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Optimization of Load-Bearing Structures with Respect to Environmental Impact
An implementation of an optimization tool for timber industrial buildings in early
design stages based on parametric design

WILMA ELM DAHLMAN

HANNA TYNELIUS

Department of Architecture and Civil Engineering
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Abstract

The Swedish government has set up national goals to reach net zero emissions from
human activities by 2045. In 2020 the construction industry was responsible for 21
percent of the total green house gas emissions in Sweden. Hence, it has become of
interest to investigate new methods of mitigating the environmental impact of new
buildings. One alternative for such a method is parametric design, which enables
e[edtive evaluation of multiple design solutions. This thesis investigates how a
parametric design tool can be utilized in the design of load-bearing structures in
order to reduce the material usage, and thus the environmental footprint. The
investigation is performed by implementing a tool with the aim of producing a first
draft of an optimized load-bearing structure for a timber industrial building. The
tool is developed in Grasshopper with Python scripting and the results are displayed
in Rhinoceros 3D. Sizing optimization combined with topology optimization are the
chosen optimization methods that are integrated in the tool. The outcome of the
thesis indicates the possibility of a significant reduction of material usage in the load-
bearing structures of two reference projects. In conclusion, the usage of parametric
tools in the construction industry could be a valuable asset in the work towards
reaching net zero emissions by 2045. Moreover, the implemented tool can be an
encouragement to structural engineers in the construction industry to challenge
today’s way of building in order to design more sustainable buildings in the future.

Keywords: Parametric Design, Sizing Optimization, Topology Optimization, Tim-
ber Industrial Building, Glulam, Carbon Dioxide Equivalents, Sustainable Buildings,
Grasshopper, Galapagos, Rhinoceros 3D.



Optimering av lastbarande strukturer med hansyn till miljopaverkan

En implementering av ett optimeringsverktyg for hallbyggnader i tra i tidigt de-
signskede baserat pa parametrisk design

WILMA ELM DAHLMAN

HANNA TYNELIUS

Institutionen for Arkitektur och Samhallsbyggnad

Chalmers tekniska hogskola

Sammanfattning

Sveriges regering har satt upp nationella mal for att na nettonollutslapp orsakade
av mansklig aktivitet ar 2045. Under 2020 stod byggbranschen for 21 procent av de
totala utslappen av vaxthusgaser i Sverige. Pa grund av detta har det blivit relevant
att undersoka metoder for att mildra miljopaverkan fran nya byggnader. Ett alter-
nativ for en sddan metod &r parametrisk design, vilket mojliggor e [eRtiv utvardering
av flera designlésningar. Studien undersoker hur ett parametriskt designverktyg kan
anvandas vid konstruktion av stomsystem for att minska materialanvandningen och
darmed miljopaverkan. Undersokningen utfors genom att implementera ett verktyg
med syfte att ta fram ett forsta utkast till en optimerad stomme for en hallbyggnad
i trd. Verktyget ar utvecklat i Grasshopper med kodning i Python och resultaten
visas i Rhinoceros 3D. Storleksoptimering i kombination med topologioptimering
ar de valda optimeringsmetoderna som integreras i verktyget. Resultatet av stu-
dien indikerar mojligheten till en betydande minskning av materialanvandningen i
barande konstruktioner i tva referensprojekt. Sammanfattningsvis kan anvandnin-
gen av parametriska verktyg i byggbranschen vara en vardefull tillgang i arbetet
mot att na nettonollutslapp till 2045. Dessutom kan det implementerade verktyget
vara en uppmuntran for konstruktorer i byggbranschen att utmana dagens satt att
bygga for att utforma mer hallbara byggnader i framtiden.

Nyckelord: Parametrisk design, storleksoptimering, topologioptimering, hallbyg-
gnad i tra, limtra, koldioxidekvivalenter, hallbara byggnader, Grasshopper, Gala-
pagos, Rhinoceros 3D.
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1

Introduction

This chapter presents the background of the thesis, together with the aim and thesis
guestions. Moreover, the methodology and limitations are introduced.

1.1 Background

Human activities have resulted in an increase of the greenhouse gas carbon dioxide
of about 50 percent in the recent two hundred years [1]. This has resulted in global
warming which in turn creates an unstable climate with several devastating ecolog-
ical consequences. In 2020 the construction and building sector released 21 percent
of the total greenhouse gas emissions in Sweden, where carbon dioxide stands for 70
percent of these emissions [2]. The Swedish government has set up national goals
for limitations of carbon dioxide emissions. The target value for 2045 is to reach net
zero for the anthropogenic emissions [3].

Boverket, the Swedish national board of housing, building and planning, has es-
tablished new requirements which state that an environmental product declaration
has to be submitted for new constructions that are built from 2022. To achieve
an environmental improvement, Boverket suggests to introduce limit values for the
carbon dioxide footprint of new constructions in 2027. This value should then be
lowered in 2035 and 2043 in order to meet the national climate goal for 2045 [4].

The environmental footprint of a building can be evaluated through a system called
environmental product declaration, EPD. This system divides the life of a building
into di erent stages, distinguishing between product and construction stage, opera-
tional stage and end of life stage. There are several measures that can be taken in
order to produce buildings with lower climate impact. In the product and construc-
tion stage it is possible to choose favourable alternatives for the structural system,
material production methods, type and amount of building materials as well as
transportation of raw materials and construction elements. In the operational stage
the energy usage and heating of a building plays a signi cant role. When it comes
to the end of life stage, renovation and re-usage of buildings as well as recycling
of building parts and materials are susceptible to in uence [5]. To gain an overall
improvement it is of importance that each of the stakeholders takes action in their
area of responsibility [6].

In the years between 1993 and 2020 signi cant improvements of the emissions from

1



1. Introduction

the operational stage of buildings can be observed due to the increasing number
of energy e cient buildings. However, the remaining emissions have been constant
during this period [2]. In a report written by Malmqvist et al. (2018) several case
studies were analysed and it was concluded that prior to the nalization of a building

the construction process stage stands for 14 percent of the embodied greenhouse gas
emissions whilst the product stage stands for the remaining 86 percent. Clients and
designers are important stakeholders in the product stage [6]. Hence, they are of
importance in the development of more e cient methods to decrease the emissions.

Since material manufacturing is a large part of the product stage the amount of
building material is an important parameter to consider in the construction of new
buildings with reduced carbon footprint. At an early stage in the building process,
there are multiple opportunities to in uence material usage. Construction projects
are however often governed by narrow time frames and budgets, which makes it
necessary to have e cient methods to evaluate and iterate structural designs.

An e cient way to perform optimization of structures is to develop a parametri-
cally controlled model, which easily can be altered. This kind of model allows for
multiple iterations to be evaluated in a short amount of time, making it possible to
nd the solution with the lowest material usage. It also results in a rst draft of
the load-bearing structure early in the design, which is not only favourable from an
environmental perspective but also from an economical point of view, since it limits
the risk of interdisciplinary collisions. Thus, it is relevant to develop tools for early
stage design based on these kinds of parametric models.

1.2 Aim

The aim of this master thesis is to implement an e cient parametric tool for early
stage design. The purpose is to encourage the use of new methods to design load-
bearing structures. The aim of the tool is to produce a rst draft of an optimized
load-bearing structure for a timber industrial building with regard to material vol-
ume. Hence, the tool contributes to nding a reduced carbon footprint of the struc-
ture. The tool is developed in the software Rhinoceros 3D together with Grasshop-
per.

1.3 Objectives

To achieve the aim the following thesis questions are examined and answered.

A

Is a parametric optimization tool useful in the early design stages?
How can the results from the tool be used?

What skills are required from the user?

What structural system is most environmentally bene cial?

Is the optimized result practically feasible?
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1.4 Methodology
The working process is divided into the following steps:

Literature study

Evaluation of existing software
Implementation of the tool
Veri cation of the tool
Evaluation of the results

The literature study is performed to gain an understanding of the chosen eld of
study. The study includes investigations of the demands and goals for the construc-
tion industry, life cycle assessment approach, optimization algorithm in parametric
design and structural systems for timber industrial buildings.

Both commercial and in-house environmental assessment software are evaluated to
determine what factors are relevant to implement in the optimization tool. Further-
more, the functionality of the optimization component Galapagos in Grasshopper
are evaluated.

The tool is developed based on the knowledge gained from the literature study and
the analysis of the software. Based on this, a owchart for the tool is de ned. The
tool is developed using a parametric model generated in Rhinoceros 3D in combi-
nation with Grasshopper. The implementation is done in two steps, where the rst
consists of producing a code that generates an optimized structural system from
user de ned input. For this part, Grasshopper components combined with Python
scripting are utilized. In the second step an additional optimization algorithm is
integrated using Galapagos.

Veri cation of the structural system is made during the development of the tool.

This is done by analysing the structural components in a commercial nite element
software called FEM-design. The utilization rates of the structural components ob-
tained from the tool are compared to the results of the nite element analysis to
ensure reliable results. The load application is veri ed with comparisons to two
reference projects.

The nal step of the implementation of the tool is to evaluate its functionality and

draw conclusions about its usability. Possibilities for further developments will be
discussed.

1.5 Limitations
Considering the time frame of this project some limitations are needed. The imple-
mented tool only produces one type of building, which is chosen to be an industrial

building. The building material is limited to timber in the form of glulam stan-

3



1. Introduction

dard dimensions. The layout of the structural system is limited to tapered beams
or beams with constant cross section simply supported on columns. Since a large
portion of the emissions arise in the product stage this is the area of focus for the
tool. The implementation is limited to the structural system excluding the founda-

tion. The calculations are based on beam theory and no nite element analysis is
performed.



2

Theory

In this chapter relevant theory concerning the study is introduced. This theory
regards the environmental aspects in the construction industry, the concept of op-
timization, parametric design, timber as construction material, industrial buildings
and relevant loads.

2.1 Environmental Aspects in the Construction
Industry

In the following subsections the environmental demands and requirements of the
construction industry will be introduced. Both the current and future challenges
relevant to this study will be investigated.

2.1.1 Demands and Requirements

The Swedish parliament has set up long term goals for the domestic emissions of
carbon dioxide. These goals states that no later than the year of 2045 Sweden will
reach net zero emission of greenhouse gases and achieve negative emissions onwards.
Consequently, Boverket has been commissioned to establish the new demands and
to introduce a course of action for the requirements set on the construction industry.

In the year of 2022 and beyond, the contractors have the liability to provide an EPD,
Environmental Product Declaration, for all new construction projects and hand in

to Boverket, the Swedish national board of housing, building and planning [3].

2.1.1.1 Environmental Product Declaration

An Environmental Product Declaration EPD, aims to demonstrate the environmen-
tal footprint of a product. An EPD needs to be third-party certi ed to ensure that

the information is trustworthy. The declaration is based orproduct category rules
PCR, and alife-cycle assessment. CA. The PCR includes guidelines, which specify
choice of methods and acceptable limitations for the basis. The LCA is based on
the guidelines that are given in the PCR, in order to ensure comparability between
di erent products [7]. Furthermore, the PCR de nes the functional unit that should

be used in the life-cycle assessment calculations. The unit can for instance be a vol-
ume, a mass or an area [8].
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In an environmental declaration of a building the environmental footprint is pre-
sented in kilograms carbon dioxide equivalents per are@arbon dioxide equivalents
CO2Z2e, is a measure that accounts for several greenhouse gases which contributes to
the global warming to a varying extent. The area that is commonly used in the
declarations of buildings is the gross area, in Sweden denot®dA , or the heated
area, in Sweden denoteéemp [9].

A complete life-cycle assessment considers the entire life-span of a building, from
cradle to grave. The di erent modules of a building's life-cycle can be seen in Figure
2.1. The life-cycle is divided into three main categoriegroduct- and construction
stage A1-A5, the operational stageB1-B7, andend of life stageC1-C4. Theproduct
stage A1-A3, involves supply of raw material, transportation and manufacturing.
The construction process stageA4-A5, concerns the transportation to the construc-
tion site and also installation processes. The operational stage involves all services
needed during the entire life-span, such as usage, manufacturing, repair, energy and
water consumption. The end of life stage includes all actions of the demolition of
the building, such as recycling, transport and deposition [10].

Figure 2.1: Modules in the life-cycle assessment. Figure redrawn after [10].

The life-cycle assessment calculations can either be based on generic climate data
or on product speci ¢ data from EPD:s. However, the contractor has an obligation

to communicate which parts of the building that are calculated based on generic
data and which parts are calculated based on product specic data. Moreover, if
generic data has been used it is required that the values are based on the national
climate database set up by Boverket. The database is established based on Swedish
circumstances [4].
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2.1.1.2 Course of Action

The course of actionestablished by Boverket, described in Figure 2.2, includes sev-
eral rule adjustments concerning environmental declarations and limit values for
the environmental footprint of new constructions. Before new requirements and
limit values can take place in 2027, 2035 and 2043, Boverket needs to perform an
evaluation of possible consequences for the stakeholders in the industry. Moreover,
possible adjustments in the strategy needs to be investigated to be able to reach the
national environmental milestones. This evaluation is planned to be nalized three
year before the new step-wise requirements will be introduced [4]. The course of
action facilitates a readjustment for the contractors as well as for other stakeholders
in the industry and supports preparations for the green transition [3].

Figure 2.2: Overview of the course of action established by Boverket, showing
target values of climate emissions from buildings. Figure redrawn after [4].

In the year of 2022 the rst act of the new regulation by Boverket was enforced,
which includes requirements of environmental certi cation for buildings being com-
pleted in the year 2022 and beyond. Thus, responsible contractors will be liable to
submit an environmental product declaration, EPD, for all new constructions. The
requirement from 2022 will initially be applied for apartment building and premises.
The certi cate will include the load-bearing system, internal walls and the enve-
lope of the building. Furthermore, the life-cycle assessment will be limited to the
product- and construction stage, A1-A5 [4].

The limit values are planned to be put into action in the year of 2027 and are based
on a reference building. At that time, the environmental footprint in the product
and construction stage, A1-A5, should have decreased with 20 percent in relation
to the reference building. The demands for the environmental declaration will be
expanded to a greater part of the life-cycle assessment, A1-A5, B2, B4, B6 and C1-
C4. Moreover, the building elements that need to be included will also be extended
to include the load-bearing system, internal walls, the envelope of the building,
building installations and internal sheeting layers. The coming years, 2035 and 2043
the limit value will decrease to 40 percent and 80 percent respectivly based on the
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limit value set in 2027 [4].

2.1.2 Current Situation

In the year of 2020, the greenhouse gas emissions from the construction industry
accounted for 21 percent of the total domestic emissions [2]. In the years between
1993 and 2020, several improvements in the operational stage were made thanks
to more energy e cient buildings and a higher usage of renewable energy sources.
However, the product and construction stage has remained at a constant level during

these years. Consequently, the product and construction stage now accounts for a
greater part of the total greenhouse gas emissions during a building's life-cycle [8, 10].

The life-cycle assessment is needed to gain an understanding of the environmental
footprint of today's construction industry. The expectation is that the di erent
stakeholders will receive incentives to improve their methods. The impact of the
modules in the life-cycle assessment varies greatly between di erent buildings. One
reason is the choice of building materials. Another reason is that emissions from
the operational stage varies highly depending on the choice of energy source and the
buildings estimated life-span. Consequently, the emissions from the product and
construction stage can vary between 25 percent and 70 percent of the total emis-
sions during a life-span of 50 years. The product stage, A1-A3, accounts for about
84 percent of the greenhouse emissions from the product and construction stage, Al-
A5. The construction installation stage, A5, accounts for about 13 percent and the
transportation to the construction site, A4, accounts for the remaining 3 percent [8].

In the report written by Malmqvist et al. (2018), several case-studies are analysed
and di erent stakeholder's responsibility and measures are discussed. In addition to
reducing the impact from the operational energy usage, the importance of reducing
the impact from the product and construction stage is identi ed as an important
measure in the reduction of the emission of carbon dioxide equivalents. Particularly,
the designer and its clients have the liability in the product stage, during which
minimizing the amount of material and the choice of sustainable materials are two
signi cant measures. In addition to this, the choice of a light-weight construction
can reduce the amount of concrete in the foundation with up to 50 percent, which is
bene cial for the reduction of the environmental footprint. The contractors have the
main responsibility to ensure improvements at the construction site, the stages A4-
A5, as well as during the demolition of the building or building parts. Furthermore,
they have the responsibility of the purchasing of materials, preferably from local
manufacturers, to reduce the transportation distances [6].

2.1.3 Challenges

The construction industry is facing several challenges in conjunction with the green
transition. The Smart Built Environment, a strategic innovation program for the
civil engineering sector, estimates that a 40 percent reduction of the environmental
footprint is possible through digital development. Digital methods are not widely
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used in the industry today even though methods and knowledge de nitely are un-

der development. In particular, it is a great challenge for smaller companies to

implement the new digitalization processes. However, the new requirements from
Boverket on environmental declaration will hopefully lead to an expanded usage of
digital methods for climate calculation and that stakeholders will be encouraged to

explore the possibilities of the new digital methods [4].

Building information modelling, BIM, is considered to be an e ective method to com-
pile the basis information for an environmental declaration. BIM involves the cre-
ation and management of a digital representation of a construction project through-
out its entire life-cycle. This representation commonly contains both a 3D model
and additional information regarding di erent aspects of the building [11]. Fur-
thermore, BIM can contribute to an e cient way to compare and evaluate di erent
design solutions at an early stage.

2.2 Optimization

Mathematical optimization is the theory of nding the optimal solution to a problem
by obtaining the maximum or minimum value of one or several objective functions.
Single-objective optimization means that the optimization is performed with regard
to only one goal whilst multi-objective optimization is performed with regard to
several goals. One sole solution to the optimization is identi ed for single-objective
optimization. However, if the multi-objective optimization has con icting goals one
single optimal solution can not be obtained, but rather a collection of compromised
solutions [12].

2.2.1 Structural Optimization

Christersen and Klarbring [13] describes optimization as making things the best.
With this de nition as a foundation, they conclude that structural optimization im-
plies creating the structural system that can manage the assigned loads in the best
possible way. The de nition of the best way is however not explicitly described but
a few examples are brought up in the literature. The best way can, according to
Christersen and Klarbring [13], for example be to make the structure as sti, as light
or as insensitive to instability as possible. All these examples correspond to maxi-
mization or minimization problems which require certain constraints. An example
of such a requirement is a limitation of the amount of material usage. Without a
constraint to this the maximization of the stiness can result in an optimization
without a well-de ned solution, as the structure can grow immensely sti er when
applying more material. Displacements, stresses and geometry are often governing
and hence limited in problems treating structural optimization [13].

Structural optimization always includes an objective function called, a design vari-
able calledx, and a state variable calledy. A structural optimization problem can
thereafter be formulated as following:minimize f(x,y) with respect to x and y The
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objective function is used to determine how good a suggested solution is in relation
to the others. The goal of the optimization is generally to minimize or maximize this
function. It is the design variable together with the state variable that governs the
value of the objective function. The design variable controls the structural design.
This value can be altered throughout the optimization in order to nd the optimal
solution. Lastly, the state variable represents how the assigned situation a ects the
structure [13].

Structural optimization is sorted into three di erent branches depending on the
method that is used. The three methods are denominated as&ing optimization
shape optimizationand topology optimization[14]. Sizing optimization is the main
focus in this thesis but topology optimization is also treated.

2.2.1.1 Sizing Optimization

Sizing optimization is performed with respect to the dimensions of the individual
structural elements in the structural system. In this case the overall dimensions and
shape of the system is known and not altered. This is the simplest form of structural
optimization [14].

2.2.1.2 Shape Optimization

The principle idea of shape optimization is to nd the geometry of the structure
with the best mechanical behaviour that meet the given constraints [15]. This is
performed by modifying the boundary of the structural domain. By changing for
example the shape of the domain stress concentrations can be avoided [16].

2.2.1.3 Topology Optimization

The most general form of structural optimization is topology optimization. In this
form of structural optimization the most bene cial topology of the structure is
sought [14]. This means that the optimal placement of material within the struc-
tural domain for a given set of conditions is determined [17]. The resulting structure
provides the most favourable force paths through the material. The solution is gen-
erated by discretizing the structure into nite elements and removing the elements
that are not necessary [16].

2.2.2 Dierent Algorithms

Optimization in general as well as structural optimization can be performed using
several di erent algorithms. In this thesis anevolutionary algorithmis treated. This
optimization method is stochastic which means that it includes elements of random-
ness [18, 19]. This random feature reduces the risk of the solution getting stuck in
local maxima or minima and not nding the sought global minima or maxima, which

is a common problem when using more simple optimization algorithms [20, 21]. The
principle of local maxima and minima are illustrated in Figure 2.3.
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Figure 2.3: lllustration of local maxima and minima.

2.2.2.1 Evolutionary Algorithms

Evolutionary algorithms are mimicking the principle of natural evolution and are
based on a population of individuals, in optimization more commonly referred to as
solutions, that can exchange information with each other. First an initial population

of solutions is randomly generated. All these solutions are evaluated and the best
tted ones are selected. These solutions are then crossed to make a new, improved
population of solutions. Solutions are evaluated and new solutions are generated
until a global optimum solution is found or a maximum number of generations is
reached [18].

2.3 Parametric Design

Generating models based on a number of parameters with user-speci ed relation-
ships between them is called parametric design. Changing the values of the param-
eters will make the model change interactively, without the user having to apply
the changes directly to the model. In a non-parametric model a change in one part
usually leads to required small alterations in other parts, which means that changes
are harder to make and takes longer time to implement [22]. Adjustments in a para-
metric model are not limited to individual elements but is also applicable for global
geometry changes of the model [23]. A global change could for example be chang-
ing the overall dimensions of a building which will cause the structural elements to
adjust thereatfter.

Parametric design has proven to be a useful tool in performing iterations and opti-
mization in early stages due to its nature of quickly generating results. With this
tool structural engineers can receive quick feedback on how a design works and make
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alterations thereafter in an e cient manner [24].

2.3.1 Rhinoceros 3D

Rhinoceros 30 or Rhino, is a free form modeling software developed by Robert
McNeel & Associates. Geometries can be built up using points, curves, surfaces,
solids and meshes [25]. Non-Uniform Rational B-Splines, commonly referred to
as NURBS, are used to represent geometries in Rhino. The geometries can be
standard geometrical objects as well as free-form objects. NURBS are described by
mathematical expressions resulting in exible and accurate shapes. An advantage
with NURBS is that only small amounts of information is required to represent a
geometrical shape [26].

2.3.2 Grasshopper

Rhinoceros 3D has a direct link to a graphical algorithm editor calleGrasshopper
which opens in a separate window. This software is a visual programming environ-
ment which means that the programming can be performed by connecting prede ned
components to each other. Custom components can also be de ned through either
C# or Python scripting. The link between Rhino and Grasshopper allows the user
to interactively see the model change in Rhino when components are connected in
Grasshopper. There are several ways to utilize the parametric setup of a Grasshop-
per model to perform optimization. Two tools that can be utilized are the built-in
components Galapagos and Octopus. Galapagos performs single-objective optimiza-
tion whilst Octopus performs multiple-objective optimization. This master thesis
treats single-objective optimization and hence Octopus will not be used.

2.3.2.1 Galapagos

The optimization in Galapagos can be performed using two di erent algorithms. The
two alternatives are an evolutionary solver, the principles of which are explained in
Chapter 2.2.2.1, and a simulating annealing solver, which is not treated in this the-
sis. The evolutionary solver is generally recommended but for cases with a large
number of degrees of freedom the annealing solver may be preferable [27].

As for the usage of Galapagos, it requires a genome and a tness as input in order
to run. The genome is one or several parameters that can be altered to a ect the
tness and the tness is the value that should be optimized. Since Galapagos per-
forms single-objective optimization, only one tness value can be provided. There
are multiple adjustable parameters inside Galapagos, which are controlled by the
user. The tness value can be chosen to be either maximized or minimized and
a run-time limit can be applied. This limit causes the optimization to stop if it
consumes to much time without nalizing. A threshold is not required but can be
set. This de nes the value of the tness and the optimization will stop if a tness
with the threshold is found [27]. These settings apply to both solvers.
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There are also settings which apply to the speci ¢ algorithms. For the evolutionary
solver the max stagnant, population size and initial boost should be chosen. In-
breeding and maintain are also adjustable parameters for the evolutionary solver.
The max stagnant controls how many generations that can be generated without
gaining a better solution before the solver stops. Population is the amount of op-
tions that are tested before the optimization moves on to the next generation. The
initial boost controls the size of the population in the rst generation of solutions.
Inbreeding is a freedom factor which manages the similarity of the genes that are
bred. A positive value means similar genes whilst a negative value will give di erent
genes. Lastly, maintain governs how many cross-overs that should be done in each
generation.

2.4 Timber as a Construction Material

Sweden has a long history of building in timber and has one of the greatest sawmill
and wood industries in the world [28]. The industry develops rapidly with several
new technologies for material treatment as well as di erent production techniques.
The modern timber industry has extended the possibilities of timber as a building
material. Hence, it has become possible to build everything from small houses to
more extensive buildings, such as stadiums and multi-storage buildings. Timber
as a building material has several advantages, such as environmental aspects and
structural bene ts [29]. As the demands for sustainable buildings increase, also the
request for timber constructions has increased in the recent years [28].

2.4.1 Structural Properties

Timber is a biological and natural material that comes with geometrical dissimilari-
ties, which a ect its structural behaviour. Furthermore, timber is ananisotropic ma-
terialand a hygroscopic material which also a ect its structural behaviour. There-
fore, the strength and sti ness properties of timber specimens are often sorted by
a non-destructive strength test in order to ensure the quality of the structural be-
haviour. Moreover, the varying strength properties are taken into account with
several measures that are speci c for timber elements, suchlaad duration classes
service classespartial coe cients and load application angle in relation the bers
of the timber [30].

The load duration classes consider the time period of load application. When a
timber specimen is subjected to a constant load over timgeep occurs, which is a
reduction of the strength capacity. The load duration classes are divided into ve
cumulative time-periods, which can be seen in Table 2.1. In a design the creep is
taken into account by applying a strength modi cation factor, kn,oq [30].
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Table 2.1: Load duration classes

Load-duartion class | Cumulative duration | Example of load
Permanent > 10 years Dead-weight

Long-term 0.5 - 10 years Stored goods
Medium-term 1 week - 6 months Snow load, imposed load
Short-term < 1 week Wind load

Instantaneous - Accidental load, wind gusts

The modi cation factor is also characterized by service classes that re ects the hy-
groscopic properties of timber. A hygroscopic material is a material that absorbs
moisture from the surrounding environment, which also in uences the strength and

sti ness properties of the timber. The moisture content is a ected by the relative
humidity and temperature of the air. The service classes are divided into three cate-
gories, service class 1, service class 2 and service class 3, which can be seen below [30].

Service class 1 - The surrounding environment is about 20 degrees and has
a relative humidity that does not exceed 65 percent more than a few weeks
a year. Consequently, the average moisture content in the wood does not ex-
ceed 12 percent. The service class is characterized by heated and ventilated
environments with protected elements [30].

Service class 2 - The surrounding environment is about 20 degrees and has

a relative humidity that does not exceed 85 percent more than a few weeks a
year. Consequently, the average moisture content in the wood does not exceed
20 percent. Usually, the service class is used for environments which are not
constantly heated and with elements protected from precipitation [30].

Service class 3 - The surrounding environment leads to an average moisture
content that exceeds 20 percent in the wood. The service class is often used
when construction is not protected from precipitation or is in direct contact
with the ground [30].

In design of timber constructions the great variation of geometric imperfections and
the uncertainties of strength and sti ness properties needs to be considered. This is
done by using several partial coe cients speci c for design of structural timber ele-
ments, such as factors considering size e ects, insatiability e ects and creep e ects
[30]. The modi cation factors that are relevant in this thesis project are further
explained in Chapter 2.5.3.

An anisotropic building material is a material that has di erent properties in di er-
ent directions. This is due to the tube shaped structure of wood. Hence, the loading
direction is an important factor to consider when designing timber constructions.
The timber has a longitudinal direction parallel to the grains and a radial and a
tangential direction, both perpendicular to the grains. This is illustrated in Figure
2.4. There is a signi cant di erence in strength in directions parallel and perpen-
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dicular to the grains. The di erence between the tangential and radial direction is
however often disregarded [30].

Figure 2.4: Directions in timber. Figure redrawn after [31].

2.4.2 Advantages and Disadvantages

Historically, timber has mostly been used in smaller constructions such as single
family houses and lower residential buildings. The limitation to smaller buildings
was due to re safety regulations. From 1874 to 1994 the Swedish regulations stated
that timber buildings were limited to a maximum height of two stories [32, 29].
With new techniques and production methods timber is these days not more of a
re-hazard than other building materials. Timber can even be bene cial compared
to steel elements in a re. This because timber is considered to have a calculable
strength capacity when charring occurs in the wood. Steel elements need to be pro-
tected from re to ensure the load carrying capacity [29]. In 1994 the regulations
containing amongst other things requirements regarding the number of stories for
buildings made from combustible building materials were abolished. They were in-
stead exchanged with usage based requirements called Boverkets Byggregler, BBR
[32].

Timber is a light-weight material and has a relatively high strength in proportion to

its weight. This, comes with several environmental bene ts. In Malmqvist T. et al.
(2018), it is concluded that timber constructions have a lower carbon footprint than
steel constructions when considering the product- and construction stage. Moreover,
it can be seen in a case study that a light-weight structure can reduce the amount
of concrete in the foundation with about 50 percent. Thus, the case study shows a
total reduction of embodied greenhouse gas emission of about 50 percent when the
synergy of a light-weight timber structure and a reduction of concrete material in
the foundation was achieved compared to a concrete and steel structure [6].

Furthermore, the accessibility of wood is also important to consider from the en-
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vironmental perspective. In the report written by Malmqgvist T. et al. (2018), it

Is shown in several case studies that timber structures with over-sea transporta-
tion may have greater carbon footprint emissions, in module A4, compared to other
building materials. However, it is concluded that for the summarized result in the
product and construction stage, A1-A5, it is still bene cial with timber construc-
tions [6].

Moreover, timber is a bio-based material which stores carbon due to the photo-
synthesis of trees. It is the only renewable building material which does this[33].
Compared to other building materials, timber is thus environmentally bene cial
when considering the product- and construction stages, A1-A5. However, the end
of life stage, C1-C4, plays a signi cant role since combustion and decomposition
re-releases the carbon to the atmosphere. Thus, it is of importance to have a sus-
tainable timber production which embraces the re-planting of trees. Re-planting
of trees actually enables resumption of carbon dioxide during the life-cycle of the
building in order to compensate for the released carbon when demolishing timber
structures [34].

Whilst timber is considered to have several environmental advantages, as described
above, it also has disadvantages in terms of ful lling several functional requirements.
For instance, timber has a low noise insulation ability, which can force constructions
with coarser structural elements and noise insulation in form of air gaps in walls
and joists. These air gaps are lled with insulation and can in turn pose a re-
hazard which needs to be managed. Other drawbacks are that timber is sensitive
to moisture and vibrations [29].

2.4.3 Glulam

Timber is a building material that can be used in several di erent forms. One of these
is glued laminated timber, denoted glulam, which is a re ned timber product suitable
for demanding timber constructions [35]. Glulam is produced by gluing several wood
laminates together to form one sti and strong solid structural element. The wood
laminates consist of nger jointed sawn boards in which the bres of the wood are
parallel with the axial direction of the element. Lamellas with thicknesses of 45 mm
and widths of up to 215 mm are commonly used in Sweden [30]. A few dimensions
of glulam beams and columns are stock products, which generally are available
at glulam manufacturers. In addition to this, the manufacturing assortment also
includes a large number of additional standard dimensions that can be produced
[36]. One or more glulam elements can be glued together beside each other to form
an element with a width of more than 215 mm [30]. Relative to its weight, glulam
is one of the strongest building materials. Glulam has a higher mean capacity as
well as a smaller dispersion of strengths than structural timber, which is illustrated
in Figure 2.5 [36].
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Figure 2.5: Strength of glulam compared to structural timber [30].

One signi cant advantage of glulam compared to structural timber is that it is easily
custom made according to the requirements of a specic project. Elements can be
curved or produced with varying cross sectional heights and lengths. The length
of a glulam element is governed by the transportation and is normally limited to
around 30 meters. Frames and arcs can also be produced in glulam. To decrease the
instantaneous de ection of a glulam beam it can be made with a small pre-camber.
This implies that it is produced with a small curvature upward, which counteracts
parts of the vertical de ection. Glulam constructions in Sweden are to be executed,
dimensioned and controlled according to the regulations SS-EN 1995-1-1 and SS-EN
1995-1-2, together with Boverkets konstruktionsregler and EKS11 [36].

2.4.3.1 Strength Classes in Sweden

The strength of the lamellas in a glulam element can vary in one element. One
common way to construct a glulam element is to use lamellas of higher strength
in the outmost layers as these will have the highest stresses, as seen in Figure 2.6.
Lower strengths can then be used in the inner layers where the stresses are lower.
This type of layout results in higher utilization of the material and is called combined
glulam, which is denoted with a c. For the combined glulam the strength class is
called GL30c in Sweden, were 30 indicates the bending strength parallel to the bres
in megapascals. The layers of higher strengths must in this strength class be at least
17 percent of the height of the cross section. Is is also possible to produce glulam
with the same strength in all lamellas and the strength class for these is called
GL30h, where h stands for homogenous. Both combined and homogenous glulam
can be split sawn and are these elements are sorted into the classes GL28cs and
GL28hs, where s stands for split. [37].
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Figure 2.6: A combined glulam cross section [30].

2.4.3.2 Production

In Sweden glulam is typically made from spruce, but production with pine also
occurs. The production of glulam does not vary much and is quite similar for all
manufacturers. The timber lamellas are produced at a sawmill, where they are also
generally dried and sorted by strength before they are delivered for further process-
ing. In order for the glued connection to gain a good strength the timber should
have a moisture ratio of 5-16 percent during the gluing process. In addition to this
accepted range two adjacent lamellas should not have a di erence in moisture ra-
tio of more than 5 percent. The lamellas are rstly nger jointed to create longer
elements of around 30 to 40 meters. After the glue in the nger joints have hard-
ened the jointed lamellas are planed. They are then stacked and glued together to
form either combined or homogeneous glulam elements, according to the principles
described in Chapter 2.4.3.1. The outer lamellas are always placed with the core
outwards. The inner lamellas are placed with the core facing the same way as each
other. This helps decrease the inner stresses in the nal product [35].

2.4.3.3 Environmental Aspects of Glulam

As stated in Chapter 2.4.2 timber has environmental advantages compared to other
building materials. Furthermore, the production of glulam is energy e cient. Resid-
ual products such as sawdust are used to produce energy that is needed during the
drying process of the timber. The timber itself is reusable and recyclable, whilst
the glue is a non-renewable product. The amount of glue is however less than one
percent of the total weight of the product making the negative impact of the glue
on the nal product negligible. Glulam does not only have a small negative envi-
ronmental impact, but also has the favourable e ect as it binds more than 700 kg
carbon dioxide per cubic meter [36]. The climate data base provided by Boverket,
which is described in Chapter 2.1.1.1, states a value of 0.133 carbon dioxide equiv-
alents per kilo material for glulam. The value assumes a usage of fossile energy
during production and is to a high extent governed by this assumption.
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2.5 Industrial Buildings

Industrial buildings are frequently occurring structures that have a wide area of
usage, such as di erent kinds of halls for sport activities, storage spaces and logistic
centers. These activities often requires large open spaces and therefor in uence the
design of the structure. The design of the roof beams highly varies depending on
the width of the building and if the eld of usage allows for column placement in
the open area. However, in some cases the area of usage limits the placement of the
columns to only the exterior walls, which leads to constructions with longer spans.
The building is usually a one story building, where spans typically varies between
10 to 30 meters, which have a signi cant impact on the choice of the primary load-
bearing structure [38].

In this thesis the considered building is an industrial building where the load-bearing
structure is constructed with timber elements. In the following sub-chapters common
structural systems that are relevant in this study will be presented. Furthermore,
the loads applied on an industrial building will be introduced.

2.5.1 Structural Systems

A timber industrial building can be constructed using several di erent structural
systems [39]. A common timber system consists of beams simply supported on
glulam columns, where the beams can be for example glulam beams with constant
cross section or tapered glulam beams. The beams with constant cross section can
be placed horizontally to create a at roof or in an angle to create a single pitched
roof whereas the tapered beams always result in a duo pitched roof. The spacing of
the columns can vary between di erent cases but generally follows standard module
dimensions. This allows for the usage of module wall and roof elements with stan-
dard measurements.

2.5.1.1 Structural Stability

The structural system has to be designed to withstand both vertical and horizontal
loads. The vertical loads are transferred from the roof beams to the columns and
eventually to the ground. The structural system has to be braced in order to handle
the horizontal forces. The horizontal forces can cause lateral displacement in two
directions as well as torsional displacement, as seen in Figure 2.7 [30]. To handle
these three e ects the bracing has to be applied in at least three walls. The direction
of the walls must never meet in one point and at least two of the walls should not
be parallel to each-other [35]. Some kind of bracing is also required in the roof to
distribute the horizontal forces to the bracing in the walls which in turn will transfer
the load to the ground [30]. The bracing can be achieved by a few di erent methods.
Two common methods are to either insert diagonals or to utilize diaphragm action
in sti surface elements [35]. A non-braced beam-column system, and hence a
mechanism, is shown in a) in Figure 2.8 whilst the stabilizing e ect of these two
solutions can be seen in b) and c).
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(@ Structural system (b) Structural system ex- (c) Structural system ex-
with no applied lateral posed to centrally ap- posed to non-centrally
forces. plied horizontal forces. applied horizontal forces.

Figure 2.7: The e ects of horizontal forces on a non-braced building [30].

(a) System without brac- (b) System braced with (c) System braced with
ing. diagonals. diaphragm action.

Figure 2.8: lllustration of di erent kind of bracing. Figure redrawn after [40].

To be able to transfer the horizontal forces from the roof to the ground via the
bracing the beams also have to be stabilized. An example of how this bracing can
look is shown in Figure 2.9 [35].

(b) Braced beams
(a) Non-braced beams

Figure 2.9: lllustration of the e ect of bracing of roof beams. Figure redrawn after
[40].
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2.5.1.2 Glulam Beam with Constant Cross Section

The most common structural system for timber industrial buildings consists of
beams with constant cross section, simply supported on one column in each end
[36]. The principal layout of this system can be seen in Figure 2.10. This beam has
to be dimensioned for the bending moment, shear force, lateral torsional buckling
and de ection that occurs due to the vertical forces that are applied. Another e ect
that has to be taken into account is the compression perpendicular to the bres at
the connection between the column and the beam [30].

Figure 2.10: Glulam beam with constant cross section, simply supported on glulam
columns [36].

2.5.1.3 Tapered Glulam Beam

An alternative to the beam with constant cross section is the tapered beam, which
can be seen in Figure 2.11. This beam has a varying cross sectional height, which is
done to distribute material according to the bending moment distribution. As the
maximum bending moment occurs in the middle of the span, so does the highest
beam height. The bending moment decreases towards the end of the span and
hence, so does the cross sectional height. This beam is commonly simply supported
on glulam columns. The dimensions of the tapered beam are chosen to withstand
the same load e ects as the beam described in chapter 2.5.1.2. The tapered beam
has a critical section located at approximately the quarter point of the beam. The
maximum bending stresses do not occur at the place of the highest moment but
rather at this critical section [35]. These beams should also be dimensioned to
withstand the tension that occurs at the apex and stresses that occurs at the tapered
edge [30].

Figure 2.11: Tapered glulam beam, simply supported on glulam columns [36].
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2.5.1.4 Glulam Column

The beams described in chapter 2.5.1.2 and 2.5.1.3 commonly both rest on glulam
columns. These columns are dimensioned to withstand the normal force that occurs
due to the vertical reaction forces from the beams as well as the bending moment
and shear force that occurs due to horizontal forces on the wall. The column must
also be able to withstand the interaction between the normal force and the bending
moment. When dimensioning the columns buckling is an important mode of failure
that has to be taken into account [30].

2.5.2 Loads

The dimensioning loads for a one story industrial building are self weight, snow load
and wind load [36]. Self-weight is classi ed as a permanent xed load, whilst both
snow load and wind load are variable xed loads [41, 40, 42]. The vertical loads
are in this case the self-weight, snow load and wind load on the roof, whilst the
horizontal loads consists of the wind loads on the walls.

2.5.2.1 Self-weight

Self weight is calculated according to in SS-EN 1991-1-1. As stated in chapter
5.1 in SS-EN 1991-1-1 the self weight includes both the structure itself and non-
structural elements. For a structural member the characteristic self-weight is directly
dependant on the size of the cross-section and the density of the material and is for
an element with constant cross-section calculated according to Equation 2.1.

Ok = « Acs g (2.1)
where
O« - Self-weight [N/m].
« - The characteristic density of the material [kg/n¥].

Acs - The area of the cross section [f
g - The acceleration due to gravity [N/kg].

2.5.2.2 Snow Load
Snow load on the roof of the building is calculated according to SS-EN 1991-1-3 and

Equation 2.2 below.
S= Ce Ct Sk (22)
where
s - Snow load [N/nm¥]
i - Snow load shape coe cient depending on the shape of the roof and the risk

of snow accumulation due to wind, sliding and snow falling from abutting roofs ac-
cording to SS-EN 1991-1-3, 5.3.2 [-].
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Ce - Exposure coe cient depending on the wind exposure on the site [-].

C; - Thermal coe cient depending on energy losses through the roof [-].

sk - Characteristic value of snow on the ground at the relevant site according to
EKS11 [KN/m?].

2.5.2.3 Wind Load

Wind load is calculated according to SS-EN 1991-1-4. The external wind pressure
is calculated according to Equation 2.3 and the internal wind pressure is calculated
according to Equation 2.4.

We = 0h(Z) Cpe (2.3)

Wi = p(2) G (2.4)
where

W, - External wind pressure [N/n¥]

w; - Internal wind pressure [N/n¥]

th(2) - Peak velocity pressure depending on the reference heighfiN/m 2].

z - Reference height for the wind load [m].

Coe - Shape factor for external load according to SS-EN 1991-1-4, 7.2 [].
Coi - Shape factor for internal load according to SS-EN 1991-1-4, 7.2.9 [-].

The peak velocity pressure is calculated according to Equation 2.5.

%(2) = (2) @ (2.5)
Where

Ce(2z) - Exposure factor [-].
O, - Basic velocity pressure [N/m2].

The basic velocity pressure is calculated according to Equation 2.6.

G = é air Vg (26)

Where

air - Air density [kg/m 3].
Vp - Basic wind velocity at the relevant site according to EKS11 [m/s].

The exposure factor is calculated according to Equation 2.7.

2= k In =2 @+ S 2A 2.7)
Z In £
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Where

k. - Terrain factor depending on the roughness length zO [-].

k, - Peak factor according to EKS 11 6.3.1(1) 9 Y [-].

z - Reference height for the wind load [m].

Zo - Roughness length according to SS-EN 1991-1-4, 4.2.3, Table 4.1 [m].

The roughness length depends on the terrain category at the sight. The terrain cat-
egory is divided into ve groups with di erent exposure to wind these are described
in SS-EN 1991-1-4, Al. The terrain factor, k is calculated according to Equation
2.8.

ke =0:19 > (2.8)

The net pressure on a wall or roof element is the sum of the internal and the external

wind pressure. Positive wind pressure is de ned as acting towards a surface whilst
negative wind pressure is de ned as acting away from a surface, as seen in Figure
2.12 [42].

Figure 2.12: lllustration of positive and negative wind pressure [42].

2.5.3 Design Values for Material Properties

When designing timber structures there are some partial coe cients and modi ca-
tion factors that need to be considered. The design value of a propertygXcan
generally be expressed according to Equation 2.9

Xag= — (2.9)
Where

- Modi cation factor taking e ects of volume, moisture, temperature and other
relevant parameters into account.
Xk - The characteristic value of the property.

m - Partial coe cient taking e ects of the possibility of unfavourable deviation of
a characteristic material property into account.
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Relevant modi cation factors and partial coe cients are listed below.

A

Kmod - Strength reduction factor that takes building material, service class and
load duration class into account. The service class concerns the temperature
and relative humidity in the environment and is further described in SS-EN-
1995-1-1, 2.3.1.3. The duration class concerns the loading time and is explained
in EN 1995-1-1, 2.3.1.2. The factor is chosen according to SS-EN 1995-1-1,
3.1.3, Table 3.1.
kqet - Deformation factor used to calculate the nal modulus of elasticity
taking moisture e ects on deformation into account. The factor depends on
the building material and service class and is chosen according to SS-EN 1995-
1-1, 3.1.4, Table 3.2.
ky - Factor to increase the bending and tension strength for members with a
cross-sectional height of less than 600 mm.
Keit - Bending moment strength reduction factor to take lateral torsional buck-
ling into account.
k. - Compression strength reduction factor to take instability and buckling
into account.
ke - Shear strength reduction factor to take the in uence of cracks into ac-
count.
km - Reduction factor for interaction with bending moments in both directions.
The factor is set to 0.7 for rectangular cross-sections and 1.0 for other types
of cross-sections.
k:; - Bending strength reduction factor taking the e ect of curved lamellas into
account. The factor is set to 1 for tapered beams.
km: - Strength reduction factor taking the e ect of stresses parallel with the
tapered edge into account. Applicable for tapered beams.
Kvo - Volume factor used to adjust the tension strength perpendicular to the
grains at the apex. Applicable for tapered, curved and boomerang beams.
Kgis - Factor used to increase the tension strength perpendicular to the grains
at the apex taking the e ect of stress distribution at the apex into account.
Applicable for tapered, curved and boomerang beams.
Kc.00 - Compression strength modi cation factor taking the load application
situation into account. Chosen according to SS-EN 1995-1-1, 6.1.5.

m - Partial reduction coe cient for materials in ultimate limit state. For
glulam the factor is set to 1.25 according to SS-EN-1995-1-1, 2.4.1.

2.5.4 Load Combinations

In accordance with SS-EN 1990 a building should be designed to ful | requirements
in both serviceability limit state and ultimate limit state. The relevant load cases
treated in this thesis are described in Chapter 2.5.4.1 and 2.5.4.2 below.

2.5.4.1 Serviceability Limit State

Serviceability limit state SLS, concerns the functionality of the building, the comfort
of the users of the building as well as the appearance of how the construction works.
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Equation 2.10 shows the equation for the characteristic load combination and 2.11
show the equation for the quasi-permanent load combination.

Gii + Qe+ ( 0i Qi) (2.10)

Gi + ( 2i Qi) (2.11)
Where

Gki - Permanent actions.
Q.1 - Leading variable action.
Qk:i - Accompanying variable actions.
oi and ;i - Reduction factors for loading situations with multiple variable loads.
The factors are chosen according to SS-EN 1990, Al, Table A1.1 and EKS11.

2.5.4.2 Ultimate Limit State

Ultimate limit state, ULS, considers the safety of the users of the building and the
safety of the building itself. ULS considers the states prior to structural collapse
but is for simplicity de ned as the state of actual collapse.

Equation 2.12 shows the equation for the load combinations in ULS.

d (( ¢ Gri)+ o0 Qi+t ( o o Qi) (2.12)
Where

Gy - Permanent actions.
Qk:1 - Leading variable action.
Qk:i - Accompanying variable actions.

oi - Reduction factor for loading situations with multiple variable loads. The fac-
tor is chosen according to SS-EN 1990, Al, Table A1.1 and EKS11.

4 - Partial coe cient to take the safety class into account. The factor is chosen
according to EKS11.

¢ - Load combination factor for the permanent actions.

o - Load combination factor for the variable actions.

The load combination factors depends on if the load is unfavorable or favourable for
the speci ¢ design situation and are chosen according to table 2.2.

Table 2.2: Load combination factors ULS

Permanent action, ¢ Variable action, q
Unfavourable 1.2 1.5
Favourable 0.9 0
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Method

In the method, the foundation for the tool and how the development of the tool has
been performed is presented. Furthermore, the veri cation of the generated results
is explained.

3.1 Foundation for the Tool

As a foundation for the creation of the tool a survey of which similar software

already exists was made as well as an investigation of which optimization method
would be suitable. Limitations for the tool were also clearly stated before the tool

was developed.

3.1.1 Existing Environmental Software

The survey of existing software was made to investigate both how carbon diox-
ide equivalents per square meter building is evaluated and treated today and how
parametric design is used in structural design today. The aim was to gain an un-
derstanding of how an additional tool could be constructed in order to create a
contribution to the existing software.

One of the in-house software that was investigated was a software calleENIX .
FENIX is developed in Grasshopper and the results are displayed in Rhinoceros.
The software is applicable for several kind of buildings, such as multi-storey build-
ings as well as one-story buildings. The intention of the software is to enable closer
cooperation between architects and engineers and function as a support for design
decisions in the project planning phase. It gives architects a quick estimation of
the amount of space the load-bearing structures occupies. Moreover, the software
evaluates several solutions and their consequences from an environmental point of
view in an early design stage [43].

The second in-house software that was analysed is call€dnceptualize This soft-
ware aims to evaluate the carbon dioxide equivalents for few di erent structures
and building materials for the same building volume and number of storeys. The
software uses climate data from Boverkets climate database.

The commercial software that was investigated was a software call€ahe Click
LCA. One Click LCA is a software that enables life-cycle assessment calculations

27



3. Method

as well as calculations of carbon dioxide emissions, with the aim of reducing the
environmental footprint of buildings. One Click LCA can be integrated with several
di erent design tools in order to export climate data and perform LCA-calculations.
For instance the software is customized to be used in the Rhinoceros environment
with Grasshopper.

With regard to this, a supplementary tool can be de ned as a tool which has an
optimization oriented approach regarding carbon dioxide equivalents. A tool that
aims to give a rst draft of an optimized load-bearing structure in an early design
stage. The tool is aimed to be used by structural engineers in their eld of work
rather than by architects in dialog with clients.

3.1.2 Choice of Optimization Method

The optimization incorporated in the tool was performed in two separate parts. The
primary optimization regards the choice of cross sections for the structural elements.
This kind of structural optimization is called sizing optimization and is described
further in Chapter 2.2.1.1. It is performed using a custom algorithm which evaluates
a nite number of structural solutions and eventually chooses the best one, in this
case the most material e cient.

Moreover, the spacing of the columns as well as the beam type can be optimized
using the tool. This is an optimization of the entire structural system rather than of
individual elements, making the categorization of the type of structural optimization
less obvious. This optimization does however originate from the total volume of the
building. The tool determines the most e cient beam type as well as placement of
columns and beams, and hence the most e cient material distribution in the prede-
ned space, making it into a kind of topology optimization. Topology optimization

is further described in Chapter 2.2.1.3. When it comes to the choice of optimization
algorithm for the topology optimization the selection was rstly narrowed down to
the algorithms that are integrated in Grasshopper in the form of a pre-programmed
component. This component is called Galapagos and is described in Chapter 2.3.2.1.
Due to the nite amount of possible solutions, and hence low degree of freedom in
the optimization problem the evolutionary algorithm was chosen. This algorithm is
described in Chapter 2.2.2.1.

3.2 Tool Development

The optimization tool was developed in the parametric software Grasshopper. The
3D-model was created using standard components which are available in Grasshop-
per with dimensions for the structural elements derived from a custom component.
The custom component is programmed in the Python language to perform struc-
tural calculations based on Eurocode with the aim of nding the most suitable cross
sections for the structural elements. The structural elements of the two structural
systems and how they are referred to in the optimization tool can be seen in Figure
3.1
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(a) System 1 - Beam with constant cross System 2 - Tapered beam.
section.

Figure 3.1: Structural elements in the structural systems.

The development of the tool was made in several steps. Firstly, the custom com-
ponent was initiated by scripting a structural dimensioning algorithm of a system
with roof beams with constant cross section. A 3D-model for the system was then
produced. The structural capacity of this initial system was then veri ed before a
system with tapered beams was implemented in a similar manner. An additional
feature of the environmental impact of the type of roof construction used was also
implemented. Lastly, the topology optimization algorithm was integrated and the
tool was nalized.

3.2.1 Input and Output

The input data used in the tool can be divided into user-de ned input data and
internalized data. The user-de ned input data is sorted into ve categories. Table
3.1 shows a summary of the user-de ned input data and what values it can take.

29



3. Method

Table 3.1: Possible values for the user-de ned input data of the tool

Width [m] 5-30
. , Length [m] 10 - 50
Geometry/dimensions Height [m] 510
Roof angle [] 0-15
Column spacing [m] 1-6
Structural system Beam type [ 1.2
Terrain category [-] 0-4
Service class [-] 1-3
Characteristic snow value [KN/nf] 1.0-55
Loading circumstances | Basic wind velocity [m/s] 21 - 26
Approximate roof weight [kg/m?] 10 - 100
Exposure [-] *
Intended use of building [-] *x
Maximum utilization ULS [%)] 0-100
rates SLS [%] 0-100
Compression perpendicular to the grain [%] 0 - 100
Include e ect of roof type [-] ork
Other View model [ Yes/No

* Windswept topography, normal topography or sheltered topography.
** Industry, school/store etc, animal stable or machine hall.
*** No, only steel roof, only timber roof or both steel and timber roof.

The height speci ed by the user is de ned as the lowest free height indoors. The
roof angle speci ed is altered by the custom component in the tool for the tapered
beam in order to produce a more material e cient beam. The value can change by

2 degrees. Column-spacing describes the center-to-center distance of the columns
along the length of the building, i.e. between the main columns. The columns are
always spaced evenly, which means that if the building length is not a multiple of
the speci ed spacing another spacing will be chosen by the tool. This new spacing
is based on the speci ed spacing but will be adjusted to the closest value which
provides equal gaps between the columns. The gable columns are spaced evenly
along the gable of the building with a prede ned spacing of around six meters. This
spacing varies somewhat and depends on the span length. The principle of how this
spacing varies is in the same way as for the columns on the long side based on how
the spacing is related to the side length of the building. The system with tapered
beams always has a gable column in the middle of the gable and hence always an
odd number of gable columns, whereas the other system can have both odd and
even numbers of gable columns.

The beam type is chosen based on a numeric value, where 1 represents a glulam
beam with constant cross section and 2 represents a tapered beam. The input cate-
gory concerning the structural system can either be speci ed by the user or function
as adjustable optimization data, which is described further in Chapter 3.2.2. The
maximum utilization rates regulates how the stresses compares to the capacities of
the elements and the speci ed utilization rates will not be exceeded. Di erent values
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can be speci ed for the ultimate limit state, the serviceability state and the com-
pression perpendicular to the bres in the beam-column connectiorinclude e ect
of roof type controls if the carbon dioxide equivalents of the roof construction should
be included or not. This is described further in Chapter 3.2.4. All user-de ned input
is explained further in Appendix A.

The internalized data contains a list of standard glulam dimensions and their cor-
responding strength class and relevant material data. Furthermore, the internalized
data contains data concerning the type of roof construction, standard dimensions
for structural timber for the purlins and load tables for the steel plates. All this
data is imported from multiple excel sheets which is internalized in the Grasshopper
environment. An extract of these excel sheets can be found in Appendix B. For each
standard glulam dimension the sheet contains the following data:

N

Width of the cross sectionb, [m].

Height of the cross sectiorh, [m].

Characteristic shear strengthf ., [Pa].

Characteristic bending strengthf x, [Pa].

Characteristic compression strength parallel to graiffk, [Pa].
Characteristic compression strength perpendicular to graifyg, [Pa].
Characteristic tension strength perpendicular to grairf ;gox, [Pa].
Mean elastic modulusE ean, [Pa].

Elastic modulusEg.qs, [Pa].

Mean shear modulusGean, [Pa].

" Shear modulusGg.s, [Pa].

Mean density mean, [Kg/m?3].

Characteristic density |, [kg/m3].

N

The internalized data concerning the roof construction consist of two excel sheets.
The sheet about standard dimensions of structural timber consist of the height and
width of the cross section. The second sheet contains load tables of the steel plates.
The tables are categorized by the magnitude of the snow load, span, thickness of
the steel panel, weight of the roof plate and the name of the roof types.

The output of the optimization tool is a 3D-model of the chosen structural system
as well as information about the individual structural elements. The type of beam is
clearly stated together with the dimensions of each element and the chosen center-
to-center distance. For the main columns it is stated if a strengthened connection
between the beam and the column is required to withstand the compression per-
pendicular to the bres in the beams. The volume of glulam used for the structural
system is speci ed together with the carbon dioxide equivalents per square meter
building. If the user chose to include the e ect of the roof type a short summary of
the roof construction will be shown. Two examples of the output is shown in Figure
3.2 and 3.3.
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Figure 3.2: Output from the tool for a system with beams with constant cross
section.

Figure 3.3: Output from the tool for a system with tapered beams.

3.2.2 Flowchart of the Custom Sizing Component

Figure 3.4 shows the owchart for the generation of the dimensions of the structural
members, which is scripted in a custom Python component in Grasshopper. The
component has the internalized data as well as the user-de ned data as input. These
input categories are described further in Chapter 3.2.1. The component generates
a sizing of the di erent structural members described in Figure 3.1. Furthermore,
the component will compute the total volume of the nal structure as well as the
carbon dioxide equivalents per square meter building.
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Figure 3.4: Flowchart for the optimization.

The optimization tool contains two kinds of optimizations, where one is always per-
formed and one is optional. The main optimization, which is always performed, is a
sizing optimization of the structural members. The secondary optimization, which
Is optional, is a topology optimization that adjusts the column spacing and beam
type to nd the most optimized structural system with regard to carbon dioxide
equivalents per square meter building. The topology optimization should not be
performed if the user has specic requirements of the column spacing and beam
type, as the topology optimization may change these. If the user wishes to per-
form the topology optimization the user-de ned input in the categorystructural
systemdoes not have to be de ned. The optimization algorithm will choose these
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values after the optimization is run. To generate a structure with both sizing and
topology optimization the user has to provide the required input data and start the
optimization algorithm. Thereafter the optimization runs until an optimal solution
has been found and the user is provided with an optimized structural system. If
the user however only wishes to perform the sizing optimization the system will be
generated instantly based on the user-de ned input data without having to start an
optimization algorithm.

Firstly, the calculations of the distributed area loads on the roof and walls are car-
ried out, such as the dead-weight of the roof construction, the wind load and the
snow load. Thereafter, the sizing of the di erent structural members is executed.
The sizing is performed element by element. It starts out with the main beams,
followed by the edge beams, main columns, gable columns and lastly the corner
columns. The beams are dimensioned before the columns in order to nd the total
load from the complete roof structure including the weight of the beam, which will
act on and e ect the size of the columns. For each sizing of all structural mem-
bers, the calculations loops through the standard dimensions of glulam members
with related material properties and calculates the load e ect and resistance of each
cross section. The load e ect includes calculations of several load combinations that
involves self-weight, snow load and wind load. The resistance is calculated based
on the material properties and cross section dimensions. Each structural member is
then controlled for relevant constraints and is saved in a list if all criteria are passed.
If any criterion is not ful lled the dimension will be dismissed. The constraints for
each element are explained further in Chapter 3.2.3. An evaluation is made of all
stored cross sections and the cross section with minimum volume is chosen before
the algorithm moves on to the next structural element. If the input results in a sit-
uation where non of the provided standard dimension can withstand the loads, the
component will not perform the dimensioning of the rest of the structural elements
and the only output will be that no structural system ful Is the requirements. This
situation is illustrated in Figure 3.5.

The only exception to the owchart is if the compression perpendicular to the grain
in the beams is larger than the capacity. This depends on the contact area between
the column and the beam and hence on the cross sectional height of the column.
If this is the case a check will be made to see if switching to a slightly wider beam
but keeping the smaller column will give smaller volume than keeping the beam and
switching to a larger column. This is explained further in Chapter 3.2.3.3.
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Figure 3.5: The output when one or more structural elements cannot withstand
the applied loads.

3.2.3 Structural Models and Constraints

In the following subsections the structural models will be presented for the structural
elements. The constraints and assumptions that are used in the design of members
will be further described.

3.2.3.1 Beam with Constant Cross Section

Figure 3.6 shows the structural model that is used for designing the beams with
constant cross section, both the edge and the main beams. The beams are considered
to be simply supported. The loads that act on the beam are self-weight, snow load
and wind load. The self weight includes the weight of the beam and weight of
the roof construction including the secondary load-bearing structure, insulation and
sheeting layers. The distributed loads, & and gy, are calculated according Chapter
2.5.4. Their distribution depends on the sizes of the wind zones, according to SS-EN
1991-1-4. The safety class is chosen to class 3, since this is the most conservative
one. The loads are re-calculated to act perpendicular to the surface. The design
includes constraints both in the ultimate limit state and serviceability limit state.
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Figure 3.6: Structural model for beams with constant cross section. The size of x
depends on the sizes of the wind zones, according to SS-EN 1991-1-4.

3.2.3.1.1 Design in Ultimate Limit State

The design of the beams in ultimate limit state is governed by bending moment,
shear force and compression stress perpendicular to the grain, according to Equation
3.1, Equation 3.5 and 3.19.

The moment capacity of the cross section for the main and edge beams is veri ed
to ful Il the constraint in Equation 3.1.

IVIEd fmd Wy kcrit (31)

where

Meqg - Design load e ect from bending moment [Nm].
fma - Dimensioning bending strength [Pa].

W, - Section modulus about the strong axis y [A).
Kerit - Factor considering lateral torsional buckling [-].

The factor considering lateral torsional buckling is calculated according Equation
3.2. If an element is restrained against lateral torsional buckling the factor is set to
one.

8
51:0 for reem  0:75

Keit = _ 1156 075  (gm  for0:75< gm 14 (3.2)
3 5 for L4< eim

rel;m

where
relm - Relative slenderness ratio in bending [-].

The relative slenderness ratio is calculated according to Equation 3.3.

o<

f
relm = md (3-3)

m;crit
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where
merit - Critical bending stress [Pa].
The critical bending stress is calculated according to Equation 3.4.

p
Eoos 1z Goos |
mecrit - 0.05I - z WyO.OS tor (3.4)

where

Eo.05 - 5th percentile value of modulus of elasticity [Pa].

Go.05 - 5th percentile value of shear modulus [Pa].

|, - Second moment of inertia about the weak axis m[*].

lor - Torsional moment of inertia n*].

les - E ective length depending on support conditions and load con guration [m].

The e ective length is calculated according to EN 1995-1-1 2004 6.3.3. The value
is based on simply supported boundary conditions and a uniformly distributed load,
both for the edge and main beams. Moreover, the length is decreased by die to
load application at the tension edge of the beams. The torsional moment of inertia
Is calculated based on an interpolation curve that is established from data points
according to Appendix E.

The shear capacity of both the main beams and edge beams is controlled according
to Equation 3.5.

fva A Ke
Ves e (35)

where

Veq - Design load e ect from shear force [N].

fyvq - Design shear strength [Pa].

A - Area of the cross sectionri?].

ke - Reduction factor considering in uence of cracks [-].

8
< 30

ke = min : V'ko (3.6)

H

3.2.3.1.2 Design in Serviceability Limit State

The design of the beams in serviceability limit state is governed by the instantaneous
de ection limit and the nal de ection limit. The de ection limits are based on the
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area of usage for the building, which is speci ed by the user.

The constraint for the instantaneous de ection is controlled according to Equation
3.7, with characteristic load combinations, according Chapter 2.5.4. The beams are
assumed to be fabricated with a precambering. Consequently, the instantaneous
de ection caused by the self-weight of the beam is neglected and the de ection limit

Is reduced by the factorf15, as seen in Equation 3.7 and Equation 3.8.

Winst;q v _ 1-C (3 ’ 7)

where

Winstq - Total instantaneous de ection for variable load [m].
| - Length of the span [m].
X - Value based on the area of usage [-].

The constraints for the nal de ection is controlled according Equation 3.8, with
quasi-permanent load combinations according to Chapter 2.5.4.

X 15 (3:8)

Winst;g kdef + Winst;q (1+ 2 kdef)

where

Winstg - Total instantaneous de ection for permanent load [m].
Kqet - Deformation factor [-].

» - Reduction factor [-].
X - Value based on the area of usage [-].

3.2.3.2 Tapered Beam

The structural model that is used for the design of the tapered beam is shown in
Figure 3.7. The beam is considered to be simply supported. The loads that act
on the beam are self-weight, snow load and wind load. The loads are simpli ed
to a uniformly distributed load, qq, that is considered to act vertically. The load
combinations are calculated according to Chapter 2.5.4. The loads are re-calculated
to act vertically. The design contains constraints in both ultimate limit state and
serviceability limit state.
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Figure 3.7: Structural model for the tapered beam.

3.2.3.2.1 Design in Ultimate Limit State

The design in ultimate limit state is governed by bending moment, shear force,
compression stress perpendicular to the grain and tension stress perpendicular to
the grain. The constraint for the shear force is controlled according to Equation
3.5 and the compression stress perpendicular to the grain is controlled according to
Equation 3.19.

The bending moment is controlled both in the critical section and at the apex,
according to Equation 3.9 and Equation 3.10.

MEd;O fmd Wy;O I(m; kcrit (3-9)

|\/lEd;ap kI fmd Wy;ap kcrit kr (3-10)

where

Meg.0 - Design load e ect in critical section [Nm].

Meq.ap - Design load e ect at the apex [Nm].

fma - Dimensioning bending strength [Pa].

W,.o - Section modulus about the strong axis y, in critical section [fij.
W,.ap - Section modulus about the strong axis y, at the apex [th

km. - Factor considering the tapered edge [-].

Koit - Factor considering lateral torsional buckling [-], Equation 3.2.
k; - Correction factor [-].

k, - Modi cation factor considering the lamination curvature [-].

The modi cation factor, k., is equal to one for tapered beams. The factor considering
the tapered edge is calculated according to Equation 3.11.

0

1 for tensile stresses at the tapered edge

T
2 md 2 2
tan )2+( Teo0d tan?2 )

fm;d
0775 fyg

8
- :E e
3

£0

: L for compressive stresses at the tapered edge
1+( 1:5"};?/'(1 tan )2+( % tan2 )2

(3.11)
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where

fma - Dimensioning bending strength [Pa].

fyq - Dimensioning shear strength [Pa].

ft004 - Dimensioning tension strength perpendicular to the grain [Pa].

f c.ood - Dimensioning compression strength perpendicular to the grain [Pa].
- Inclination of the tapered edge [].

The correction factor, k, is calculated according Equation 3.12.

k=1+1:4 tan +5:4 tan? (3.12)

where
- Inclination at the apex-zone [].

The constraint for the tension perpendicular to the grain at the apex is veri ed by
Equation 3.13.

ft;90d Wy;ap kdis kvoI
kp

where

Med.ap - LOad e ect at the apex [Nm].

ft004 - Dimensioning tension strength perpendicular the the grain [Pa).

W, ., - Section modulus about the strong axis y, at the apex [th

Kgis - Modi cation factor that accounts for stress distribution in the apex zone [-].
Kvoi - Volume factor [-].

kp - Correction factor [-].

The modi cation factor, kg, is set to 1.4 for tapered beams. The volume factor,
Kvol, IS calculated by Equation 3.14.

VO 0:2
v

Kvol = (3.14)

where

V, - Reference volume of 0.01 [th

V - The stressed volume in the apex zone hence not greater thénof the total
volume [n?].

The correction factor, k;, is calculated according to Equation 3.15.
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kp=0:2 tan( ap) (3.15)

where

ap - Angle of the tapered edge [.

3.2.3.2.2 Design in Serviceability Limit State

The design of the tapered beam in serviceability limit state is based on similar prin-
ciples as for the beam with constant cross section. For instance, the tapered beam
Is also assumed to be fabricated with a precambering. However, the constraints for
the instantaneous de ection and the nal de ection for a tapered beam are checked
according to Equation 3.16 and Equation 3.17. The instantaneous de ection is con-
trolled for the characteristic load combination and the nal de ection is controlled
for the quasi-permanent load combination.

= W K 3.16
WInSt Wlnst,q m X 15 ( )
where
Winst - Total instantaneous de ection [m].
Winstq - Total instantaneous de ection for variable load [m].
km - Modi cation factor [-].
X - Value based on the area of usage [-].
| - Length of the span [m].
I
Wiin = Winst;g Koet Km + Winst;q (1+ 2 Keef) km (3.17)

where

Wsin - Total nal de ection [m].
Winstg - INstantaneous de ection for permanent load [m].
Winstq - INStantaneous de ection for variable load [m].
Kqet - Deformation factor [-].
km - Modi cation factor [-].
» - Reduction factor [-].
| - Length of the span [m].
X - Value based on the area of usage [-].

The modi cation factor, ky,, is calculated according to Equation 3.18.
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h 3 1
Ky = — - (3.18)

hey ~ 015+0:85

where

h - The edge cross section height [m].
hap - The cross section height at the apex [m].

3.2.3.3 Columns

Figure 3.8 shows the structural model for the three dierent column elements -
main columns and gable columns, Figure 3.8a, as well as corner columns, Figure
3.8b. The columns are assumed to have a pinned connection at the bottom and
a horizontal vertical support at the top. The weight of the roof construction, the
snow and wind load which act on the roof results in a point load, R , applied on
top of the column. The cross-bracing results in another point load, ;Rce , Which

is also applied on the top of the column. The self-weight of the column together
with the point load result in a compressive normal force in the column. The main
and gable columns have uniformly distributed wind loads, . The corner column
has two uniformly distributed wind loads, q., and d,, applied in two di erent
directions. The load combinations are calculated according to Chapter 2.5.4. The
design involves constraints in the ultimate limit state.

(@) Structural model for main and (b) Structural model for cor-
gable columns. ner columns.

Figure 3.8: Structural model for corner columns.
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The compressive force perpendicular to the grain in both the main beams and edge
beams is controlled at the two supports, according to Equation 3.19. This is a ver-
| cation of the beams but it is highly dependant on the contact area between the
column and the beam and can hence not be checked until after the beam size is cho-
sen and paired with a column height. If the constraint is not ful lled for the main
beam an additional veri cation is made for a strengthened connection, according to
Chapter 3.2.3.4. The edge beams have a slightly di erent connection to the columns
than the main beams. They are partially screwed into the side of the columns and
partially resting on the top of them. This causes some of the applied force to be
handled by a screwed connection at all times, thus loweringgoeq. ThisS connection

is further explained in Chapter 3.2.3.5.

Neooed  feood he b Kego (3.19)

where

Ncooeq - Design load e ect from compression perpendicular to the grain [N].

f 904 - Dimensioning compression strength perpendicular to grain [Pa].

h. - Height of the column [m].

b - Width of the beam [m].

keoo - Factor considering load con guration and degree of compressive deformation

[-]

If the check for the compression perpendicular too the grains in the beam is not
ful lled after the connection is strengthened the tool will calculate how wide the
beam has to be in order to ful | the demands. The list with the approved beams
will then be evaluated again and the beam with the smallest volume which has a
width that is equal to or larger than the calculated lowest value will be chosen. The
tool will then perform all the other relevant checks and evaluate which combination
of approved beam and column will give the lowest volume.

3.2.3.3.1 Design in Ultimate Limit State

The constraints that are veri ed in the ultimate limit state are governed by normal
force, shear force and combined axial compression and bending.

The axial compression is veri ed by Equation 3.20 for all three column types.

Neqg feoda A ke (3.20)

where

Neq - Design load e ect from normal force [N].

fc.oa - Dimensioning compressive strength parallel to the grain [Pal].
A - Area of the cross section [r].
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k. - Modi cation factor that accounts for instability e ects [-].

The modi cation factor that considers instability e ects is calculated according to
Equation 3.21. If the columns are considered to be braced against buckling the
factor k. is set to one.

1
k+ k2 r2el

where

k=05 (1+ ¢ (e 03)+ %), where ¢=0:1for glulam
rel - Relative slenderness [-].

The relative slenderness is calculated according to Equation 3.22.

o<

_ f fex (3.22)

L Eo.
x 0,05

§
\1

rel =

where

le - Buckling length [m].

| - Moment of inertia [m3].

A - Area of the cross sectionnj?].

f ok - Characteristic compression strength parallel to the grain [Pa].
Eo.05 - 5th percentile value of modulus of elasticity [Pa].

All three columns types, main columns, gable columns and corner columns, are
veri ed for shear force by Equation 3.23.

fvd A kcr

V,
Ed 1.5

(3.23)

where

Veq - Design load e ect from shear force [N].

fva - Design shear strength [Pa].

A - Area of the cross sectionrp?].

ke - Reduction factor considering in uence of cracks [-], Equation 3.6.

The combined axial compression and bending without risk for buckling, i.e. when

rel  0:3, need to ful Il the requirements in Equation 3.24 and Equation 3.27. The
two constraints are controlled for all three column types. Additionally, for the main
and gable columns that only have one uniformly distributed wind load which acts
in the y-direction, the load e ect in the z-direction is set to zero.
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Lo

My;Ed + km Mz;Ed + Nc;OEd. 1 (3.24)
M y;Rd M z;Rd N c;0Rd

!
k I\/Iy;Ed + Mz;Ed + Nc;OEd ? 1 (3 25)
" My;Rd Ivlz;Rd I\lc;ORd .

where

My.eq,Mz.eq - Design load e ect of moment about the y- and z-axis [Nm].
My.rd,Mzra - Design load capacity of moment about the y- and z-axis [Nm].
Ncoeq - Design load e ect of normal force [N].

Ncord - Design load capacity of normal force [N].

kn - Modi cation factor, k,=0.7 for beams with rectangular cross section [-].

If there is a risk of buckling, i.e when (g 0:3, the e ect from the interaction
of axial load and moment needs to ful ll the requirements in Equation 3.26 and
Equation 3.27. The constraints are veri ed for both the main and gable columns.

M M z;Ed + N c;0Ed

+ k
My;Rd " Mz;Rd kc:y Nc;ORd

M,.
+ z;Ed +
My;Rd Mz;Rd kc:z Nc;ORd

1 (3.26)

Km

1 (3.27)

where

My.eq,Mz.eq - Design load e ect of moment about the y- and z-axis [Nm].
My.rd,Mzrd - Design load capacity of moment about the y- and z-axis [Nm].
Ncoeq - Design load e ect of normal force [N].

Ncorda - Design load capacity of normal force [N].

Ky - Modi cation factor [-].

key,Ke:z - Modi cation factor that accounts for instability e ects [-], Equation 3.21.

The constraints that consider the e ect of lateral torsional buckling and the com-
bined e ect of axial load and bending is veri ed with Equation 3.28 and Equation
3.29.

M y;Ed N c,0Ed
’ ’ 1 3.28
kcrit M y;Rd kc:z N c;0Rd ( )
M y;Ed
—— 1 3.29
kcrit M y;Rd ( )

where

My.eq - Design load e ect of moment about the y-axis [Nm].
M,.rq- Design load capacity of moment about the y-axis [Nm].
Ncoedq - Design load e ect of normal force [N].

Ncord - Design load capacity of normal force [N].
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Kerit - Modi cation factor considering lateral torsional buckling [-], Equation 3.2.
ke.y,Ke:z - Modi cation factor that accounts for instability e ects [-], Equation 3.21.

3.2.3.4 Strengthening of Connection

If the constraint for compression perpendicular to the grain of the beams, which is
described in Equation 3.19, is not ful lled a rough veri cation of the possibility of
strengthening the connection between the beam and the column is done. This check
is only applied on the connection between the main beams and main columns. The
strengthening is performed by inserting a steel plate between the column and the
beam and fastening it to the beam with four self-drilling wood screw. The principle
of the applied strengthening method is illustrated in gure 3.9.

Figure 3.9: Strengthening of connection between beam and column [44].

Firstly the largest possible screw dimension which ts the contact area of the con-
nection is chosen. The requirement set is to not exceed the minimum edge distances
provided in SS-EN 1995-1-1:2004, 8.7.2. If no screw ts the contact area the con-
nection cannot be strengthened according to this method and the tool rejects the
solution. For the connections that need strengthening and where strengthening is
possible a minimum thickness of the plate is calculated. If this thickness exceeds 20
mm the tool rejects the solution. If the solution is not rejected the capacity of the
wooden screws is calculated as the minimum of the buckling capacity of the screws
and the capacity for penetration perpendicular to the grains of beam. The buckling
capacity if calculated according to Equation 3.30 and the penetration capacity is
calculated according to Equation 3.36.

|
2

Rk = ke 7

fya (3.30)

where
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Ru:x - Buckling capacity of screws [N].
k. - Reduction factor for buckling [-].

dm - Inner thread diameter [m].

fyx - Yield strength of the screw [N/n?].

The reduction factor for buckling is calculated according to Equation 3.31.

8
<1 for o 02
Ko = . a —— 1 (3.32)
- k+ k22 for e > 0:2
where
rel - Relative slenderness ratio [-].
k=05(1+0:49 ( ra 02)+ 2))
The relative slenderness ratio is calculated according to Equation 3.32.
N
o= N (3.32)

where

N, - Capacity related to yielding of the screw [N].
N - Capacity related to buckling of the screw [N].

The capacity related to yielding of the screw and the capacity related to buckling
of the screw are calculated according to Equation 3.33 and 3.34, respectively.

d2
Np| = 4 m fy;k (333)
where
dm - Inner thread diameter [m].
fyx - Yield strength of the screw [N/n?].
q__
Nee = G Es s (3.34)

where
¢, - Factor for horizontal sti ness.

Es - Modulus of elasticity for the screw [N/nf].
Is - Moment of inertia for the screw [M].
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The factor for horizontal sti ness is calculated according to Equation 3.35.

G = (0:19+0:012 d) (3.35)

where

d - Outer thread diameter [m].
« - Characteristic density of the beam [kg/ni].

fax;k d |ef kd
1:2 cog( )+ sin( )

I:ax;k;Rk -

(3.36)

where

Faxkrk - Capacity for penetration perpendicular to the grains of beam [N].
fack - Characteristic withdrawal strength perpendicular to the grain [N/mnf¥].
d - Outer thread diameter [mm].

les - Length of the threaded part of the screw [mm].

- Anglegetween the screw axis and grain direction with 30 [ ].
<d
k= min_ & [].
g 2

The characteristic withdrawal strength perpendicular to the grain is calculated ac-
cording to Equation 3.37

fax;k =0:52 d 0:5 IefO:l 2:8 (337)

where

d - Outer thread diameter [mm].
les - Length of the threaded part of the screw [mm].
« - Characteristic density of the timber in the beam [kg/n#].

The characteristic capacity of the strengthened connection is calculated according to
Equation 3.38 and the dimensioning capacity is calculated according to the method
described in Chapter 2.5.3.

8

< chO bo |ef;1 fc90k +n Rk

Rgo-k = min .
' bo |ef;2 chOk

(3.38)

where

Rgox - Characteristic capacity of the strengthened connection [N].
Keoo - Magni cation factor = 1.75 [-].

b, - Width of the beam [m].
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f ook - Characteristic compression strength perpendicular to the grains [Pa].
n - Number of screws [-].

Rk - Capacity of the wooden screws [N].

ler:1 - E ective length 1, see Figure 3.10 [m].

ler: 2 - E ective length 2, see Figure 3.10 [m].

The e ective lengths l¢.; and ., are caluculated according to Equation 3.39 and
3.40, respectively.

lef.1 = lsyp +0:030 (3.39)

where

lsup - Length of the support, see Figure 3.10 [m].

|
3:3 e

|ef;2 = lsup +0:25 lg €7 M (340)
where
lsup - Length of the support, see Figure 3.10 [m].

les - Length of the threaded part of the screw [m].
hy - Height of the beam [m].

Figure 3.10: lllustration of e ective lengths in strengthened connection [44].

If the new strengthened capacity gives a utilization rate of less than 100 percent for

the compression perpendicular to the grains of the beam the solution is accepted and
the tool will notify the user if a strengthening is needed. This check functions as a

rough estimation and the information that is output regarding the strengthening of
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the connection is limited to only if it is needed or not and does not include specic
measurements and dimensions.

3.2.3.5 Connection Edge Beam

The connection between the edge beams and the gable columns follows the same
principle as the connection between the edge beams and the corner columns. The
beam is placed on a notch in the column and is partially screwed to and partially
resting on the column. The principle is illustrated in Figure 3.11. The veri cation

for the part of the connection that causes compression perpendicular to the grains in
the beam is described in Chapter 3.2.3.3. The characteristic capacity of the screwed
part of the connection is calculated according to Equation 3.41 and the dimensioning
capacity is calculated according to the method described in Chapter 2.5.3.

Figure 3.11: lllustration of the principle of the beam-column connection for the
edge beams.

1+ t1 t1 t1
r

105 fuzetd 5 (14 )4 LG IMyme

Fyv.rk = N min

fh;l;k d ti

r
. frix t2d 2 4 (1+2 ) Myre
1.05 I 2 2 (14 )+ LG M

8
fh;l;k t1 d
frox to d |
froa tad +2 2 1+ b4 t 2 + 3 t 2 1+ L2
t1

a q

(3.41)
where

n - Number of screws in connection [-].
fhix - Characteristic embedment strength in timber member i [MPa].
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ti - Thickness of member i [mm].
d - Diameter of fastener[mm].

- Ratio between the embedment strengths of the two members [-].
My.rc - Characteristic yield moment in the fastener [Nmm].

The screws are always placed in two columns with a varying number of rows. The
maximum number of screws are eight in each column, making it a total of 16 screws.
The number of screws are however regulated in order to not exceed the minimum
edge distances provided in SS-EN 1995-1-1:2004, 8.7.

The characteristic embedment strength is calculated according to Equation 3.43.

0:082 (1 001 d)
Koo sin?( )+ co( )

fhk = (3.42)

where
d - Diameter of fastener[mm].
« - Density of the timber member [kg/n?].
- Load angle to the grain [].

The characteristic yield moment in the fastener is calculated according to Equation
3.42.

Mygre =0:3 f, d*° (3.43)

where
fu - Characteristic tensile strength of the fastener [MPa].
d - Diameter of fastener[mm].

The factor kg is calculated according to Equation 3.44.

8
3 1:35+0:015 d for softwood

Koo = 5 1:30 +0:015 d for LVL (3.44)
" 0:90 + 0:015 dfor hardwood

where
d - Diameter of fastener[mm].

3.2.4 Roof System

The user has the option to include the carbon dioxide equivalents from the roof con-
struction or only evaluate the carbon dioxide equivalents from the main structural
system described in Figure 3.1. This is regulated in the input calleldiclude e ect
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of roof type This input category only regulates if the carbon dioxide equivalents

from the roof should be included in the calculation of total carbon dioxide equiv-

alents or not and an approximate weight of the roof construction is hence always
included when dimensioning the main structural elements. The two roof types that

are treated in this thesis are a steel sheet roof and a timber roof made up from
purlins and a plywood cover. The two types of roof systems and how they are di-
mensioned are explained in the sections below.

If the user speci es that the e ect of roof type should not be included none of the
calculations regrading roof type will be performed. If the user species to only
include one of the roof types only the calculation corresponding to that roof type
will be executed. Should the user specify to include the e ect of both roof types
the tool will determine suitable dimensions for both and choose the roof type that
results in the lowest carbon dioxide equivalents per square meter building. If the
roof type cannot ful | the requirements of the speci ed building the only output will
be the that no structural system ful Is the requirements. In the case where both
roof types are included and only one roof type can ful | the requirements the tool
will automatically choose this one.

3.2.4.1 Timber Roof

The timber roof consists of continuous purlins with a plywood roof cover. The
purlins have a spacing of 1200 mm and the plywood sheets are of the dimension
1200x2400, which means that one sheet covers two spans. The purlins form a gerber
system with endbays with joints.

First the plywood thickness is dimensioned. The plywood is assumed to be class
F25. The minimum thickness is calculated according to Equation 3.45.

(3.45)

where
Meq - Design load e ect of moment [Nm].
fma - Dimensioning bending of the plywood [mm].

The tool will then choose the smallest plywood thickness that is larger than the
minimum value from a list of thicknesses. The provided thicknesses ranges from 9
mm to 24 mm in steps of 3 mm. If the minimum plywood thickness that is required
is above 24 mm, the roof type cannot ful | the requirements and the timber roof
cannot be created.

If a suitable plywood thickness is chosen the purlins are dimensioned. These are
assumed to be made of structural timber of the class C24. The purlins are subjected
bi-axial bending due the inclination of the roof. This is illustrated in Figure 3.12.
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Figure 3.12: lllustration of bi-axial bending in purlins.

Given the bi-axial bending the purlins have to withstand the requirements in Equa-
tion 3.46 and 3.47.

I\/Iy'Ed MZ'Ed
— + k ’ 1 3.46
My;Rd " Mz;Rd ( )
M,. M,.
Kpm —YE9 4 TZEd g (3.47)

I\/Iy;Rd Mz;Rd

where

My.ed,Mz.eq - Design load e ect of moment about the y- and z-axis [Nm].
My.rd,Mzrd - Design load capacity of moment about the y- and z-axis [Nm].
km - Modi cation factor, ky,=0.7 for rectangular cross sections [-].

The shear force acting on the purlins is veri ed with Equation 3.48.

fua A K

where

Veq - Design load e ect from shear force [N].

fyvq - Design shear strength [Pa].

A - Area of the cross sectionri?].

ke - Reduction factor considering in uence of cracks [-].

Lastly, the de ection of the purlins is veri ed according to Equation 3.49.

w (3.49)

i
X
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where

w - Total de ection [m].
| - Length of the span of the purlins [m].
X - Value based on the area of usage [-].

The carbon dioxide equivalents for plywood is according to Boverket's climate
database 0.358 kgh®. The corresponding number for structural timber is 0.069
kg/ m3. These values are integrated into the tool for evaluation of the contribution
from the roof.

3.2.4.2 Steel Roof

The choice of steel roof is based on load tables from Ruukki Construction, which is
a supplier of steel products. The products that are implemented are T70-57L-1058,
T130-75L-930 and T153-40L-840, which all are insulated steel roofs. Ruukki Con-
struction provides load tables of the maximum span length for each of their roof
products for a speci ed snow load. Before being imported into the tool the tables
are imported into an excel sheet and sorted by the di erent magnitudes of snow
load. The data from the load tables is reduced to only include the product with
the smallest volume for each maximum span length. The excel sheet con be found
Appendix B.

The tool recognizes which part of the excel sheet is applicable for the speci ed snow
load and only analyzes that part of the data. The spacing of the main beams is
compared to the maximum spacing for each roof type, starting with the product
with the smallest volume. If the roof type with the smallest volume has a maximum
spacing which is smaller than the spacing in the project the tool moves on to the next
roof type. The procedure continues like this until a product with a maximum spacing
which is larger than the spacing in the project is found. The tool then selects this
roof type and outputs relevant information about the product. The carbon dioxide
equivalents for steel products, according to Boverket's climate database, are 2.6
kg/ m3, which is integrated in the tool. If no product ful Is the requirements the
steel roof cannot be created.

3.2.5 3D Model

The 3D-model was generated using built-in components in Grasshopper together
with the dimensions derived from the custom sizing component. In the modelling
the componentsstream gateand stream Iter were used to regulate which of the two
structural systems were created. First a rectangle was made based on the speci ed
building width and length. Points were created along the edges of the rectangle,
showing the placement of the starting points of the columns. Similar points were
created where the columns should end and lines were drawn to represent the columns
as well as the beams.
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The main columns and edge columns could be created directly along these lines
whereas the rest of the lines had to be altered before the structural elements could
be created. The lines for the main beams had to be extended by half the cross
sectional height of the main columns in order to align the beams with the outer
wall. The same adjustment was made for the lines for the edge beams. These lines
were also moved slightly upwards in order to align the upper edges of the main
beams. Lastly the lines for the edge beams were moved horizontally to align with
the outer side of the gable columns and create the connection described in Chapter
3.2.3.5. The lines for the corner and gable columns were extended in order to reach
up to the upper side of the beams. The lines and points for the corner columns were
moved so that all columns would align along their outer edge. The magnitude of
the movement in each direction was hence dependant on the height of the corner
columns in comparison to the cross sectional height of the main columns and edge
columns respectively.

All elements, except for the tapered beams, were then created by extruding a rect-
angles along the lines. The rectangles had the dimensions of the respective elements,
which were output from the custom sizing component. All columns were made by
extruding the rectangle centrally around their respective lines, whereas the beams
were created with the line in the lower edge of the element. The tapered beams had
to be made with a slightly di erent method as their cross sections are varying. These
beams were modelled with the lines used to model the beams with constant cross
section as a foundation. The end points of the lines were raised to the height at the
end of the tapered beam. One point was then created in the middle of the beam line
and rained to the apex height. The original end points and the three raised points
were connected to form the boundary of the tapered beam. The shape was then ex-
truded with the thickness of the beam. The corner and gable columns were trimmed
where the edge beams intersect with them to create the connection between the two.

Lastly a wire frame model was created. This model was based on the lines that were
created in the initial stage of the modelling process but were adjusted to be placed
in the centre of each element, with the exception of the corner columns. These lines
are placed at their original position, and the placement they had before they were
moved to align with the outer edge of the columns. The wire frame line for the
tapered beam is placed in the middle of the lowest cross section. An illustration
of the wire frame model inside the model of the structural elements can be seen in
Figure 3.13.
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Figure 3.13: lllustration of the wire frame model inside the model of the structural
elements. The wire frame is in yellow and the model of the structural elements is in
red.

3.2.6 Assumptions and Simpli cations in the Tool

The optimization tool is intended to be used as a preliminary design tool early in
design processes and does not provide a nal design. Itis however based on thorough
calculations on the basis of Eurocode and EKS11 and not rough estimations. It gives
an indication of what dimensions are suitable and which beam type and column
spacing gives the most favourable material usage. A number of simpli cations and
assumptions have been made and these are presented below for each element type.

3.2.6.1 Global System

In a global context, the roof structure is assumed to have a diaphragm action. Ad-
ditionally, the tool presupposes that the building has four sets of cross braces, one
in each wall, as illustrated in Figure 3.14. If the generated system includes gable
columns the cross braces in the gables are fastened in these and the principle of the
bracing is shown in Figure 3.14b and Figure 3.14a. However, if the generated system
does not include gable columns the cross bracing in the gables is done according to
Figure 3.14c. Nevertheless, the dimensioning of the cross braces is not considered
in the tool. Another global assumption is that all load combination calculations are
done for the safety class 3 for all element types.
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(b) Short side - with a (c) Short side - without

(@) Long side.
gable column. gable column.

Figure 3.14: lllustration of cross braces in walls.

3.2.6.2 Main Beam - Constant Cross Section

The top edges of the main beams are assumed to be fastened to the roof and hence
restrained against lateral torsional buckling. The bottom edge is not assumed to be
fastened to the roof and hence not restrained against lateral torsion. The axial load
induced in the beams from horizontal wind load is neglected. In Equation 3.4, the
applied load is for simplicity considered to be uniformly distributed, and the loads
are assumed to act on the top of the beam.

Furthermore, the main beam is considered to be fabricated with a precambering
which a ects the de ection limits in the serviceability limit state, the consequences
of which can be seen in Chapter 3.2.3.1.2. Moreover, wind zone H is for simplicity
assumed to act over the whole beam as a uniformed distributed load when calculating
the de ection. This decision was made since the majority of the beam is in the wind
zone H.

3.2.6.3 Main Beam - Tapered

In the structural model for the tapered beam the loads are simpli ed to a uniformly
distributed load which acts vertically. Moreover, the snow load and wind load, which
depend on the roof angle, are not re-calculated when the tool evaluates several so-
lutions with a varying roof inclination of 2 degrees. The e ect of the change in
load magnitude for this is considered to be negligible.

Similar to the beam with constant cross section, the tapered beam is considered
to be restraint for lateral torsional buckling at the top edge but not the bottom
edge. Moreover, the axial load induced in the beams from horizontal wind load is
neglected. In Equation 3.4, the load is assumed to be applied on the top edge of the
beams. When calculating the dimensioning bending strength the size e ect is not
considered.

The tapered beam is also consider to be fabricated with an precambering which
a ects the de ection limits, both the instantaneous and nal de ection limit, as
seen in 3.2.3.2.2. The snow load used in the calculations for serviceability limit
state is set to the maximum snow load out of the two di erent ones that applies for
duo pitched roofs.
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3.2.6.4 Edge Beam

In the veri cation of the moment capacity, Equation 3.1, the edge beams are assumed
to be restrained against lateral torsional buckling both in the top and bottom edge.
Similar to the other beams the axial load is considered to be negligible.

Regarding the constraints in the serviceability limit state, the edge beams are con-
sidered to be fabricated with precambering. Thus, the instantaneous de ection from
the permanent load is neglected. In the calculation for the de ection the applied
wind load is assumed to be in wind zone H. If the structural system with the tapered
beam is generated the edge beam is dimensioned for the side with the largest snow
load.

3.2.6.5 Main Column

The permanent load from the self-weight of the column is assumed to act on the top
of the column, which is a conservative presumption. The height used to dimension
the columns is based on the highest main column that occurs in the system. The
main columns are assumed to be braced against buckling in the weak direction,
the z-direction, by the wall elements. Furthermore, the edge of the columns that is

aligned with the wall is considered to be restrained against lateral torsional buckling.

The other edge is assumed not to be braced against lateral torsional buckling.

3.2.6.6 Gable Column

Similar to the main column the self-weight of the gable column is considered to
act on the top of column. The calculations of the gable columns are based on the
highest possible height of gable columns that occurs in the structural system.

The gable column is assumed to be braced against buckling in the weak-direction,
l.e. the z-direction. The column edge that is connected to the wall is considered to
be restrained against lateral torsional buckling. The other edge is assumed not to
be braced against lateral torsional buckling.

3.2.6.7 Corner Column

The corner columns are assumed to have the same application of its self-weight
as the main and corner columns. They are dimensioned for the highest possible
column in the system. Furthermore, the corner columns are assumed to be braced
against buckling, in both z- and y-direction. They are also fully restrained for lateral
torsional buckling and thus the modi cation factor.

3.3 Verication of Structural System
In order to ensure that the structural calculations in the tool are reliable two types of

veri cations were made. The rst veri cation was made in a nite element analysis
software in order to verify the utilization rates that are calculated in the tool. The
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second veri cation was based on case studies in order to ensure that the applied
loads in the tool are correct.

3.3.1 Load E ects and Resistances

A veri cation of the calculation of the load e ects and the resistances was made in
the nite element software FEM-design. All structural elements were modelled in
FEM-design according to the same structural models and load magnitude as used in
the tool. The constraints, relevant for each element, were veri ed by comparing the
utilization rates that are generated by the tool with the utilization rates from FEM-
design. This veri cation was made for a building with the input values displayed in
Table 3.2. It was made for both beam types. The results from the veri cation of
the utilization rates can be found in Table 4.12 to Table 4.17.

Table 3.2: Input values used in the veri cation of the utilization rates

Width [m] 18
. , Length [m] 42
Geometry/dimensions Height [m] 6
Roof angle [] 3.6
Column spacing [m] 6
Structural system Beam type [] Tand 2
Terrain category [-] 0
Service class [-] 1
Characteristic snow value [KN/nf] 15
Loading circumstances Basic wind velocity [m/s] 25
Approximate roof weight [kg/m?] 30
Exposure [-] Normal
Intended use of building [-] Industry
Maximum utilization ULS [%] 100
rates SLS [%)] 100
Compression perpendicular to the grain [%] 100
Include e ect of roof type [-] No
Other View model [-] Yes

3.3.2 Applied Loads

A veri cation was made to ensure that the loads that are used for the dimensioning
of the structural elements in the tool are reasonable. This veri cation was made
using two reference projects, one of which had tapered beams and the other had
beams with constant cross sections. The veri cation was made by setting the input
of the tool to match respective reference project. The built-in sizing optimization
in the tool was then inactivated and the dimensions of the structural elements from
the reference projects were put in instead. The loads that act on each element in
the calculation les from the reference project were then compared to the loads that
were generated for the same structure in the tool. The results of the comparison
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can be seen in Table 4.18 for reference project 1 with tapered beams and Table 4.19
for reference project 2 with beams with constant cross section.
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Results

The aim of the thesis was to implement an e cient parametric tool for early stage
design. Hence, the results involves the tool itself and the achievements from the
tool. The optimization tool was implemented successfully and generates structural
systems as intended. This chapter presents the e ciency of the tool in the form of
case studies. Furthermore, the veri cation of the tool is presented. A user manual
of the tool can be found in Appendix A.

4.1 Case Study 1

Reference project 1 is a system with tapered beams simply supported on columns.
The results from the optimization performed by the tool for only sizing optimization
as well as for sizing optimization combined with topology optimization are presented
below. In order to get a compatible comparison the highest utilization rate used
in the reference project of 87 percent was also used in the tool. No e ect of roof
type was used, which means that an approximate roof weight was included in the
dimensioning of the structural elements but the carbon dioxide equivalents that the
roof construction will add was not evaluated. Drawings of the project as well as
relevant loading circumstances can be found in Appendix C.

4.1.1 Only Sizing Optimization

The original dimensions compared to the dimensions chosen by the tool when only
sizing optimization is performed can be seen in Table 4.1. Figure 4.1 shows illustra-
tions of how the structural systems in this case compare to each other.

Table 4.1: The dimensions [mm] of the structural elements for the original design
and the optimized design

Original design

Optimized design

Main beams 215x539-1260 (% 115x990-1504 (§
Edge beams 215x450 66x540

Main columns 215x315 190x315

Gable columns 215x360 190x315

Corner columns 315x215 215x270
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(a) Reference project 1 - original design(b) Reference project 1 - optimized design.

Figure 4.1: Dierence in structural system before and after the optimization for
reference project 1.

The material per structural element as well as the total material usage for the system
is presented in Table 4.2 for both the original design and the optimized design.

Table 4.2: The material usage [rf] for the original design and the optimized
design

Original design Optimized design | Di erence [%]
Main beams 3x2.308 3x1.720 -25
Edge beams 4x0.588 4x0.216 -63
Main columns 6x0.454 6x0.401 -12
Gable columns 2x0.574 2x0.432 -25
Corner columns 4x0.460 4x0.415 -10
Total 14.988 10.954 -27

4.1.2 Sizing Optimization and Topology Optimization

The cross sectional dimensions, column spacing and beam type of the original system
compared to the system chosen by the tool when sizing optimization combined with
topology optimization is performed can be seen in Table 4.3. Figure 4.2 shows
illustrations of how the structural systems in this case compare to each other.
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Table 4.3: The dimensions [mm] of the structural elements, column spacing [mm]
and beam type [-] for the original design and the optimized design

Original design Optimized design
Main beams 215x539-1260 (%) 140x1080-1594 (B
Edge beams 215x450 90x495
Main columns 215x315 215x315
Gable columns 215x360 215x315
Corner columns 315x215 215x315
Column spacing 5500 7330
Beam type Tapered Tapered

(a) Reference project 1 - original design(b) Reference project 1 - optimized design.

Figure 4.2:

Di erence in structural system before and after the optimization for
reference project 1.

The material per structural element as well as the total material usage for the system
Is presented in Table 4.4 for both the original design and the optimized design.

Table 4.4: The material usage [r] for the original design and the optimized

design
Original design Optimized design | Di erence [%)]
Main beams 3x2.308 2x2.247 -35
Edge beams 4x0.588 4x0.270 -54
Main columns 6x0.454 4x0.454 -33
Gable columns 2x0.574 2x0.489 -15
Corner columns 4x0.460 4x0.93 +7
Total 14.988 10.340 -31
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4.2 Case Study 2

Reference project 2 is a system with beams with constant cross section simply sup-
ported on columns. This system in the reference project does not have any gable
columns. The results from the optimization performed by the tool for only sizing
optimization as well as for sizing optimization combined with topology optimization
are presented below. In order to get a compatible comparison the highest utilization
rate used in the reference project of 77 percent was also used in the tool. No e ect
of roof type was used, which means that an approximate roof weight was included
in the dimensioning of the structural elements but the carbon dioxide equivalents
that the roof construction will add was not evaluated. Drawings of the project as
well as relevant loading circumstances can be found in Appendix C.

4.2.1 Only Sizing Optimization

The original dimensions compared to the dimensions chosen by the tool when only
sizing optimization is performed can be seen in Table 4.5. Figure 4.3 shows illustra-
tions of how the structural systems in this case compare to each other.

Table 4.5: The dimensions [mm] of the structural elements for the original design
and the optimized design

Original design Optimized design
Main beams 165x450 78X765
Edge beams 165x450 66x540
Main columns 165x180 140x180
Gable columns - -
Corner columns 180x165 140x180

(a) Reference project 2 - original design(b) Reference project 2 - optimized design.

Figure 4.3: Dierence in structural system before and after the optimization for

reference project 2.
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The material per structural element as well as the total material usage for the system
Is presented in Table 4.6 for both the original design and the optimized design.

Table 4.6: The material usage [d] for the original design and the optimized
design

Original design Optimized design | Di erence [%)]

Main beams 1x0.415 1x0.362 -20
Edge beams 2x0.451 2x0.216 -52
Main columns short side | 1x0.084 1x0.072 -14
Main columns long side | 1x0.115 1x0.097 -16
Gable columns 0x0 0x0 0

Corner columns short sidg 2x0.084 2x0.077 -10
Corner columns short sidg 2x0.115 2x0.103 -32
Total 1.950 1.323 -32

4.2.2 Sizing Optimization and Topology Optimization

The cross sectional dimensions, column spacing and beam type of the original system
compared to the system chosen by the tool when sizing optimization combined with
topology optimization is performed can be seen in Table 4.7. Figure 4.4 shows
illustrations of how the structural systems in this case compare to each other.

Table 4.7: The dimensions [mm] of the structural elements, column spacing [mm]
and beam type [-] for the original design and the optimized design

Original design Optimized design
Main beams 165x450 (10) 90x765-1173 (8
Edge beams 165x450 42x405
Main columns 165x180 90x225
Gable columns - 140x115
Corner columns 180x165 165x90
Column spacing 5800 5800
Beam type Constant cross section | Tapered
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(a) Reference project 2 - original design(b) Reference project 2 - optimized design.

Figure 4.4: Dierence in structural system before and after the optimization for
reference project 2.

The material per structural element as well as the total material usage for the system
Is presented in Table 4.8 for both the original design and the optimized design.

Table 4.8: The material usage [d] for the original design and the optimized
design

Original design Optimized design | Di erence [%)]

Main beams 1x0.415 1x0.521 +16
Edge beams 2x0.451 4x0.052 =77
Main columns short side | 1x0.084 1x0.058 -31
Main columns long side | 1x0.115 1x0.058 -50
Gable columns 0x0 2x0.052 -

Corner columns short sidg 2x0.084 2x0.047 -44
Corner columns short sidg 2x0.115 2x0.047 -59
Total 1.950 1.137 -42

4.3 Choice of Roof System

The results from the additional feature in the tool concerning the e ect on the total
carbon dioxide equivalents from the roof structure, timber roof or steel roof, are pre-
sented below. The results are based on arbitrary building dimensions and loading
circumstances according to Table 4.9.
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Table 4.9: Input values for an arbitrary building used in the evaluation of roof
structure
Width [m] 8
: . Length [m] 20
Geometry/dimensions Height [m] Z
Roof angle [] 5
Column spacing [m] 3.3
Structural system Beam type [ 1
Terrain category [-] 2
Service class [-] 2
Characteristic snow value [KN/n?] 2.5
Loading circumstances Basic wind velocity [m/s] 24
Approximate roof weight [kg/m?] 60
Exposure [-] Normal
Intended use of building [-] Industry
Maximum utilization ULS [%)] 100
rates SLS [%] 100
Compression perpendicular to the grain 100
[%6]
Other Include e ect of roof type [-] Timber
& Steel
View model [-] Yes

In Table 4.10, the results from the comparison between sizing optimization and
topology optimization are shown, when the steel roof is chosen.

Table 4.10: Comparison between sizing optimization and topology optimization

for steel roof construction

Sizing optimization Topology optimization
Volume glulam, m?] 4.4 4.6
COeq, [+3] 25.5 22.9
Spacing, [m] 3.3 2.0
Beam type, [-] 1 2
Product T70-57L-1058 T70-57L-1058
Plate thickness, [mm] 0.8 0.7

In Table 4.11, the results from the comparison between sizing optimization and
topology optimization are shown, when the timber roof is chosen.
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Table 4.11: Comparison between sizing optimization and topology optimization
for timber roof construction

Sizing optimization Topology optimization
Volume glulam, jm3] 4.4 3.9
COeq, [+5] 4.63 4.61
Spacing, [m] 3.3 4.0
Beam type, [-] 1 1
Purlin, bxh [m] 0.10x0.20
Plywood thickness, [m] | 0.015 0.015

4.4 \eri cation

The results from the veri cation of the structural system are displayed in the fol-
lowing subchapters.

4.4.1 Load E ects and Resistances

In the following subchapters the result of the veri cation of the load e ects and
resistances in the form of utilization rates are displayed. Extracts of the calculation
results from FEM-design can be found in Appendix F.

4.4.1.1 Beam with Constant Cross Section

In Table 4.12 the utilization rates for the main beam with constant cross section
can be seen. These beams have the dimensions 190x1125 mm.

Table 4.12: Utilization rates from the tool and FEM-design - beam constant cross
section

FEM- The tool Di erence

design
Bending moment up (Not re-| 60% 61% 1 percentage unit
strained for LT)
Shear force 43% 43% 0 percentage units
Bending moment down (Re- 69% 69% 0 percentage units
strained for LT)
Instantaneous de ection 93% 91% 2 percentage units
Final de ection 90% 89% 1 percentage unit

4.4.1.2 Tapered Beam

In Table 4.13 the utilization rates for the tapered main beam can be seen. These
beams have the dimensions 215x810-1187 mm.
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Table 4.13: Utilization rates from the tool and FEM-design - tapered beam

FEM- The tool Di erence

design
Bending moment down, critical| 67% 67% 0 percentage units
section (restrained for LT)
Bending moment up, critical (Not | 46% 49% 3 percentage units
restrained for LT)
Shear force 57% 57% 0 percentage units
Instantaneous de ection 95% 96% 1 percentage unit
Final de ection 94% 94% 0 percentage units

44.1.3 Edge Beam

In Table 4.14 the utilization rates for the edge beams can be seen. These beams

have the dimensions 66x450 mm.

Table 4.14: Utilization rates from the tool and FEM-design - edge beam

FEM- The tool Di erence

design
Bending moment (restrained for| 76% 76% 0 percentage units
LT)
Shear force 58% 58% 0 percentage units
Instantaneous de ection 82% 79% 3 percentage units
Final de ection 75% 74% 1 percentage unit

4.4.1.4 Columns

In Table 4.15 the utilization rates for the main columns can be seen. These columns

have the dimensions 190x405 mm.

Table 4.15: Utilization rates from the tool and FEM-design - main column

pression

FEM- The tool Di erence

design
Bending (Restrained for buckling)| 52% 53% 1 percentage unit
Shear force 31% 31% 0 percentage units
Torsional buckling 62% 62% 0 percentage units
Combined bending and axial com+t 62% 63% 1 percentage unit

In Table 4.16 the utilization rates for the main columns can be seen. These columns
have the dimensions 165x405 mm.
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Table 4.16: Utilization rates from the tool and FEM-design - gable column

FEM- The tool Di erence

design
Bending (Restrained for buckling)| 72% 72% 0 percentage units
Shear force 39% 39% 0 percentage units
Torsional buckling 73% 73% 0 percentage units
Combined bending and axial com+ 77% 7% 0 percentage units

pression

In Table 4.17 the utilization rates for the main columns can be seen. These columns

have the dimensions 215x405 mm.

Table 4.17: Utilization rates from the tool and FEM-design - corner column

pression, z-axis

FEM- The tool Di erence

design
Normal force 1.4% 1.4% 0 percentage units
Shear force 27% 27% 0 percentage units
Combined bending and axial com+ 81% 81% 0 percentage units
pression, y-axis
Combined bending and axial com: 94% 94% 0 percentage units

4.4.2 Applied Loads

Table 4.18 and 4.19 shows the veri cation of the applied loads. A few values in the

veri cation di er signi cantly, the reason to which is discussed in Chapter 5.3.2.
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Table 4.18: Applied loads [kN/m] from reference project 1 and the tool

Reference The tool Di erence [%]
project
Snow, right side 12.28 12.16 -1.0
Snow, left side 11.0 12.16 +10.5
Main beam W?nd, zone 1 -0.8 1.40 +249.9
Wind, zone 2 -4.82 1.40 +129
Self weight roof 3.43 3.49 +0.9
Self weight beam | 0.73 0.817 +11.79
Snow 6.14 6.01 -2.1
Edge beam W?nd, zone 1 0.08 0.699 +733.8
wind, zone 2 0.08 0.699 +733.8
Self weight roof 1.716 1.760 +2.6
Self weight beam | 0.30 0.33 +9.3
Main columns Pqint load 105.51 166.02 +52.6
wind 4.42 4.29 -2.9
Gable columns Point load 215.9 125 -42.1
Wind 4.66 4.58 -1.7
Point load 29.38 28.90 -1.6
Corner columns | Wind, z-direction 2.210 2.145 -2.9
Wind, y-direction 2.568 3.077 +19.8

Table 4.19: Applied loads [KN/m] from reference project 2 and the tool

Reference tool Di erence [%]
project
Snow 11.6 11.6 0
wind, zone 1 0.30 1.264 +321.3
Main beam Wind, zone 2 0.30 1.264 +321.3
Self weight roof 3.62 3.70 +2.2
Self weight beam | 0.289 0.310 +7.3
Show 6.0 5.8 -3.3
Edge beam W@nd, zone 1 0.156 0.632 +305.1
wind, zone 2 0.156 0.632 +305.1
Self weight roof 1.87 1.85 +1.1
Self weight beam | 0.29 0.31 +7.3
Main columns Pqint load 52.03 58.82 +13.0
Wind 3.315 3.336 +0.6
Point load 30.4 36.66 +20.6
Corner columns | Wind, z-direction 1.657 1.668 +0.7
Wwind, y-direction 1.872 2.213 +18.2
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Discussion

A discussion of the results from the case studies is conducted in this chapter. More-
over, the results from the veri cation is discussed together with the limitations and
the usability of the tool.

5.1 Case Studies

From the case studies the e ciency of the tool can be evaluated. What can be
observed is that the material usage in both reference projects can be lowered signif-
icantly both with and without the optional topology optimization. As mentioned in
Chapter 2.1.3 The Smart Built Environment estimates a possibility of a 40 percent
reduction of the environmental footprint through digital development. By perform-
ing only sizing optimization and sizing optimization combined with topology opti-
mization for the two reference projects the material usage, and hence the carbon
dioxide equivalents per square meter building, for the structural systems could be
reduced with between 27 and 42 percent. Worth noting is that these case studies
only treat the environmental footprint of the basic structural system which is only
part of the elements and factors that a ect the environmental footprint of a complete
building. It is consequently hard to make a direct comparison of the numeric values
of the reduction that The Smart Built Environment estimates and what is achieved

in these case studies. However, it can be con rmed that the usage of digital tools
is an e cient method in lowering the carbon dioxide emissions in the construction
industry and developing sustainable buildings. Generally speaking, the tool chooses
elements with a high value for the relation between width and height of the cross
sections. Another observation is that a higher spacing generally gives a smaller
glulam volume.

5.1.1 Sizing Optimization

When performing only sizing optimization the material usage could be lowered with
27 percent for reference project 1 and 32 percent for reference project 2. One fac-
tor that is important to have in mind when making these kinds of comparisons is
the utilization rates used in the reference project and the corresponding utilization
rates used in the tool. If the utilization rate is much lower in the original reference
project it is not surprising that the system can be made with a lower amount of
material by simply increasing the utilization rates. To ensure that the tool lowers
the material usage by choosing e cient cross sections and not only increasing the
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utilization rates the maximum utilization rates were matched. This was done by
using the maximum utilization rate for any element in the reference projects as in-
put for the tool. The reference projects have a utilization rate of around 80 percent
as maximum for the entire project, but both projects also include several elements
with lower utilization rates. A summary of the maximum utilization rates for each
element can be found in Appendix C. The tool uses the highest utilization rate as
a limit for all elements, making the optimized structure more utilized for several
structural elements. The e ciency of the tool in choosing a more material e cient
option whilst still preserving the same utilization rate can however still be validated
by comparing the material usage for only the main beams. These members have
corresponding maximum utilization rates. For reference project 1 the material usage
for the main beams can be decreased by 25 percent and for reference project 2 the
reduction is 20 percent for these beams. The outcome of the optimization of the
main beams shows that a high utilization rate does not always guarantee the most
material e cient option and that the tool manages to perform a successful sizing
optimization.

The results of the case studies show that the material usage can be reduced for most
of the rest of the structural elements as well. The conclusion that this is not only
due to the fact that the utilization rates are increased in the tool can however not
be drawn. Concerning utilization rates the tool does provide rapid results of which
cross sections are e ciently utilized, which is an important factor to consider when
designing sustainable building structures.

5.1.2 Topology Optimization

The topology optimization is made with regard to the column spacing as well as the
beam type. Both reference projects could be optimized further when adding this
type of optimization, proving the signi cance of evaluating di erent structural sys-
tems. For reference project 1 the corner columns in the topology optimized design
resulted in a higher material usage than the original design, even though the cross
sections are the same size. The reason for this is that the main beams are higher in
the optimized design, which results in higher corner columns. All the other elements
in the optimized design did however result in lower material amounts making the
total sum lower for the optimized design. For reference project 2 all the structural
elements could be optimized individually to reduce the material usage.

For reference project 1 the additional material reduction could be achieved by chang-
ing the spacing of the columns from 5.5 meter to 7.33 meters. This gives two main
beams instead of the original three. Even though this optimized design has a 33
percent higher spacing, and hence higher load per beam, the main beams can still be
optimized and chosen to dimensions that result in a 3 percent reduction in material
for each main beam. This shows the importance in choosing the relation between
height and width of the beam attentively.
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The material usage in reference project 2 could be further lowered compared to the
original design by exchanging the beam with constant cross section for a tapered
beam. This system requires gable columns which is not part of the original design.
In this case the volume of the main beam is increased by 16 percent compared to the
original reference project. This means that despite adding two structural elements
and choosing a main beam with larger volume the topology optimized structural
system has a smaller material volume. This is due to the reduction of material for
all the remaining elements. The edge beams can be reduced since the spans are
reduced to half and the added gable columns help reduce the load on the corner
columns. The main columns are also shorter on one side of the building for the
topology optimized system, making the moment from the wind on the wall smaller
which in turn gives smaller dimensions.

Another interesting comparison is between the systems produced from only sizing
optimization and the systems produced from both sizing optimization and topol-
ogy optimization. For reference project 1 it can be observed that the total amount
of material for the main beams can be reduced by an additional 13 percent when
applying topology optimization. The material usage for the structural system was
reduced with 6 percent by applying topology optimization on top of the sizing opti-
mization. This shows that a combination of choosing the cross sections attentively
and adjusting the spacing and beam type is favourable from a material usage point
of view.

One thing that should be considered for a case where tapered beams gives a lower
volume than beams with constant cross sections is how the tapered beams are man-
ufactured. One way to produce tapered beams is to rst produce a straight beam
and then form the tapered edge by sawing away material. The waste is in this case
used for district heating. Tapered beams can also be produced by gluing together
lamellas of di erent lengths. The lamellas get shorter and shorter towards the apex.
The edge is then sawn according to the angle of the beam. The later method is
preferable if the change to a tapered beam should be justi ed from a material e -
ciency perspective. The available production methods means that even though the
waste is as low as possible by using the second method it is slightly higher when
producing tapered beams than beams with constant cross section. Hence, if the
tapered beam only gives a slightly smaller volume it may be favourable to choose
the beam with constant cross section due to the extra material waste at production
for tapered beams. Nevertheless, if the tapered beams give a signi cantly smaller
volume the production waste will not play an as signi cant role.

5.2 Choice of roof system

In section 4.3 the environmental e ect of the type of roof structure can be seen.
Table 4.9 demonstrates the e ect of the roof structure for an arbitrary building. In
Table 4.10 and 4.11, a signi cant deviation in the carbon dioxide equivalents can be
observed between the steel roof and the timber roof. The steel roof has 2%B&n?
carbon dioxide equivalents whilst the timber roof has &g=n?. This indicates that
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