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Abstract


A structural design analysis in an LCA (Life Cycle Assessment) perspective
using common tools from the building industry has been carried out. The
ambition has been to select tools that are easily integrated in the initial design
process by the architects and also easily adapted in the industry. The task has
been to perform real-time analysis of the structural design in a building in order
to create an interactive work process enabling the combination of architectural
and engineering skills in a dynamic design process. The goal has been to create
a tool that would support and enable a sustainable building design and an early
implementation of LCA. The analysis is using the visual platform of Rhino
with the parametric program Grasshopper combined with the finite element
program Karamba. The building and structure used for the analysis is the
planned Art Gallery Konsthall Tornedalen. The results of the analysis show
that through different steps of optimisation the weight of the structure can
significantly reduced. The steel and wooden structures that were designed and
optimised were additionally tested through on-the-fly LCA in the online software
Quantis Suite. A discussion of the analysis and the results from using the
different tools are summing up new ideas, perspectives and recommendations
relating to the continued design process of the case building and in general. A
dynamic design process combining architectural and engineering skills will be
enabled and fueled by the use and further development of tools as the ones used
in this thesis.



(4)This thesis is prepared at the Department of Civil Engineering at the Technical
 University of Denmark in fulfilment of the requirements for acquiring an M.Sc.


in Civil Engineering.


The ambition has been to combine sustainable building design and early imple-
 mentation of Life Cycle thinking in a design process. A parametric design tool,
 Grasshopper, is used in order to analyze and compare two construction concepts
 e.g. wood and steel as well as suggesting methods for optimizing the Project
 Kunsthall Tornedalen by the Finnish architects OOPEAA1. Furthermore Life
 Cycle Assesments will be carried out on-the-fly2 during the optimisation.


My ambition is that the findings in this project will contribute to the further
 design process of the case study. The investigated method of designing through
 an integrated structural optimisation in the early design phase will enhance the
 sustainability of the entire structure.


1The Office for Peripheral Architecture


2The activity is developed dynamically rather than being a result of something that is
statically predefined
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Introduction


In this chapter the motivation for the report is explained, the problem statement
is defined and the structure of the rest of the report is outlined.
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1.1 Motivation


Increasing awareness on the commercial and branding value of sustainable mate-
 rials and structures in the construction industry has initiated the policy makers
 to utilize the commonalities between the Nordic building traditions and define
 a common Nordic framework for a sustainable built environment - the Nordic
 Built Programme.


Through research the aim is to develop and demonstrate new concepts for sus-
 tainable construction. Increasing the level of sustainability in the built environ-
 ment can be done through developing design methods and early design stage
 tool [Hansen and Sattrup, 2014]. Investment of knowledge and time is needed in
 order to enhance the sustainability of a project as introduced by P. MacLeamy
 in 2004 [MacLeamy, 2004]. The aim of bringing construction thinking into the
 design process in order to save the overall costs of a project was introduced by
 Boyd C. Paulson in 1976. He stated that the expenditures are small in the early
 design phase of a project and the typical engineering and design fees amount to
 well under 10% of the total construction costs [Paulson, 1976].


This project will revolve around the need for an early knowledge investment
 in the design process and how this is possible. The sustainability focus will
 be on the load-bearing structure and its contribution to the overall material
 consumption of a building. By optimising the primary structural system it is
 thought to increase the overall sustainability of the building. Thus an early
 investment of engineering resources in the design phase can show economical
 and environmental benefits.


With inspiration from the project of Aleksander Probst Otovic [Otovic, 2015],
 who created an LCA design tool allowing the user to gain feedback from the
 very first digital sketch, the foundation and inspiration for this project was
 established. Creating a tool giving simultaneous feedback on the use of material
 for the load bearing structure would make it possible to decrease the material
 consumption and enhance a more sustainable design in the early design stage.



1.2 Literature Study


The term sustainability has been known for centuries, seen as early as 1752 in
 German forestry, where wood was the most important raw material at the time.


To ensure the establishment of the forests, a long term perspective plan was
launched and was called sustainability. Later on the publication The Product-



(10)Life Factor [Stahel, 1982] claimed that having a longer use of products would
 contribute to a transition towards a sustainable society. It relies on life cycle
 thinking and argues for an industry able to handle recycled material, as well as
 an ecological industry and a design for disassembly. The principles for ecological
 sustainability written by Nebel and Wright in 1996,[Gilbert, 1987] addresses the
 issue of resource recycling. They recommend the avoidance of linear waste flows
 in society leading to waste dumps on land, in water or in the atmosphere. A
 natural extension to this point of view is the concept of circular economy, which
 was introduced in 1966 by K. Boulding [Boulding, 2000].


Later on the term sustainability was introduced by the European Union, be-
 cause of the increasing consumption of natural resources. Due to the large
 amount of natural resource consumption and waste production in highly devel-
 oped regions, the European resource strategy, including the concept of Circular
 Economy (CE) started gaining impact. It is seen as a model able to transform
 the known and present "take-make-dispose" economy [Grassbauer, 2015]. The
 implementation of circular economy and thus improved resource productivity is
 recognized in the construction industry as beneficial. The transition to a more
 circular economy requires changes throughout the value chains and is also of
 concern to the construction industry [Smol et al., 2015]. As the economy is
 improving, the social and environmental indicators of sustainable development
 are drawing attention to the construction industry. The result is a construction
 sector under more scrutiny by the regulators and public than ever [Smol et al.,
 2015]. New initiatives such as Ressource City in Næstved, Denmark, focuses on
 up-cycling and waste as a resource for new production. The goal is to establish
 an industry cluster of green productions benefitting from one another [Lendager,
 2014]. A. Zaman describes azero waste city index which engages in entire cities,
 competing on their waste diversion rate as a tool to measure the performance
 of their waste management systems [Zaman and Lehmann, 2013].


The tool Life Cycle Assessment (LCA) can succesfully be used in order to create
 decisions enhancing sustainable building design and construction. A common
 practice is to consider energy comsumption during the period of use, the main
 indicator of the environmental impact of a building [Guardigli et al., 2011].


The building material affects the primary energy use and the greenhouse gas
 emissions of a building [Dodoo et al., 2012].


Efficient use of resources in order to meet the requirements and needs of present
and future generations whilst minimizing the adverse effects on the natural
environment is of concern. The direct impact from buildings on the environment
can be seen in the extraction and use of raw materials and the emission of
harmful substances throughout the building’s life cycle [Ding, 2014].
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1.3 Problem Definition


The theme of this report concerns an optimisation of the way we utilize our re-
 sources in the building industry. The construction industry, including housing,
 is known to contribute to about 44% of all extracted materials from Earth’s
 biological or mineral resources [Roodman and Lenssen, 1994]. In addition, the
 construction industry contributes to a third of the total landfill waste stream
 [Kibert et al., 2002]. Therefore Navid Hossaini argues that the construction
 and building industry is in dire need for developing sustainability assessment
 frameworks and tools to evaluate and integrate related environmental and so-
 cioeconomic impacts [Hossaini et al., 2014].


The main thesis of this report is that it is possible to reduce the environmental
 impact of a construction through a dynamic, real-time integrated design process,
 using modern design programmes.


The main thesis is divided into three sub-theses:


• It is possible to use existing design tools to facilitate a dynamic design
 process, involving both architects and engineers.


• It is possible to create a model featuring structural design of a building
 enabling an optimisation of the material efficiency.


• It is possible to use an existing LCA tool in the preliminary design process
 to document the environmental impacts of the building on-the-fly.


The programs used by the architects are investigated through a limited empirical
 study in order to find a suitable software platform.


The thesis concerning the creation of a model that can be used to perform a
 structural design analysis is developed on the basis of the art gallery, Konsthall
 Tornedalen, designed by the architectural office OOPEAA.


Based on the developed model and optimisation performed on the Konsthall
 Tornedalen an LCA tool is used to determine the environmental impact of the
 structure.


The above found results will be evaluated and put into perspective through a
discussion.
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1.4 Structure of the Report


The report consists of five primary chapters: Introduction, Theory, Case study,
 Analysis and Discussion. The introduction, motivation and problem statement
 of the report has been presented in the previous sections. The theory chap-
 ter introduces the architectural design process (ADP) and its use of different
 software programs as well as Life Cycle Analysis (LCA) and thinking (LCT).


The case study presents the case for the thesis, provided by OOPEAA, and the
overall Nordic Built Project. The analysis contains two sections: A structural
analysis and a Life Cycle Analysis. The structural analysis analyses the case and
optimises it. The Life Cycle Analysis compares the two optimised structures in
steel and wood. In the discussion the results and the program are discussed as
well as the theory, the relevance of the project and how it can be of use to the
industry.
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Chapter 2



Theory


In this chapter the existing design tools and architectural design processes are
investigated empirically in order to find a suitable software platform able to
facilitate a dynamic design process, allowing the involvement of both architects
and engineers.
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2.1 Tools in the Building Industry


In this section the architectural design process will be investigated on the basis
 of communication with the partners OOPEAA and Vandkunsten involved in the
 STED Programme1. The term life cycle analysis and life cycle thinking will be
 investigated and a suitable software platform will be explored.



2.1.1 The Architects’ Design Process and their Tools


2.1.1.1 Introduction


The architectural design process has been a subject of discussion through time.


In 1976 Boyd C. Paulson [Paulson, 1976] introduced a curve, describing the
 decreasing level of influence throughout the design process. He showed that the
 cost of the project would increase by time. A similar idea was brought forward
 by P. MacLeamy in 2004 as can be seen in Figure 2.1 [MacLeamy, 2004].


The illustration in Figure 2.1 shows that early design decisions increase the
 possibility to influence the outcome at a minimal cost. The further into the
 project planning, the more costly changes are to implement. MacLeamy thus
 advocates for a change in the design process towards an early implementation
 of investments in order to reduce the cost of design changes later in the process.


Mary-Ann Knudstrup introduced a more holistic approach to sustainable archi-
 tecture through an integrated design process. It is an iterative design process
 which focuses on integrating engineering and architectural knowledge in order
 to allow the design of sustainable buildings. The process does not ensure an
 aesthetic or sustainable solution to a project, but enables designers to control
 and consider the many parameters in a project. Thus a more holistic sustainable
 solution can be achieved [Knudstrup, 2004].


An iterative and early investment of knowledge is thus important in order to
 secure a satisfactory sustainable design as well as decreasing the need for late
 and expensive changes.


1Sustainable Transformation & Environmental Design Programme,
http://www.stednetwork.org/
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Figure 2.1: MacLeamy Curve by P. MacLeamy [MacLeamy, 2004]


Curve 1: The ability to impact cost and functional capabilities decreases as the
 design proceeds


Curve 2: The cost of design changes increases as the design process progresses
 Curve 3: The tranditional design process


Curve 4: The integrated design process


2.1.1.2 The Architectural Design Process of the Partners


The design process for the architectural company OOPEAA was described by
 Kazunori Yamaguchi as driven traditionally by hand drawings. The projects are
 then followed by CAD drawings, mainly consisting of ArchiCAD and sometimes
 AutoCAD. Visualisations are checked by scale models, 3D views in ArchiCAD
 or SketchUp. See Appendix A for more detials on the correspondance.


The working process by another partner of the STED program, the architectural
 company Vandkunsten, has stated that they also work with hand drawings,
 AutoCAD and SketchUp. Furthermore they work with Revit and Rhino. Søren
 Nielsen from Vandkunsten emphasized the increasing demand for handling many
 different programs as the programs develop and supplement each other or work
 as plug-ins in relation to each other. He saw the possibilities for implementing
 new parameters in the initial design stage such as on-the-fly Life Cycle Analysis
 (LCA) as highly useful [Hansen and Sattrup, 2014]. The statement was verified
 by Jan Kauschen2and it was further added that Vandkunsten try to implement
 Revit earlier in the design phase as Revit will continue to allow for extended
 analysis such as sun and wind analysis. Furthermore Vandkunsten is using Revit


2Verified by Jan Kauschen, LCA Expert, Vandkunsten, February 2016



(16)to extract quantities in order to conduct quick LCA and LCC assesments. See
 Appendix B for more detials on the correspondance.


The architectural companies mentioned have similar work processes in the initial
 design stages. They need an intuitive and creative program in order to create
 visions for a building. The 3D modeling program SkethUp is thus a reasonable
 choice due to its wide range of applications, open source library and support of
 third-party plug-ins.


For the project planning the architects used different programs, both 2D and
 3D, from ArchiCAD and AutoCAD to Revit. ArchiCAD and AutoCAD was
 also used in the early design stage. The 3D modeling program Revit, is too spe-
 cialised in order to be of use in the initial design phase, although Jan Kauschen
 predicts its progressively earlier use throughout a design. In the later project
 planning Revit proves useful as it is able to handle several programs, allowing
 clash detection tests, economical estimates as well as planning and scheduling
 programs can be used. Revit is thus allowing different consultants to work
 together on a multi-dimensional platform [Harrison and Zealand, 2015].


The platform and program allowing different stakeholders to work together on
 a building already exist, such as Revit. A design program allowing optimisation
 of e.g. the structural system in the initial design stage is absent. Being able
 to create a program allowing for different inputs, as the design is being shaped,
 is needed. Thus programming is needed to create suitable models for specific
 cases in the early design stage.


The software has improved since 2005, where the holistic approach to sustainable
 architecture was described [Hansen and Knudstrup, 2005], thus enabling differ-
 ent programs to perform various analyses in the early design stage. Sketchup
 has plugins as u-value calculators, daylight factor and solar pattern simulations.


Major design decisions regarding the building’s geometry and thereby struc-
 tural layout is made in the initial design phase, typically by architects before
 involvement from engineers. In order to enable an integration of the structural
 input during the conceptual design a real-time interactive programme is needed
 [Mueller and Ochsendorf, 2013].


In order to achieve a more integrated design approach, Caitlin Mueller suggests
that a team of architects and engineers collaboratively develop design alterna-
tives that perform well structurally and achieve the architectural design goals
during the conceptual design. As the design process is often uncertain of the ob-
jectives and constraints at the beginning, an evaluative and iterative approach
is necessary. Having a tool allowing the designers to interact with a computer
algorithm, helping to decide which design to pursue would be a desirable design
method [Mueller and Ochsendorf, 2013].
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2.1.1.3 3D modeling tools, early design stage and FEM-calculations


In order to optimise the structure, calculations of the structural performance
 must be made. Thus is finite element method programs needed in order to
 carry out the calculations on e.g. the load-bearing structure and in this way
 optimise the structural ability and reduce material. Matlab is a programming
 software allowing finite element calculations on 2D and 3D structures, thus
 one needs to be familiar with the programme in order to use it as it is not
 intuitive for non-programmers. Several commercial programs exist in order to
 carry out finite element analysis on structures. FEM-Design (StruSoft), Robot
 Structural Analysis (AutoDesk) or SCIA Engineer are mainly used for analysis
 and verification of a structure and are thus not ideal tools for the initial design
 phase, as they need a structural input to analyse [Mueller and Ochsendorf, 2013].


Defining a construction is time consuming and often with restrictions of the
 design configuration, the above mentioned software is thus not directly applica-
 ble in the design of a new structural solution. Caitlin Mueller investigates the
 possibilite of geometry generation in the early design phase, allowing interactive
 user experience, as impact from design changes are seen in the affected structural
 performance. The structural performance could be measued in metrics, required
 material volume or estimated construction costs [Mueller and Ochsendorf, 2013].


The 3D modeling program Rhino was used by several of the architectural com-
 panies in the initial design stage due to its intuitive and restriction-free de-
 sign platform. This program, however, allows any sort of 3D structure and is
 therefore not specialised for the building sector. When the program is used in
 cooporation with the plug-in Grashopper, parametric structures can be built
 and easily changed. Grasshopper is a graphical algorithm editor tightly inte-
 grated with Rhino’s 3D modeling tool. This program requires no knowledge of
 programming and scripting, but allows designers to form geometries by simply
 dragging components onto a canvas. Within the plug-in Grasshopper another
 program can be fully embedded, Karamba3D. Karamba3D is a fintie element
 program working as a plug-in in Grasshopper. As Karamba is fully embedded in
 the parametric environment of Grasshopper the parameterised geometric models
 are easily combined with finite element calculations. Karamba is thus providing
 accurate analyses of spatial trusses and frames. Thus enabling a structural anal-
 ysis tool to be used already in the intial design stage where the geometry can
 easily change in Grasshopper and give immediate answers to the construction
 feasibility.


By creating a modeling tool Grasshopper permits for analyses on a structure
through Karamba and a quantitative decision making is possible. Useful in-
formation will be gathered and thus forming the basis for discussion and col-



(18)laboration between the engineers and architects. The 2D/3D environment and
 platform given in Rhino allow for a combination of design and analysis and is
 thus a suitable software for this thesis. The practice of making a customized
 model for a project has the potential to define a design as a series of decisions,
 systems, and relationships. The visual scripting allows the designer to manage
 and develope the design [Krymsky, 2015].



2.2 Life Cycle Thinking


A life cycle analysis considers the process of materials and energy flows, and
 quantifies and evaluates their entire lifetime. The conclusions from the SETAC-
 triangle underlie the standardization of ISO 14040 for Environmental manage-
 ment & Life cycle assessment [Klöpffer, 1997].


In this project the life cycle thinking will form the basis for the optimisation
 processes in the structural analysis. Simple life cycle analyses will then be
 carried out in Quantis Suite, which is an online life cycle assessment program.


Throughout the structural design process the sustainability input will stem from
 optimising the ressources needed for the structure, thus potentially both opti-
 mising the ecological sustainability and the economical sustainability.


The organisation theory, science and technology of conducting an LCA was
 described in 2002 by Heiskanen as an emerging institutional logic. Life cycle
 thinking helps influence the way our environmental problems are conceptual-
 ized [Heiskanen, 2002]. The life cycle thinking is thus implemented in variuos
 problems already.


In this project the aim is to decrease the amount of material used in the structure
 and hereby reduce CO2. It has been discussed whether carbon footprint can be
 a good performance indicator for the environmental performance of a product.


Mark A. J. Huijbregts states that Cumulative Fossil Energy Demand (CED) is
 a good indicator and as it correlates well with carbon footprint makes carbon
 footprint a good indicator [Huijbregts, 2006]. On the other hand, A. Laurent
 states that carbon footprint as an indicator of environmental sustainability in
 the design of products needs to be documented on a case-by-case basis [Laurent
 et al., 2010].


As this project is a part of the early design stage, broad knowledge is important,
giving indications on where to change the design in order to optimise it. Further
and more detailed studies will be carried out later in the process. Thus the
level of CO2 is assumed to a satisfying performance indicator of the overall
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sustainability of the structure.


Therefore, the sustainability of the structure will in this project be improved
 by decreasing the weight of the structure and thus CO2 levels. This is a conse-
 quence of the material saved, the transportation of it and the processes linked
 to the material extraction and processing. Through the optimisation process
 the structure can be designed for easy prefabrication and hereby assist in sav-
 ing time. The sustainable reasonings for optimisation of a structural design can
 also be emphasized by economical reasons. Saving material, time and electricity
 leads to economical savings as well. By investing time in initial optimisations
 of the structure, it is thus possible to minimise the environmental impact and
 hereby the economy of the project [MacLeamy, 2004].



2.3 Modeling in Grasshopper/Karamba


The analysis of the structure is performed in several programs, involving Rhino
 as the program visualising the structure, Grasshopper as a plug-in in which
 the structure is built, Karamba3D where it is analysed and Microsoft Excel
 as a program for output and comparison. An output describing whether the
 structure meets the requirements is also to be seen in the visual output in
 Rhino. A diagram showing the iterative process can be seen in Figure 2.2.


Figure 2.2: The structure of the developed program in Grasshopper/Karamba
The first step is to either have a 3D model of a structure compatible with Rhino
or to simply create a structure within the Grasshopper environment. The second



(20)step is the analysis. Here the elements, joints and supports must be assigned,
 as well as other information about the structure can be given. The porgram
 allow the elements to be assigned with different materials, cross sections and
 to change the loading of the structure through the Karamba3D tools. The
 analysis is conducted on-the-fly when elements are changed and provides the
 user with immediate knowledge of shear, normal, or moment forces as well as
 deflections etc. The output is seen in step three which consists of the mass of
 the structure and the approval of it. Thus the output tells the user whether or
 not the requirements are fulfilled. If the maximum deflection or the structural
 capacity are exceeded a warning will be given. The key figures, such as the
 moment, normal and shear forces, are also conducted and exported to Microsoft
 Excel. The output is provided in Rhino which is the visual platform for the
 structure.


This programme is thus allowing interactive user experience, as real-time output,
 gives the user an indication of the impact from the design change. The structural
 performance is measured according to the carrying capacity and the material
 stiffness, on the basis of reducing material.



2.4 Conclusion


The existing design tool Rhino was chosen as a platform for the dynamic design
 model as it is known in the industry and due to the well integrated parametric
 plug-in tool Grasshopper. Grasshopper with the plug-in Karamba permits a
 dynamic interactive design process of the structural design, suitable for the
 early design stage, through real-time indications of the structural performance.


Rhino provides a visual platform, Grasshopper a parametric design tool and
Karamba a structural design analysis. The LCA program, Quantis Suite was
chosen due to its availability and simple user interface allowing non-experts to
develop on-the-fly LCAs, thus checking whether the environmental impacts of
the structures are reduced.
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Chapter 3



Case Study


In this chapter an introduction is given to the design project Konsthall Tornedalen,
 which is used as the case for this thesis’ analysis and optimisation investigation.


An introduction to the Finnish Architects OOPEAA who have provided the case
as well as an introduction to the Nordic Built Programme is also presented.
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3.1 Background


This project is a part of the Nordic Built Programme, a programme by Nordic
 Innovation, an institution working to increase co-operation, trade and innovation
 in the Nordic countries [Nordic Innovation, 2012].


The programme is comprised of three modules as can be seen in Figure 3.1.


The first module, The Charter, defines the strengths of the Nordic Building
 sector and provides a platform for cooperation as well as a common set of
 fundamentally Nordic and sustainable values. The second module, The Chal-
 lenge, encourages innovation and the development of sustainable, viable and
 scalable refurbishment concepts for some of the most common building types
 in the Nordic region. The third module, The Change, will bring about wider
 change by accelerating and supporting the use of new concepts for sustainable
 construction.


Figure 3.1: The Nordic Built Timeline [Otovic, 2015]


This project is a part of the STED programme in the third module. The aim
is to develop generalized design methods based on environmental design and
life cycle thinking. One of the partners involved in the STED project is The
Office for Peripheral Architecture, OOPEAA, represented by the founder, Anssi
Lassila. The focus of the architectural company is mainly on use and reuse of
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local wood as well as a life cycle focus on the building and its elements. This
 thesis is based on a case made available by OOPEAA and will be desribed in
 the next section.



3.2 Konsthall Tornedalen


OOPEAA has contributed with the drawings and questions relevant to their
 design of the planned Art Gallery called Konsthall Tornedalen. This thesis
 emerges from this specific case from OOPEAA as it investigates the problems
 and possibilities connected to parametric design and optimisations through on-
 the-fly structural analysis and life cycle thinking.


The Art Gallery Konsthall Tornedalen is situated in the northern part of Sweden
 on the border to Finland as can be seen in Figure 3.2.


Figure 3.2: Konsthall Tornedalen, Tornedalen, Risudden 216, 957 95 Hedenäset, Swe-
 den



3.2.1 Design and Construction


The art gallery is designed with wooden frames as the load-bearing structure.


These wooden frames are visible and a part of the characteristic of the building
 as seen enhanced by the architectural renderings. The structure can be seen in
 Figure 3.3, which shows the visual design thought.


The architectural work for the Art Gallery Kunsthall Tornedalen was developed
around hand drawings and was then followed by CAD drawings and simple
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Figure 3.3: Design of Konsthall Tornedalen by OOPEAA architects


SketchUp 3D views. The design in the preliminary stage is thus characterized
 by the use of many different tools and their different purposes. As the design is
 in the preliminary stage, the measurements may vary and be changed during the
 process. The case is well suited for parametric design due to its rather large size,
 making it beneficial to consider material and cost optimisations as well as its
 systematic and repetitive truss-like structure. A parametric model performing
 analysis based on life cycle thinking, could be of use in the discussions with
 the architects in order to suggest different options for the material or structural
 design and by this enhancing the sustainability of the building.


The overall dimensions used for this project was delivered by the architect in
an AutoCAD file. The technical drawing of the frames with measurements can
be seen in Figure 3.4 and the rest of the drawings can be seen in Appendix
C. The largest frame has a width of 12 meters and a height of approximately
8 meters. The initial analysis will be based on this frame as it will have the
largest deflections and be the determinative frame for the structure.
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Figure 3.4: Technical details of the frame


The floor plan of the building can be seen in Figure 3.5. The blue area sym-
 bolises the area over which the frame structure needs to span, the building is
 approximately 30 meters deep and has a width of approximately 55 meters, de-
 pending on the span of the frames. The additional building parts outside off the
 blue area will not be taken into consideration as the construction method is not
 shown in the drawings and as it is assumed to have little impact on the overall
 result. The frames are not prearranged and can thus not be seen in Figure 3.5.


The number of rows of frames is a parameter and the optimal distance between
 the frames will be investigated.


Figure 3.5: Area (blue) of the building over which the frame structure spans
The challenges in the frame structure will be analysed and optimised in order
to find the most efficient frame structure material-wise. Acknowledging the op-



(26)timisation possibilities and the importance of improving structures provide the
 platform for investigation. An optimisation of the load bearing structure might
 not only reduce the material needed for the structure, but also for the overall de-
 sign of the building, as one optimisation can have several positive consequences
 to it. In order to optimise a structure without loosing the initial design thought,
 rough estimates and calculations are needed to argue and compromise the design
 for a more material efficient outcome in collaboration with the architects.


The next chapter will discuss the different optimisation steps essential to mini-
mizing the needed material. The optimisation of the frame structure is based on
estimates of the building geometry, thus only intended for the preliminary design
stage. The optimisation will help the architects consider materials and design
of the frame as well as the span between them, but should not be considered as
a final documentation of the entire building.
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Chapter 4



Structural Analysis


In this chapter it will be investigated whether it is possible to create a model
 featuring the structural design of the case Konsthall Tornedalen and allowing
 an optimisation of the material efficiency.


During the design analyses both a steel and wooden structure will be investi-
gated and optimised.
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4.1 Analysis of the Structure


This section presents the analysis of the structure and the different optimisation
 steps. The overall goal of this chapter is to optimise the structure through a life
 cycle thought. The mass of the structure is seen as an indicator for the overall
 sustainability of the structure. Optimising the structure material-wise results
 in designs where less material is needed in the structure to sustain the applied
 load. The overall mass of the structure is thus reduced, hereby reducing the raw
 material and possibly several other environmental impacts as well.


The structure of the analysis and the developed program can be seen in Fig-
 ure 4.1.


Figure 4.1: The structure of the developed program in Grasshopper/Karamba
 In the first step a simple 2D model of the frame structure is created within
 the Grasshopper environment. Later the 2D model is extendend and also a 3D
 model is conducted. The second step is the analysis, here the different frames
 are tested in order to find the optimal shape and cross sections. The material,
 cross sections and the load on the design is easily changed in this step, allowing
 real time outputs showing either optimisation or enlargement of the frame. In
 step three the results are visualised in the Rhino output and an overview of the
 requirements is gained. The output either shows that the structural capacity is
 fulfilled or it gives a warning. The key figures are exported to Microsoft Excel
 and used for further comparison.


The analysis will consist of several steps in order to achieve a better environ-
mental performance of the structural design. The first step explores different
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simple structures usable for the building by only looking at a single frame. The
 initial optimisations consist of exploring heights, cross sections and materials.


Further optimisation consists of changing angles and the number of frames to
 carry the building. After each step a conclusion is formed and the best solution
 is brought forward to the next optimisation step. The many different optimi-
 sation steps are made possible by the parametric design allowing quick changes
 to the design while immediately getting feedback for the mass of the structure
 and the carrying capacity and deflection levels.


The optimisation steps are conducted for both a wooden and a steel structure.


The architectural design renderings propose a wooden structure, the steel struc-
 ture is thus investigated for comparability reasons. Steel is a strong material
 and might be better for the rather large spans for the frames and is often used in
 truss structures. Additionally steel’s recycling rate is high, allowing an overall
 low carbon footprint throughout its lifetime in a structure. Steel is seen as a
 good material to compare to wood, which is also known as a sustainable con-
 struction material. The discussion of the sustainability of the two materials will
 be conducted in chapter 5.



4.2 The Static System


The structural layout with the primary components can be seen in 3D in Fig-
 ure 4.2.


Figure 4.2: Structural System visualised in 3D



(30)The modeling in Rhino is conducted in 2D on a single frame and later in a
 frame system as a parametric 3D model as this early design stage has too many
 uncertainties and parameters. Furthermore the 2D model is sufficient for the
 preliminary calculations and investigations as it allows a quick feedback to the
 architects. The system modelled in Rhino can be seen in Figure 4.3.


Figure 4.3: Static System 2D


The model is parametric as it is used for optimisation purposes. Thus the scheme
 is shown without measurements. The frames carry the roof and wall structure
 of the building. The optimisation has been conducted on 2D frames, the beams
 spanning between the frames are therefore not taken into consideration, but are
 assumed to transfer horizontal loads throughout the structure thus stabilising it.


Another solution could consist of stabilising walls acting as shells transferring
 the loads.


The static system of a simple frame can be seen in Figure 4.4. The upper point is
 a hinged connection while the bottom of the columns rest on pinned supports.


The corners are fixed due to equilibrium. Vertical loads are dsitributed and
 applied as lineload onto the frames, which transfer the load via the rafters to
 the columns and into the supports. Horizontal loads are distributed and applied
 as lineloads on the frames as they are transferred from the wall or roof plates to
 the rafters or columns and into the supports. Thus the roof and the walls are
 distributing the forces to the frames and to the foundation. Hereby, the frames
 are not allowed to buckle in the direction of the plane.


Figure 4.4: Simple Frame Figure 4.5: Advanced Frame
The more advanced frame, which is closer to the design of the architects, can be
seen in Figure 4.5. The advanced frame has hinged connections in the corner,
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at the top and where the tilted column meets the roof rafter. The columns are
 resting on pinned supports as these supports are less demanding of the founda-
 tion as fixed supports. The lower connection of the corner is fixed, creating a
 truss-like structure. This connection distributes the load from the wind force
 into the rafter and tilted column. Furthermore the intersecting connection of
 the two internal beams is fixed due to limitations of the modeling program.


The horizontal wind on the gables is transferred to the columns of the frames
 from the facade and into the supports. Calculations in this direction will not be
 carried out as it would require a 2D model with walls or wind crosses distributing
 the load to the foundation. The given drawings of the structure does not show
 which wall elements are stabilising and thus it is assumed to be of concern at a
 later stage of the modeling process.



4.3 Loading of the Structure


The load applied is based on the formulas from the Eurocode 1, 0-4 for structural
 design, loads, snow loads and wind loads. The Eurocode 1, 0-4 holds special
 references and formulas for the different European countries, and the formulas
 specific to Sweden and the location of the art gallery has been used. The entire
 calculation of the loads can be seen in Appendix D.


The calculation of the wind loads is kept simple in order to meet the needs
 of an early design stage where quick indications based on rough estimates are
 sufficient due to the continuous design changes throughout the process. The
 load calculation depending on the dimension of the building is implemented in
 the model in Grasshopper in order to change parametrically with the structure.



4.3.1 Vertical Loads


Basic load definitions for all vertical load actions such as self weight and im-
 posed loads are found and listed in accordance to DS/EN 1991-1-3 for General
 actions - Snow loads[CEN, 2007b]. The vertical loads acting on this structure
 are the natural loads such as snow and wind and the self-weight of the structure.


Imposed loads are not taken into consideration as the roof is only to be accessed
 for maintenance purposes.


The category of selfweight was divided into two subcategories: Selfweight, struc-
tureandselfweight, others. Selfweight, structureis including the permanent load



(32)actions from the structural members like beams and columns and is automati-
 cally applied through the FEM-program Karamba. Selfweight, others includes
 elements that are more easily removed and changed during the time of use, in
 this case the different roof components. The calculation of the snow loads can
 be seen in Appendix D, page 2.


The snow load was calculated accordingly to the snow load shapes for multi-
 span roofs1. The altitude above sea level was found through Google Earth2to be
 approximately 50 m. TheTable C.1. Altitude - Snow Load Relationships[CEN,
 2007b] was used for the climatic region of Sweden/Finland in order to deter-
 mine the characteristic value for the snow load. The definition can be seen in
 Figure 4.6. The calculation was initially conducted in Microsoft Excel, but was
 later implemented into the parametric design program Grasshopper. The snow
 loads change according to the roof angle and was thus automatically taken into
 consideration when parameterised.


Figure 4.6: Snow load shape coefficients for multi-span roofs. Figure 5.4 DS/EN 1991-
 1-3 p. 24 [CEN, 2007b]


1DSEN 1990 2007, formula 6.10b [CEN, 2007b]


2https://www.google.com/earth/
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4.3.2 Horizontal Loads


The horizontal loads acting on the building is due to wind and is listed in
 accordance to the DS/EN 1991-1-4[CEN, 2007c] for wind actions.


The peak pressure was found from a simplified distribution. The building was
 split into two sections, one for the column and one for the roof beam, and
 the maximum pressure from each section was used for the FEM modeling in
 Karamba. The Eurocode and modelled distributions for the 10 meter high
 building are shown in Figure 4.7.


Figure 4.7: Distribution of the wind according to the Eurocode vs. the wind forces
 modelled in Karamba onto the structure


Suction is not taken into consideration due to the complexity of the building.


The early design stage requires quick estimates, where a full calculation and
 understanding of the suction of the building would be too time consuming.


A calculation of the wind loads can be seen Appendix D, page 3.



4.3.3 Load Combinations


In this part, the total load from snow and selfweight working on the roof is
calculated from summarizing the self-weight of the construction and the instal-
lations as well as the natural loads such as snow. The calculations of the total
load consider whether the loads are acting in favour or are unfavourable for the
stability of the construction. Thus the calculations are performed in relation to
the limit state.



(34)The different load combinations have been calculated according to the DS/EN
 1991-1-0[CEN, 2007a] by the formula:


γG,iGk+γQ,1ψ0,1+X


γQ,iψ0,iQk,i (4.1)
 Theγ factors used can be seen in Table 4.1:


γGj,sup 1.1
 γGj,inf 0.9
 γQ,1 1.5
 γQ,i 1.5
 Table 4.1: γfactors


The values forψi used can be seen in Table 4.2, following the DS/EN 1991-1-3
 Table 4.1 [CEN, 2007b] with recommended values of coefficients for the Nordic
 countries, including Sweden:


ψ0 ψ1 ψ2


Wind load, WL 0.3 0.2 0
 Snow load, SL 0.7 0.5 0.2


Table 4.2: ψfactors


Four different load combinations were developed with varying dominant (D) and
 accompanying (A) snow and wind loads. The different load combinations can
 be seen in Table 4.3:


No. Combination Dead load (DL) Wind load (WL) Snow load (SL)


- γ γ ψ0 γ·ψ γ ψ0 γ·ψ


ULS


DL 1,1 0 0 0 0 0 0


1 DL+SL 1,1 0 0 0 1,5 1 1,5


2 DL+SL(D)+WL(A) 1,1 1,5 0,3 0,45 1,5 1 1,5


3 DL+WL(D) 1,1 1,5 1 1,5 0 0 0


SLS


DL + WL + SL 1 1 0 0 0


Table 4.3: Load combinations


A number of load combinations have been developed with varying wind load di-
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rection and different dominant (D) and accompanying (A) imposed loads. The
 combinations chosen for modeling have been marked with bold. The load com-
 binations with dominating snow load and dominating wind load were assumed
 to be the most critical. The serviceability limit state was checked when the
 deflection proved determinative of the structures cross sections, stating that
 the ultimate limit state was too conservative. The values of the different load
 combinations can be found in Appendix D, page 4.



4.4 Modelling and Optimisation in Karamba


Both the simple and advanced frame structure as previously seen in Figure 4.2
 and Figure 4.4, were modelled in Grasshopper and integrated in Rhino’s 3D/2D
 modeling view. The structure was then analysed with the use of the Karamba
 tools in order to gain knowledge about the characteristics of the structure.


The optimisation was based on the frame with the longest span of 12 meter,
 as the architectural drawings depend on this large span for the main hall. The
 structure is modelled as a 2D frame structure for optimisation and later as a
 3D structure.


The structural thought of the model can be seen in Figure 4.8 and a screenshot
 from the Grasshopper model using Karamba can be seen in Figure 4.9.


Figure 4.8: Theory of Karamba Model


Figure 4.8 shows the many different input and parameters of the program. The
structure consists of a certain geometry. By defining a topology the geome-



(36)try is made parametric and the materials are changeable as well as are the
 releases, cross sections and support conditions. The loads can to some extent
 be calculated within the Grasshopper environment and applied, different load
 combinations can be investigated. The analysis is made by the Karamba soft-
 ware. Checking the structure’s carrying capacity and maximum deflection is
 made through incorporating different checks from the litterature into the pro-
 gram via Grasshopper. After conducting the analysis and the checks an output
 is given for further investigation.


By using the plugin Karamba3D it is possible to exploit the many different op-
tions of the Karamba environment. Numbers for deflection, mass of the structure
as well as normal, shear and moment forces are quickly extracted. Analysing
the extracted outputs must be done by applying checks. The checks are pro-
grammed in Grasshopper and connected to the Karamba outputs. In this way,
an output is made in Rhino, showing whether or not a solution is within the
carrying capacity of the material or comply with the maximum deflection.



(37)Figure 4.9: Visual description of the different sections of the program and their contributions
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4.4.1 Design Checks


4.4.1.1 Deflection Check


The capacity is checked for both the steel and wood structure according to the
 deflection horizontally and vertically.


For the vertical displacement the experience based estimate of limit from the
 National Annex DS/EN 1993-1-1 DK NA:2010 [Erhvervs&Byggestyrelsen, 2011]


was used3. The Eurocode states a maximum deflection as seen in Equation 4.2
 for roofs and exterior walls.


As the spans and heights change throughout the optimisation steps the checks
 were incooperated in Grasshopper and changed along with the modifications.


u(max,y)= l


200 (4.2)


For the horizontal displacement the experience based estimate of limit from the
 National Annex to the Eurocode were used4. The Eurocode states a maximum
 deflection which can be seen in Equation 4.3 for columns in one storey buildings.


The maximum allowed deflection is thus depending on the height of the building.


u(max,x)= H


300 (4.3)


The two checks for vertical and horizontal displacement accordingly is applied
 to both steel and wood structures.


4.4.1.2 Capacity Check for Steel


In order to ensure the carrying capacity of the steel frames a check of the
 stresses were made, assuring the yield stress was not exceeded. The stresses
 were calculated according to Naviers formula, seen in Equation 4.4, in order to
 ensure the carrying capacity of the steel.


fy=N


A +M·z


I (4.4)


3DS EN 1993 1 1 DK NA 2010, p. 5, 7.2.1(1)B Lodret udbøjning


4DS EN 1993 1 1 DK NA 2010, p. 6, 7.2.2(1)B Vandret udbøjning
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4.4.1.3 Capacity Check for Wood


The wooden frames were checked in accordance with the formulas seen below
 for carrying capacity, the bending capacity in Equation 4.5 and shear capacity
 in Equation 4.6 as well as the check earlier described for deflection.


σt,0,d
 ft,0,d


+σm,0,d
 fm,d


≤1 (4.5)


τv,d,max
 fv,d


≤1 (4.6)


This check is considered sufficient due to the orthotrophy of the material as the
 modelling conducted in 2D is not allowing a check in the other direction.


Both the checks for wood and steel were implemented in the program and de-
 signed to give an output of "Carrying Capacity NOT ok" or "Carrying Capacity
 OK" in the 3D output in Rhino.



4.4.2 Optimisation


In this section an optimisation consisting of six steps is conducted for both the
 wooden and steel frames.


1. Step: Three basis design, heights and cross sections are investigated
 2. Step: The optimisation possibility of different cross sections


3. Step: Linking the frames allow further optimisation


4. Step: Optimisation of structural design through changing the angles
 5. Step: The distance between the frame rows are optimised


6. Step: Comparison to initial design and suggestion of modifications


The first step investigates three basis design solutions for a single frame. Heights
and cross sections, as well as material is tested for two of the basis solutions. The
second step explores the optimisation possibilities by changing the cross sections
of a single frame. The third optimisation step links the five frames in each row



(40)together in order to minimize the impact caused from the wind pressure. The
 fourth optimisation immerses into the question of the angles between the beam
 and column elements. From optimisation step one to four the distance between
 the rows of frames are set to be 4 meters, thus the load is distributed over this
 area between the frames. The fifth step examines the optimisation potential in
 the distance between the row of frames. The sixth and last step takes the initial
 design into consideration and suggests further modifications.



4.4.3 Optimisation Step 1. - Basis Frame Design


The initial optimisation checked which of the frames seen in Figure 4.10 was
 most material efficient solution. The check was made with several different
 cross sections and heights analysing three different designs. In this section the
 frame with the largest span length of 12 meters as seen in Figure 3.4 is analysed.


Figure 4.10: The three different frames


The first design seen in Figure 4.10 is simple and will be used as a reference
 point throughout the report. The second design is close to the desired design
 by the architects, while the last design to the right is a possible solution, with
 a tension cable. The third solution was discarded as it was not as material
 efficient as the second design and its dissimilar look to the architects’ idea. In
 Figure 4.11 and Figure 4.12 the different frames investigated in several different
 heights can be seen.


The first two designs were checked with different materials and cross section
combinations for both steel and wood as can be seen in Table 4.4.
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Cross section Steel Heights


INP S255 4 m 6.5 m 8 m 10 m


HE-B S255 4 m 6.5 m 8 m 10 m


BOX S255 4 m 6.5 m 8 m 10 m


Material Wood Heights


Construction wood C30 4 6.5 m 8 m 10 m


Glue laminated timber GL36 4 6.5 m 8 m 10 m
 Table 4.4: Cross section, steel and height combinations


The different heights of the two basic structures can be seen in Figure 4.11 for
 the simple frame and Figure 4.12 for the advanced frame.


Figure 4.11: The four different heights of the simple frame modelled


Figure 4.12: The four different heights of the advanced frame modelled


4.4.3.1 Steel Frame Optimisation


The simple steel structure loaded with the second load combination (consisting
of dominating snow load and accompanying wind load, DL+SL(D)+WL(A))
showed optimal conditions for the frame height of 10 meters. Although under
the third load combination (consisting of dominating wind load, DL+WL(D))
the horizontal deflections became too large, thus a roof height of 6.5 meters
proved to be the best solution, see Table 4.5. The simple solution with a weight
of the entire structure of 116530 kg will be the point of comparison throughout
this optimisation process.



(42)The advanced steel frame proved to have an optimal height at 8 meters with
 the second load combination (DL+SL(D)+WL(A)). When the third load com-
 bination (DL+WL(D)) was applied the deflections turned out too large and a
 more material efficient solution could be obtained with the height of 6.5 meters.


The advanced frame showed clear advantages as seen in Table 4.5


The box profiles performed sufficiently when working under the pressure from
 the snow load, whereas when the wind load was applied they were not sufficient.


The roof height of 6.5 meter was optimal both due to the better wind resistance
 and the lesser use of material, as the roof beams were shorter than the ones
 for the 8 meter tall frame. Furthermore, a lower roof height prevents large
 snowbanks to build up between the roofs.


Thus, it is seen that the advanced frame is more efficient materialwise when
 carrying the same load and is saving 43.7% material compared to the simple
 solution. The most material efficient solution for both the simple and the ad-
 vanced frame, with cross section characteristics, can be seen in?? and??. An
 overview of the results can be seen in Table 4.5 and Appendix E.


Figure 4.13: Optimisedsingleframe Figure 4.14: Optimisedadvanced frame


Type 1 Frame Entire Structure Saved


- [kg] [kg] [%]


Single Frame 2915 116,530 0


Advanced Frame 1640 65,650 43.7


Total Saving 1270 50,875 43.7


Table 4.5: Steel Frame Results - Step. 1 Basis Frame Design


4.4.3.2 Wood Frame Optimisation


The best solution for the simple wooden frame when subjected to the second
load combination (dominating snow) proved to be the frame with the height of
6.5 meters. When applying the second load combination (dominating wind) the
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frame height of 4 meters turned out to be the most material efficient. Due to
 the wooden material being orthotropic the material properties differ along the
 three axes of: axial direction (along the grain), the radial direction, and the
 circumferential direction.


The FEM-program Karamba is not developed to take these different properties
 of each axis into consideration, and the program is therefore not 100% correct
 when working with several different load directions of the wood. The properties
 for wood have thus only been defined in one direction and it is assumed to be
 sufficient for this optimisation task in the early design phase. For more accurate
 calculations on wooden structures more advanced FEM-programs must be used,
 such as Robot or FEM-Design. The disadvantage of these programs is that they
 cannot be implemented in the Rhino/Grashopper environment, thus loosing the
 ability to conduct real-time calculations of the changes applied.


The construction wood C30 was discarded as it did not perform as well as the
 glue laminated timber at the large spans. Even though large cross sections were
 used, the construction wood did not meet the required load carrying capac-
 ity. The simple solution with glue laminated timber can be seen in Table 4.6.


With this solution the entire building weighs 64,510 kg, which will be used as a
 reference point throughout the optimisation.


Figure 4.15: Optimisedsingleframe Figure 4.16: Optimisedadvanced frame
 The best solution for the advanced wooden frame turned out to be at a frame
 height of 6.5 meter. The advanced solution was the most material efficient with
 a flat roof under the third load combination (dominating wind) and best at the
 height of 6.5 meter, under the second load combination (dominating snow), as
 the flat roof had to have very large beams in order to meet the requirements
 for deflection, therefore giving a large material consumption. The best solution
 thus is having a frame height of 6.5 meter, giving the mass of 49,260 kg for the
 entire building. The advanced solution is thus saving 23.6% compared to the
 simple solution.


Thus it is seen that theadvanced wooden frame is more efficient material-wise
when carrying the same load. The best solution for both the simple and the



(44)advanced frame with cross section characteristics can be seen in Figure 4.15 and
 Figure 4.16. An overview of the results can be seen in Table 4.6 and Appendix
 F.


Type 1 Frame Entire Structure Saved


- [kg] [kg] [%]


Single Frame 1610 64,510 0


Advanced Frame 1230 49,260 23.6


Total Saving 380 15,255 23.6


Table 4.6: Wood Frame Results - Step. 1 Basis Frame Design


4.4.3.3 Conclusion Step 1.


For both the steel and the wooden frame the advanced solution strongly indi-
 cated its optimisation possibilities. The advanced frame is logically using less
 material to sustain the same loads as the simple frame as it is benefitting from
 the four internal beams stabilising and distributing the load to the ground.


The optimal height revealed to be 6.5 meter for both the wooden and the steel
 structure as this height requires less material for the beams and is able to with-
 stand the wind pressure with smaller cross sections. A frame height of 8 meter
 is arguably bringing more light and openness into the room. Due to the material
 saving aspect of the frame structure as well as its repercussions, a frame height
 of 6.5 meter was chosen. Reducing the frame height decreases the roof surface
 and thus roof material is also saved. In total 26770 kg or 10% of different roof
 material is saved by having a lower roof height. The roof structure5 and cal-
 culations can be seen in the Appendix G, which consists e.g. of plasterboard,
 timber and glasswool.


For both the steel and wooden frame solution, the columns connecting the frames
 might be counted twice, as the frames can possibly support each other, but at
 the moment are added together as single standing frames, making the result
 on the safe side. In Figure 3.4 it seems that two frames are supported by one
 column, which will be taken into consideration in subsection 4.4.5. Furthermore,
 the building is becoming 4.5 meters too wide, spanning 60 meters, as the frame
 modelled is 12 meters wide. The architectural drawings in Figure 3.4 show that
 the frames have different spans, creating a total width of the building of 55.5
 meter. This defect in the calculations will be accounted for in subsection 4.4.8.


5The roof structure has been approved by OOPEAA as a possible solution
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4.4.4 Optimisation Step 2. - Varying Cross Sections


This optimisation step investigates theadvanced frame with different cross sec-
 tions for the different beam elements as can be seen in Figure 4.17 and Fig-
 ure 4.18 for both steel and wood. In the first solution the internal beams are
 smaller than the outer beams, whereas in the second solution the corner beams
 are the same size as the outer beams.


Figure 4.17: Solution 1 Figure 4.18: Solution 2


4.4.4.1 Steel Frame Optimisation


Two other types of steel are tested as stronger steel can carry heavier loads before
 permanently deforming. Generally the stronger steel will reduce the amount of
 material used, but at the same time it is more costly.


In order to find a balanced steel material which is able to carry heavy loads but
 is not too costly, the S355 was chosen due to its availability and common use.


The most material efficient solution proved to consist of the INP220 profile for
 the outer beams and INP200 for the inner beams at the second solution given
 in Figure 4.18. Thus this steel frame has saved 47.3% compared to the initial
 simple solution.


The most material efficient result can be seen in Figure 4.19 and Table 4.7 where
it is compared to the last step. The calculations can be seen in Appendix H.



(46)Figure 4.19: The optimised steel frame with specifications


Type 1 Frame Entire Structure Saved


- [kg] [kg] [%]


Last step 1640 65,650 43.7


Advanced (2) 1535 61,350 47.3


Saved since last step 110 4300 6.5


Total Saving 1380 55,175 47.3


Table 4.7: Steel Frame Results - Step. 2 Varying Cross Sections


4.4.4.2 Wooden Frame Optimisation


For the wooden frame the two different solutions seen in Figure 4.17 and Fig-
 ure 4.18 showed no significant changes. The first solution showed a little less
 material consumption and was thus chosen due to easing the construction and
 the connection of the beams.


The best solution material-wise showed to consist of GL36 90x600 profiles for
 the outer beams and GL36 90x400 for the internal beams. This solution is
 saving 26.2% compared to the initial simple design.


The most material efficient solution consisting of two different cross sections for
the beams can be seen in Figure 4.20. An overview of the results can be seen in
Table 4.8. The calculations can be seen in Appendix I.
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Figure 4.20: The optimised wooden frame with specifications


Type 1 Frame Entire Structure Saved


- [kg] [kg] [%]


Last step 1230 49,260 23.6


Advanced (1) 1190 47,620 26.2


Saved since last step 40 1130 3.3


Total Saving 420 16,890 26.2


Table 4.8: Wood Frame Results - Step. 2 Varying Cross Sections


4.4.4.3 Conclusion Step 2.


By introducing an element specific approached design focusing on the cross sec-
 tion forces a reduction of the material has been possible without compromising
 the strength of the frame. It is possible that even further optimisation of the
 frame is possible. The two investigated designs seen in Figure 4.17 and Fig-
 ure 4.18, both showed good carrying capacities. The first solution was the best
 for the wooden structure whereas the second solution was better for the steel
 structure. The first solution is possibly easier to construct in wood whereas for
 the steel structure, it should be easy to construct both solutions.



4.4.5 Optimisation Step 3. - Linking


In order to make a more realistic analysis of the effect of the wind load on
 the building, the entire row of frames was modelled as they help stabilising the
 loaded frame.


The wind load applied to the structure consists of two different loads, as ex-
plained in Section 4.3.2. The wind load is applied as seen in Table 4.3 with
dead load but without snow load as the snow load would act in favour of the



(48)construction, minimising the deflections performed by the wind.


A scheme of the deflection due to wind and dead load can be seen in Figure 4.21.


It is seen that the deflections are the largest on the left frame, where the wind is
 applied and declines towards the middle frame which only experiences insignif-
 icant deflections.


Figure 4.21: Wind load on the structure.


4.4.5.1 Steel Frame Optimisation


It is seen that by analysing holistically instead of only on a single frame the
 deformations are heavily reduced and smaller beam dimensions are able to take
 up the loads. The most material efficient solution for the steel frames proved
 to consist of the two cross sections INP200 and INP140 and can be seen in
 Figure 4.22. Modeling the row of steel frames resulted in a lower material
 consumption, as the frames relied on the same column in between them. As
 this one column was able to take up the load from both frames, the previous
 calculations are on the safe side. The total weight of the building was then
 approximately 40,770 kg thus the structure has been optimised by 65% since
 the initial simple solution. An overview of the results can be seen in Table 4.9.


The calculations can be seen in Appendix J.


Figure 4.22: The optimised steel frame with specifications
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Type 1 Frame Entire Structure Saved


- [kg] [kg] [%]


Last step 1535 61,355 47.3


Optimised Frames 1020 40,770 65


Saved since last step 515 20,585 33.6


Total Saving 1895 75,760 65


Table 4.9: Steel Frame Results - Step. 3 Linking


4.4.5.2 Wooden Frame Optimisation


The best solution for the wooden frames proved to consist of the two cross section
 profiles 90x600 and 90x200 and can be seen in Figure 4.23. The total weight
 of the building was then approximately 33270 kg wood thus an optimisation of
 51.6% has been made since the initial simple design. An overview of the result
 can be seen in Table 4.10. The calculations can be seen in Appendix K.


Figure 4.23: The optimised wooden frame with specifications


Type 1 Frame Entire Structure Saved


- [kg] [kg] [%]


Last step 1190 47,620 26.2


Optimised Frames 830 33,270 51.6


Saved since last step 360 14,350 30.1


Total Saving 780 31,240 51.6


Table 4.10: Wood Frame Results - Step. 3 Linking
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