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Abstract
As the climate situation becomes more critical, sustainable solutions and behavioural
changes are required in all sectors and contexts. One sector that contributes signif-
icantly to greenhouse gas emissions is the building and construction sector. There-
fore, it is necessary to start evaluating and rethinking how we can address the
demand for new buildings in ways that are more environmentally sustainable and
climate-smart compared to current methods. This involves assessing opportunities
for repurposing, reuse, and refurbishment instead of demolishing and rebuilding.

The purpose of this master’s thesis is to evaluate what influences the possibility
of repurposing and how one can overcome these challenges in different ways. Is opti-
mising for current purposes and later strengthening critical parts the best approach,
or should one overdimension to enable future repurposing and increased flexibility?

Four different case studies were conducted to evaluate the common consequences
of repurposing. The case studies were carried out for two different systems: a steel
system with HDF floor slabs and a timber system with CLT floor slabs. To evaluate
various situations, the studies were conducted using parametric design, with back-
ground information based on a literature review and insights from industry experts.

The results showed that there are good opportunities for strengthening measures
in steel systems, making it a feasible alternative when choosing steel as a building
material. It is recommended to optimise the use of materials in new constructions to
apply suitable reinforcement methods during repurposing. The results also indicated
that reinforcement methods for timber systems are somewhat more complicated, and
there is not as much benefit in optimising current structures. Therefore, a combina-
tion of overdimensioning and subsequent reinforcement during potential repurposing
is suggested.

Finally, a conclusion is drawn regarding the importance of constructing buildings in
a way that allows for future reinforcement. This is crucial in determining potential
future reinforcement measures’ complexity, material and energy requirements.

Keywords: Sustainability, Repurposing, Optimisation, Strengthening technique, Beam-
Column system
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1
Introduction

Sustainability is a critical issue that requires attention. The latest report from the
Intergovernmental Panel on Climate Change(IPCC) emphasizes the urgency of the
situation and highlights the need for action across all sectors to reduce greenhouse
gas emissions. Science plays a crucial role in achieving sustainability goals by provid-
ing the knowledge and technology necessary for implementing sustainable practices
(Orr et al., 2021).

The construction and building sector signi�cantly contributes to global CO2 emis-
sions, accounting for nearly 40 % of world emissions (Orr et al., 2021). Moreover,
this sector is a leading producer of waste. Designers and professionals in the �eld
must �nd ways to reduce materials and resource use in order to meet the ambitious
goals set by the Paris Agreement and mitigate the negative environmental impact
of the construction sector.

One approach to achieve these goals is by following the waste hierarchy, which
presents the preferred choices for waste reduction and sustainable decision-making.
The waste hierarchy encompasses various strategies to minimize waste production
and ultimately avoid building disassembly. Alongside the waste hierarchy, the re-
port Design for zeropresents a framework for carbon reduction potential, guiding
decision-making in design and construction.

Based on this, this thesis explores the need for sustainable practices in the construc-
tion industry, particularly in relation to repurposing existing buildings. It examines
the challenges and opportunities of retaining load-bearing systems in buildings dur-
ing repurposing by strengthening, as this can lead to signi�cant carbon reduction
bene�ts by avoiding demolition. But strengthen a structural system is however
far more complicated than demolishing the structural system and erecting a new
one (Carolin, 2003). Hence, various strengthening techniques will be examined to
identify the most suitable approach for improving future �exibility in terms of re-
purposing. Is over-dimensioning, design for strengthening, or material optimization
the most e�ective solution?

1



1. Introduction

1.1 Aim and Objectives

The thesis aims to examine the current design methods for structural systems of
buildings and their consequences in future modi�cations due to repurposing. Based
on this investigation, the target is to develop an enhanced design process that al-
lows for greater �exibility in the future while still maintaining the current focus on
optimization and cost-e�ectiveness.

To achieve the aim of the master thesis, some objectives have been de�ned.
1. Identify the area of study and collect general information.
2. Identify and review materials, structural elements and systems commonly used

today.
3. Investigate and compare di�erent strengthening techniques used today for:

ˆ Structural elements
ˆ Structural systems

4. Analysing the impact of repurposing due to changes of use, on structural
systems and determining their performance under assumption:

ˆ Changes of imposed load.
ˆ Changes of geometry.
ˆ Changes of numbers of the �oor.

5. De�ne and recommend a design procedure suitable for the design of new build-
ings.

1.2 Scope and Limitation

The analysis will be limited to isolated buildings in order to narrow down the scope
and obtain an overall estimation of how to design for strengthening and repurposing.
This limitation is implemented to achieve as similar ground conditions as possible.
Additionally, the thesis will only examine the structural response to vertical loads
and stabilization, while other loads such as horizontal or accident loads will be dis-
cussed brie�y but not analyzed.

The study will be limited to the commonly used structure of today: beam-column
system in steel with a hollow core slab and beam-column system in timber with CLT
slab. The thesis only analyzes the response and evaluates strengthening techniques
for the superstructure, the structural system above ground. Although the substruc-
ture has an important role, it won't be analyzed in depth and will only be brie�y
discussed.

Despite the ongoing global climate change, this master thesis will not take into ac-
count potential future increases in wind load or other impacts of extreme weather.
Lastly, the work will be centred on developing rough models and concepts for new
building design, with the goal of building a more sustainable future.

2



1. Introduction

1.3 Method

The preparation work for the study includes conducting a comprehensive literature
review and research on the topic studied. This is done by reading and analyzing
relevant literature in the �eld to gain a deeper understanding. Additionally, infor-
mation on the importance of actions in design processes is also investigated during
the literature review. Based on this literature study, speci�c structural elements
and systems are chosen for further research. A more detailed literature study is
then conducted on these chosen elements and systems to gather information on the
theory of structural design, strengthening techniques, building material performance
and response to loads, and material properties.

The literature review will be supplemented by parametric studies to examine the
e�ects of altering the building's usage, which can result in changes to the struc-
ture's imposed load, geometry, boundary conditions, and a number of �oors, as well
as the e�ectiveness of strengthening techniques. These studies will be conducted
using commercial 3D computer graphics and design applications such asRhinoceros
and Grasshopper 3D. Additional tools, such asKaramba 3D, will be used to provide
an accurate analysis of the performance of di�erent systems and techniques under
changing loads.

Based on the results of the analysis and literature review, an assessment and rec-
ommendation of design procedures will be made and discussed. The main steps of
the master thesis include:

1. Conducting a general literature review on the topic studied.
2. Conducting a speci�c literature review on the chosen materials, elements, and

structural systems.
3. Developing parametric models for structural elements and systems.
4. Analyzing the response of di�erent systems and techniques to changes in im-

posed loads, geometry and numbers of �oors.
5. Summarizing the necessary strengthening for di�erent types of load changes

on building elements.
6. Developing a recommended design procedure and way of thinking for future

design.
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2
Theory

2.1 Sustainability

Sustainability is an urgent matter that demands immediate attention. Accordingly,
to an article published by Oxford University 2022, the world is at "code red" with
deteriorating trends (Ripple et al., 2022). In 1992, over 1700 scientists signed the
document "World Scientists' Warning to Humanity" expressing concern that human-
ity was surpassing the capacity of Earth's ecosystem (Ripple et al., 2017). Despite
this warning, 30 years later in 2022, greenhouse gas emissions had risen by approx-
imately 40% (Ripple et al., 2022). The following chapter will present regulations
that have been adopted to counteract this and the present circumstances.

2.1.1 Current situation and regulations

Agenda 21, which was adopted in 1992 at the United Nations Conference on En-
vironment and Development in Rio de Janeiro, is a long-term plan for sustainable
development (Agenda 21-kommittén, 1995; Sitarz, 1993). Agenda 21 was created to
act against the most urgent environmental, social and health challenges confronting
the planet. The main object for agenda 21, regarding the environmental aspects, is
to minimize and limit the dangerous human-induced climate change, and this was
intended to do by stabilising the greenhouse gas concentration in the atmosphere
(Falkner, 2016).

Based on Agenda 21, in December 2015, the Paris Agreement was established at
the 21st climate conference. The agreement was a response to the lack of progress
and insu�cient reductions of green gas concentration. The Paris Agreement's main
goal is to limit global warming to well below 2 degrees Celsius, compared to pre-
industrial levels (UNFCCC, 2015). It is implemented by 196 parties and is the �rst
legally binding agreement that brings together all nations to take ambitious actions
to combat climate change and adapt to its impacts.

The urgent situation requires the need for action across all sectors to reduce green-
house gas emissions. Science and engineering play an essential role in achieving
this goal, as it provides the knowledge and technology needed to make sustainable
practices a reality. It is vital that all sectors take responsibility for their emissions
and actively work towards reducing them. By utilizing science, there is possible
to establish sustainable solutions that will not only bene�t the planet but also the
society (Orr et al., 2021).
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The construction and building sector plays a signi�cant role in contributing to global
CO2 emissions, accounting for nearly 40% of world emissions. An all-time high where
observed in 2021 regarding the operational energy-related CO2 emission, after an
increase of 5 % concerning 2020 emission levels (Programme, 2022). It is estimated
accordingly toDesign for Zerothat 10 % of the total CO2 emission is assigned to the
decision-making of structural engineers (Orr et al., 2021). Additionally, the building
and construction sector is also a leading producer of waste. Given this, it is projected
that in the next 40 years, an area of 230 billion square meters of new buildings will
be constructed over the world. These statistics highlight the demanding need for
designers to �nd intelligent and sustainable solutions for materials and resource use
in the construction industry. This is essential to meet the demanding goals set by
the Paris Agreement and to mitigate the negative impact of the construction sector
on the environment.

Laws, regulations, and more stringent limit values serve as instruments to promote
the enhancement of companies, thereby leading to a reduction in their environmen-
tal footprint (Hasth, 2022). Consequently, the Swedish National Board of Housing
enacted new legislation, e�ective from January 1, 2022, which mandates the in-
clusion of climate declarations for new buildings. Under the new law, developers
are required to submit a climate declaration to the Housing Authority, which regis-
ters and tracks the climate impact resulting from the construction phase (Boverket,
Accessed on 2023-06-12). The climate declaration serves to emphasize the envi-
ronmental impact and must be submitted to the Housing Authority's registry for
climate declarations. Proposed limit values for the climate impact of buildings have
been introduced since 2022, with their actual implementation scheduled for July 1,
2025.

2.1.2 Repurposing

The conversation concerning repurposing and usage of buildings has grown into
an essential and highly signi�cant topic for achieving sustainability goals (Viola &
Diano, 2019). As the construction industry utilizes large parts of the world's re-
sources, there is an international ambition to establish a sustainable development of
the sector through adaptive reuse of existing building stocks and by embracing the
principles of circular economy (Owojori, Okoro, & Chileshe, 2021).Design for zero
introduces the carbon reduction potential concept, which is a concept that applies
circular economy principles in the building sector. As previous mention, in chapter
2.1.1, decisions made during the design process can greatly impact the carbon re-
duction potential, as demonstrated in the following list (Orr et al., 2021).

1. Built nothing:
Potential of carbon saving is 100 % and questions to be answered are: Is a new
building the right approach and why is it necessary to build a new building?
Can a reframing of the problem itself solve the problem?

2. Built less
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Can the existing building be reused, get repurposed or refurbished? Reduce and
minimize the demand for producing newly built

3. Built clever
How can the solutions be more low-carbon? Which technologies materials and
production methods are most bene�cial from a CO2 emission perspective? Spec-
ify enough material and no more

4. Built e�ciently
Minimize and reduce the resource consumption in the construction

Figure 2.1: The carbon reduction potential hierarchy, by Johanna Nilsson 2023

The de�nition of repurposing is accordingly to Cambridge:"To �nd a new use for
an idea, product or building"and for buildings, repurposing correlate lead to sev-
eral outcomes (University, n.d.-c). Modi�cation of building usage leads to changes
in the load situation, as the design values for the new imposed loads are adjusted
(CEN, 2002). Therefore, when evaluating the structural integrity of a building, it
is essential to take into account the intended usage and the corresponding imposed
loads.

Structural changes due to repurposing can also be caused by removing or relocating
columns as a result of a desire to create a di�erent �oor layout. This measure can
a�ect the boundary condition and the load distribution which also needs to be ac-
counted for in the evaluation of the accuracy of the load-bearing system. A frequent
result of repurposing is to take the opportunity to increase the number of �oors as
well.
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2.1.3 Material Optimization

A central part of any problem involving decision-making is optimisation, regardless
of whether it is engineering or economic problem-solving. Optimization is the act
of making something as good as possible, based on one or several given objective
functions (Chong & Zak, 2013; University, n.d.-b), and regarding material optimiza-
tion adopted in the construction industry, it is the process of designing a structure
speci�cally for a known purpose, aiming to use as little material as possible. The
practice of optimization generally, has the past decade become increasingly recog-
nized, primarily as a result of the progress in computer technology and for material
optimisation also due to the need for limiting resource use.

2.1.4 Flexibility

When discussing �exibility, the concept aims to create systems that havethe ability
to change or be changed easily according to the situation, as de�ned by Cambridge
(University, n.d.-a). Accordingly, to Design strategies to increase building �exibility,
three key changes are covered by the need for �exibility in a building (Slaughter,
2001).

1. Changes in function, modi�cations made to activities or components to meet
a speci�c objective.

2. Changes in capacity, the changes in the building's ability to ful�l performance
requirements, in either loads/conditions or volume.

3. Changes in �ow, refer to movements within and around a building, taking into
account the user population and the surrounding environment. The �ow of
people, air, or other elements can be in�uenced by both internal factors, such
as the physical environment within the facility, or external factors, such as the
climate or surrounding environment.

Corresponding to these possible future changes, and when designing for �exibility,
there are three corresponding design approaches (Slaughter, 2001). The objectives
for the �rst approach are principles ofphysically separating, directing separation of
the main building system, so that changes in one region, do not a�ect the entire
system. The second approach covers theprefabrication of the components of the
main system, aiming for making it easier to replace certain components later on.
This approach aims to make maintenance and upgrades to the system more e�cient
and convenient. The last approach is a strategy for designing the structural system
with overcapacity. The intention is to be able to accommodate by building systems
that have more capacity than is currently required, su�cient for adjustment as
needs change. These three strategies increase the �exibility of the building system
in di�erent ways to accommodate future growth and development.
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2.2 Material

One of the variables in structural design is the choice of use and implementation of
building materials. Di�erent building materials come with various behaviour, mate-
rial properties, advantages and disadvantages. Consequently, the structural system,
building and strengthening techniques are therefore di�erent for each material, all
to enhance the advantages and minimize the disadvantages of the choice of the spe-
ci�c material. The following chapter will treat the material properties and state the
bene�ts and consequences of the chosen materials: Steel and timber and concrete.

2.2.1 Steel

At the beginning of construction, the structures were mainly built in stone, brick
and wood (Isaksson, Mårtensson, & Thelandersson, 2010). The structures made
in stone and brick were mainly designed to carry the applied loads in compression
due to the preferable compression material properties and large timber structures
used similar reasoning. Steel was only used for connections between the structural
elements constructed by traditional materials.

In the middle of the 19th century, new methods for e�ective steel production enabled
load-bearing structures made in steel (Isaksson et al., 2010). This entailed changing
construction principles, where the structures now could bear the loads more e�-
ciently both in compression and in tension.

Steel is one of the strongest building materials available, which makes it ideal for tall
or heavy structures (Al-Emrani, Engström, Johansson, & Johansson, 2013). Steel
has a high strength-to-weight ratio compared to concrete and wood, which allows
for more e�cient use of material and reduces the overall weight of the structure.
This has also come as an e�ect of that humans' understanding of the structural
steel's behaviour and material properties has been improved since now the material
is more used in situations where it is suitable (Moynihan & Allwood, 2014).

The material properties of steel are often described as the relationship between stress
and strain, illustrated in the stress-strain curve below (Liang, 2015). In the initial
state, steel has a linear elastic relation between stress and strain, following Hookes
law, up until approximately the yielding strength f y. From the yielding strength,
the material behaviour di�ers slightly depending on whether the steel is hot rolled
or cold rolled, where hot rolled steel experiences plastic deformation without any
increase of stress (Liang, 2015; Al-Emrani et al., 2013). The material response is
now plastic, and the deformations are irreversible. When reaching the hardening
strain " st the stress continues to increase until the ultimate tensile strengthf u is
reached.
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Unlike wood and concrete, steel mechanical material properties have similar charac-
teristics for compression and tension, which enables the possibility to design a struc-
tural system using both compression and tension, as previously mentioned (Isaksson
et al., 2010; Al-Emrani et al., 2013).

2.2.2 Concrete

In the category of structural systems and elements made of concrete, there are two
fundamental approaches, cast-in-situ and partly or fully precast concrete. One of
the advantages of using structural systems and elements made in concrete is that
concrete as a material is long-lasting and has generally good durability (Mather,
2004). It is also relatively economical and easy to work with. Additionally, concrete
has a high thermal mass, which means that it can help to regulate the temperature
inside a building, keeping it cool in the summer and warm in the winter (Sha�gh,
Asadi, & Mahyuddin, 2018).

Cast-in-situ concrete is a building technique where concrete is poured and cured
on-site. This method is mainly categorized into two di�erent systems: beam-column
and load-bearing walls, where the facades and/or inner walls serve as load-bearing
structures(Agrawal, Sanghai, & Dabhekar, 2021). Load-bearing systems in cast-in-
situ o�er advantages like homogeneous conditions, connections, and structural re-
dundancy. The �exibility of shape is possible with appropriate formwork(Colombo,
Ferrara, Negro, & Toniolo, 2004). However, cast-in-situ concrete has drawbacks,
including long curing times that can cause construction delays and potential issues
during or after casting.

Prefabricated concrete systems are similar to conventional concrete built up on sim-
ilar principals, load-bearing walls and beam-column systems. Prefab enable high-
quality controls and short erection time and minimized use of sca�olding (Wang,
Cheng, & Sohn, 2015). This design choice also allows large spans. But choosing
prefabricated elements has its drawbacks also. The design for the building needs to
be stated in the early stages, unlike the case with cast in-situ concrete.

Concrete is a strong material in compression but weak in tension, which leads to
the frequent occurrence of cracks in concrete structures even under low load levels
and can for plain concrete lead to collapse (Hu, 2022; Engström, 2011). To avoid
collapse, reinforcement steel bars can be applied to transfer tensile force across the
cracks, but for structural elements loaded in bending or tension, or for columns
loaded with an eccentricity, the cracks will occur under small loads, often already
during service limit state. Even though the load-bearing capacity can be accounted
for by the reinforcement steel, the cracks cause some problems.

When �exural cracks appear, an extensive part of the cross-section will become
inactive. This a�ects the sectional rigidity, causing a decrease in the rigidity, and
this part can't be accounted for by the reinforcement steel (Engström, 2011). This
decrease results in increasing in de�ection which can be limiting of the maximum
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span of the reinforced concrete structural element. The ratio between the depth
and the length, of the beam element or slab, is limiting for the maximum allowed
de�ection. The requirements are:
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beam

� 20 (2.1)

or  
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!

slab

� 24 (2.2)

This value is based onSS-EN 1992-1-1and the boundary conditions
ˆ (2.1) Simply supported beam and 2- or 4-side pinned slab
ˆ (2.2) Slab supported on pillars without beams (pillar decks)

Other negative e�ects of cracking in reinforced concrete structures are corrosion of
the reinforced steel and fatigue, due to cycling loading, caused by a large variety of
strain (Engström, 2011; Almusallam, 2001).

2.2.2.1 Prestressed concrete

Prestressing concrete is an e�ective way to overcome the disadvantages of cracking
in reinforced concrete structures. Prestressing is preparing a structure to receive a
load by applying a proactive counteracting load. This means that a compression
force is applied to the concrete during the production stage, and later on when the
structure is loaded, the compression stress will decrease. Tensile stresses will not oc-
cur in the structure before a considerable load is applied (Benaim, 2007; Engström,
2011). This enables higher tensile stresses and �exural stresses before cracking ap-
pears.

In fully prestressed concrete structures, cracking is prevented, while in partly pre-
stressed structures the cracking is limited under a high load level in a service limit
state. By using the principles of prestressing, the mechanical properties of con-
crete are used in the best suitable way, by letting the concrete work in compression.
Prestressing is a good way to create larger spans since the corresponding ratio for
prestressed concrete elements is
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The value is determined fromDesign and analysis of prestressed concrete structure.
Comparing the correlation between the span width and the cross-section height for
reinforced concrete and prestressed concrete structural elements, with the require-
ments for de�ection in SLS (CEN, 2005b),
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it can be stated that, by using prestressed concrete, it is possible to create thin-
ner slabs with smaller amounts of material, members that can span longer or a
combination of these.
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2.2.3 Glulam and CLT timber

Timber is the building material that has been used for the longest period, primarily
since it is lightweight which makes handling and transporting with limited resources
easier (Al-Emrani et al., 2013; Isaksson et al., 2010). Traditionally wood has been
used for small and low buildings but in the last years, the construction of multi-
story buildings in timber has become more common. This is a result of better
understanding and because of bene�ts from the combination of the low self-weight,
high strength and good thermal insulation. Primary it is also been used since it is
a sustainable resource and an aesthetically pleasing material (Jack Porteous, 2013).

Wood di�ers from steel and concrete in its characteristics and properties, as wood is
an anisotropic material, where the physical properties are determined by the grain
direction. Therefore, in structural design, it is assumed to act orthotropic with three
main axes, Longitudinal plane along the �bre direction,L, radial in relation to the
growth rings, R and tangential in relation to the growths rings,T (Jack Porteous,
2013; Svenskt trä, 2015). The mechanical properties parallel to the grains and the
cellular structure, L-direction, are considerably stronger and sti�er than the prop-
erties in the other two directions. Therefore in structural timber, both the loading
direction and the mode of action, compression or tension, need to be considered.
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Figure 2.2: Strengthproperties wood, by Johanna Nilsson 2023

One of the limiting consequences of using wood-based structural elements is the size
and quality of the sawn section of softwood (Jack Porteous, 2013). This is because
timber is a non-homogeneous material and the material properties can vary greatly
due to growth irregularities causing size and material defects (Blaÿ & Sandhaas,
2017). To resolve these limitations, Engineered Wood Products can be applied,
EWPs, and by using EWP various types of structural elements can be created.
Glued-laminated timber is the oldest type, and the technique was developed in Ger-
many in the 20th century (Svenskt trä, 2015).

Glued-laminated timber, glulam, is produced from adhesive laminates that together
create a static combined unit (Isaksson et al., 2010; Svenskt trä, 2015). The lamellas
are sections between 33-50 mm thick and placed randomly, creating either totally
straight members or slightly curved ones, and for signi�cantly curved ones, the lam-
inates can be a bit thinner. The bene�t of using glulam elements is that it has been
stated that the strength of the wood section has smaller variations. For solid timber
products, the material properties can vary markedly over the section as a result of
material defects and size defects.

During the 21 century, another wood-based product was established, Cross-laminated
timber, CLT (Svenskt trä, 2015). Using an odd number of layers, a minimum of
three, of orthogonally bonded laminates, CLT has improved dimensional stability
in relation to solid timber products (Jack Porteous, 2013). As a result of that the
layers are perpendicular to each other, and the strength and sti�ness properties in
the longitudinal and transverse directions are improved which creates the capacity
of two-way spanning. To minimize waste and o�cuts, coordination between design
and manufacturing is important when producing panels with their outer layers ori-
ented. For walls, the outer layers of CLT panels should be oriented vertically, while
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for �oors and roofs, they should be oriented in the direction of their major span
(Jack Porteous, 2013).

2.3 Structural systems

The structural system of a building has primly two functions to ful�l. Firstly, it
should be able to resist the permanent self-weight, as well as any loads associated
with climate and imposed actions. Secondly, it should provide protection for the
building's contents and building components (Lindberg, 2013; Al-Emrani et al.,
2013). The load-bearing system is designed to ensure that its load-bearing parts
have adequate strength and rigidity to resist the required loads and that it meets
the necessary safety requirements to prevent collapse. In many cases, the structural
system is often a signi�cant contributor to the aesthetic design of a building and is
therefore essential that it is both functional and visually appealing.

The structural system can be divided into a primary load-bearing system and a
secondary load-bearing system (Isaksson et al., 2010). The primary system is re-
sponsible for carrying the load down to the ground, while the secondary system
consists of structural elements that transfer the load to the primary system. Over-
all, the structural system plays a crucial role in the safety, stability, and durability
of a building, and must be designed and constructed with precision, regarding ma-
terial strength properties to resist failure modes such as tensile/compression failure
or shear/�exural failure. Additionally, the system should be dimensional for the
phenomenon of instability, which can be divided into three main groups:

ˆ Buckling: A phenomenon that occurs in elements subjected to compressive
axial forces, causing them to bend from the equilibrium position, generally
pillars.

ˆ Plate Buckling: A phenomenon that only a�ects steel elements and is distinct
from buckling, as it is two-dimensional.

ˆ Lateral-Torsional Buckling: A phenomenon that is speci�c to beams with low
lateral sti�ness compared to the direction of the load. This results in the beam
twisting and bending outwards laterally.

The elements are commonly classi�ed into two categories: Vertical load-bearing el-
ements and horizontal load-bearing elements together these elements conform to
the structural systems (Isaksson et al., 2010). The primary role of vertical load-
bearing elements, such as columns, walls, and panels, is to transfer the self-weight
and imposed loads down to the ground. Occasionally, these elements may also play
a stabilizing role and are thereby subject to horizontal loads which create shear
forces in the elements (Lindberg, 2013). In such cases, it is important to consider
any misalignment of the elements.

Horizontal load-bearing elements, including beams, plates, and slabs, are responsi-
ble for bridging the space between, and transferring the load, to the vertical-bearing
elements. It is important to design these elements to handle both vertical and hor-
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izontal loads, both individually and in combination.

The design of a structural system can vary greatly and be constructed using a
variety of materials. There are numerous combinations to choose from, and each
has its advantages and disadvantages. In the following sections, di�erent commonly
used systems will be discussed in greater detail and the properties and applications
of di�erent materials will be examined.

2.3.1 General Beam-column system

One of the most frequently used load-bearing philosophies is a beam-column struc-
tural system since this technique enables bigger �exibility due to the possibility of
large �oor areas (Rezaei, 2022). The columns are often placed in the facades and
supplementary rows if needed. This results in that no internal or external wall need
to be load-bearing as the vertical loads are transferred to the ground through the
beams and columns, and often is the system a part of the stabilisation of the struc-
ture (Lindberg, 2013). The simplest way to incorporate beam-column principles is
by a simply supported beam on two columns, but even continuous beams could be
used.

Columns' primary responsibility is to handle and transfer the applied load in the ver-
tical direction. However, the de�nition is not strict, as the boundary between what
is classi�ed as a beam and what is responding like a column can be vague(Isaksson et
al., 2010). A structural element is typically considered a column when the bending
stresses are subordinated, while a beam is a structural element where the normal
stresses are secondary. Note that this is a general guideline and may not always be
true.

Furthermore, beams carry the applied load perpendicular to its length, where the
dimension of the spanning is considerably larger than the cross-section dimensions,
thickness, and width. The load is transferred from the beam, through bending
and shear forces and the reactions are thus transferred to the column and down
to the foundation. Depending on if the beam is simply supported or pinned or if
the beam is continuous, the moment distribution varies, which gives results on the
individual load that each column must handle. In subsections 2.3.2 and 2.3.3, more
material-speci�c information will be provided for both beams and columns.

2.3.2 Steel system & prestressed concrete

Steel together with composite construction represents more than 60% of the market
percentage of the building and construction sector in several countries in Europe
(Davison & Owens, 2012). This is a result of the advantages such as long spans,
the possibility of a fast construction sequence, the chance of integration of technical
systems in and between the structural system, and improved product quality.

The basic principles of load-bearing steel systems are primary; either beam-column
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systems with bracing that provides stability, or a mixed system where the beam-
column system is connected to a rigid concrete core, that o�ers stability (Davison
& Owens, 2012). The core is often incorporated in vertical services such as lifts and
stairs and when using this principle, it is assumed that the beam-column system
only accounts for the vertical loads.

Steel load-bearing systems mainly operate the combined e�ects of vertical and hor-
izontal loads with Moment resisting frame systemor braced frame system. Moment
resisting frame system, using �xed frame action and can resist the axial, bending,
and shear action without any bracing members. Observe as previous mention, that
the beam-column connection tends to be quite advanced due to the need to transfer
the horizontal load from the beam to the column. The system is therefore quite
expensive but can be preferable due to high redundancy.

Bracing-frame system unlike moment-resisting frame systems uses hinges connec-
tions, which are simply produced connections. The interaction between the bending
moment and axial forces is also limited. This stabilisation system uses the princi-
ples of separating the load-bearing system in the vertical direction from the system
resisting the horizontal action. This is the fundamental form using a beam-column
system connected to a rigid concrete core (Davison & Owens, 2012). The beams
and columns transfer the main vertical load to the foundation, while the �oor uses
diaphragm action transferring the horizontal load to the core. This system, similar
to a two-way frame system, gets large forces in the foundation, as well as great
eccentricity for the load application in some cases.

For steel columns, it's common to use rolled pro�les, such as HEA, HEB, and HEM
together with HSS pro�les, while IPE pro�les often are used as beams (Bength Strand-
berg, 2015; Isaksson et al., 2010). As �oor elements, it is common to use hollow
core slabs, which is a prefabricated prestressed concrete element. The element type
has great advantages in the form of low self-weight due to the longitudinal channels,
the possibility for long-span widths, and cost-e�ciency. HD/F 120, a homogeneous
slab element, are commonly used and can span around 18 m.

2.3.3 Timber system

The bene�t of choosing timber structures is that it is highly promoted for the future
and have ductile behaviour. Investing in timber systems can be seen as a favourable
choice for the future, primarily due to their signi�cantly lower environmental im-
pact. Timber has an emission rate of 0.133 kgCO2e=kg, whereas materials like
steel have a much higher emission rate of 3.15 kgCO2e=kg(Boverket, Accessed on
2023-06-13). But in contrast with beams made of concrete or steel, the timber has
a shorter maximum distance that it can span. The two most common principles for
load-bearing timber systems are lightweight construction technology and solid wood
technology (Fernandez, 2021).

Similarly to the structural system in steel, when aiming for open-purpose �exible
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spaces, the load-bearing timber system using beam-column principles is preferable.
In these timber buildings, the governing factor is often the de�ection of the �ooring
and beams. The main building approaches that are used for timber buildings are
either continuous columns or simply supported beams and �oors, where the advan-
tages are fewer columns which save time (Athanasiadis & Al Sahi, 2018). By using
continuous beams supported on �oor-height columns, the de�ection can be reduced
compared to simply supported beams and smaller among material usages.

The vertical timber load-bearing system is combined di�erent elements and often
also a mix of materials. It is common to use core elements in concrete or stabilisa-
tion trusses in steel. In these cases, it is important to pay attention to the di�erent
properties and limits restraining the components. As previous mention, timber is
highly moisture sensitive, especially perpendicular to the grain, which a�ects the
shrinkage of the element.

The horizontal load's transferred to the ground using bracing units or stabilisation
members using diaphragm action. Using moment rigged connections in combina-
tion with sti� columns and beams, also framework can be used to stabilisation the
structural system. Timber columns are mainly generated from structural timber or
glulam, and for columns with a high-load appliance, it is preferable to use glulam
products (Isaksson et al., 2010). Svenskt trä provides manufacturing ranges for glu-
lam beams and columns (trä, 2015).

Floorings in timber are a bit more complicated than slabs in concrete. The pri-
mary bearing in a timber �oor structure usually consists of simply supported timber
beams made of construction timber or glulam (Isaksson et al., 2010). These beams
are spaced at a speci�c centre distance, most commonly 600 mm. The secondary
support, the actual �oor, often consists of timber planks or some form of panel
material. These components are preferably prefabricated. The �oor is laid on the
beams and bears perpendicular to them.
Since the introduction of CLT slabs, they have become a viable alternative, as ex-
plained in section 2.2.3 (Svenskt trä, 2019). In its most common con�guration, a
CLT structure involves panels supported by two supports. The supports may ex-
tend along the entire length of the panel or be point supports at regular intervals.
For �oor structures or similar applications with relatively short spans, panels with
a uniform thickness are preferred. However, there may be economic reasons to re-
inforce the panels with glulam beams, for example, to create a T-cross-section.
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2.3.4 Stabilisation system

As a supplement to the beam-column system, as previous mention, a stabilising sys-
tem is implemented. The fundamentals for the stabilisation system are to handle the
horizontal loads and axial action that the structural system is exposed to (Isaksson
et al., 2010). These loads primarily originate from wind load and initial imperfection
as a result of real pillar behaviour. The horizontal load can also derive from seismic
loads. The stabilisation can be managed with favourable three di�erent principles of
systems, that often combine, aiming for the best system solution, Bracing system,
Frame action, and Diaphragm Action.

2.3.4.1 Stabilisation with trusses

Stabilisation with trusses transfers the horizontal load through a diagonal bracing
unit down to the foundation (Isaksson et al., 2010). The trusses are commonly
implemented in the roof and wall structure and spans often across a whole section,
illustrated in �gure 2.3. The columns are considered pendulum columns, which
refer to pinned connection both at the foundation and the connection beam to the
column. The bracing unit is primarily made in steel pro�les since steel is favourable
considering its material properties in tension.

Figure 2.3: Il lustration of stabilisation with trusses, by Johanna Nilsson 2023

2.3.4.2 Stabilisation with Frame action

Frame action resists the horizontal actions through moment distributions between
the horizontal and vertical members, by ridged element connections or �xed support
conditions in the foundation (Isaksson et al., 2010). Frame action encompasses
three principles, two-way frame, three-way frame, and ridged frame (Lindberg, 2013;
Isaksson et al., 2010). Two-way frameworks manage the axial force and bending
moment in the foundation using �xed support conditions and simply supported
beams.
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Figure 2.4: De�ned from left to right, Two-way, Three-way and Ridged frame, by
Johanna Nilsson 2023

The three-way frame is a statically determined structure and is instead using moment
rigid corners and pinned support conditions and a joint in the roof structure, to
handle the bending and axial force. In Ridged frame there are similar to the three-
way frame, moment rigid corners, but no joint in the roof structure. This generates
a stabilising frame with high redundancy, but using this type of frame action has
some requirements for the system. Complicated connections and joints since they
need to be ridged, which can be hard in practice. Since the axial forces and bending
moment are managed by the columns, this can be covered for the design of the
column size.

Figure 2.5: Ridged frame, no joints in corners, by Johanna Nilsson 2023

2.3.4.3 Stabilisation with Diaphragm action

Diaphragm action can be accomplished using both walls and slabs in concrete, tim-
ber, and steel. Common for all types of diaphragm is that they are sti� in the plane,
while orthogonal to the plane the rigidity is signi�cantly lower.
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2.4 Strengthening of members

Although strengthening a structure can seem like a simple task, it is far more com-
plicated than demolishing the structural system and erecting a new one (Carolin,
2003). In di�erence with creating a new building, concerns regarding the existing
material and its condition, and the operative geometry, together with the dimen-
sional aspects for structural systems, such as loads. Also, when strengthening for
one failure mode, there is crucial to evaluate the other failure modes, since the
strengthening can cause failure in another part.

There are several techniques for strengthening existing structural members, some
are more traditional while others are newer and in the phase of research or greater
emphasis on experimentation. Commonly, when strengthening structural systems is
often increasing the dimensions of the critical areas or adding supporting elements
to the existing structure (Carolin, 2001). Since the strength of a member is highly
dependent on the cross-section dimensions, by modifying the dimension, a higher
capacity can often be achieved. This can, for example, be achieved by incorporating
plates on beams and columns, or intuitively by adding elements, that enhance the
overall capacity of the system. More about how this is implemented in the following
sections.

By using these traditional methods, the structure often becomes more cost-e�ective
compared to alternative modern solutions. These methods ensure reliable structural
safety since they often have been tested for a long time, and in the case of utilizing
steel, they also o�er the added bene�t of future steel recycling possibilities. Despite
these bene�ts, there are some disadvantages, mostly connected to the changes in
cross-section. When the cross-section dimensions are increased, it leads to a corre-
sponding increase in the self-weight of the elements. Additionally, additional loads
are applied to the global system, which can result in higher loads being transferred
to other parts of the system that have not been strengthened (Karlsson, 2007).

2.4.1 Steel columns and beams

For steel members such as columns and beams, there are, as previously mentioned,
several techniques that can be used. Enlargement of the members' cross-section is
often done with plates and rolled sections to ful�l higher load-bearing capacities.
The plates are commonly welded to the cross-section to provide reinforcement and
can be placed in many di�erent con�gurations, especially for steel beams (American
Institute of Steel Construction, 2018)

When strengthening steel columns, symmetrical reinforcement plates are the most
common (American Institute of Steel Construction, 2018). When it's possible, a
symmetrical strengthening con�guration is bene�cial to use since the columns sec-
tion remains doubly symmetrical, see �gure 2.6 and 2.7. By introducing additional
steel plates the cross-section area will increase and consequently to the moment of
inertia, resulting in enhanced strength.
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Figure 2.6: Double symmetrical �ange plates, by Johanna Nilsson 2023

Figure 2.7: Double symmetrical web plates, by Johanna Nilsson 2023

In situations where double symmetrical plate reinforcement is not feasible, for ex-
ample, when a column is embedded in a wall and access to only one side is possible,
it is crucial to acknowledge that performing welding on only one side of the column
increases the risk of welding distortions. Welding distortions are consequences of
expansions and contractions of the weld and the surrounding base material, intro-
duced by the heating and cooling process during welding (Deng & Murakawa, 2008).
This can create or enhance the secondary moment in the column, causing even larger
problems, see �gure 2.8. Therefore, whenever possible, it is advisable to weld on both
sides to mitigate potential distortions and maintain structural integrity(American
Institute of Steel Construction, 2018).
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Figure 2.8: Il lustration of consequences of welding distortion, by Johanna Nilsson
2023

Particularly for the strengthening of columns with welded plates to enlarge the
cross-section, the American Institute of steel construction has presented some possi-
ble strengthening designs. In these examples, it is shown that by only reinforcing the
middle half of a column in compression, approximately, the same load-bearing capac-
ity can be assumed as if the whole length of the column should be reinforced. This
is bene�cial knowledge, as one of the disadvantages of strengthening with welded
plates, is limited access sometimes.

Another possible strengthening strategy is changing the static system. By changing
the connections and support conditions of the structure, a considerable reduction of
the maximum stress can be obtained and the changes are generally easy to perform.
As a consequence of this strategy, the static system is modi�ed and the strength and
behaviour of the structure must be analysed to ensure that the new load situation
is resisted properly. However, the decrease in stress in some locations is associated
with an increase in stress at other locations

Regarding the strengthening of beams, plates can also be utilized for the purpose of
strengthening. Similar to columns, limited accessibility is one of the main challenges
that prevent the possibility to weld plates at both �anges. The limitation, combined
with the preference to avoid overhead welding since it is the most di�cult welding
position, often ends in built-up shapes that are single symmetric (Dowswell, 2014;
Dwivedi & Dwivedi, 2022). Illustrated in �gure 2.9, built-up pro�les are shown for
strengthened results, where the simplest and most economical when strengthening
for higher resistance of bending in the strong axis, is the single �ange plate. This
approach allows for horizontal welding, as the plate is larger than the �anges, which
is bene�cial considering the economic and time aspect.
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Figure 2.9: Single �anges plate, by Johanna Nilsson 2023

Strengthening with a tee pro�le, illustrated in �gure 2.10, provides increased strength
and sti�ness but requires, as can be seen overhead welding. For higher bending re-
sistance along the weak axis, the cap channel is e�ective.

Figure 2.10: Illustration of Tee and Cap pro�le, by Johanna Nilsson 2023

When aiming for strengthening to resist torsional and lateral torsional buckling,
closed sections are preferred since to their high e�ciency against these failure modes.
Figure 2.11 demonstrates two reinforcing con�gurations that e�ectively address
these concerns, double web plates, and double angel (Dowswell, 2014). As men-
tioned earlier, welding can lead to distortion, but in the case of beams, single-side
reinforcement does not pose a problem. In fact, in the presence of welding distortion,
it can even be advantageous for overall de�ection behaviour (American Institute of
Steel Construction, 2018).

Figure 2.11: Illustration of double web plates and double angel pro�le, by
Johanna Nilsson 2023
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Besides the traditional techniques and strategies, new modern techniques have also
developed. The most noticed one isFiber-reinforced polymer(Teng, Yu, & Fernando,
2012). The �bres commonly consist of carbon, glass, aramid, and basalt where glass
�bre ( GFRP) and carbon �bre (CFRP) are the most used ones. FRP has several
advantages compared to the traditional method, where the most signi�cant is the
high strength-to-weight ratio and corrosion resistance. Further on, the adhesive
bonding technique provides multiple pros, among ease of application and re�ned
fatigue performance (Lingho�, Haghani, & Al-Emrani, 2009).

When strengthening steel beams and columns with CFRP there are mainly two
di�erent products that are used today, laminate and fabric (Karlsson, 2007). The
laminates consist of unidirectional �bres, creating an anisotropy property relation,
strong in the longitudinal direction and weaker in the transversal direction. Lami-
nates are mainly used for strengthening the bending and �exural moment (Karlsson,
2007). While this approach has been extensively tested and employed with success
for various building materials, current research is being conducted speci�cally for
steel elements. Accordingly, to research done by Chalmers University of Technology,
the increase of moment capacity when strengthening with CFRP is limited by the
yielding in compression of the steel member (Lingho� et al., 2009). Ampli�cation of
20 % can be achieved for double symmetrical I-sections, but by also strengthening
the compression zone, a higher moment capacity can be obtained.

Regarding the strengthening with CFRP fabric, the method is primarily used for
strengthening for improved shear strength. However, it can also be utilized to
strengthen bending moments, are applied on beams and columns, with various
building materials (Karlsson, 2007). The fabric is produced from �bres in one or
two directions and is advantageously applied to beams and columns. This method
is similar to the strengthening for an increase in bending moment, an ongoing re-
search �eld, but also here, an increase in the ultimate load for a column can accede
(Keykha, Nekooei, & Rahgozar, 2015).

2.4.2 Concrete elements

As mentioned in subchapter 2.4.1, CFRP laminates can be used for strengthen-
ing the bending and �exural moment and are a well-established approach for con-
crete elements, especially considering the relatively low tensile strength of concrete
(Karlsson, 2007). To improve the �exural moment resistance, the strengthening
process involves applying laminates on the side that experiences tension. As carbon
�bre laminates are characterised by high tensile strength, the strengthening tech-
nique is preferable for elements in static or dynamic bending such as beams, slabs,
roofs and walls.

Strengthening for improved shear capacity is frequently more challenging than rein-
forcing for bending moments in concrete structures. However, it is often necessary
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to address shear strengthening when reinforcement for bending has already been
implemented. The widely employed method entails the application of CFRP fabric,
which facilitates cooperation between the existing reinforcement within the concrete
element and the bonded nets. This approach e�ectively enhances shear capacity and
ensures structural integrity.

2.4.3 Glulam elements and CLT �oor

The primary issue a�ecting the structural behaviour of timber beams and �oors is
the limiting bending and in-plane sti�ness due to mechanical properties (Valluzzi,
Garbin, & Modena, 2007). Similar to steel structural elements, here there are sev-
eral available techniques for strengthening the elements, some more proven, while
others are more innovative. Some of these techniques are for example additional
members, implementing strengthening FRP strips or bars on the tension side of the
beam/ �oor or creating T-sections, using the original timber as a web, and creating
a �ange by applying and connecting a new element on the top of the �oor.

Reinforcing glulam beams with steel has been a successful method for a long time
(Jacob & Barragán, 2007). By strategically positioning the steel in the outer re-
gions of the glulam beam, particularly in the most exposed areas, the objective is to
enhance both the strength and sti�ness of the beam. This approach serves to safe-
guard against premature beam failure. Leveraging the high strength and sti�ness
properties of steel allows for optimal utilization of the wood material.

Comparably to steel sections, the use of FRP laminates or strips has become an
innovative and promising strengthening technique also for timber beams and �oors,
when aiming for increased capacity for tensile stress due to bending (Valluzzi et
al., 2007; Karlsson, 2007). However, research has demonstrated that the local bond
between the FRP and the wood is a�ected highly by the relative humidity of the
wood. Consequently, the relative humidity becomes the critical factor that directly
a�ects the mechanical properties and as a result, determines the extent to which the
strengthening measures can e�ectively improve the structure. Therefore appropriate
preparation for the material at the interface and regulating the relative humidity,
preferably around 12 %, is required for achieving a good result of the reinforcement
measures.

One of the covering factors, when designing a timber system, is de�ection. CFRP-
laminates can also be used to reduce the de�ection of a timber beam by milled
laminated into the beam preferably before the beam is loaded but can be done
afterwards (Karlsson, 2007). Another alternative is to employ prestressing in the
laminated material, aiming to mimic a behaviour similar to prestressed concrete.
This approach aims to achieve the same outcome: reduce de�ection and minimise
structural deformation.
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Figure 2.12: Possible use of CFRP, where the red colour il lustrates the
laminates, by Johanna Nilsson 2023

The concept of creating a T-section involves connecting a steel beam or reinforced
concrete slab to an existing wooden beam (Valluzzi et al., 2007). This technique
has been re�ned to incorporate timber for both the �ange and web, to reinforce
and maintain the existing wooden �oor. This is achieved by adding a new plank
and connecting it to the original structure using dry wood dowels. Test results
have shown that, on average, dry beech wood dowels outperform steel dowels, likely
due to di�erent failure modes. Dry wood dowels primarily experience shear-�exural
failure, while steel dowels primarily fail through the bending of the hole before the
deformation of the steel dowels occurs. By combining T-sections made of wood and
using dry dowels, the strengthened member can support approximately 3.5 times
higher ultimate load.

The strategy of creating a T-section is originally performed by connecting a steel
beam to the existing beam or reinforced concrete slabs integrating with the existing
beams (Valluzzi et al., 2007). This approach has been elaborate aiming for con-
structing both the �ange and web in timber to maintain and reinforce the current
wooden �oor. This by applying a new plank and connect to the original structure
using dowels. Tests have shown that on average dry beech wood dowels perform bet-
ter than steel dowels, where the di�erence can be motivated by the di�erent failure
modes. The dry wood dowels failure is covered by shear-�exural mode, while the
steel dowels were mainly represented by bending of the hole before the deformation
of the steel dowels occurred. By applying the combination of T- sections made of
wood and dry dowels, the strengthened member can carry around 3.5 times higher
ultimate load. Figure 2.13 provides an illustration of the built-up of a T-section.
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Figure 2.13: Possible con�guration of T-section, by Johanna Nilsson 2023

Similarly, just like top glulam beams, timber columns have traditionally been strength-
ened by incorporating steel bars and plates (Chang, 2015). These steel elements pro-
vide support to the timber column, enabling it to bear and transfer loads e�ectively.
Additionally, they serve the purpose of preventing cracks and subsequent splitting.
Frequent con�gurations of steel reinforcement include steel plates fastened with nails
or screws, perforated metal plates, and steel rods bonded with adhesive. Buckling
tests have demonstrated that steel reinforcing plates exhibit a load-carrying capac-
ity that is at least 2.5 times greater than that of unreinforced columns. Figure 2.14
shows a column reinforced with plates.

Figure 2.14: Con�guration column reinforced with steel plates, by Johanna
Nilsson 2023
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Expanding the cross-sectional area of a column can e�ectively mitigate stress within
the column, thereby reducing the likelihood of buckling and material yielding under
compression (Chang, 2015). This can be bene�cial in terms of lateral load resis-
tance, as columns with substantial cross-sections o�er enhanced restoring forces.
This reinforcement helps the column return to its original position after undergoing
displacement.

Strengthening of glulam columns can also be done with FRP laminates. A study
done by Dalhousie University indicates that the utilization of FRP strengthening
methods can potentially result in improved strength and sti�ness of glulam columns.
This method acts to counteract and prevent column buckling and thereby improve
the overall structural performance (Taheri, Nagaraj, & Khosravi, 2009).

2.5 Loads

When dimensioning a structure, there are several loads that need to be accounted
for. According to EN 1991-1-1, the loads are divided into permanent and variable
loads, and depending on this, there are treated di�erently. This chapter will explain
Eurocode de�nitions and how the considered loads are addressed.

2.5.1 Imposed load

The load on a building generated by its intended usage are referred as imposed
load or live load (Liang, 2015). According toEN 1991-1-1, the imposed load is
de�ned as a quasi-static action, which means it is a dynamic force represented by an
equivalent static force in a static model (CEN, 2002). The category covers normal
usage of people, furniture and movable objects, vehicle operations, and preparation
for limited scenarios such as crowding of furniture or movement of objects during
reorganization or redecoration. The imposed load on a structure can vary greatly
in both magnitude and distribution, depending on the structure's intended usage
and occupancy. The amount of imposed actions on a structure can range from zero
to maximum values, which are infrequent and considered to be the highest loads a
structure may encounter during its design life (Liang, 2015). The most critical load
situation should be considered when an area is subjected to di�erent categories, eg
the highest value should be applied.
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The imposed load for buildings is speci�ed as a characteristic free variable load in
the table below. The correction factor� n can be used for the reduction of the
imposed load, accounting for multiple storeys in the design of columns and walls.
The reduction can be made since there are unlikely that several �oors is loaded with
the highest load, at the same time.

� n =
2 + ( n � 2) 0

n
(2.6)

 is a correction factor used in load combination calculations.

The imposed load should also be reduced for the areas that support the member, as
can be calculated according to the equation below, and the reduction factor should
be applied to thegk , stated in Table 6.2. This factor is only used for beams, �oors
and slabs.� n and � A are not to be combined.

� A =
5
7

 0 +
A0

A
� 1; 0 (2.7)

When the imposed load is treated as an accompanying action, de�ned in EN 1990,
only one of the two factors, either from Tabel A.1.1 in EN1990 or� A , � n , from
section 6.3.1.2(10) and (11), shall be used.
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Table 2.1: Classi�cations of Application

Category Speci�c use Exampel
A Area for domestic and resi-

dential activities
Rooms in residential buildings and
houses; bedrooms and wards in hos-
pitals; bedrooms in hotels and hotels
kitchens and toilets

B O�ce areas
C Areas where people may

congregate (with the excep-
tion of areas de�ned under
categories A,B, and D1

C1: Areas with tables, etc. c.g. ar-
eas in schools, cafés, restaurants, dining
halls, reading rooms, and receptions.

C2: areas with �xed seats, e.g. areas
in churches, theatres or cinemas, con-
ference rooms lecture halls, assembly
halls, waiting rooms, and railway wait-
ing rooms.

C3:Areas without obstacles for moving
people, e.g. areas in museums, exhi-
bition rooms, etc. and access areas
in public and administration buildings,
hotels, hospitals, and railway station
forecourts.

C4: Areas with possible physical activi-
ties, e.g. dance halls, gymnastic rooms,
and stages.

C5: areas susceptible to large crowds,
e.g. in buildings for public events
like concert halls, sports halls including
stands, terraces and access areas and
railway platforms.

D Shopping areas D1: areas in general retail shops.
D2:areas in department stores
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Table 2.2: Corresponding values for each imposed action category

Category of loaded areas qk Qk

[kN=m2] [kN ]
Category A
-Floor 1,5 to 2,0 2,0 to 3,0
-Stairs 2,0 to 4,0 2,0 to 4,0
-Balconies 2,5 to 4,0 2,0 to 3,0

Category B 2,0 to 3,0 1,5 to 4,5

Category C
-C1 2,0 to 3,0 3,0 to 4,0
-C2 3,0 to 4,0 2,5 to 7,0(4,0)
-C3 3,0 to 5,0 4,0 to 7,0
-C4 4,5 to 5,0 3,5 to 7,0
-C5 5,0 to 7,5 3,5 to 4,5

Category D
-D1 4,0 to 5,0 3,5 to 7,0 (4,0)
-D2 4,0 to 5,0 3,5 to 7,0

Table 2.3: Corresponding values for reduction factors for each load

Load  0  1  2

Imposed
-Category A 0,7 0,5 0,3
-Category B 0,7 0,5 0,3
-Category C 0,7 0,7 0,6
-Category D 0,7 0,7 0,6

2.5.2 Snow load

The vertical load-bearing system is in�uenced not only by self-weight and imposed
loads but also by the snow load. In accordance with the guidelines provided by
EN-1991-1-3 (CEN, 2003), the snow load is classi�ed as a variable �xed load. Cal-
culating the snow load requires consideration of several parameters:

ˆ Sk - Characteristic value of snow load on the ground for a given location
ˆ Ce - exposure coe�cient, should be taken as 1,0 unless otherwise speci�ed for

di�erent topographies
ˆ Ct - Thermal coe�cient, recommended value 1.0, for all cases except high

thermal transmittance surfaces, (> 1W=m2K )
ˆ � i - Shape coe�cient
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The characteristic snow load data is obtained from the European Ground Snow
Load Maps, which are the outcome of scienti�c research conducted under contract
to OGIII/O-35 of the European Commission by a dedicated research group. This
information can be found inEN 1991-1-3 and other relevant standards.
Table 2.4 illustrates the reduction factors that are applied to di�erent load cases.
These factors are used to adjust the snow load accordingly.

Table 2.4: Corresponding values for reduction factor for snow load

Load  0  1  2

Snow
-Sk � 3; 0kN=m2 0,8 0,6 0,2
-2; 0� Sk � 3; 0kN=m2 0,7 0,4 0,2
-1; 0� Sk � 2; 0kN=m2 0,6 0,3 0,1

2.5.3 Wind load

According to EN-1991-1-4 is the wind load de�ned as a variable tied load that
acts perpendicular to surfaces or individual coating elements (CEN, 2005a). The
load acts directly as a pressure or suction on the outer surfaces of closed buildings
along with the inner surfaces of an open building. Due to leaks in the building
envelope, it has an indirect action on the inner surfaces. As a result of sweeping
past larger surfaces, tangential frictional forces can be introduced. The wind loads
can be treated as the result of dynamic e�ects but since most buildings have high
natural damping, the response can be calculated using the static external wind load,
according to the equation below.

we = qe(ze) � cpe (2.8)

qe refers to peak velocity pressure, which is based on the reference wind speed,vb,
describing the wind condition in the region. The speed varies over Sweden between
21m/s to 26 m/s depending on area-speci�c value (CEN, 2005a).

The peak velocity pressure is highly dependent on the height of the building and
therefore, the reference speed multiplies with the reference height, commonly the
same as the height of the structure. Supplementary to the reference wind speed and
reference height, exposure factors are applied, considering the size and geometry of
the building's envelope, together with the direction of the wind. The aerodynamic
pressure against a wind-loaded surface varies signi�cantly across the area, but it has
been chosen that the exposure factor be based on the subjected area (Isaksson et
al., 2010).
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2.5.4 Unintendent inclination

For load-bearing systems, the phenomenon of unintended inclination and geometri-
cal imperfections needs to be considered in the analysis of the ultimate limit state
(CEN, 2005b). For load-bearing elements exposed to axial pressure and for elements
with vertical load, Eurocode has provided some requirements and strategies to cal-
culate the horizontal force that is generated from this phenomenon. The philosophy
is similar between both steel members and timber members, but the imperfection
di�ers between materials. For timber beam-column structures,

H = � md

X
Vi (2.9)

Where

� md = � 0 +
� dp

n

X
Vi = Vi � n

Vi - Total vertical load on each column (from self-weight, roof, imposed load etc.
n - Numbers of columns

� 0 - Systemic part of inclination angle
� d - Random part of inclination angle

For steel and concrete beam-column system, the equation di�ers a bit but is built
up in a similar way.

H = �
X

N i (2.10)

� = � 0 � � h � � m

Where
N i - Total vertical load on each column (from self-weigth, roof, imposed load etc.

� 0 - is the basic inclination value:� 0 = 1
200

� h - is the reduction factor for height h applicable to columns:

� h =
2

p
h

but
2
3

� � h � 1; 0

h - is the height of the structure in meters
� m - is the reduction factor for the number of columns in row:

� m =

s

0:5 �
�

1 +
1
m

�

m - the number of columns in a row including only those columns which carry a
vertical load NEd not less than 50 % of the average value of the column in the

vertical plane considered
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2.6 Parametric model

A parametric model is a computer-based approach to modelling that enables the
alteration of parameters to shape, and thereby change the model's behaviour (Fu,
2018). This makes it useful in disciplines such as architecture and engineering,
where designs must be adjusted and analyzed under various conditions. By using
programming code to specify dimensions and geometry, a parametric model can be
visualized in 3D drawing programs to simulate the objectives' real behaviour under
di�erent conditions.

Before parametric modelling, the scheme design stages were very di�cult for en-
gineers, since the design tends to change frequently. Parametric modelling enables
designers to modify the entire shape of a model, not just individual elements in a
quick and e�ective way. The technique was in the beginning only adopted by ar-
chitectures to enable the possibility to draw complex structures, but have the past
years also been adopted by structural engineers (Fu, 2018).

2.6.1 Rhinoceros 3D

Rhinoceros 3D was developed in 1980 by Robert McNeel & Associates and was
the �rst parametric model program (Fu, 2018). The program is based on Auto-
CAD drawings and data derived from business processes(Associates, n.d.). The
program can create analyses, and documents, animate and translate Nurbs curves
and surfaces for example and especially enable the possibility of drawing complex
structures.

2.6.2 Grasshopper

Grasshopper 3D is a graphical algorithm editor that operates as a plug-in for Rhino
3D modelling software (Davidson, n.d.). This tool was created to enhance the capa-
bilities of Rhino in areas where it falls short, providing users with even more design
possibilities (Sawantt, n.d.). One of the key bene�ts of using Rhino with Grasshop-
per is that it eliminates the need for programming or scripting, making it a user-
friendly option for individuals with varying skill levels in these areas (Associates,
n.d.).

This powerful combination of Rhino and Grasshopper has become a popular choice
among designers and engineers looking to streamline their design processes and bring
their ideas to life in a fast and e�cient manner. The �exibility and versatility of
Grasshopper, combined with the robust features of Rhino, make this a top choice
for professionals in a wide range of industries, including architecture, engineering,
product design, and more
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2.6.3 Karamba

Karamba3D is a unique �nite element program, speci�cally designed for use in
the parametric design environment of Grasshopper(Preisinger & Heimrath, 2014).
Unlike traditional �nite element programs, Karamba3D is geared towards interactive
use in the parametric design environment, making it ideal for architects, engineers,
and designers who want to quickly and easily analyze the structural behaviour of
trusses, frames, and shells (Karamba 3D, n.d.). The program provides accurate
analysis of these structures, taking into account a variety of loading scenarios, and
provides clear and actionable feedback to help users re�ne their designs. Karamba
can also perform the structural design of steel structures according to EN-1993-1-1.

2.6.4 Beaver

Similar to Karamba 3D, the software toolBeaver provides structural design of tim-
ber structures according to EN-1995-1-1 (Food4Rhino, Accessed 2023). Beaver was
founded by Poålytechnic School of the University of Sâo Paulo in Brazil, and was
initially designed to cooperate with Karamba 3D, but has now been developed also
to be applicable to any FEA plug-in inside Grasshopper environment. By using this
work�ow, it's possible to create a parametric design process that encompasses every-
thing from architectural conception to structural detailing within a single software
interface. This approach proves advantageous for complex parametric structures as
well as conventional modular structures, as it grants users the ability to optimize
structural arrangements, sections, and connections while ensuring compliance with
established safety limit state codes.
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3
Methods

The master thesis began with a comprehensive literature review and research on the
studied �eld. This was done by carefully selecting and analysing relevant literature
in the �eld to gain a deeper understanding of the topic and identify areas that re-
quired investigation

Additionally, information on the importance of actions in design processes was also
investigated during the literature review. Based on this literature study, speci�c
structural elements and systems were chosen for further research. A more detailed
literature study was then conducted on these chosen elements and systems to gather
information on the theory of structural design, strengthening techniques, building
material performance and response to loads, and material properties.

The literature review was supplemented by parametric studies to examine the e�ects
of altering the building's usage, which was represented in this thesis by changes to
the structure's imposed load, geometry, boundary conditions, and several �oors as
well as the e�ectiveness of strengthening techniques. The parametric studies were
performed using commercial 3D computer graphics and design applications such
as Rhinoceros and Grasshopper 3D. Additional tools, such asKaramba 3D, were
adopted to provide an accurate analysis of the performance of di�erent systems and
techniques under changing loads.

Based on the result from the computational model and literature review, improve-
ment methods and strengthening techniques were recommended. In the following
section, the method for the di�erent parts will be covered.

3.1 Literature studie

To increase knowledge and gain a fundamental understanding the thesis started with
a qualitative literature study. A literature review assists with identifying hypothe-
ses, reaching questions, contributing, and contextualizing the research (Rowley &
Slack, 2004). Literature consisting of a sustainability framework, building tech-
niques, structural systems, and lastly how to strengthen elements, parts, and sys-
tems, was consumed.

The literature consumed was found online,Google Scholar, standards, and books.
In table 3.1 a summarising of the di�erent keywords and tapering words are listed.
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Table 3.1: Keywords and tapering words

Keywords Tapering word Tapering word
Framework Sustainability FN

Climate declaration Paris agreement
Building and Con-
struction sector

Design for zero Hierarchy
Repurposing Buildings Steel

Timber
Structural system Load-bearing Steel

Timber
Building material Pros and cons Steel

Concrete
Timber

Steel structural system Beam-column Vertical load
Horisontal load

Timber structural system Beam-column Vertical load
Horisontal load

Strengthening techniques Columns Steel
Timber
Buckling

Strengthening techniques Beam Steel
Timber
LT-buckling
Lateral stability
De�ection

3.2 Parametric model

To be able to use and validate the gained knowledge obtained from the literature
research, the collection of data was required. Therefore, a model was developed to
accumulate results and observations concerning structural behaviour under altering
variables and situations. Since this master's thesis aims to test di�erent changes
in the load situation, to conclude how this a�ects the structural system and how
an insu�cient system can be strengthened, the creation of a parametric model was
crucial. For further explanation of the methodology for the parametric model, see
chapter 4.
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3.3 Triangulation

Since the studied �eld of this master thesis constantly evolving, new research is pub-
lished, and knowledge and conclusions are acquired and recognized ongoing, there
is a possibility of contradicting information. There for, the use of triangulation was
applied since it is bene�cial to establish validated sources and verify the informa-
tion. Triangulation refers to con�rming the information and facts with multiple
sources and validating the gathering results from the literature review through var-
ious methods (Bekhet & Zauszniewski, 2012). The triangulation mainly consisted
of validation using comparisons of di�erent sources, but also through dialogue and
discussions with experienced and seniors in the industry.

The parametric model was also triangulated, to verify the result and the accuracy of
the model. This was done through hand calculations and is more detailed explained
in section 4.8.
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4
Parametric model procedure

This chapter covers the generation of the parametric model and outlines the es-
sential information and presumptions made during the model's development. The
objective was to create a model that depended on a few parameters and that had a
short routine time, with easily interpreted results.

Consequently, the initial step in the modelling process involved determining the
intended purpose of the model and the speci�c outcomes desired, as for this reaches,
analyse of the sectional forces and de�ections in the beam and column elements.
Based on this, the visual programming started using Grasshopper 3D with Rhinoceros
3D as displaying program. To derive a structural analysis from the model, the plug-
in tools for grasshopper,Karamba 3Dand Beaverwas incorporated. In the following
subchapter, the building up of the parametric model will be accounted for.

4.1 Geometry

As mentioned previously, the model consists of a few parameters that through the
process will be changed in an iterative approach. This iterative approach allows
for re�ning and optimising the model based on speci�c requirements and desired
outcomes. The geometry was therefore built up on a grid, where all variables are
changeable through sliders. Consequently, this creates a possibility of analysing dif-
ferent span lengths, numbers of �oors, positions of core, and the building's total
length and width. Observe that the �oors are in direct correlation to each other and
are replicas of the �rst �oor.

The columns were generated �rst and based on the column's coordinates, the beams
in X- and Y-direction create. This is performed to preserve a relationship between
all the elements in the simulation. The columns and beams are veri�ed to ensure
they do not intersect with the core, thereby ensuring that the two components do
not occupy the same location. Furthermore, the slabs are formed from the beams
and are also controlled against intersecting with the core. The roof was set to a �at
roof. Figure 4.1 illustrate the built-up process of the geometry.
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Figure 4.1: The built-up process of the geometry, by Johanna Nilsson 2023

Figure 4.2 shows an illustration of which beams that further on will be called X-
beams. It is the X-beams that support the slabs, as they are chosen, both for the
steel and timber system to carry the load in one direction. Figure 4.3 displays two
di�erent con�gurations of beams in the Y-direction, known as Y-beams, marked
with green and yellow.

Figure 4.2: Il lustration of X-beams, marked with red colour, by Johanna Nilsson
2023
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Figure 4.3: Possible con�guration for Y-beams, by Johanna Nilsson 2023

This model includes all necessary elements, and its level of detail can be easily ad-
justed to include speci�c components for analysis. For instance, the model generates
beams in both X and Y directions, but for this study, only the X-directed beams
and edge beams in the Y-direction are being analyzed, see yellow beams in �gure
4.3. Also, the possibility of bracing units is created and incorporated into the model,
to the extent of the stabilising e�ect. Although the two systems possess individual
properties and bene�ts, they have both been analyzed using the same geometry.
This decision was made to enable a more precise comparison and handling of the
data.

Figure 4.4 illustrates an example of geometry that can be analysed, while �gure
4.5 shows the structural elements that actually will be analysed for this thesis. Fur-
ther explanation of the analysis procedure will be covered in section 4.6

Figure 4.4: Example of geometry that can be analysed, by Johanna Nilsson 2023
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Figure 4.5: Skeleton structure for beam-column system, by Johanna Nilsson 2023

4.2 Material and Cross-section

As previously described, the two studied structural systems consist of steel columns
and beams together with hollow core slabs, and the alternative one, timber columns
and beams with CLT �oors. Provided within Karamba 3D, there are de�ned material
components that supply the material properties for the di�erent materials. This can
be seen in �gure 4.8. The timber system utilised both Karamba 3D and beaver to
create the cross-sections.

4.2.1 Mixed system

For the steel columns and beams, steel S355 was chosen, since it is standardised.
The modulus of elasticity is set toE = 2100kN=cm2 = 210 GPa by default for steel
in Karamba 3D, see �gure 4.8 below (Karamba3D, 2021). These prerequisites apply
to both the columns and beams in X-and Y-direction.

Cross-sections were chosen for the columns to HEA and HEB, based on common
approaches and pro�les, explained in subchapter 2.3.2. This is done through the
Karamba 3D component Cross section Range Selector, which selects from the cross-
section library, ranging between HEA/HEB100-HEA/HEB1000. Similarly, IPE80-
IPE600 was selected for the beams in X-and Y-direction. For beams in X-directions,
X-beams, cross-section HEA was also included in the selectable pro�les, due to its re-
sistance to moments and to avoid overly high pro�les that restrict ceiling height, etc.

The selectable pro�les for each element were then sorted based on area, progressing
from the smallest to the largest cross-section and consequently sorted on mass to
produce a ranking of the most bene�cial. This can be seen in the schematic illustra-
tion, �gure 4.6. Note that the shown pro�les are the pro�les chosen for the columns,
but the same procedure was implemented for the X-beams. This will further be ex-
plained in the section 4.6 and when outlining the steps of the optimization process.
Figure 4.8 illustrates the identi�cation and assignment of material and cross-section.
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Figure 4.6: Il lustration of the sorting process, by Johanna Nilsson 2023

Figure 4.7: Components for steel material and cross-sections, by Johanna Nilsson
2023

Figure 4.8: Components for steel material and cross-sections, by Johanna Nilsson
2023

The hollow core slab was de�ned as HD/F120/27, according to strängbetongs manu-
facturing range (Strängbetong, 2015). Since the built-in cross-section component in
Karamba 3D, does not have HDF as a cross-section input choice, an e�ective height
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was calculated for a homogeneous rectangular concrete cross-section. The concrete
class were de�ned as C40/50, also based on the manufacturing range. See Appendix
C for calculations of the e�ective height. It should be noted that this cross-section
is only used for the general analysis of the stabilisation. For other analyses, HDF
was represented as a permanent load on the beams.

4.2.2 Timber system

Since Beaver, more detailed explained in 2.6.4, is developed for timber structures,
the software has been utilized in the analysis of the timber system. The material
properties were therefore provided through Beavers' special material �le, see ap-
pendix D instead of Karamba's built-in library. This can be seen in �gure 4.9. The
strength class was chosen to GL30c founded on the manufacturing range for glulam
columns and glulam beams manufactured in Sweden (trä, 2015).

Figure 4.9: Cross-section choice and sorting procedure, by Johanna Nilsson 2023

Sourced from the same manufacturing range, the heights ranging from 18-162cm,
and widths, 11.5-215cm, are implemented, to create a diversity of combinations,
for possible cross-sections for the timber elements. For speci�c components, see
Figure 4.10 and 4.11. Considering the CLT slab, the material was also provided
with beaver, together with the mechanical properties. The thickness of the CLT
�ooring was chosen to be 0.25 m.
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/

Figure 4.10: Creating dimensions in Excel and implement them into
Grasshopper, by Johanna Nilsson 2023

Figure 4.11: Component creating the timber elements cross-section,
Cross-section, by Johanna Nilsson 2023

The prerequisites for the core, are the same for both systems and were modelled
as a concrete shell with a thickness of 35cm, derived from a similar project and
experience on PE Teknik and Arkitektur. The concrete class was set to C40/50
using the same Karamba 3D components as for the steel beams and columns.

4.3 Mesh and beam elements

To generate structural beam elements, that can be analysed through Karamba 3D,
the componentLine to beam was used. Input such asLine, Identi�er and Cross-
section was given to pair polylines with di�erent cross-sections and names. Using
this approach, the elements are organised into groups to ensure that those on the
same level, and for the X-beams additionally, those in the same row, are dimensioned
uniformly. This applies to all members de�ned as beam elements, i.e. columns,
and beams parallel to the X- and Y-axis. These elements were modelled as beam
elements since they describe failure and response caused by bending and axial force
e�ectively, but don't require equal computing strength as modelling them as shell
elements (Plos, 2008). The grouping of columns and X-beams are illustrated in
�gures 4.12 and 4.13. Please note that the illustration of grouping of X-beams is
only done for some beams, the same approach applies to all X-beams.
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Figure 4.12: Grouping of columns for optimisation, by Johanna Nilsson 2023

Figure 4.13: Grouping of X-beams for optimisation, by Johanna Nilsson 2023

The core, on the other hand, was modelled as shell elements, since the core is working
as a stabilisation element and therefore, the shear failure and torsional sti�ness were
desired to be described. The detail level for beam elements is insu�cient to describe
these parts in a good way in a FEM analysis. Below, in �gure 4.14, an illustration
of how modelling of the di�erent elements has been done. The main components
that were used wereLine To Beam to create the beam elements,Element Setused
for grouping, andMesh Brepand Mesh To Shellfor creating the core.

Figure 4.14: Exampel of modelling of di�erent elements, by Johanna Nilsson
2023

Since one of the model's intentions was to create an accurate and valid but simple
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model with limited routine time, the slabs and roof were decided to only be modelled
as a mesh that distributes the imposed load respective snow load. This decision was
also made based on the connections between the slab and the vertical load-bearing
elements that didn't quite represent reality in a good way. To account for and to be
able to model the elements and especially the connections for these elements, the
model needed to be more detailed and consequently heavier with a longer routine
time.

Although, a separate model was created to provide a general understanding of how
the horizontal load a�ects the overall outcome. In this model, the slab elements were
modelled, similar to the core, as shell elements. A discussion about the �oorings
impact and especially how it distributes the loads and stabilises the building can be
found in subsection 6.2.5

4.4 Support and connections

In order to establish a consistent reference point, all models and analyses shared
the same support conditions. As the core was supposed to act as a stabilisation
element, using diagram action, the support conditions for the core were modelled
as �xed to the foundation, except for allowing rotation around the z-axis. The
columns, however, were instead structured as pendulum columns. This was done by
modelling the supports for the columns on the ground �oor as fully �xed, and then
modelling the connections as hinged between the di�erent �oors. The X-beams and
Y-beams are modelled as continuous, supported by the columns and core.
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4.5 Loads and Load combinations

For the design and analysis of the two structural systems, the considered load are
categorised into two groups, permanent and variable loads.

4.5.1 Load combinations

The load combinations were chosen to incorporate a collection of dimensional values
according to EKS, the Swedish National Board of Housing, and their applications
of Eurocode EN 1990. This was used to verify the structural reliability of a limit
state under the simultaneous in�uence of di�erent loads. The values and equations
are presented below.

Derived from these equations, the resulting seven primary load combinations are
further explained and a more detailed explanation of how the di�erent loads have
been de�ned in the model.

ˆ 6.10a (STR): Used for verifying the internal failure och excessive deformation
(ULS)

1:35G

G=Self-weight and other permanent loads, see section 4.5.2
ˆ 6.10b Imposed (STR): Applied to check the internal failure och excessive de-

formation, with the imposed load as the leading variable action and snow load
as the accompanying variable load. (ULS)

0:89� 1:35� G + 1:5 � an � Qimp + 1:5 �  0;i � QS

= 1:2 � G + 1:5 � an � Qimp + 1:5 � 0:6 � QS

G=Self-weigth and other permanent loads, see section 4.5.2
Qimp = Imposed load, Variable load

QS= Snow load, Variable load
ˆ 6.10b Snow load(STR): Applied to check the internal failure och excessive

deformation, with the Snow load as the leading variable action and imposed
load as the accompanying variable load. (ULS)

0:89� 1:35� G + 1:5 0;i � Qimp + 1:5 � QS

= 1:2 � G + 1:5 � 0:7 � Qimp + 1:5 � QS

ˆ 6.15b Imposed load (FREQ): Frequent load combination, used often to analyse
the reversible limit states, and the constructions deformation. Imposed loads
are acting as the main load, accompanied by the snow load. (SLS)

1:0 � G + 1:0 �  1;i � Qimp + 1:0 �  2;i � QS
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For load 2kN=m2 � 4kN=m2

1:0 � G + 1:0 � 0:5 � Qimp + 1:0 � 0:1 � QS

For load 5kN=m2 � 7kN=m2

1:0 � G + 1:0 � 0:7 � Qimp + 1:0 � 0:1 � QS

ˆ 6.15b Snow load (FREQ): Frequent load combination, used often to analyse
the reversible limit states, and the constructions deformation. Snow loads are
acting as the main load, accompanied by the imposed load (SLS).

1:0 � G + 1:0 �  2;i � Qimp + 1:0 �  1;i � QS

For load 2kN=m2 � 4kN=m2

1:0 � G + 1:0 � 0:3 � Qimp + 1:0 � 0:3 � QS

For load 5kN=m2 � 7kN=m2

1:0 � G + 1:0 � 0:6 � Qimp + 1:0 � 0:3 � QS

G=Self-weight and other permanent loads, see section 4.5.2
Qimp = Imposed load, Variable load

QS= Snow load, Variable load

4.5.2 Self-weigth

The self-weight was modelled as a gravity load, using a load component, provided
within Karamaba 3D. The gravity load are assigned by default to all structural el-
ements, i.e. columns and beams in this model. However, since the self-weight of
the integrated system was relevant, the slab self-weight was applied manually, rep-
resented as a mesh load.

For the hollow core slab, the self-weight was estimated from the manufactured
product and prestandard documentation from strängbetong.Since the chosen HDF,
HD/F120/27 has two dimensions on their ducts, resulting in two di�erent area loads,
a mean value from these two, where assumed and can be seen below. For detailed
calculations, see Appendix C.

gHDF:slab = 5:34
kN
m2

(4.1)

Regarding the timber systems �ooring, designed to be composed of CLT, the mag-
nitude of the self-weight becomes, as predicted, much smaller. The CLT �oor was
chosen, as stated before, to have a thickness of 0.25m, and together with the Beavers
density for timber, the self-weight assumes to be:

gCLT:slab = 1:275
kN
m2

(4.2)

For detailed calculations, see Appendix C
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4.5.3 Imposed load

The imposed load are, as previously stated, an important part of evaluating changes
correlated to repurposing. The magnitude of the load was set as a variable param-
eter, to be able to investigate how the load in�uence the structural system and if
any conclusions or observations can be made.

The imposed load was applied as a mesh load on all slabs, to re�ect the behaviour
of how the imposed load is distributed. In theory, the imposed load should be dis-
tributed as a line load along the X-axis beams only, since the slabs only carry the
load in one direction in this model. Therefore the loads could have been modelled
as beam loads instead of mesh load, but since the core also carry the load, the mesh
alternative provides a more accurate result. As seen in �gure 4.15, the load com-
ponent is shown, where the upper one shows the line load on the beams, while the
lower one shows the point loads acting on the core. This requires more computer
power but fewer hand calculations for each change. As explained in subsection 2.5.1,
the reduction factor for number of �oors was applied for every load combination in
ULS, where the imposed load acts as the main load.

Figure 4.15: Imposed load modelling, by Johanna Nilsson 2023

4.5.4 Snow load

The snow load is applied similarly to the imposed load, as a mesh load, on the roof.
For the analysis, the building was assumed to be located in Gothenburg, Sweden, and
modelled as a �at roof. The magnitude of the snow load was calculated accordingly
to EN-1991-1-3 (CEN, 2003), with a characteristic snow valueSk = 1:5 kN

m2 and a
roof shape coe�cients� = 0:8 as its stated for �at roofs. This resulted in a uniformly
distributed load of QS = 1:2 and the calculations can be seen below in the equation

QS = Sk � � = 1:5 � 0:8 = 1:2
kN
m2

(4.3)
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4.5.5 Load cases

To investigate the in�uence of the variable load on the support moment, three dif-
ferent load cases were simulated. This was done by dividing the slabs into 5 sections
and applying the imposed load on one, two respective all �ve slabs. This study
focused on a speci�c case study described in detail in 4.7.1.

One of the objectives of the parametric study was to create a general model with
limited routine time, the decision was made to prioritise one load case for further
analysis and other case studies. The chosen load case was the imposed load to
all spans, as it represented the dimensional characteristics of most load situations.
Therefore, the other three case studies were based on this particular load case. Fig-
ure 4.16.

Figure 4.16: Load cases, by Johanna Nilsson 2023

4.5.6 Beaver: Load combination

The load combinations for analysing the timber system were generated using the
built-in function in Beaver, which created load combinations based on their names.
Therefore, it was essential to name the di�erent loads in a speci�c manner. For
instance, the permanent load was namedP and the snow load was namedSnow.
However, this naming created a challenge when it came to the imposed load, which
had to be referred to as the snow load due to the author didn't �nd any other solu-
tion.

By default in Beaver, the partial factor for the permanent load was set to 1.35,
while for the variable load, it was 1.5. To align with the partial factors used in the
EKS, the permanent partial factor was divided by 0.89, resulting in a value of 1.2.

53



4. Parametric model procedure

4.6 Analysis

Both structural systems were analysed in a similar manner, with the exception of the
optimisation of their cross-sections. The primary approach involved assembling the
model, optimising the columns and beams' cross-sections, analysing the structure,
and �nally monitoring utilisation to ensure it remains below 80% for ultimate load
and 100 % for displacement. Figure 4.17 shows a schematic illustration of the
method for the analysis.

Figure 4.17: Schematic il lustration of primary approach for analysis of the
structures, by Johanna Nilsson 2023

After the initial analysis, a second analyst makes alterations to the input data,
recording the overall mass, mass for each element group, and number of modi�ed
elements. These values were then compared to the data from the initial analysis.
The ensuing outcome is elaborated upon in subsequent chapters.

4.6.1 Optimisation of steel elements

As described in subsection 2.3.2, the input from the cross-section was de�ned as a
list of di�erent cross-sections. For the optimisation of the steel columns and beams,
Karamaba 3D optimisation components were used, to select the most suitable cross-
sections. The design is done by going through the provided list of cross-sections
until it's su�cient for the sectional forces for each element. The cross-sections are
arranged in order of mass, with the one having the lowest mass �rst in the list,
representing the most preferable choice.

The optimization aimed to use grouping as its fundamental basis, such as loca-
tion and �oor level. This allowed for the use of the same cross-section for elements
within each group, not only did it replicate current practices, but it also optimized
the model for improved e�ciency.
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The steel elements are optimized to achieve maximum utilization of 79% during
ultimate limit state (ULS) conditions. This value is carefully chosen to avoid round-
ing up to the nearest value and instead focuses on optimization against 0.79999.
Initially, the target limit was set at 80%, but that would allow results up to 0.89,
which is undesirable. Under ULS, de�ection is not considered and therefore has no
upper limit. Consequently, the maximum iteration for �nding the best solution is
ten times for utilization and one time for de�ection.

Additionally, in conjunction with optimizing for maximum utilization of 79%, the
serviceability limit state (SLS) load combinations are also examined and optimized.
In this case, the goal is to achieve a maximum de�ection of L/300 and utilization
of 100%. As this analyst considers both utilisation and de�ection, but primarily
optimises to ful�l the de�ection condition, the number of iterations to achieve the
limit was set to �ve maximum running for utilisation and ten for de�ection. The
option requiring the largest amount of material is then selected to ensure its validity
under both ULS and SLS conditions.

For the steel system, it should be noted that the de�ection is checked globally,
as this is how Karamba components calculate the de�ection by default.

4.6.2 Optimisation of timber elements

In di�erence to the optimisation for the steel elements, Karamaba 3D does not
currently o�er an optimisation component for timber. As a result, a manual opti-
mization procedure was developed. This procedure involves individually analysing
the various cross-sections described in section 4.2. Each cross-section is checked to
ensure that its utilisation is below 79% under ULS conditions and 100% under SLS
conditions. During this phase, all elements are assigned the same cross-section.

The cross-sections that meet the utilisation requirements are then extracted and
grouped, similar to the steel system. Within each group, the largest required cross-
section is applied to all the elements. Subsequently, a comprehensive analysis is
performed to evaluate the structural system globally, considering the selected cross-
sections and groupings. Below an illustration of the procedure is shown, �gure 4.18,
together with the de�nitions.

For the steel system, the de�ection is calculated locally, in di�erence from the steel
system. This approach was adopted because the initial analysis performed the ex-
amination of each element separately. A more comprehensive exploration of this
distinction between the two systems will be conducted in Chapter 6.
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Figure 4.18: Schematic il lustration of manual optimisation procedure, by
Johanna Nilsson 2023

4.7 Result

The result was lastly contained from the model inform of four main tests. The main
categories were: Modi�cation of the magnitude of imposed load, Geometry alter-
nations, changes in the number of �oors and changes in utilisation. Further details
and explanations of these four studies can be found in Chapter 5, where each case
study and its corresponding input data are elaborated upon. The structure of the
results from both models was aimed to be as closely aligned as possible, ensuring
that they could be e�ectively compared and discussed in relation to each other.

The steel system analysis primarily relied on Karamba 3D's components, namely
Analyze and Utilisation . The obtained results were mainly compared between the
reference load of 2kN=m2 and various scenarios of interest, which were thoroughly
examined and discussed. For the timber model, the software Beaver was employed
instead. Since Beaver relatively new program without a user manual, this aspect
presented some challenges. Consequently, to the best extent possible, the results
obtained from Beaver were cross-validated with components in Karamba, and a
thorough analysis of the outcomes was conducted. Therefore, some results were de-
cided to not be included, since they could be treated as not vailed. This will further
be discussed in section 5.2.

4.7.1 Case study: Modi�cation of imposed load

To ensure relevant results when analysing changes in the applied load magnitude,
a �xed geometry is chosen as a reference point. This geometry is selected based
on experience and commonly used span widths. However, the need for a consistent
reference point for both systems imposes some limitations on the geometry, especially
to manage the long running time for the calculations of the timber system.
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In this case study, a 5-�oor structure is chosen to represent a typical residential or
o�ce building, taking into account computational e�ciency. The span widths are set
to 8 m in the X-direction and 7 m in the Y-direction. The only variable in this study
is the magnitude of the imposed load, ranging from 2kN=m to 7 kN=m2. These
di�erent loads are applied to the structural system, and optimisation is performed
either through Karamba 3D's optimisation tool for steel members or the optimisation
procedure for the timber system, developed by the author.

4.7.2 Case study: Altering of geometry

Following the same principles as for modi�cation of the imposed load, the case study
investigates the e�ects of altering the geometry while keeping a �xed base of study.
Due to that the geometry in this study is the variable one, the load magnitude
and number of �oors are instead the preset conditions. The load is de�ned as the
reference load, 2kN=m2, illustrating residential/ o�ce building accordingly to EN
1991-1-1, see �gure 2.2.

The number of �oors is, similar to the previous case study, which established to
5 �oors. The X- and Y-spans are altering between 6 m-12 m, with beams in the
same directions having consistent dimensions. In total, there are 49 unique combi-
nations of span widths. The cross-section optimisation is iteratively performed for
the di�erent geometries.

4.7.3 Case study: Varying of the numbers of �oors

In the process of analysing a structure with varying numbers of �oors, a consistent
geometry and load magnitude are applied. The previously de�ned reference load of
2 kN=m2 is also applied in this particular case study. The span widths are speci�ed
as 8 m for the X-spans and 7 m for the Y-spans.

The intention was to create a wide range of �oor numbers, alternating between
4.00 m and 15.00 m, in order to mimic the characteristics of a typical residential
or o�ce building. Similarly to the previous case study, Modi�cation of imposed
load and Altering number the geometry, the cross-section optimisation is iteratively
performed for the di�erent numbers of �oors.

4.7.4 Case study: Changes in utilisation

A similar procedure as described for the case studyModi�cation of imposed load
assessed the potential for strengthening the structure, excluding the optimisation
component. The applied load was increased, and a comprehensive analysis was
conducted to determine the extent of the di�erence and the �nal utilization of each
element during the load increase. The cross-sections and the geometry chosen for
the reference load were applied for all the di�erent load scenarios and under the
variable loads. Based on this, a more thorough examination was conducted on the
most exposed column and X-beam, focusing on their critical aspects.
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4. Parametric model procedure

4.8 Model veri�cation

As described in section 3.3, hand calculations were performed to validate the model.
The validation process focused on one X-beam and one column, and the calculations
were categorized into two subcategories:Structural Analysis and Structural Design.

Under the section on Structural Analysis, the calculations involved determining
the maximum moment and reaction forces for both systems. On the other hand, the
Structural Design section entailed assessing the resistance to lateral torsional buck-
ling and buckling for the steel X-beam and column. Additionally, it encompassed
evaluating the resistance to lateral-torsional instability and buckling for the timber
X-beam and column.

4.8.1 Veri�cation of structural analysis

The following section is an explanation and summary of the calculation of the struc-
tural analysis conducted for both the steel and timber systems. For the complete
set of calculations, please refer to Appendix A.

4.8.2 Moment veri�cation

The beam analysed was Beam X0.0.0.4, which is located at the end-span of a contin-
uous facade beam system. The speci�c position of this beam is illustrated in Figure
4.19. Within the overall system with a total length of 40.0 m, Beam X0.0.0.4 covers
a span of 8.0 m.

The maximum span moment obtained from both the hand calculations and the
parametric model is presented below, see equation 4.4 and 4.5. Since the beam is
continuous, elementary cases were applied to determine the maximum span moment
manually. In the steel system, the pro�le of the beam is HEA400.

M s = ks � qd � sx� axis = � 365:33kNm (4.4)

M s:model = � 351:65

� Steel =
M s

M s:model
= 1:039

A 4% di�erence between the maximum span moment obtained from the hand cal-
culations and the moment from the model can be seen as tolerant. The hand cal-
culations can be seen as more conservative. The same theory was applied to the
veri�cation of the timber systems' maximum span moment, exclusive of the material
properties, that were changed to timbers. The cross-section are 115x585 mm GL30c

M s = ks � qd � sx� axis = � 240:8kNm (4.5)

M s:model = � 224:4

� T imber =
M s

M s:model
= 1:073
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A slightly higher ratio of 7% between the hand calculations and the model was
observed, which can still be considered acceptable. This discrepancy may be at-
tributed to the fact that the Karamba 3D module, speci�cally the "Beam force"
function, is primarily adapted to steel elements. Consequently, manual adjustments
to the load combinations and partial coe�cients were necessary due to Karamba's
unique approach to creating them.

Figure 4.19: Position of Beam X0.0.0.4, by Johanna Nilsson 2023

4.8.3 Reaction forces veri�cation

In a similar vein, the veri�cation of reaction forces was conducted by performing
hand calculations on Column 4.2.0, as depicted in Figure 4.20. The column is situ-
ated between the ground �oor and the 1st �oor, with a height of 2.7 m and being
hinged.

The hand calculations and corresponding values obtained from the model are pre-
sented below. Since the beams supported by the column are continuous, elementary
cases were utilized to determine the reaction forces. In the steel system, Column
4.2.0 is composed of a HEB240 pro�le.

R = ( kh + kv) � N = 4276kNm (4.6)

Rmodel = 3869:33kN

� timber =
R

Rmodel
= 1:108

The timber column consisted of 215x450 mm GL30C and was calculated using the
same approach.

R = ( kh + kv) � N = 2715kNm (4.7)

Rmodel = 2513kN

� Steel =
R

Rmodel
= 1:08
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Considering the slight variations observed between the models and the manual cal-
culations, they can still be deemed acceptable. These di�erences could potentially
be attributed to the calculation of element weights, which is performed within a
built-in component of Karamba 3D in the models.

Figure 4.20: Position of Column 4.2.0, by Johanna Nilsson 2023

4.9 Veri�cation of structural design

The subsectionVeri�cation of structural design treats the calculation of the buck-
ling resistance and lateral torsional buckling resistance, for the two systems. The
calculations are according to EN 1993-1-1 for steel and 1995-1-1 for timber. See
Appendix B.
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4.9.1 Column buckling resistance veri�cation

The buckling veri�cation consists of the calculation of the buckling resistance of
the same column as was analysed in structural analysis. For the steel element, the
column's resistance against buckling has been calculated in accordance with section
6.3 of EN 1993-1-1. The obtained values are presented below.

NEd = 4276kN

NRd = � �
f y


 M 1
(4.8)

� b =
NEd

NRd
= 1:28

� b:model = 1:27

� Steel =
� b

� b:model
= 1:01

The discrepancy of 1% can be considered acceptable. The buckling resistance of
the timber columns was calculated in accordance with section 6.3.2 of EN 1995-1-1.
Also here, the variance can be considered reasonable.

NEd = 2715kN

NRd = f c0d � kc � A (4.9)

� b =
NEd

NRd
= 1:87

� b:model = 1:78

� T imber =
� b

� b:model
= 1:05

4.9.2 Lateral torsional buckling resistance veri�cation

Lateral torsional buckling calculations were performed on Beam X0.0.0.4. For the
steel system, the beam was, as previously stated, of pro�le HEA400 and the cross-
section data is taken from standards. Lateral torsional buckling for steel members
can be calculated with a general case, where the critical moment is calculated but
also with a simpli�ed approach since lateral torsional buckling of an I-beam mainly
involves lateral displacement of the compressed upper �ange. To verify the model,
both methods have been used, but below, the result from the general case is pre-
sented as this is more exact, together with the values obtained from the parametric
model.

M s = 365:33kNm

M b:Rd = � LT:mod � Wy �
f y


 M 1
= 641:026 (4.10)

� LT =
M s

M b:Rd
= 0:57

� LT:model = 0:54
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� Steel =
� L T

� LT:model
= 1:06

The discrepancy, 6 % can be considered acceptable. However, it is important to
note that the complete calculations involve several parameters that are assumed or
intentionally conservative compared to real-world conditions. For instance, when
determining the critical moment, the constantC1 accounting for loading and re-
straint conditions was assigned the value for simply supported beams, which is a
conservative assumption. Additionally, the value of� LT:mod was used as stated, con-
sidering Karamba 3D's utilization in the calculations

The lateral-torsional stability for the timber system was performed using section
6.3.3 in 1995-1-1. The simpli�ed approach could be used, since the material was
glulam and due to that the cross-section is rectangular. The produced values are
provided below. These values can be considered identical since they only di�er by
8 %.

� m = 24; 483MPa

f m:d � kcrit (4.11)

� LT =
� m:crit

f m:d � kcrit
= 1:675

� LT:model = 1:82

� Steel =
� L T

� LT:model
= 0:92
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5
Results

In the following chapter, the result obtained from the parametric studies will be
presented and explained. The results will be analysed together with the theory in
chapter 6,Discussionand summarised in chapter 7,Conclusion. First, the result from
imposed load variations will be presented through comparisons between di�erent
load scenarios. Second, the result from the investigation of changes in geometry, in
the form of span lengths will be stated, followed by the consequences of adding �oors
will be illustrated. Lastly, the changes in utilisation will be examined, to investigate
di�erent strengthening possibilities.

5.1 Modi�cation of the imposed load

Section 4.7.1, presents the case study that investigates the e�ects of modifying the
magnitude of imposed load. The results of this analysis are compared to a reference
load of 2kN=m2. Table 5.1 and table 5.2 provide a summary of the analysis of the
total di�erence in weight between the optimised cross-sections for the reference load
and for di�erent magnitudes of imposed load. Figures 5.1 and 5.2 illustrate these
observed di�erences and the obtained results are later discussed in chapter 6.2.1

Table 5.1: Total di�erence in weight between reference load, 2kN=m2, and the
new magnitude for imposed load, Steel system

Imposed load Di�erence in weight Number of elements
Steel system [ton] that changes
Imposed load 2kN=m2 0,00 0
Imposed load 3kN=m2 3,93 83
Imposed load 4kN=m2 14,09 187
Imposed load 5kN=m2 24,35 216
Imposed load 6kN=m2 29,54 216
Imposed load 7kN=m2 30,88 216
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5. Results

Figure 5.1: Il lustration of how the total di�erence in weight changes with
amplitude of imposed load, Steel system, by Johanna Nilsson 2023

Table 5.2: Total di�erence in weight between reference load, 2kN=m2, and the
new magnitude for imposed load, Timber system

Imposed load Di�erence in weight Number of elements
Timber system [ton] that changes
Imposed load 2kN=m2 0,00 0
Imposed load 3kN=m2 9,48 221
Imposed load 4kN=m2 19,14 221
Imposed load 5kN=m2 30,10 221
Imposed load 6kN=m2 39,71 221
Imposed load 7kN=m2 49,84 258

Figure 5.2: Il lustration of how the total di�erence in weight changes with
amplitude of imposed load, Timber system, by Johanna Nilsson 2023

As the outcome obtained from the comparison between the total di�erence in weight
only gives a general overview of the consequences when varying the imposed load,
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a group-speci�c analysis is also performed, to break down it further. As explained
before, the two systems are built up on columns, X-beams Y-beams and a core. As
the core isń t optimised, the weight of the core is disregarded. This leaves three
main groups, where the result is assembled and presented in a similar way as for the
whole structure, but this time, speci�c for each group.

The result is presented below, and are grouped for the steel system in two groups:
Columns and X-beams. The Y-beams, carrying only the facade load, did not changes
through the varied loads, and therefore the result for Y-beams is neglected. For the
timber system, on the other hand, the analysis revealed that the Y-beams adjust
for the last load iteration, 7 kN=m2. The timber system will therefore be presented
in three groups instead, Columns, X-beams and Y-beams.

It is worth noting that, similar to the methodology applied for analysing the overall
weight di�erence, the quantities of elements and the weight discrepancy are in-
terconnected with the two structural systems under consideration, speci�cally in
relation to the reference load. Table 5.3 and 5.4 present the resulting numbers from
the analysis of the steel system, together with the illustrations 5.3 and 5.4. It is
worth emphasizing the somewhat surprising change in the number of elements for
an imposed load of 5kN=m2. This will be further discussed in 6.2.1

Table 5.3: Total di�erence in weight and number of elements that changes, for
columns between reference load, 2kN=m2, and the new magnitude for imposed load

Imposed load Di�erence in weight Number of Columns
Steel system Columns [ton] that changes
Imposed load 2kN=m2 0,00 0
Imposed load 3kN=m2 1,04 58
Imposed load 4kN=m2 2,54 87
Imposed load 5kN=m2 5,75 116
Imposed load 6kN=m2 6,14 116
Imposed load 7kN=m2 7,48 116

Table 5.4: Total di�erence in weight and number of elements that changes, for
X-beams between reference load, 2kN=m2, and the new magnitude for imposed
load

Imposed load Di�erence in weight Number of X-beams
Steel system X-beams [ton] that changes
Imposed load 2kN=m2 0,00 0
Imposed load 3kN=m2 2,89 25
Imposed load 4kN=m2 11,55 100
Imposed load 5kN=m2 18,60 125
Imposed load 6kN=m2 23,40 100
Imposed load 7kN=m2 23,40 100
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5. Results

Figure 5.3: Il lustration of how the di�erence in weight for columns and X-beams
changes with amplitude of imposed load, Steel system, by Johanna Nilsson 2023

Figure 5.4: Il lustration of how the number of columns and X-beams that needs to
be changed, with amplitude of imposed load, Steel system, by Johanna Nilsson 2023

Below the result from the timber system analysis are presented. As previous men-
tion, the timber system got changes in the Y-beams also, therefore, the result is
presented in three di�erent tables, 5.5, 5.6 and 5.7, accompanied by the illustrations
5.5 and 5.6
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Table 5.5: Total di�erence in weight and number of elements that changes, for
columns between reference load, 2kN=m2, and the new magnitude for imposed load

Imposed load Di�erence in weight Number of Columns
Timber system Columns [ton] that changes
Imposed load 2kN=m2 0,00 0
Imposed load 3kN=m2 9,50 116
Imposed load 4kN=m2 11,48 116
Imposed load 5kN=m2 13,44 116
Imposed load 6kN=m2 15,51 116
Imposed load 7kN=m2 17,60 116

Table 5.6: Total di�erence in weight and number of elements that changes, for
X-beams between reference load 2,kN=m2, and the new magnitude for imposed
load

Imposed load Di�erence in weight Number of Columns
Timber system X-beams [ton] that changes
Imposed load 2kN=m2 0,00 0
Imposed load 3kN=m2 36,98 105
Imposed load 4kN=m2 44,77 105
Imposed load 5kN=m2 52,80 105
Imposed load 6kN=m2 60,47 105
Imposed load 7kN=m2 69,83 110

Table 5.7: Total di�erence in weight and number of elements that changes, for
Y-beams between reference load, 2kN=m2, and the new magnitude for imposed
load

Imposed load Di�erence in weight Number of Columns
Timber system Y-beams [ton] that changes
Imposed load 2kN=m2 0,00 0
Imposed load 3kN=m2 0,00 0
Imposed load 4kN=m2 0,00 0
Imposed load 5kN=m2 0,00 0
Imposed load 6kN=m2 0,00 0
Imposed load 7kN=m2 3,16 32
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