=
—
—

1

I Building Design

MSc Thesis

Parametric Structural Design

Integration of structural verifications in the early
design phases

Laura Fernandez Vila
Kongens Lyngby 2016 DTU BYG-M.Sc. -ID: s142599



A

I3,
Whita e

Technical University of Denmark

Department of Civil Engineering Building 118,
DK-2800 Kongens Lyngby, Denmark
www.byg.dtu.dk BYG

M.Sc.-2016-ID: s142599



MSc Thesis Parametric Structural Design

Preface

This project is the final master thesis to acquire the MSc. in Architectural Engineering
(120 ECTS) part of the Civil Engineering Department at the Technical University of Denmark.

The master thesis is credited with 30 ECTS points and has been written during the Spring
Semester 2016, started on the 25" of January and handed in on the 25™ of June.

It is focused on the integration of structural considerations in the first phases of the designing
process, developed in the frame of the parametrical modeling. This research is carried out in
collaboration with Withe Architects AB as part of the STED program (Nordic Built).

25™ June 2016
Laura Fernandez Vila
N2 ID:s142599

Advisors:

Kristoffer Negendahl (DTU BYG)
Lotte Bjerregaard Jensen (DTU BYG)



MSc Thesis Parametric Structural Design

Acknowledgements

First | would like to thank my main advisor during this process, Kristoffer Negendahl
(DTU BYG) for introducing me in the world of parametric modeling with Grasshopper and for
his guidance and advices to complete this project. | would like to also thank to Lotte
Bjerregaard Jensen (DTU BYG) for including me in the STED program part of the Nordic Build
program, which has provide me great experiences.

Furthermore, | would like to thank Elise Grosse from White Architects Stockholm for her Skype
meetings through this process which have helped me to understand the real value of the
project and the necessary demands for the architectural projects. Additionally, | would also
thank to make possible the meeting with Jonas Jonas Runberger, Director of the Dsearch
digital design development department of White Architects Stockholm, who provided me the
necessary feedback to know the use of this work for future projects. Within the Nordic Built
program, | would like to also thank to Mikkel Kirkeskov Knudsen for provided me with all the
necessary information about The Eko-Canopy project.

Lastly, | would like to thank to my master colleagues for his advices regarding the technical
aspects of this thesis, and finally thanks to my friends and family for their great support during
this long process.



MSc Thesis Parametric Structural Design

Abstract

This thesis project is based on the study of an integrated dynamic method to be
applied in the early design stages of the designing building process, which deals with the idea
of introducing structural verifications in the models since the beginning. As part of the STED
(Sustainable Transformation & Environmental Design) program inside of the Nordic Built,
Nordic Innovation program, which principal goal is to achieve sustainable solutions in the
Nordic region, the objective of the proposed method is to find reliable structures with the
maximum utilization ratio of its members and using the minimal amount of material, which
means less kilograms of mass and consequently less emissions of CO2, benefiting the LCA
process.

This is done by means of parametrical modeling using the parametric tool for Rinho
3D, Grasshopper, which includes a Finite Element program, Karamba used to perform
structural calculations of the created geometries. The combination of Grasshopper and
Karamba allows to the user to couple designing tools with calculations tools, which means the
mixture of creativity and technical knowledge. Optimization techniques have been integrated,
which are based on form-findings methods by means of evolutionary computation. This
consists in topological and sizing optimizations procedures of the structures which provide the
landscape of optimal structures.
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Part I: INTRODUCTION

1.1 Scope of the project (Motivation)

Nowadays the building industry is continually changing and new technologies are
being introduced every day. The working methods should be adapted to the new times to be
able to deal with the challenges presented.

The roles involved in the construction process are being rethinking in the process of looking for
new methods and workflows which improve the productivity of the projects and their quality
(W Young Jr. et al. 2009). In this scenario appears the concept of “Building Information
Modeling — BIM”, which main principle deals with the idea of establish a better collaboration
and coordination between all the agents involved in the building process; based on the
concept of having a central model where the data is exchange through different
platforms/tools. Being in these ones include all the design tools, FEM software, Mathcad and
spreadsheet data tools, etc.

Furthermore, in the last decade one of the main goals of the building processes is to establish
methods for sustainable constructions, in this case in the frame of the Nordic countries.

In this context the aim of this master thesis project is to study a methodology to integrate the
structural aspects within the architectural designs in the first stages of the designing process,
introducing the new tools of the building industry. This concept will lead to achieve more
reliable structures from the beginning, which means a reduction of cost through the entire
building process, as the design and construability are the goals from the starting point.



MSc Thesis Parametric Structural Design

Furthermore, this is also connected to the concept of sustainability. Taking into account
structural considerations during the design phase helps to accomplish the maximum efficiency
of the members of the structure, as the same time than an aesthetic design is reached. This
way of working, at the end, means a reduction of the material consumption, benefiting the
Life-cycle assessment (LCA) process.

Consequently this philosophy is based on the total collaboration between the architect and the
engineer from the beginning, or in another way in the idea of creating a third figure in the
process, called as the hybrid practitioner, which has equal insight in technical analyses as well
as architectural design (Negendahl 2015a) and operates as connection between them.

However, this concept is difficult to introduce in the building industry, as traditionally the
Architects are being the ones in charge of the design, which concerns all the aspects related to
the space distribution, materials, textures and light; while the engineers are the ones which
analyze the structural systems to ensure the integrity and safety of the proposal design. In
other words, architects are concerned with spaces, while engineers are concerned with forces.
(Byrne et al. 2011)

Parallel to this idea, as it has been mentioned before, new digital tools have been developed
during the last decade, which makes more obvious the necessity of studying this approach. In
this case, the method is based on parametrical modeling tools, as common link, between the
two practitioners.

Accordingly to these two main principles, this project tries to demonstrate the importance of
this third element in the building design phases through the proposal of an integrate process;
which is based on parametrical modeling, combining, both design and structural calculations.

1.2 Problem Statement

Based on the premises introduced before, it is possible to define the research
questions which have been formulated for the developing of this master thesis.

Firstly, in the scope of Building Information Modeling it is seen the importance of creating a
good workflow between the different agents who participate in the building process, which at
the same time means to set a logic data exchange through the different tools to achieve a
good result.

Added to this point, it is clear the objective of seeking for building designs which are the most
sustainable as possible. In this case, this is going to be based on the idea of achieve structures
using the minimal amount of material, in the context of the LCA. Thanks to the parametrical
modeling, as is going to be explained further on, optimization process will be carried out in this
search for minimized the mass of the structures.

As last point is going to be study the scope and application of the method proposed as well as
its feasibility.

10
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These three statements lead to formulate the following questions:

1) What should be the logic workflow to integrate the different design and FEM tool in
the early design stages?

2) It is possible to establish a specific method which can be applied to several projects
and which decisions should be made in each step?

3) Who should be the agent in charge to lead this process: the architect, the engineer or
the hybrid combination of both?

4) How feasible and beneficial is the idea of introducing structural aspects in the first
stage of the designing process? And related to this, how the optimization processes
can benefit to reduce the overall amount of mass based on designing parameters?

To be able to solve this questions, the processes haven been applied to a specific case study,
which is going to be explained in Part Il.

1.3 Structure of the report

The report is divided in seven different parts. Part | and Part Il are focused on the
presentation of the project, defining first its objectives and secondly introducing the specific
case to study. Then in Part Il is analyzed the background which has motivated to develop this
work, explaining the building process and its tools.

The fourth part and the most important of this thesis, presents the integrated method
proposed, as well as the procedure followed for the developing of this work. This is applied
using a specific case study, the EKO-Canopy project, in Part V, where the structural analyses, as
well as optimization methods are carried out.

Finally, the Part VI and Part VII discuss the findings of this master thesis and present
the corresponding conclusions.

11
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Part II: CASE STUDY

2.1 Background: Nordic Build Program & STED

This master thesis is based in a specific case study as it has been already introduced.
The project is the EKO-Canopy proposal by White Architects for the Mullion Program in
Upplands Vasby, Sweden. This collaboration is the result of the partnership between the
Technical University of Denmark and White Arkitekter through the STED program.

STED stands for Sustainable Transformation & Environmental Design, which is the shorter
version of Innovation in Design Methods for Sustainable Transformation of the Existing Nordic
Building Stock: Energy, Environmental Design and Life cycle Thinking*(http://stednetwork.org/,
n.d.).

At the same time, STED is part of the Nordic Built, Nordic Innovation program, which was first
initiated by Peter Andreas Sattrup in 2014.(Nordicbuilt 2012)

The Nordic Built program is a Nordic initiative to accelerate the development of sustainable
building concepts. It was first initiated by the Nordic Ministers for Trade and Industry and
consists of an integrated program divided in three different modules: The Charter, The
Challenge and the Change.

1 http://stednetwork.org/index.php?p=/article/2015/what-is-sted

12
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STED is part of the last one, as its main objective is to establish design methods and solutions
for sustainable transformation in the frame of Life-cycle Assessment, which can be generics
and used for projects in the Nordic region.

The project involves four universities in the Nordic Region: Chalmers University of Technology,
(Sweden), Norwegian University of Science and Technology, (Norway), The Royal Danish
Academy of Fine Arts Schools of Architecture, Design and Conservation (Denmark) and the
Technical University of Denmark, (Denmark); as well as the five architectural studios: White
Arkitekter, (Sweden), Vandkunsten Arkitekter, (Denmark), Helen & Hard, (Norway), Studio
Granda, (Iceland) and OOPEAA, (Finland). (http://stednetwork.org/, n.d.)

As a result of this collaboration this master thesis work was presented and discussed during
the Nordic Build Sustainable Transformation & Environmental Design Network conference at
NTNU Trondheim on the 9% of June 2016. [APPENDIX B: STED PROGRAM TASKS]

In this case, as it has been said, the project is a proposal of White Arkitekter, (Sweden), and it
is going be presented in the following section.

2.2 Presentation of EKO-Canopy project

The project of study consists in an EKO-Canopy construction between two exiting
apartment blocks belonging to the Swedish Million Program. (Miljonprogrammet 1965) This
was a housing program developed in Sweden between 1965 and 1974 with the aim of building
one million new houses to provide to the population with a place to live at a reduced cost.

Over the years, the social environment of these areas has been retrogressed. Therefore, with
the aim of achieve their social transformation as the same time that do a sustainable
transformation of the block apartments, the White proposal was presented for the Swedish
Competition “Innovative utilization of excess heat in future cities” in September 2015.
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Figure 2.2-1: Location of the project Dragonvdgen, municipality of Upplands Vésby in Sweden
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The area to study is located in Dragonvagen in the municipality of Upplands Vasby in Sweden.
This district is located at twenty-five kilometers in the north respect the center of Stockholm,
as it can be seen in Figure 2.2-1. It consists in a group of eight buildings of similar
characteristics, arranged four by four (Figure 2.2-2, up). They are eight stories high with a total
height of 22.63m. Each apartment block is 12.10m width by 72.56m length (Figure 2.2-2,
down); and they are separated a distance of 28.25m approximately.

12160
13850

72560

Figure 2.2-2: Space to be studied (up) and floor plan of the one block apartment (down)

The main structure consists of prefabricated concrete elements, and the materials used for
the walls and the claddings are poor quality and at the present time are in bad conditions. The
area around the apartments is now a bit deserted and desolated (Figure 2.2-3). All the
technical documentation, floor plan drawings, materials information and measurements are
included in the APPENDIX A: THE EKO-CANOPY PROJECT of this report.

Figure 2.2-3: Area of the surroundings (left) and space between two apartment blocks to be renovated (right)

14
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Figure 2.2-4: Front fagade (left) and back fagade (right)

The proposal of White Architects consists on a Canopy construction between the two
apartment blocks (Figure 2.2-5, right). The main concept is to create a nice and good
environment, where social activities can be done, combined with playground spaces and green
areas. The main structure is made with wood elements covered by a glass surface. The
construction includes a serial of sustainable measures to fulfill with the goal of the
competition.

The Figure 2.2-5 on the left shows the indoor environment created between two of the
apartment blocks, where it can be seen the idea of the social transformation of the area.

Figure 2.2-5: Render inside Canopy (left) and scheme of overall concept of the Canopy(right) (White 2015)

Consequently, it is seen that a serial of design considerations should be taken into account.
The aesthetic aspects should be in equilibrium with the energy and structural premises.
Therefore the following parameters were studied: surface area to cover, solar potential, snow
handling, ventilation of the Canopy to avoid the green effect, wind considerations, cost, and
LCA.

One of the questionable aspects from the jury after the competition was the “The major
construction and the dimensioning of the structure” (Knudsen 2016) included in the (Appendix
XX). Therefore this master thesis is going to focuses its investigations on the structural
considerations as a particular case study for the proposed design-analytical integrated method.
All the aspects related to energy and indoor comfort have been investigated by Mikkel
Kirkeskov Knudsen. (Knudsen 2016)

15
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Part II1I: BACKGROUND

3.1 Literature review

In the context of the proposed research, two wide areas are the main focus of study,
which at the same time are correlated.

On the one hand this work is based on the idea of looking for a logic method to be applied in
the early design stages of the constructions projects, integrating both architectural and
structural considerations. Within this area, firstly is important to introduce the traditional
building process, and its evolution until how is interpreted nowadays. Related to this, the
concept of BIM plays a significant role, as it constitutes the new way of understanding the
building industry, where the architecture, the engineering and the construction coexists. This
is the result of the seeking of reinvention to adapt the technological advances to the new
decade. (W Young Jr. et al. 2009).

Although the term BIM is not the focus of this research, it is important to define its meaning. In
this way, The National Building Information Model Standard Project Committee defines BIM as
“a digital representation of physical and functional characteristics of a facility. A building
information model is a shared knowledge resource for information about a facility forming a
reliable basis for decisions during its life-cycle; defined as existing from earliest conception to
demolition™?

2 Building Smart. International home for Open BIM. http://buildingsmart.org/standards/technical-vision/

16
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Moreover, The National Institute of Building Sciences defines BIM as “a fundamentally
different way of creating, using, and sharing building lifecycle data” (NIMBS Committe 2007). It
divides the idea of BIM in three different meanings, firstly it is understood as a product, (BIM
technology — modelling) secondly as a collaborative process and thirdly as a facility lifecycle
management requirement (BIM Methodology — Management Model) (NIMBS Committe
2007) (W Young Jr. et al. 2009)

Therefore, it can be concluded that BIM involves all the processes of collaboration and
exchange of data between all the agents who participate in the building process, based on the
use of several software, which support a common data format (IFC format) and in last instance
but being the key issue, that everything is connected by a central shared model.

This concept of collaboration of the building agents and data exchange between different
platforms will be the basis of the method for this master thesis work, but express from a
different approach that the BIM concept. In this frame is introduced the idea of integrated
dynamic models. The IEA, International Energy Agency?, introduce this concept on its guide
“Integrated Design Process, a gquideline for Sustainable and Solar-Optimised Building
Design”(G. Lohnert, A. Dalkowski, and W.Sutter 2003), where is clearly stated the necessity of
re-think the structure the design process with the aim of combine “more knowledge and
creativity in the early stages of the process”(Task 23 IEA 1997). This mentality leads to study
different design options but analyzing its potential performance as the technical knowledge is
included from the beginning. When the engineer point of view is introduced in the process in
last stages, it is not possible that the technical knowledge has an influence on the design
choice.

In this way, Integrated design process (IDP) is “based on the idea of an optimized teamwork, a
qualified design process management including application of modern tools and strategies
which fit to the project goals” (G. Léhnert, A. Dalkowski, and W.Sutter 2003).

This philosophy is further discussed by Negendahl in its article “Building performance
simulation in the early design stage: An introduction to integrated dynamic models”
(Negendahl 2015a), where is study the idea of combining analysis tools with design tools. In
this way, it is possible to consider multiple alternatives while a technical feedback is provided.
Therefore, in Figure 3.1-1 (Negendahl 2015a)the definition of an integrated dynamic model is
illustrated.

typically an architect either an architect or engineer typically an engineer
Design Tool WPL BPS environment
! Geometry Model (= Data Model 2|l calculation Moge!

VPL = Visual Programming Language

BPS = Building Performance Simulation environment
= = Bidirectional links providing dynamic feedback
L2353 = Integrated dynamic model

Figure 3.1-1: Definition of an integrated dynamic model (Negendahl 2015a)

3 http://task23.iea-shc.org/description

17
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It consists in the interaction of the design tools, often used by architects, and the calculation
tools (Building Performance Simulation Tools), which normally are run by engineers. The main
issue is to integrate both in a way that the use of the computer tools is maximized. Solving this,
it would possible to manage a tool which gives both, aesthetic evaluation and technical
feedback, allowing to identify structural problems in the first steps of the designing process.
(Klitgaard, Kirkegaard, and Mullins 2006)

Both groups design and BPS tools are interconnected by means of Visual Programming
Language (VPL). The model data, both geometry definition and calculations, is transferred
through the different platforms in a bidirectional way. This concept is the basis to set up the
method which is further explained in Part IV: Method (24).

Moreover, as it is state by Negendahl (Negendahl 2015b) the visual programing language is
often based on Parametrical tools integrated in the Design softwares. These are for example,
Grasshopper, the graphical algorithm editor tightly integrated with Rhino's 3-D, Autodesk®
Dynamo Studio, software integrated in Autodesk Revit, as the standalone programming
environment for the design, or Bentley’s Generative Components. These platforms allow to
the user to create multiple variables providing great flexibility to the designs.

In this scenario it should be contemplated that the idea of a common link, as is the VPL tools,
contradicts the philosophy of BIM, as while “VPLs facilitate data across any content- and object
relationship, schemas like IFC prescribe object relationships through attribute data”
(Negendahl 2015b).

The idea of parametrical modeling leads to the second big topic of this research work.
Accordingly with this, on the other hand, the second area of research is the optimization
techniques to be developed with the aim of finding efficient and sustainable structures, where
the minimal amount of mass for the overall construction is used.

The optimization process is a complicated practice which has been investigated for numerous
researches over the years. Its complexity is mainly related that the practice of optimization is
based on mathematical problems. Therefore in order to understand it numerous articles and
books have been investigated, as the works from (Kirsch 1993), (Byrne et al. 2011),
(Christensen and Klabring 2009), (Bendsge 1989), (Christiansen et al. 2015), and (Sigmund
2001) etc. The aim of this thesis is incorporate the structural optimization process in early
stages of the architectural designs, so it would be study from the design point of view based on
the use of parametrical tools, leaving aside the mathematical formulation itself connected with
programming. These aspects would be further on developed in 4.3 Optimization process
description, as this section would set the basis of the optimization processes done for this
thesis.

18
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3.2 The Building Design Process and its tools

From the previous chapter, it is clearly seen the importance of the use of the different
software along the long building process. They could be divided in two main different big
categories: Design Tools and Building Performance Simulations Tools.

Inside the design tools group, there are found platforms such as Autodesk Revit, Rinhoceros
3D by Robert McNeel & Associates, ArchiCAD, etc.

Additionally, within the group of Building Performance Simulation Tools, softwares as
Autodesk Robot Structural Analysis, FEM-Design, Staad.Pro of Bently, ANSYS, etc are found.

The features which provide each of these tools make the basis which establishes the working
flow of the building process. Depending on their performance, the data exchange direction is
set. However, regarding to this, the process can be unidirectional o bidirectional, as it has been
introduced before. Within this context is important to also mention the agents who participate
in each of the steps of this process.

In this way, the unidirectional approach is based on the traditional understanding of the
designing process, which according to numerous researchers is called linear approach
(Klitgaard, Kirkegaard, and Mullins 2006). It consists in the basic idea that is the architect in
charge of the design, including both phases, sketching and creation of the 3D model; and then
the engineer analyses the model once that it has been already finished, as it shown in the
scheme a) Figure 3.2-1 (Klitgaard, Kirkegaard, and Mullins 2006).

FTOstive il digital design tools| —=»  [EIEnISCS dipital analysis tools

Architecl GHEEIRICSEN luulslq_—’ldigiml analysis molsl mmedll Frngineer

Nt il <izital design tools @ digital analysis tmlsl el ['ngineer

Figure 3.2-1: Three approaches for the working flow of the different agents in the building process. [Figure 2,
(Klitgaard, Kirkegaard, and Mullins 2006), The three approaches — (a) the architects, (b) the hybrid practitioner and
(c) the approach provided by the prototype, showing the initial sketching phase on the left side of the black arrow
and the detailing phase on the right side.

This way of working is, in most of the cases, really time consuming. Probably, after the post
analysis of the engineer, the model decided by the architect has to suffer changes, so it is
necessary to go back in the process and do the steps again, repeating this until achieve a
reliable configuration. The Figure 3.2-2 proposed by Klitgaard (Klitgaard et al. 2006) shows
this linear approach.

Initial 2 Computer_>Exporting lo=>Running = Gefting _r End of

sketching Modelling " analysis analysis results sketching
A programme 0 phase
K‘- 2 Sketching &
possible
changes

Figure 3.2-2: linear approach. Working flow scheme proposed by Klitgaard (Klitgaard et al. 2006, figure 3)
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Otherwise, the second case, the bidirectional approach, is then based on the idea of forward-
back flow, where the data is transferred dynamically back and forward by VPL, as it was
illustrated in Figure 3.1-1. This also corresponds with the scheme b) of the Figure 3.2-1
(Klitgaard, Kirkegaard, and Mullins 2006).

Therefore, it should be mentioned that exists different approaches when the idea of exchange
data is studied. This is clearly explained by Negendahl 2014. The three different concepts are
illustrated in the Figure 3.2-3, which could be understood in the following way: the first
scheme corresponds to the traditional working process, which is usually based in the use of a
simulation package. Additionally, the second scheme deals with the concept of having a
central model where the data is shared by different softwares, which is clearly the idea of BIM.
Lastly, the third scheme represents the lately introduced method which consists in a
bidirectional process where the platforms are coupled by a middleware based on VLP. The
main objective of this last approach is to use a tool which provides to the practitioner both,
aesthetical and technical features (Klitgaard, Kirkegaard, and Mullins 2006), leading this again
to the idea of the hybrid practitioner.

a) Combined model method b) Central model method c) Distributed model method

O pesigntool (cAD) () Calcutation tool (BPS) (O Middleware (e.g. VPL)

Figure 3.2-3: Differences between coupling methods [Negendahl 2014. Figure6: a) combined model method
(typically operated in a simulation package), b) central model method (using a central database/file
format/schema), c) distributed model method (utilizing a middleware) ]

Consequently, due to the differences between the idea of Building information modeling and
Parametric design is should be found a balance where both interact, as it was stated by
Boeykens (Boeykens 2012), “it is worthwhile to further elaborate the integration of these
approaches in the design process, to benefit from advantages in both”. This is the main
objective of the method proposed in Part IV: Method, where different softwares, including
both Parametric Design and BIM tools, are integrated in a flow working process.

3.2.1 Potential of visual programming language tools in the building Industry

The importance of the VPL tools is clearly stated in the previous introduction referred to the
building design process. However, before enumerate its benefits; it is important to understand
what Parametric modelling is.
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The term parametric is originally related to mathematics. According to the science Oxford
dictionary, parametric is all “Relating to or expressed in terms of a parameter or parameter”*;
being defined parameter as “a numerical or other measurable factor forming one of a set that
defines a system or sets the conditions of its operation” and within the mathematical field as “a
quantity whose value is selected for the particular circumstances and in relation to which other
variable quantities may be expressed”®. Later on, the term was related with design according
to the work developed by Daniel Davis (Davis 2013), where it is stated that Moretty (1971)
introduced the term “parametric architecture”, which he defines as “the study of architecture
systems with the goal of defining the relationships between the dimensions dependent upon
the various parameters.” (Davis 2013).

According to these definitions, it can be said that parametric modeling is based on the creation
of several relations between certain numbers of parameters to create logic representations,
which in relation with the architecture, means the definition of geometry based on links and
nodes (Gallas et al., n.d.). In this way in parametric modeling the designer controls the
creation of geometries from an overall logical script or scenario (Boeykens 2012).

Furthermore, it should also mention that the use of parametric modeling in the architectural
field has led to a change of mentality. According to Woodbury in his book Elements of
Parametric Design (Woodbury 2010), “parametric modelling introduces fundamental change:
‘marks’, that is, parts of the design, relate and change together in a coordinated way”. In this
way, while the old philosophy of the architects was “pencil, eraser and paper”, they now have
progressed to the ideal of “add, erase, relate and repair”.

In this scenario, in relation with the work of M. Stavric and O. Marina, Parametric Modeling for
Advanced Architecture, the development of digital design did not end with simple parametric
modeling, it has taken a step ahead by using generative algorithms (Stavric and Marina 2011).
Nowadays, these are integrated in the 3D design modeling tools, which makes easier for non-
programmers to use, as they are Grasshopper, Dynamo or Generative Component from Bently.

At this point, we should ask ourselves, what are the real benefits of the parametrical modeling
using this kind of tools?

The first benefit is the fact that they provide great flexibility to the designs. Determining a
certain number of parameters, it is possible to play with the geometry until achieve the
desired configuration. The parameters will vary depending on the last goal of the designer,
being these parameters such as structural considerations, daylight, sun, angles, climatic data,
energy limitations, etc. These parameters are often specified as number sliders, which are
modified in accordance with different premises, creating different geometric models
depending on the specific value.

4 http://www.oxforddictionaries.com/definition/english/parametric
> http://www.oxforddictionaries.com/definition/english/parameter#parameter__5
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This process helps to reduce the time required during the design phase, as it is possible to
evaluate several configurations for a certain domain compared to the conventional 3D
modeling tools.

Thanks to the new technology advances, every day appears new platforms which are fully
integrated in the parametrical tools. This fact allows to the user to evaluate his designs from
different perspectives, including both energy and structural aspects. For example, the plug-in
Karamba for Grasshoper, allows to the user to perform Finite Element Calculations of the
designed geometry in a dynamically way. This feature is the perfect example which link the
labor of the architect and the engineer, as in order to use its features, it is necessary to have
good structural knowledge.

Other benefit that provides these VPL tools is the possibility of performing form-finding and
topological optimization processes. This is related with the idea of optimization that was
earlier introduced. For example, in the case, optimization processes are carried out in
grasshopper thanks to its component “Galapagos”.

Furthermore, these parametrical modeling tools allow to the user to export the final desired
model using the generic IFC format. This has a vital importance, as once that the parametric
model design has been finished; it is possible to import it into a BIM software to continue with
the corresponding analysis.

3.2.2 Softwares used for this master thesis

Once that it has been studied the different tools that coexist nowadays in the building
industry, this section is meant to indicate the software used for the realization of this master
thesis, including a brief explanation of their main features. Mainly, all the procedures have
been done in the Grasshopper interface using the FEM plug-in Karamba, but other software
have been also used in the process which is going to be explained in Part IV. (The descriptions
have been taken from the corresponding webpages)

3.2.2.1 Grasshopper 3D. algorithmic modeling for Rinho®

It is developed by Scott Davidson and is a graphical algorithm editor tightly integrated with
Rhino’s 3-D modeling tools. Unlike RhinoScript, Grasshopper requires no knowledge of
programming or scripting, but still allows designers to build form generators from the simple
to the awe-inspiring.

It allows to install several plug-ins, in this case have been mainly used:

=  GeomtryGym (Export data as IFC format)
= ToolBox (Inludes Galapagos listener)
= Karamba (FEM — calculations)

6 http://www.grasshopper3d.com/
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3.2.2.2 Karamba Parametric engineering’

Karamba is developed by Clemens Preisinger in cooperation with Bollinger-Grohmann-
Schneider ZT GmbH Vienna and it is a parametric structural engineering tool which provides
accurate analysis of spatial trusses, frames and shells.

Karamba is fully embedded in the parametric design environment of Grasshopper, a plug-in for
the 3d modeling tool Rhinoceros. This makes it easy to combine parameterized geometric
models, finite element calculations and optimization algorithms like Galapagos.

3.2.2.3 Autodesk Revit8

Revit® BIM software powered by Atodesk Comunity is specifically built for Building Information
Modeling (BIM), including features for architectural design, MEP and structural engineering,
and construction. Revit is a single software application that supports a BIM workflow from
concept to construction.

3.2.2.4 FEM - Design - StruSoft?

FEM-Design is an advanced modeling software powered by StruSoft for finite element analysis
and design of load-bearing concrete, steel and timber structures according to Eurocode. The
quick and easy nature of FEM-Design makes it ideal for all types of construction tasks from
single element design to global stability analysis of large structures and makes it the best
practical tool for structural engineers.

3.2.2.5 Autodesk Robot Structural Analysis

Robot™ Structural Analysis Professional software powered by Autodesk Community provides
engineers with advanced BIM-integrated analysis and design tools to understand the behavior
of any structure type and verify code compliance

7 http://www.karamba3d.com/

& http://www.autodesk.com/products/revit-family/overview

% http://www.strusoft.com/products/fem-design

10 http://www.autodesk.com/products/robot-structural-analysis/overview
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Part IV: METHOD

The objective of this part is to describe the method which has been set up and
followed for this Master Thesis, with the aim of providing the necessary premises to the
reader to be able to understand all the different approaches and calculations which has been
done.

Accordingly, the first step has been to estipulate the main objective of the method; followed
by the description of the process based on its flow illustration. This shows how the different
tools which have been used form an integrated process, giving a clear understanding of how
everything interacts and establishing the decisions and considerations which should be made
in each step.

4.1 Objective

The main objective is to apply a highly effective workflow that integrates structural analysis in
the early stages of the design process, combining design and calculation tools trying to solve
the first question formulated for this master thesis work. This would allow to the designers to
reduce the overall time of the design process stage, including the technical knowledge, as the
structural verifications, from the beginning.

When we are talking about the method, it should be mention that two different types of
methods exist. The first one is referred to the work process and how the data is transferred
through the different platforms and which steps are done in each one (4.2 Applied integrated
process description) the second one is more practical and is referred to the different processes
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which have been carried out to achieve the optimal designs, based on different optimization
processes (4.3 Optimization process description)

4.2 Applied integrated process description

The idea of integrated design process (IDP) was first introduced in section 3.1 Literature review
based on the scheme of the Figure 3.1-1: Definition of an integrated dynamic model
introduced by Negendahl (Negendahl 2015a), where the design tools, often use to create the
geometries of the models, where connected to the BPS tools, which analyze the model
configurations, by means of the VPL tools.

The parametrical tool Grasshopper can include certain plug-ins which allows to the practitioner
to perform calculations inside the parametrical modeling frame. In this case, Karamba execute
the FEM calculations for the structure modeled in grasshopper. This dynamic exchange of data
allows to the engineer/architect to play with different designs (parametric modeling) obtaining
an automatic feedback in terms of technical aspects, which speeds up the design process. In
this way, the scheme of dynamic model (Figure 3.1-1: Definition of an integrated dynamic
model has been developed to be applied to this specific method. As it can be seen the
exchange of data between Rinho 3D, Grasshopper and Karamba is produce dynamically way.
When the desired design is achieved, this model can be exported to another FEM software to
continue with more detailed calculations.

DEesiGn ToOLS VPL BPS TooLs
VISUAL PROGRAMMING LANGUAGE BUILDING PERFORMANCE SIMULATION TOOLS
y, TSt TEEEm S ——— A |
1 |
1 |
I8 GEOMETRY DEFINITION PARAMETRICAL DESIGN FEM ANALYSIS 1 INTEGRATED
1 |
! -t - F ="' DYNAMIC
1 <+ < :
! MODEL
: Rinho 3D Grasshopper Karamba :
1 |
i i g e e e === = = =
| Quality check

=2 Bidireccional exchange of data Robot / Fem—Design

=3 Unidirectional Exchange of data

"""" 7 Group of typetools

[ Specific tool

R 153

I Activity

Figure 4.2-1: Developed Integrated Dynamic model

Consequently in this context, the following diagram (Figure 4.2-2) shows the working flow
based on VPL (Parametrical design tools), which is Grasshopper in this case. It is divided in five
different stages, which go from the definition to the geometry until reach the group of optimal
configurations, going through FEM calculations and optimization processes.
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In the first stage is necessary to input a series of parameters, which will vary depending on the
model geometry. Furthermore, the structural definition (stage 3) will also depend on the
configuration and it requires technical knowledge in order to set it correctly.

1
WORKFLOW '
|
|
|
|
1-PREPROCESS 2 SPHOAC DESIGN WARIABIES FSVIULATION  B:CALOLATION 4 APPLED OPTIVIZATION SPOSIPROCESS !
1
11 i STRUCTURAL DEFINITION & FEM ; } 11
INPUT i PARAMETRIC MODELLING i CALCULATIONS ii ANALYSIS&FEM CALCULATIONS : i SYNTESIS - RESULTS H :
|
Def. Variable Parameters Optimization
f - Topology optimization

- Cross-section optimization

Domain constrains
Define structural elements
- Max.Length to cover. A
- Max. Width to cover. \‘ - Beams

Geometry definition - Columns

Optimal configurations

- Platesorshells - Total mass comparison
- Cross section utilization ratio
™ pef. boundary conditions - Loadcases
- Fix - Countries comparison

- Hinge Output from Karamba

- Sectionforces
- Maximum deflection

Live loads values (EXCEL) —>  Define surfaces loads _ Total mass os the structure
- Wind loads.
- Snow loads. > Load combinations
Dead loads — Assign to elements

- Cover material
- Structural material

"7l Milddleware

Different Stages [1-5)

Process envelope

X Principal taskto do
Figure 4.2-2: Workflow for the specific method. Steps carried out in each stage.

As a result, it is obtained the performance of different geometry models, knowing their
maximum deflection, the total amount of mass of the structure, the utilization ratio of the
cross-sections, etc. This allows to the practitioner to choose the best solution basing his
decision on the parameters that he considers or the requirements that he must fulfill to
accomplish the desires of the client.

In Part V: Results-Structural Analysis (5.2) different model configurations will be studied, and
the workflow will be adapted to each of them, indicating the parameters considered in each
case.

Furthermore based on the previous schemes (Figure 4.2-1 and Figure 4.2-2 ), the following
diagram (Figure 4.2-3) shows the connection between the different platforms used, giving an
overview of how the Design Tools, VPL tools and BPS tools are connected. Additionally, here
the math and spreadsheets softwares have been also added.
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Figure 4.2-3: Applied Integrated design process

It is clearly seen that again the VPL tools serve as a common link between the other three type

of tools (Design, BPS and Spreadsheets tools).

In this way the brief description of the process is as follows:

1.

10.

11.

First step: Creation of the geometry either in the design tools (Rinho 3D, Sketch up or
Revit) or in the Grasshopper interface.

Second step: Loads calculations in the Excel spreadsheet (Calculations for all the
Nordic countries)

Third step: From GH to Karamba. Transformation of all the geometry elements into
structural elements: beams, columns or plates. Definition of the boundary conditions
(supports) and dimensions of the cross-sections (approximate).

Fourth step: Definition of the loads in Karamba. Specification of the different wind
and snow load areas on the model reading the values from excel. Integration of the
load combinations in Grasshopper.

Fifth step: Perform the FEM analysis using Karamba.

Sixth step: Analysis of the results. Check that structure doesn’t collapse with the
estimated cross-sections. Find ways to improve it.

Seventh step: Topology optimization 1. Perform the 1% optimization process using
Galapagos component for GH.

Eight step: Cross-section optimization. Perform the 2™ optimization process using the
component for Karamba, “Cross-section optimization”

Ninth step: Topology optimization 2. Perform the 3 optimization process using
Galapagos based on the results from the 8™ step — cross-cross section optimization.
Tenth step: Export the results to excel. Comparison for the total mass of the structure
before and after the cross section optimization.

Eleventh step: Analysis of the configurations. Extract the different combinations,
analyse the optimal ones based on the amount of mass and the utilization ratio of the
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cross sections. Check that the elements of the structure fulfil the requirements
specified in the Eurocode. Repite the optimization loop from step 7 if it is necessary.

12. Twelfth step: Export the chosen geometry (IFC format). Based on the analysis of the
step 11", choose one of the optimal configurations and export it to Revit using the
plug-in for GH GeometryGym.

13. Thirteenth step: Analysis of the Structure in FEM software. Analyses of the structure
either in Robot or FEM-design. Compare the section forces values with the ones
calculated from Karamba.

4.3 Optimization process description

The last diagram leads to introduce the method followed for the optimization process. As it
was presented before, this procedure implies the use of mathematical programing techniques
as it is stated in the paper of Y.M. Xie and G.P.Steven (Xie and Steven 1993). For example the
work developed by O. Sigmund presents a Matlab script to carry out topology optimization for
compliance minimization of statically loaded structures (Sigmund 2001).

However, the objective is to combine those practices coming from the engineer field within
the architectural designs. This is study by means of the evolutionary structural design
computation by Byrne (Byrne et al. 2011) . The concept is based in an evolutionary search of
reducing the material usage and cost of the structure, but being this able to resist the stresses
produced by the loads without collapse. This is done using Finite Element Methods.

In this way, the new architectural-engineers approaches tend to see the optimization
processes as a way to generate aesthetic and efficient structural configurations. (Block et al.
2014). Numerous studies show that this combination adds great value to the projects.

In the work developed by Peter W. Christensen and Anders Klarbring, “An Introduction to
Structural Optimization” (Christensen and Klabring 2009) it is formulated the optimization
process as: “minimize f(x,y) with respect to x and y;subject to behavioral constraints on y, and
design constrains on x” Where “f” is the Objective function, “x” is the design variable changed
during the optimization, and “y” is the state variable which is the response of the structure.

In the case of this master thesis, the optimization procedures will be carried out thanks to the
component Galapagos of Grasshopper, which is an evolutionary solver developed by David
Rutten. This is a generic platform for the application of Evolutionary Algorithms to be used on
a wide variety of problems by non-programmers. ! To run Galapagos is necessary to define
the goal of the optimization, called as Fitness value (objective function) and the parameters to
optimize, called as genes (design variables) (Rutten 2016). In this way, the state variables
would be the structural verifications (stresses, buckling and deflection) that the structure
should fulfill.

1 http://www.grasshopper3d.com/group/galapagos
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Before described the optimization method, it is important to clarify that for this particular
project “optimization” is understood as the semi-automated process of finding feasible
structural configurations through an integrated dynamic model (coupled to an optimization
algorithm). Hence, the optimization is only applied to the design of elements that concerns
structure of the selected design principle, and very important to state, do not apply to other
disciples, such as energy performance, cost, functional requirements, aesthetics etc.

In this way, in order to set up the optimization process (steps 7,8 and 9), it is important to
explain the types of procedures which exits. According to (Christensen and Klabring 2009)
there are three types of structural optimization problems:

= Shape optimization. It is referred to the boundary of the structural domain.

= Sizing optimization. It is referred to the cross-sections of the elements of the structure.

= Topology optimization. It is the process of form-finding the optimal shape and
configuration of the structure. In (Nyman and Andreas 2015) is define as the “discipline
of computing the optimal shape and topology of a structure with respect to some
desired effect” (Bendsge and Kikuchi, 1988; Bendsge and Sigmund, 2003)

The last two processes have been implemented in the Grasshopper script, as the first one
(domain) is fix. Below the process of optimization is described in seven steps. These steps may
be read as if they were included in a larger loop that continues until "optimality" has been
found.

To be able to carry the topology optimization is necessary to pre-define a structure
configuration, setting its boundary conditions and cross-sections. After this, it is run Galapagos,
defining the genes and the fitness for each case (Seventh step: Topology optimization 1.
Perform the 1% optimization process using Galapagos component for GH.), followed by the
second optimization step (Eight step: Cross-section optimization. Perform the 2" optimization
process using the component for Karamba, “Cross-section optimization”.Thanks to the
component Optimized Cross Section’ from Karamba, it is possible to run at the same time the
Ninth step: Topology optimization 2. Perform the 3 optimization process using Galapagos
based on the results from the 8™ step — cross-cross section optimization. and record the values
of both processes (Galapagos listener). This second topology optimization considers the cross
sections defined in step 8.

It should be mentioned that the ‘Optimized Cross Section’-component from Karamba takes
into account the buckling of each specific member depending on the buckling length (6.5.4
Buckling Modes, Preisinger 2015), however when the results are verified analytically, not
always fulfill the requirements against buckling. This component considers the load bearing
capacity of each member, checking that is sufficient for all the load cases of the structure. This
is done following the requirements established in the Eurocode 1993-1-1. The values Cmy and
Cmz are limited to a maximum of 0.9 (Section 6.5.9, Preisinger 2015)]. It is also taken into
account the lateral torsional buckling of the elements according to the cross-section
classification for class 1 to 4 (Table 5.2 Eurocode3 2001). See also Cross section class.
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Furthermore, as according to (Eurocode3 2001) there is a limitation of the maximum
deflection of the components which form a structure; the maximum deflection allowed has
been also implemented in the component in order to provide the most efficient result for the
cross section.

This process is schematized in the following diagram, described in the following steps:

=  Study of the space
= Optimization: from basic construction to a complex design
1.Load analysis: wind, snow and self-weight
2.Structural analysis single member: theory and limitations
3.Pre-definition of the cross sections
4 First optimization process (Step 7 - topology) = Goals: minimal deflection
and minimal mass of the structure.
5.Second optimization process (Step 8 - sizing) = optimal cross section working
at 90% of their capacity
6.Third optimization process (Step 9 - topology) Goals: minimal deflection and
minimal mass of the structure.
7.Structural verifications. If the members defined do not fulfill the
requirements a/EC repeat the optimization loop until a suitable solution is
achieve.
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Figure 4.3-1: Optimization method scheme
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4.4 Normative

The structural verifications should be implemented in the method described before; therefore
this section establishes all the necessary theory regarding the structural calculations. It is
based on the premises specified by the Eurocode, including all the conditions set by the
corresponding National Annex.

It should be noted that this chapter formulate all the basic equation to carry out the
calculations, but express in a general way. Further on, in Part V: Structural analysis, it would be
mentioned the different assumptions which have been done for each specific case.

First are going to be explained the procedures to calculate the wind loads, followed by the
calculation of the snow loads, and in last instance, all the necessary formulations to estimate
the bearing capacities for the steel elements and their verifications.

4.4.1 Wind loads calculations

"The wind loads are calculated following the specifications in the Eurocode 1, part four (DS/EN
1991-1-4 2007) and the corresponding National Annex for each country.

As it is specified in the section 3 of DS/EN 1991-1-4 : 2007, the wind actions will depend on
each design situation, which means that for each of the models they will vary, but all follow
the same calculation procedure which will be described as follows:

4.4.1.1  Basic wind velocity (DS/EN 1991-1-4 2007, eq. no.4.1)

Vp = Car Cseason Vb,0 [m/s] (4.1)

Where:

= Vjis the basic wind velocity, defined as a function of wind direction and time of year at
10 m above ground of terrain category |l

=V, ois the fundamental value of the basic wind velocity

= cg4y is the directional factor

®  Cgeason IS the season factor

4.4.1.2 Mean wind velocity (DS/EN 1991-1-4 2007, eq. no.4.3)

vm(2) = ¢r(2) ¢o(2) vy, [M/5] (4.2)
Where:

= ¢,.(2) is the roughness factor calculated according section 4.3.2 DS/EN 1991-1-4 2007
» ¢y(2)is the orography factor calculated according section 4.3.3 DS/EN 1991-1-4 2007
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4.4.1.3

Where:

4.4.14

Where:

4415

Where:

4.4.1.6

Where:

Wind turbulence (DS/EN 1991-1-4 2007, eq. no.4.6)

o, = kr vy kl (4.3)

k., is the terrain factor calculated according eq. 4.5 DS/EN 1991-1-4 2007

v}, is the basic wind velocity.

k; is the turbulence factor. This value may be given in the National Annex. The
recommended value is 1.0

Turbulence intensity (DS/EN 1991-1-4 2007, eq. no.4.7)

_ % _ . | (a.4)
1,(z) -7 Co(z)ln(%) for zZpmin <72 < Zmax
IV(Z) = Iv(Zmin) for z < Zpin (4.5)

¢o(2) is the orography factor calculated according section 4.3.3 DS/EN 1991-1-4 2007
7, is the roughness length, given in Table 4.1 DS/EN 1991-1-4 2007.

k; is the turbulence factor. This value may be given in the National Annex. The
recommended value is 1.0

Peak velocity presure (DS/EN 1991-1-4 2007, eq. 10.4.8)

4p(2) = [1+71,(2)] 5p v}, (2) = ce(2)qp [KN/m] (4.6)

p is the air density, which depends on the altitude, temperature and barometric
pressure to be expected in the region during wind storms. In all the cases is taken as
1.25 kg/m?3

c.(z) is the exposure factor given by eq. 4.9 DS/EN 1991-1-4 2007 [ c.(z) = q’;—(z)]
b
qp is the basic wind velocity pressure given by eq. 4.10 DS/EN 1991-1-4 2007 [q, =
1
~pvi]

I,(2) is the turbulence intensity specified in eq. (4.4) or (4.5)

Wind pressures on surfaces (DS/EN 1991-1-4 2007, eq. no.4.1)

We = Qp(ze)cpe (4.7)
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" (z.) is the peak velocity pressure specified in eq. (4.6)

= 7, is the reference height for the external pressure. [Section 7 DS/EN 1991-1-4 2007]

" Cpe is the pressure coefficient for the external pressure. [Section 7 DS/EN 1991-1-4
2007]

4.4.2 Snow loads calculations

Accordingly, the snow loads are calculated following the specifications in the Eurocode 1, part
three (DS/EN 1991-1-3:2007 2007) and the corresponding National Annex for each country.

In the same way that for wind loads, the snow loads will depend on each design situation,
which means that for each of the models they will vary. The characteristics causing different
values are stated in section 5.1 Nature of the load (DS/EN 1991-1-3:2007) and are:

a) The shape of the roof.

b) Its thermal properties.

¢) The roughness of its surface.

d) The amount of heat generated under the roof.

e) The proximity of nearby buildings.

f) The surrounding terrain.

g) The local meteorological climate, in particular its windiness, temperature variations,
and likelihood of precipitation.

Furthermore, the load arrangement can be considered as “undrifted snow load on roods” or as
“drifted snow load on roofs”. The first one is defined by section 1.6.5 DS/EN 1991-1-3:2007 as
“load arrangement which describes the uniformly distributed snow load on the roof, affected
only by the shape of the roof, before any redistribution of snow due to other climatic actions”.
Meanwhile, the second one is defined by section 1.6.6 DS/EN 1991-1-3:2007 as “load
arrangement which describes the snow load resulting from snow having been moved from one
location to another location on a roof, e.g. by the action of the wind”.

In case of the snow load calculation, there are three different situations:
4.4.2.1 Persistent / transient design situation

s= p C, Ct S (4.8)
4.4.2.2  Accidental design situations where exceptional snow load is the accidental action

§= U CeCtSpa (4.9)
4.4.2.3 Accidental design situations where exceptional snow drift is the accidental action

S = U Sk (4.10)
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Where:

= u; is the snow load shape coefficient, it wil depends on the shape of the roof (two
different cases will be calculated, explained in Part V: Structural Analysis)

= 5, is the characteristic value of snow load on the ground specified in the
corresponding National Annex for each country.

= 544 is the pressure coefficient for the exernal pressure. [Section 7 DS/EN 1991-1-4
2007]

= (,is the exposure coefficient specified in Table 5.1 DS/EN 1991-1-4 2007. In this case
it is taken as 1,0 for Normal topography.

= (; is the thermal coefficient. It is taken as 1, as the heat transmittance is larger than 1
W/m?K

4.4.3 Steel Calculations

The necessary steel verifications, including the checks regarding the capacities of the cross
section, the buckling resistance, the lateral torsional resistance and the requirements for the
deflections of the elements, are calculated according to the premises in Eurocode 3: Design of
steel structures (Eurocode3 2001).

It should be mention that depending on the element which is being calculated the different
coefficients to adopt will vary, so all the equations are listened in their general form, and the
corresponding considerations will be made for each case during the calculation process.

The verifications are divided for the two main elements which form the structure; being on the
one side the verifications regarding the beams and on the other side the verifications for
columns.

Beams Verifications

The following formulations show the procedure which has been followed to check the beams
cross section capacities. First must be specified the steel class and the section properties.

The beam capacity control is done for Ultimate Limit States (ULS) for members subjected to
bending and shears forces. The resistance of the cross section according to the clause 6.2 (6) of
the Eurocode 3: Design of Steel structures (Eurocode3 2001) shall be verified by finding a
stress distribution which equilibrates the internal forces and moment without exceeding the
yield strength. As a general rule the stresses are calculated following Navier’s formula, stated
in the equeqtion (3.11)

N, M,y

— M, 411
U—Z+?Z—;yﬁfyd [kN/mZ] { }

Furthermore, the individual checks for axial, shear and bending must be also fulfilled, being the
design forces smaller than the capacities.
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4.4.3.1 Cross section class

For the internal compression parts (web of the profile), case: Part subject to bending. Table 5.2
(Eurocode3 2001)

Sectionclass1 - % <72¢ (4.12)
Sectionclass2 > % <83¢

Sectionclass3 > % <124¢

Sectionclass4 - % > 124 ¢

Where:

* ¢ is the efficient length of the web, calculated as: ¢ = h,, — 2 tf, being hy, the height
of the profile and tsthe thickness of the flange.
= tisthe thickness of the web (tu)

= ¢=/235/F,

For the outstand flanges (flange of the profile, Table 5.2 (Eurocode3 2001)

(4.13)

1
IA
Nel
M

Sectionclass1l =

IA
[uny

Sla +]a o
IA
—_

= s o
™ ™M

Section class 2

9
Sectionclass3 =
9

V
U=y
™M

Section class 4

Where:

= is the efficient length of the web, calculated as: ¢ = b_% — r being b the width of

the profile, tw the thickness of the web and r the root radius.
= tisthe thickness of the flange (tf)

= ¢= 235/,

4.4.3.2 Bending moment Capacity control

The cross section must fulfill:

Mga _ q (4.14)
Mc,Rdr
Where the Bending resistance is calculated according to the cross-section class:
w
Classl1 or2 > M.pg = :l Ty [kNm] (4.15)
Mo

Class3 > M.pq = Welym—mjcy [kNm]
Mo
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Weffmin
Class4 =~ McRd=ff’—fy[kNm]
! YMmo
Where:

[] Wpl

*  Wemin s the min Elastic modulus of Elasticity [cm?]

is the Plastic modulus of Elasticity [cm?]

* W,sr isthe Effective modulus of Elasticity [cm?3]
* fy is characteristic yield strength [kN/cm?]
" Yo is the partial safety factor specified in Section 6.1 (Eurocode3 2001)

4.4.3.3  Shear Capacity control

The cross section must fulfill:

VEd 1 (4.16)
VplRd

The shear resistance is calculated as follows:

v (fy/V3) (4.17)
VpiLra = ny [kN]
Where:
= A, isthe shear area [cm?]. For rolled sections is calculated as:
Ay, = A — 2bts + (t, + 21)t [kN] (4.18)

* fy is characteristic yield strength [kN/cm?]
= Yumo is the partial safety factor specified in Section 6.1 (Eurocode3 2001)

4.4.3.4 Interaction of shear and bending moment

According to the clause 6.2.8 (2) (Eurocode3 2001), the effect of the plastic shear resistance of
the cross-section on the moment resistance should be taken into account when the applied
shear force is larger than the half of the shear resistance.

_ (Wpl,y_PAa//4tw) Iy

<V;-M = <M
d y,V,Rd YMo y,c,Rd

Vpird (4.19)

2

Where:

* Vyira isthe plastic shear resistance calculated according to eq. (4.17)
= |, is the design shear resistance

* W, isthe Plastic modulus of Elasticity [cm3]

* fy is characteristic yield strength [kN/cm?]

" Yo is the partial safety factor specified in Section 6.1 (Eurocode3 2001)
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4.4.3.5 Lateral torsional buckling

Non-dimensional slenderness

(4.20)

Where:

= M, is the critical bending moment of the cross-section. Its calculation is done based
on the cases specified in the Lateral-torsional buckling (LTB) loads tables from Teknisk
Stabi (Jensen 2007)
* W, isthe modulus of Elasticity [cm3], which will be equal to:
- W, = W, for cross-section class 1 or 2
- W, = Wy, for cross-section class 3
- W, = Wy, for cross-section class 4

Imperfection factor
¢ =05[1+ a’LT(ALT - ALT,O) + BAir] (4.21)
Where:

* Auro = 0.4 and B = 0.75 for rolled sections according to the National Annex.
= q;r is the imperfection factor determined by the buckling curved according to the
table 6.1 (Eurocode3 2001)

Reduction factor for lateral torsional buckling eq. (6.47) (Eurocode3 2001)

1 - { 1 (4.22)
< 2
Gur +bir — BALr 1/25r

ALt =
Where:

= ¢, r is calculated according to the equation (3.21)
= ], is calculated according to the equation (3.20)

Lateral Torsional Buckling capacity check eq. (6.46) (Eurocode3 2001)
Mgg < Mpgp = XirW fy/VMl (4.23)
Where:

* W, is the modulus of Elasticity [cm3], which will depend on the cross-section class as
it was specified before.
= ;7 is the reduction factor calculated according to eq. (4.21)
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Columns Verifications

The verifications necessaries to carry out to check the cross-sections of the columns follow

similar procedure than the specified for beams. First must be determined the steel class and
the section properties.

In the case of the columns, the axial force will drive the final cross section, as the elements are
subjected to compression forces. The capacity control is done for Ultimate Limit States (ULS).

According to the Eurocode 3: Design of Steel Structures (Eurocode3 2001), when the elements

are subjected to bending and axial compression the following verifications should be carried
out for cross sections such as IPE, IPN, HEB, etc.

_ Npc Mdy Cm,z Mdzy

4.24)
o=— < (
XyA yLT XLtWoly z Woplz fyd

Furthermore, the individual checks for axial, shear and bending must be also fulfilled, being the
design forces smaller than the capacities.

4.4.3.6  Cross section class

For the internal compression parts (web of the profile), case: Part subject to compression).
Table 5.2 (Eurocode3 2001)

Sectionclass1 - % <33¢ (4.25)
Sectionclass2 > % <38¢
Sectionclass3 > % <42¢
Sectionclass4 > % >42¢

Where:

* c is the efficient length of the web, calculated as: ¢ = h,, — 2 tf, being hy, the height
of the profile and tsthe thickness of the flange.
= tisthe thickness of the web (tu)

= ¢=/235/F,

For the outstand flanges (flange of the profile, Table 5.2 (Eurocode3 2001)

Sectionclass1 > % <9¢ (4.26)
Sectionclass2 > % <10¢
Sectionclass3 > % <1l4e
Sectionclass4 > % >14¢

Where:
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= is the efficient length of the web, calculated as: ¢ = b_% — r being b the width of

the profile, tw the thickness of the web and r the root radius.
= tisthe thickness of the flange (tf)

» £=,/235/f,
4.4.3.7 Buckling length

The buckling length is determined as:

= Ly =0.7 Leolumn for columns in connection with the foundation.
" Ly = Leowmn for intermediate columns.

4.4.3.8  Flexural buckling around the y-axis and z-axis

For both axes is done the same procedure. It should be taken the corresponding moment of
inertia depending on the axis that is being calculated. It should be calculated the design
buckling resistance which is:

A .
Npra = )]{/—fy < N, for Class 1,2 and 3 cross-sections (4.27)
M1
N __ XAerrfy <N f | .
bra =, = S Npga or Class 4 cross-sections
The general procedure to calculate Ny, 4 is as follows:
Critical axial force:
_ mEgl, (4.28)
Ncr.y - l}z{y

Where:

= FE, isthe design modulus of elasticity.
* [, is the moment of inertia around the y axis (or I, for the second case).
= L is the buckling length.

’A
A= Aessly for Class 4
NCT

= M, is the critical bending moment of the cross-section. Its calculation is done based

Where:

on the cases specified in the Lateral-torsional buckling (LTB) loads tables from Teknisk
Stabi (Jensen 2007)
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* W, isthe modulus of Elasticity [cm3], which will be equal to:
- W, = W, for cross-section class 1 or 2
- W, = Wy, for cross-section class 3
- Wy = Weyy , for cross-section class 4

Imperfection factor
¢ =05[1+a(l—02)+1?] (4.30)
Where:

= Ais the non-dimensional slenderness eq. (4.28)
= is the imperfection factor determined by the buckling curved according to the table
6.1 (Eurocode3 2001)

Reduction factor for lateral torsional buckling eq. (6.47) (Eurocode3 2001)

1 (4.31)

1
X=¢+ [¢2 — 2 S{l//lfr

Where:

= ¢ is calculated according to the equation (4.29)
= Ais calculated according to the equation (4.28)

4.4.3.9 Lateral torsional buckling

Non-dimensional slenderness

(4.32)
s
¢ =
MCT
Where:
= M, is the critical bending moment of the cross-section determined by:
_CmPEL (1, LGIp\™ (4.33)
o2 1, m2EI,
* W, isthe modulus of Elasticity [cm3], which will be equal to:
- W, = W, for cross-section class 1 or 2
- W, = Wy, for cross-section class 3
- Wy, = Weyy,, for cross-section class 4
Imperfection factor
¢ =05[1+ a’LT(ALT - ALT,O) + BAir] (4.34)
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Where:

* Auro = 0.4 and B = 0.75 for rolled sections according to the National Annex.
= q;r is the imperfection factor determined by the buckling curved according to the
table 6.1 (Eurocode3 2001)

Reduction factor for lateral torsional buckling eq. (6.47) (Eurocode3 2001)

1 - { 1 (4.35)
= < 2
Grr + ir — BALr 1/25r

XLt

Where:

= ¢, r is calculated according to the equation (3.21)
= ], is calculated according to the equation (3.20)

Lateral Torsional Buckling capacity check eq. (6.46) (Eurocode3 2001)
Mgg < Mpgp = XirW fy/VMl (4.36)
Where:

"W

it was specified before.

is the modulus of Elasticity [cm3], which will depend on the cross-section class as

= .7 is the reduction factor calculated according to eq. (3.35)

Deflection verifications

4.4.3.10 Maximum vertical deflection

According to Section 7.2.1 (B), the vertical deflection for beam in roof and plates should be:

Umax,y,beams = l; /200 (4.37)
Umax,y,roof = lz / 150 (4.38)

Where:

= [, is the span of simple supported and continuous beams.
= [, is the span of the roof plate.

4.4.3.11 Maximum deflection columns

According to Section 7.2.1 (B), the maximum horizontal deflection for columns in frames is:

Umaxx = h /300 (4.39)
Where:

» his the height of the building.
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Part V: RESULTS - Structural Analysis

The purpose of this chapter is to apply the method which has been proposed in the
previous chapter (Part IV, 4.1), in order to study its feasibility, and study its advantages as well
as disadvantages compare to the traditional working approaches. In this way it would be
possible to discuss and solve the research questions posed for this master thesis.

As it was introduced in Part Il (2.2), the project to study is the EKO-Canopy project [APPENDIX A:
THE EKO-CANOPY PROJECT], a proposal of White Architects Sweden. The project was chosen for
the great flexibility which provides, as the purpose is to build a Canopy between two existing
apartment blocks. This means that is possible to play by means of the parametrical modeling
with all the space in between to create a realistic and sustainable configuration.

First it is going to be explained the load analysis which has been done in appliance to the
specific construction. Secondly, the method based on the parametrical model is developed and
its results presented.

The following table shows the measurements for the buildings and the space in between
which are essential in order to understand the considerations which have been made.

Parameter Unit [m] Apartment block Space in between
Height m 22.63 22.63
Length m 72.57 72.57
Width m 12.1 28.25

Table 4.4-1: Basic measurements of the site for the Canopy construction

42



MSc Thesis Parametric Structural Design

5.1 Loads analysis

This section is focus on the study and analysis of the loads which act on the structure
of the EKO-Canopy project. They are calculated following the specifications on (DS-EN 1990 —
Basis of structural design 2007, sec. 4.1.1 Classifications of actions), where the actions are
classified as Permanent actions (G), Variable actions (Q) and Accidental actions (A). For the
purpose of this project only the first two categories are going to be considered. The permanent
actions (G) are referred to the self-weight of the structure, while the variable actions, Q, are
the wind loads, snow loads and imposed loads. In this specific case the last ones are neglected
as the model taken as study, as it has been described before, is a Roof-Canopy which is not
accessible for public.

Firstly are going to be calculated the variable actions. These are the different live loads which
will influence the design, as the wind loads and the snow loads. Most areas of the Nordic
countries have strong climatological conditions during the autumn-winter period every year;
therefore a deep study of the wind and snow loads should be done. For this reason, as this
master thesis form part of the NORDIC BUILD PROGRAMME (2.1), these are going to be
estimated in different locations along the Nordic countries, following the premises specified in
Section 4.4, both 4.4.1 Wind loads calculations and 4.4.2 Snow loads calculations.

Analyzing the loads for different locations will be used as a basis to evaluate how the loads
could condition the design. Hence the wind pressures and snow loads are calculated for
Sweden, Norway, Denmark, Finland and Iceland. However it should be noted that the main
calculations are performed for the loads considering the climatological data from Upplands
Visby, Sweden, the original location of the project which is being studied.

Secondly, the permanent actions will be estimated. They consist mainly in the self-weight of
the different elements of the structure. This is being automatically assumed for the
calculations by the structural plug-in Karamba in Grasshopper, so its implementation on the
script would be explained. The parametrical modeling using Karamba allows to easily change
the material for the structure, however in order to verify the capacities of the structural
elements are necessary a serial of checks, which requires a more deeply post processing
analysis. Consequently, for the main models only steel has been considered as structural
material. It has been considered primordial evaluate how considering a specific structural
material it can be set a method which seeks for one of the optimal configurations based on
form-finding and optimization processes.

43



MSc Thesis Parametric Structural Design

5.1.1 Live loads analysis in the Nordic countries: Wind and Snow

5.1.1.1 Wind calculations

The wind actions will depend on each design situation, as it is specified in the section 3
of DS/EN 1991-1-4 : 2007, which means that for each of the models they will vary. They act as
pressures on the different surfaces of the EKO-Canopy, (roof and facades), as normal forces to
the structural components or the cladding. The load component for Karamba allows to
distribute the surface load on the area and project it according to the global coordinate planes
(Preisinger 2015, bk. Karamba User Manual), so it will change as the parametrical model
changes.

In order to determine the basic wind velocity, [eq. (4.4.1.1)], it is necessary to know the
fundamental value of the basic wind speed, v, which procedure calculation is given for the
corresponding National Annex. This value will then change with the different locations to be
studied. In this way, the following table 5.1-1 shows the data considered for each case:

Country  Chosen location Vo [M/s] Reference

Denmark Copenhagen 24 DS/EN 1991-1-4 DK NA:2015
Sweden Upplands-Vasby 24 (BFS 2013:10 EKS 9 2011)
Finland South part 21 (NF EN 1991-1-4 1991)
Norway Trondheim 26 (NS-EN 1991-1-4:2005/NA:2009)
Iceland Reykjavik 24 (IST EN 1991-1-1:2002/NA:2010 2010)

Table 5.1-1: Values for the basic wind velocity for each Country

The second parameter that should be calculated is the mean wind velocity, vm [eq. (4.4.1.2)]
which depends on the terrain roughness, orography and the basic wind velocity.

The terrain category for all the cases has been considered as category IV (DS/EN 1991-1-4
2007, Table no. 4.3), as the given location is an area in which at least 15% of the surface is
covered with buildings. However, this implementation can be easily changed for each location
as the calculations have been also performed for category lIl.

Furthermore, the orography has been taken as 1 as the area where the project is located is
considered as valley.

Lastly, the wind pressures are calculated according to [eq. (4.4.1.6)] which is determine by the
peak velocity pressure, the reference height for the external pressure and the pressure
coefficient for the external pressure. As the last two parameters are related to the shape and
height of the element which is being analyzed, their values will change depending on the
model. To be able to carry out the calculations the wind rose of the area has been analyzed, in
order to determine which wind direction is the most unfavorable. Based on the report
(Soderberg and Bergstrém 2008) about the climatological condition in Sweden and climate
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data from Meteoblue®? in Upplands Vasby, it has been estimated that the most unfavorable
wind direction is from Southwest (Figure 5.1-1 left). As a simplification of how the buildings are
oriented with respect to the North, it has been assumed that the most unfavorable wind
direction is west direction (Wind 902 for considerations in the Eurocode) as shows the Figure
5.1-1 on the right.
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Figure 5.1-1: Wind rose for the area®3 (left] and scheme of the are (right)
To calculate the coefficient pressures for the roof, two different assumptions have been made.
For the first model (Case A), the roof is considered as a flat roof (Figure 5.1-2 left); while for

the second model (Case B) the pressures on the roof are calculated for a monopitch roof
(Figure 5.1-2 right).
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Figure 5.1-2 Flat roof wind areas (left) and monpith roof wind areas (right) a/EC1-4 (DS/EN 1991-1-4 2007)

12 https://www.meteoblue.com/en/weather/forecast/modelclimate
13 https://www.meteoblue.com/en/weather/forecast/modelclimate/upplands-vasby_sweden_ 2666238
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While in the case for the pressures on the walls of the Canopy, the premises specified in the
figure 7.5 — Key for vertical walls (DS/EN 1991-1-4 2007) have been followed. The heigth is
lower than the width so the following assumptions have been followed to estimate the wind
profile acting on the facades.

building  reference shape of profile
face height of velocity pressure Plan
b | d |
b
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Figure 5.1-3: Diagrams from EC1-4 (DS/EN 1991-1-4 2007) to calculate pressure coefficient on the facades.
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The following charter shows in a graphical way how the wind loads differs for the different
countries for the flat roof case. It is seen, that according to the values from the Table 5.1-1,

Norway has the most unfavorable values and Finland the most favorable. However there are
not notable differences between the values.
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Sweden 0.43 -0.19 -1.10 -0.73 -0.43 0.12
Denmark 0.43 -0.19 -1.10 -0.73 -0.43 0.12
Finland 0.33 -0.15 -0.84 -0.56 -0.33 0.09
Norway 0.51 -0.23 -1.29 -0.86 -0.50 0.14
Iceland 0.43 -0.19 -1.10 -0.73 -0.43 0.12

Wind areas according to the Eurocode

Graph 5.1-1: Wind loads pressure values depending on the country. Flat roof case.
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5.1.1.2  Snow Considerations

Regarding the calculation of the snow loads, the same factors specified for the wind loads will
influence in its determination. The aspects that should be considered are already enumerated
in 4.4.2 Snow loads calculations, and all of them, except the first one, the shape of the roof,
depend on the climatological data and the area where the construction is located and its
surrounding, therefore will be the same for all the models. The only factor that will change
with the design is the shape coefficient, as depending on the slope of the roof (angle) the value
of the load distribution will vary.

The design situation which will be adopted for the calculations is the persistent or transient
situation [eq. (4.4.2.1)] and in order to calculate the snow load it is necessary to know the
characteristic value of the snow load on the ground. In the same way that for the wind loads,
this characteristic value depends on the location which is being taken as reference to perform
the calculations. The following table listen the characteristic values for the five different
countries which are being investigated.

Country Chosen location sk [kN/m?] Reference

Denmark Copenhagen 1 (DS/EN 1991-1-3 DK NA:2015 2011)
Sweden Upplands-Vasby 2 (BFS 2013:10 EKS 9 2011)
Finland South part 2.75 (SFS-EN 1991-1-3 NA 2003)
Norway Trondheim 3.5 (NS-EN 1991-1-3:2005/NA:2009, n.d.)
Iceland Reykjavik 6.5 (IST EN 1991-1-1:2002/NA:2010 2010)

Table 5.1-2: Characteristics values for the snow load on the ground for the different locations

In contrast to the wind loads, the snow loads have really extreme values for the regions of
Iceland, Norway and Finland compare to Denmark o Sweden (Graph 5.1-2). This fact will have a
huge influence in the design, as it is going to add a big amount of weight to consider for the
calculation of the structure.
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Graph 5.1-2: Snow loads for the different countries

Consequently, the snow in the Nordic regions should be deal with special attention, and the
constructions should be built according to this. In the case of the EKO-Canopy project this issue
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was investigated by Mikkel Knudsen in his investigation about the Canopy construction
(Knudsen 2016), where he proposed to use EFTE instead of glass for the roof covering, as it
has numerous advantages in comparison to glass regarding the management of snow. His
proposal for the EKO-Canopy project includes the installation of diffusers on the roof, which
will be used to melt the snow on the roof in the winter time. Therefore, this material as
covering for the Canopy construction will be also investigated.

5.1.2 Load combinations

In order to perform the calculations it is necessary to carry out the corresponding load
combinations, where the live loads and the permanent loads are considered. Its
implementation in Karamba is a bit tricky, as the platform allows to the user to specify
different load cases to later choose one to perform the calculations, but it does not consider
the combinations according to the Eurocode, hence this should be implemented manually.

The capacities of the elements which form the structure should be checked for the Ultimate
Limit States (ULS) based the premises of the Eurocode O (DS-EN 1990 — Basis of structural
design 2007) is specified in equation (5.1.2) and in the same way the deflection of the
members should be check for the Serviceability Limit States (SLS) according to the equation
(5.1.2).

da = VGj,squKj,sup + VQ,le,l + Z po,i VQ,iQk,i (5.1)
qrx = GKj,sup + Qk,l + leQ,iQk,i (5.2)
Where:

" Ygjsup isdesign coefficient for unfavorable permanent actions taken as 1.15.
"  Yg, is design coefficient for lead variable action taken as 1.5.

" Yg,iis design coefficient for accompanying variable actions taken as 1.5.

. l/)Q_i is the simultaneity factor taken from table A.1.1 (DS-EN 1990).

"  Ggjsup are the permanent actions.

® (g, is the lead variable action.

® (g, are the sum up of the accompanying variable actions.

To obtain the most unfavorable situation, five different load combinations have been
implemented in Grasshopper using the VB programming component as follows:

= Load case O : Self-weight

= Load case 1: Self-weight + Live loads. This LC is subdivided in:
0 Loadcase 1: Only wind

Load case 2: Only Snow

Load case 3: Wind Dominant + Snow accompanying.

Load case 4: Wind accompanying + Snow Dominant

O O O O

Load case 5: Wind + Snow (Characteristics values — ULS)
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This loads combinations correspond with the following table with values listened as a generic

way (Not specific values considered). The code implementation could be seen in APPENDIX F:
SCRIPT IN GRASSHOPPER DEFINITION.

Dead loads - Permanent actions Imposed loads - Ad panying variable actions Result.
N2 Load " " design
case Selfweigth - Setfweigth - Wind load - WL Snow load - 5L value
structure others
Gk,str v_ Gk,oth v Qak v v Qak v v Qs
(kn/m2) G (kn/m2) G (kn/m2) Qi Qi (kn/m2) Qi A kn/m3]
Ultimate limit states (ULS)
0 DL (Self weight) 1.00 1.15 0 1.15 1.00 1 0 1.00 o 0 1.15
1 DL+WL 1.00 1.15 0 1.15 1.00 1 15 1.00 o 0 2.65
2 DL+5L 1.00 1.15 0 1.15 1.00 o 0 1.00 1 1.5 2.85
3 DL+ WL (Dominant) + SL {acomp) 1.00 1.15 i) 1.15 1.00 1 1.5 1.00 o 15 2.685
1 DL + 5L {Dominant) + WL {acomp}) 100 115 0 1.15 1.00 0 15 1.00 1 1.5 2.65
Service limit states (5LS)
5 DL+WL+5L 1.00 0 1 1 1 1 1 1 2.00

Table 5.1-3: Load combinations

5.2 Structural analysis of the different shape configurations

The main objective is to reach a point where the practitioner can take the decision of the
optimal solution based on several factors. Normally when we are dealing with design there is
not a unique best option, there are different better options depending on the aspect which is
considered primordial.

Nevertheless, in all design process one of the main goals is always to achieve a sustainable
construction. In relation with the structure, this objective is associated to the type of material
and the total amount of mass (kg) necessaries for its construction, as these two parameters
will determine the LCA calculations.

For instance, when we are talking about optimal solutions we are talking about efficiency; and
the efficiency of the structure will be achieved when an equilibrium between the total amount
of mass and the utilization ratio of the members which form it coexists.

As it was explained in Section 4.3 the optimization process in done using the component
Galapagos of Grasshopper in which the genes represent the different parameters to study.
These have to reach a target optimization value, called fitness, which depending on the
optimization process which is being carried out will vary: mass of the structure, minimal
deflection, etc.

In the same way, the parameters for the optimizations processes will vary depending on the
model which is being studied. Each of them should be delimited into a domain of different
possibilities which represent the landscape of variations. These aspects are developed further
on for the specific cases.

Therefore, in order to perform the optimization process it is necessary to previously define:

1) The characteristics of the different geometries, which set the landscape of possibilities.
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2) The loads which are going to be applied to each specific model.
3) Set up the support conditions for the structures.
4) Describe the input to carry out the optimization process.

This is going to be explained in the following section for each of the different models. The
reason of repeating the same procedure several times is that the optimization process is a
complex practice which requires a deep analysis. In order to establish a simple method which
can be used as the basis to create and analyze complex structures, the first approach has been
to model a basic geometry between the two existing buildings based on a simple structure
form by beams and columns.

Consequently, once that the optimization process has been settled down, a more complex
structure has been analyzed. This second model is based on the design proposal that white
architects presented, going again from a basic configuration until reach the complexity.

5.2.1 Case A: Basic Frame Configuration

5.2.1.1 Design properties (geometry):

Before analyzing complex geometries for the ECO-Canopy construction is important to study
how the single elements of the structure will work against the loads acting on it. Therefore the
first approach which has been considered is a simple construction, modeled as a box form by
different frames in X and Y direction (Figure 5.2-1). Depending on the case, the elements will
be included in the global structure or not, taking special attention to the column buckling and
lateral torsional buckling of the elements as the span in some of the iterations could be
considerable big.

Figure 5.2-1: Case A — Parametric geometry

As it seen, the structure is placed in the space in between (measurements Table 4.4-1) so the
frame will be placed in a box of maximum measurements of 28.25x72.56x22.63 m.
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Thanks to the parametrical modeling is really easy to change this box domain. So, the first
input of the modeler should be set these maximum measurements. Regarding the type of
elements, as the loads are transferred to the ground through beams and columns, no plate
elements or shells are included in the design, which simplifies the calculations.

5.2.1.2 Loads and materials:

The script developed with grasshopper allows to the user to choose between different
structural materials, load cases and locations. The first study is focused on the implementation
of the optimization process (form-finding) and its results. Hence a specific case has been
chosen, being the parameters for the first optimization process as follows:

= Location: Sweden

= Structural material: Steel 275s
= Cover material : Glass (Including self-weight of the auxiliary profiles)
= Load case: 4 (ULS) 5 (SLS)

West Wind

Table 5.2-1: Loads applied to the geometry (left) and roof load areas (right) case A

5.2.1.3  Support conditions

To perform the calculations it is necessary set the support conditions for the model. The
connection of the columns to the foundation has been set as a totally fix supports. This means
that the three translations, on the X axis, the Y axis and the Z axis, have been restrained; as
well as the three rotations around the these axes, which leads to a cero DOF for all the
supports at the base. This input can be seen on the APPENDIX F: SCRIPT IN GRASSHOPPER
DEFINITION, where the support-component from Karamba is used.

On the other hand, the support conditions for the joints between the different elements of the
structures have been set as hinge connections (as a general simplification) where the DOF for
the translations in the X axis, Y axis and Z axis have been set to cero, allowing the rotations
around the three axis. This input can be seen in the APPENDIX F: SCRIPT IN GRASSHOPPER
DEFINITION.
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5.2.1.4 Results: Structural optimization

There are three different considerations that should be taken into account when the
optimization process is carried out, which are firstly the parameters to optimized (genes);
secondly, the goals to achieve (fitness); and thirdly the verifications that should be fulfilled
when the process is being developed (maximum stress, resistances of the elements, deflection
and buckling).

Hence, for this specific model case the parameters to optimize would be:

=  Number of frames in X direction.
=  Number of frames in Y direction.
= Cross sections of the different elements which form the structure:
0 Cross sections beams on top surface X direction
Cross sections beams on top surface Y direction
Cross sections beams on both lateral sides, left and right, Y direction
Cross sections beams on front and back surfaces, X direction
Cross sections columns front and back

O O O O O

Cross sections columns both lateral sides, left and right.

Following the process specified in 4.3 first all the cross sections for the frames have been
chosen following the structural verifications (4.4.3) and checking the maximum deflection
using the utilization model to avoid the failure of the structure during the first optimization
process.

After this, the first loop of the optimization process (Seventh step: Topology optimization 1.
Perform the 1% optimization process using Galapagos component for GH., Eight step: Cross-
section optimization. Perform the 2" optimization process using the component for Karamba,
“Cross-section optimization”, and Ninth step: Topology optimization 2. Perform the 3™
optimization process using Galapagos based on the results from the 8" step — cross-cross
section optimization.) is carried out, where the first goal is to achieve the minimal maximum
deflection of the model and the second goals is to minimize the total amount of mass (Fitness
values). Meanwhile, the genes of the optimization are the number of frames in X direction and
in'Y direction (APPENDIX F: SCRIPT IN GRASSHOPPER DEFINITION)

In order to achieve a feasible solution it has been limited the possible total number of frames
for each direction, being the domains:

=  Frames in X direction [3,8]
®= FramesinY direction [3,8]

This domain reduces the variables to 36, which means that the combination of 4 frames in
both directions (x=3, y=3) will have 64 elements, and the combination 9 frames in both
directions (x=8, y=8) will have a total number of 244 elements.
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The maximum deflection over time (number of iterations) for the steps 7 and 9 for the first
optimization loop is shown in the Graph 5.2-1, where the process should try to reach a
converge solution.

Max. Displacameant {m) over time (step 7 & stap 9)

Max. Displacement (m) before (step 7) Max.Displacement {m) after (step 9)

0.16
0.14 +— |

042 b

1 101 201 301 401 501 601 701 801 901 1001 1101

Graph 5.2-1: Maximum displacement [m] over time for the steps 7 (green) and step 9 (orange)

However it is observed that the values oscillate around the same values, between [0.01; 0.14]
for the step 7 and between [0.02; 0.04] for the step 9, which means there is not an optimal
minimum value, if not that there might be multiple optimum values. The repetition of the
pattern is a sign of this, where several minimum values are reached. The Graph 5.2-2 shows a
zoom in Graph 5.2-1 for the first 100 iterations. The reason of the short domain for the second
topology optimization is than the deflection was limited to 0.03 m to perform step 8, Cross-
section optimization. This process has been repeated several times (10) in order to verify that
the results were correct.

Max. Displacement {m) over time (step 7 & step 9)

—Max. Displacement (m) before (step 7) —Max.Displacement (m) after (step 9)
0.16
0.14 | . ]
0.12 I 4 b R | / | |
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1 1 21 a1 a 51 61 71 a1 o1 101
Graph 5.2-2 Zoom in first 100 iterations of maximum displacement [m] for the steps 7 (green) and step 9 (orange)

Additionally, on the Graph 5.2-3 has been plotted the total mas of the structure for the steps 7
(green) and 9 (orange). It is verified that the values of the second topology optimization where
the cross-section of the elements have been already optimized, tends to have less amount of
mass in comparison with the first topology optimization. This is clearly seen on the Graph 5.2-4
for the 100 first iteration, where it is plotted the tendency line for each case.
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Total mass strcuture (kg) over time (step 7 & step9)

—Total mass structure (kg) before (step 7) —Total mass structure (kg) after (step 9)
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Graph 5.2-3: Total amount of mass [kg] over time for the steps 7 (green) and step 9 (orange)
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Graph 5.2-4: Zoom in first 100 iterations of total amount of mass [kg] for the steps 7 (green) and step 9 (orange)
5.2.1.5 Post-process — Quality check

Finished the first loop of the optimization process, the results are analyzed in Karamba and
exported to excel (Eleventh step: Analysis of the configurations. Extract the different
combinations, analyse the optimal ones based on the amount of mass and the utilization ratio
of the cross sections. Check that the elements of the structure fulfil the requirements specified
in the Eurocode.) in order to verify that the elements accomplish the requirements of the
Eurocode. The Graph 5.2-5 shows the comparison of mass for the 36 different structure
variables (Table 5.2-2) of the model, where is indicated the percentage of saved material in
each combination, being the maximum reduction of mass 67% respecting the first model,
which is produced in the case number 35. (APPENDIX F: SCRIPT IN GRASSHOPPER DEFINITION)

W Optimization process befare (step 1) Comparison of total mass of the structure before and after cross section optimization
® Optimization process after (step 2)
Reduction of mass (%) 67 s0
27 47

il

9 0o 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Number of iteration

Total Mass of the structure (kg)
w 58 B B & 8 4
B 38 ¢ 8 § g

°

Graph 5.2-5: Comparison of total mass for the 36 different iterations
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N2 it X Y N2 it X Y Ne it X Y
1 7 5 13 7 3 25 4 6
2 3 4 14 7 7 26 8 3
3 5 4 15 4 3 27 4 8
4 4 5 16 3 7 28 8 4
5 6 4 17 5 7 29 5 8
6 6 6 18 7 6 30 8 5
7 5 5 19 5 3 31 8 6
8 6 7 20 5 6 32 6 8
9 7 4 21 6 5 33 3 8
10 3 3 22 3 6 34 7 8
11 6 3 23 3 5 35 8 8
12 4 4 24 4 7 36 8 7

Table 5.2-2: Combination of frames X and Y direction for the 36 variables

However, it is seen that in some of the combinations the amount of material is bigger in the
second optimization than in the first one, so these arrangements have been neglected.

The Graph 5.2-6 shows the results for the 36 variables (step 7 — green and step 9 —orange),
plotting the total amount of mass of the structure and the maximum deflection. As the second
topology optimization (step 9) is done after the cross section optimization where it is limited
the maximum deflection, it is seen that most of the values are under the red line (allowed
deflection). However, when the bearing capacity of the biggest cross section of the set of HEB
profiles is smaller than the minimum load bearing capacity needed, this limit is overpassed as
the configuration necessary is not accepted.

Maximum displacement vs total mass of the structure
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Graph 5.2-6: Maximum deflection and total mass for the 36 variables

Lastly, in order to analyze which configurations are the most optimal, it has been plotted the
utilization ratio of the cross sections over the total amount of mass used. The utilization ratio
of the cross section indicates the percentage of the cross section which is fully working, in this
way a percentage of 100% means that the bearing capacity of the element is totally reached,
while a percentage of less than 50% indicates that the element is oversized, as half of the cross
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section is not being utilized. Being conservatives the percentage should in between 60 % and
90% to avoid the failure of the structure.

Consequently the optimal solutions would be the ones which have a balance between the total
amount of mass and the utilization ratio. The Graph 5.2-7 shows this relation for the iterations
with utilization ratio less than 100%. The iterations inside the red circle are the configurations
of the structure which have better performance.

Utilization ratio vs total mass of the structure
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Graph 5.2-7: Utilization ratio versus total mass of the structure.

The iteration number 25 could be considered the optimal one, which has 5 frames in X
direction and (x=4) and 7 frames in Y direction (y=6). This leads to a total of 106 elements out
of 244 possible elements for the whole structure. The cross sections for each of the elements
are:

= Beams on top surface X direction: HEB 180, HEB 220 and HEB 160

= Beams on top surface Y direction middle: HEB 300, HEB 550, HEB 450, HEB 400

= Beams on top surface Y direction sides — left and right: HEB 300

=  Columns front and back: HEB 700, HEB 340, HEB 300, HEB 280, H6EB 280, HEB 240
= Columns both lateral sides, left and right: HEB 140, 160

This configuration reduces in 42 % the amount of mass respect the first one. The main reason
is that the initial cross sections were estimated to fulfill the requirements when the model had
the minimal amount of elements (64 elem.), so when this number is potentially increased the
cross sections of the models result oversized.

It should be taken into account that Karamba does not understand about construability, it
might happen that a lower column has a smaller cross section than the one above or the same
type of element has five different cross section; therefore all the connections between the
elements which form the structure, as well as their orientation should be cautiously check
after the first process of optimization.
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The values for each of the process are listened in the the Appendix F. After the first
optimization loop, it is carried out the Eleventh step where it could be checked that the cross
sections suggested by Karamba didn’t fulfill the requirements of the Eurocode for lateral
buckling resistance (HEB 140), so a new iteration process was done were the cross section for
the columns were set to remain the same for all the elements, (Step 11-7). Also, the
orientation of the columns in the front and back fagade are being rotated, as the main frames
are in Y direction with this combination, so they should be placed with the strong axis
perpendicular to this direction (web of the profile in Y direction).

Based on this a new optimization process incorporating the new changes has been done. The
results are compared in Table 5.2-3, where it is seen that this modified configuration has
decreased in a 21% the amount of material used respect the initial structure. As it was
expected the reduction of mass is now less than in the previous case, as it has been included
construability considerations which make to increase the size of some of the cross sections.
The results for the two loops of optimization process (step 7 and 9 for each) are plotted in
Graph 5.2-8.

1%t optimization loop 2" optimization loop
Step 7 Step 9 Reduction  Step 11-7 Step 11-9  Final reduction
Total mass Total mass S7/5S9 Total mass  Total mass S7/S11-9
[ke] [ke] (%] [ke] [ke] (%]
181326.04 105619.93 42 206757.76  142844.88 21%

Table 5.2-3: Characteristics values for the snow load on the ground for the different locations

Comparison of total mass of the structure 1stand 2nd loop (steps 7 and 9)
M lstloop (step 7) M 1stloop (step9) M 2nd loop (step 7) 2nd loop (step 9)
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Graph 5.2-8: Comparison of total mass of the structure 15t and 2" loop
Consequently the final configuration has the following characteristics:

= Beams on top surface X direction: HEB 180, HEB 160, HEB 140

= Beams on top surface Y direction middle: HEB 360, HEB 320, HEB 300

= Beams on top surface Y direction sides — left and right: HEB 240, HEB 260

= Columns front and back: HEB 340 (set as uniform cross section)

= Columns both lateral sides, left and right: HEB 450 (set as uniform cross section)
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Figure 5.2-2 Final configuration.Cross section values (left) deformation of the structure (right)

The stresses and the bearing capacities for the elements, as well as the maximum deflection
are checked to verify that fulfill with requirements of the Eurocode. (APPENDIX E: OUTPUT FROM
GRASSHOPPER. SECTION FORCES AND VERIFICATIONS)

The parametrical modeling allows to test different materials, different class of Steel, different
cover materials (EFTE) and different cross section profiles. The results for the different cases
have been investigated but they are not relevant for the explanation of the method.

Lastly, it has been studied what would happen if the same construction would be located in a
different country, to see the influence of the wind and snow loads on the structure.

5.2.2 Case B: White Architects configuration - From Basic to Complex Structure

The proposal of White Architects is shown in (Figure 2.2-5: Render inside Canopy (left) and
scheme of overall concept of the Canopy(right) (White 2015), consisting in a combination of
plate — shell surfaces and boundary frames. In order to be able to carry the loads from the top
surface to the ground and reduce the loads transferred by the boundary frame, two internal
columns, shaped as a ‘tree’, have been designed. This model would be the last approach, as it
requires more complex calculations.

Accordingly, three different configurations for the same box domain (Figure 5.2-3) have been
done in order to evaluate at the end the aesthetics values and efficiency, as en equilibrium
should exists. The starting point consists in a simple frame construction (frames in X and Y
direction) based on the Case A. The second case consists in a more complex configuration
where plate surfaces have been modeled in between the boundary frames. Lastly, the third
model tries to reproduce the initial proposal, having the two tree columns in the middle.
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Therefore, based on the same process applied in case A, it is going to be study the EKO-canopy
going from simple to complex structures following the scheme in Figure 4.3-1. In this way, this
part only shows the results relevant for the investigation and they are not going to be
explained with the same degree of detail than from the previous case. It is assumed that the
process is already verified and settled down.

)
<
w©

Figure 5.2-3: Box domain for case B

The geometry properties for the box domain of the three cases are based on the Table 4.4-1,
to which should be added:

Parameter Unit [m] Measurement
Extension length front m 8
Extension roof (high eave) m 8
Extension roof (low eave) m 3
Slope of the roof [9] 7.06

Table 5.2-4: Basic measurements of the site for the Canopy construction

As all the process have been detailed described for case A, for this second case only the
differences regarding the input or the definition of the script would me mentioned.

Case B - 1: Basic frame construction

5.2.2.1 Design properties:

Regarding the geometry properties, this configuration is really similar to previous one (Case A).
It consists in a frame-type construction form by Beams and columns. After a first analysis, it
was necessary to include transversal beams in the front and back facade to reduce the
buckling length of the columns to the half.
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Figure 5.2-4: Possible geometries case B-1(only shown the main load bearing structure, not the covering)

5.2.2.2 Loads:
The loads for this second case are calculated for a monotpitch roof (See Appendix XX) and are
applied in the different load areas as it is shown below. Karamba project the surface load in

the corresponding line load in each of the elements.
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Figure 5.2-5: Loads applied to the geometry (left) and roof load areas (right) case B - 1
5.2.2.3  Support conditions

The connection of the columns to the foundation is defined as fully fix support, while the
connections between the different elements are defined as hinge connections.

5.2.2.4 Results: Structural optimization

Regarding the optimization process, the main difference is that directly in this second model
the limitation of the deflection has been input in a dynamic way. This means that for each
combination of frames that Galapagos takes, the maximum allowed deflection is calculated
based on the span of the elements, providing more feasible results. In this way, according to
the Graph 5.2-3, the difference between the total mass of the structure before and after the
cross section optimization is bigger than for the case A.
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Total mass structure step 7{before) & step9 (after) over time
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Graph 5.2-9: Total amount of mass [kg] over time for the steps 7 (green) and step 9 (orange)case B - 1

Furthermore, it can be seen that both iterations follow the same pattern (Graph 5.2-4), which
indicates a better implementation of the method. Lastly, it is confirmed again that there is not
an optimal solution if not several minimumes, as there is not convergence in the results.

Total mass structure step 7(before) & step 9 (after) for first 100 iterations
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Graph 5.2-10: Zoom in first 100 iterations of total amount of mass [kg] for the steps 7 (green) and step 9 (orange)

5.2.2.5 Post-process — Quality check
This structure shows a bigger difference between the first optimization process (step 7) and

the second optimization (step 9). In this way, according to the Graph 5.2-11, it is clearly seen
than the optimal designs (inside the red circle) correspond to the iteration N28 (step 9).
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Maximum displacement vs total mass of the structure
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Graph 5.2-11: Utilization ratio vs total mass of the structure.

In this case, this combination corresponds with the structure which has less amount of mass
(89979.64 kg) having X equal to 4 and Y equal to 8. Furthermore the structure is working at
79% of its capacity in terms of maximum deflection. It saves 67% of total amount of mass
respect the first model.

Figure 5.2-6: Configuration iteration N° 8 (X=4, Y=8)

Case B - 2: Plate & Frame structure

5.2.2.6  Design properties:
The idea of this third model, second option for model B, is to move a bit further in terms of

design and originality. Based on the same configuration presented before, this includes a grid
between the main frames which form the structure creating a mesh geometry.
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5.2.2.7 Loads:

The loads are applied in the same way than from the previous case, as the roof and the facade
have the same geometry, so the load surfaces are calculated in the same way. Thanks to the
mesh load plug-in of Karamba then these surface load are changing parametrically, and they
pressures are distributing on the elements depending on the iteration which is being
calculated.

5.2.2.8  Support conditions

The support conditions are defined in the same way than in the previous case, as this is a
transformation of the previous one. However a new implementation has been necessary. As
now there are created plate grid surfaces between the elements, it has been set all the points
on the boundaries which connect the plate surfaces to the main frames as simple supports.
These points would be different depending on the size of the mesh (grid) and depending also
on the number of principal frames which has the structure, so to make it work it has been
necessary a more complex definition. Below is shown the structure with the support definition,
in the first one only the supports between the different elements which form the main frames
and the connection to the foundation are shown. The picture on the right shows also the
supports on the boundaries of the plates.
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Figure 5.2-7: Support definition - beams and columns (left) and support definition beams, columns and plates (right)
5.2.2.9 Results: Structural optimization

This model has three different types of elements: beams, columns and plates. As the maximum
allowed deflection is different depending on the element, it has been divided the cross section
optimization in the script in this three categories, which mean more accurate results. This is
verified in the Graph 5.2-12 where the maximum deflection before and after the cross-section
optimization follows exactly the same pattern.
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Max. displacement columns structure step 7(before) & step 9 (after) first 100it

—— Max. displacement columns{m} —— Max. displacement columns [ m)

Iterations

Graph 5.2-12: Maximum displacement columns case B-2

Furthermore, it is seen that this configuration tends to use much more amount of material
than the previous one (Graph 5.2-13)

Total mass structure step 7(before) & step 9 (after) overtime
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Graph 5.2-13: Total mass structure case 2-B
5.2.2.10 Post-process — Quality check

The results after the optimization process are analyzed, and according to the Graph 5.2-14, it is
clear which options would be the optimal ones (inside the red circle).

Maximum displacement vs total mass of the structure
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Graph 5.2-14: Utilization of Cross-section vs Mass of the Total Structure
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The combination which has less amount of mass is the number 37, having 6 frames in Y
direction (X = 5) and 10 frames, taking into account the extension, in Y direction (Y =8).

The deflections and the stresses for the elements are checked automatically in Karamba as a
first overview simplification to have an indication if the members which form the structure will
resist. To carry out a deep post - analysis the results are exported to excel (Step 11) (APPENDIX
D: RESULTS OPTIMIZATION PROCESSES). The final configuration for the iteration number 37 is
shown below.

1 100 HE1

HE 2 1 2

Figure 5.2-8: Final Geometry for case B - 2

The results for the optimizations processes (step 7 and step 9) for the model the model B — 2
are analysed and compare with the case B — 1 (Graph 5.2-15). This shows that the second
model, which has incorporated the mesh grid, needs to use more amount of material. It is also
observed that the difference between the first and the second topology optimization is not as
big as before.

Comparison total mass models B1- B2
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Graph 5.2-15: Comparison Total mass of structure for case B- 1 and B - 2
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In this way, the Table 5.2-5 indicates that the second structure, B -2 would need to used 70%
of steel more than the previous case, which means more impact on the environment regarding
the LCA process.

CaseB-1 CaseB-2 B1/B2
. X Increase of
Step 7 Step 9 Reduction Step 11-7 Step 11-9 Reduction mass

Total mass  Total mass S7/S9 Total mass  Total mass S7/S511-9 S9 (B2)/S9
[kg] [kg] (%] [kg] [kg] (%] (B1) [%]

270,940.49  89,979.64 67 409,466.37  298,337.56 27 70

Table 5.2-5: Comparison structures B-1 and B - 2

Case B - 3: White Architects proposal

5.2.2.11 Design properties:

Finally the third model for case 3, reproduces a similar configuration of the proposal of White
Architects (Figure 2.2-5). It is a combination of beams, columns and shell surfaces. The main
loads of the structure would be carried by the boundary frames and by the two columns
placed in the middle of the space.

This model represents the one which has more aesthetical value, as it plays with geometry and
forms reproducing an original configuration.

S =a
S ‘
"“41///‘7@;@

g‘!&héﬂm\.\\
i

~
b
N
¥ E.
L

Figure 5.2-9 Geometry for case B - 3
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5.2.2.12 Loads

The loads for this model are applied in the same surfaces areas described for the previous
models, as the external geometry has the same measurements.

5.2.2.13 Support conditions

Regarding the support conditions, this configuration follows in general terms the same
principle than the previous case. In this case the main frames are the boundary frames on the
sides and the radial beams which go from the sides to the middle tree columns. In between
this radial beams is created a mesh grid.

The connections of the columns, both the ones in the middles and the columns which form the
boundary frames, are fully fix supported at the base. While the connections between the
elements which form the main load-bearing structure are defined as hinge supports, allowing
the rotation around the three axis.

5.2.2.14 Structural optimization

This model has required a deep analysis to create the geometry. As it is form by shell surfaces
which are not the focus of this report and required deep analysis and new incorporations to
the script, this model has been only calculated in general terms to be able to compare the total
amount of mass that would require with the other two options. However, it has not
investigated in deep every element which forms the structure. Therefore not topological
optimization processes have been carried out for this third model. However, the geometry has
been created in a way that this implementation is possible. For example, the parameters which
could be investigated are the number of divisions on the sides which are connected to the
number of divisions of the central columns. Additionally, the diameter of the columns is also
variable.

For the main load bearing elements, beams and columns it has been implemented the cross-
section optimization component, giving a save of material of 17% respecting the preliminary
specified geometry.

5.2.2.15 Post-process — Quality check

The following table shows the total mass necessary for the construction of the three different
models, B-1,B—-2and B-3.

Model B -1 Model B -2 Model B - 3

Step 7 Step 9 Step 11-7 Step 11-9 Step 11-7 Step 11-9

T. mass [kg] T.mass [kg] T.mass[kg] T.mass[kg] T.mass[kg]l T.mass [kg]
270,940.49  89,979.64  409,466.37 298,337.56  312943.98 260569.96

Table 5.2-6 : Comparison of the total amount of mass for the three models.
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Part VI: DISCUSSION

Through the developing of this master thesis project it has been studied the idea of
integrating structural verifications in the early design phases of the building practices,
including a method of form-finding geometries based on optimization processes. This has been
done by means of parametrical modeling with the definition of a script in Grasshopper which
can be interpreted as designing tool. Consequently, the purpose of this sixth part is to analyze
the findings to discuss the advantages, as well as disadvantages or limitations of the applied
method and the created script.

6.1 Integrated method proposal: advantages and disadvantages

Since the beginning it has been discussed the idea of replace the traditional working
flow of the building process for a dynamic workflow approach. As it has been stated in Part Ill,
this has been already happening since the last decade with the idea of Building information
modeling based on the concept of the total collaboration between the building agents and the
model data exchange through the different software. However, the integrated dynamic model
moves a step forward, not only considering the idea of transfer the model information if not
that it proposes a combination of aesthetical and technical aspects using the same tool, or a
system where the data is transferred dynamically between design and calculation tools.

This has been deeply studied using the parametrical tool Grasshopper as a design platform
which thanks to the incorporation of the FEM plug-in Karamba has allowed to perform
structural calculations using the same middleware.

68



MSc Thesis Parametric Structural Design

As it has been seen, this has provided great flexibility in terms of design, at the same time than
a technical feedback is automatically provided. In this way, several structural configurations
have been modeled and analyzed for the same construction, which with the traditional
working approach would have been really time consuming. Within this context it should be
distinguished two different things about the geometry definition. For the developing of this
thesis it has been created three different models (case A, case B—1 /B —2 and case B — 3), and
inside each of them it has been generated different structural configurations. Normally, in the
building design process only one model would be created and all the alternatives would be
generated based on that one. The reason of creating different models is to study the possibility
of developing a script in grasshopper which can be used for several projects, in which the most
of the features are already pre-defined. In this way, this tried to answer to the second research
question of this thesis.

Accordingly based on the followed process, it can be concluded that it is possible to pre-define
a script, which is divided in different sections; some of them can be made in a generic way and
be used in several models, while others must be specific for the single projects. The different
sections are:

= Calculation and definition of loads.

=  Geometry definition

= Structural definition (elements, supports and cross-sections) (from GH to Karamba).
= Analysis of the structure.

=  Optimization process input.

= Verifications (stresses and deflection).

= Qutput: Section forces and deflection.

All of them, except the geometry, could be interpreted as generic using the defined script and
making the necessaries adaptations in each case. The creation of the geometry is of course
specific for each case. It should be noted that special considerations should be made during its
creation, taking special attention to small details. In this way to later transform the model to
Karamba all the elements and connections should be modeled cautiously. This means that
each line should be modeled as a single element, and all the points which connect those lines
should be perfectly identified to be able to later define them as moveable, hinge or fix
connections (support definition). This fact adds complexity to the designs, and it requires for
its development a practitioner who has both creativity and technical skills. Therefore, it
appears in this scenario the figure of the hybrid practitioner, who would be a key piece in this
integrated dynamic model proposal.

Regarding the flow process between the different platforms where the data is transferred, it
has been seen that it is working correctly. Once that the different ways of transferring the data
have been already specified and settled down it would be really easy for an external person
follow the same procedure, as all the connections have been already tested.
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6.2 Results and optimization process: benefits, limitations and its
future improvements

Regarding the optimization techniques applied, it has been seen that they represent a
feasible method which can be easily implemented in the design process at the beginning to
help to the practitioner to choose the best option for his design based on a certain number of
parameters.

In this context it is clear the idea that not an unique optimal option exits. The results from the
topological optimization processes carried out for the EKO-Canopy project are a sign of this,
where several minimums were found for the same construction. However based on these
results it is possible to do an evaluation of several variations for the same structure.
Comparing the total amount of mass used for the construction and the utilization ratio of the
elements which form it, it is possible to know the performance of the structure. This allows to
the designer to make the corresponding decisions since the beginning to create a model which
at the end, it would be possible to build without the necessity of doing several changes.

Furthermore, it has been also checked through the creation of the different models that is
really important an accurate definition, as based on this, the optimization process would
provide more or less worthily and trustily results. When we are dealing with the idea of
calculating the structure at the same time that it is being modeled, every element which forms
it should be perfectly defined. Not only with the action of generate the model is enough, if not
that the modeler should move a step forward and think if that specific line which is drawing
would be a beam, a column, a tension cable, etc.

Regarding the optimization process carried out for the specific model, the EKO-Canopy, it has
been possible to estimate which structures would be optimal based on their efficiency after
carried out several iterations, as it was summarized through the chapter. In this way it is
possible to reach until 70% of savings in material respect the first configurations. However
there are several factors which affect to the results of the optimization, as they are the level of
definition of the joints (eccentricities), the orientation of the elements to use the maximum of
its capacity, etc. Thus the process can be done one or two times, or based on the results it can
be repeated multiple times until reach “the perfect solution”. This also proves that increasing
the level of accuracy, decreases the amount of saved material, as was demonstrated for the
model A. In that process after the first loop of optimization the percentage of saved material
was almost to the half, 42%, while after the new changes, the amount of saved material was
21% respect the initial configuration.
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Part VII: CONCLUSION

This seventh and last part of this thesis work concludes and summarizes the main
points deals during this project.

The first thing studied was the idea of substitute the linear working approach for an integrated
dynamic model. Within this aspect this thesis has showed the potential benefits that this
method could provide to the construction industry. However, there are still so many features
for discover and study, as one of the main things that can be learned through this work, is that
doing this in the frame of parametrical modeling provides endless possibilities. Grasshopper,
which is the main tool used, is based on Visual Programing Language which allows to the user
to incorporate under the same software several features including of codes by means of
programming. Every day there are developed new plug-ins or components that allows to the
user from performing energy analysis to carry out FEM calculations, as it was this specific case.
Additionally, as all is based in basic geometry (lines, points, surfaces, etc) leads to the designer
to create from the most simple configuration, as it was Case A, to more complex designs, as it
was case B-3. Sometimes these designs could be really complicated as one of the goals of the
architect is to look for original concepts. In this way the incorporation of structural aspects
since the beginning would help to achieve the most original and creative geometries but being
at the same time reliable.

The integration of the structural verifications in grasshopper allows to the architect to play
with geometries, and to the engineering to calculate them, incorporating in this way its
knowledge and suggestions from the beginning. This makes gain time during the construction
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process and makes a more detailed and well-defined conceptual designs. This also
demonstrates the necessity of incorporate to the building process the hybrid practitioner.

Furthermore, regarding the optimization techniques integrated in Grasshopper, it has been
seen that on the one side they are easy tool to use for non-programmers as they are not based
in difficult mathematical problems; and on the other side, the optimization process itself based
on form-finding and sizing methods provides important savings of materials for the overall
structure if it is implemented in a successful way.

This objective deals with one of the main goals of this master thesis, which was to establish a
method to look for sustainable constructions in the Nordic Region. This could be used in a
generic way for several projects as the script created is a kind of receipt which is modified
depending on the desires of the architect. For example thanks to the loads definition on the
script, it is possible to take the climatological data for several regions, calculating the same
construction in different locations along the Nordic Region.

In relation with the EKO-Canopy project, the thesis provides some indications which establish

the basis to let the client or the designer to choose. It has been seen that the most effective
and sustainable solution is the most basic one, as it used less amount of material, which at the
end benefits to the LCA process. However, in all design process, the creativity and originality
are key issues, so at the end should be a balance between aesthetics and efficiency.

Lastly it can be concluded that the script presented provides some small tools which can be
applied to several projects. It establishes the basis relations of components of how to define
the loads, how to calculate the deflection for single elements and based on that carry out
optimization processes, how to know the section forces for the different elements, etc.
Therefore, when a new project is started this small parts which form the big script can be
joined together to be able to develop the whole process. However, as the parametrical
modeling including Karamba is a world itself, it should be specified which level of detail for the
calculations is needed or wanted to achieve.

6.3 Further studies

As further studies for this work, it could be interesting the possibility of incorporate
other optimization process including other type of structural material, as for example wood.
This implies that other verifications should be added to the script. If this point is achieved, it
would be really beneficial for the designs to connect in last instance the method to the already
created scripts for the calculation of LCA, as it was stated in Part IV.

Additionally, it would be really interesting to continue the works in more complicated

geometries, because at the end the new architecture consists in fancy and magnificent
designs.
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SUSTAINABLE TRANSFORMATION &f R

ENVIRONMENTAL DESIGN NET\/\/ORK 28

Welcome to Nordic Build Sustainable Transformation & Environ-
mental Design Network conference at NTNU Trondheim!

With the aim of coming together and share the knowledge we
hope to have a day full of interesting reviews and transforma-
tional discussions on how we can create more quality and fast-
forward the track to a sustainable world.

Dialogue and exchange between academy and practitioners is
key in this program, so we hope this day together will instigate
new encounters for new perspectives and great ideas.

We start with an introduction exercise in order to set an open
communication between every-one. After that we go through a
series of fast elevator-pitches on the work that has been done.
In short repetitive interval, we discuss the findings for a broad
overview and so get the oppor-tunity to meet. For the afternoon
we divide into 2 groups for more in depth discussions on your
chosen theme.

Please note:

Practitioners please bring your research questions. What should
be studied next? Are you ready to implement results?

For the ones that presents with posters, please note that it has to
be hung and ready for 9.00 am.

A reminder to send all posters as pdf to Kristoffer Negendahl
krnj@byg.dtu.dk

Program 8.30 - 16.30

8.30 Arrival NTNU, placing posters

9.00 Welcome by Aoife Houlihan Wiberg
9.10 The STED project, Lotte Bjerregaard
Jensen

9.25 Circle event by Elise Grosse, White
Arkitekter

10.00 3 minutes pitches of each poster com-
bined with short pier-discussions.
12-13.30 tour NTNU and lunch

13.30 Choose your sessions

14.30 coffee brake

15.00 Choose your sessions

16.00 Check-out...Elise Grosse, White
16.30 End

18.30 Dinner

CONTACT

Lotte Bjerregaard Jensen |bj@byg.dtu.dk
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PARAMETRI TRUCTURAL DESIGN
Master Thesis - Msc Architectural Engineering - Structural Design

Department of Civil Engineering - Technical University of Denmark

OPT'M'ZAT'ON OF STRUCTURES BASED ON PARAMETR'C MODELL|NG & LCA Advisors: Kristoffer Negendahl & Lotte Bjerregaard Jensen

Abstract - Integrated design process
The purpose of this project is to look for a method to integrate the structural aspects within The methodology followed for this master thesis consists in an integrated process, in which

the architectural designs in the first stages of designing process. As part of the STED (Sus- the data is exchanged between several softwares (Grasshopper, Karamba, Excel, Revit and
tainable Transformation & Environmental Design) programme inside of the Nordic Built, FEM-Design/Robot) in order to establish a logic flow where the information is updated auto-
Nordic Innovation program, which principal goal is to achieve sustainable solutions in the matically. Thanks to the parametrical modeling using the plug-in for Rinho 3D, Grasshopper
Nordic region, the objective of the proposed method is to find reliable structures using the is possible to establish a form-finding method based on optimization processes, which al-
minimal amount of material, which means less kilograms of mass and consequently less lows to study different possibilities for the same project in order to achieve the landscape
emissions of CO2, benefiting the LCA process. of optimal structures.

SCHEME OF INTEGRATED DESIGN PROCESS
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APPENDIX C:

LOADS CALCULATIONS

APPENDIX C -1 : WIND LOAD CALCULATIONS

MSc Thesis Parametric Structural Design

Wind Calculations depending on the Country

DENMARK SWEDEN FINLAND NORWAY ICELAND
REF. Reference Units DK SWE FIN NOR ICE
EC-1-4 wind 4.2|Basic wind velocity eq.4.1 vy m/s 24 24 21 26 24|
NA-4.2(1) Fundamental basic wind velocity Vbo m/s 24 24 21.0 26.0 24
Directional factor Cair - 1 1 1 1 1
Season factor Cseason - 1 1 1 1 1
EC-1-4 wind 4.3|Mean wind velocity (cat V) eq.4.3 Vv m/s 17.54247273 17.54247273 15.34966364  19.00434546  17.54247273
Heigth above the terrain z m 22.63 22.63 22.63 22.63 22.63
Roughness factor ¢ (2) - 0.731 0.731 0.731 0.731 0.731
zmin <z < zmax
Terrain category IV Table 4.1 2y m 1 1 1 1 1
Zmin m 10 10 10 10 10|
Zmax m 200 200 200 200 200
Reference value category Il 2o m 0.05 0.05 0.05 0.05 0.05
Terrain factor eq.4.5 k. - 0.234 0.234 0.234 0.234 0.234
Mean wind velocity (cat 1) eq.4.3 Voot m/s 2234836246 22.34836246 19.55481715 24.210726  22.34836246|
Roughness factor < (2) - 0.931 0.931 0.931 0.931 0.931
zmin < z < zmax
Terrain category IIl Table 4.1 2y m 03 03 0.3 0.3 0.3
Zmin m 5 5 5 5 5|
Zmax m 200 200 200 200 200
Reference value category Il 2o, m 0.05 0.05 0.05 0.05 0.05]
Terrain factor eq.4.5 k. - 0.215 0.215 0.215 0.215 0.215
Ortography factor A.3 Note (4) C, (2) - 1 1 1 1 1
EC-1-4 wind 4.5|Peak velocity pressure eq4.8 Aoy kN/mn2 0.61 0.61 0.47 0.72 0.61
Ay kN/mA2 0.79 0.79 0.61 0.93 0.792
Basic velocity pressure eq4.10 b N/mA2 360.00 360.00 275.63 422.50 360.00
Air density P kg/mn3 1.25 1.25 1.25 1.25 1.25]
Exposure factor Figure 4.2 c(2)- IV - 1.7 1.7 1.7 1.7 1.7
Figure 4.2 ce(z)-1N - 2.2 2.2 2.2 2.2 2.2
EC-1-4 wind 5.2|Wind pressure on surfaces

Pressure coefficient Section 7
Wall (for q,,y) figure 7.4, h<b w (Zone D) kN/mA2 0.43 0.43 0.33 0.51 0.43]
0.61 0.61 0.47 0.72 0.61]
W (Zone E) kN/mA2 -0.19 -0.19 -0.15 -0.23 -0.19
-0.19 -0.19 -0.15 -0.23 -0.19
Flat roof (for q,y) w (Zone F) kN/mA2 -1.10 -1.10 -0.84 1925 -1.10
(case 1) L 1855 =Ll -1.80 L
W (Zone G) kN/mA2 -0.73 {073 -0.56 -0.86 -0.73
S1%0 L1922 -0.94 -1.44 =l77)
W (Zone H) kN/mA2 -0.43 -0.43 -0.33 -0.50 -0.43
-0.73 -0.73 -0.56 -0.86 073
W (Zone 1) kN/mA2 0.12 0.12 0.09 0.14 0.12]
0.12 0.12 0.09 0.14 0.12
Monotpitch roof (for gy, ) w (Zone F_up) kN/mA2 -1.45 -1.45 =il il =il 7/l -1.45]
-1.76 -1.76 -1.35 -2.07 -1.76
W (Zone F_low) kN/mA2 -1.00 -1.00 -0.77 -1.18 -1.00
(case 2) -1.47 -1.47 -1.12 -1.72 -1.47
W (Zone G) kN/mA2 -1.16 -1.16 -0.89 -1.36 -1.16
-1.50 -1.50 =ilils -1.77 -1.50
W (Zone H) kN/mA2 -0.48 -0.48 -0.37 -0.56 -0.48|
-0.73 -0.73 -0.56 -0.86 -0.73]
w (Zone I) kN/mA2 -0.42 -0.42 -0.32 -0.49 -0.42]
-0.70 -0.70 -0.54 -0.82 -0.70
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APPENDIX C-1: WIND LOAD CALCULATIONS

MSc Thesis Parametric Structural Design

Parameters Wind Calculations

EC-1-4 wind 5.2 Wind pressure on surfaces Canopy measurements - 1st model
Pressure coefficient Section 7 Height m 22.63
Wall Lenght m 72.57
Case 1 figure 7.4, h<b \Width m 28.25
e=min(b,2h) Figure 7.5 e m 28.25
b m 28.25| [Appartment measurements
2h m 45.26 Height m 22.63
d m 72.57 Lenght m 72.57
Case 1, e<d (Width m 12.1
Zone A e/s m 5.65)
Zone B e (e/5+4/5e) m 22.60 Unit: Appartment - Canopy - Appartment
Zone C d-e m 44.32] Height m 22.63
Lenght m 72.57
Reference heigth Figure 7.4 ze=h m 22.63 Width m 52.45
extension (length) m 8|
Flat roof, case 1 Figure 7.6 extension (roof) - high eave m 8
extension (roof) - low eave m 3
Zone F length e/4 m 7.06 Desnivel 5]
width e/10 m 2.83] angle 7.06]
Zone G length b-2*e/4 m 14.13
width e/10 m 2.83
Zone H length b m 52.45
width e/2-e/10 m 11.30
Zone | length b m 52.45 Scheme for wind calculations Figure 7.5
width d-e/2 m 58.445 N I
d= 72.57
Pitch roof, case 1 Figure 7.6 L
Appart.
Cross wind direction fig 7.7 ¢) b m 40.35
h.1 m 30.63 West Wind Canopy
h.2 m 25.63 b= 52.5
2h m 61.26
d m 80.57| Appart.
e 40.35
Zone F length e/4 m 10.09
width e/10 m 4.04]
Zone G length b-2*e/4 m 20.18,
width e/10 m 4.04]
Zone H length b m 40.35
width e/2-e/10 m 16.14|
Zone | length b m 40.35]
width d-e/2 m 60.40
Pressure coefficients tables according to Eurocode
Pressure coefficient, wall Table 7.1 EC-1-4
zone A B [ D E
h/d Coe,10 Coer Cpe0 Coet Cpe0 Cper Cpe,10 Coet Coe10 Coer
1 -1.2 -1.4 -0.8 -1.1 -0.5 -0.5 0.8 1 -0.5 -0.5
#iDIV/0! -1.2 -1.4 -0.8 -11 -0.5 -0.5 0.708 1.000 -0.316 -0.32
0.25 -1.2 -1.4 -0.8 -1.1 -0.5 -0.5 0.7 1 -0.3 -0.3
Pressure coefficient, flat roof Table 7.1 EC-1-4
zone F G H I
h.p/h Coe,10 Coer Cpe0 Coer Cpe0 Cper Cpe0 Coet
Sharp eaves -1.8 -2.5 -1.2 -2.0 -0.7 -1.2 0.2 0.2
Pressure coefficient, monopitch roof Table 7.3b EC-1-4
zone F_up F_low G H 1
angle Coe,10 Coet Cpe0 Coet Cpe0 Cper Cpe0 Coet Coe10 Coet
5 -2.1 -2.6 -2.1 -2.4 -1.8 -2 -0.6 -1.2 -0.5 -0.5
7.06 -2.38 -2.88 -1.64 -2.40 -1.89 -2.46 -0.78 -1.20 -0.68 -1.14
15 -2.4 -2.9 -1.6 -2.4 -1.9 -2.5 -0.8 1.2 -0.7 -1.2
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CASE A -COORDINATES WIND ZONES FLAT ROOF

Coordinates Y -
Relative Absolute -
Point X X 2.83 11.30 58.45
P1 0| 12.1 0 22.63 P1 P7 P11 P3
P2 28.25 40.35 0 22.63
P3 0| 12.1 72.57 22.63 7.06 F
P4 28.25 40.35 72.57 22.63
P5 7.06 19.16 0 22.63 P5 P8
P6 21.19 33.29 0 22.63
P7 0| 12.1 283 22.63 West Wind
P8 7.06 19.16 283 22.63
P9 21.19 33.29 283 22.63 14.13 G H 1
P10 28.25 40.35 283 22.63
P11 0| 12.1 14.13 22.63
P12 28.25 40.35 14.13 22.63 P6
P9
7.06 F
P2 P10 P12 P4
CASE B - COORDINATES WIND ZONES MONOPITCH ROOF
Y S
Coordinates i 80.57
Relative Absolute 4.04 16.14 60.40
Point X P1 P7 P11 P3
P1 0.00 -8.00 30.63]
P2 40.35 -8.00 30.63 10.09] F
P3 0.00 72.57 30.63
P4 40.35 72.57 30.63 P5| P8
P5 10.09 -8.00 30.63
P6 30.26 -8.00 30.63
P7 0.00 -3.97 30.63
P8 10.09 -3.97 30.63 20.18, G H 1 HitHH
P9 30.26 -3.97 30.63
P10 40.35 -3.97 30.63
P11 0.00 12.18 30.63 P6|
P12 40.35 12.18 30.63| P9
10.09] F
P2 P10 P12 P4
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APPENDIX C - 2 : SNOW LOAD CALCULATIONS

MSc Thesis Parametric Structural Design

Snow Calculations depending on the Country

DENMARK  SWEDEN FINLAND NORWAY  ICELAND
REF. Reference Units DK SWE FIN NOR ICE
EC-13  |Snow load 5.1
Section 5 Persistent/transient design situation 5.1 ; Ce C Sy s kN/mAn2 0.80 1.60 2.20 2.80 4.88
Accidental design situation (snow load) 5.2 i Ce Ci Sag s KN/mn2
Accidental design situation (snow drift) 5.3 S = S s kN/mn2 0.67 1.33 1.83 2.33 4.07
Carachteristic value (location) 4.3(1) Sk kN/mA2 1.00 2.00 2.75 3.50 6.10]
Exposure coefficient 5.1(7) Ce - 1 1 1 1 1
Thermal coefficient 5.1(8) [ - 1 1 1 1 1
Shape coefficient 53
Monopitch  Fig. 5.1 02 < a < 300 a,=(2)| 7.064| p, - 0.8 0.8 0.8 0.8 0.8
302 < a < 602 =) 35 w - 0.67 0.67 0.67 0.67 0.67
Pitched roof  Fig5.3
Undrifted load Case (i) 02 < a < 302 a;=(9) 5w - 0.80 0.80 0.80 0.80 0.80)
302 < a <602 a;=(2) 35| W - 0.67 0.67 0.67 0.67 0.67
02 < a <302 a=(2 50 - 0.80 0.80 0.80 0.80 0.80
302 < a <602 = (2 35 Wy N 0.67 0.67 0.67 0.67 0.67
Drifted load Case (ii) 02 < a < 302 ;= (9) 5w - 0.40 0.40 0.40 0.40 0.40)
302 < a <602 a;=(2) 35| W - 0.33 0.33 0.33 0.33 0.33
02 <o <302 a= (@ 50wy - 0.80 1.80 2.80 3.80 4.80)
302 < a <602 = (2 35 Wy N 0.67 0.67 0.67 0.67 0.67
Drifted load Case (iii) 02 < a < 302 a;=(9) 5w - 0.80 1.80 2.80 3.80 4.80)
302 < a <602 a;=(2) 35| W - 0.67 0.67 0.67 0.67 0.67
02 <o <302 a= (@ 50wy - 0.40 0.40 0.40 0.40 0.40)
302 < a <602 - 0.33 0.33 0.33 0.33 0.33
Cylindrical roof  fig. 5.6
B> 602, p3=0 - 0 0 0 0 0
Case(i) eq.54  B<602 u3=0,2+10*h/b - 0.80 0.80 0.80 0.80 0.80
- 1.97 1.97 1.97 1.97 1.97
m
m
Note Shape coefficient:
1. Choose the case (i, ii or iii) : Undrifted or drifted load ™
2. Input the angle for both sides of the roof left and rigth I:l .
3. Depending on the angle should be taken the value from the row: P
02 < a <302 T
302 < a<602 -
4. Then is taken the value for each side of the Pithched roof
a;=(2) Angle on the left
a; = (2) Angle on the rigth

Figurw £ - Sreow koad shaps cowffeosnt - monopsch nood
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APPENDIX C - 3 : LOADS INPUT GRASSHOPPER

MSc Thesis Parametric Structural Design

Input Grasshoper

Modelo A - Basic Frame configuration

1.Wind Case I Flat roof (for gp,IV) I
COUNTRY
Reference nits | swe | AN | nNor |  icE | DK |
Pressure coefficient Section 7
Wall (for gp,IV) figure 7.4, h<b w (Zone D) kN/mA2 0.43 0.33 0.51 0.43 0.43
w (Zone E) kN/mA2 -0.19 -0.15 -0.23 -0.19 -0.19
Flat roof (for qp,IV) w (Zone F) kN/m~2 -1.10 -0.84 -1.29 -1.10 -1.10
W (Zone G) kN/mA2 -0.73 -0.56 -0.86 -0.73 -0.73
W (Zone H) kN/mA2 -0.43 -0.33 -0.50 -0.43 -0.43
w (Zone ) KN/mA2 0.12 0.09 0.14 0.12 0.12
2.Snow Case:
Reference nitsm | swe | AN | nNor |  icE | DK |
Persistent/transient design situation 5.1 s = pi Ce Ct sk kN/m~2 1.600 2.200 2.800 4.880 0.800
Accidental design situation (snow load) 5.2 s = pi Ce Ct sAd kN/mA2 0.000 0.000 0.000 0.000 0.000
Accidental design situation (snow drift) 5.3 s = Mi Sk kN/m~72 1.333 1.833 2.333 4.067 0.667
Modelo B - White Proposal
1.Wind Case |Mon0tpitch roof (for qp,IV) I
COUNTRY
Reference units | SWE | swe | swe | swe | swg |
Pressure coefficient Section 7
Wall (for qp,IV) figure 7.4, h<b w (Zone A) kN/mA2 0.43 0.33 0.51 0.43 0.43
w (Zone B) kN/mA2 -0.19 -0.15 -0.23 -0.19 -0.19
w (Zone C) kN/mA2 0.00 0.00 0.00 0.00 0.00
Monotpitch roof (for qp,IV) w (Zone F_up) kN/mA2 -1.45 -1.11 -1.71 -1.45 -1.45
w (Zone F_low) kN/mA2 -1.00 -0.77 -1.18 -1.00 -1.00
W (Zone G) kN/mA2 -1.16 -0.89 -1.36 -1.16 -1.16
W (Zone H) kN/mA2 -0.48 -0.37 -0.56 -0.48 -0.48
w (Zone ) kN/mA2 -0.42 -0.32 -0.49 -0.42 -0.42
2.Snow Case: IMonotpitch roof (for qp,IV) I I
Reference nitsm | swe | AN | nNor |  icE | DK |
Persistent/transient design situation 5.1 s = pi Ce Ct sk kN/mA2 1.600 2.200 2.800 4.880 0.800
Accidental design situation (snow load) 5.2 s = pi Ce Ct sAd kN/mA2 0.000 0.000 0.000 0.000 0.000
Accidental design situation (snow drift) 5.3 s = Mi Sk kN/mA2 1.333 1.833 2.333 4.067 0.667

Note:
1. Chose the country
2. Choose the case

1

case

a) For wind: Zone: lll or IV and type of roof
b) For snow: type of roof, and case (load distribution)
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OPTIMIZATION RESULTS

APPENDIX D
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