat('BBQ',[0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08],[modWid/2,1.82],[18],)) 
libForm.append(MaterialFormat('BBS',[0.12, 0.16, 0.2, 0.24, 0.28, 0.32, 0.36, 0.4, 0.44, 0.48, 0.52, 0.56, 
0.6],[0.04,0.05, 0.06, 0.08, 0.1, 0.12, 0.16, 0.2, 0.24, 0.28],[18],)) # Similar to formatBB GL75 
libForm.append(MaterialFormat('OSB',[0.012, 0.015, 0.018, 0.022],stdSheetWid,stdSheetLen,)) 
libForm.append(MaterialFormat('PrtBrd',[0.018, 0.022, 0.038],stdSheetWid,stdSheetLen,)) 
libForm.append(MaterialFormat('Plywood',[0.012, 0.015, 0.018, 0.021, 0.024, 0.027, 
0.03],stdSheetWid,stdSheetLen,)) 
libForm.append(MaterialFormat('MDF',[0.008, 0.009, 0.01, 0.012, 0.016, 0.018, 0.019, 0.022, 0.025, 0.028, 0.03, 
0.038],stdSheetWid,stdSheetLen,)) 
libForm.append(MaterialFormat('HDF',[0.007, 0.008, 0.009, 0.01, 0.011, 0.012],stdSheetWid,stdSheetLen,)) 
libForm.append(MaterialFormat('woodFibreBoard',[0.02, 0.036],stdSheetWid,stdSheetLen,)) 
libForm.append(MaterialFormat('PlasterBoard',[0.006, 0.009, 0.011, 0.013, 0.015],stdSheetWid,stdSheetLen,)) 
libForm.append(MaterialFormat('Fermacell',[0.01, 0.0125, 0.015, 0.018, 0.020, 0.025, 
0.03],stdSheetWid,stdSheetLen,)) 
libForm.append(MaterialFormat('Rockwoll',[0.02,0.025,0.03,0.04,0.05,0.06,0.07,0.08,0.09,0.1],[1.2,],[1.8,],'ETA 
09/0275')) 
libForm.append(MaterialFormat('Bulk',[],[],[],)) 
libForm.append(MaterialFormat('steicoFlex',[0.04,0.05,0.06,0.08,0.1,0.12,0.14,0.16,0.18,0.2,0.22,0.24],[0.575],[1.
22],'TG20440g')) 
libForm.append(MaterialFormat('Custom0',[],[],[],)) 
libForm.append(MaterialFormat('Custom1',[],[],[],)) 
libForm.append(MaterialFormat('Custom2',[],[],[],)) 
libForm.append(MaterialFormat('Custom3',[],[],[],)) 
libForm.append(MaterialFormat('Custom4',[],[],[],)) 
 
Material model library 
# For GWP: co2 equivalents in g per kg reference: https://www.vtt.fi/inf/pdf/technology/2013/T115.pdf 
# Some assessments to find values for GWP for LVL are based on numbers used in previous versions: 
# Kilogram CO2-equivalents per m3 
# kgCO2eq_m3_KQ_MtsW=136 
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# kgCO2eq_m3_Timb_Mlvn=53 
 
#from PARAPECHS import altCurrencyDict # Does not work of some obscure reason 
 
altCurrencyDict={'NOK':11.81,} # date: medio April 2020. NOK:10.16(Des2019)   
# All entries in SI-units 
 
class MaterialProperty: 
    ''' All required material properties as lists and dictionaries. Dictionaries are used when the value is likely to differ 
between e.g. suppliers or manufacturers, so that a specific key can be used in the analysis. The full declaration is 
available at: http://www.rts.fi/ymparistoseloste/ys028EN.pdf. It is based on the national methodology following the 
basic principles stated in the ISO standard series 14040 and 14020. The declaration covers the product stage A1–A3 
(Cradle to Gate). In addition, due to the expected market, transport CO2 emmisions is calculated for the typical 
market scenario''' 
 
    cat={} 
    items=0 
 
    def __init__(self, name, elasticType, elastic, density, unitVolCost, unitMassCO2eq, unitMassCO2uptake, form, 
chrRate=None): 
        self.name=name 
        self.elasticType=elasticType 
        self.elastic=elastic 
        self.density=density 
        self.unitVolCost=unitVolCost # Dictionary of supplier specific material cost in euro per cubic meter 
        self.unitMassCO2eq=unitMassCO2eq # Dictionary of supplier specific CO2 equivalents in g per kg 
        self.unitMassCO2uptake=unitMassCO2uptake # Dictionary of supplier specific CO2 uptake in g per kg 
        self.form=form 
        self.chrRate=chrRate # mm per min# Is the material restricted to a format 
 
        MaterialProperty.cat[self.name]=MaterialProperty.items 
        MaterialProperty.items+=1 
 
libMtrl={} 
 
# For e.g. timber complete engineering contants are used, whilst for most Engineered Wood Products, transverse 
isotropy is used 
# Engineering contants Abaqus [E and G: N/m^2]: E1, E2, E3, Nu12, Nu13, Nu23, G12, G13, G23 
# Density [kg/m^3] 
# Supplier A: Not reproduced in the officially available version 
 
libMtrl['S355']=MaterialProperty('S355','ISOTROPIC',(209.E9, 
0.3),7800,{'A':3600,},{'A':3750,},{'A':0,},libForm[20],) 
libMtrl['Adhesive']=MaterialProperty('Adhesive','ISOTROPIC',(209.E9, 
0.3),1000,{'A':35000/altCurrencyDict['NOK'],},{'A':1000,},{'A':0,},libForm[20],) # Elastic properties not set. 
 
libMtrl['GL28c']=MaterialProperty('GL28c','ENGINEERING_CONSTANTS',(12500.E6,300.E6,300.E6,0.39,0.49
,0.64,650.E6,650.E6,65.E6),430,{'A':6000/altCurrencyDict['NOK'],},{'A':eco2GlulamMoelven['eco2'],},{'A':1730
,},libForm[0],0.7) # Corresponds to Moelven S-beam 
libMtrl['GL30c']=MaterialProperty('GL30c','ENGINEERING_CONSTANTS',(13000.E6,300.E6,300.E6,0.39,0.49
,0.64,650.E6,650.E6,65.E6),430,{'A':6000/altCurrencyDict['NOK'],},{'A':eco2GlulamMoelven['eco2'],},{'A':1730
,},libForm[0],0.7) 
libMtrl['GL32c']=MaterialProperty('GL32c','ENGINEERING_CONSTANTS',(13700.E6,460.E6,460.E6,0.39,0.49
,0.64,850.E6,850.E6,30.E6),450,{'A':np.NaN,},{'A':eco2GlulamMoelven['eco2'],},{'A':1730,},libForm[0],0.7) 
libMtrl['CLT']=MaterialProperty('CLT','ENGINEERING_CONSTANTS',(13700.E6,460.E6,460.E6,0.39,0.49,0.6
4,850.E6,850.E6,30.E6),470,{'A':6000/altCurrencyDict['NOK'],},{'A':115,},{'A':1730,},libForm[4],0.8) 
libMtrl['BN']=MaterialProperty('BN','ENGINEERING_CONSTANTS',(12000.E6,230.E6,230.E6,0.39,0.49,0.64,4
40.E6,440.E6,30.E6),500,{'A':5500/altCurrencyDict['NOK'],},{'A':109,},{'A':1730,},libForm[3],0.7) 
libMtrl['KbeamPlus']=MaterialProperty('KbeamPlus','ENGINEERING_CONSTANTS',(14000.E6,370.E6,370.E6,
0.39,0.49,0.64,690.E6,690.E6,69.E6),450,{'A':5500/altCurrencyDict['NOK'],},{'A':109,},{'A':1730,},libForm[2],0
.7) 
 
# libForm[5] for standard, else libForm[6] for sanded 
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libMtrl['Kerto_Q']=MaterialProperty('Kerto_Q','ENGINEERING_CONSTANTS',(10500.E6,2000.E6,130.E6,0.11
,0.81,0.7,600.E6,120.E6,22.E6),510,{'A':7000/altCurrencyDict['NOK'],},{'A':eco2kertoQ['eco2'],},{'A':1730,},lib
Form[5],0.65) # HAKKARAINEN, J. 2016. Properties of Kerto LVL for FEM calculations. Metsä Wood. 
# For BauCuche 
# NB: Numbers not obtained for: E3, nu12, nu13, nu23, G23. Respective numbers for Kerto used 
# Assume plate thickness is always above 20 mm, hence properties for 30<tck<80 is used. BauBuche Q (approx. 15 
% cross-plies) 
libMtrl['BauBuche_Q']=MaterialProperty('BauBuche_Q','ENGINEERING_CONSTANTS',(12800.E6,2000.E6,13
0.E6,0.11,0.81,0.7,820.E6,430.E6,22.E6),730,{'A':7500/altCurrencyDict['NOK'],},{'A':eco2baubuche['eco2'],},{'
A':1730,},libForm[9],0.65) # BAUTECHNIK, D. I. F. 2016. Board BauBuche S/Q German technical approval. In: 
GMBH, P. F. (ed.) Z-9.1-838. Berlin: Deutsches Institut für Bautechnik. 
libMtrl['Kerto_S']=MaterialProperty('Kerto_S','ENGINEERING_CONSTANTS',(13800.E6,450.E6,130.E6,0.61,0.
74,0.6,600.E6,600.E6,11.E6),510,{'A':6500/altCurrencyDict['NOK'],},{'A':eco2kertoQ['eco2'],},{'A':1730,},libFor
m[7],0.65) # HAKKARAINEN, J. 2016. Properties of Kerto LVL for FEM calculations. Metsä Wood. 
# NB: Baucuche S: Numbers not obtained for: E3, nu12, nu13, nu23, G23. Numbers for Kerto S used 
libMtrl['BauBuche_S']=MaterialProperty('BauBuche_S','ENGINEERING_CONSTANTS',(16800.E6,470.E6,130.
E6,0.61,0.74,0.6,760.E6,850.E6,11.E6),730,{'A':7000/altCurrencyDict['NOK'],},{'A':eco2baubuche['eco2'],},{'A':
1730,},libForm[10],0.65) # BAUTECHNIK, D. I. F. 2016. Board BauBuche S/Q German technical approval. In: 
GMBH, P. F. (ed.) Z-9.1-838. Berlin: Deutsches Institut für Bautechnik. 
 
libMtrl['GypsumTypeA']=MaterialProperty('GypsumTypeA','ISOTROPIC',(1800.E6,0.2),900,{'A':350,},{'A':eco2
gypsum['eco2'],},{'A':0,}, libForm[17],) # Cost from NP. Check charring rate and density for both A and F type 
gypsum 
libMtrl['GypsumTypeF']=MaterialProperty('GypsumTypeF','ISOTROPIC',(1800.E6,0.2),900,{'A':400,},{'A':eco2g
ypsum['eco2'],},{'A':0,}, libForm[17],) # Approx cost from NP 
# https://www.hunton.no/wp-content/uploads/2018/09/fermacell_gypsum-fibreboards_eta-03-0050.pdf 
libMtrl['Fermacell']=MaterialProperty('Fermacell','ENGINEERING_CONSTANTS',(3800.E6,3800.E6,3800.E6,0.
2,0.2,0.2,1600.E6,1600.E6,1600.E6),1150,{'A':450,},{'A':1967,},{'A':0,}, libForm[18],) # Approx cost 
 
libMtrl['Plywood']=MaterialProperty('Plywood','ISOTROPIC',(1700.E6,0.3),600,{'A':1450,},{'A':229,},{'A':1731,
},libForm[13],1.1) # NorskPrisbok cost (02.4.6.3.0206 Platekledning på innervegg, kryssfiner furu, kvalitet II/BB, 
t = 12 mm, ubehandlet, skrudd ) 
libMtrl['OSB_3']=MaterialProperty('OSB_3','ENGINEERING_CONSTANTS',(3000.E6,1400.E6,300.E6,0.02,0.0
2,0.68,1080.E6,1080.E6,50.E6),600,{'A':520,},{'A':208,},{'A':1692,},libForm[11],1.0) # NorskProsbok 
(02.3.5.5.0400 Platekledning, OSB, 18 mm, underlag), Fictive charRate 
# P6 type particle board: Floor boards that can withstand severe stress, for interior use 
libMtrl['P6_6_13']=MaterialProperty('P6_6_13','ENGINEERING_CONSTANTS',(2500.E6,2500.E6,2500.E6,0.2,
0.2,0.2,1200.E6,1200.E6,1200.E6),650,{'A':785,},{'A':409,},{'A':1564,}, libForm[12], 1.0) # NorskPrisbok cost 
(02.5.5.3.0130 Undergulv av plater. Sponplater t = 22), Fictive charRate 
libMtrl['P6_13_20']=MaterialProperty('P6_13_20','ENGINEERING_CONSTANTS',(2400.E6,2400.E6,2400.E6,0.
2,0.2,0.2,1150.E6,1150.E6,1150.E6),600,{'A':785,},{'A':409,},{'A':1564,}, libForm[12], 1.0) # NorskPrisbok cost 
(02.5.5.3.0130 Undergulv av plater. Sponplater t = 22), Fictive charRate 
libMtrl['P6_20_25']=MaterialProperty('P6_20_25','ENGINEERING_CONSTANTS',(2100.E6,2100.E6,2100.E6,0.
2,0.2,0.2,1050.E6,1050.E6,1050.E6),550,{'A':785,},{'A':409,},{'A':1564,}, libForm[12], 1.0) # NorskPrisbok cost 
(02.5.5.3.0130 Undergulv av plater. Sponplater t = 22), Fictive charRate 
libMtrl['HB_HLA_1']=MaterialProperty('HB_HLA_1','ENGINEERING_CONSTANTS',(5300.E6,1000.E6,300.E
6,0.02,0.02,0.68,2100.E6,2100.E6,50.E6),900,{'A':1000,},{'A':661,},{'A':1437,}, libForm[15], 1.5) # Fictive 
charRate and approx cost, HardBoard acc. to EN 622-2(2004'ENGINEERING_CONSTANTS') type HB.HLA 1 
# Hunston Silencio: Density + dyn stiff from TG 2330ge: The dynamic stiffness for Hunton Silencio 36 is 8 MN/m3 
measured according to NS-ISO 9052-1 (EN 29052-1). 
libMtrl['Silencio']=MaterialProperty('Silencio','ISOTROPIC',(162.E6, 
0.3),250,{'A':275,},{'A':243,},{'A':1240,},libForm[16],) # New form required. Cost from Norsk Prisbok 
(02.5.5.3.0180 Isolasjon for trinnlyd)  # Poissons estimated. E-modulus from: e-mail 23.05.2017 07.33 from 
Torgersen Klætte, Torger <Torger.Klaette@moelven.no>; SV: Spørsmål etter prøving av Moelven Trä8 
 
# Kristian, B. D. and F. F. I. O. T. I. F. K. Norges Teknisk-Naturvitenskapelige Universitet. 2009. Mechanical 
properties of clear wood from Norway spruce, Norges teknisk-naturvitenskapelige universitet, Fakultet for 
ingeniørvitenskap og teknologi, Institutt for konstruksjonsteknikk. 
libMtrl['C14']=MaterialProperty('C14','ENGINEERING_CONSTANTS',(7000.E6,230.E6,230.E6,0.39,0.49,0.64,4
40.E6,440.E6,30.E6),350,{'A':4500/altCurrencyDict['NOK'],},{'A':50,},{'A':1500,}, libForm[1], 0.8) 
libMtrl['C16']=MaterialProperty('C16','ENGINEERING_CONSTANTS',(8000.E6,270.E6,270.E6,0.48,0.42,0.5,30
5.E6,500.E6,50.E6),370,{'A':4500/altCurrencyDict['NOK'],},{'A':50,},{'A':1500,}, libForm[1], 0.8) 
libMtrl['C18']=MaterialProperty('C18','ENGINEERING_CONSTANTS',(9000.E6,300.E6,300.E6,0.39,0.49,0.64,5
60.E6,560.E6,30.E6),380,{'A':4500/altCurrencyDict['NOK'],},{'A':50,},{'A':1500,}, libForm[1], 0.8) 
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libMtrl['C24']=MaterialProperty('C24','ENGINEERING_CONSTANTS',(11000.E6,370.E6,370.E6,0.39,0.49,0.64,
690.E6,690.E6,30.E6),420,{'A':4500/altCurrencyDict['NOK'],},{'A':50,},{'A':1500,}, libForm[1], 0.8) 
libMtrl['C30']=MaterialProperty('C30','ENGINEERING_CONSTANTS',(12000.E6,400.E6,400.E6,0.39,0.49,0.64,
750.E6,750.E6,30.E6),380,{'A':5500/altCurrencyDict['NOK'],},{'A':50,},{'A':1500,}, libForm[1], 0.8) 
 
libMtrl['Gravel_8_16']=MaterialProperty('Gravel_8_16','ISOTROPIC',(0,0),1370,{'A':150,},{'A':3,},{'A':0,},libFo
rm[20],) 
libMtrl['Concrete']=MaterialProperty('Screed','ISOTROPIC',(20.E9, 
0.2),2100,{'A':170,},{'A':eco2screed['eco2'],},{'A':0,},libForm[20],) # Norsk Prisbok (02.5.3.0180 Betong, påstøp 
normal). Inkl arbeid: 260 euro/m3 
libMtrl['Glysol']=MaterialProperty('Glysol','ISOTROPIC',(15.E9, 
0.2),2000,{'A':100,},{'A':30,},{'A':0,},libForm[20],) 
 
libMtrl['Rockwool']=MaterialProperty('Rockwool','ISOTROPIC',(15.E9, 
0.25),180,{'A':100,},{'A':320,},{'A':0,},libForm[19],) # Fictive cost. Jones, D. and C. Brischke (2017). Performance 
of bio-based building materials, Woodhead Publishing. 
libMtrl['steicoFlex']=MaterialProperty('steicoFlex','ISOTROPIC',(50.E6, 0.3),50,{'A':250,},{'A':150,},{'A':1000,}, 
libForm[21], 0.8) # Guestimates mostly 
 
libMtrl['Custom0']=MaterialProperty('Custom0','ENGINEERING_CONSTANTS',(12000.E6,400.E6,400.E6,0.39,
0.49,0.64,750.E6,750.E6,30.E6),380,{'A':600,},{'A':60,},{'A':1500,}, libForm[22], 0.8) # Copied from C30 for now 
libMtrl['Custom1']=MaterialProperty('Custom1','ENGINEERING_CONSTANTS',(12000.E6,400.E6,400.E6,0.39,
0.49,0.64,750.E6,750.E6,30.E6),380,{'A':600,},{'A':60,},{'A':1500,}, libForm[23], 0.8) 
libMtrl['Custom2']=MaterialProperty('Custom2','ENGINEERING_CONSTANTS',(12000.E6,400.E6,400.E6,0.39,
0.49,0.64,750.E6,750.E6,30.E6),380,{'A':600,},{'A':60,},{'A':1500,}, libForm[24], 0.8) 
libMtrl['Custom3']=MaterialProperty('Custom3','ENGINEERING_CONSTANTS',(12000.E6,400.E6,400.E6,0.39,
0.49,0.64,750.E6,750.E6,30.E6),380,{'A':600,},{'A':60,},{'A':1500,}, libForm[25], 0.8) 
libMtrl['Custom4']=MaterialProperty('Custom4','ENGINEERING_CONSTANTS',(12000.E6,400.E6,400.E6,0.39,
0.49,0.64,750.E6,750.E6,30.E6),380,{'A':600,},{'A':60,},{'A':1500,}, libForm[26], 0.8) 
 
Ply direction of MetsaWood Kerto 
# The following product specifications are suppressed, but may be used in PSACHS 
 
# kertoPnlPlyNumActual=[7,7,8,9,10,11,13,15,17,19,21,23,25] 
# kertoPnlPlyNumActual_dict = dict(zip(list(range(len(kertoPnlPlyNumActual))),kertoPnlPlyNumActual)) 
# 
kertoPnlLayupActual=[(0,90,0,0,0,90,0),(0,0,90,0,90,0,0),(0,0,90,0,0,90,0,0),(0,0,90,0,0,0,90,0,0),(0,0,90,0,0,0,0,9
0,0,0),(0,0,90,0,0,0,0,0,90,0,0), 
#(0,0,90,0,0,0,90,0,0,0,90,0,0),(0,0,90,0,0,0,0,90,0,0,0,0,90,0,0),(0,0,90,0,0,0,0,0,90,0,0,0,0,0,90,0,0),(0,0,90,0,0,0
,90,0,0,0,0,0,90,0,0,0,90,0,0), 
#(0,0,90,0,0,0,90,0,0,0,90,0,0,0,90,0,0,0,90,0,0),(0,0,90,0,0,0,0,90,0,0,0,90,0,0,0,90,0,0,0,0,90,0,0),(0,0,90,0,0,0,0,
0,90,0,0,0,90,0,0,0,90,0,0,0,0,0,90,0,0)] 
# kertoPnlPlyNum=[5,5,5,5,5,5,7,7,7,9,11,11,11] 
# 
kertoPnlPlyDir=[(0,90,0,90,0),(0,90,0,90,0),(0,90,0,90,0),(0,90,0,90,0),(0,90,0,90,0),(0,90,0,90,0),(0,90,0,90,0,90,
0),(0,90,0,90,0,90,0),(0,90,0,90,0,90,0), 
# (0,90,0,90,0,90,0,90,0),(0,90,0,90,0,90,0,90,0,90,0),(0,90,0,90,0,90,0,90,0,90,0),(0,90,0,90,0,90,0,90,0,90,0)] 
# kertoPnlPlyDir_dict = dict(zip(list(range(len(kertoPnlPlyDir))),kertoPnlPlyDir)) 
# 
kertoPnlPlyTck=[(0.003,0.003,0.009,0.003,0.003),(0.006,0.003,0.003,0.003,0.006),(0.006,0.003,0.006,0.003,0.00
6),(0.006,0.003,0.009,0.003,0.006),(0.006,0.003,0.012,0.003,0.006),(0.006,0.003,0.015,0.003,0.006),(0.006,0.003,
0.009,0.003,0.009,0.003,0.006),(0.006,0.003,0.012,0.003,0.012,0.003,0.006),(0.006,0.003,0.015,0.003,0.015,0.00
3,0.006),(0.006,0.003,0.009,0.003,0.015,0.003,0.009,0.003,0.006),(0.006,0.003,0.009,0.003,0.009,0.003,0.009,0.0
03,0.009,0.003,0.006),(0.006,0.003,0.012,0.003,0.009,0.003,0.009,0.003,0.012,0.003,0.006), 
# (0.006,0.003,0.015,0.003,0.009,0.003,0.009,0.003,0.015,0.003,0.006)] 
# kertoPnlPlyTck_dict = dict(zip(list(range(len(kertoPnlPlyTck))),kertoPnlPlyTck)) 
# 
kertoPnlPlyTckSand=[(0.001,0.003,0.009,0.003,0.003),(0.004,0.003,0.003,0.003,0.006),(0.004,0.003,0.006,0.003,
0.006),(0.004,0.003,0.009,0.003,0.006),(0.004,0.003,0.012,0.003,0.006),(0.004,0.003,0.015,0.003,0.006),(0.004,0.
003,0.009,0.003,0.009,0.003,0.006),(0.004,0.003,0.012,0.003,0.012,0.003,0.006),(0.004,0.003,0.015,0.003,0.015,
0.003,0.006),(0.004,0.003,0.009,0.003,0.015,0.003,0.009,0.003,0.006),(0.004,0.003,0.009,0.003,0.009,0.003,0.00
9,0.003,0.009,0.003,0.006),(0.004,0.003,0.012,0.003,0.009,0.003,0.009,0.003,0.012,0.003,0.006), 
# (0.004,0.003,0.015,0.003,0.009,0.003,0.009,0.003,0.015,0.003,0.006)] 

# kertoPnlPlyTckSand_dict = dict(zip(list(range(len(kertoPnlPlyTck))),kertoPnlPlyTck)) 
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Annex A.II PSACHS development information 
Title:  Python Script for Abaqus for Closed Hollow Sections (PSACHS) 
Author:   Sveinung Nesheim 
Organisation: NTNU, Norway 
E-mail:            sne@ntnu.no 
Current version:   See version history below 
Version date:      2020.03.06 
About 
Description: 
Theoretical presumptions: 
Code written for Abaqus 2017 
Language: Python 2.7.3 
Versioning and change control 
VERSION HISTORY including: LAST WORKING VERSION (LWV) + WORK IN PROGRESS (WIP) 
Change control (MAKE SURE TO UPDATE THE PARAMETER PSACHSver): 
7.4.1 (20200306) Replace screedMassDensity and screed_tck with overlayDstrMass 
7.4.0 (20191025) Added concrete as Concrete Damage Plasticity + optional interaction to flanges (tie or cohesive) 
in five new parameters: topFlgIntAct,btmFlgIntAct,Knn,Kss,Ktt; Functions objectFunction() and cvtyMass() 
removed. Parameters sandBagType and sandBagFormat kept but obsolete. 
7.3.n The Tampere editions: 
7.3.0 (20191010) (Splitting material properties to seperate file) 
7.3.1 (20191010) Introducing option of different center joist section 
7.3.2 (20191022) Added line support for suspension of floor along transverse edge of top flange 
7.2.5 Dynamic odb reference: Get current viewport session 
7.2.4 Include PSACHS VERSION CODE for reference to which script is run to generate the given results (also used 
for static text file entrypoint used by the General Data Swipe in iSight) 
7.2.3 Make running routines and sequences more robust: moved userInput() to final query; hardcoding SID and 
referencing from that single point; defaultParameters now contidionally; query on GUImode 
7.2.2 In performJob() look for .lck-file and remove if found + explicitly open .odb in read-only mode. jobID not 
implemented. 
7.2.1 Revert to let pair be collected from textfile rather that being generated in setup() 
7.2.0 Cleanup and fixing bugs in finding nodes, as well as general cleanup of generation of names and numbers and 
filenames 
7.1.1 Change from static to dynamic file reference (including path to current working directory) for in and out data 
+ two seperate out-files (current and appended results) 
7.1.0 Change from axial springs to 3D-linear uncoupled cartesian springs and removal of BC when spring-conditions 
7.0.0 Object function as new script function 
6.4.0 Change wire section assignment in ln2753, 2756 
6.3.0 Based on 6.2.3: Functionality for copying parts with new names to a pattern in assmebly using LAP#-identifier 
6.2.3 Changes to applicator and receiver: ln727, 728 
6.2.2 20180924 ln3186 to 3196 BC free clamped 
6.1.1 20180530 Seperate A0F0_receiver tied to bottom flange to probe deflections 
5.n Seperate applicator for load definition 
4.n Flexible end restraints 
3.n Text file read and write 
2.n Shell and solid 
1.n Solid base feature only 
References 
Dassault Systémes (2007). Element selection in Abaqus, Dassault Systèmes Simulia corp. 
Dassault Systèmes (2014). Abaqus analysis user's guide, Dassault Systèmes Simulia corp. 
Dassault Systèmes (2014). Abaqus/Standard Element Index, Dassault Systèmes Simulia corp. 
Mirianon, F., et al. (2008). A Method to model wood by using ABAQUS finite element software : Part 1. Constitutive 
model and computational details. VTT Publication 687, [Espoo, Finland] : VTT Technical Research Centre of 
Finland. 
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Annex A.III PSACHS input file format 

Line Parameter Format Description 

0 pair int 
Running number (per series) from 
the input file forwarded to the output 
file as a quality control measure 

1 SN int 
Analysis serial number. Used in 
combination with Pair for a unique 
identification of an analysis. 

2 seriesDscr str Description of the purpose or 
intention with a series of analyses. 

3 bcType str 

Boundary condition types:  
bcType=='BCFF':  Free-Free: No 
restraining BC: Free-free oscillations 
bcType=='BCLN':  Floor element is 
suspended in a continuous hinge 
along transverse edge of top flange 
bcType=='BCPR':  Floor element is 
suspended in a continuous hinge 
peripherally around top flange 
Pinned connections: All translations 
constrained at bottommost fibres 
either along horizontal edge (solid 
edge joists) or on central vertex 
(shell edge joists) 
bcType=='BCFP':  Free-Pinned: 
Realistically pinned with no residual 
horizontal forces from deflection 
bcType=='BCXP':  Fixed-Pinned: 
Standard pinned with residual 
horizontal forces from deflection 
Hybrid connections (pinned and 
clamped): BC assigned to the edge 
joists end face (solid edge joists) or 
vertical edge (shell edge joists) 
bcType=='BCFH':  Free-Hybrid: 
One side clamped and the other side 
pinned with free translations in the 
horizontal plane 
bcType=='BCXH':  Fixed-Hybrid: 
One side clamped and the other side 
pinned with fixed translation 
Clamped connections 
bcType=='BCFC':  Free-Clamped: 
Both sides clamped but with free 
translation i X-direction at X0-level 
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bcType=='BCXC':  Fixed-clamped: 
Both sides standard clamped as 
defined in Abaqus 
Boundary conditions with connector 
behaviour (normally cartesian 
springs): Insert any number 
representing rotational stiffness in 
Nm per radians after ‘S*’ 
bcType.startswith( 'SP', 0, 2 ):# X0 
side spring (S) and X1 side pinned 
(P) 
bcType.startswith( 'SC', 0, 2 ):  X0 
side spring (S) and X1 side clamped 
(C) 
bcType.startswith( 'SS', 0, 2 ):  Both 
sides with spings (SS) 
bcType.startswith( 'SFE', 0, 3 ):   # 
XO side spring and X1 as Free End 
(FE) 
Following the two first letters: 
Choose whether the BC at X0 is free 
to translate along X-direction or not 
(F or X) 
Valid keys: SPF; SPX; SCF; SCX; 
SSF; SSX 
SFE: Cantilever with specified 
rotational stiffness 
Note: If the connection is pinned the 
edge joists only rest on the 
lowermost fibre: edge for solid, and 
point (vertex) for shell. 
If the connection is fixed (encastre), 
the edge joist is fixed along the 
entire height of the beam: surface for 
solid, and along edge for shell. 
For an intermediate realistic 
rotational stiffness, the rotational 
spring is attached to the entire height 
of the beam as for fixed connection 

4 D22 float 

Axial stiffness in N/m. Note that 
D11 is not used since the value is 
related to rotational stiffness and not 
axial stiffness 

5 D33 float Axial stiffness in N/m 
6 ptLoad float Point load in N 
7 dstrLoad float Distributed load N/m^2 
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8 span float Span 
M modWid float Module width 
10 cvtyHgt float Cavity height (height of joists) 
11 edgJst0_wid float Width of edge joist 0 
12 edgJst0_off_y float Inward offset of edge joist 0 
13 edgJst1_wid float Width of edge joist 1 
14 edgJst1_off_y float Inward offset of edge joist 1 
15 edgBeam0_wid float Width of edge beam 0 
16 edgBeam1_wid float Width of edge beam 1 

17 diffCntJst str 
Y or N. If Y (Yes) then the centre 
joist differs from the field joist 
dimensions. 

18 evenJstCvty str 
Y or N. If Y (Yes) the distribution of 
joists is done at even cavity spacings, 
else at even centre distances. 

19 cntJst_wid float Width of centre joist 
20 fldJst_num int Number of field joists 
21 fldJst_wid float Width of field joists 
22 fldTrns_num int Number of transverse stiffeners 
23 fldTrns_wid float Width of transverse stiffeners 
24 topFlg_tck float Top flange thickness 
25 btmFlg_tck float Bottom flange thickness 
26 edgJst0_mtrl str Edge joist 0 material 
27 edgJst1_mtrl str Edge joist 1 material 

28 SC_mtrl str Specification of material for 
stiffening stringers 

29 edgBeam0_mtrl str Edge beam 0 material 
30 edgBeam1_mtrl str Edge beam 1 material 
31 cntJst_mtrl str Centre joist material 
32 fldJst_mtrl str Field joist material 
33 fldTrns_mtrl str Field transverse stiffener material 
34 cvtyMassDensity float Density of cavity mass 
35 sandBagType str Not applicable 
36 sandBagFormat str Not applicable 

37 cvtyDstrMass float Density of distributed mass on 
bottom flange 

38 topFlg_mtrl str Top flange material 

39 topFlgIntAct str 
If “Cohesive” the spring/shear 
stiffness of the interaction between 
flange and web is applied. Else tied. 

40 topFlgKnn float Specification of stiffness between 
flange and web in direction of NN. 
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41 topFlgKss float Specification of stiffness between 
flange and web in direction of SS. 

42 topFlgKtt float Specification of stiffness between 
flange and web in direction of TT. 

43 topFlg_plyNum int Number of plies formulated for the 
top flange. 1 for normal base feature. 

44 topFlg_plyOrient float 

Orientation of fibres of plies with 
respect to longitudinal axis. The 
orientation of stacked plies have 
alternating signs. 

45 btmFlg_mtrl str Same definitions as for top flange 
46 btmFlgIntAct str 
47 btmFlgKnn float 
48 btmFlgKss float 
49 btmFlgKtt float 
50 btmFlg_plyNum int 
51 btmFlg_plyOrient float 

52 overlayDstrMass float Distributed mass on top flange 
(weight of overlay) 

53 edgJst_membType str Shell or solid 
54 edgBeam_membType str Shell or solid 
55 cntJst_membType str Shell or solid 
56 fldJst_membType str Shell or solid 
57 fldTrns_membType str Shell or solid 
58 topFlg_membType str Shell or solid 
59 btmFlg_membType str Shell or solid 
60 seedSizeGlobal float Element size 
61 edgJst_elemCode key Element code 
62 edgBeam_elemCode key Element code 
63 cntJst_elemCode key Element code 
64 fldJst_elemCode key Element code 
65 fldTrns_elemCode key Element code 
66 topFlg_elemCode key Element code 
67 btmFlg_elemCode key Element code 
68 applicator_elemCode key Element code 
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Annex A.IV Script for PSD of individual walking load 
Title: PSD for individual walking load 
Author: Sveinung Nesheim 
Organisation: NTNU, Norway 
E-mail: sne@ntnu.no 
Language/version: Python 
 
This function is to obtain the PSD of individual 
walking load (with body weight) 
 
input: 
fp: walking frequency 
f_int: frequency internal 
W: body weight: unit in N 
 
output: psd_all - PSD of individual walking load (unit 
in N^2*s); f_all - frequency axis 
 
example input: 
[f_all,psd_all]=individualwalking_autoPSD(1.5,0.00
1,700) 
 
References 
 [1]   Chen, J., et al. (2019). "Power spectral-density 
model for pedestrian walking load." Journal of 
Structural Engineering 145(2): 04018239.  
 
import numpy as np 
import pandas as pd 
import matplotlib.pyplot as plt 
import seaborn as sns; sns.set() 
plt.rcParams["font.family"] = "Times New Roman" 
 
case=0 
 
# Pedestrian walking weight 
W=700 #[N] 
 
f_ps=[1.5, 1.65, 1.75, 1.8, 1.95, 2.0, 2.1, 2.25] 
f_p=f_ps[0] 
 
# Frequency internal 
f_int=0.001 
 
# List of harmonic and subharmonic indexes: 
intHarmon=np.linspace(0.5,4,8) 
 
# List of harmonic and subharmonic indexes including 
0: 
intAll=np.linspace(0,4,9) 
 
para=[] 
para.append(pd.DataFrame(index=['harmonic','subhar
monic'],columns=['A1','b1','sigma1','A2','b2','sigma2']
)) 
para[0].iloc[0,:]=[40.094,1,0.01,5.063,1,0.034] 
para[0].iloc[1,:]=[15.771,1,0.017,6.515,1,0.06] 
 
para.append(pd.DataFrame(index=['harmonic','subhar
monic'],columns=['A1','b1','sigma1','A2','b2','sigma2']
)) 
para[1].iloc[0,:]=[40.08,1,0.00999,5.061,1,0.03345] 

para[1].iloc[1,:]=[15.7710391853351,1,0.0168,6.514
57304910572,1,0.06029] 
 
sAll=[] 
sAll.append(pd.DataFrame(index=['a','b','c','d'],colum
ns=intAll)) 
sAll[0].loc['a',:]=[-0.0821,0.00110,-0.1383,-0.0017,-
0.0082,0.00090,0.00290,0.00150,-0.0016] 
sAll[0].loc['b',:]=[0.49520,-
0.0052,0.79370,0.00890,0.05570,-0.0047,-0.0144,-
0.0080,0.00890] 
sAll[0].loc['c',:]=[-0.8875,0.00860,-1.4124,-0.0153,-
0.1193,0.00810,0.02290,0.01440,-0.0158] 
sAll[0].loc['d',:]=[0.51690,-
0.0039,0.81220,0.00880,0.08380,-0.0044,-0.0107,-
0.0083,0.00990] 
 
sAll.append(pd.DataFrame(index=['a','b','c','d'],colum
ns=intAll)) 
sAll[1].loc['a',:]=[-0.020844075,-0.004349856,-
0.054719840654203,-0.001917956,-0.01713799,-
0.000210823,0.002557938,4.06E-04,9.03E-06] 
sAll[1].loc['b',:]=[0.174649793,0.023344148,0.35372
0472237947,0.010314941,0.10437207,0.001328438,-
0.012829301,-0.002142927,0.000163404] 
sAll[1].loc['c',:]=[-0.330947116,-0.040649458,-
0.646414042479735,-0.017665496,-0.207157649,-
0.002702621,0.020823946,3.69E-03,8.34E-05] 
sAll[1].loc['d',:]=[0.195922879,0.023988841,0.37079
5636752807,0.010111411,0.136285824,0.001985073
,-0.010003183,-0.001929422,0.000324677] 
 
def S(case,n): # for n=0,0.5,1,...,4 
    return 
sAll[case].loc['a',n]*np.power(f_p,3)+sAll[case].loc['
b',n]*np.power(f_p,2)+sAll[case].loc['c',n]*f_p+sAll[
case].loc['d',n] 
 
s=[] 
for i in range(len(intAll)): 
    s.append(S(case,intAll[i])) 
 
s0=s[0] 
s=s[1::] 
 
ssum=sum(s) 
beta=s0/ssum 
ss=s/ssum*s0 
f_all=np.arange(0,10,f_int) 
psdAll=np.zeros(len(f_all)) 
 
# Subharmonics 
for j in range(4): 
    ''' 
    See equation (6) in [1] 
    ''' 
    jj=j+0.5 
    f_start=np.argmin(abs(f_all-0.95*f_p*jj)) 
    f_part=np.arange(0.95,1.05,f_int/f_p/jj) 
    a1 = para[case].loc['subharmonic','A1'] 
    a2 = para[case].loc['subharmonic','A2'] 
    b1 = para[case].loc['subharmonic','b1'] 
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    b2 = para[case].loc['subharmonic','b2'] 
    c1 = para[case].loc['subharmonic','sigma1'] 
    c2 = para[case].loc['subharmonic','sigma2'] 
    psdPart = (a1*np.exp(-np.power((f_part-b1)/c1, 
2))+a2*np.exp(-np.power((f_part-b2)/c2, 
2)))/f_p/jj*ss[j*2]*W**2 
    f_end=f_start+len(psdPart) 
    psdAll[f_start:f_end]=psdPart 
 
# Harmonics 
for j in range(4): 
    f_start=np.argmin(abs(f_all-0.95*f_p*(j+1))) 
    f_part=np.arange(0.95,1.05,f_int/f_p/(j+1)) 
    a1 = para[case].loc['harmonic','A1'] 
    a2 = para[case].loc['harmonic','A2'] 
    b1 = para[case].loc['harmonic','b1'] 
    b2 = para[case].loc['harmonic','b2'] 
    c1 = para[case].loc['harmonic','sigma1'] 
    c2 = para[case].loc['harmonic','sigma2'] 
    psdPart = (a1*np.exp(-np.power((f_part-b1)/c1, 
2))+a2*np.exp(-np.power((f_part-b2)/c2, 
2)))/f_p/(j+1)*ss[j*2+1]*W**2 
    f_end=f_start+len(psdPart) 
    psdAll[f_start:f_end]=psdPart 
 
fig, ax = plt.subplots() 
plt.suptitle('PSD of individual walking load', 
fontsize=16) 
ax = plt.subplot(111, xlabel='Frequency [Hz]', 
                 ylabel='PSD [N^2/Hz]', 
                 title='') 
 
for item in ([ax.title, ax.xaxis.label, ax.yaxis.label] + 
ax.get_xticklabels() + ax.get_yticklabels()): 
    item.set_fontsize(12) 
ax.title.set_fontsize(12) 
plt.style.use('seaborn-whitegrid')#'seaborn-paper') 
plt.plot(f_all,psdAll) 
plt.set_yscale('log') 
 
def f(n): 
    return 
np.linspace(0.95*n*f_p,1.05*n*f_p,resolution) 
 
#Normalized frequency 
def f_norm(n): 
    return f(n)/(n*f_p) 
 
f_s=f_norm(1)*1*f_p 
 
# Two-term Gaussian PSD for single harmonic (or 
subharmonic) n in E(0.5, 1, ..., 4) 
def Gn(n): # for n=0.5,1,...,4 
    return 
(beta*S(n)/(n*f_p))*(PSDfit.loc[n,'A1']*np.exp(-
np.power((f_norm(n)-1)/PSDfit.loc[n,'sigma1'], 
2))+PSDfit.loc[n,'A2']*np.exp(-
np.power((f_norm(n)-1)/PSDfit.loc[n,'sigma2'], 2))) 
 
def plot_Gn(n): 
    fig, ax = plt.subplots() 
    ax.plot(f_norm(n), Gn(n)) 
    ax.set(xlabel='Normalized frequency f/(n*fp) 
[DL]', ylabel='Normalized PSD [DL]', 

title='Normalized single harmonic two-term Gaussian 
PSD fit') 
    ax.grid() 
    #ax.set_ylim(0,50) 
    #fig.savefig("test.png") 
    plt.show() 
 
plot_Gn(0.5) 
fig, ax = plt.subplots() 
for i in range(len(intHarmon)): 
    ax.plot(f_norm(intHarmon[i]), Gn(intHarmon[i])) 
 
ax.set(xlabel='Normalized frequency f/(n*fp) [DL]', 
ylabel='Normalized PSD [DL]', title='Normalized 
two-term Gaussian PSD fit for all harmonics') 
ax.grid() 
#ax.set_ylim(0,50) 
ax.set_xlim(0.95,1.05) 
#fig.savefig("test.png") 
plt.show() 
 
G=np.zeros(resolution) 
for i in range(len(intHarmon)): 
    G+=Gn(intHarmon[i]) 
 
fig, ax = plt.subplots() 
ax.plot(f_norm(1), G) 
ax.set(xlabel='Normalized frequency f/(n*fp) [DL]', 
ylabel='Normalized PSD [DL]', title='Normalized 
two-term Gaussian PSD fit') 
ax.grid() 
#ax.set_ylim(0,50) 
#fig.savefig("test.png") 
plt.show() 
 
Scaling (denormalization) 
 
def Gn_denorm(n): 
    return W**2/(n*f_p)*Gn(n) 
 
G_denorm=np.zeros(resolution) 
for i in range(len(intHarmon)): 
    G_denorm+=Gn_denorm(intHarmon[i]) 
 
 
fig, ax = plt.subplots() 
plt.style.use('seaborn-whitegrid')#'seaborn-paper') 
ax.plot(f_norm(1), G_denorm) 
ax.set(xlabel='Normalized frequency f/(n*fp) [DL]', 
ylabel='Scaled PSD [N^2/s]', title='Scaled two-term 
Gaussian PSD fit') 
ax.grid() 
#ax.set_ylim(0,50) 
#fig.savefig("test.png") 
plt.show() 
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Annex A.V Technical drawings of thin field web floor element 
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Annex B. Philosophic exercises 
Two short texts in Norwegian were written during the doctorate. The texts are 
personal philosophical exercises concerning the fatigue and the meaningfulness, and 
on the selection of methods, in relation to the doctoral process. 
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Annex B.I Skrik I – Slit i ukjent terreng 

Ein har ei viss formeining om kvar ein skal, og ei slags vissheit eller von om at målet 
vil tre klarare fram di nærare ein kjem, men vegen dit er krevjande og lang. Nett no 
er det tett kratt og skodda er tjukk og klam i bratta. Terrenget er òg uvant no i 
byrjinga, og tidt vert det så ulent og stygt at ein lyt gå rundt eit gjel eller ein knaus 
ein uforvarande har gått seg fram på. Og på veg over høgda, når ein skimtar varden 
og skal byrje å forsvare sine val, vert ein piska av kaldt og stikkande drev i ansiktet 
medan vinden uanstrengd filleristar deg, og spør med si krasse røyst om kvifor du 
kom hit. Stormen kastar vêret i tette råk over kammen og i korte augneblink bles den 
sjølv egga fri for skodde og let ein skimte landskapet der framme. Oftast ser ein berre 
ei ny seig stigning eller beint fram uframkomelege opprivne fjell som kneisar opp 
framfor deg, og ein dett mest i hop vonlaus, men utan mykje val. Men stundom let 
ein sjå eit fagert landskap der framme og vinden stryk deg kjærleg langs andletet og 
tørkar tårene etter slitet og liksom ønsker deg god tur vidare. Det er når ein kjem seg 
opp ei forferdelig kneik eller står på ein tinde og kan legge ruta i eit augneblink av 
godt vêr at det godt å gå og det heile gjev meining for ei tid. Men når kulden og 
myrkre trugar og ein ikkje ser handa framfor seg og vinden skrålar og kvin om farar 
og samanhengar ein ikkje klarer å fatte, ja då er det så tungt at ein mest vil gje opp. 
Men kva skal ein gå attende til? Har ein ikkje forlate alt det trygge for å klare denne 
reisa? Det er ingen veg attende, og ein lyt stå i vêret og lære vinden sitt språk og 
terrenget og lese. Ditt våpen er vilja og motet, og om det ser håplaust ut kan du ikkje 
gje deg, for du har ikkje noko anna val du forpinte akademiske infanterist. Men 
medan ulvane jagar din såre tanke og bol, kan det hende at det er du som vinn og 
ulvane vert magiske fortryllande hyl under nattesvart kvelv. Kan hende du stoggar 
opp og blir var månen som lyser mildt og med sitt bleike lys syner deg eit gamalt 
trakk. Her har det gått andre før deg. Ein ser ut til å ha freista og gå langsetter ei smal 
berghylle bortover der, og ein annan latar til å ha klive bortetter eggja der oppe. 
Fotefara frå andre vitnar om at denne reisa ikkje kan vere heilt meiningslaus. Der 
inne i hugen brenn det eit ønske om å bidra med noko. Om å snu nokre nye steinar 
og pirke i noko som kan vere til det beste for alle. Om det er noko aldri så lite så er 
det verd å kjempe for. Og så må ein berre stundom løfte blikket for å erkjenne nettopp 
det og slik hente mot. Ein må glede seg over strabasane òg. For dette er også undringa 
og forundringa si reise, og dei rikaste skildringane finn du der andre ikkje har sett. 
Ikkje vær redd for å krype i ukjende krokar eller balansere på dei yste steinane. Kun 
den duglege vil forfølge det dulgte, og morgonsola varmar like godt den yste post 
som den inste krins. Ein dag vil også du stå ved det som virka som ein utilgjengeleg 
varde og forstå vinden sitt språk og tale med den om kva du har funne og gjort.  
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Annex B.II Skrik II – Strinakkjen og jordormen 

Eg stend i regnet og bryt stein. Nokre er handterlege fine stablesteinar i gneis og 
gabbro, andre er store emner i granitt, men oftast med god kløv. Eg har eit godt blikk 
for slikt, og ei gamal steinsleggje som ligg så godt i nevane. Med godt handelag og 
nokre gode meislar er det mest ei glede, skjønt stundom må ein snakke litt med 
steinen. Eit par fine tette blokker har eg funne til overdekning og er omhyggelig 
plassert med strø mellom. Steinar som er runde og små legg eg i rydningsrøys bortpå 
her. Eg vil mure meg ei lita stove her. Snorbein og tett, og på utsida ei heling inn. Eg 
har så mange planar at eg veit mest ikkje kvar eg skal byrje. Eg løfter på hua og ser 
inn i vêret. Det har regna støtt dei siste dagane, og ryggen verker etter å ha velta og 
slite på ugripelege steinar. Oppe i sprengningsrøysa braut eg fleire enkelt ut med 
talje og stubbebrytar, men her nede sit dei djupt i molda og no står eg fast med ein 
skikkelig strinakkje. Jorda ligg våt og sleip og eg klarer verken å tyde form eller 
storleik. Når eg støtar spettet mot den lét den ikkje som fjell, og eg tek til å grave 
vekk jord langs eine sida før eg legg brystet på steinen og med handa let fingrane 
varsamt følge steinen ned i den blaute jorda til eg så vidt vert var ei formendring før 
den forsvinn i djupe molda. Eg veit ikkje om det er eit søkk eller botnen, men eg tek 
straks ein anna stein og legg ned i molda og køyrer jarstauren ned mellom steinane 
og støyter og tvinger enden på plass der kor søkket tykkjest å være. Så prøvar eg 
forsiktig, men vogamaten er for mjuk i molda. Eg vil grave vekk meir, men dess meir 
eg grev dess meir regnvatn renn ned i holet og snart er det ikkje råd å sjå kva eg gjer. 
Eg legg eit par solide stablesteinar i lad i søla før eg på ny set spettet ned mellom 
steinane. Denne gongen er det godt hold og eg synest eg får lea den, men idet eg legg 
meg over spettet, brest ein av dei fine stablesteinane og eg forbannar tankeløysa. Eg 
står og plukker på trebolane då Kjell kjem forbi og spør meg om livet og slikt og eg 
forklarar han om strinakkjen. Han har arbeidd med litt av kvart og vil låne meg ei 
gammal fjellboremaskin han har ståande (om eg berre er varsom med boret). Det er 
eit tungt beist han kjem attende med og eg balar med å få den i gong. Sola bryt såvidt 
gjennom skylaget idet eg steller med luftfilter og vøler stiften, og vêret er beint fram 
godt når eg freistar å få start igjen. Eg dreg så jævlig i snora at pulsen hamrar i panna 
og svetten renn under helsetrøya, og eg trur eg skal få infarkt idet maskina endelig 
tenner nokre slag. Ikkje lenge etter står eg tilfreds i ei sky av solbaka steinstøv og to-
taktseksos. Maskina slår illtert under meg og sjølv om eg slit noko jævlig med å løfte 
den oppatt når den med eitt forsvinn under meg, så veit eg at dette er ein stein og 
ikkje berg. Ikkje lenge etter er det to fine borehol i steinen, og med kile og blikk er 
problemet håndterlig. Den eine delen legg seg tungt over og havnar djupt ned i det 
vassfylte holet. Men det er greitt. Slik er det når ein bryt og snur steinar, for livet 
eller murlivet. Det er altets ibuande faenskap og det kan ein ikkje rå med. Det er vel 
kva professor Colin Macfarlane ved Strathclyde kalla jordormen. Men i morgon vert 
vêret godt og problemet mindre enn halvparten av kva det var i dag.



Competitive timber floors – Notes 

317 

 




